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Abstract 
In terms of performance, the ideal biosensor should have high sensitivity, low 

limits of detection, and extremely short analysis time. Label-free surface plasmon 

resonance (SPR) biosensors naturally offer the shortest analysis time compared to 

other types of biosensors. On the other hand, the limits of detection of SPR 

biosensors are not the most impressive. The inherent sensitivity of SPR biosensors 

thus needs to be significantly improved to allow lower limits of detection. Several 

approaches for the enhancement of optical sensitivity of SPR biosensors in the 

“traditional” attenuated total reflection (ATR) Kretschmann configuration such as 

the use of bimetallic SPR film, long-range surface plasmons, and near-infrared 

operating wavelength have been investigated in this work. In addition, some “non 

traditional” configurations for SPR biosensors including grating-coupled planar 

optical waveguides and arrays of sub-wavelength structures have been 

theoretically studied. Novel graphene-based surface functionalization strategy 

with enhanced biorecognition sensitivity that can be applied to virtually any SPR 

structure has also been demonstrated.   

 

 

Résumé 
En termes de performance, le biocapteur idéal doit avoir très grande sensibilité, 

basse limite de détection et temps d’analyse qui est extrêmement court. Les 

biocapteurs sans marquage à base de résonance de plasmons de surface 

(biocapteurs SPR) possèdent naturellement le temps d’analyse le plus court parmi 

différent types de biocapteurs. Leur limite de détection n’est cependant pas la plus 

impressionnante. Il y a donc un besoin pour augmenter considérablement la 

sensibilité intrinsèque des biocapteurs SPR afin d’atteindre de plus basses limites 

de détection. Quelques approches pour exalter la sensibilité optique des 

biocapteurs SPR dans la configuration « traditionnel » de Krestchmann telles que 

film SPR bimétallique, plasmons à longues portées et détection dans l’infrarouge 

proche sont examinées dans ce travail. Des configurations « non traditionnelles » 

comme guides optiques planaires avec couplage par réseau et structures sub-

longueur d’ondes ont été aussi théoriquement étudiées. Nouvelle stratégie de 

fonctionnalisation de surface à base de graphène qui augmente la sensibilité de 

reconnaissance biomoléculaire et peut être appliquée à quasiment toute structure 

SPR a été également démontrée.    
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Preface 
 

This work is a subset of a larger interdisciplinary French-Belgian research 

project dubbed Plasmobio whose goal is to develop innovative surface plasmon 

resonance (SPR) biosensors for biomedical applications. This project is partially 

funded by the European Regional Development Fund through the INTERREG 

IVA program for its four-year duration from 2009 to 2013. The cross-border 

scientific collaboration in the Plasmobio research project involves five partner 

institutions: the University of Lille 1, the University of Lille 2, the University of 

Mons, the University of Liège, and Eurasanté.  

The University of Lille 1 takes part in the Plasmobio project through three of 

its associated laboratories:  

- the Institute of Electronics, Microelectronics, and Nanotechnology (IEMN). 

Particularly well equipped for the design and fabrication of devices at the 

micrometer and nanometer length scales, two independent research groups from 

this institute actively contribute to the project. The Optoelectronics group 

provides the required expertise in photonics while the competence in digital 

microfluidics is supplied by the BioMEMS group. 

- the Physics of Lasers, Atoms, and Molecules Laboratory (PhLAM) where the 

SPR measurement setups at the wavelengths of 760 nm and 1550 nm are 

developed and housed.  

- the Institute of Interdisciplinary Research (IRI). The Nano-Bio-Interfaces group 

from this institute provides the complementary expertise in surface chemistry. 

 The University of Lille 2 is involved in the Plasmobio project through its 

molecular interactions platform housed within the Institute of Predictive Medicine 

and Therapeutic Research. This platform provides technological assistance in the 

study of biomolecular interactions by SPR techniques to various research groups 

of the university and the regional university medical center of Lille as well as 

other public or private organizations. 

The University of Mons participates in the Plasmobio project through its 

Interfaces and Complex Fluids Laboratory (InFluX) that specializes in the study 

of surfaces and interfaces as well as polymer chemistry. 

The University of Liège contributes to the Plasmobio project through the 

Laboratory of Optics and Holography (Hololab) that has well-established 

expertise in holography as well as diffractive optics and the Space Center of Liège 
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(CSL) which is one of the test centers of the European Space Agency that 

provides scientific and technical support to industry and research centers in 

optical instrumentation, solar energy, microsystems, and sensors.  

Eurasanté is a non-profit organization whose mission is to promote economic 

development of the healthcare industry in the Nord-Pas de Calais region. In the 

framework of the Plasmobio project, Eurasanté is in charge of external 

communication services to mass media as well as regional players in the life 

sciences and healthcare sector.  

This work is carried out within the Optoelectronics group of IEMN where SPR 

sensor chips are designed and fabricated. Experimental measurements with these 

SPR sensor chips are subsequently performed in collaboration with PhLAM and 

IRI. The collaboration with PhLAM involves SPR sensing measurements at the 

wavelength of 760 nm (Prof. Bernard Pinchemel) as well as 1550 nm (Dr. Jérôme 

Hottin). The collaborative work with IRI concerns biosensing experiments on 

grapene-based SPR interfaces (Nazek Maalouli, Dr. Rabah Boukherroub, and 

Prof. Sabine Szunerits).   
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Chapter 1 
 

Introduction 
 

 

Biosensor research is a vital and rapidly progressing field. It is also a highly 

interdisciplinary endeavor bringing together physicists and engineers to develop 

the hardware parts of a sensor, chemists to modify the sensor surfaces and to 

synthesize sensor labels or specific bioreceptors, and biologists or doctors 

interested in specific biological systems or biotechnological processes. 

Major areas of biosensor applications are basic research in the life sciences [1, 

2, 3], health care and medical diagnostics [4, 5, 6, 7], environmental monitoring 

[8, 9, 10, 11, 12], drug screening and discovery [13, 14, 15, 16, 17], food safety 

and analysis [18, 19, 20, 21, 22, 23, 24], and the detection of hazardous 

substances for military applications [25]. With such a myriad of diverse 

applications, the global market for biosensors is forecast to reach US$ 12 billion 

by the year 2015 [26]. 

What exactly is a biosensor? A biosensor can be defined as an analytical device 

which detects the presence or activity of biomolecules. To do so, a biosensor 

needs two basic components in very close proximity. The first one is a 

biorecognition element which is a layer of biomolecules that can bind or interact 

with specific target molecules in the sample. The second component is a 

transducer which is able to detect the interaction between the biorecognition 

element and the target molecules. The transducer then converts this biorecognition 

event into a measurable signal for further processing. As diagrammatically 

illustrated in Figure 1.1, the transducers used in biosensors are most commonly 

based on electrical (e.g., electrochemical impedance, field-effect transistor), 

mechanical (e.g., cantilever deflection, surface acoustic wave, quartz-crystal 

microbalance resonance), or optical (surface plasmon resonance, fluorescence, 

microring resonator) phenomena.  

Depending on the detection principle in regard to molecular labeling, 

biosensors can be divided into two classes. These are labeled biosensors and 

label-free biosensors. Certain molecules are often easier to detect when first 

tagged with a molecular label. The presence of the label then acts as an indicator 

for the presence of the molecule in question. Labels can be fluorophores, magnetic 
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beads, active enzymes with an easily detectable product, or anything else allowing 

facile target conjugation and convenient detection. An important example is 

fluorescence microscopy where molecules are located by signals from their 

fluorescent labels. The major disadvantage of such labeling method is that the 

target molecules are chemically modified before they are investigated. Although 

labeling can potentially improve the detection limits, the label might also interfere 

with the function of the biomolecules and drastically change its binding 

properties. The yield of the target-label coupling reaction is also highly variable. 

Moreover, the labeling process is both time- and cost-consuming. Label-free 

biosensors on the other hand detect the original unmodified molecules and can be 

used for online monitoring or fast and direct detection.  

Figure 1.1. Diagrammatic illustration of the components of a 

biosensor. 

  

 

 

Currently, the most prominent optical biosensors are based on either surface 

plasmon resonance (SPR) or fluorescence. While fluorescence-based optical 

biosensors are necessarily labeled, SPR-based biosensors are by and large label-

free. Labeled fluorescence techniques can however be combined with SPR in 

order to achieve very low limits of detection not commonly obtained with label-

free SPR. 

Figure 1.2 shows the limit of detection versus analysis time on logarithmic 

scales for different types of biosensors where the black dashed line indicates the 

present state-of-the-art with longer analysis times leading to lower limits of 

detection [27]. The solid black sloping lines in Figure 1.2 marks the biosensor 
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performance needed to detect the secretion of tumor necrosis factor (TNF) protein 

from a single human cell for both native and stimulated single cell secretion. 

Figure 1.2. The limit of detection versus analysis time on logarithmic 

scales for different types of biosensor: surface plasmon resonance 

(SPR), suspended microchannel resonator (SMR), nanowire (NW), 

lateral flow assay (LFA), microring resonator (MRR), quartz crystal 

microbalance (QCM), biobarcode amplification assay (BBA), 

immunofluorescent assay (IFA), and microcantilever (MC). The black 

dashed line shows the present state-of-the-art. Figure is taken from 

reference [27]. 

 

 

In terms of performance, the ideal biosensor should have exceedingly low 

limits of detection and simultaneously very short analysis time. In other words, its 
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performance should be situated in the bottom left region of the graph displayed in 

Figure 1.2.  

It can be immediately seen from Figure 1.2 that among various sorts of 

biosensors, label-free SPR-based biosensors offer the shortest analysis time on the 

order of seconds or less thus allowing real-time monitoring of biomolecular 

interactions [28]. With such an extremely short analysis time, label-free SPR 

biosensors have the potential to play the dominant role in critical applications of 

biosensors where time is of the essence such as the detection of hazardous 

biochemical warfare agents for defense purposes [29]. On the other hand, the limit 

of detection of unlabeled SPR is only around the nanomolar concentration which 

is certainly not the most spectacular. Nevertheless, it has been experimentally 

demonstrated that this limit of detection can be significantly improved by orders 

of magnitude down to the state-of-the-art femtomolar range by the use of labels at 

the expense of compromised analysis time which becomes as long as two hours 

for the resulting labeled SPR biosensor [30].  

Figure 1.2 indicates that with a distinctive edge on extremely short analysis 

time, label-free SPR biosensors are clearly excellent candidates for the ideal 

biosensor provided their limits of detection are pushed further to be competitive 

with other types of biosensors. Hence, there is a significant need to boost the 

inherent sensitivity of label-free SPR biosensors so that lower limits of detection 

can be achieved. The objective of this work is to contribute to this quest by 

investigating some novel ideas for the design and optimization of SPR structure to 

enhance the intrinsic sensitivity of label-free SPR biosensors.  

The presentation of this work is subsequently organized as follows. Chapter 2 

introduces the necessary theoretical background for solid comprehension of the 

underlying properties of surface plasmons that are pertinent to biosensing. The 

basic operating principles of SPR-based biosensors are then covered in Chapter 3. 

The calculation methods as well as materials modeling for SPR biosensors in the 

"traditional" configuration used in this work are detailed in Chapter 4. The general 

influence of some design parameters on the performance of the resulting SPR 

biosensors are also elaborated in Chapter 4. This is followed by Chapter 5 which 

discusses the enhancement of the optical sensitivity of SPR biosensors in the 

"traditional" configuration. Chapter 6 treats the subject of novel graphene-based 

surface functionalization strategy which can virtually be applied to any SPR 

structure. In Chapter 7, the focus is shifted from the "traditional" configuration 

towards some original geometry in the design of SPR biosensors. The "non-

traditional" optical designs considered here are integrated optical waveguide 
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structures and some relatively simple arrays of micro/nanostructures. Chapter 8 

finally summarizes the results presented in the preceding chapters as well as 

outlines some perspectives for future development. 
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Chapter 2 
 

Electromagnetic Theory of Surface Plasmons 

 

Before discussing the theory of SPR biosensors, a firm understanding of the 

underlying properties of surface plasmons is essential. The aim of this chapter is 

to provide the necessary theoretical background for solid comprehension of the 

properties of surface plasmons that are pertinent to biosensing. 

Surface plasmons, also often known in the literature as surface plasmon 

polaritons (SPPs) or suface plasma waves (SPWs), are electromagnetic excitations 

in the form of charge density oscillations propagating at the interface between a 

dielectric and a metal, evanescently confined in the perpendicular direction 

(Figure 1). It will be shown below that surface plasmons at a metal-dielectric 

interface are necessarily transverse-magnetic (TM) waves. 

Figure 2.1. Schematic illustration of charge density oscillations at a 

metal-dielectric interface propagating in the x direction. 

 

 

2.1. Surface Plasmons at a Single Interface  

Consider first the general case of an interface between two different semi-

infinite media described by their respective dielectric functions (relative electric 

permittivities) and relative magnetic permeabilities as shown in Figure 2.2.  

The electric and magnetic fields have to satisfy the following Maxwell’s 

equations: 
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0rt t
µ µ∂ ∂∇ × = − = −

∂ ∂
B H

E  (2.1)  

0rt t
σ ε ε∂ ∂∇ × = + = +

∂ ∂
D E

H j E  (2.2)  

together with the boundary conditions that the tangential electric and magnetic 

fields are continuous across the interface.  

Figure 2.2. Geometry of surface plasmons propagation at a single 

interface between two different media. 

 

 

Assuming harmonic time dependence of the form ( )exp( )j tω= −E E r and 

( )exp( )j tω= −H H r  where ω is the angular frequency and 1j = − , Equations 

(2.1) and (2.2) can be written as 

0jωµµ∇× =E H  (2.3)  

0jωεε∇× = −H E   (2.4)  

Note that in Equation (2.4), the relative electric permittivity has been redefined 
to include the electrical conductivity as ( )0r jε ε σ ωε= + . This convention has 

the advantage that the resulting equation applies equally well to both conductive 

and non-conductive materials, i.e., no separate treatment needs to be considered 

for conductive and non-conductive materials. Furthermore, the subscript r in both 

the relative electric permittivity and the relative magnetic permeability has been 

dropped to simplify the notations.   

Referring to the geometry in Figure 2.2, a general electromagnetic wave can be 

decomposed into two linearly independent sets with different polarization 

properties of the propagating waves, namely the transverse magnetic (TM or p) 

modes and the transverse electric (TE or s) modes so that the analysis of an 
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electromagnetic wave can be simplified by investigating these two modes 

separately.  

2.1.1. TM Modes 

For the TM modes, only the field componentsxE , zE , and yH  are nonzero. The 

relationships between these field components are governed by Equations (2.3) and 

(2.4). From Equation (2.4), 

0  y
x

H
j E

z
ωεε

∂
− = −

∂
 (2.5)  

0  y
z

H
j E

x
ωεε

∂
= −

∂
 (2.6)  

so that the electric fields xE  and zE  can be derived from the only non-vanishing 

component of the magnetic field yH : 

0

1 y
x

H
E

j zωεε
∂

=
∂

 (2.7)  

0

1 y
z

H
E

j xωεε
∂

= −
∂

 (2.8)  

From Equation (2.3), 

0
x z

y

E E
j H

z x
ωµµ∂ ∂− =

∂ ∂
 (2.9)  

The combination of Equation (2.9) with Equations (2.7) and (2.8) requires that 

yH  satisfy the following condition: 

2 2 2
2

0 02 2 2
( )y y

y y

H H
H H

z x c

ωω µε µ ε µε
∂ ∂

+ = − = −
∂ ∂

 (2.10)  

Equations (2.7) and (2.8) imply that to characterize a TM mode, it is sufficient 

to specify Hy. As we are looking for propagating wave solutions confined to the 

interface, i.e. with evanescent decay in the z direction, the only non-zero magnetic 

field component Hy can be described by 

( )1 1 1 1expyH A j x jk zβ= −  (2.11)  
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1 1k j k=  (2.12)  

in medium 1 where z < 0, and by 

( )2 2 2 2expyH A j x jk zβ= +  (2.13)  

2 2k j k=  (2.14)  

in medium 2 where z > 0. 

Equation (2.7) gives the tangential component of the electric fields as 

1 1
1 1

1 0 1 0

1 y
x y

H k
E H

j zωε ε ωε ε
∂

= = −
∂

 (2.15)  

for medium 1, and 

2 2
2 2

2 0 2 0

1 y
x y

H k
E H

j zωε ε ωε ε
∂

= =
∂

 (2.16)  

for medium 2. 

From the continuity of the tangential magnetic fields at the interface z = 0, 

1 2 1 2 1 20 0
;   y yz z

H H A A A β β β
= =

= ⇒ = = = =  (2.17)  

The continuity of the tangential electric fields at the interface z = 0 implies 

1 2
1 20 0

1 2
x xz z

k k
E E

ε ε= =
= ⇒ = −  (2.18)  

Equations (2.12), (2.14), and (2.18) show that for surface plasmons to be 

supported, the dielectric functions of the two media need to be of opposite signs.  

From Equations (2.10), (2.11), and (2.13), the relation 

2
2 2 2

0 0( )k
c

ωβ ω ε µ εµ εµ + = =  
 

 (2.19)  

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

2 2 2 2
2 1 1 2k kε ε=  (2.20)  
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2 2
2 2 2 2

2 1 1 1 2 22 2c c

ω ωε ε µ β ε ε µ β   
− = −   

   
 (2.21)  

Solving for the propagation constant β, the dispersion relation is obtained as 

( )
( ) ( )

1
2

1 2 1 2 2 1

1 2 1 2
TM c

ε ε ε µ ε µωβ
ε ε ε ε

 − =  + −  
 (2.22)  

For the special case of ordinary non-magnetic materials, µ1 = µ2 = 1 so that 

( ) ( )

1 1
2 2

1 2 1 2
0

1 2 1 2

k
c

ω ε ε ε εβ
ε ε ε ε

      = =   + +      
 (2.23)  

where 0k  is the wave number in free space.  

2.1.2. TE Modes 

For the TE modes, the only nonzero field components are Hx, Hz, and Ey. The 

relationships between these field components are again governed by Equations 

(2.3) and (2.4). From Equation (2.3), 

0

1 y
x

E
H

j zµµ ω
∂

= −
∂

 (2.24)  

0

1 y
z

E
H

j xµµ ω
∂

=
∂

 (2.25)  

Equation (2.4) gives 

0
x z

y

H H
j E

z x
ωεε∂ ∂− = −

∂ ∂
 (2.26)  

Equation (2.26) together with Equations (2.24) and (2.25) require that 

2 2 2
2

0 02 2 2
( )y y

y y

E E
E E

z x c

ωω µε µ ε µε
∂ ∂

+ = − = −
∂ ∂

  (2.27)  

As in the case of TM modes, Equations (2.24) and (2.25) imply that to 

characterize a TE mode, it is sufficient to specify Ey. As we are looking for 
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propagating wave solutions confined to the interface, i.e. with evanescent decay in 

the z direction, the only non-zero electric field component Ey can be described by 

( )1 1 1 1expyE B j x jk zβ= −  (2.28)  

1 1k j k=  (2.29)  

in medium 1 where z < 0, and by 

( )2 2 2 2expyE B j x jk zβ= +  (2.30)  

2 2k j k=  (2.31)  

in medium 2 where z > 0. 

Equation (2.24) gives the tangential component of the magnetic fields as 

1 1
1 1

1 0 1 0

1 y
x y

E k
H E

j zωµ µ ωµ µ
∂

= − =
∂

 (2.32)  

2 2
2 2

2 0 2 0

1 y
x y

E k
H E

j zωµ µ ωµ µ
∂

= − = −
∂

  (2.33)  

From the continuity of the tangential electric fields at the interface z = 0, 

1 2 1 2 1 20 0
;   y yz z

E E B B B β β β
= =

= ⇒ = = = =  (2.34)  

The continuity of the tangential magnetic fields at the interface implies that 

1 2
1 20 0

1 2
x xz z

k k
H H

µ µ= =
= ⇒ = −  (2.35)  

For the special case of ordinary non-magnetic materials, µ1 = µ2 = 1 so that 

1 2 0k k+ =  (2.36)  

Equation (2.36) together with Equations (2.29) and (2.31) require that 

1 2 1 20    0k k k k+ = ⇒ = =  (2.37)  

Equation (2.37) is in contradiction with the starting hypothesis that the wave is 

evanescently confined in the z direction. This implies that for ordinary non-
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magnetic materials, surface plasmons cannot be supported by TE modes. As for 

the general case, Equations (2.27), (2.28), and (2.30) imply that the relation in 

Equation (2.19) is also satisfied by the TE modes. Combining this relation with 

Equation (2.35) and solving for β gives the propagation constant of surface 

plasmons in TE mode: 

( )
( )( )

1
2

1 2 1 2 2 1

1 2 1 2
TE c

µ µ µ ε µ εωβ
µ µ µ µ

 − =  + −  
 (2.38)  

Equations (2.29), (2.31) and (2.35) show that for surface plasmons to exist in 

TE modes with the dispersion relation given by Equation (2.38), the magnetic 

permeabilities of the two media have to be of opposite signs. Naturally occurring 

materials only have a positive relative magnetic permeability so that this 

requirement cannot be met by ordinary materials. It is however possible to be 

satisfied by an emerging class of metamaterials exhibiting a negative relative 

magnetic permeability.  

Comparing the equations for both the TM and TE modes, it is also instructive 

to note that owing to the symmetry of Maxwell’s equations, the equations for the 

TE modes can be easily obtained from the corresponding equations for the TM 

modes by the substitutions:  

   

    

     

    

ε µ
µ ε

→ − 
 → 
 → 
 → 

E H

H E
  (2.39)  

It has just been previously shown that for ordinary non-magnetic materials, 

surface plasmons can only exist in TM modes at the interface between two media 

whose dielectric functions have opposite signs. Moreover, Equation (2.23) implies 

that the absolute value of the dielectric function of the medium with negative 

dielectric function needs to be larger than that of the other medium with positive 

dielectric function. At optical frequencies, typical dielectric media such as 

insulators have a small positive dielectric function while metals naturally possess 

a large negative dielectric function. Therefore, surface plasmons can be supported 

at the interface between a dielectric and a metal. In general, the dielectric function 

of metals is complex. The imaginary part of the dielectric function of metals stems 

from ohmic losses due to their finite electrical conductivity. Consequently, the 

propagation constant of surface plasmons as expressed by Equation (2.23) is 



 13 

generally a complex number. Equations (2.11), (2.13), (2.15), and (2.16) show 

that if the imaginary part of the surface plasmons propagation constant is nonzero, 

the amplitude of the electromagnetic fields decays as the surface plasmons 

propagate. The nonzero imaginary part of the surface plasmons propagation 

constant is therefore responsible for the propagation loss of surface plasmons.  

2.2. Surface Plasmons at Two Interfaces 

  In the preceding section, it has been shown that for ordinary non-magnetic 

materials, surface plasmons exist as a TM-polarized mode at the interface between 

a dielectric and a metal. Both media were however assumed to be semi-infinite. In 

this section, the case where the metal has a finite thickness is examined. The 

geometry considered this time is shown in Figure 2.3. A thin metallic film 

(medium I) of thickness 2a  is sandwiched between two semi-infinite dielectric 

layers (II and III). In such a system, the metallic layer (medium I) possesses two 

metal-dielectric interfaces: one with medium II and another one with medium III 

where each single interface can support surface plasmons. When the separation 

distance between these adjacent interfaces is comparable or smaller than the field 

decay length of the bound interface modes, the surface plasmons from the two 

interfaces can interact to create coupled modes with interesting properties.  

To illustrate these concepts mathematically, consider a general description of 

TM modes that are non-oscillatory in the z-direction normal to the interfaces. In 

the cladding regions wherez a> and 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. 

 

For z a> , 

3k zj x
yH Ae eβ −=  (2.40)  

ε3 

ε1 

ε2 
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Using Equations (2.7) and (2.8), the electric field components xE  and zE  can be 

easily determined to be 
  

33

0 3

k zj x
x

jk A
E e eβ

ωε ε
−=  (2.41)  

3

0 3

k zj x
z

A
E e eββ

ωε ε
−−=  (2.42)  

The electric and magnetic field components for the regionz a< − can be 

determined in a similar fashion: 

2k zj x
yH Be eβ=  (2.43)  

22

0 2

k zj x
x

jk B
E e eβ

ωε ε
−=  (2.44)  

2

0 2

k zj x
z

B
E e eββ

ωε ε
−=  (2.45)  

In the core region a z a− < < , the surface plasmons from the lower and upper 

interface interact yielding a superposition of electromagnetic fields: 

1 1k z k zj x j x
yH Ce e De eβ β −= +  (2.46)  

  

1 11 1

0 1 0 1

k z k zj x j x
x

ik C ik D
E e e e eβ β

ωε ε ωε ε
−−= +  (2.47)  

  

1 1

0 1 0 1

k z k zj x j x
z

C D
E e e e eβ ββ β

ωε ε ωε ε
−= +  (2.48)  

The continuity of the tangential components of the electric and magnetic fields 

xE  and yH  at the upper interface leads to 
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3 1 1k a k a k aAe Ce De− −= +  (2.49)  

3 1 1
3 1 1

3 1 1

k a k a k aA C D
k e k e k e

ε ε ε
− −= − +  (2.50)  

The continuity of the tangential components of the electric and magnetic fields 

xE  and yH  at the lower interface yields similar equations: 

2 1 1k a k a k aBe Ce De− −= +  (2.51)  

2 1 1
2 1 1

3 1 1

k a k a k aB C D
k e k e k e

ε ε ε
− −− = − +  (2.52)  

 
Furthermore, yH  has to satisfy Equation (2.10) in the three distinct regions which 

results in   

2 2 2
0i ik kβ ε= −  (2.53)  

for 1,2,3i = where 0k
c

ω =  
 

.   

Equations (2.49), (2.50), (2.51), and (2.52) constitute a system of four linear 

equations in four unknowns that when written in matrix form yields 

3 1 1

3 1 1

2 1 1

2 1 1

3 1 1

3 1 1

2 1 1

2 1 1

0
0

0
0

00

0
0

k a k a k a

k a k a k a

k a k a k a

k a k a k a

e e e

Ak k k
e e e

B

Ce e e

Dk k k
e e e

ε ε ε

ε ε ε

− −

− −

− −

− −

 −
 

    − −     
   = 
   − 
        − 

  

 
(2.54)  

Equating the determinant in the above matrix equation results in an implicit 

expression for the dispersion relation:  

14 1 1 3 31 1 2 2

1 1 2 2 1 1 3 3

k a k kk k
e

k k k k

ε εε ε
ε ε ε ε

−    ++=   − −  
 (2.55)  
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Note that in the limit of an infinitely thick metal (a → ∞ ), Equation (2.55) 

reduces to 

 ( ) ( )1 1 2 2 1 1 3 3 0k k k kε ε ε ε+ + =  (2.56)  

which when compared to Equation (2.18) shows two uncoupled surface plasmons 

modes at the I-II and I-III interfaces as expected. 

A special case arises when the two adjacent media II and III are identical. In 

this case, the dispersion relation expressed by Equation (2.55) can be split into a 

pair of equations, namely 

2 1
1

1 2

tanh
k

k a
k

ε
ε

= −  (2.57)  

1 2
1

2 1

tanh
k

k a
k

ε
ε

= −  (2.58)  

As far as the tangential electric field distribution is concerned, it can be shown 
that Equation (2.57) describes modes of odd vector parity ( ( )xE z  is an odd 

function while ( )yH z  and ( )zE z  are even functions) while Equation (2.58) 

describes modes of even vector parity (( )xE z  is an even function while ( )yH z  

and ( )zE z  are odd functions) [31]. A different terminology based on the 

distribution of the magnetic field is also often used to designate these modes. The 
modes of odd vector parity are referred to as the symmetric mode ( ( )yH z  is even 

and therefore symmetric) and the modes of even vector parity are referred to as 
the antisymmetric mode ( ( )yH z  is odd). However, the most interesting feature of 

these distinct modes lies in the dependence of their dispersion relation to the 

thickness of the metallic layer. Upon decreasing the thickness of the metal film, 

the modes of odd vector parity become less confined to the metal film and evolve 

into a plane wave supported by the homogeneous dielectric environment. As a 

result, the propagation length of the surface plasmons in this case is drastically 

increased. For this reason, the odd modes are also called the long-range surface 

plasmons [32]. The even modes on the other hand exhibit the opposite behavior, 

i.e., their confinement to the metal film increases with decreasing metal thickness 

resulting in a reduction of propagation length. The even modes are therefore 

referred to as the short-range surface plasmons.  

To further elucidate the long-range and short-range surface plasmons with a 

physically practical example, consider a three-layer system consisting of water-
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gold-water multilayer stack at the wavelength of 1550 nm. The dielectric function 

of the gold layer is based on a mathematical fit of various measurement results to 

a Lorentz-Drude model. The dielectric function of water is obtained from an 

empirical formulation for the refractive index of water and steam as a function of 

wavelength, temperature, and density. The materials models are discussed in more 

details in Chapter 4. In this example, the propagation constant of the two surface 

plasmons modes are calculated as a function of the thickness of the gold layer. As 
the propagation constant jβ β β′ ′′= +  of the long-range and short-range surface 

plasmons is complex, the imaginary partβ ′′ is shown in Figure 2.4 while the real 

partβ ′ is plotted in Figure 2.5. In both figures, the real and imaginary parts of the 

propagation constant are normalized by the wave number in free space0k .   

Figure 2.4. Imaginary part of the propagation constant of the long-

range and short-range surface plasmons as a function of metal 

thickness. The layered structure considered here is water-gold-water at 

λ = 1550 nm. 
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As shown in Figures 2.4 and 2.5, in the limit of very thick metal layer, only a 

single surface plasmons mode exists. Two independent surface plasmons modes 

are actually supported, one at each interface. However, when the sandwiched 

metal layer is sufficiently thick, the electromagnetic fields of the surface plasmons 
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from one interface cannot reach the other interface due to the strong damping in 

the metal. As a result, the surface plasmons at the two interfaces do not interact. 

As the dielectric environment at each interface is identical and there is no 

interaction between the surface plasmons at one interface with those at the other 

interface, the long-range and short-range surface plasmons modes can be said to 

merge into a single mode.   

When the thickness of the metal layer is gradually reduced and becomes 

comparable to the decay length of the electromagnetic fields of the surface 

plasmons in the metal, the surface plasmons from one interface start to couple 

with those at the other interface. The reason for this coupling is the spatial overlap 

of the electromagnetic fields of the surface plasmons from one interface with 

those at the other interface. The result of this interaction is the splitting of the 

surface plasmons modes into long-range and short-range surface plasmons.  

Figure 2.5. Real part of the propagation constant (effective refractive 

index) of the long-range and short-range surface plasmons as a 

function of metal thickness. The layered structure considered here is 

water-gold-water at λ = 1550 nm. 
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Figure 2.4 shows that the imaginary part of the propagation constant, which is 

responsible for the propagation loss of the surface plasmons, behaves differently 
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for the two modes. The imaginary part of the propagation constant of the long-

range surface plasmons decreases when the sandwiched metal layer is made 

thinner. The propagation loss of the long-range surface plasmons is drastically 

reduced. On the other hand, the imaginary part of the propagation constant of the 

short-range surface plasmons increases when the thickness of the metal layer is 

reduced so that the propagation loss of the short-range surface plasmons is 

drastically increased.  

Figure 2.5 shows the real part of the propagation constant of the long-range and 

short-range surface plasmons normalized by the wave number in free space. 

Adopting the terminology used in waveguide theory, this quantity is also often 

called the effective refractive index. Similar to the propagation loss, opposite 

behavior of the effective refractive index is again observed between the long-

range and short-range surface plasmons. As the metal layer is made thinner, the 

short-range surface plasmons become more confined to the metal-dielectric 

interface. It is as though the surface plasmons were generated in an optically 

denser dielectric medium. Therefore, the effective refractive index of the short-

range surface plasmons increases when the metal thickness is reduced. On the 

other hand, the long-range surface plasmons become less confined to the interface 

as the metal layer is made thinner so that the effective refractive index of the long-

range surface plasmons decreases when the metal thickness is reduced.      

To some extent, a loose analogy can be drawn between the origin of the long-

range and short-range surface plasmons and the splitting of molecular orbitals into 

bonding and antibonding orbitals in the formation of covalent molecules. 

Consider for instance the simplest example, namely the hydrogen molecule which 

is made up of two hydrogen atoms. When the two hydrogen atoms are far apart, 

the lowest 1s atomic orbitals of the two hydrogen atoms do not overlap. When the 

two atoms are however brought closer to one another, the atomic orbitals are no 

longer independent. They start to overlap and form two distinct molecular 

orbitals. These are designated the σ  or bonding and the *σ  or antibonding 

molecular orbitals. The bonding molecular orbital is the result of a symmetric or 
in-phase combination of the wave functions 1ψ  and 2ψ  of the two atomic orbitals 

as in ( )1 2 2ψ ψ+ . The antibonding molecular orbital on the other hand results 

from an antisymmetric or out-of-phase combination of the wave functions 1ψ  and 

2ψ  of the two atomic orbitals as in ( )1 2 2ψ ψ− . The energy level of the 

bonding molecular orbital is lower than that of the antibonding molecular orbital 

as illustrated in Figure 2.6. The bonding molecular orbital is therefore analogous 
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to the long-range surface plasmons while the antibonding 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. 

 

 

2.3. Spatial Extension of Surface Plasmons 

For SPR-based biosensors, the spatial extension of surface plasmons 

determines the sensing region, namely the 3-D space that can be effectively 

probed by the surface plasmons. The spatial extension of surface plasmons can be 

characterized by two parameters, i.e., the propagation length and the field 

penetration depth.  

2.3.1. Propagation Length 

Consider first the dispersion relation for surface plasmons at a single metal-
dielectric interface, Equation (2.23). The relative electric permittivity dε  of a 

dielectric is only weakly dispersive, i.e., the optical propagation loss in a dielectric 
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is negligible so that it can be simply regarded as a real positive quantity. However, 
in a metal, the relative electric permittivity m m mjε ε ε′ ′′= +  is generally a complex 

quantity where mε ′  is the real part and mε ′′  is the imaginary part. This is because 

the optical propagation loss due to ohmic damping in a metal is non negligible 

which is reflected in the non zero imaginary part of the relative electric 

permittivity. At optical frequencies, the real part of the relative electric 

permittivity of a metal is negative and if it is further assumed that its magnitude is 
much larger than the imaginary part so that mε ′  >> mε ′′ , the complex propagation 

constant of the surface plasmons at a simple metal-dielectric interface can be 

analytically approximated by 

( )

3
2

2
2

m d m m d

m d m dm

j j
c c

ω ε ε ω ε ε εβ β β
ε ε ε εε

 ′ ′′ ′′ ′′= + ≈ +  ′ ′+ +′  
 (2.59)  

As evident from Equation (2.59), the imaginary part of the dielectric function 
of the metal mε ′′  causes the propagation constant of the surface plasmons to have a 

non-zero imaginary part which in turn is associated with an attenuation of the 

surface plasmons intensity as it propagates along the metal-dielectric interface. 

This attenuation can be characterized by the propagation length L  defined as the 

distance along the propagation direction at which the intensity of the surface 

plasmons decreases by a factor of 1
e  from its initial value. The intensity I  of the 

surface plasmons is related to the propagation distance x  by 

2 xI e β ′′−∝  (2.60)  

so that the propagation length L  can be expressed as 

( )
32 21

2
m m d

m m d

c
L

ε ε ε
β ε ω ε ε

′  ′ += ≈  ′′ ′′ ′ 
 (2.61)  

If it is also assumed that εd  << mε ′ , the propagation length can be approximated 

by  

( )
( )2

0
3

22

m

md

L
ελ
επ ε

′
≈

′′  (2.62)  
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where 0λ  is the wavelength in free space. 

From Equation (2.62), one can draw some physical conclusions. As far as the 

metal is concerned, the propagation length of surface plasmons is dependent on 

the both the real and imaginary part of the dielectric function of the metal. For a 
long surface plasmons propagation length, a large negative real part mε ′  and a 

small imaginary part mε ′′  are desired, i.e., a low loss metal is required as expected. 

Interestingly, as the real and imaginary part of the metal determine the 

propagation length of surface plasmons through the combination ( )2

m mε ε′ ′′ , the 

effect of the imaginary part of the dielectric function of the metal can be 

outweighed by its real part. For example, aluminum has a larger imaginary part of 

relative electric permittivity compared to silver. However, the surface plasmons of 

silver and aluminum have the approximately the same propagation length at the 

wavelength of around 600 nm. This is due to the fact that the magnitude of the 

real part of the relative electric permittivity of aluminum is much larger than that 

of silver. As far as the dielectric is concerned, the propagation length of surface 

plasmons decreases as ( ) 3
2

dε
−

. The propagation length of surface plasmons is 

therefore shorter in a denser dielectric medium. For some examples, at the 

wavelength of 760 nm, the typical propagation length of surface plasmons at a 

gold-water interface is approximately 14 µm while at the gold-air interface it is 

about 36 µm. 

Consider now the surface plasmons at two interfaces. The general dispersion 

relation in this case is given by Equation (2.55) which is a transcendental equation 

that is much more complicated compared to that for a single interface. Simple 

analytical approximation as in the case of the single interface cannot therefore be 

carried out. It can however be calculated numerically. For some examples, one 

can take the water-gold-water layered structure at the wavelength of 1550 nm 

(Figure 2.4). Choosing 20 nm for the thickness of the gold film, the propagation 

length of the short-range surface plasmons mode is calculated to be about 27 µm 

while that of the long-range surface plasmons mode is around 1 mm. These values 

can be contrasted with the propagation length of the surface plasmons at a single 

water-gold interface at the same wavelength which is approximately 170 µm.  

The physical significance of the propagation length of surface plasmons for 

sensing applications can be illustrated by a multiplexed SPR-based sensing 

system. In such as system, the propagation length of the surface plasmons dictates 

a lower limit on the feature size of the individual sensing spot. If the size of this 

individual sensing spot is made smaller than the surface plasmons propagation 
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length, there will be an overlap of electromagnetic field of surface plasmons from 

nearby sensing spots. The electromagnetic field of surface plasmons from the 

neighboring sensing spots can thus effectively interfere with the electromagnetic 

signal produced by this particular sensing spot. To avoid crosstalk between 

different sensing spots, the feature size must therefore be sufficiently larger than 

the surface plasmons propagation length.  

2.3.2. Field Penetration Depth 

The propagation length of surface plasmons that has just been discussed 

determines the spatial extension of the surface plasmons in the lateral dimension 

along the interface. In the transverse direction, i.e., normal to the interface, the 

spatial extension of the surface plasmons is characterized by the field penetration 

depth. It is defined as the distance from the interface at which the amplitude of the 

electromagnetic field of the surface plasmons decreases by a factor of 1e  from its 

maximum value. As the amplitude of the electromagnetic field of the surface 
plasmons normal to the interface decreases exponentially as exp( )zzk− , the field 

penetration depth δ  can be expressed as 

1

zk
δ =  (2.63)  

The wave vector component of the surface plasmons in the normal direction to the 
interface zk is related to the propagation constant of the surface plasmons β  by 

2

2

0

2
zk

π ε β
λ

 
= − 

 
 (2.64)  

where ε  is the relative electric permittivity of the concerned medium (metal or 

dielectric).  

For a single metal-dielectric interface for which mε ′  >> mε ′′ , the field 

penetration depth of the associated surface plasmons can be analytically 

approximated by 

1
2

0
22

m d
d

d

λ ε εδ
π ε
 ′ +≈  
 

 (2.65)  
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in the dielectric and by  

1
2

0
22 ( )

m d
m

m

λ ε εδ
π ε
 ′ +≈  ′ 

 (2.66)  

in the metal. Equations (2.65) and (2.66) clearly show that the exponential decay 

of the electromagnetic field of surface plasmons into the metal and the dielectric is 
not the same. If it is further assumed that dε  << mε ′  as well, one obtains the 

limiting approximations 

1
2

0

2
m

d
d

ελδ
π ε

′
≈  (2.67)  

0
1
22

m

m

λδ
π ε

≈
′

 (2.68)  

From Equations (2.67) and (2.68), one can see the general trend that for a 

single metal-dielectric interface at a given wavelength, the field penetration depth 

of the surface plasmons into the metal is approximately constant and independent 

of the relative electric permittivity of the dielectric. For a gold-water interface at 

the wavelength of 760 nm, the typical value of the field penetration depth into the 

gold layer is around 25 nm. The field penetration depth into the dielectric is 

however strongly dependent on the relative electric permittivity of the dielectric. 

Equation (2.67) suggests that for a given metal, the field penetration depth of the 

surface plasmons scales inversely with the relative electric permittivity of the 

dielectric. For a gold-water interface at the wavelength of 760 nm, the typical 

value of the field penetration depth into the dielectric layer is around 280 nm. In 

this particular example, the electromagnetic field of the surface plasmons extends 

an order of magnitude deeper into the dielectric as compared to the metal. For 

biosensing applications, if the dielectric is chosen to be liquid, molecules in 

solution can be made to bind to the surface and interfere with this evanescent 

field. The field penetration depth into the dielectric is a measure of the length 

scale over which the surface plasmons are sensitive to refractive index changes, 

for instance, due to the binding of specific biomolecules in a biosensor. Although 

the sensitivity of surface plasmons to changes in the dielectric medium falls off 

exponentially, the distance over which the exponential decay takes place is quite 

large on a molecular scale. The region where the binding of molecules overlaps 
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with the evanescent field is referred to as the sensing region. The size of the 

sensing region is a function of wavelength both directly as in Equation (2.65) and 

indirectly through the wavelength dependence of the relative electric permittivity 

of the metal. It also depends on the structure of the sensor in question and will be 

discussed in more details in subsequent chapters. 

Associated with the strong localization of the electromagnetic field of surface 

plasmons near the metal-dielectric interface, there is also a field enhancement. 

This enhanced field is the primary reason why surface plasmons are also very 

interesting for other applications such as second-harmonic generation, surface-

enhanced Raman spectroscopy, and fluorescence-based sensing. More details 

about this electromagnetic field enhancement as well as its mathematical details 

are discussed in Chapter 4. 

  

2.4. Optical Excitation of Surface Plasmons 

As implied by the more rigorous term surface plasmon polaritons (SPP), 

surface plasmons can be excited by either electrons or photons. Excitation of 

surface plasmons by electrons is achieved by bombarding a thin metallic film by 

electrons. As the electron beam penetrates the metal, a transfer of energy and 

momentum from the incoming electrons to the electrons of the metal occurs 

enabling the excitation of surface plasmons. However, for sensing applications, 

excitation of surface plasmons by photons is the more suitable approach. This 

leads to the development of optical biosensors based on surface plasmon 

resonance (SPR). The key role in the optical excitation of surface plasmons is 

played by the propagation constant of the surface plasmons. Surface plasmons can 

be optically excited if the in-plane wave vector component of the optical wave 

matches that of the surface plasmons (the real part of the surface plasmons’ 

propagation constant designated here as βSP, see Equation (2.59)). This situation is 

often referred to as the phase-matching condition. The most common methods of 

optical excitation of surface plasmons include prism coupling, grating coupling, 

and waveguide coupling. 

2.4.1. Prism Coupling 

Consider the dispersion relation of surface plasmons at a metal-dielectric 
interface, Equation (2.23). Designating the dielectric as material 1 (1 dε ε= ) and 

the metal as material 2 (2 mε ε= ), Equation (2.23) can be rearranged as follows  
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( ) ( )

1 1
2 2

0
m m

SP d d
d m d m

n k
c

ω ε εβ ε
ε ε ε ε

      = =   + +      
 (2.69)  

where 0k
c

ω=  and d dn ε= . The factor outside the brackets in Equation (2.69) is 

simply the magnitude of the wave vector of light in the dielectric. Since the 
dielectric function of the metal is negative and m dε ε> , the factor in the brackets 

in Equation (2.69) is always larger than unity. This means that propagation 

constant of surface plasmons at a metal-dielectric interface is by nature larger than 

the magnitude of the wave vector of the light wave in the dielectric. This property 

is illustrated in Figure 2.7 for surface plasmons at the gold-air interface where the 

Lorentz-Drude model is used for the gold layer.  

Figure 2.7. The dispersion relation of surface plasmons at the gold-air 

interface (solid blue curve). The linear dispersion relation of light in 

air (the light line) is shown by the dashed black curve.  

0.05 0.1 0.15 0.2 0.25

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

Normalized wave vector ( βc/ωp
)

N
or

m
al

iz
ed

 fr
eq

ue
nc

y 
(  ω

/ ω
p)

 

 

surface plasmons
light line

 

 

As shown in Figure 2.7, the dispersion curve of the surface plasmons lies to the 

right-hand side of the light line which means that at any given frequency, the 

magnitude of the wave vector of the surface plasmons is always larger than that of 

the light wave in the dielectric.  Therefore the surface plasmons cannot be excited 

directly by a light wave incident on the interface. To allow optical excitation of 
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surface plasmons, the wave vector of the incident light can however be increased 

by passing the light wave through an optically denser medium in the attenuated 

total reflection (ATR) method (Figure 2.8).  

Figure 2.8. (a) Excitation of surface plasmons by the attenuated total 

reflection (ATR) method. (b) The light line in the denser medium 

(green line) is tilted to the right relative to that in the dielectric (red 

dashed line) resulting in an increase of the incident light’s wave 

vector. Resonance takes place at a specific angle of incidence when 

this light line intersects the dispersion curve of the surface plasmons 

(blue line). 

 

 

In the ATR configuration, a light wave passing through a high refractive index 

prism and totally reflected at the prism base generates an evanescent wave 

penetrating the thin metal film. If the thickness of the metal film is properly 

chosen, this evanescent wave can then tunnel through the metal film to excite 

surface plasmons at the other metal-dielectric interface. Surface plasmon 

resonance occurs when the in-plane wave vector component of the optical wave kx 

is equal to the real part of the surface plasmons’ propagation constant. This 

resonance condition can be mathematically expressed as 

{ }
0

2
sin Rex p SPk n

π θ β
λ

= =  (2.70)  

where λ0 is the wavelength in vacuum, np is the prism refractive index, θ is the 

incident angle, and Re{} signifies the real part of a complex quantity. Physically, 
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the optical excitation of surface plasmons is accompanied by the transfer of the 

light wave energy into the surface plasmons and its subsequent dissipation in the 

metal film. This process results in a drop in the intensity of the totally reflected 

light at a specific angle of resonance.  

There are actually two types of ATR configuration depending on the stacking 

order of the metal and dielectric media with respect to the prism (Figure 2.9). In 

the first configuration known as the Kretschmann geometry after E. Kretschmann, 

the author who first popularized it [33], a metal film is sandwiched between the 

prism and the dielectric. It has just been discussed in the previous paragraph. The 

other configuration is known as the Otto geometry after A. Otto, the first author to 

use it [34]. In this configuration, the dielectric is sandwiched between the prism 

and the metal. In SPR-based optical biosensors, the dielectric is the role played by 

the sample to be analyzed which is usually an aqueous solution. For practical 

reason, it is extremely difficult to place an aqueous sample with a uniform spacing 

(on the order of several tens of nanometers) between the prism and the metal as in 

the Otto configuration. Conversely, the uniform deposition of metal thin film 

required in the Kretschmann configuration can be more easily achieved. For this 

reason, the Kretschmann configuration is much more commonly employed in 

SPR-based optical biosensors as the most ubiquitous coupling method thanks to 

its simplicity. 

Figure 2.9. (a) Kretschmann configuration. (b) Otto configuration 

 

2.4.2. Grating Coupling 

The in-plane wave vector of the incident light wave impinging on a dielectric-

metal interface can also be increased to match that of the associated surface 

plasmons by a diffraction grating (Figure 2.10). The diffraction grating scatters 

the incident light wave and modifies its in-plane wave vector by an integer 
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multiple of the grating vector G depending on the diffraction order. The coupling 

condition when the m-th diffraction is coupled to the surface plasmons can then be 

expressed by 

{ }
0

2 2
sin Rex ph d SPk k mG n m

π πθ β
λ

= + = + =
Λ  (2.71)  

where kph is the original in-plane wave vector of the incident photons, G is the 

grating scattering vector, m = 0, ±1, ±2,… is the diffraction order, Λ is the grating 

period, and nd 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 the incident photons 

kph is increased by G through m = +1 diffraction order to match that of 

the surface plasmons.  

 

 

Compared to prism coupling technique, there is more angular flexibility in 

grating coupling method. This extra flexibility is provided by the last term in 

Equation (2.61). With the grating coupling method, the resonance angle can take 

on any value from 0° to 90° depending on the choice of the grating period Λ and 

the order of diffraction m. Although there is more flexibility in the choice of 

incident angles in grating coupling, the incident light has to pass through the 

dielectric sample which limits the method to transparent, non-turbid samples. In 

sensing applications, this is considered a disadvantage of the direct grating 

coupling method. 
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2.4.3. Waveguide Coupling 

Surface plasmons can also be excited by guided modes of an optical waveguide 

(Figure 2.11). When a guided mode propagating along the optical waveguide 

enters the region covered by a thin metal film, its field can penetrate through the 

metal film. Resonance can then take place if the wavelength-dependent 

propagation constant of the guided mode matches that of the surface plasmons at 

the outer metal-dielectric boundary. As this phase-matching condition is only 

satisfied for a narrow wavelength range, a dip in the transmitted spectrum can be 

observed.  

Figure 2.11. Excitation of surface plasmons by waveguide coupling.  
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Chapter 3 
 

Basic Concepts of  
Surface Plasmon Resonance (SPR) Biosensors 

 
After the preliminary discussion of some fundamental physical properties of 

surface plasmons in the preceding chapter, the basic principles of biosensors 

based on surface plasmon resonance (SPR) is now elaborated in this chapter. 

Historically speaking, the first documented observation of SPR-related 

phenomenon actually dates back as early as 1902 when R.W. Wood reported 

unexplained narrow dark bands in the diffracted spectrum of metallic gratings 

illuminated with polychromatic light [35]. This anomalous phenomenon, referred 

to as Wood’s anomaly, was then explained in 1968 in terms of SPR when the 

name surface plasmons was first coined [36]. In the same year, optical excitation 

of surface plasmons by attenuated total reflection was introduced by Otto [34] and 

Kretschmann [33]. The use of surface plasmon resonance for gas detection and 

biosensing was later demonstrated in 1983 [37]. Thereafter, the newly discovered 

potential of SPR for the detection and analysis of chemical and biological 

substances has been receiving growing interest from the scientific community. In 

fact, the successful commercialization of Biacore SPR biosensor systems since the 

early 1990s has been continually leading to innumerable scientific reports on 

applications of SPR biosensors for the study of biomolecular interactions and 

biochemical detection in many important fields.  

 

3.1. Sensing Principles 

As described in Section 2.3.2, the vast majority of the electromagnetic field of 

surface plasmons is concentrated in the dielectric which plays the role of the 

sensed medium in SPR biosensors. The propagation constant of the surface 

plasmons is therefore extremely sensitive to changes in the relative electric 

permittivity, or equivalently, the refractive index of the dielectric. This is the 

underlying physical principle of biosensors based on surface plasmon resonance. 

In SPR-based biosensors, biomolecular recognition elements in extremely close 

proximity to the metal surface recognize and capture specific analytes present in a 

liquid sample such as an aqueous biological solution. This analyte capture induces 
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a local increase in the refractive index of the dielectric near the metal surface. In 

turn, this increase in refractive index gives rise to a modification of the 

propagation constant of the associated surface plasmons propagating along the 

metal-dielectric interface. This variation of propagation constant of surface 

plasmons can then be accurately measured by a number of optical means.  

 

3.2. Optical Detection Mechanisms 

In SPR biosensors, surface plasmons are excited by a light wave and the effects 

of the interaction between the excitation light wave and the surface plasmons on 

the characteristics of the light wave is measured. Through this interaction, 

variations in the propagation constant of the surface plasmons will alter the light 

wave’s characteristics such as amplitude, phase, and spectral distribution. Based 

on which characteristic of the light wave is measured, SPR biosensors can be 

categorized into several classes. 

In SPR biosensors with angular interrogation, a p-polarized monochromatic 

light wave is used to excite surface plasmons. The angle of incidence is varied and 

the intensity of the reflected light as a function of the angle of incidence is 

recorded so that an angular spectrum of the reflected light is obtained. The 

excitation of surface plasmons is characterized by a dip in the angular spectrum of 

the reflected light at the angle of resonance. When the refractive index of the 

sensed dielectric medium is altered, e.g., following the binding of specific 

biomolecules, the angle of resonance changes accordingly (Figure 3.1). This shift 

of the angle of resonance can be monitored in real time and is an indication of the 

amount of the captured biomolecules. Angular interrogation is typically employed 

in SPR biosensors with ATR prism coupling method. 

In SPR biosensors with wavelength interrogation, a polychromatic optical 

wave is used to excite surface plasmons at a fixed angle of incidence. Surface 

plasmons are only excited at a certain wavelength that meets the requirement of 

phase matching condition. Changes in the refractive index of the sensed dielectric 

medium alter the resonance wavelength (Figure 3.1). Similar to the case of 

angular interrogation, the shift of the resonance wavelength can then be correlated 

with the amount of captured biomolecules. Wavelength interrogation can be 

employed in SPR biosensors with prism coupling as well as waveguide coupling 

method.  
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In SPR biosensors with intensity interrogation, the wavelength and angle of 

incidence of the light wave used to excite surface plasmons are kept constant. The 

intensity of the optical wave after its interaction with the surface plasmons is then 

monitored. In SPR biosensors with ATR coupling method and intensity 

interrogation, the variation of the reflectance is recorded as the refractive index of 

the sensed medium changes (Figure 3.1).  

Figure 3.1. Illustration of angular ∆θ, wavelength ∆λ, and intensity 

interrogation ∆R in the prism coupling configuration as the refractive 

index of the sensed dielectric medium changes from n (dashed curve) 

to n+∆n (solid curve). The point labeled A marks the onset of total 

internal reflection. 

 

 

Similar to intensity interrogation, in SPR biosensors with phase interrogation, 

the wavelength and angle of incidence of the light wave used to excite surface 

plasmons are kept constant. In this method, the phase of the optical wave after its 

interaction with the surface plasmons is monitored. 

Of these different interrogation schemes, the angular, wavelength, and intensity 

interrogations are the most commonly employed in SPR biosensors owing to their 

high resolution and relatively simple instrumentation. The phase interrogation 

requires much more sophisticated instrumentation but it generally gives the 

highest resolution. 
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3.3. Surface Functionalization 

Conceptually, an SPR biosensor can be thought of as being made up of an SPR 

sensor and suitable surface functionalization acting as the biorecognition element 

(Figure 3.2). When a biomolecular interaction (e.g. specific binding of analytes) 

takes place, the refractive index near the surface is altered. By itself, the SPR 

sensor only detects the refractive index change in the sensed medium. The 

specificity of the refractive index change to the binding of a particular type of 

analytes is controlled by the surface functionalization. This specific change of 

refractive index is then simply detected by the SPR sensor.  

Figure 3.2. An SPR sensor equipped with some suitable surface 

functionalization acting as biorecognition element is transformed into 

an SPR biosensor. Biological analytes (represented as green dots) are 

shown to interact with the biorecognition element (represented as 

brown tuning fork-like elements). The large blue arrow indicates a 

microfluidic system to inject the samples onto the biosensor. 
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As an SPR sensor and appropriate surface functionalization form the building 

blocks of an SPR biosensor, it is clear that the overall performance of an SPR 

biosensor depends on both the intrinsic optical performance of the SPR sensor and 

the characteristics of the surface functionalization. Both of these factors are 

separately discussed in later chapters of this manuscript. More specifically, the 

enhancement of optical sensitivity of SPR biosensors in ATR Kretschmann 

configuration is discussed in Chapter 5 while the optimization of surface 

functionalization sensitivity is discussed in Chapter 6.  

 

3.4. Performance Characteristics of SPR Biosensors 

The main performance characteristics of SPR biosensors are sensitivity, 

resolution, limit of detection, and dynamic range. 

Consider an SPR biosensor used to detect a specific analyte with concentration 

c. As has just been discussed in the preceding section, the overall performance of 

an SPR biosensor depends on both the intrinsic optical performance of the SPR 

sensor and the characteristics of the surface functionalization. The total sensitivity 

Stot of this SPR biosensor in detecting the aforementioned specific analyte with 

concentration c can thus be decomposed into two components Sopt and Sfunct as 

expressed in the following equation 

tot opt funct

Y Y n
S S S

c n c

∂ ∂ ∂= = =
∂ ∂ ∂  (3.1)  

where Sopt denotes the optical sensitivity of the SPR sensor (i.e. the ratio of the 

change in sensor output Y, e.g., angle of resonance, to the change in refractive 

index of the sensed medium n) and Sfunct describes the biomolecular performance 

of the surface functionalization. 

The surface functionalization performance factor Sfunct in Equation (3.1) is sort 

of a measure of the efficiency of the biorecognition elements in capturing the 

specific analytes to be detected. It can be defined as the ratio of the local change 

in refractive index of the sensed medium to the amount of specific binding of the 

analyte on the sensor surface. The surface functionalization performance factor 

depends solely on the surface physicochemical properties of the biorecognition 

element affecting the biomolecular interaction. It is a function of the specific 

biomolecular systems being investigated. Different biomolecular interactions 
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generally give rise to different surface functionalization performance factors. On 

the other hand, for a given surface functionalization scheme, the optical sensitivity 

factor Sopt is independent of the details of the involved biomolecular interactions. 

It is therefore convenient to decouple Sfunct  and Sopt  in analyzing the performance 

of SPR biosensors.  

The optical performance of SPR biosensors is most frequently assessed by their 

optical sensitivity and resolution. As expressed in Equation (3.1), the optical 

sensitivity Sopt is defined as the ratio of the change of the sensor output ∆Y (e.g. 

angle or wavelength of resonance) to the change of the refractive index of the 

sensed medium ∆n. For this reason, it is often simply referred to as the refractive 

index sensitivity. It is usually expressed in degrees/RIU (refractive index unit) or 

nm/RIU for SPR biosensors using angular or wavelength interrogation, 

respectively. For SPR biosensors with intensity interrogation, it is usually quoted 

as %/RIU, i.e., as a percentage change in intensity per unit change in refractive 

index.  

To take into account the linewidth of the resonance, the optical sensitivity of 

SPR biosensors is also often evaluated in terms of figure-of-merit FOM defined 

by the ratio of the refractive index sensitivity to the linewidth of the resonance:  

optS
FOM

FWHM
=  (3.2)  

where FWHM is the full-width-at-half-maximum of the resonance. Ideally, SPR 

biosensors with very high refractive index sensitivity and very narrow resonance 

linewidth, i.e., with very high figure-of-merit are desired. The figure-of-merit is 

therefore a measure of the overall optical performance of SPR biosensors. 

Sensor resolution refers to the smallest change in refractive index of the sensed 

medium that produces a detectable change in the sensor output. The lower limit of 

sensor output change that can be detected is set by the level of uncertainty in the 

sensor output, i.e., the output noise in the sensor instrumentation. In SPR 

biosensors, the term resolution usually refers to a bulk refractive index resolution 

(Section 3.5). 

The limit of detection (LOD) of SPR biosensors is usually defined as the 

concentration of analyte that produces a sensor output corresponding typically to 

2 or 3 standard deviations of sensor output measured for a blank sample. It is 

therefore closely related to the sensor resolution. In fact, it is also often used 

interchangeably with the sensor resolution. 
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The dynamic range of SPR biosensors describes the span of values of the 

measurand that can be measured by the sensor. In terms of refractive index, the 

dynamic range of SPR biosensors usually indicates the range of values of the 

refractive index of the sample that can be measured with specified accuracy. In 

terms of analyte concentration, the dynamic range of SPR biosensors defines the 

range of concentrations of an analyte which can be measured with specified 

accuracy which extends from the lowest concentration at which a reliable 

quantitative measurement can be done, i.e., the limit of detection. 

 

3.5. Bulk and Surface Sensitivities 

For SPR biosensors, one may generally distinguish two types of refractive 

index sensitivities, i.e., bulk and surface sensitivities.  

As implied by its name, the bulk refractive index sensitivity refers to the case 

where the refractive index change in the sensed dielectric medium is uniform and 

extends into the whole region effectively probed by the surface plasmons.  

On the other hand, the surface refractive index sensitivity describes the case 

where the refractive index change in the sensed dielectric medium is limited to the 

immediate proximity of the metal-dielectric interface. In this case, the refractive 

index change is often assumed to occur within a thin layer of thickness t much 

shorter than the surface plasmons field penetration depth into the sensed dielectric 

medium δ (Figure 3.3). The thickness t within which the refractive index change 

occurs is determined by the spatial extent of the biomolecular interaction taking 

place near the surface. Hence it depends on the specific biomolecular interaction 

being measured by the SPR biosensor. Conversely, the bulk refractive index 

sensitivity is independent of the particular biomolecular interaction being 

considered. 

Although one might in principle make a distinction between the bulk and 

surface sensitivities, it will actually suffice to quote only the bulk refractive index 

sensitivity when comparing the optical performance of different designs of SPR 
biosensors. The reason being that the surface refractive index sensitivity surfS  is in 

fact proportional to the bulk refractive index sensitivity bulkS : 

surf bulkS Sα=  (3.3)  
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where the proportionality constant α  is given by 
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Figure 3.3. Surface refractive index change. The change in refractive 

index from n to n+∆n occurs only within a layer of thickness t much 

shorter than the field penetration depth δ. 

 

 

 

Equation (3.4) stems from the fact that the refractive index sensitivity of SPR 

biosensors falls off exponentially as a function of distance from the metal-

dielectric interface. The integrals in Equation (3.4) can easily be evaluated to yield 

/1 te δα −= −  (3.5)  

Under typical experimental conditions for common biomolecules, t is on the 

order of 10-20 nm [38, 39] while δ  is generally on the order of 280-1250 nm 

t 

δ 

z 

n+∆n  

n  
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depending on the particular design of the SPR biosensors. Under these 

circumstances, t  <<  δ so that α  can be approximated by 

( )2

1 1 t t tOα δ δ δ
  = − − + ≈    

 (3.6)  

In other words, the surface refractive index sensitivity is proportional to the 

thickness t within which the refractive index variation occurs near the metal-

dielectric interface as expressed by 

surf bulk

t
S S

δ
=  (3.7)  

 

3.6. Instrumentation of SPR Biosensors 

This section briefly discusses the instrumentation of the various SPR biosensor 

systems used for the experimental parts of this work. Laboratory SPR setups 

developed in-house as well as commercial SPR instruments were used in different 

experiments. 

3.6.1. Commercial Instruments: Biacore and Autolab SPR 

The optical setup of a typical Biacore instrument using ATR prism coupling 

method in Kretschmann configuration is illustrated in Figure 3.4. A convergent 

wedge-shaped p-polarized light beam at the wavelength of 760 nm is focused onto 

the sensor surface of the sensor chip in contact with the prism and the microfluidic 

flow channel. Light reflected from the sensor chip is monitored by a linear array 

of light-sensitive photodiodes covering the range of the angles of incidence fixed 

by the wedge-shaped incident beam. Surface plasmon resonance shows up on the 

detecting photodiode as a dark spot. Computer interpolation algorithms then 

determine the angle of minimum reflection (the SPR angle) to very high accuracy. 

The advantage of using a wedge of incident light and a fixed array of detectors in 

this setup is that the SPR angle is monitored accurately in real time, with no 

physical movement of the light source, the sensor chip or the detector. However, 

the dynamical range is consequently fixed and cannot be adjusted. 

Real time monitoring of SPR signal, in this case the angular shift, results in a 

sensorgram, i.e., a plot of SPR response as a function of time. The unit of SPR 

response in Biacore systems, called RU for resonance unit, is an arbitrary unit, 



 40 

chosen so that 1 RU corresponds to a change in refractive index of 10-6, which in 

turn correlates with a shift in angle of about 10-4 degrees. For proteins on Biacore 

CM5 Sensor Chip, 1 RU corresponds to a change in surface concentration of 

approximately 1 pg/mm2. This correlation may however vary significantly for 

non-protein molecules and should be taken as a very approximate guideline. 

Figure 3.4. Schematic illustration of the SPR setup used in Biacore 

instruments. The initial SPR curve before analyte binding is shown by 

the curve marked I. The SPR curve following analyte binding is 

shown by the curve marked II. The angular shift is monitored in real 

time resulting in a sensorgram. 

 

 

The Autolab SPR instrument also makes use of the ATR prism coupling 

method in Kretschmann configuration at the wavelength of 680 nm. However, in 

contrast to Biacore instruments with no moving optical parts, the reflection in the 

Autolab SPR instrument is measured as a function of the incident angle of the 

light beam where the incident angle is varied by using a vibrating mirror. The 

advantage of this system is that within a short time a broad range of incident 

angles can be measured. The unit of SPR response in Autolab SPR systems is also 

called RU for response unit. It is defined as an SPR angular shift of 10-3 degrees 

which corresponds to a change in refractive index of about 10-5. 

It is extremely important to keep in mind that despite the same abbreviation, 

the physical significance of RU (resonance or response unit) as an arbitrary unit of 

SPR response in commercial SPR systems is instrument-specific and can be quite 

different from one commercial instrument to the other. For instance, in Biacore 

systems, 1 RU corresponds to an angular shift of 0.1 millidegree while in Autolab 
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SPR systems, 1 RU is defined differently so as to correspond to an angular shift of 

1 millidegree. 

3.6.2. In-house SPR Setup 

Commercial SPR systems such as Biacore and Autolab SPR instruments 

provide standard reference in the study of biomolecular interactions. However, 

these commercial instruments have a fixed dynamical range. For some novel 

sensor chips developed in this work, it is necessary to modify the optical setup to 

accommodate a different range of measurement variables. In-house laboratory 

SPR setups, one at the wavelength of 760 nm and another one at 1550 nm, are 

used for these purposes. In the framework of the Plasmobio project that 

encompasses this work, these setups are developed by the Phlam laboratory. 

The in-house laboratory SPR setup with an operating wavelength of 760 nm is 

schematically illustrated in Figure 3.5. Light beam from the laser source is 

polarized and focused onto the sensor surface of the sensor chip sitting on a semi 

cylindrical prism. Light beam reflected from the sensor chip is monitored by a 

CCD linear detector covering the range of the angles of incidence and surface 

plasmon resonance shows up as a dark pixel. The angle of minimum reflection 

(the SPR angle) is then determined by computer fitting algorithms to the measured 

reflection spectra.  

Figure 3.5.  Schematic illustration of the in-house laboratory SPR 

setup at the wavelength of 760 nm. 

 

 

 

Similar to the optical setup in Biacore instruments, the incident light is also 

focused in a wedge-shaped beam. However, unlike the fixed optical parts in 

Biacore instruments, the semi cylindrical prism here is mounted on a rotation 

Laser 

Focusing lenses and mirror 

Prism and 
sensor chip 

CCD 
detector 
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platform. This allows the range of incident angles to be varied if necessary by a 

simple rotation of the platform. Such an added versatility is the key advantage of 

this system.  

Another difference of this in-house laboratory SPR setup compared to Biacore 

instruments lies in the system used for introducing the sample. Whereas a 

microfluidic flow channel is employed in Biacore, this in-house laboratory SPR 

setup is droplet-based. This gives an additional advantage as it requires a smaller 

sample volume. The main disadvantage is that well-established (Biacore) standard 

protocols for interaction monitoring cannot be directly applied in this case. 

The in-house laboratory SPR setup with an operating wavelength of 1550 nm is 

schematically illustrated in Figure 3.6. Light beam from the laser source is 

polarized and focused onto the sensor surface of the sensor chip in contact with 

the prism and the flow channel. Light beam reflected from the sensor chip is 

monitored by an InGaAs CCD camera covering the range of the angles of 

incidence and surface plasmon resonance shows up as a dark line in the two-

dimensional image captured by the camera. The angle of minimum reflection (the 

SPR angle) is then determined by computer fitting algorithms to the measured 

reflection spectra. The system can be used in intensity interrogation mode as well 

as angular interrogation. 

Figure 3.6. Schematic illustration of the in-house laboratory SPR 

setup at the wavelength of 1550 nm. 

 

 

Similar to Biacore instruments, the in-house system constructed for the 

wavelength of 1550 nm is also equipped with a flow channel through which liquid 
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samples can be introduced. In addition, the optical parts can be moved to adjust 

the range of desired incident angles. This is the primary advantage offered by this 

system. Moreover, the use of a camera instead of a linear array of detectors 

enables a two-dimensional view allowing multiple parallel channels to be 

measured simultaneously. 

 

3.7. Comparison with Biosensors Based on Localized 
Surface Plasmons 

Based on the confinement nature of surface plasmons, SPR biosensors can 

generally be divided into two categories: those that make use of propagating 

surface plasmons and those that rely on localized surface plasmons. Propagating 

surface plasmons are supported on continuous metal film whose lateral dimension 

is large compared to the propagation length of the surface plasmons. If the lateral 

dimension of the metallic material is shrunk down to nanometers as in 

nanoparticles, the surface plasmons can no longer propagate. As a result, the 

surface plasmons of metallic nanoparticles are localized. There are several 

important differences between propagating and localized surface plasmons that 

affect their applications in SPR biosensors. 

The typical field penetration depth into the dielectric of localized surface 

plasmons is on the order of 30-40 nm [40]. This restricts the sensing capability of 

SPR biosensors based on localized surface plasmons to molecules whose 

dimension is no larger than 30-40 nm. As a consequence, large biomolecules such 

as single-stranded DNA with feature size on the order of 100 nm cannot be 

effectively sensed by SPR biosensors based on localized surface plasmons [41]. 

On the other hand, the field penetration depth into the dielectric of propagating 

surface plasmons is on the order of 280 nm. With proper designs discussed in the 

next chapters, this value can be pushed further to around 1250 nm or more 

depending on the particular design of the SPR biosensors. This enables SPR 

biosensors based on propagating surface plasmons to probe much larger biological 

objects such as viruses and bacteria.  

The refractive index sensitivity of SPR biosensors based on localized surface 

plasmons for various sorts of metallic nanoparticles is on the order of 100-300 

nm/RIU with typical figure-of-merit on the order of 3 [42, 43]. By comparison, 

the refractive index sensitivity of the simplest SPR biosensor based on 

propagating surface plasmons is already over 4000 nm/RIU with typical figure-of-

merit of around 23. However, for analyte thickness ≤ 10 nm, the sensitivity of 
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SPR biosensors based on localized surface plasmons is actually on par with that of 

simple SPR biosensors based on propagating surface plasmons [44, 38]. Beyond 

this limit, the sensitivity of simple SPR biosensors based on propagating surface 

plasmons is superior to that of SPR biosensors based on localized surface 

plasmons. Moreover, for biomolecular interactions most relevant to biosensing, 

the bioanalytical performance of SPR biosensors based on localized surface 

plasmons which detect a single binding event has been recently demonstrated to 

be inferior to that of SPR biosensors based on propagating surface plasmons 

which integrate a large number of simultaneously occurring binding events [45].  

For reasons of superior biosensing performance as discussed above, this work 

mostly focuses on SPR biosensors based on propagating surface plasmons to 

fulfill the need for more sensitive biosensors. It is in order however to note that 

despite the aforementioned limitations on the biosensing performance, SPR 

biosensors based on localized surface plasmons are not at all without merit. 

Compared to SPR biosensors based on propagating surface plasmons, the 

instrumentation of SPR biosensors based on localized surface plasmons is in fact 

generally much simpler, less expensive, and easier to miniaturize. Some 

micro/nanostructures supporting quasi-localized surface 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 used in this work for SPR 

biosensors in Kretschmann ATR configuration. The modeling of various materials 

involved will also be discussed. Finally, the influence of several design 

parameters such as the choice of metals, the prism material, and the operating 

wavelength on the performance of the resulting SPR biosensors will also be 

elaborated.  

4.1. Calculation Methods  

The interaction between an optical wave and the surface plasmons in the ATR 

configuration can be conveniently analyzed by using Fresnel multilayer reflection 

method. Details of the method starting from the simplest case of a single interface 

to the more complex structure with multiple interfaces will be elucidated in this 

section. 

4.1.1. Fresnel Reflection and Transmission: Single Interface 

Consider first the simplest case of optical reflection and transmission occurring 

at the interface of two media where the optical wave is incident from medium 1 to 

medium 2 (Figure 4.1). The propagation direction of the incident light and the 

normal to the interface define a plane referred to as the plane of incidence. In 

general, there exist two types of polarizations, namely perpendicular and parallel 

polarizations. In the perpendicular polarization, also referred to as the s-

polarization or TE (transverse-electric) polarization, the electric field of the 

optical wave is perpendicular to the plane of incidence while its magnetic field is 

in the plane of incidence. In the parallel polarization, also referred to as the p-

polarization or TM (transverse-magnetic) polarization, the magnetic field of the 

optical wave is perpendicular to the plane of incidence while its electric field is in 

the plane of incidence. As shown in Chapter 2, surface plasmons are necessarily 

p-polarized electromagnetic modes. Therefore in what follows, only the p-
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polarized wave will be discussed. Furthermore, the media concerned are all 

assumed to be non-magnetic so that the only material parameters that enter the 

ensuing equations are the refractive indices. 

Figure 4.1. Fresnel reflection and transmission of a p-polarized light 

wave at a single interface. The light wave is incident from medium 1 

to medium 2. 

 

 

Based on some boundary conditions for the electromagnetic field, namely the 

continuity of the tangential components of both the electric and magnetic fields, 

the reflection and transmission coefficients at a single interface can be derived. 

The results can easily be shown to be 
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where 12
Er  and 12

Et  are respectively the reflection and transmission coefficients for 

the electric field. The subscripts 12 indicate that the optical wave is incident from 

medium 1 to medium 2 while the superscript E indicates that the coefficients 

apply to electric fields. Alternatively, if the magnetic field is concerned, the 

results are 

2 1 1 2
12

2 1 1 2

cos cos

cos cos
H r

i

H n n
r

H n n

θ θ
θ θ

−= =
+  (4.3)  

2 1
12

2 1 1 2

2 cos

cos cos
H t

i

H n
t

H n n

θ
θ θ

= =
+  (4.4)  

where 12
Hr  and 12

Ht  are respectively the reflection and transmission coefficients for 

the electric field. The subscripts 12 indicate that the optical wave is incident from 

medium 1 to medium 2 while the superscript H indicates that the coefficients 

apply to magnetic fields. 

It is interesting to note from Equations (4.1) and (4.3) that  

12 12
E Hr r=  (4.5)  

i.e., the reflection coefficient for the electric field is identical to that for the 

magnetic field. Moreover, from Equations (4.3) and (4.4), the following relation is 

easily verified 

12 121 H Hr t+ =  (4.6)  

This is a direct consequence of Maxwell's continuity condition, as can be seen by 
multiplying both sides of Equation (4.6) by the incident magnetic field iH . On the 

other hand, Equations (4.1) and (4.2) show that for the electric field 

2
12 12

1

1 E En
r t

n
+ =  (4.7)  

This looks slightly different from Equation (4.6) for the magnetic field but 

Maxwell's continuity condition for the electric field is in fact satisfied. This is so 

because the electric fields are not all collinear, which is the case for the magnetic 
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fields. Furthermore, from Equations (4.1)-(4.4), the following useful relations can 

be easily verified 

12 21r r= −  (4.8)  

12 21 12 21 1t t r r− =  (4.9)  

Equations (4.8) and (4.9) apply to both the electric field and the magnetic field. 

The superscripts are therefore dropped in these equations. It is also instructive, by 

noting that 
2

i inε = and defining ( )02 coszi i ik nπ λ θ=  for 1,2i = , to rewrite 

Equations (4.1) or (4.3) into the following compact form  

2 1 1 2
12

2 1 1 2

z z

z z

k k
r

k k

ε ε
ε ε

−=
+  (4.10)  

where zik  is the wave vector component in medium i  normal to the interface. 

Equation (4.10) can be slightly rearranged to yield  

1 1 2 2
12

1 1 2 2

z z

z z

k k
r

k k

ε ε
ε ε

−=
+  (4.11)  

It is interesting to see that the dispersion relation of surface plasmons at a single 

interface in the form of Equation (2.18) can be obtained by equating the 

denominator of Equation (4.11) to zero. Hence the poles of the reflection 

coefficient are related to the dispersion relation of surface plasmons. 

Analogous to Equation (4.10), Equation (4.4) can also be rewritten in the 

following useful form  

2 1
12 12

2 1 1 2

2
1H z

z z

k
t r

k k

ε
ε ε

= = +
+  (4.12)  

which shows that the transmission coefficient for the magnetic field can be easily 

obtained from the reflection coefficient. Computationally, this means that only the 

reflection coefficient needs to be calculated and the rest can be simply computed 

from it.  
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4.1.2. Fresnel Reflection and Transmission: Two Interfaces 

Consider now a more sophisticated case of optical reflection and transmission 

from a three-layer stack of materials (Figure 4.2). This time, one needs to take the 

multiple reflections in the middle layer (medium 2) of thickness d  into account. 

The total reflected amplitude is obtained from an infinite summation of waves due 

to the multiple reflections in the middle layer. Each time a wave impinges on an 

interface, the Fresnel equations are used and the phases of the waves are taken 

into account. The phase 2∆  is the phase difference for two successive waves such 

as depicted by ray A and B (also by ray B and C, and so on). The first wave is one 

that is reflected at the first interface (ray A). The second wave (ray B) is one that 

is first transmitted through the first interface (1-2 interface), passing through layer 

2, is reflected at the second interface (2-3 interface), passing through layer 2 again 

and is finally transmitted through the first interface (2-1 interface).  

Figure 4.2. Fresnel reflection and transmission of a p-polarized light 

wave from a three-layer stack. 

 

 

Mathematically, ∆  is given by the following 
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which physically means that ∆  is the phase acquired by the wave as it traverses 

medium 2 once in its path.  

The total reflected amplitude rE  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 simply 12 ir E , 

2) The contribution from ray B that traverses the middle layer once is given by 
2

12 23 21 12 23 21( )( )j j j
i it e r e t E t e r t E∆ ∆ ∆= ,  

3) The contribution from ray C that traverses the middle layer twice is given by 
2 2

12 23 21 23 21 12 23 21 23 21( )( )( )( ) ( )j j j j j j
i it e r e r e r e t E t e r r e r t E∆ ∆ ∆ ∆ ∆ ∆= ,  

4) The contribution from the next ray that traverses the middle layer three 

times is  given by 
2 2 2

12 23 21 23 21( )j j
it e r r e r t E∆ ∆
, and so on so that 

2 2 2
12 12 23 21 12 23 21 23 21

2 2 2
12 23 21 23 21

( )

         ( )

j j j
r i i i

j j
i

E r E t e r t E t e r r e r t E

t e r r e r t E

∆ ∆ ∆

∆ ∆

= + +

+ +…  (4.14)  

The reflection coefficient 13 r ir E E=  is then obtained as 

( ){ }22 2 2
13 12 12 23 21 23 21 23 211 ...j j jr r t e r r e r r e r t∆ ∆ ∆ = + + + +    (4.15)  

By recognizing that the factor enclosed by the square brackets in Equation (4.15) 

is a convergent geometric series, the reflection coefficient can be simplified as 

2
23

13 12 12 21 2
21 231

j

j

r e
r r t t

r r e

∆

∆= +
−  (4.16)  

Furthermore, by using the useful relations expressed by Equations (4.8) and (4.9), 

Equation (4.16) can be rewritten in a more compact form as 

2
12 23

13 2
12 231

j

j

r r e
r

r r e

∆

∆

+=
+  (4.17)  

It is instructive to note that by substituting Equation (4.11) for 12r  and 23r  in 

Equation (4.17) and equating the denominator in Equation (4.17) to zero, one 

obtains  
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which, after some simple rearrangements, is the dispersion relation of surface 

plasmons at two interfaces as expressed by Equation (2.55) with 2d a= . 

Furthermore, by following the same reasoning in the derivation of the 

reflection coefficient, the transmission coefficient can be similarly derived 

12 23
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12 231
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j

t t e
t

r r e

∆

∆=
+  (4.19)  

The transmission coefficient is especially useful for the evaluation of field 

enhancement [46]. The field enhancement factor, which is the ratio of the field 

intensity of the “transmitted wave” to that of the incident wave, can in fact be 

simply obtained from the square of the absolute value of the transmission 

coefficient, i.e., the transmittance [46] (see Appendix A.1 for more explanation). 

4.1.3. Fresnel Reflection and Transmission: Multiple Interfaces 

Building on the preceding results, the case of optical reflection and 

transmission from an N-layer stack of materials (Figure 4.2), which is of the most 

interest, can now be tackled. The strategy is simply evaluating the reflection and 

transmission successively [47]. At each step, nested three-layer stacks are treated 

recursively. This is illustrated for the reflection coefficient as follows: 
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and so on until the last three-layer stack is reached.  
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Figure 4.3. Fresnel reflection and transmission of a p-polarized light 

wave from an N-layer stack. 

 

 

The reflectivity R  of p-polarized light incident at an angle θ  on a multilayer 

structure consisting of N layers can therefore be expressed concisely by 

2

1,NR r=  (4.23)  

where the recursive reflection coefficients are given by 
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+
=
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where 1,2, , 2n N= −… . 

The required reflection coefficients , 1n nr +  between any two adjacent media 

indexed by the subscripts n  and 1n +  are given by 
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where 1,2, , 1n N= −… . 

The wave vector component normal to the interface ,z nk  in the medium indexed 

by the subscript n  is given by  

1
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2
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2
z n n xk k

π ε
λ

  
 = − 
   

 (4.26)  

for 1,2, ,n N= …  where xk  which is the wave vector component along the 

interface is given by 

1
0

2
sinxk

π ε θ
λ

=  (4.27)  

Note that as a consequence of phase matching condition, the wave vector 
component along the interface xk  is identical for all N  layers. 

Following the same reasoning for the reflectivity described above, the 

transmittance 1,
H
NT  for the magnetic field intensity of p-polarized light incident at 

an angle θ  on a multilayer structure consisting of N layers can similarly be 

expressed concisely by 

2
2

1, 1,
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where the recursive reflection coefficients are given by 
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where 1,2, , 2n N= −… . 
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The required transmission coefficients , 1n nt +  between any two adjacent media 

indexed by the subscripts n  and 1n +  are given by 

1 ,
, 1 , 1

1 , , 1

2
1H n z n

n n n n
n z n n z n

k
t r

k k

ε
ε ε

+
+ +

+ +

= = +
+  (4.30)  

where 1,2, , 1n N= −… . 

In general, one is mostly interested in the enhancement of the electric field 

intensity instead of the magnetic field intensity. By the generalization of the 

results expressed by Equations (4.6) and (4.7), the transmission coefficient for the 

electric field ,
E
n Nt is related to the transmission coefficient for the magnetic field 

,
H
n Nt  by 

, ,
nE H

n N n N

N

t t
ε
ε

=  (4.31)  

so that the enhancement factor of the electric field intensity is given by 

2
1 1

1, 1, 1,
E H H
N N N

N N

T T t
ε ε
ε ε

= =  (4.32)  

 

4.2. Materials Modeling  

The most pertinent materials parameter in any work concerning surface 

plasmons is the relative electric permittivity, also often referred to as the dielectric 

function from which the refractive indices are derived. In general, the relative 

electric permittivity of any given material is wavelength, or equivalently, 

frequency dependent. This is called dispersion and the amount of dispersion 

depends strongly on the type of materials. For strongly dispersive materials such 

as metals, precise mathematical modeling is necessary for reliable calculation or 

simulation results. This section elaborates the modeling of the different materials 

involved in this work. 
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4.2.1. Metals 

In the context of surface plasmons, metals are the most dispersive materials. In 

fact, the relative electric permittivity of metals changes drastically over the visible 

to near infrared range, which is the optical range of the most interest for SPR-

based biosensors. For analytical purposes, metals are often modeled by the so-

called Drude or free-electron model for its simplicity. In this simple model, the 

frequency dependent relative electric permittivity can be expressed as     

( ) ( )
2

1 p

j

ω
ε ω

ω ω γ
= −

+
 (4.33)  

where ω   is the angular frequency, γ  is the damping constant, and pω   is the 

plasma frequency given by     

2

0

e
p

q n

m
ω

ε
=  (4.34)  

where en  is the electron density in the metal, q  is the elementary electronic 

charge, and m  is the mass of an electron. 

Equation (4.34) suggests that the plasma frequency is some kind of measure of 

the density of free electrons in metals. Below the plasma frequency, the relative 

electric permittivity is negative and the electromagnetic field cannot penetrate the 

metals. An optical wave with angular frequency below the plasma frequency will 

therefore be totally reflected. Above the plasma frequency however, the light 

waves can penetrate the metals. 

Despite its simplicity, the free-electron or Drude model is reasonably good in 

the far infrared range. It is however not adequate for computational purposes in 

the visible and near-infrared wavelength range. A more rigorous model for the 

relative electric permittivity of metals is therefore needed. In this work, the 

Lorentz-Drude model is used to calculate the relative electric permittivity of 

metals. It is based on a phenomenological model that gives an excellent fit to 

measured experimental values [48].   

In the Lorentz-Drude model, the complex relative electric permittivity of 
metals ( ) ( ) ( )m m mjε ω ε ω ε ω′ ′′= +  can be expressed as a combination of the 

intraband effects (also referred to as the free-electron effects) denoted by ( )f
mε ω  
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and the interband effects (also known as the bound-electron effects) denoted by 
( )b

mε ω : 

( ) ( ) ( )f b
m m mε ω ε ω ε ω= +  (4.35)  

The intraband part of the relative electric permittivity ( )f
mε ω  can be described by 

the well-known free-electron or Drude model: 

( ) ( )
2

0

1 pf
m j

ε ω
ω ω

Ω
= −

+ Γ  (4.36)  

The interband part of the relative electric permittivity ( )b
mε ω  is described by the 

simple semiquantum model resembling the Lorentz result for insulators: 

( ) ( )
2

2 2
1

k
n pb

m
n n n

f

j

ω
ε ω

ω ω ω=

=
− − Γ∑  (4.37)  

where pω  is the plasma frequency, k  is the number of oscillators with frequency 

nω , strength nf , and lifetime 1 nΓ , while 0p p fωΩ =  is the plasma frequency 

associated with intraband transitions with oscillator strength 0f  and damping 

constant 0Γ . 

To gain some practical insights into the Lorentz-Drude model, the plasma 

frequency of some important metals for optoelectronic devices is tabulated in 

Table 4.1. Values of the Lorentz-Drude model parameters for the metals most 

commonly used in SPR-based biosensors, namely gold, silver, aluminum, and 

titanium are also listed in Table 4.2. 

To illustrate the accuracy of the Lorentz-Drude model, some experimental 

values of the dielectric function of gold thin film obtained by ellipsometric 

measurement are listed in Table 4.3. These values along with the corresponding fit 

based on Lorentz-Drude model are plotted in Figure 4.4. It can be seen from 

Figure 4.4 that the agreement between the experimental values and the Lorentz-

Drude model fit is excellent. A comparison with measurement results published in 

the literature [49, 50, 51] also reveals an excellent agreement with the Lorentz-

Drude model. 
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Table 4.1 The plasma frequency (expressed in units of eV) of some 

important metals for optoelectronic devices [46].  

 

 

Table 4.2. The Lorentz-Drude model parameters (expressed in units 

of eV) for some selected metals: Ag, Au, Al, Ti [46].  
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Table 4.3. Relative electric permittivity of gold thin film obtained by 

ellipsometric measurement. 

Wavelength (nm) n k εre εim 
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 function of 

gold thin film measured by ellipsometry (Table 4.3) to theoretical fit 

using Lorentz-Drude model. The squares and circles correspond 

respectively to the experimental values of the real part and the 

imaginary part of the relative electric permittivity. The solid and 

dotted curves are respectively the Lorentz-Drude fit for the real part 

and the imaginary part of the relative electric permittivity.    
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4.2.2. Solid Dielectrics: Glass Prisms and Polymers 

Having discussed metals in the preceding subsection, we now turn our attention 

to solid dielectric media encountered in this work, namely glass prisms and 

polymers. The refractive index dispersion of glasses and polymers is well 

described by the Sellmeier model or Cauchy’s dispersion equation. 

Cauchy’s dispersion equation is an empirical relationship between the 

refractive index and wavelength for a solid transparent dielectric medium. It is 

usually expressed in the form: 

( ) 2 4

B C
n Aλ

λ λ
= + +  (4.38)  

where ( )n λ  is the wavelength dependent refractive index and λ  is the wavelength 

in free space expressed in µm. A, B, and C are Cauchy's coefficients that can be 

determined by fitting the equation to measured refractive indices at some known 

wavelengths. It is important to note that in general the Cauchy’s dispersion 

equation is only valid for regions of normal dispersion (where the refractive index 

decreases with increasing wavelength) in the visible wavelength range. In the 

infrared, the equation becomes inaccurate and it cannot represent regions of 

anomalous dispersion (where the refractive index increases with increasing 

wavelength). Despite these drawbacks, the mathematical simplicity of Cauchy’s 

dispersion equation makes it useful in some applications. 

Sellmeier equation is also an empirical relationship between the refractive 

index and wavelength for a solid transparent dielectric medium that can be 

derived from classical dispersion theory. It was first proposed in 1871 by 

Wolfgang Sellmeier as a further development of the Cauchy’s dispersion equation 

that handles anomalously dispersive regions. It more accurately models the 

refractive index dispersion of solid dielectric materials across the ultraviolet, 

visible, and infrared spectrum.  

The Sellmeier dispersion equation is usually written in the form 

2 2 2
2 1 2 3

2 2 2
1 2 3

1
B B B

n
C C C

λ λ λ
λ λ λ

= + + +
− − −

 (4.39)  

where n is the refractive index and λ  is the free-space wavelength expressed in 

µm. B1, B2, B3, C1, C2, and C3 are experimentally determined Sellmeier 
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coefficients. To give some examples, the Sellmeier coefficients for BK7 glass and 

MgF2 are given in Table 4.4.  

Table 4.4. Sellmeier coefficients for BK7 glass and MgF2 crystal (no 

denotes the ordinary refractive index) [52]. 

Sellmeier 

coefficient 

BK7 glass MgF2 (no) 

B1 1.03961212 4.8755108 x 10-1 

B2 2.31792344 x 10-1 3.9875031 x 10-1 

B3 1.01046945 2.3120353 

C1 6.00069867 x 10-3 1.882178 x 10-3 

C2 2.00179144 x 10-2 8.95188847 x 10-3 

C3 1.03560653 x 102 5.66135591 x 102 

 

Physically, each term in the Sellmeier dispersion equation represents an optical 

absorption of strength Bi at a wavelength iC for i = 1, 2, 3. For common optical 

glasses, the refractive index calculated with the three-term Sellmeier equation 

deviates from the actual refractive index by less than 5x10-6 over the wavelength 

range of 365 nm to 2.3 µm.  

4.2.3. Water 

In the applications of SPR-based biosensors, the samples to be analyzed are 

mostly aqueous biological solutions. Water usually makes up more than 95 % of 

the materials present in these samples. It is therefore very important to take into 

account the refractive index dispersion of water. 

Based on a comprehensive collection of data on the experimental refractive 

index of water and steam, a formulation for the refractive index of water and 

steam covering the temperature range from -12 °C to 500 °C, the density range 

from 0 to 1045 kg m-3, and the wavelength range from 0.2 µm to 1.9 µm has been 

adopted by the International Association for the Properties of Water and Steam 

(IAPWS) and is available as part of a National Institute of Standards and 
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Technology (NIST) Standard Reference Database [53, 54, 55]. This formulation is 

written in the form 

( )
2

2
4 5

0 1 2 3 2 2 22

2
6

72 2

1
1

2

                             

UV

IR

n a a
a a a T a T

n

a
a

ρ ρ λ
λ λ λ

ρ
λ λ

 − = + + + + + + − 

+ +
−

 (4.40)  

where n  is the wavelength, temperature, and density dependent refractive index. 

T , ρ , and λ  are dimensionless variables 

 

*

*

*

T T T

ρ ρ ρ
λ λ λ

=

=

=

 

in terms of reference temperature *T , reference density *ρ , and reference 

wavelength *λ  

 

*

* 3

*
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ρ
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−

=

=
=

 

 

The coefficients 0a - 7a  and the constants IRλ  and UVλ  are listed in Table 4.5. 

Table 4.5. Coefficients and constants of the formulation for the 

refractive index of water and steam, Equation (4.40) [51, 52, 53]. 

 

a0 0.244257733 

a1 9.74634476 x 10-3 

a2 -3.73234996 x 10-3 

a3 2.68678472 x 10-4 

a4 1.58920570 x 10-3 

a5 2.45934259 x 10-3 

a6 0.900704920 
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a7 -1.66626219 x 10-2 

UVλ  0.229202 

IRλ  5.432937 

 

  

4.3. Consideration of Design Parameters  

Building on the knowledge of calculation methods and materials modeling 

developed in the preceding sections, the influence of several design parameters 

such as the choice of metals, the prism material, and the operating wavelength on 

the performance of the resulting SPR biosensors can now be explored in this 

section. The discussion that follows pertains to SPR biosensors with standard 

Kretschmann configuration, which is the coupling method mostly considered in 

this work. Together with the Fresnel equations elaborated in Section 4.1, the 

materials models discussed in Section 4.2 are implemented in MATLAB codes to 

generate the theoretical results presented in the following section as well as the 

next chapter.  

4.3.1. Choice of Metals 

In the optical and near infrared range of the electromagnetic spectrum, all 

metals practically support surface plasmons. This is illustrated in Figure 4.5 that 

shows the real part of the relative electric permittivity of some important 

plasmonic metals (silver, gold, titanium, and aluminum). It is based on the 

Lorentz-Drude model as described in Section 4.2.1 and plotted as a function of 

wavelength in the 400-1600 nm wavelength range. As can be seen from Figure 

4.5, the real part of the relative electric permittivity of these metals is negative 

which enables surface plasmons. In the wavelength range of 630-1550 nm which 

is of the most interest for SPR biosensors, metals such as gold, silver, and 

aluminum have a large negative real part of relative electric permittivity while that 

of titanium is quite small by comparison. It is to be noted that in these wavelength 

range, the relative electric permittivity of silver is very close to that of gold.  

Based on the real part of the relative electric permittivity alone as has just been 

discussed, the answer to the question “Which metal is the best choice for SPR 

biosensors?” is therefore not yet clear-cut. In fact, one also needs to examine the 
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imaginary part of the relative electric permittivity which, as will be shown in no 

time, is the determining factor in the choice of metals for SPR biosensors. The 

imaginary part of the relative electric permittivity of the same selection of metals 

and wavelength range is plotted in Figure 4.6.   

Figure 4.5. The real part of the relative electric permittivity of some 

important plasmonic metals as a function of wavelength in the 400-

1600 nm wavelength range. Note that the vertical axis is on a 

logarithmic scale. 
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As discussed in Section 2.3, the imaginary part of the relative electric 

permittivity of metals is related to the propagation loss of the corresponding 

surface plasmons. The smaller the imaginary part of the relative electric 

permittivity, the lower the propagation loss of the resulting surface plasmons. 

Lower propagation loss means that when an optical wave is coupled to surface 

plasmons resulting in surface plasmon resonance, the resonance linewidth is 

narrower. For sensing applications, narrow resonance linewidth is a very desirable 

characteristic. As can be seen from Figure 4.6, gold and silver have the smallest 

imaginary part of the relative electric permittivity in the 400-1600 nm wavelength 

range that makes these metals the best candidates for applications in SPR 

biosensors. It is also to be noted that in the red end of the visible optical spectrum 
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around 670-780 nm which is of the most interest for SPR biosensors operating in 

the visible, the imaginary part of the relative electric permittivity of silver is very 

close to that of gold. Going further into the near infrared region around 1550 nm 

however, the imaginary part of the relative electric permittivity of gold is 

noticeably slightly larger than that of silver. 

Figure 4.6. The imaginary part of the relative electric permittivity of 

some important plasmonic metals as a function of wavelength in the 

400-1600 nm wavelength range.  
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Considering both the real and imaginary parts of the relative electric 

permittivity, the best metallic candidates for SPR biosensors so far are gold and 

silver. Although as can be seen from Figure 4.6 that the imaginary part of the 

relative electric permittivity of silver is consistently lower than that of gold, silver 

is not the usual choice for metal in SPR biosensors. The reason is the chemical 

vulnerability of silver, in ambient air as well as aqueous solution. Silver oxidizes 

easily and the formation of oxides quickly degrades its sensing performance. On 

the other hand, gold is much more chemically stable compared to silver. In 

addition, the surface of gold can also be easily functionalized. Gold is therefore 

the metal of choice for SPR biosensors.   
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Having established gold as the metal of choice for SPR biosensors, we now 

turn our attention to the optimum thickness of the gold thin film for SPR 

biosensors in Kretschmann configuration. That there is an optimum thickness for 

the metal film in Kretschmann configuration can be physically understood quite 

easily. If the metal film is too thin approaching zero thickness, the dielectric does 

not “feel” the presence of the metal. Thus no surface plasmon resonance will be 

observed in this case. On the other hand, if the metal film is too thick, the 

evanescent field from the total internal reflection at the prism base is strongly 

attenuated in the metal. As a result, this evanescent tail cannot effectively reach 

the metal-dielectric interface on the other side where the sensed dielectric medium 

lies to excite the associated surface plasmons. Thus no surface plasmon resonance 

will be observed either in this case.  

The influence of the thickness of the gold thin film on the performance of the 

resulting SPR biosensors can be investigated using the calculation methods and 

materials models discussed earlier in this chapter. The chosen model system here 

is a typical SPR biosensor using BK7 glass substrate with water at room 

temperature (298 K) as the sensed dielectric medium. Figure 4.7 shows the 

calculated results as a series of SPR curves of water at the 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 the SPR 

curve of water at λ = 760 nm. Prism material considered here is BK7 

glass. Optimum gold thickness is in the 45-50 nm range. 
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As can be clearly seen from Figure 4.7, the resonance dip in the SPR curve is 

sharpest with the minimum of reflectance near zero for the gold thickness of 

around 45nm and 50 nm. For either thinner or thicker film, the minimum of 

reflectance moves away from zero and the SPR curves start to broaden. The 

optimum thickness for the gold film is thus somewhere in the 45-50 nm range.  

 

4.3.2. Influence of Prism Materials 

The prism materials used for plasmonic devices such as SPR biosensors can be 

broadly classified into two classes. The first one is common silica-based optical 

glasses with typical refractive index n < 2 such as BK7 and H-ZF1 glass 

materials. The other one is special prism with very high refractive index (n > 2). 

An example of this second class of prism materials is chalcogenide glass-based 

optical material such as 2S2G glass. SPR biosensors typically make use of the 

first class of prism materials. To illustrate the influence of the chosen prism 

materials on the performance of the resulting SPR biosensors, a comparative 

theoretical study between BK7 and 2S2G prism materials is elaborated in detail in 

this section.  

 Consider first the BK7 prism material. At the wavelength of 760 nm, its 

refractive index is 1.5116. With water as the sensed dielectric medium, the 

optimum thickness of the gold film is 50 nm as discussed previously. The 

resulting SPR curve is shown in Figure 4.8 from which the resonance linewidth 

(the full-width-at-half-maximum, FWHM) can be seen to be approximately 3.5°. 

The associated electric field intensity enhancement factor is shown in Figure 4.9. 

Far from the resonance, the electric field intensity enhancement factor is close to 

unity. This is expected since there is no excitation of surface plasmons when the 

angle of incidence is sufficiently far from the angle of resonance which is around 

68°. Near the surface plasmon resonance, the electric field intensity enhancement 

factor increases significantly and reaches its maximum at the angle of resonance. 

The maximum electric field intensity enhancement factor in this particular 

example is around 21. This field enhancement at the surface plasmon resonance is 

the reason why surface plasmons are very useful for diverse applications. As can 

be inferred from Equation (4.32), the amount of field enhancement depends on the 

sensed dielectric medium. It is stronger for dielectric medium with lower 

refractive index.   
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Figure 4.8. Calculated SPR curve of water with BK7 prism at the 

wavelength of 760 nm and gold film thickness of 50 nm.  
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Figure 4.9. Electric field intensity enhancement factor associated with 

the SPR curve of water with BK7 prism at the wavelength of 760 nm 

and gold film thickness of 50 nm.  
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To further theoretically evaluate the performance of this SPR biosensor, we 

now consider how the surface plasmons react to a change in refractive index of 

the sensed dielectric medium. Assuming a refractive index change of ∆n = 0.005 

RIU (refractive index unit), the resulting SPR curve of water is plotted in Figure 

4.10.  

From the shift of the angle of resonance with the corresponding change in the 

refractive index of the sensed medium as shown in Figure 4.10, the refractive 

index sensitivity is calculated to be 116.3 °/RIU. With a resonance linewidth of 

around 3.5°, the figure-of-merit of this SPR biosensor is easily calculated to be 

approximately 33. In addition to the refractive index sensitivity and the figure-of-

merit, using Equations (4.26) and (4.27) in conjunction with Equation (2.63), the 

field penetration depth can also be determined to be around 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 0.005 RIU. The system 

is BK7 prism, 50 nm of gold, and water at the wavelength of 760 nm.  
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Consider now the other class of prism materials with very high refractive index 

(n > 2), e.g., chalcogenide glass-based optical materials that have recently 
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generated significant interest over the past decade owing to their excellent 

transparency up to the mid-infrared regions. Chalcogenide glasses are formed by 

adding materials such as As, Ga, Ge, and Sb to the group IV chalcogen elements 

(S, Se, and Te). The particular chalcogenide glass selected as an example here has 

the composition Ge20Ga5Sb10S65 which is known as the 2S2G glass [56]. The 

refractive index dispersion of the 2S2G glass can be conveniently characterized by 

Cauchy’s dispersion equation whose coefficients are listed in Table 4.6.  

By using Equation (4.38) and the values given in Table 4.6, the refractive index 

of the 2S2G glass can easily be calculated to be 2.3113 at the wavelength of 760 

nm. With water as the sensed dielectric medium, the optimum thickness of the 

gold film can also be easily found to be 45 nm. The resulting SPR curve is shown 

in Figure 4.11. The associated electric field intensity enhancement factor is shown 

in Figure 4.12. A direct comparison with the previous SPR system using BK7 

glass as the prism material can now be performed in order to evaluate the effects 

of changing the refractive index of the prism. 

Table 4.6. Values of Cauchy’s coefficients for the 2S2G glass with 

the wavelength expressed in µm [56].  

A 2.24047 

B 2.693 x 10-2 

C 8.08 x 10-3 

  

Figure 4.11 shows that the resonance linewidth (the full-width-at-half-

maximum, FWHM) is now approximately 1.4° instead of 3.5° as in the case of 

BK7 prism. This indicates that for a given operating wavelength and sensed 

dielectric medium, using a prism material with higher refractive index yields 

narrower resonance linewidth. This can be mathematically understood by noting 

that the higher the refractive index of the prism, the faster the wave vector 

component of the optical excitation impinging on the metal film changes with the 

variation of the angle of incidence. As a result, surface plasmon resonance in this 

case occurs over a narrower range of the angle of incidence. It is also readily 

noticed from Figure 4.11 that the resonance now takes place at around 37.5° 

instead of 68° as in the case of BK7 prism. The lower angle of resonance for 
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prism material with higher refractive index is exactly what one expects from 

Equation (2.70). 

Figure 4.11. SPR curve of water with 2S2G prism at the wavelength 

of 760 nm and gold film thickness of 45 nm.  
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Figure 4.12. Electric field intensity enhancement factor associated 

with the SPR curve of water with 2S2G prism at the wavelength of 

760 nm and gold film thickness of 45 nm.  
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Figure 4.12 shows that the maximum electric field intensity enhancement 

factor at the angle of resonance is now around 64 instead of 21 as in the case of 

BK7 prism. The maximum electric field intensity enhancement factor is therefore 

increased by approximately three-fold. The fact that for a given operating 

wavelength and sensed dielectric medium, using a prism material with higher 

refractive index yields stronger field enhancement can be easily understood by 

referring to Equation (4.32). According to this equation, the electric field intensity 

enhancement factor scales roughly as the square of the refractive index of the 

prism. 

Finally to complete the characterization of this SPR biosensor and compare its 

performance to the previous one with BK7 prism, we now consider how the 

surface plasmons react to a change in refractive index of the sensed dielectric 

medium. Assuming a refractive index change of ∆n = 0.005 RIU (refractive index 

unit), the resulting SPR curve of water is plotted in Figure 4.13.  

Figure 4.13. Resonance shift corresponding to a refractive index 

change of 0.005 RIU. The system is 2S2G prism, 45 nm of gold, and 

water at the wavelength of 760 nm.  
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From the shift of the angle of resonance with the corresponding change in the 

refractive index of the sensed medium as shown in Figure 4.13, the refractive 

index sensitivity is calculated to be about 37 °/RIU. With a resonance linewidth of 

around 1.4°, the figure-of-merit of this SPR biosensor is easily calculated to be 

approximately 26. In addition to the refractive index sensitivity and the figure-of-

merit, using Equations (4.26) and (4.27) in conjunction with Equation (2.63), the 

field penetration depth can also be determined to be around 27 nm in the gold film 

and 280 nm in the sensed dielectric, similar to the case of BK7 prism. The field 

penetration depth is therefore independent of the prism material. This is as 

expected since for a given metal, the field penetration depth depends only on the 

refractive index of the sensed dielectric medium. 

Based on the preceding discussion, the influence of prism materials on the 

relevant characteristics of SPR biosensors for a given operating wavelength and 

sensed dielectric medium can now be summed up as follows. Firstly, the higher 

the refractive index of the prism, the lower the resulting angle of resonance. 

Secondly, the resonance linewidth is effectively narrowed by using a prism 

material with higher refractive index. Thirdly, the higher the refractive index of 

the prism, the stronger the electromagnetic field enhancement at resonance. 

Finally, as far as angular interrogation is concerned, although the resonance 

linewidth is narrowed, the figure-of-merit of SPR biosensors is practically 

unaltered when the refractive index of the prism is increased. This is because by 

increasing the refractive index of the prism, the angular sensitivity of the resulting 

SPR biosensors to the refractive index variation of the sensed dielectric is actually 

decreased to the point that the effect of this decrease annuls that of the narrower 

resonance linewidth. However, when intensity interrogation is employed, the 

performance of SPR biosensors is certainly improved by using a prism material 

with higher refractive index.  

4.3.3. Influence of Operating Wavelength  

The influence of the operating wavelength on the performance of SPR 

biosensors is now considered in this section. To evaluate this, a model system is 

chosen and its performance at two different wavelengths with fixed prism material 

and sensed dielectric medium is compared. A model system consisting of BK7 

prism, gold thin film, and water as the sensed dielectric medium at the wavelength 

of 760 nm has been discussed in the preceding section. The same model system 

operating at the wavelength of 1550 nm is now theoretically investigated for 

comparison. 
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By using Equation (4.39) and the values given in Table 4.4, the refractive index 

of the BK7 prism material can easily be calculated to be 1.5007 at the wavelength 

of 1550 nm. With water as the sensed dielectric medium, the optimum thickness 

of the gold film can also be easily found to be 35 nm. The resulting SPR curve is 

shown in Figure 4.14 from which the resonance linewidth (the full-width-at-half-

maximum, FWHM) can be seen to be approximately 0.8°. The associated electric 

field intensity enhancement factor is plotted in Figure 4.15. These results can be 

compared to those previously obtained at the wavelength of 760 nm shown in 

Figures 4.8 and 4.9.  

Figure 4.14. SPR curve of water with BK7 prism at the wavelength of 

1550 nm and gold film thickness of 35 nm.   
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Figure 4.14 shows that the resonance linewidth at the wavelength of 1550 nm 

is about 0.8° while it is approximately 3.5° at the wavelength of 760 nm. This 

indicates that by choosing a longer operating wavelength, the linewidth of the 

surface plasmon resonance can be made narrower. This can be physically 

understood by recalling that the surface plasmon resonance linewidth is closely 

related to the propagation loss of the surface plasmons. As mentioned in Chapter 

2, the propagation loss of surface plasmons is a result of ohmic damping in the 

metal which is reflected in its imaginary part of relative electric permittivity being 

non-zero. Looking at Figure 4.6 showing the imaginary part of relative electric 

permittivity as a function of wavelength, one readily notice that for gold, the 
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imaginary part of its relative electric permittivity is larger at the wavelength of 

1550 nm compared to that at the wavelength of 760 nm. At first sight, this might 

seem to indicate that the surface plasmons at the wavelength of 1550 nm would 

suffer higher propagation loss. However, this is not so because the propagation 

loss, or equivalently the propagation length of surface plasmons is determined not 

only by the imaginary part of the metal, but also by its real part. As detailed in 

Chapter 2, the propagation length of surface plasmons scales roughly as 

( )2

m mε ε′ ′′ . Looking at Figure 4.5 showing the real part of relative electric 

permittivity as a function of wavelength, one readily notice that for gold, the 

negative real part of its relative electric permittivity is much larger at the 

wavelength of 1550 nm compared to that at the wavelength of 760 nm. This more 

significant increase in magnitude of the real part of relative electric permittivity of 

gold effectively compensates for the increase in the imaginary part of its relative 

electric permittivity. As a result, the propagation length of the surface plasmons at 

the wavelength of 1550 nm is significantly longer than that at the wavelength of 

760 nm. In other words, the propagation loss of the surface plasmons is 

considerably lower at the wavelength of 1550 nm. As a result, the surface 

plasmon resonance linewidth is narrower at the wavelength of 1550 nm compared 

to that at the wavelength of 760 nm.     

Figure 4.15. Electric field intensity enhancement factor associated 

with the SPR curve of water with BK7 prism at the wavelength of 

1550 nm and gold film thickness of 35 nm.  
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Figure 4.15 shows that the maximum electric field intensity enhancement 

factor at the angle of resonance is now around 48 while it is approximately 21 at 

the wavelength of 760 nm. This suggests that the electromagnetic field 

enhancement of surface plasmons can be increased by choosing a longer operating 

wavelength. This is the combined effect of the refractive index dispersion of the 

metal, the dielectric medium, and the prism. 

Finally to complete the characterization of this SPR biosensor and compare its 

performance at the wavelength of 1550 nm to that at the wavelength of 760 nm, 

we now consider how the surface plasmons react to a change in refractive index of 

the sensed dielectric medium. Assuming a refractive index change of ∆n = 0.005 

RIU (refractive index unit), the resulting SPR curve of 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 0.005 RIU. The system 

is BK7 prism, 35 nm of gold, and water at the wavelength of 1550 nm.  
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From the shift of the angle of resonance with the corresponding change in the 

refractive index of the sensed medium as shown in Figure 4.16, the refractive 
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index sensitivity is calculated to be about 85.8 °/RIU. This is roughly 74 % of the 

refractive index sensitivity obtained at the wavelength of 760 nm. The figure-of-

merit at the wavelength of 1550 nm is however considerably increased to 107 

compared to 33 at the wavelength of 760 nm. This is because the surface plasmon 

resonance linewidth is significantly narrower at the wavelength of 1550 nm. 

Therefore, the reduction in resonance linewidth effectively outweighs the decrease 

in angular sensitivity. In addition, the field penetration depth can also be 

determined to be around 25 nm in the gold film and 1250 nm in the sensed 

dielectric medium. The field penetration depth in the metal is practically unaltered 

when the operating wavelength is varied from 760 nm to 1550 nm. The field 

penetration depth in the dielectric is however multiplied by approximately five-

fold. This means that the surface plasmons are able to probe deeper into the 

sensed dielectric medium. 

Based on the preceding discussion, the influence of longer operating 

wavelength on the relevant characteristics of SPR biosensors for a given prism 

material, choice of metal, and sensed dielectric medium can now be summed up 

as follows. Firstly, the longer the operating wavelength, the narrower the surface 

plasmon resonance linewidth becomes. Secondly, the electromagnetic field 

enhancement of surface plasmons is stronger for longer operating wavelength. 

Thirdly, the field penetration depth in the metal is practically unchanged whereas 

the field penetration depth in the sensed dielectric medium is significantly 

increased, allowing a much deeper probe depth. Finally, as far as angular 

interrogation is concerned, although the angular sensitivity to refractive index 

variation of the sensed dielectric is decreased, the figure-of-merit of SPR 

biosensors is actually significantly increased by going into longer operating 

wavelength. Therefore, whether angular interrogation or intensity interrogation 

method is employed, the performance of SPR biosensors can be greatly improved 

by using longer operating wavelength [57]. 

4.3.4. Comparison of Angular and Wavelength Interrogation  

As mentioned in Chapter 3, three interrogation methods, i.e., angular, 

wavelength, and intensity interrogation are the most commonly used detection 

mechanisms in SPR-based biosensors. The discussion so far has been focused on 

SPR biosensors using angular interrogation. Wavelength interrogation is 

investigated in this section along with a comparison to angular interrogation 

previously discussed.  



 77 

To evaluate the influence of using wavelength interrogation, a model system 

consisting of BK7 prism, gold thin film, and water as the sensed dielectric, similar 

to the one considered in the preceding sections is chosen. The center operating 

wavelength of this SPR biosensor can be tuned by adjusting the thickness of the 

gold film as well as the angle of incidence.  

Consider first the SPR biosensor whose centered operating wavelength is 

chosen to be 760 nm. In this system, the optimum thickness of the gold thin film 

is 50 nm as discussed previously. By evaluating the resonance dip in the spectral 

reflectivity spectrum for different values of angle of incidence, the optimum angle 

of incidence is found to be 68°. The resulting SPR curve at the fixed angle of 

incidence of 68° is plotted in Figure 4.17 from which the 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 0.005 RIU. The system 

is BK7 prism, 50 nm of gold, and water as the sensed dielectric 

medium. The angle of incidence is fixed at 68° so that the center 

operating wavelength is around 760 nm. 

650 700 750 800 850 900
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Wavelength (nm)

R
ef

le
ct

an
ce

 

 

∆n = 0

∆n = 0.005

 

 



 78 

Figure 4.17 also shows the resonance shift corresponding to a refractive index 

change of ∆n = 0.005 RIU. From Figure 4.17, the spectral sensitivity to refractive 

index variation of the dielectric medium is found to be 4400 nm/RIU. With 

surface plasmon resonance linewidth of about 120 nm, the figure-of-merit of this 

SPR biosensor can easily be calculated to be 37. This figure-of-merit is very close 

to 33, which is the figure-of-merit of the same SPR biosensor obtained using 

angular interrogation at the wavelength of 760 nm as shown in Figure 4.10.    

Consider now the SPR biosensor whose centered operating wavelength is tuned 

to be 1550 nm. In this system, the optimum thickness of the gold thin film is 35 

nm as discussed previously. By evaluating the resonance dip in the spectral 

reflectivity spectrum for different values of angle of incidence, the optimum angle 

of incidence is found to be 62.4°. The resulting SPR curve at the fixed angle of 

incidence of 62.4° is plotted in Figure 4.18 from which 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 0.002 RIU. The system 

is BK7 prism, 35 nm of gold, and water as the sensed dielectric 

medium. The angle of incidence is fixed at 62.4° so that the center 

operating wavelength is around 1550 nm. 
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Figure 4.18 also shows the resonance shift corresponding to a refractive index 

change of ∆n = 0.002 RIU. From Figure 4.18, the spectral sensitivity to refractive 

index variation of the dielectric medium is found to be 30500 nm/RIU. With 

surface plasmon resonance linewidth of about 260 nm, the figure-of-merit of this 

SPR biosensor can easily be calculated to be 117. This figure-of-merit is very 

close to 107, which is the figure-of-merit of the same SPR biosensor obtained 

using angular interrogation at the wavelength of 1550 nm as shown in Figure 

4.16.  

Comparing Figures 4.17 and 4.18, it can be noticed that in SPR biosensors 

using wavelength interrogation, the surface plasmon resonance linewidth is 

actually broader for the one whose center operating wavelength is 1550 nm. This 

is so because the dispersion of the optical properties of the metal is significantly 

increased by going from the visible to the infrared region.  

Finally, based on the evaluated figures-of merit, it can be concluded that the 

performance of SPR biosensors using wavelength interrogation is very similar to 

those using angular interrogation.  

4.3.5. Effects of Adhesion Layer  

In practice, the adhesion of thin film of noble metals such as gold or silver to 

common optical glasses is not sufficiently strong. To overcome this problem, a 

thin metallic adhesion layer is deposited onto the glass substrate prior to the 

deposition of the noble metals. This adhesion layer binds strongly to the glass 

substrate and the subsequently deposited thin film of noble metals also adheres 

well to the adhesion layer. In this work, titanium thin film (typical thickness of 

around 2 nm) is chosen as the adhesion layer. Chromium thin film can also be 

used as an alternative to titanium adhesion layer.   

To evaluate the effects of the adhesion layer on the performance of the 

resulting SPR biosensors, consider a model system consisting of BK7 prism, 2 nm 

titanium adhesion layer, 50 nm gold thin film, and water as the sensed dielectric 

medium at the wavelength of 760 nm. The calculated SPR curves of water 

showing the resonance shift corresponding to a refractive index change of          

∆n = 0.005 are plotted in Figure 4.19. The associated electromagnetic field 

enhancement factor of the surface plasmons is plotted in Figure 4.20. 

It can be readily seen from Figure 4.19 that the surface plasmon resonance 

linewidth is approximately 3.5°. This value is identical to the resonance linewidth 

obtained from the same SPR system without the thin adhesion layer as shown in 
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Figure 4.10. In addition, the angle of resonance can also be seen to be practically 

unaltered. The refractive index sensitivity of the SPR system with the thin 

adhesion layer is found to be 116.6 °/RIU. For the same SPR system without the 

thin adhesion layer, the refractive index sensitivity has been previously calculated 

in Section 4.3.2 to be 116.3 °/RIU. The refractive index sensitivity is therefore 

practically identical with or without the thin adhesion layer. With identical 

resonance linewidth and refractive index sensitivity, the figure-of-merit is thus 

unchanged by the inclusion of the thin adhesion layer. 

Figure 4.20 shows, by comparison with Figure 4.9, that the electromagnetic 

field enhancement of surface plasmons is not quite affected 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 0.005 RIU. The system 

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

and water at the wavelength of 760 nm.   
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In conclusion, the inclusion of a thin titanium adhesion layer (typical thickness 

of 2 nm) has quite negligible effects on the performance of the resulting SPR 
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biosensors. This is so provided the thickness of the thin adhesion layer is kept 

below 5 nm.  

As a note in passing, in contrast to silica-based optical glasses such as BK7 and 

H-ZF1, no adhesion layer is required on 2S2G substrate. The much better 

adhesion of gold thin film on 2S2G substrate is likely due to the creation of gold-

sulfur bonds between the sulfur atoms present in the 2S2G glass and the gold 

atoms in the thin film.  

Figure 4.20. Electric field intensity enhancement factor associated 

with the SPR curve of water with BK7 prism, 2 nm titanium adhesion 

layer, and 50 nm of gold thin film at the wavelength of 760 nm. 
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Chapter 5 
 

Enhancement of Optical Sensitivity 

 

This chapter deals with the enhancement of the optical sensitivity components 

of SPR biosensors using conventional Kretschmann geometry. The key advantage 

of the methods detailed in this chapter is the fact that the existing SPR sensor 

instrumentation either only needs minute adjustments or no modification at all. 

5.1. Use of Bimetallic Structure 

It has been briefly mentioned in Chapter 4 that the best metals for SPR-based 

biosensing applications are silver and gold. Although the resonance linewidth of 

silver is narrower than that of gold leading to higher figure-of-merit, silver is not 

commonly used in SPR biosensors because of its vulnerability to oxidation. Gold, 

which is much more chemically resistant to oxidation than silver, is therefore the 

chosen one.  

There is in fact a very simple trick to make use of a combination of both silver 

for its narrow resonance linewidth and gold for its chemical resistance to 

oxidation. The idea developed here consists in using a thin layer of gold film on 

top of a thicker silver film. The thin layer of gold film serves mainly as a 

protection barrier to oxidation for the silver film underneath. It also plays the role 

of metallic interface to the sensed medium on which well-known surface 

functionalization can be applied (Chapter 6). The properties of the surface 

plasmons of this bimetallic structure are determined mostly by the much thicker 

silver layer [58]. This way, one can simultaneously take advantage of the narrow 

resonance linewidth of silver and the chemical stability of gold. 

Figure 5.1 shows the calculated SPR curves of water on silver (50 nm thick), 

bimetallic silver/gold (45 nm silver and 5 nm gold on top), and gold (50 nm thick) 

films. The prism material here is BK7 glass and the wavelength is 680 nm. As can 

be seen from Figure 5.1, the theoretical surface plasmon resonance linewidth is 

2.0° for the simple silver film, 2.5° for the bimetallic silver/gold film, and 6.0° for 

the simple gold film. The resonance linewidth obtained from the bimetallic 

silver/gold structure is quite close to that of the simple 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 between 

silver, bimetallic silver/gold, and gold SPR sensor surfaces at the 

wavelength of 680 nm. 
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Figure 5.2. Experimental comparison of resonance linewidth between 

silver, bimetallic silver/gold, and gold SPR sensor surfaces at the 

wavelength of 680 nm. 
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Figure 5.2 shows the experimental SPR curves of water on silver (50 nm 

thick), bimetallic silver/gold (45 nm silver and 5 nm gold on top), and gold (50 

nm thick) films measured with Autolab SPR instrument. The prism material here 

is BK7 glass and the wavelength is 680 nm. Comparing Figures 5.1 and 5.2, it can 

be seen that the obtained experimental resonance linewidths are quite consistent 

with the theoretical calculation. 

In Chapter 4, it has been mentioned that shifting the operating wavelength of 

SPR biosensors towards longer wavelength results in narrower resonance. The 

case that is made in Chapter 4 is a comparison between 760 nm and 1550 nm as 

operating wavelengths where it is theoretically shown that by approximately 

doubling the operating wavelength from 760 nm to 1550 nm, the surface plasmon 

resonance linewidth can be made about four times narrower. In fact, such an effect 

depends on the specific wavelength. For example, increasing the operating 

wavelength by only 80 nm from 680 nm to 760 nm can have quite a significant 

impact on the resulting resonance linewidth. 

Figure 5.3 shows the calculated SPR curves of water on silver (50 nm thick), 

bimetallic silver/gold (45 nm silver and 5 nm gold on top), and gold (50 nm thick) 

films. The prism material here is BK7 glass and the wavelength is 760 nm. As can 

be seen from Figure 5.1, the theoretical surface plasmon resonance linewidth is 

1.8° for the simple silver film, 2.0° for the bimetallic silver/gold film, and 3.5° for 

the simple gold film. Comparing Figures 5.3 and 5.1, it can be seen that increasing 

the operating wavelength from 680 nm to 760 nm results in narrower resonance 

linewidths for all three structures. The reduction in resonance linewidth for the 

simple silver film and consequently, the bimetallic film is not really that 

remarkable. The decrease in resonance linewidth for the simple gold film is 

however very significant by a factor of almost two. In addition, the difference in 

resonance linewidth between silver and gold at the wavelength of 760 nm is not as 

dramatic as it is at 680 nm. 

Figure 5.4 shows the experimental SPR curves of water on bimetallic 

silver/gold (45 nm silver and 5 nm gold on top), and gold (50 nm thick) films on 

BK7 glass substrate measured with the in-house SPR setup operating at the 

wavelength of 760 nm. From Figure 5.4, the experimentally obtained resonance 

linewidth is 3.27° for the simple gold film. For the bimetallic silver/gold structure, 

it is 1.87°. Comparing Figures 5.3 and 5.4, it can be seen that the obtained 

experimental resonance linewidths are quite consistent with the theoretical 

calculation. 
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Figure 5.3. Theoretical comparison of resonance linewidth between 

silver, bimetallic silver/gold, and gold SPR sensor surfaces at the 

wavelength of 760 nm. 
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Figure 5.4. Experimental comparison of resonance linewidth between 

bimetallic silver/gold and gold SPR sensor surfaces at the wavelength 

of 760 nm.  
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The effects of the narrower resonance linewidth on the 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 the preceding section for 

operating wavelengths in the visible is now extended to the near-infrared region at 

the wavelength of 1550 nm. This choice of the operating wavelength is motivated 

by two reasons. The first one is the narrower SPR linewidth in the near-infrared 

region compared to that in the visible. Specific telecommunications wavelength at 

1550 nm is particularly attractive as the required optical technology (laser source, 

camera system, etc) is already well-developed. The second one is the longer field 

penetration in the near-infrared. As a matter of fact, the field penetration depth is 

about 1300 nm at the wavelength of 1550 nm while it is only about 250-300 nm in 

the visible. Longer field penetration is especially desirable for biosensing 

applications involving large biomolecular objects such as bacteria and viruses.  

Figure 5.5. Theoretical SPR curves of water showing a comparison of 

resonance linewidth between silver, bimetallic silver/gold, and gold 

SPR surfaces at the wavelength of 1550 nm. 
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At the wavelength of 1550 nm, the resonance dip of the SPR curve of water is 

sharpest when the total thickness of the gold or silver film is 35 nm. Based on this 

optimum thickness, the bimetallic thin film considered this time consists of 30 nm 

of silver and 5 nm of gold on top. Figure 5.5 shows the calculated SPR curves of 

water on silver (35 nm thick), bimetallic silver/gold (30 nm silver and 5 nm gold 

on top), and gold (35 nm thick) films at the wavelength of 1550 nm. The prism 

material here is H-ZF1 glass whose refractive index is 1.6192 at this chosen 

wavelength. It can be seen from Figure 5.5 that the resonance linewidth of the 

bimetallic silver/gold film is very close to that of simple silver film. The SPR 

linewidth is therefore mainly dominated by the silver film chemically protected by 

the thin gold overlayer.  

To clearly showcase the narrower resonance offered by the bimetallic 

silver/gold film, the detection of the SPR sensor is this time based on intensity 

interrogation method. In this technique, the variation of the intensity of the 

reflected light normalized to that of the incident light, i.e., the reflectance at a 

fixed angle of incidence is monitored. The reflectivity variation following a 

change in the refractive index of the sensed dielectric medium can be 

mathematically expressed as 

R R

n n

θ
θ

∂ ∂ ∂=
∂ ∂ ∂

  (5.1)  

where R is the reflectance, θ is the angle of incidence at resonance, and n is the 

refractive index of the sensed dielectric medium.  

The second factor on the right-hand side of Equation (5.1), namely ∂θ/∂n is 

simply the angular sensitivity to refractive index variation. It quantifies the shift 

of the SPR angle when the refractive index of the sensed dielectric medium 

changes. As will be shown below, the angular sensitivity of the simple gold film is 

in fact very similar to that of the bimetallic silver/gold structure.  

The first factor on the right-hand side of Equation (5.1), namely ∂R/∂θ is the 

slope of the SPR curve near resonance. The steeper the SPR curve near resonance, 

the higher this ∂R/∂θ factor. As can be seen from Figure 5.5, between the simple 

gold film and the bimetallic silver/gold structure, the slope of the SPR curve is 

steeper for the bimetallic film. As the angular sensitivity is very similar between 

the two types of sensor chip, the difference in reflectivity variation following a 

change in the refractive index of the sensed dielectric medium ∂R/∂n is mainly 

determined by the steepness of the SPR in the reflectivity profile.  



 88 

Figure 5.6. Theoretical SPR curves of water showing the resonance 

shift corresponding to a refractive index change of 0.001 RIU. The 

system is H-ZF1 prism, 35 nm of gold, and water at the wavelength of 

1550 nm. 

54 54.5 55 55.5 56 56.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Angle of incidence (deg)

R
ef

le
ct

an
ce

 

 

∆n = 0

∆n = 0.001

 

 

Figure 5.7. Electric field intensity enhancement factor associated with 

the SPR curve of water with H-ZF1 prism at the wavelength of 1550 

nm and gold film thickness of 35 nm. 
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Figure 5.6 shows the calculated resonance shift of the SPR curves of water on 

the simple gold SPR film following a refractive index variation of 0.001 RIU. 

Figure 5.7 shows the associated electric field intensity enhancement factor from 

which the maximum electric field intensity enhancement factor for this simple 

gold SPR structure can be seen to be about 60. The penetration depth into the 

dielectric can also be calculated to be around 1250 nm. 

From Figure 5.6, the angular sensitivity to refractive index variation can be 

evaluated to be 64.3 °/RIU. The resonance linewidth is around 0.5° which results 

in a figure-of-merit of 130. The reflectivity variation monitored at a fixed angle of 

incidence of 55.15° following a change in the refractive index of the sensed 

medium is calculated to be 1.7 x 104 %/RIU.  

Figure 5.8. Theoretical SPR curves of water showing the resonance 

shift corresponding to a refractive index variation of 0.001 RIU. The 

system is H-ZF1 prism, 30 nm of silver, 5 nm of gold, and water at the 

wavelength of 1550 nm. 
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Figure 5.8 shows the calculated resonance shift of the SPR curves of water on 

the bimetallic silver/gold SPR structure following a refractive index variation of 

0.001 RIU. Figure 5.9 shows the associated electric field intensity enhancement 

factor from which the maximum electric field intensity enhancement factor for 
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this bimetallic silver/gold SPR chip can be seen to be almost 90. This maximum 

field enhancement factor is 1.5 times stronger than that of the simple gold SPR 

film. The penetration depth into the dielectric is now found to be around 1300 nm 

which is very close to that of the simple gold SPR structure. 

Figure 5.9. Electric field intensity enhancement factor associated with 

the SPR curve of water with H-ZF1 prism and the bimetallic (30 nm 

of silver and 5 nm of gold) film at the wavelength of 1550 nm. 
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From Figure 5.8, the angular sensitivity to refractive index variation can be 

evaluated to be 64.0 °/RIU. This is practically the same as that obtained from the 

simple gold SPR structure. The resonance linewidth around 0.4° is however 

narrower which results in a slightly higher figure-of-merit of 160. The reflectivity 

variation monitored at a fixed angle of incidence of 55.15° following a change in 

the refractive index of the sensed medium is calculated to be 2.5 x 104 %/RIU. 

This is higher by a factor of about 1.5 than the value obtained from the simple 

gold SPR structure. Therefore, while the sensitivity of the bimetallic silver/gold 

SPR structure is quite comparable to that of the simple gold film when angular 

interrogation method is used, it is expected to be higher when intensity 

interrogation method is employed for the detection of refractive index variation.  

Figure 5.10 (a) shows the sensorgram corresponding to experimentally 

measured reflectivity variation from the bimetallic silver/gold SPR surface 

following the injection of sucrose solution with different concentrations (0.025 %, 
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0.05 %, 0.1 %, 0.2 %, 0.4 %, 0.6 %, 0.8 % and 1 %) for three to five minutes 

each. Demonized water is injected between two successive injections of these 

sucrose solutions. Based on the standard deviation of each obtained plateau, the 

average noise level in the reflectivity measurement is evaluated to be 0.047 %. In 

Figure 5.10 (b), the measured reflectivity variation is normalized to the average 

noise level showing the signal-to-noise ratio. 

Figure 5.10. (a) Measured reflectivity variation from the bimetallic 

silver/gold SPR surface due to the injection of sucrose solution with 

different concentrations (0.025 %, 0.05 %, 0.1 %, 0.2 %, 0.4 %, 0.6 

%, 0.8 % and 1 %). The inset shows the noise characteristic in the 

measured reflectivity. Based on the standard deviation, the average 

noise level is 0.047 %. (b) The measured reflectivity normalized to the 

average noise level showing the signal-to-noise ratio.  

 

 

For comparison, the same experiment with various concentrations of sucrose 

solution is also performed with the simple gold SPR chip. Figure 5.11 shows the 

measured reflectivity variation from the simple gold SPR surface following the 

(a) 

(b) 
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injection of the same sucrose solutions. The average noise level in this case is 

0.048 % and the measured reflectivity variation is also normalized to the average 

noise level showing the signal-to-noise ratio. 

Figure 5.11. The measured reflectivity variation from the simple gold 

SPR surface due to the injection of sucrose solution with different 

concentrations normalized to the average noise level showing the 

signal-to-noise ratio. 

 

 

A change of 0.5 % in sucrose concentration modifies the refractive index of the 

solution by 7 × 10-4 RIU. An increment of 0.025 % in sucrose concentration will 

thus increase the refractive index by a linear variation of 3.5 × 10-5 RIU. The 

signal-to-noise ratio corresponding to 1 % sucrose is 1142 for the simple gold 

SPR chip and 1550 for the bimetallic silver/gold structure. The refractive index 

sensitivity of the bimetallic silver/gold structure is therefore around 1.36 times 

higher than that of the simple gold SPR chip. Based on a conservative signal-to-

noise ratio of 3, the best limit of detection is estimated to be 3.6 × 10-6 RIU for the 

simple gold sensor chip. With its higher refractive index sensitivity, the bimetallic 

silver/gold SPR structure is capable of detecting a slightly lower refractive index 

variation of 2.7 × 10-6 RIU.  

 

5.3. Long-Range Surface Plasmons 

The essential physical concept of long-range surface plasmons has been 

discussed in Chapter 2. In this section, the theoretical aspects of long-range 

surface plasmons for biosensing are first explored. The sensor fabrication is 

subsequently detailed. Finally the obtained experimental results are presented. 
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5.3.1. Theoretical Analysis  

Commonly used SPR structure consists simply of gold thin film on glass 

substrate as schematically illustrated in Figure 5.12 (a). In this chapter, such 

simple gold SPR film on glass substrate is referred to as the classical SPR. Figure 

5.12 (b) shows a schematic illustration of the long-range surface plasmons sensor 

chip. As discussed in Chapter 2, long-range surface plasmons require that the gold 

thin film is sandwiched between two media having similar refractive index. For 

biosensing applications in aqueous environment, a layer of material whose 

refractive index is very close to that of water, referred to as the buffer layer which 

is typically a polymer with low refractive index, must be deposited between the 

gold thin film and the glass substrate. Together with the sensed aqueous solution 

as superstrate, this buffer layer creates the necessary symmetric dielectric 

environment around the sandwiched gold layer in order to support the long-range 

surface plasmons mode.  

Figure 5.12. (a) Schematic illustration of the simple gold SPR sensor 

chip (classical SPR). (b) Schematic illustration of the long-range 

surface plasmons sensor chip. 

 

 

Consider a long-range surface plasmons sensor chip operating at the 

wavelength of 760 nm in aqueous environment. The refractive index of water at 

this wavelength is 1.3288 which is to be approximately matched by the buffer 

layer. This low refractive index requirement in the vicinity of 1.32-1.33 around 

the red end of the visible electromagnetic spectrum does not leave one with many 

choices for the buffer layer. In fact, the refractive index of commonly used 

 glass substrate 
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 glass substrate 

gold polymer 
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dielectric materials in optics is higher than 1.40. However, a certain class of 

optically transparent amorphous fluoropolymer has this sought-after property. In 

this work, the chosen material for the buffer layer is an amorphous fluoropolymer 

known by its commercial name MY-133MC. As detailed in the next section, the 

refractive index of the buffer layer obtained from this polymer is determined to be 

1.320 at the wavelength of 760 nm. 

For a given refractive index, there is an optimum thickness of the buffer layer 

that yields the sharpest plasmonic resonance. In fact, if the buffer layer is too 

thick, the evanescent field from the total internal refraction at the prism base 

cannot reach the gold interface to excite surface plasmons. At the other extreme, if 

the buffer layer is too thin, the surface plasmons do not quite sense the presence of 

the buffer layer. In the limit of zero thickness, one simply recovers the classical 

SPR structure.   

Figure 5.13. Theoretical SPR curves of water on classical SPR sensor 

chip (solid red curve) and long-range surface plasmons structure 

(dotted blue curve) at the wavelength of 760 nm. The refractive index 

of the buffer layer is taken as 1.320 and its thickness is 1285 nm. The 

gold layer is 20 nm thick and the substrate is BK7 glass. 
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The special interest in long-range surface plasmons for biosensing applications 

is sparked, among others, by its extremely narrow plasmonic resonance. The 

dotted blue curve in Figure 5.13 shows the theoretical SPR curve of water on a 

long-range surface plasmons sensor chip at the wavelength of 760 nm. The 

thickness of the gold layer is 20 nm and the substrate is BK7 glass. The refractive 

index of the buffer layer is taken as 1.320 and its optimum thickness can be 

evaluated to be around 1250-1300 nm. The very narrow plasmonic resonance 

linewidth obtained from this structure is around 0.08°. For comparison, the solid 

red curve in Figure 5.13 shows the theoretical SPR curve of water on a classical 

SPR sensor chip (50 nm gold layer on BK7 glass substrate) at the wavelength of 

760 nm. The significantly wider resonance linewidth of this classical SPR 

structure is about 3.5°. The two curves in Figure 5.13 clearly show the dramatic 

reduction by a factor of approximately 40 in the plasmonic resonance linewidth by 

using long-range surface plasmons structure instead of classical SPR. 

Figure 5.14. Theoretical SPR curves of water on long-range surface 

plasmons structure showing the shift of plasmonic resonance at the 

wavelength of 760 nm when the refractive index is varied by 0.003 

RIU. The refractive index of the buffer layer is taken as 1.320 and its 

thickness is 1285 nm. The gold layer is 20 nm thick and the substrate 

is BK7 glass. 
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Figure 5.14 shows the theoretical shift of the plasmonic resonance of this 

particular long-range surface plasmons structure when the refractive index of the 

sensed dielectric medium is increased by 0.003 RIU. Based on the angular shift of 

the reflectivity minimum, the refractive index sensitivity of this long-range 

surface plasmons structure can be evaluated to be 52 °/RIU. With an extremely 

narrow resonance linewidth of only 0.08°, the theoretical figure-of-merit of this 

sensor chip is easily calculated to be as high as 650. This figure-of-merit is about 

20 times that obtained from the classical SPR structure.  

Figure 5.15 shows the electric field intensity enhancement factor associated 

with the SPR curve of water on the long-range surface plasmons structure at the 

wavelength of 760 nm. The maximum field enhancement factor in this case is 

almost 140. This is about seven times stronger than that of the classical SPR 

structure. Lastly, the field penetration depth into the dielectric of this long-range 

surface plasmons structure can be calculated to be around 1100 nm. This is about 

four times that obtained from the classical SPR chip. The long-range surface 

plasmons structure can therefore probe the sensed dielectric medium four times 

deeper.  

Figure 5.15. Electric field intensity enhancement factor associated 

with the SPR curve of water on the long-range surface plasmons 

structure at the wavelength of 760 nm. 
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5.3.2. Sensor Fabrication  

In this work, microscope glass slides cleaned with piranha solution (2:1 

mixture of sulfuric acid and hydrogen peroxide) are used as substrates. Spin 

coating method is then used to deposit the required polymeric buffer layer on the 

pre-cleaned BK7 glass substrate. For the spin coating process, the sample is 

initially spun at 500 rpm for 10 seconds with an acceleration of 300 rpm/s 

immediately followed by spinning at 1200 rpm for 30 seconds with the same 

acceleration of 300 rpm/s. The initial spinning at low speed is especially useful to 

better spread high-viscosity liquid on the substrate before the desired final 

spinning speed is applied. This is expected to result in a more uniform film. After 

spin coating, the sample is placed on a hot plate maintained at 90 °C for 30 

minutes to evaporate the solvent. The temperature of the hot plate is then raised to 

120 °C and the sample is baked at this temperature for an hour. The obtained 

polymeric film is subsequently characterized by prism coupling measurements. In 

this work, Metricon prism coupler system is used to simultaneously measure the 

refractive index and the thickness of the polymer film by prism coupling 

technique.  

Prism coupling measurement, schematically illustrated in Figure 5.16, is a 

well-adapted method for the determination of refractive index and thickness of a 

dielectric thin film [59, 60]. In this method, the film to be measured forms the 

core of a waveguide and the angle of incidence of a laser beam onto the prism 

base is varied until phase matching condition between the incident laser beam and 

the guided modes is satisfied so that strong coupling of light into the waveguide 

occurs. From the measured angles of strongest coupling, the modal indices of the 

waveguide are experimentally determined from which the refractive index and 

thickness of the film can then be derived.   

Figure 5.16. Illustration of prism coupling measurement [59]. 
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The modal index of the waveguide N is experimentally determined from the 

angle of strongest coupling θ from 

1 sin
sin sin sinp p

p

N n n
n

αθ ε −
  

= = +   
   

 (5.2)  

where np is the refractive index of the prism, coupling θ is the angle of incidence 

onto the prism base, ε is the angle of the prism base, and α is the exterior angle of 

incidence on the entrance face of the prism. 

In a typical prism coupling measurement, there are in general several guided 

modes. The observed modal indices Nm of the film, identified by their mode 

numbers m = 0, 1, 2, …, are related to the unknown refractive index n and 

thickness W of the film by the dispersion equation of a planar dielectric 

waveguide which can be written as 

( ) ( )
1

2 2 2
0 ,m m mk W n N n N− = Ψ  (5.3)  

where k0 is the wave number in free space and  

( ) ( ) ( )0 2, , ,m m m mn N m n N n Nπ φ φΨ = + +  (5.4)  
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    −=     −     

 (5.5)  

with the subscript i  taking on the values 0 or 2. The value of ρ in Equation (5.5) 

depends on the polarization where ρ = 0 for TE polarization and ρ = 1 for TM 

polarization.  

The physical meaning of Equations (5.3)-(5.5) can be easily understood by 

considering a guided light propagating in a planar film of refractive index n and 

thickness W on a substrate of refractive index n0 with a cladding layer of 

refractive index n2 as illustrated in Figure 5.17. According to ray optics approach, 

the guided ray propagates following a zigzag path along the waveguide where it 

undergoes total internal reflection at each interface. For a guided mode to be 

supported, the total phase shift experienced by the ray in one complete zigzag 

cycle (e.g., from point “a” to point “b”) must be an integral multiple of 2π. This 

total phase shift comes from three sources: the phase shift acquired by the ray as it 
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traverses the film twice (once in the upward direction and once in the downward 

direction) given by the quantity ( )1
2 2 2

02 mk W n N− , the phase shift due to total 

internal reflection at the lower film-substrate interface given by 02φ− , and the 

phase shift due to total internal reflection at the upper film-cladding interface 
given by 22φ− . 

Figure 5.17. Illustration of ray tracing in a planar slab waveguide. 

 

         

From any two modes of the same polarization indexed by µ and υ, the 
experimentally obtained modal indices Nµ  and Nυ  can be inserted into Equations 

(5.3)-(5.5) to yield two equations from which W can be eliminated. The resulting 

single equation for n can be expressed in the form 

( )2 2n F n=  (5.6)  

where the function ( )2F n  is given by 

( )
2 2 2 2

2
2 2

N N
F n µ ν ν µ

ν µ

Ψ − Ψ
=

Ψ − Ψ
 (5.7)  

Equation (5.6) can be numerically solved to give the refractive index n of the 

film. Once the refractive index n is known, the thickness W of the film can then be 

easily obtained from Equation (5.3).  

The key advantage of the prism coupler method for thin film characterization is 

its ability to simultaneously determine the refractive index and the thickness of the 

film. It is important that for the thickness and refractive index of the film to be 

completely determined, at least two guided modes are required. If the film is 

sufficiently thick to allow the observation of more than two modes, the method is 

self-consistent because the two unknowns (n and W) are then determined from 

more than two independent measurements. This improves the accuracy and 

greatly increases the confidence in the method. Moreover, the prism coupler 

measurement is relatively simple and fast. In addition, the precision and accuracy 
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of the prism coupler technique has been shown to be similar to other common 

methods for measuring the thickness and refractive index of dielectric films such 

as reflectance spectroscopy, ellipsometry, and mechanical measurement of step 

height [61]. 

The most important limitation of the prism coupling technique is the restriction 

on the film thickness that can be measured. Films less than about 0.2 µm thick are 

generally too thin to support guided modes and prism coupling measurements are 

thus not possible. For film thicknesses between approximately 0.2 µm and 0.5 µm, 

only one guided mode exists. In this case, the refractive index can be determined 

only if the thickness is known and vice versa. Therefore, either the refractive 

index or the film thickness must be known from an independent measurement 

before the other can be calculated. For films thicker than 0.5 µm, two or more 

guided modes are usually supported and both the film thickness and the refractive 

index can be completely determined from prism coupling measurements.  

Prism coupling method is also restricted to simple film structure. Hence it is 

not suitable for complex multilayer films. In addition, prism coupler measurement 

is usually performed only at several discrete wavelengths of the available laser 

sources. However, the obtained values of refractive index at these wavelengths 

can be fitted to known dispersion model such as Cauchy’s dispersion equation to 

allow an interpolation of the results to other wavelengths. 

Table 5.1 shows the thickness and refractive index at three different 

wavelengths (450 nm, 532 nm, and 633 nm) of the polymeric film obtained from 

1:6 dilution of MY-133MC polymer in methoxyperfluorobutane (also known by 

commercial name HFE-7100) solvent measured by prism coupler method.  

Table 5.1. Thickness and refractive index at three different 

wavelengths of MY-133MC polymer film obtained from 1:6 dilution 

measured by prism coupling method. 

TE mode TM mode Wavelength 
(nm) Refractive  

index 
Thickness  

(µm) 
Refractive  

index 
Thickness  

(µm) 
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 are very similar for both TE and 

TM polarizations and therefore are independent of polarization. These values can 
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then be easily fitted into Cauchy’s dispersion equation expressed by Equation 

(4.38) to obtain the Cauchy’s coefficients as A = 1.3017, B = 0.0132 (µm)2 , and 

C = -0.0014 (µm)4.   

From this fitted dispersion model, the refractive index of the polymeric film is 

estimated to be 1.320 at the wavelength of 760 nm. As it is not too far from the 

range of wavelengths used for the fitting, the extrapolation in this case is 

reasonably valid. With a refractive index of 1.320, the optimum thickness of the 

polymer layer for sharp plasmonic resonance is around 1250-1300 nm. The 

thickness of the polymeric film obtained from 1:6 dilution of MY-133MC 

polymer in HFE-7100 solvent as shown in Table 5.1 is approximately twice this 

optimum value. To get the desired film thickness with the same fabrication 

procedures, further dilution by a factor of two, i.e., 1:13 dilution is required.  

Table 5.2 shows the thickness and refractive index of the polymeric film 

obtained from 1:13 dilution of MY-133MC polymer in HFE-7100 solvent 

measured by prism coupler method. The refractive indices are quite consistent 

with the previous results shown in Table 5.1. The values of the film thickness are 

more or less half of those obtained from twice more concentrated polymeric 

solution shown in Table 5.1 as expected. The average film thickness obtained 

from 1:13 dilution of MY-133MC polymer in HFE-7100 solvent as shown in 

Table 5.2 is 1285 nm which is well in the range of 1250-1300 nm for optimum 

thickness.  

Table 5.2. Thickness and refractive index at three different 

wavelengths of MY-133MC polymer film obtained from 1:13 dilution 

measured by prism coupling method. 

TE mode TM mode Wavelength 
(nm) Refractive  

index 
Thickness  

(µm) 
Refractive  

index 
Thickness  

(µm) 
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 surface plasmons sensor chip, 20 

nm of gold is deposited on top of the polymeric layer obtained from the spin 

coating of 1:13 dilution of MY-133MC polymer in HFE-7100 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 of water on the classical SPR 

(50 nm gold on BK7 substrate) and long-range surface plasmons sensor chips 

measured with the in-house SPR setup operating at the wavelength of 760 nm.  

Figure 5.18. Experimental comparison of resonance linewidth 

between the classical SPR and long-range surface plasmons structures 

at the wavelength of 760 nm.   
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From Figure 5.18, the experimentally obtained resonance linewidth is 3.3° for 

the classical SPR sensor chip. This is quite consistent with the theoretical 

prediction of 3.5° as shown in Figure 5.13. However, for the long-range surface 

plasmons structure, the experimentally obtained resonance linewidth from Figure 

5.18 is 0.4° which is five times wider than the 0.08° predicted theoretically as 

shown in Figure 5.13. However, this resonance linewidth is still significantly 

narrower by almost an order of magnitude compared to that of classical SPR. The 

resonance linewidth broadening of the long-range surface plasmons structure here 

is due to uneven morphology of the interface between the gold film and the 

polymer layer. In fact, because of the high cohesive energy of metals and 

relatively weak metal-polymer interaction, metals deposited on a polymer layer 

tend to aggregate on the surface [62]. 
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Figure 5.19. Experimental sensorgram showing resonance shift at the 

wavelength of 760 nm when HBS buffer solution with different 

dilutions are successively put into contact with the surface of the long-

range surface plasmons sensor chip.  

0 50 100 150 200 250 300 350
0.5

0.6

0.7

0.8

0.9

1

1.1

Time (s)

R
el

at
iv

e 
an

gu
la

r s
hi

ft 
(d

eg
)

HBS 1X

HBS 0.75X

HBS 0.5X

HBS 0.25X

HBS 0.5X

HBS 0.75X

HBS 0.25X

 

 

Figure 5.19 shows the obtained experimental sensorgram at the wavelength of 

760 nm when HEPES buffer solution (HBS) with different concentrations (25 %, 

50 %, 75 %, and 100% of HBS) in water are successively put into contact with the 

surface of the long-range surface plasmons sensor chip. The refractive index of 

undiluted HBS buffer solution (HBS 1X) is 0.003 RIU higher than that of water. 

Further dilution of HBS buffer solution in water (0.25X, 0.5X, and 0.75X) scales 

this refractive index difference proportionally. The result is a series of linear 

regular steps in the observed experimental sensorgram when HBS buffer solution 

with either increasing or decreasing dilution is successively injected.  

From Figure 5.19, the refractive index sensitivity of the long-range surface 

plasmons sensor chip can be evaluated to be 80 °/RIU. With resonance linewidth 

of 0.4°, the figure-of-merit of this structure is easily calculated to be 200. For 

comparison, the experimental refractive index sensitivity of classical SPR 

structure at the same operating wavelength is 67 °/RIU with resonance linewidth 
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of 3.3° thus yielding a figure-of-merit of 20. The experimental figure-of-merit of 

the long-range surface plasmons sensor chip is therefore 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 developed above for operating 

wavelength in the visible can be extended to the near-infrared region particularly 

for the wavelength of 1550 nm. At this wavelength, the refractive index of water 

can be calculated as 1.3149 which is to be closely matched by the buffer layer of 

the long-range surface plasmons structure. Considering gold thickness of 20 nm, 

Table 5.3 summarizes the optimum thickness of this buffer layer as a function of 

its refractive index.  

Table 5.3. Optimum thickness of buffer layer as a function of its 

refractive index for long-range surface plasmons structure 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 of water on long-range surface 

plasmons structure with 20 nm thick gold layer for some different refractive 

indices of the buffer layer at the wavelength of 1550 nm. The corresponding 

optimum thickness of the buffer layer given its refractive index is taken from 

Table 5.3.  

As can be seen from Figure 5.20, the angle of resonance decreases when the 

refractive index of the buffer layer is reduced. This is due to the fact that for any 

given superstrate, the effective refractive index of the long-range surface 

plasmons mode decreases with decreasing refractive index of the buffer layer. 

Figure 5.20 suggests that the refractive index of the buffer layer should not be 
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lower than 1.3110. Beyond this limiting value, the plasmonic resonance occurs 

too close to the critical angle of the total internal reflection which makes its 

identification difficult.  

Figure 5.20. Theoretical SPR curves of water on long-range surface 

plasmons structure for different refractive indices of the buffer layer at 

the wavelength of 1550 nm. Table 5.3 is used to determine the 

optimum thickness of the buffer layer given its refractive index. The 

gold layer is 20 nm thick.  

54.25 54.3 54.35 54.4 54.45 54.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Angle of incidence (deg)

R
ef

le
ct

an
ce

 

 

n
b
 = 1.311

n
b
 = 1.312

n
b
 = 1.315

 

 

Consider a long-range surface plasmons structure on H-ZF1 glass (refractive 

index = 1.6192 at the wavelength of 1550 nm). The refractive index of the buffer 

layer is taken as 1.3120 and its optimum thickness from Table 5.3 is 4800 nm. 

The gold layer on top is 20 nm thick. This structure is now compared to the 

bimetallic silver/gold SPR sensor chip discussed in Section 5.2. Figure 5.21 shows 

the theoretical SPR curves of water on the bimetallic silver/gold and long-range 

surface plasmons structures at the wavelength of 1550 nm. The extremely narrow 

plasmonic resonance linewidth of the long-range surface plasmons structure is 

found to be 0.008°. This is 50 times narrower than that of the bimetallic 

silver/gold SPR structure.  
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Figure 5.21. Theoretical comparison of plasmonic resonance 

linewidth of water on bimetallic silver/gold and long-range surface 

plasmons structures at the wavelength of 1550 nm.  
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Figure 5.22. Electric field intensity enhancement factor associated 

with the SPR curve of water on the long-range surface plasmons 

structure in Figure 5.21.  
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Figure 5.22 shows the electric field intensity enhancement factor associated 

with the SPR curve of water on the long-range surface plasmons structure in 

Figure 5.21. The maximum field enhancement factor in this case is as high as 450. 

This is more than an order of magnitude higher than that obtained from classical 

SPR operating in the visible. 

Figure 5.23. Theoretical SPR curves of water on long-range surface 

plasmons structure showing the shift of plasmonic resonance at the 

wavelength of 1550 nm when the refractive index is varied by 0.0005 

RIU. The refractive index of the buffer layer is taken as 1.3120 and its 

thickness is 4800 nm. The gold layer is 20 nm thick and the substrate 

is H-ZF1 glass.  
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Figure 5.23 shows the theoretical shift of the plasmonic resonance of this 

particular long-range surface plasmons structure when the refractive index of the 

sensed dielectric medium is increased by 0.0005 RIU. Based on the angular shift 

of the reflectivity minimum, the refractive index sensitivity of this long-range 

surface plasmons structure can be evaluated to be 44 °/RIU. With an extremely 

narrow resonance linewidth of only 0.008°, the theoretical figure-of-merit of this 

sensor chip is easily calculated to be as high as 5500. This figure-of-merit is more 
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than two orders of magnitude higher compared to that of classical SPR operating 

at the wavelength of 760 nm as used in most commercial SPR instruments. 

The field penetration depth into the sensed dielectric medium can also be 

calculated to be 7500 nm. With such significant probe depth, this long-range 

surface plasmons structure has promising potential for biosensing 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 surface functionalization strategy based 

on graphene proposed and developed in this work. The conventional surface 

functionalization scheme widely used in SPR biosensors is first briefly introduced 

followed by an overview of the novel surface functionalization strategy. The 

fabrication and characterization of sensor chips incorporating the novel surface 

functionalization strategy are then discussed in details. Finally, some experimental 

results indicating sensitivity enhancement due to the novel surface 

functionalization strategy are presented. 

 

6.1. Surface Functionalization in Conventional SPR 

In the functionalization of SPR biosensors, the most widely used approach for 

the introduction of functional groups onto gold SPR surface is based on thiolated 

organic compounds, typically alkanethiols. These molecules are known to 

spontaneously form self-assembled monolayers (SAMs) on gold surface [63]. In 

this chapter, SPR biosensors using this surface functionalization approach will be 

referred to as conventional SPR biosensors. 

 A simple alkanethiol molecule is illustrated in Figure 6.1. An alkanethiol can 

be thought of as containing 3 parts: a sulfur binding group for attachment to a 

noble metal surface, a spacer chain which is typically made up of methylene 

groups, (CH2)n, and a functional head group. The terminal sulfur group links the 

thiol molecule to the gold surface through gold-sulfur bonds. This sulfur group 

together with the carbon atoms in the methylene spacer group act as the main 

driving forces for the self-assembly of the alkanethiols. The spacer group also 

provides well-defined thickness (typically 1-3 nm) and acts as a physical barrier. 

The head group then provides a platform where any desired group can be used to 

produce surfaces of effectively any type of desired chemistry. By simply changing 

the head group, a surface can be created that is hydrophobic (methyl head group), 

hydrophilic (hydroxyl or carboxyl head group), protein resistant (ethlylene glycol 
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head group), or allowing chemical binding (NTA (nitrilotriacetic acid), azide, 

carboxyl, amine head groups).  

Figure 6.1. Schematic diagram of a thiol molecule. 

 

 

Thiol SAMs on gold, silver, palladium, and other materials are typically made 

by immersing freshly prepared or clean metal-coated substrate into a dilute 

solution (around 1 mM) of the desired alkanethiol in ethanol for at least 12-18 

hours at room temperature followed by thorough rinsing with ethanol and water. 

Initial monolayer formation is very fast with monolayer coverage being achieved 

within seconds to minutes. This initially formed monolayer is however not well 

ordered and contains many defects within the chains. Over time, a very slow 

reorganization process takes place so that the layers become more ordered and 

well packed. Reported assembly times vary throughout the literature, but typically 

are in the range of 12 hours up to 2 days. Figure 6.2 illustrates these various steps 

in thiol self-assembly on gold surface.  

As an example of common surface functionalization schemes in conventional 

SPR, consider the 11-mercaptoundecanoic acid (MUA) which is the alkanethiol 

used in most cases. It is an alkanethiol with 11 carbon atoms in total and a 

carboxyl head group. Its chemical formula is usually written as 

HSCH2(CH2)8CH2COOH. Self-assembly of MUA on gold SPR surface is 

achieved by immersing the gold-coated sensor chip into a 1 mM ethanolic 

solution of MUA for at least 18 h followed by thorough rinsing with ethanol and 

water. 



 111 

Figure 6.2. (a) Various steps in thiol self-assembly on gold surface. 

Gold-coated glass slide is dipped in an ethanolic solution of thiol. The 

initial chemical adsorption process is very fast. This is followed by a 

very slow step of reorganization (b) Reorganized monolayer. 

 

 

After the self-assembly of the MUA is complete, any desired functional group, 

biomolecule or bioreceptor referred to simply as ligand can be covalently attached 

to the sensor surface. Regardless of the chemistry used to attach the ligand to the 

sensor surface, the first step in almost all covalent immobilization procedures is 

the activation of the carboxyl head groups of the self-assembled MUA with a 

mixture of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, typically 0.2 

M) and N-hydroxysuccinimide (NHS, typically 0.05 M) to give reactive 

succinimide esters (Figure 6.3). The succinimide esters react spontaneously with 

amine and other nucleophilic groups, allowing direct immobilization of molecules 

containing such groups, e.g., biotin and amine-terminated DNA. As an example, 

the covalent attachment of amine-terminated DNA on gold 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 amine-terminated 

DNA. 

  

 

 

6.2. Novel Approach to Surface Functionalization 

Despite its widespread use, there are actually a number of concerns with the 

use of thiol SAMs on gold surface for SPR-based biosensing. One of the 

limitations of this approach resides in the kind of functional thiolated molecules 

which can be synthesized and the follow-up reaction to bind the receptor. 

Furthermore, the susceptibility of the gold–sulfur bond to oxidation and 

photodecomposition is a real hurdle to overcome in thiol chemistry. The rapid 

degradation of alkanethiol-based SAMs on gold surface under ambient laboratory 

conditions has been systematically investigated [64, 65]. In particular, the thiol 

bond susceptibility to oxidation in air and water compromises its long-term 

stability [66]. Upon exposure to ultraviolet light, thiol SAMs on gold are also 

prone to photooxidation [67].   

Currently, the new primary research focus using thiolated SAMs in connection 

with SPR is also oriented towards decreasing the number of surface reaction steps 

involved in bioreceptors linking. At the same time, there is a growing interest in 

the applications of carbon nanomaterials, notably carbon nanotubes and graphene, 

for biosensing. 

6.2.1. Motivations for Graphene-Based SPR Surface 

Graphene, a single sheet of carbon atoms arranged in a hexagonal lattice, has 

attracted great interest in various fields [68, 69]. Recent advances in large-area 

growth and isolation of graphene established it as a promising candidate for 
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several potential applications [70, 71, 72]. In particular, graphene is an extremely 

attractive material for biosensing applications for a number of reasons.  

Firstly, the unique surface physicochemical characteristics of graphene enable 

it to directly interact with biomolecules. Through the pi-stacking interactions 

between its two-dimensional hexagonal cells and the carbon-based ring structures 

widely present in biomolecules, graphene can strongly and stably adsorb 

biomolecules [73]. Hence the incorporation of graphene into SPR biosensors 

structure can substantially simplify the bioreceptors linking to the sensor surface.  

Secondly, the surface of graphene is very stable, robust, and chemically 

resistant. Therefore, unlike thiol SAMs on gold surface, graphene is not plagued 

with photodecomposition and photooxidation concerns. 

Thirdly, graphene has a large scalability and it can be readily integrated into 

any existing SPR technology. Gold-graphene SPR combination can be quite easily 

realized thanks to the similarity of graphene’s electronic and surface properties to 

carbon nanotubes and the strong adhesion between carbon nanotubes and gold 

[74]. However, well-ordered assembly of carbon nanotubes on gold surface has 

not yet been reported. On the other hand, the two-dimensional feature of graphene 

makes it much easier to coat gold SPR surface with graphene.  

Finally, it is also expected that the constraint exerted on bioreceptors upon their 

immobilization on the graphene surface can help prevent non-specific binding of 

biomolecules. In fact, it has been experimentally shown that functionalized 

graphene improves the biostability and specificity of single-stranded DNA [75]. 

6.2.2. Overview of Graphene Synthesis 

Any eventual applications of graphene-based devices including biosensors will 

certainly depend on methods for the reproducible fabrication of high-quality 

graphene in large volumes and its incorporation into devices on an industrial 

scale. This “graphene engineering” is still an extremely active and rapidly moving 

field of research. Currently, there are four main approaches to producing graphene 

that will be briefly discussed below. The first two are based on a top-down 

approach while the last two are bottom-up approaches. 

The first, also the simplest and the least expensive, technique to produce 

graphene is micromechanical cleavage or exfoliation of graphite also known as 

the “Scotch tape” method. In this approach, repeated peeling of fragments from 

high-quality graphite (e.g., highly-oriented pyrolytic graphite) with pieces of 

adhesive tape eventually leaves some single layers of graphene. Although this 
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method tends to produce the best quality, least-modified forms of graphene, it can 

only produce small area films of the order of a few tens of micrometers and it is 

not scalable [76]. Moreover, as single layers of graphene are distributed among 

many other carbonaceous fragments that can have two, three, dozens, or even 

hundreds of layers, the other challenge in this approach is to identify the 

fragments of graphene that have the desired number of layers and size. With 

patience, this method can eventually produce high-quality graphene for 

laboratory-scale scientific research, but it is hard to see how it will ever form a 

high throughput, large-volume method for the industrial fabrication of graphene. 

The second graphene production method is the chemical reduction of solution-

processed graphene oxide. In this approach, graphene is first chemically 

exfoliated by converting it into graphene oxide under strongly acidic conditions 

[77]. This oxidation process creates a large number of oxygen-containing 

functional groups, such as carboxyl, epoxides, and hydroxyl groups, on the 

graphene surfaces. These polar groups make graphene oxide hydrophilic and thus 

easily dispersed into single sheets in water or polar organic solvents. The colloidal 

suspension of graphene oxide produced by this method clearly opens up 

possibilities for simple deposition methods such as spin or dip coating. However, 

the physical and chemical properties of graphene oxide are radically different 

from those of graphene. For instance, graphene is electrically conductive while 

graphene oxide, due to a large proportion of sp3 C-C bonds in its distorted layer 

structure, is an electrical insulator. Therefore, the graphene oxide is typically 

reduced by chemical agents such as hydrazine or by heating in a reducing 

atmosphere in an effort to recover the structure and properties of graphene. While 

this process does return much of the electrical conductivity and flatness to the 

reduced graphene oxide, the final product is not quite the same as graphene and 

still contains a significant amount of carbon–oxygen bonds [78, 79, 80, 81]. The 

main limitation of this method is that the yield is still very low and the graphene 

films made from such colloidal dispersion of graphene oxide are not continuous 

[82]. 

The third approach to fabricating graphene is bottom-up chemical synthesis, a 

process in which precursor compounds are combined by organic reactions to form 

molecular fragments of graphene that are subsequently used to grow larger 

graphene flakes. The main limitation of such chemical synthesis approach is that 

the “graphene fragments” quickly become insoluble as their size increases. As a 

result, the final products are currently limited to pieces of graphene smaller than 

about 5 nm [83].  
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The fourth method to growing graphene is based on thermal procedures. 

Although more costly than wet chemical methods, these approaches avoid any 

chemical modification of graphene. There are in fact several thermal approaches 

to grow graphene. One approach is the epitaxial growth of graphene layers on the 

basal faces of single-crystal silicon carbide heated to above 1200 °C in ultrahigh 

vacuum [84]. In this approach, the graphene layers grow as the silicon atoms 

evaporate from the heated crystal. However, the resulting graphene layers tend to 

show various defects such as substrate-induced corrugations, rotational disorder 

between the layers, and scattering centers [85]. These effects mean that the 

electronic band structures and properties of epitaxial graphene differ from those of 

mechanically exfoliated graphene, so that it is effectively a different material [86]. 

Another thermal approach to graphene growth is the chemical vapor deposition 

(CVD) technique. Compared to the former approach, CVD is a better thermal 

method for graphene growth because it offers more similar properties to 

mechanically exfoliated graphene. The main challenge of this method lies in 

achieving a monodisperse graphene film with well-controlled number of layers. 

Recent efforts have focused on growing really large-scale (e.g., centimeter-sized) 

films of graphene by passing hydrocarbon vapors over metallic substrates such as 

nickel [87] or copper [88] heated to approximately 1000 °C. Yet another thermal 

approach is the ion implantation method for graphene synthesis with potential 

layer-by-layer thickness control [89]. In this method, ion implantation is used to 

introduce a precise dose of carbon atoms into polycrystalline nickel films. 

Subsequent graphene growth on the surface of the nickel film occurs upon heat 

treatment. Gradual increase in average graphene thickness is obtained with 

increasing implantation dose. However, further optimization of substrate surface 

homogeneity is still required for the production of large homogeneous films with 

a precisely controlled number of layers. 

6.2.3. Overview of Sensor Chip Fabrication  

The structure of the novel graphene-based SPR surface developed in this work 

is schematically shown in Figure 6.5. The sensor chip consists of a BK7 glass 

substrate (microscope cover slide is chosen for the production low-cost sensor 

chips) onto which 2 nm titanium adhesion layer and 50 nm gold thin film are 

deposited and an additional layer of graphene on top of the gold film. As 

illustrated in Figure 6.5, the structure of the graphene-based SPR surface is almost 

identical to that of conventional SPR with the only difference in the use of 

graphene instead of thiol SAM. The key step in the functionalization of the SPR 
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surface is therefore shifted from the formation of thiol SAM to the coating of 

graphene on the gold surface. 

The use of graphene for various sensing applications has actually been recently 

reported in the literature. However, the graphene material in these reports is still 

limited to graphene made from solution-processed graphene oxide and its 

subsequent chemical reduction [90, 91, 92, 93]. As mentioned in the preceding 

section, the yield of this production method is very low and more importantly, 

graphene films deposited from such colloidal dispersion of graphene oxide are not 

continuous. This graphene deposition method, despite its attractive low-cost 

feature, is therefore not suitable for the fabrication of graphene-based SPR surface 

that requires large-area and continuous graphene coating on the gold film. 

Figure 6.5. (a) Schematic illustration of conventional SPR sensor 

chip. (b) Schematic illustration of graphene-based SPR sensor chip. 

  

 

As briefly mentioned in the preceding section, the most appropriate technique 

for the production of high-quality large-area graphene is CVD growth. The 

synthesis of graphene on gold foil by a CVD process has recently been reported in 

the literature [94]. This growth process of graphene on gold surface is however 

not as well-studied as the CVD growth of graphene on nickel or copper film. 

Therefore there is a substantial lack of information on the optimum conditions for 

the direct CVD growth of high-quality, large-area graphene on gold. For this 

technical reason, it is not directly applied here. There is also a secondary practical 

cost consideration. In fact, direct CVD growth on gold surface necessitates high 

temperature of around 800-900 °C while the microscope cover slide used as the 

glass substrate undergoes glass phase transition at around 500 °C. Special glass 

substrate such as fused silica would be necessary to directly grow graphene by 
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CVD on top of the glass/gold stack. This requirement of a special glass substrate 

would lead to a significant increase in the production cost of the resulting sensor 

chip, which is clearly not suitable for low-cost sensor chips. A solution to get 

around this limitation is to transfer CVD graphene grown on other substrates such 

as nickel or copper onto the glass/gold SPR sensor chip. In this work, the chosen 

graphene material is commercial CVD-grown graphene on nickel thin film 

deposited on silicon substrate (Figure 6.6) cut into convenient 1 cm x 1 cm wafers 

(purchased from Graphene Supermarket, USA). 

Figure 6.6. Layer structure of commercial CVD-grown graphene used 

in this work. 

 

 

6.2.4. Graphene Transfer  

To transfer CVD-grown graphene on metal foils onto other substrates, there are 

two types of commonly used graphene transfer methods, namely wet transfer and 

dry transfer. 

The principle of wet transfer is basically to etch away the metallic substrate on 

which the CVD graphene was grown and use a polymer handle as a support 

material to "catch" the graphene layer. The free-standing polymer/graphene stack 

is then placed on the desired target substrate (graphene facing the surface). 

Finally, the polymer support material is removed to yield a graphene film on the 

desired substrate. As a specific example, Figure 6.7 shows the flowchart of a 

typical wet transfer process of CVD graphene grown on copper foil [95]. In this 

process, the as-grown graphene film on copper foil is drop-coated with 

poly(methyl methacrylate)(PMMA) dissolved in chlorobenzene. Since graphene 

grows on both sides of the copper foil, after one side of the copper/graphene is 

coated with PMMA and cured, the opposite side is polished to remove the 

graphene layer. The copper substrate is then etched away by an aqueous solution 

of ferric nitrate (0.05 g/mL) over a period of around 12 hours. The 

PMMA/graphene stack is subsequently washed with deionized water and placed 
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on the target substrate. After drying, a small amount of liquid PMMA solution is 

dropped onto the PMMA/graphene. The newly formed PMMA film is then slowly 

cured at room temperature and finally dissolved by acetone. 

Figure 6.7. Flowchart of a typical wet transfer process of CVD 

graphene grown on copper foil. The top-right and bottom-left insets 

are optical images of graphene transferred onto SiO2/Si wafers (285 

nm thick SiO2 layer). The bottom-right inset is a photograph of 

graphene transferred onto quartz substrate [91]. 

  

 

The main problem with such wet transfer method is that the PMMA resist is 

not completely removed from the graphene surface by acetone [96]. By annealing 

at 300 °C in ultra-high vacuum for 3 hours, most of the PMMA residues can be 

removed from the graphene surface but post-anneal X-ray photoelectron 

spectroscopy (XPS) indicates that some trace of PMMA is still present [97]. To 

improve the removal of PMMA residue, thermal treatment at higher temperature 

of around 500 °C to decompose the remaining PMMA has been suggested [98]. 

The need for such high temperature treatment is a drawback of the wet transfer 

method as it prevents the transfer technique to be applied to substrates that cannot 
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withstand excessive heat, e.g., flexible organic polymer. The relatively long 

processing time also makes the wet transfer method rather inconvenient: the 

etching of the metal substrate alone takes 12 hours, a few additional hours is 

required for the high temperature treatment. Moreover, the wet transfer method is 

clearly not amenable to highly chemically resistant substrates such as silicon 

carbide. 

An alternative to the wet transfer method is the dry transfer technique adopted 

in this work [99]. Figure 6.8 illustrates the basic steps involved in the dry transfer 

method. The main idea of this technique is to use thermal release tape to peel the 

graphene layer off its original substrate and place the tape/graphene stack on the 

new substrate. The thermal release tape can then be simply removed by heating to 

moderately low temperature. 

Figure 6.8. Illustration of the basic steps in dry transfer technique. 

 

 

Thermal release tape is a unique adhesive tape that adheres tightly at room 

temperature and can easily be peeled off just by heating to a certain temperature 

referred to as the thermal release temperature. When the thermal release 
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temperature is reached, specific active particles in the thermal release adhesive 

layer expand. As a result of this expansion, foams are created in the adhesive layer 

and the adhesion is significantly reduced due to a decrease in contact area between 

the adhesive layer and the substrate (Figure 6.9). The tape is then released and can 

be easily removed from the substrate.  

The specific thermal release tape used in this work is the Revalpha thermal 

release tape (Part No.3195MS, 3.7 N/20mm) whose thermal release temperature is 

120 °C. It is important to note that there are a number of precautions to be aware 

of when using the Revalpha thermal release tape. Excessive heating and extended 

exposure to high temperature may cause rebonding and as such should be 

avoided. It should also be noted that Revalpha thermal release tape may not 

separate depending on the material and surface of the substrate to which it is 

applied. Concerning the particular Revalpha thermal release tape used in this 

work, such is indeed the case for freshly prepared hydrogenated silicon surface. 

Figure 6.9. Decrease in contact area between the thermal release 

adhesive layer and the substrate when the thermal release temperature 

is reached. 

 

 

There are several distinctive advantages of dry transfer technique compared to 

wet transfer method.  

Firstly, in dry transfer technique, there is no chemical etching of the substrate 

as in wet transfer method. Likely chemical contamination to the materials is 

therefore minimized and it makes dry transfer technique compatible with a wider 

range of materials, e.g., organic polymer for low-cost substrates, that do not resist 

etching chemicals. On the other extreme of chemical resistance, highly chemically 



 121 

resistant substrates that are difficult to treat using wet transfer are also perfectly 

compatible with dry transfer method.   

Secondly, dry transfer technique only requires very short thermal treatment at a 

moderately low temperature of 120 °C to remove the thermal release tape. There 

is actually an annealing process at 250 °C to remove any remaining tape residues 

which will be described later in detail but this temperature is considerably lower 

than the required annealing temperature of 500 °C in wet transfer method. 

Compared to wet transfer strategy, a wider range of substrate materials that do not 

withstand high temperature can therefore be accommodated by dry transfer 

technique.  

Thirdly, dry transfer technique is much faster than wet transfer method. 

Whereas wet transfer requires 12 hours just for the etching of the substrate, the 

total time needed including a long final annealing in dry transfer is at most 6 

hours. 

Finally, dry transfer has the potential to be used for efficient manufacture. With 

a long thermal release tape, a roll-to-roll continuous manufacturing process can be 

envisaged. When the release temperature is reached, the thermal release tape 

separates instantaneously from the substrate with no need of applied force and 

therefore contributes to better yield and labor saving in a continuous 

manufacturing process. 

For the above reasons, dry transfer technique is the preferred method for the 

transfer of CVD graphene to the gold-coated glass substrate in this work. The 

details of the transfer process are now described. A suitably cut piece of the 

Revalpha thermal release tape is first placed on the surface of the commercial 

CVD graphene to be transferred. To ensure strong and uniform adhesion of the 

tape to the graphene layer, the tape/graphene/substrate stack is inserted into a 

substrate bonding apparatus where a pressure plate is placed on top of the stack. 

The bonding chamber is then pumped to approximately 5 x 10−4 Torr before a 

uniform force of 5 bars is applied to the pressure plate for 5 minutes. After this 

process, the sample stack is removed from the bonder and the tape is peeled from 

the substrate. Due to very strong adhesion between the graphene layer and the 

tape, the graphene layer sticks to the tape but it is separated from its original 

substrate. The tape/graphene stack is now placed on the target substrate, namely 

the gold-coated glass sensor chip (graphene facing the surface). This new stack is 

subsequently inserted into the bonding apparatus and the same procedure with the 

pressure plate is repeated to enhance the adhesion between the graphene layer and 

the target substrate. After its removal from the bonder, the new stack is placed on 
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a hot plate stabilized at a temperature of 1-2 °C above the 120 °C release 

temperature of the tape. This thermal treatment eliminates the adhesion strength of 

the tape in less than a minute. The tape is then removed, leaving behind the 

transferred graphene layer on the target substrate which will be called the as-

transferred graphene in the discussion that follows. The as-transferred graphene 

surface on the gold-coated sensor chip is finally rinsed with acetone to dissolve 

tape residue. To evaluate the effectiveness of acetone rinsing in removing tape 

residue, X-ray photoelectron spectroscopy (XPS) is performed on the as-

transferred graphene after washing by acetone.  

XPS is a surface chemical characterization technique that can be used to 

analyze the surface chemistry of a material, e.g., to identify the chemical species 

present on the sample surface. XPS spectra are obtained by irradiating a material 

with an X-ray beam while simultaneously measuring the kinetic energy and 

number of photoelectrons that escape from the top 1 to 10 nm of the material 

being analyzed. A typical XPS spectrum is a plot of the intensity of detected 

photoelectrons versus their binding energy. Each element produces a 

characteristic set of XPS peaks that correspond to the electron configuration of the 

electrons within the atoms of that element, e.g., 1s, 2s, 2p, etc and different 

chemical bonds of a particular element have their own unique binding energy. For 

example, Table 6.1 lists the characteristic C1s binding energy of several relevant 

carbon-carbon and carbon-oxygen bonds [100, 101, 78, 102]. 

Table 6.1. Characteristic C1s core level binding energy of several 

important carbon-carbon and carbon-oxygen bonds.  

 
Bonds 

 
Binding energy (eV) 

 
C-C sp2 

 
284.5 

 
C-C sp3 

 
285.1 

 
C-O 

 
285.3 

 
C=O 

 
286.5 

 
O-C=O 

 
289.0 
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Ideally, only the peak with binding energy at 284.5 eV corresponding to 

carbon-carbon sp2 bonds should be present in the C1s core level XPS spectrum of 

clean, pristine graphene. This is shown in Figure 6.10 by the solid blue curve for 

the original graphene before transfer. The red dashed curve in Figure 6.10 is the 

C1s spectrum of as-transferred graphene after simple rinsing with acetone. For this 

particular graphene surface, in addition to the expected characteristic carbon-

carbon sp2 peak, there are several other peaks that correspond to carbon-carbon 

sp3 and various carbon-oxygen bonds listed in Table 6.1. These other bonds are 

attributed to the presence of foreign organic species from the tape residues. 

Figure 6.10. High resolution C1s core level XPS spectrum of original 

graphene before transfer (solid blue curve) compared to that of as-

transferred graphene washed with acetone only (red dashed curve). 

Signature of carbon-carbon sp3 as well as various carbon-oxygen 

bonds is clearly visible in the latter.  
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Figure 6.10 clearly shows that a simple rinsing with acetone is not sufficient to 

clean the surface of the as-transferred graphene. A plausible hypothesis is that 

some non-polar chemical species from the tape residues are not dissolved by 

acetone which is a polar solvent. To test this hypothesis, a mixture of polar 
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(acetone, methanol) and non-polar (toluene) solvents is used to rinse the surface. 

The mixture of solvents consists of acetone, methanol, and toluene in a 1:1:1 

proportion. The red dashed curve in Figure 6.11 shows the resulting XPS 

spectrum of the surface washed with this mixture of solvents after 3 hours of 

solvents bath. A comparison with the XPS spectrum of the surface washed with 

only acetone shown by the solid blue curve in Figure 6.11 reveals that there is no 

appreciable improvement in the removal of tape residue by using a mixture of 

solvents (and solvents bath) instead of a simple acetone rinse. 

Figure 6.11. High resolution C1s core level XPS spectrum of as-

transferred graphene washed with acetone only (solid blue curve) 

compared to that of as-transferred graphene washed with a mixture of 

solvents (1:1:1 mixture of acetone: toluene: methanol) after 3 hours of 

solvents bath (red dashed curve). 
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Figure 6.11 indicates that there is actually no need to use a mixture of polar 

solvents (acetone, methanol) and non-polar solvents (toluene). From the point of 

view of materials safety and cost, using only acetone is quite advantageous. 

Acetone is a widely used and very good solvent as it dissolves almost all organic 

compounds. Acetone is also a relatively safer solvent. It has a much higher 

flashpoint than alcoholic solvents such as methanol or ethanol, and so it is less 
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likely to catch fire. Methanol is much more hazardous to use, it is considerably 

more toxic to the body than acetone, having extremely bad effects on the eyes and 

the liver. Moreover, acetone is a relatively inexpensive solvent.  

Figure 6.11 suggests that in addition to solvent treatment, further processing is 

required to completely remove tape residue. To confirm this, the as-transferred 

graphene is annealed after a simple rinse with acetone. The annealing is done at 

250 °C under nitrogen flow environment for an hour. After an hour, the nitrogen 

flow is stopped but the sample is left in the annealing oven maintained at 250 °C 

for five more hours. 

Figure 6.12. High resolution C1s core level XPS spectra of as-

transferred graphene washed with acetone only before (solid blue 

curve) and after annealing (6 hours at 250°C) (dotted red curve). 

Various carbon-oxygen as well as carbon-carbon sp3 bonds are 

effectively removed by annealing.  
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The post-annealing XPS spectrum shown by the red dotted curve in Figure 

6.12 indicates that after the thermal treatment at 250 °C, various carbon-oxygen as 

well as carbon-carbon sp3 species present before annealing are effectively 

removed by the annealing process. Further comparison of the XPS spectrum of 
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the sample after the annealing process to that of original graphene as shown in 

Figure 6.13 confirms that the original chemical state of the graphene surface is 

recovered after the complete post-transfer processing, namely a simple rinse with 

acetone followed by 6 hours of annealing at 250 °C as has just been described. 

This suggests that some chemical species from the tape residue are so strongly 

adsorbed, either physically or chemically, on the graphene surface that the attempt 

to remove these species by solvent treatment alone is not effective. These species 

are only released from the graphene surface when their kinetic energy is 

sufficiently increased by the ensuing thermal treatment.  

Figure 6.13. High resolution C1s core level XPS spectra of as-

transferred graphene before (solid red curve) and after complete post-

transfer processing (dashed blue curve).  
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In the microelectronics industry, the UV and ozone (UVO) cleaning is an 

effective method of removing organic contaminants from silicon, gallium 

arsenide, quartz, sapphire, glass, mica, ceramics, and metals. It is therefore 

tempting to see if the UVO cleaning method can also be used to remove tape 

residue from the surface of the transferred graphene. 
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The UVO method is a photo-sensitized oxidation process in which the 

contaminant molecules of photo resists, resins, cleaning solvent residues, and oils 

are excited and/or dissociated by the absorption of short-wavelength UV 

radiation. The products of this excitation of contaminant molecules react with 

atomic oxygen generated when molecular oxygen and ozone are dissociated by 

short-wavelength UV radiation to form simpler, volatile molecules which desorbs 

from the surface.  

Figure 6.14 shows the XPS spectra of as-transferred graphene rinsed with 

acetone before and after 10 minutes of UVO treatment. The XPS spectra shown in 

Figure 6.14 indicate that UVO treatment to remove tape residue from the surface 

of the transferred graphene should be avoided as it actually increases the oxidation 

level of the surface and thus adds to the surface contamination. However, if 

graphene oxide is the desired final product, UVO treatment of the transferred 

graphene might be a potential alternative to chemical routes 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 and (b) after UVO treatment.  

 

 

Whereas X-ray photoelectron spectroscopy is used to probe the surface 

chemical state of the transferred graphene, its physical state can be characterized 

by Raman spectroscopy. It is based on inelastic scattering, or Raman scattering, of 

monochromatic light from a laser. The laser light interacts with molecular 

vibrations, phonons or other excitations in the system, resulting in the energy of 
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the laser photons being shifted up or down. The shift in energy gives information 

about the vibrational modes in the system.  

Figure 6.15 shows the Raman spectra (532 nm laser excitation) of the original 

graphene and transferred graphene. There are three prominent characteristic peaks 

in the Raman spectra of graphene and sp2 carbons systems. These are the G, D, 

and 2D peaks [104, 105].   

Figure 6.15. Raman spectra of the original graphene (red curve) and 

transferred graphene (blue curve). 
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The G peak is the Raman signature of sp2 carbons, and is observed at around 

1585 cm-1 for all sp2 carbons. 

The D peak, observed in the range of 1250–1400 cm-1, is the dominant Raman 

signature of disorder in sp2 carbons. Its relative signal strength compared to the G 

peak is an indication of the amount of disorder in the sp2 material. The scattering 

process responsible for this peak is only activated or allowed in the presence of 

disorder. 

The 2D peak, also referred to as the G’ peak, is the second harmonic of the D 

peak. It is however independent of the D peak; the 2D peak is always observed in 

sp2 material even when there is no material disorder. In single-layer graphene, the 
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intensity ratio of the 2D to G peaks is related to charge carrier concentration 

[106]. 

Table 6.2 summarizes the characteristics (position, width, and integrated 

intensity) of the D, G, and 2D Raman peaks of the original and transferred 

graphene. 

Table 6.2. Position, width, and integrated intensity (area) of the D, G, 

and 2D peaks in the Raman spectra of original and transferred 

graphene. 

  original transferred 
position (cm-1) 1319.2 1331.3 
width (cm-1) 78.6 29.0 

 
D peak 

area (x 1000 cm-1) 27.0 41.7 
position (cm-1) 1582.3 1588.3 
width (cm-1) 29.2 46.3 

 
G peak 

area (x 1000 cm-1) 54.4 63.3 
position (cm-1) 2666.6 2658.6 
width (cm-1) 86.0 61.5 

 
2D peak 

area (x 1000 cm-1) 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 of the D to the G peaks before 

and after transfer seems to indicate that some mechanical defects are introduced 

by the transfer process. However, the XPS spectra presented earlier (Figure 6.13) 

confirm that the transfer process does not alter the chemical state of the graphene 

surface which is of the most importance for biosensing applications.  

The determination of the number of graphene layers from the integrated 

intensity ratio of the G to 2D peaks has been suggested in the literature [107]. The 

relation between the number of graphene layers and the integrated intensity ratio 

of the G to 2D peaks taken from reference [107] is shown in Figure 6.16 (a) (the 

2D peak is referred to as the D' peak in the cited reference). This ratio increases 

systematically with the number of graphene layers from approximately 0.25 for 

single-layer graphene up to around 0.85 for highly-oriented pyrolytic graphite 

(HOPG). The integrated intensity ratio of the G to 2D peaks presented in Table 

6.2 is however 1.01 for the original graphene which is very close to 0.95 for the 

transferred graphene. This value is outside the range 0.25-0.85 in Figure 6.16 (a) 
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so that it cannot be used to determine the number of layers. The reason for this 

discrepancy is the strong influence of the different underlying substrates. In fact, 

the substrate used in the study leading to Figure 6.16 (a) taken from reference 

[107] is silicon dioxide whereas in this work, the substrate for the original 

graphene is nickel and that for the transferred graphene is gold.  

Figure 6.16. (a) Plot of the ratio of the integrated intensities of the G 

and 2D peaks vs. number of stacked layers. (b) G line frequency vs. 

number of stacked layers. (c) G peak for highly-oriented pyrolytic 

graphite (HOPG) (upper peak), double- (middle peak), and single-

layer (lower peak) graphene. The vertical dashed line indicates the 

value for bulk graphite. The presented graphs are taken from reference 

[107] in which the 2D peak is referred to as the D' peak.  

  

 

Likewise, the results based on the position of the G peak presented in Figure 

6.16 (b), cannot be reliably used to determine the number of layers. In fact, the 

number of layers determined from Figure 6.16 (b) is even ambiguous when the 

number of layers is more than 2. 

The determination of the number of layers from Raman spectra therefore 

requires preliminary results from a systematic study of Raman characterization of 

graphene with different number of layers on various substrates. In addition, 

Raman spectroscopy measurement is quite time-consuming. For these reasons, 

Raman spectroscopy is impractical for the determination of the number of 

graphene layers. On the contrary, as explained in the following section, SPR 

measurement is a simple, fast, and convenient method to be used to determine the 

number of layers of the transferred graphene on gold-coated glass substrate.  
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6.2.5. Optical Influence of Graphene Layers  

The influence of the addition of graphene layers on the optical characteristics 

of the resulting SPR biosensors is easily evaluated using the calculation methods 

described in Chapter 4. To do this, two parameters need to be known. The first 

one is the thickness of the layers. As the thickness of a single graphene layer is 

0.34 nm, this is easily worked out to be the number of layers times 0.34 nm. The 

second parameter is the relative electric permittivity, or equivalently its square 

root, i.e., the refractive index of the graphene layers.  

The complex refractive index grn  of graphene as a function of wavelength λ  

in the visible region can be characterized by 

3.0
3
gr

gr

C
n jλ= +   (6.1)  

where the constant grC  has the numerical value of 5.446 µm-1. This seemingly 

simple model can however accurately describe the optical behavior of graphene 

stacks from the two-dimensional limit which corresponds to single-layer graphene 

all the way to the bulk limit, i.e., graphite [108]. 

Equipped with such information, one can now evaluate several optical 

characteristics of the novel graphene-coated SPR sensor chip. To start with, 

Figure 6.17 shows the calculated difference in SPR angle of water on graphene-

coated and bare gold sensor surface at the wavelength of 680 nm as a function of 

the number of graphene layers. The addition of graphene layers therefore slightly 

shifts the initial operating point of the sensor.  

The difference in SPR angle of water on graphene-coated and bare gold sensor 

surface as a function of the number of graphene layers as shown in Figure 6.17 

can be conveniently used to determine the number of graphene layers. Compared 

to Raman spectroscopy, SPR measurement is much simpler and less time-

consuming for this purpose. The interpretation of the results is also much more 

obvious. Moreover, such SPR measurement is not redundant as SPR biosensing 

experiments require initial SPR curve for reference which is usually obtained 

from the SPR curve of water or buffer solution whose refractive index is very 

close to that of water.  

Figure 6.18 shows the experimental SPR curves of water on graphene-coated 

sensor surface and bare gold SPR surface measured with Autolab SPR instrument 

operating at the wavelength of 680 nm. The angles of minimum reflection, i.e., the 
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SPR angles here differ by approximately 0.8°. From the correlation shown in 

Figure 6.17, the graphene in this case can be determined to be a bilayer. 

Figure 6.17. Calculated difference in SPR angle of water on 

graphene-coated and bare gold sensor surface at the wavelength of 

680 nm as a function of the number of graphene layers. 
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Figure 6.18. Experimental SPR curve of water on graphene-coated 

sensor surface (solid blue) compared to that on bare gold sensor 

surface (dotted red). 
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A very important point to note from Figure 6.18 is that although the addition of 

graphene does shift the initial operating point of the sensor, it does not modify the 

resonance linewidth. In fact, if the number of layers is less than four, no 

significant resonance broadening is expected. However, for thicker graphene 

layers, the resonance linewidth is considerably increased. It can be easily 

calculated that the resonance linewidth is approximately tripled when the number 

of layers increases to 10. Such a situation is nevertheless rarely encountered in 

practice as most graphene has only between 1-3 layers depending on its 

production method.  

Theoretical evaluation of the influence of graphene layers on the optical 

sensitivity of the graphene-coated gold SPR surface has been proposed in the 

literature [109]. Figure 6.19 shows the results taken from reference [109] 

suggesting that the percentage increase in optical sensitivity of graphene-coated 

sensor surface compared to bare gold SPR surface is an almost linear function of 

the number of graphene layers. This percentage increase in optical sensitivity is 

calculated to be 2.5 % per each graphene layer. Thus, with 10 layers of graphene, 

the optical sensitivity is expected to be increased by 25 %. It is important, 

however, to keep in mind that adding beyond four layers or so of graphene has a 

side effect of resonance broadening. As has just been mentioned, the resonance 

linewidth is about tripled for ten layers of graphene. In this case, the small gain in 

optical sensitivity is clearly outweighed by the larger loss in resonance linewidth. 

For optimum performance, the number of graphene layers is therefore to be 

reasonably kept between 1-3 layers. 

Figure 6.19. Percentage increase in optical sensitivity of graphene-

coated surface compared to bare gold SPR surface as a function of the 

number of graphene layers. Graph is taken from reference [109]. 
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6.2.6. Experimental Results of SPR Biosensing  

The model system chosen for SPR biosensing tests in this work is the biotin-

streptavidin couple. It is a well-known system commonly used in typical 

biosensing experiments. The very high binding affinity between biotin and 

streptavidin makes this system suitable for biosensor testing.  

Figure 6.20 shows the obtained sensorgram of biotin-streptavidin binding 

response on conventional SPR surface, i.e., gold-coated glass substrate 

functionalized with thiol SAM, measured with Autolab SPR instrument.  

Figure 6.20. Sensorgram of the biotin-streptavidin binding response 

on conventional SPR surface. 
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The detailed experimental sequence is as follows. Gold-coated glass substrate 

used as SPR sensor chip is first functionalized with self-assembled 11-

mercaptoundecanoic acid (MUA) on gold surface subsequently activated by 

EDC/NHS chemistry as described in Section 6.1. The initial SPR reference is then 

established by the injection of PBS (phosphate-buffered saline) buffer solution. 

Solution of biotinylated BSA (bovine serum albumin) with a concentration of 0.1 

mg/L, which is equivalent to 1.5 µM, is then injected until the saturation of the 

measured response. This is then followed by rinsing with PBS buffer to wash off 
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biotin molecules not adsorbed or immobilized on the sensor surface. Solution of 

streptavidin with a concentration of 0.01 mg/L, which is equivalent to 0.16 µM is 

subsequently injected until the saturation of the measured response. This is finally 

followed by another rinsing with PBS buffer to wash off excess streptavidin 

molecules.  

Figure 6.21 shows the SPR curves corresponding to the initial SPR reference, 

the steady-state immobilization of biotinylated BSA, and the final streptavidin 

binding on the conventional SPR surface from which the angular shifts can be 

clearly seen.  

Figure 6.21. Experimental SPR curves on conventional SPR surface. 

Initial SPR reference is shown by the solid black curve. SPR curve 

following biotin binding is shown by the dashed red curve. Final 

streptavidin binding is shown by the dotted green curve. 
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 Similar biotin-streptavidin binding experiment is also conducted on the 

graphene-based SPR surface. It follows the same sequence directly starting from 

the injection of biotinylated BSA. Figure 6.22 shows the obtained sensorgram of 

biotin-streptavidin binding response on graphene-based SPR surface measured 

with Autolab SPR instrument. Figure 6.23 shows the associated SPR curves 

corresponding to the initial SPR reference, the steady-state immobilization of 

biotinylated BSA, and the final streptavidin binding.  
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Figure 6.22. Sensorgram of the biotin-streptavidin binding response 

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 the solid black curve. SPR 

curve following biotin binding is shown by the dashed red curve. 

Final streptavidin binding is shown by the dotted green curve. 
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To analyze the obtained sensorgrams to compare graphene-based and 

conventional SPR surfaces, two cases can be distinguished: primary binding of 

biotinylated BSA and secondary binding of streptavidin. In the first case, the 

measured response upon primary steady-state biotinylated BSA immobilization on 

the graphene-based SPR surface is 896 RU. In contrast, the measured response 

following steady-state immobilization of biotinylated BSA on the conventional 

SPR surface is only 264 RU. The measured response on the graphene-based 

surface in this case is therefore amplified by a factor of 3.40 compared to that on 

the conventional SPR surface. For the second case, the measured response upon 

streptavidin binding is 5000-896 = 4104 RU for the graphene-based surface. For 

the conventional SPR surface, the response following the binding of streptavidin 

is only measured to be 2780-264 = 2516 RU. This amounts to a sensitivity 

amplification factor of 1.63, about half the amplification factor for the binding of 

biotinylated BSA. 

To further understand the sensitivity enhancement, one should always keep in 

mind that the overall sensitivity of an SPR biosensor as expressed by Equation 

(3.1) is in fact determined by both the intrinsic optical sensitivity of the SPR 

sensor and the characteristics of the surface functionalization. Considering the 

optical sensitivity contribution, it has been theoretically predicted that the 

incorporation of graphene only adds 2.5 % per layer to the optical sensitivity of 

SPR sensors. For bilayer graphene in this experiment, the expected increase in 

optical sensitivity is therefore 5 %. The measured percentage increase in 

sensitivity, 240 % for biotin and 63 % for streptavidin, clearly exceeds by a 

significant amount this 5% increase theoretically predicted considering the optical 

contribution alone. Therefore, the extra factor in biosensing sensitivity 

enhancement of the graphene-based surface can be attributed to the increase of its 

surface functionalization efficiency. This shows that the sensitivity amplification 

is mainly dominated by the unique surface physicochemical properties of the 

graphene layer. 

It is also to be noted that apart from an initial reference shift of about 0.8° 

shown in Figure 6.18, the form of the SPR curves are fairly identical in terms of 

resonance linewidth for both the graphene-based and the conventional SPR 

surfaces, i.e., no SPR linewidth broadening is observed due to the graphene 

overlayer. Together with higher sensitivity as can be easily seen by comparing 

Figures 6.21 and 6.23, it makes the figure-of-merit of the graphene-based surface 

more significant compared to that of conventional SPR. In addition, the same 

experimental setup was used for both surfaces and no instrumental adjustment 
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was necessary when changing the sensor chips. This shows that the graphene-

based SPR surface can easily be used in place of conventional SPR surface 

without any modification to the measurement system. The graphene-based SPR 

surface can thus be readily integrated into the existing SPR technology. Moreover, 

the signal generated upon immobilization and binding is much stronger on the 

graphene-based surface compared to conventional SPR structure. Since the 

instrumental setup is identical in the two cases, the signal-to-noise ratio of the 

graphene-based sensor surface is clearly enhanced. Therefore, this novel structure 

potentially allows a considerably lower limit of detection to be achieved.  

Another distinctive advantage of graphene-based SPR structure is that 

sophisticated or susceptible surface functionalization is not required as in 

conventional SPR. Nevertheless, if necessary, chemical modification of graphene 

to introduce additional functional groups could be easily performed [110, 111]. In 

particular, the introduction of functional polymer matrices to extend the two-

dimensional surface into a three-dimensional sensing volume can potentially 

boost the already observed sensitivity enhancement even further [112]. This is in 

fact the kind of strategy used in Biacore CM5 sensor chip that uses dextran 

matrices attached to thiol SAM to functionalize its SPR gold surface.  

Lastly, since the sensitivity enhancement mechanism of the graphene-based 

SPR surface is mainly dominated by its surface physicochemical rather than 

optical properties, the biosensing characteristics of the graphene-based SPR 

surface are likely to depend on the specific biomolecular sytems. For this reason, 

further study of the interaction between graphene and the biomolecular systems of 

interest is still needed before mature applications of graphene-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 Kretschmann configuration to 

some more integrated geometry in the design of SPR biosensors. The novel 

designs considered here are integrated optical waveguide structures and some 

relatively simple arrays of micro/nanostructures.  

7.1. Integrated Optical Waveguides  

The first part of this chapter is devoted to the design of SPR biosensors based 

on integrated optical waveguides. Two types of optical waveguides are considered 

here. Simple waveguide structure is investigated first to serve as the basis of 

further elaboration. Building on the results developed for the simple waveguide 

structure, the long-period waveguide grating structure is subsequently discussed. 

7.1.1. Simple Waveguide Structure 

Integrated optical waveguide SPR sensors are particularly promising 

candidates for the development of miniaturized multi-channel sensing devices on 

a single chip. The excitation of surface plasmons in such devices is accomplished 

through waveguide coupling method briefly touched upon in Chapter 2. Surface 

plasmon resonance in an optical waveguide occurs when the wavelength-

dependent propagation constant of the guided mode matches that of the surface 

plasmons. The result of this coupling is the transfer of electromagnetic energy 

from the guided mode to the surface plasmons. The subsequent dissipation of the 

electromagnetic energy in the metal causes a dip in the transmitted spectrum of 

the waveguide.  

To illustrate this principle with an example, consider a simple slab waveguide 

structure schematically illustrated in Figure 7.1. The slab is assumed to have an 

infinite extension in the x-direction with the guided-wave propagation in the z-

direction. An attractive choice for the substrate material is soda-lime silicate glass 

from which the waveguide core can be easily fabricated by ion-exchange process. 

Ion-exchanged glass waveguides are particularly inexpensive, compatible with 

optical fibers, and both mechanically and chemically robust. For the cladding 
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layer, magnesium fluoride, a commonly used optical material for multilayer 

interference filters, is a convenient choice. The metal is chosen to be gold and the 

superstrate in contact with the metal, i.e., the sensed dielectric medium is water. 

Figure 7.1. Schematic illustration of simple slab waveguide structure. 

Guided-wave propagation is in the z-direction. The slab is assumed to 

have an infinite extension in the x-direction. 

 

 

The thickness of the different layers of the waveguide is as follows: 2 µm for 

the core, 400 nm for the cladding, and 40 nm for the metal. The wavelength range 

considered here is from 650 nm to 850 nm. The refractive indices are taken as 

1.512 for the substrate, 1.521 for the core, and 1.330 for the superstrate. For the 

cladding, as magnesium fluoride is only weakly birefringent, an average value of 

1.378 is taken for its refractive index. To gain substantial computational time for 

the numerical evaluation presented below, the refractive indices for the substrate, 

waveguide core, waveguide cladding, and superstrate are assumed to be 

approximately constant throughout the wavelength range considered here. This 

assumption is justified by the fact that the dielectric dispersion of insulators is 

negligible over the relatively narrow wavelength range under consideration. The 

dielectric dispersion of metals, however, is non-negligible and it must be properly 

accounted for as discussed in Chapter 4. 

Relevant characteristics of the modes supported by the waveguide such as 

effective refractive index, modal attenuation, and field distribution can be 

conveniently evaluated using a numerical mode solver. In this work, a commercial 

mode solver (Lumerical MODE Solutions) was used for these purposes. Figures 

7.2 and 7.3 show the calculated magnetic field intensity distributions at the 

wavelength of 730 nm for the waveguide with the parameters mentioned above. 
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Figure 7.2. Distribution of magnetic field intensity of the fundamental 

core mode (TM0) at the wavelength of 730 nm. The color scale shows 

refractive index distribution. 

 

Figure 7.3. Magnetic field intensity distribution of the surface 

plasmons mode at the wavelength of 730 nm. The color scale shows 

refractive index distribution. 
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In an optical waveguide, the effective refractive index (modal refractive index) 
of a guided mode effn  at the wavelength λ  is derived from the real part of the 

propagation constant of the mode β  according to 

{ } 2
Re effn

πβ
λ

=  (7.1)  

The calculated dispersion of the effective refractive indices of these modes as a 

function of wavelength is shown in Figure 7.4. Because surface plasmons mode 

only exists in TM polarization, only the fundamental TM0 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 the dashed 

curve. That of the surface plasmons mode is shown by the solid curve. 
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Figure 7.4 shows that the surface plasmons mode is much more dispersive 

compared to the fundamental guided mode. At approximately 730 nm, the 

effective index of the surface plasmon mode becomes equal to the effective index 

of the fundamental TM mode.  At this point, the fundamental TM mode will have 

the highest coupling efficiency to the surface plasmon mode.  As a result, the TM 

waveguide mode suffers from high loss at this wavelength because energy from 
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the waveguide mode will couple into the high loss surface plasmon mode. It is 

also interesting to notice the drastic change in the slope of the surface plasmons 

mode at 736 nm.  At this point, its modal refractive index is 1.512 which is the 

value of the refractive index of the substrate.  As a result, the surface plasmons 

mode is no longer confined to the metal layer and begins radiating power into the 

substrate. 

Figure 7.5 shows the transmission spectrum of the waveguide as a function of 

wavelength based on the calculated modal attenuation. When the refractive index 

of the dielectric superstrate is 1.330, there is a resonance dip at the wavelength of 

730 nm. This resonance dip shifts to 736 nm when the refractive 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 (solid blue curve) and 1.340 

(dashed red curve). 
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The refractive index sensitivity of this waveguide is therefore easily evaluated 

to be 600 nm/RIU. It is a few times lower than that of the most basic SPR design 

in Kretschmann configuration with an operating wavelength of 760 nm which is 

4400 nm/RIU as discussed in Chapter 4. However, the resonance linewidth of this 

slab waveguide structure is only around 30 nm. This results in a figure-of-merit of 
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approximately 20, roughly half the figure-of-merit of the most basic SPR design 

in Kretschmann configuration which is 37. Hence as far as the sensitivity is 

concerned, this simple slab waveguide structure does not offer any significant 

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

field penetration depth into the sensed dielectric medium of this simple slab 

waveguide, as can be seen from Figure 7.3, is however around 500 nm, which is 

almost twice the field penetration depth of the most basic SPR design in 

Kretschmann configuration.  

7.1.2. Long-Period Waveguide Grating  

In this section, the simple slab waveguide considered previously is modified to 

significantly increase its refractive index sensitivity. The basic idea here is to 

employ long-range surface plasmons mode. To do this, the refractive index of the 

cladding layer has to be very similar to that of the superstrate. The refractive index 

of the core layer should not be too different either. In this case, the modal index of 

the guided mode will be very close to the effective refractive index of the long-

range surface plasmons mode over a large range of wavelength. If direct 

waveguide coupling method is used to excite the long-range surface plasmons, 

broadband attenuation instead of a sharp resonance dip will be observed in the 

resulting transmission spectrum of the waveguide. To circumvent this issue, the 

excitation of the long-range surface plasmons by a guided mode can be mediated 

by a corrugated grating at the core-cladding interface along the propagation 

direction of the guided mode. For a given desired resonance wavelength, the 

required period of the grating is considerably much larger compared to the 

wavelength. For this reason, the resulting structure is called long-period 

waveguide grating (Figure 7.6). 

The resonance wavelength resλ  of a long-period waveguide grating, i.e., the 

wavelength at which the coupling between the fundamental core mode and the 

cladding mode (in this case the long-range surface plasmons mode) is strongest, is 

obtained from the phase-matching condition 

{ } ( )2 2
Re co cl co clN N

π πβ β
λ

− = − =
Λ

 (7.2)  

evaluated at resλ λ=  where coβ  and clβ  are the wavelength-dependent 

propagation constants of the fundamental core and cladding modes, respectively, 

and Λ is the grating period. Equation (7.1) has also been used to replace the 

wavelength-dependent propagation constants in Equation (7.2) by the wavelength-
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dependent modal indices coN  and clN  for the fundamental core and cladding 

modes, respectively. Hence in terms of modal indices, the phase-matching 

condition takes the form  

res resres
cl coN Nλ λλ + =

Λ  (7.3)  

where res
clN λ

 and 
res

coN λ
 are the modal indices of the cladding and core modes, 

respectively, evaluated at the wavelength resλ . Once the resonance wavelength is 

chosen, the required grating period is then determined from  

( )res res

res

co clN Nλ λ
λΛ =
−  (7.4)  

It is easy to see from Equation (7.4) that when the modal indices of the core and 

cladding modes are very similar, the grating period becomes significantly long 

compared to the resonance wavelength. 

Figure 7.6. Structure of an SPR long-period waveguide grating. 

Propagation direction is in the z-direction. Λ is the grating period and 

h is the corrugation depth. 
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Based on coupled-mode theory [113, 114], the transmission T  of a long-period 

waveguide grating of length L  as a function of wavelength is given by the 

following equation 

( )2
2 2 2

2 2
1 sinT L

κ κ ξ
κ ξ

= − +
+

 (7.5)  

where κ  is the grating coupling coefficient and ξ  is a detuning or phase 

mismatch parameter given by 

( )2 2
co clN N

π πξ
λ

= − −
Λ

 (7.6)  

The grating coupling coefficient κ  is determined by the spatial overlap of the 
electromagnetic fields coΨ  and clΨ  of the core and cladding modes, respectively 

in the guiding film region 

( )2 2
co cl co cln nκ ∝ − Ψ Ψ∫  (7.7)  

where con  and cln  are the refractive indices of the core and cladding layers, 

respectively.  

For a given set of waveguide parameters, i.e., thickness and refractive index of 

the various layers, the grating coupling coefficient depends on the specific 

geometry of the grating, e.g., the corrugation depth and its form (sinusoidal, 

square, triangular, etc). For cladding layer thickness between 1-3 µm and 

corrugation height in the range of 50-100 nm, the typical value of the grating 

coupling coefficient is around 2 x 10-4 to 2 x 10-3 µm-1 [115]. Equation (7.6) 
shows that at resonance, 0ξ =  so that the waveguide transmission T  from 

Equation (7.5) is minimum when 2Lκ π= . This is the condition for maximum 

contrast. Given the above range of values for the grating coupling coefficient, to 

satisfy the condition for maximum contrast, the interaction length of the grating L 

is typically between 1-10 mm.  

Consider now a design example of an SPR long-period waveguide grating 

structure with a center operating wavelength around 820 nm. The thickness of the 

different layers of the waveguide is as follows: 2 µm for the core, 2 µm for the 

cladding, and 15 nm for the metal. The wavelength range considered here is from 

700 nm to 900 nm. The refractive indices are taken as 1.29 for the substrate, 1.35 

for the core, and 1.330 for both the cladding and the superstrate. To gain 

substantial computational time for the numerical evaluation, the refractive indices 
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for the substrate, waveguide core, waveguide cladding, and superstrate are again 

assumed to be approximately constant throughout the wavelength range 

considered here. The dielectric dispersion of gold is however properly accounted 

for by the procedure discussed in Chapter 4.  

Figure 7.7. Distribution of magnetic field intensity of the fundamental 

core mode (TM0) at the wavelength of 820 nm. 

 

 

Figure 7.8. Magnetic field intensity distribution of the long-range 

surface plasmons mode at the wavelength of 820 nm. 
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Figures 7.7 and 7.8 show the calculated magnetic field intensity distributions of 

the fundamental core mode (TM0) and the long-range surface plasmons mode of 

this waveguide at the wavelength of 820 nm. These modes are calculated for 

smooth interfaces ignoring the presence of the grating. The perturbation of the 

grating on the electromagnetic field distribution of these modes is assumed to be 

negligible. Considering a maximum corrugation depth of 100 nm, which is only 

0.5 % of the dimension of the core and cladding layers, this assumption is readily 

justified. 

Figure 7.9. Modal indices of the fundamental core mode (dashed red 

curve) and the long-range surface plasmons mode (solid blue curve) 

as a function of wavelength. Refractive indices are 1.29 for the 

substrate, 1.35 for the waveguide core, and 1.33 for the waveguide 

cladding and superstrate. The grating period is 95 µm and the 

interaction length is 6 mm. The thickness is 2 µm for both the core 

and cladding regions. The gold layer is 15 nm thick 
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Figure 7.9 shows the calculated wavelength-dependent modal indices of the 

fundamental guided TM0 and the long-range surface plasmons modes as a 

function of wavelength. Using this result and choosing 820 nm as the resonance 
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wavelength, the required grating period calculated from Equation (7.4) is 95 µm. 

To complete the design, the grating interaction length L  is chosen to be 6 mm. 

The necessary grating coupling coefficient κ  is then obtained from the maximum 
contrast condition as ( )2Lκ π= .  

The solid red curve in Figure 7.10 shows the transmission of the long-period 

waveguide grating calculated using the results presented in Figure 7.9 and 

Equations (7.5)-(7.6). Similar calculations can be performed for different values 

of the refractive index of the superstrate. The results are also presented in Figure 

7.10 as the dashed blue curve for superstrate refractive index of 1.3305 and the 

dotted black curve for superstrate refractive index of 1.3295. 

Figure 7.10. Long-period waveguide grating transmission as a 
function of the refractive index of the external dielectric medium nd. 

Refractive indices are 1.29, 1.35, and 1.33 for the substrate, 

waveguide core, and waveguide cladding, respectively. The grating 

period is 95 µm and the interaction length is 6 mm. The thickness is 2 

µm for both the core and cladding regions. The gold layer is 15 nm 

thick. 
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Figure 7.10 shows that increasing the refractive index of the external dielectric 

medium shifts the resonance towards shorter wavelength. The refractive index 

sensitivity is 60000 nm/RIU. Together with a very narrow resonance linewidth of 

10 nm, this results in a very high figure-of-merit of 6000. Considering typical 

spectrometers with wavelength noise resolution of 0.15 pm [116, 117], the 

corresponding refractive index resolution in this best-case scenario can reach 2.5 x 

10-9 RIU. In addition, as can be seen from Figure 7.8, the field penetration depth 

into the sensed dielectric medium for this SPR structure is around 3 µm. Despite 

the very high sensitivity and figure-of-merit, the dynamical measurement range of 

this particular SPR structure is however quite limited. In fact, the maximum 

change of refractive index that can be effectively discerned by this SPR construct 

is estimated to be approximately 0.005 RIU. Beyond this limiting value, interband 

transitions in metals are bound to get in the way. There is therefore a quite 

common tradeoff between high sensitivity and narrow dynamical range. 

Figure 7.11. Long-period waveguide grating transmission as a 
function of the refractive index of the external dielectric medium nd. 

Refractive indices are 1.29, 1.36, and 1.33 for the substrate, core, and 

cladding regions, respectively. The grating period is 50 µm and the 

interaction length is 6 mm. The thickness is 1.5 µm for the core and 3 

µm for the cladding regions. The gold layer is 15 nm thick. 
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Figure 7.11 shows the transmission of a modified long-period waveguide 

grating. In this modified version, only the refractive index of the waveguide core 

is changed from 1.35 to 1.36, the refractive indices of the other layers are left 

unaltered. The thickness of the waveguide core is now 1.5 µm and that of the 

cladding region is 3 µm. The gold layer is 15 nm thick and the grating length is 6 

mm. Following the same approach presented earlier, based on the calculated 

wavelength-dependent modal indices of this modified waveguide, the grating 

period can be determined to be 50 µm for a center resonance wavelength of 700 

nm corresponding to superstrate refractive index of 1.3300. With this design, the 

refractive index sensitivity is now 30000 nm/RIU, which is half the refractive 

index sensitivity of the previous structure. The resonance linewidth with the new 

design is however only 5 nm, which is narrower by a factor of 2 compared to the 

previous structure. As a result, the very high figure-of-merit of 6000 is identical 

for both design examples. 

Despite the very narrow resonance linewidth together with very high refractive 

index sensitivity and figure-of-merit allowing the detection of extremely small 

refractive index variation, there are several drawbacks associated with long-period 

waveguide grating SPR structures. The limited dynamical range has already been 

previously mentioned. The long interaction length could be a potential handicap 

for miniaturization. Lastly, broadband optical excitation is necessary and optimum 

coupling conditions to the waveguide may vary greatly for different wavelengths 

spanning such a broad excitation spectrum. 

 

7.2. Micro/nanostructures  

The second part of this chapter is devoted to the design of SPR biosensors 

based on some relatively simple arrays of micro/nanostructures. Two types of 

arrays of micro/nanostructures are considered here. Arrays of sub-wavelength 

holes on a metallic film are investigated first. The complementary “negative (or 

positive?) image” structures, namely arrays of sub-wavelength metallic islands, 

are subsequently discussed. 

7.2.1. Arrays of Sub-wavelength Holes 

The presence of sub-wavelength holes in an opaque metal film leads to a 

variety of unexpected optical properties [118]. Of particular interest is the 

enhanced transmission of light through the holes which is dubbed extraordinary 

optical transmission. This enhanced transmission is attributed to initial scattering 



 152 

of the incident light into surface plasmons that penetrate the sub-wavelength holes 

and are again scattered as transmitted light on the other side of the film. The light 

transmission through sub-wavelength holes is defined as extraordinary when it is 

so enhanced that the transmission efficiency of the holes is larger than unity, in 

other words, when the flux of photons per unit area emerging from the holes is 

larger than the incident flux per unit area. Note that the transmitted intensity in 

this definition is normalized to the area of the holes while the incident light covers 

not only the holes but the whole sample area. This is the reason why the 

transmission efficiency can be larger than unity.  

The extraordinary transmission mediated by surface plasmons as described 

above depends on the combination of wavelength and holes geometry (shape, 

orientation, and periodicity) as well as the dielectric constants of the involved 

media. The latter has motivated the use of sub-wavelength holes arrays for 

biosensing applications. This has several unique advantages. Firstly, the 

instrumentation is much simpler compared to other SPR structures. In fact, its 

transmission mode operation at normal incidence greatly simplifies the optical 

setup. Secondly, the relatively small footprint of an array of sub-wavelength holes 

is particularly attractive for sensor miniaturization. Thirdly, arrays of sub-

wavelength holes can be easily realized by focused ion beam (FIB) milling or 

electron beam lithography. Such fabrication process can however be much more 

time-consuming compared to the metal thin film deposition process for classical 

SPR sensor chips. Finally, the optical response of sub-wavelength holes arrays 

can be tuned by simply changing the holes geometry. 

Consider as an example an array of sub-wavelength circular holes arranged 

periodically in a square lattice. These holes are made in gold film supported on 

glass substrate and the diameter of the holes is 150 nm. For gold thickness of 40 

nm and array period of 520 nm, the experimentally obtained refractive index 

sensitivity is only 20 nm/RIU [119]. Changing the gold thickness to 100 nm and 

the array period to 450 nm, the experimentally obtained refractive index 

sensitivity increases to around 300 nm/RIU [120].  

The enhanced transmission from an array of sub-wavelength holes is quite 

influenced by the shape of the holes. In fact, it has been shown in the literature 

that the extraordinary transmission obtained from rectangular holes is stronger 

compared to that from circular holes [121]. This is likely due to the strong 

electromagnetic field concentration around the sharp corners present in 

rectangular holes. The shape of the sub-wavelength holes analyzed in this work is 

therefore chosen to be square which is a rectangle with all four sides equal. This 
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convenient choice makes the response of the sub-wavelength holes array 

symmetrical with respect to the polarization of the incident light which is directed 

along either side of the rectangle.  

Figure 7.12 illustrates an array of sub-wavelength square holes arranged in a 

periodical square lattice on gold film. As a specific example, consider square 

holes whose side is 200 nm arranged in a square lattice whose period is 1000 nm. 

The thickness of the gold film is 100 nm and the refractive index of the substrate 

is taken as 1.33 which is identical to that of the superstrate. This deliberate choice 

of refractive index is made so as to investigate whether there is any significant 

long-range surface plasmons effects on this structure. Although the gold film here 

is much thicker than the field penetration depth into the metal, coupling between 

surface plasmons from the substrate and superstrate may still occur around the 

edges of the holes where the effective separation distance between the two 

dielectric media by a metallic material is less than the thickness of the gold film. 

Figure 7.12. Array of sub-wavelength square holes arranged in a 

periodical square lattice on gold film. Here, a is the side of the square 

holes, p is the array period, and t is the thickness of the gold film. The 

metallic film is in the x-y plane and the light transmission is along the 

z-direction. 

  

 

In this work, the transmission of sub-wavelength holes array is simulated by 

using a commercial finite-difference time-domain (FDTD) software (Optiwave 

OptiFDTD). The solid red curve in Figure 7.13 shows the calculated transmittance 

from this specific array of sub-wavelength holes when the refractive index of the 

superstrate is 1.33. It is essential to note that the transmittance shown in Figure 
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7.13 is not normalized to the holes area, it is calculated with respect to the whole 

surface area instead. The transmission normalized to the holes area can be easily 

calculated by multiplying the values displayed in Figure 7.13 by a factor of 

(1000/200)2 = 25 which is the ratio of the whole surface area to the holes area. 

The extraordinary transmission of this array of sub-wavelength holes is therefore 

25 times the values shown in Figure 7.13. 

The position of the transmission peak of an array of sub-wavelength holes can 

be estimated by using phase-matching principle. At normal incidence, the required 

wave vector component to match that of the surface plasmons is obtained from the 

two-dimensional light wave scattering by the array of sub-wavelength holes. A 

scattering event of order (u,v) modifies the wave vector of the incident light by 
( )2u pπ  in the x-direction and ( )2v pπ  in the y-direction. 

Figure 7.13. Calculated transmission for two different values of 

superstrate refractive index nd (1.33 for solid red curve and 1.43 for 

dotted blue curve) from an array of sub-wavelength square holes on 

gold film arranged in a periodical square lattice. Here, a = 200 nm, p = 

1000 nm, and t = 100 nm. The refractive index of the substrate is 

taken as 1.33.  
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For a square array, the phase-matching condition at normal incidence takes the 

form 

11 2 2 222 2 2m d
sp

m d

u v
p p

π ε ε π πβ
λ ε ε

      = = +      +        
  (7.8)  

where mε  and dε  are respectively the dielectric constants of the metal and 

dielectric superstrate. The wavelength which corresponds to the transmission peak 

is therefore given by 

1
2

max 2 2

m d

m d

p

u v

ε ελ
ε ε
 

=  ++  
 (7.9)  

It is important to keep in mind that Equation (7.9) is only a first order 

approximation because it does not take into account the presence of the holes with 

the associated scattering losses and it neglects the interference that gives rise to a 

resonance shift [122]. As a consequence, it often predicts peak positions at 

wavelengths shorter than those obtained by rigorous numerical simulation. For 

example, Equation (7.9) suggests that there is a transmission peak of order (1,1) at 

700 nm for the array of sub-wavelength holes being discussed. However, the 

transmission peak shown by the solid red curve in Figure 7.13 obtained by more 

rigorous FDTD simulation is located at around 800 nm.  

The calculated transmittance given by the same FDTD method from this 

specific array of sub-wavelength holes when the refractive index of the superstrate 

is increased to 1.43 is shown by the dotted blue curve in Figure 7.13. From the 

wavelength shift of the transmission peak, the refractive index sensitivity can be 

evaluated to be 500 nm/RIU. Although it is much higher compared to 20 nm/RIU 

reported in reference [119], it is only slightly better than the reported value of 300 

nm/RIU in reference [120] and 400 nm/RIU in reference [123] using glass 

substrate.  

Consider now a geometric modification of the array of sub-wavelength holes 

that has just been analyzed. In the modified version, the side of the square holes is 

400 nm, the period of the square lattice is 1000 nm, and the thickness of the gold 

film is 20 nm. The refractive indices are left unaltered. Figure 7.14 shows the 

calculated transmittance from this modified array of sub-wavelength holes when 

the refractive index of the superstrate is 1.33 (solid red curve) and 1.43 (dotted 

blue curve). As in Figure 7.13, the transmittance shown in Figure 7.14 is 
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normalized to the whole surface area and not the holes area. Equation (7.9) 

suggests that there is a transmission peak at around 1350 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 nd (1.33 for solid red curve and 1.43 for 

dotted blue curve) from an array of sub-wavelength square holes on 

gold film arranged in a periodical square lattice. Here, a = 400 nm, 

and p = 1000 nm, t = 20 nm. The refractive index of the substrate is 

taken as 1.33. 
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The transmission shown in Figure 7.14 is much higher compared to that 

presented in Figure 7.13. This is because for the structure evaluated in Figure 

7.14, the thickness of the gold film is only 20 nm. The gold film in this case is 

semitransparent and no longer opaque giving rise to the high transmittance. The 

transmission peak at 1300 nm in Figure 7.14 is therefore a local one. From the 

wavelength shift of this transmission peak at 1300 nm, the refractive index 

sensitivity can be evaluated to be 400 nm/RIU. 

Another interesting feature from Figure 7.14 is the near-zero transmittance 

around 1550 nm. The physical origin of this transmission minimum is not yet 

clear but it is likely due to destructive interference of surface plasmons modes in 



 157 

the sub-wavelength holes. The wavelength corresponding to this transmittance 

minimum also changes when the refractive index of the superstrate is varied. 

From the wavelength shift of this transmission minimum, the refractive index 

sensitivity can be evaluated to be around 500 nm/RIU. 

Figure 7.15. Electric field intensity distribution around one of the 

holes from Figure 7.14 at the wavelength of 1300 nm. The incident 

electric field is linearly polarized in the y-direction. The hole is in the 

center of the x-y plane delineated by the white dashed lines.  

 

Figure 7.16. Electric field intensity distribution around one of the 

holes from Figure 7.14 at the wavelength of 1550 nm. The incident 

electric field is linearly polarized in the y-direction. The hole is in the 

center of the x-y plane delineated by the white dashed lines. 

 

 

Figures 7.15 and 7.16 depict the electric field intensity distribution around one 

of the holes from the array whose transmittance is shown in Figure 7.14 at the 
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wavelengths of 1300 nm and 1550 nm, respectively. The slice here is parallel to 

the plane of the lattice (x-y plane) and passes through the middle of the gold film. 

These plots show that the electric field is strongest around the edges of the holes 

parallel to the electric field polarization direction of the incident light. For best 

biosensing sensitivity, the regions with the highest electric field intensity, i.e., the 

hot spots, on the sensor surface should ideally coincide with the locations where 

biomolecular interactions occur. Biomolecular receptors are usually attached on 

the functionalized metal SPR surface. The hot spots are therefore preferably 

located near the metal-dielectric interface which for an array of sub-wavelength 

holes is around the edges of the holes. Figures 7.15 and 7.16 suggest that this is 

the case. 

7.2.2. Arrays of Sub-wavelength Islands 

Whereas there is quite an abundance of published literature on arrays of sub-

wavelength holes, the complementary “image” structures, namely arrays of sub-

wavelength metallic islands have not been given much attention. Figure 7.17 

shows a schematic illustration of an array of sub-wavelength square islands of 

gold arranged in a periodical square lattice. 

Figure 7.17. Array of sub-wavelength square islands of gold arranged 

in a periodical square lattice. Here, a is the side of the square holes, p 

is the array period, and t is the thickness of the gold film. The two-

dimensional square lattice is in the x-y plane and the light 

transmission is along the z-direction. 
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Consider an array of square sub-wavelength gold islands whose side is 400 nm 

arranged in a periodic square lattice whose period is 1000 nm. The thickness of 

the gold islands is 100 nm and the refractive index of the substrate is 1.33. In this 

work, the transmission of sub-wavelength metallic islands arrays is also simulated 

by using a commercial finite-difference time-domain (FDTD) software (Optiwave 

OptiFDTD).  

The solid blue curve in Figure 7.18 shows the calculated transmittance from 

this specific array of sub-wavelength holes when the refractive index of the 

superstrate is 1.31. Equation (7.9) predicts a transmission peak of order (1,0) or 

(0,1) at around 1300 nm as well as another transmission peak of higher order, 

namely the (1,1) transmission peak at around 900 nm. These two transmission 

peaks are indicated in Figure 7.18. The transmittance at all neighboring points is 

however in general quite high. This is because the light wave can easily pass 

through the relatively wide space between the gold islands and therefore be 

transmitted. 

Figure 7.18. Calculated transmission for two different values of 

superstrate refractive index nd (1.31 for solid blue curve and 1.33 for 

dashed red curve) from an array of sub-wavelength gold islands 

arranged in a periodical square lattice. Here, a = 400 nm, and p = 1000 

nm, t = 100 nm. The refractive index of the substrate is taken as 1.33. 
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The dashed red curve in Figure 7.18 shows the calculated transmittance when 

the refractive index of the superstrate is increased to 1.33. From the wavelength 

shift of the (1,1) transmission peak at 950 nm, the refractive index sensitivity can 

be evaluated to be 700 nm/RIU. The (1,0) or (0,1) transmission peak at 1300 nm 

gives rise to a similar refractive index sensitivity of 750 nm/RIU. 

At around 1550 nm, there is an interesting feature of near-zero transmittance. 

The physical origin of this transmission minimum is not yet clear but it is very 

likely due to the combined absorption by scattered surface plasmons modes of the 

periodic array of sub-wavelength gold islands. The wavelength corresponding to 

this transmittance minimum also changes when the refractive index of the 

superstrate is varied. From the wavelength shift of this transmission minimum, the 

refractive index sensitivity can be evaluated to be higher at around 900 nm/RIU. 

Figure 7.19. Electric field intensity distribution around one of the 

gold islands from Figure 7.18 at the wavelength of 950 nm. The 

incident electric field is linearly polarized in the y-direction and the 

island is in the center of the x-y plane delineated by the white dashed 

lines. 

 

 

Figures 7.19, 7.20, and 7.21 depict the electric field intensity distribution 

around one of the islands from the array whose transmittance is shown in Figure 

7.18 at the wavelengths of 950 nm, 1320 nm, and 1550 nm, respectively. The slice 

here is parallel to the plane of the lattice (x-y plane) and passes through the top of 

the gold islands in contact with the superstrate. These plots show that the electric 

field is strongest around the corners and edges of the gold islands. In this case, 
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more hot spots are therefore located near the metal-dielectric interface where 

biomolecular receptors can be attached once the gold surface is functionalized. 

This suggests that compared to arrays of sub-wavelength holes on metallic film, 

arrays of sub-wavelength metallic islands are better structures for SPR-based 

biosensing applications. 

Figure 7.20. Electric field intensity distribution around one of the 

gold islands from Figure 7.18 at the wavelength of 1320 nm. The 

incident electric field is linearly polarized in the y-direction and the 

island is in the center of the x-y plane delineated by the white dashed 

lines. 

 

 

Figure 7.21. Electric field intensity distribution around one of the 

gold islands from Figure 7.18 at the wavelength of 1550 nm. The 

incident electric field is linearly polarized in the y-direction and the 

island is in the center of the x-y plane delineated by the white dashed 

lines. 
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Figures 7.19 and 7.20 show that at the wavelengths of 950 nm and 1320 nm, 

some of the electric field is spread out in the space between the gold islands. This 

space is filled by the sensed dielectric medium which has negligible losses. As a 

result, the electromagnetic excitation can easily pass through this space so that the 

transmission at these wavelengths is very high. On the other hand, at the 

wavelength of 1550 nm, the electric field is entirely concentrated around the 

corners and edges of the gold islands as shown by Figure 7.21. Due to the high 

metallic losses, the field is rapidly attenuated in the gold layer so that the intensity 

of the transmitted light at this wavelength is near zero. The strong concentration 

of the entire electric field around the edges of the gold islands in contact with the 

sensed dielectric medium is however desirable for biosensing applications. 

As a side note, Figure 7.18 shows completely different behavior in 

transmittance at 1300 nm and 1550 nm which are wavelengths of important 

significance in optical fiber telecommunications. The high near-unity transmission 

at 1300 nm and the low near-zero transmission at 1550 nm of this particular array 

of sub-wavelength gold islands could have potential use for other applications 

such as selective filtering in optical telecommunications systems. 
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Chapter 8 
 

Conclusions and Perspectives 
 

 

In terms of performance, the ideal biosensor should have exceedingly high 

sensitivity and low limits of detection as well as extremely short analysis time. As 

mentioned in the introduction, label-free SPR biosensors naturally offer the 

shortest analysis time compared to other types of biosensors. Given their 

extremely short analysis time, SPR biosensors are therefore excellent candidates 

for the ideal biosensor. On the other hand, the limits of detection of unlabeled 

SPR biosensors are not the most impressive. Thus to more closely approach the 

ideal biosensor, the inherent sensitivity of label-free SPR biosensors needs to be 

significantly improved so that lower limits of detection can be achieved. The 

objective of this work is to contribute to this quest by investigating some novel 

ideas for the design and optimization of SPR structure to boost the intrinsic 

sensitivity of label-free SPR biosensors.  

In the spirit of applied research, particular emphasis is given to SPR structures 

in ATR Kretschmann configuration for their compatibility with most instrumental 

SPR setups. The enhancement of the optical sensitivity of SPR biosensors in such 

"traditional" configuration has been explored in Chapter 5 and briefly summarized 

in Table 8.1.  

The use of bimetallic silver/gold SPR structure instead of simple gold or silver 

thin films allows one to obtain a narrower resonance linewidth while retaining the 

chemical stability of the resulting SPR surface. Changing the operating 

wavelength from the red end of the visible electromagnetic spectrum of around 

680-760 nm towards the near-infrared at 1550 nm results in even narrower 

resonance by a factor of at least five. In the near-infrared at the wavelength of 

1550 nm, the field penetration depth into the sensed medium reaches 1250 nm 

which is approximately five times that obtained in the visible. The maximum 

electric field intensity enhancement factor is also increased by at least three folds. 

More importantly, the figure-of-merit of SPR biosensors is approximately 

quadrupled when the operating the wavelength is changed from 760 nm to 1550 

nm.  
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Table 8.1. Brief summary of optical sensitivity enhancement of SPR 

structures in ATR Kretschmann configuration. 

 Sensitivity 

(°/RIU) 

Linewidth 

(°) 

Figure-of-merit 

(RIU-1) 

Classical SPR 

(760 nm, experimental) 

67.0 3.3 20 

Bimetallic SPR 

(760 nm, experimental) 

- 1.87 - 

Classical SPR 

(1550 nm, theoretical) 

64.3 0.5 130 

Bimetallic SPR 

(1550 nm, theoretical) 

64.0 0.4 160 

Long-range SPR 

(760 nm, theoretical) 

52.0 0.08 650 

Long-range SPR 

(760 nm, experimental) 

80.0 0.4 200 

Long-range SPR 

(1550 nm, theoretical) 

44.0 0.008 5500 

 

SPR biosensors based on long-range surface plasmons mode operating at the 

wavelength of 760 nm have been characterized. The resonance linewidth of the 

long-range surface plasmons structure is theoretically predicted to be 40 times 

narrower compared to that of classical SPR at the same operating wavelength. 

However it is experimentally found to be only about eight times narrower. This 

discrepancy can be attributed to the formation of inhomogeneous metal-polymer 

interface. Therefore an improvement of the quality of this metal-polymer interface 

needs to be worked out in the future. Nevertheless, the obtained experimental 

figure-of-merit of the long-range surface plasmons structure is more significant by 
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an order of magnitude compared to that of classical SPR at the same operating 

wavelength. The electric field intensity enhancement of the long-range surface 

plasmons structure is seven folds stronger than that of classical SPR. The field 

penetration depth into the sensed medium of this long-range surface plasmons 

structure is around 1300 nm which is practically similar to that obtained from 

classical SPR structure operating at the longer wavelength of 1550 nm.  

The concept of long-range surface plasmons at the wavelength of 760 nm can 

certainly be extended to longer operating wavelength. In particular, the long-range 

surface plasmons structure at the wavelength of 1550 nm yields a theoretical 

resonance linewidth that is 400 times narrower than that of classical SPR 

operating at the wavelength of 760 nm. Although similar broadening to that 

observed in the long-range surface plasmons structure operating at the wavelength 

of 760 nm is very likely to take place, the experimental resonance linewidth can 

still be expected to be close to two orders of magnitude narrower than that of 

classical SPR. The theoretical figure-of-merit of this long-range surface plasmons 

structure is as high as 5500 which is two orders of magnitude higher than that of 

classical SPR. The maximum electric field intensity enhancement factor is as high 

as 450 which is an order of magnitude stronger than that obtained from classical 

SPR. This stronger field enhancement is especially advantageous for the coupling 

of SPR method with fluorescence-based biosensing. Such combination is expected 

to be able to push the limits of detection into the attomolar range. Moreover, the 

field penetration depth into the sensed medium of this long-range surface 

plasmons structure is as large as 7500 nm which means that quite large analytes 

such as bacteria and certain cells can be effectively probed. 

Novel graphene-based surface functionalization strategy has been investigated 

in Chapter 6. With such method, the biorecognition sensitivity of SPR biosensors 

has been experimentally shown to be enhanced compared to that obtained using 

conventional surface functionalization scheme. This enhancement can potentially 

be amplified even further by introducing a receptor matrix attached to the 

graphene surface and extending into the sensing medium to increase the binding 

capacity per unit area. Moreover, this novel graphene-based surface 

functionalization strategy can be applied to virtually any SPR structure. In 

particular, it can be immediately integrated into commercial SPR surfaces such as 

Biacore Au sensor chips. As a side note, a whole different set of surface chemistry 

based on titanium thin adlayer is also worth investigating for future work [124]. 

Some "non-traditional" optical designs for SPR biosensors have also been 

theoretically analyzed in Chapter 7. The long-period waveguide grating structures 
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have been predicted to offer a figure-of-merit of as high as 6000. Under the best-

case scenario, the refractive index resolution of such structure is estimated to 

reach the 10-9 RIU range. Some simple arrays of micro/nanostructures have also 

been theoretically considered. Despite their quite modest sensitivity, such arrays 

have significant potential for integrated biosensor devices. Such devices can find 

applications where small instrument size and speed of analysis are crucial but 

cutting-edge accuracy and detection limits are not. 

 Finally, it is important to keep in mind that this work is only a brick in the 

attempt to construct the ideal SPR biosensor. As a whole, in addition to the 

aforementioned criteria for analytical performance, the ideal SPR biosensor 

should also be low-cost, portable, integrated, and easy to miniaturize. It is clearly 

a daunting task to design a single SPR biosensor that meets each and every one of 

these specifications. In fact, SPR biosensors research groups worldwide focus 

their effort to tackle different segments of these challenges. Use of white light-

emitting diodes [125], [126] and polymer-based chips [127] for low-cost SPR 

biosensors has been proposed. The refractive index resolution is however quite 

modest on the order of 10-5 RIU. SPR biosensors based on fiber optic are 

excellent candidates for miniaturized systems as well as in-vivo applications. The 

initially poor refractive index resolution on the order of 10-5 RIU [126], [128] can 

potentially be further improved to 10-6 RIU by incorporating Bragg grating [129]. 

Recent development of the instrumentation of SPR biosensors has eventually 

allowed the construction of hand-held portable SPR biosensor devices [130], 

[131]. Although the setup used in the reported hand-held instruments is still based 

on Kretschmann ATR configuration with classical SPR structure, the refractive 

index resolution is quite promising on the order of 10-6 RIU. Combining such 

superior instrumentation in terms of size and capability with the optimized SPR 

sensor chips developed in this work is therefore expected to eventually bring 

label-free SPR biosensors even closer to the ideal biosensor.  
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Appendices 
 

A.1. Field Enhancement due to Surface Plasmons 

The word “transmission” mentioned in Sections 4.1.2 and 4.1.3 is used freely 

to treat the general case whether or not there is an actual transmitted wave.  

 When the angle of incidence is smaller than the critical angle of total internal 

reflection, there is an actual transmitted wave that carries optical energy away 

from the metal-dielectric interface. The optical energy (proportional to the field 

intensity) contained in the transmitted wave is always less than or equal to that of 

the incident wave. As a result of this conservation of energy, the transmission 

coefficient in this case is always less than unity. 

In the case of surface plasmons, the use of the word “transmission” is rather 

abusive for lack of appropriate terminology. In this case, the angle of incidence is 

always larger than the critical angle of total internal reflection. As a result, the 

“transmitted” wave is in fact evanescent. Around the SPR angle, the field 

enhancement due to surface plasmons makes the “transmission” coefficient as 

defined in Equations (4.28) and (4.32) larger than unity. This is in no way a 

violation of the principle of conservation of energy since there is no actual 

transmitted wave that carries optical energy away from the metal-dielectric 

interface. Indeed, the optical energy of the incident wave is transformed into 

surface plasmons and later dissipated in the metal.  

A useful analogy concerning the phase velocity and the group velocity in a 

waveguide (e.g., a hollow waveguide as the simplest example) can be used to 

illustrate this point. While the group velocity of a guided wave in such a 

waveguide is always less than c (i.e., the speed of light in vacuum), its phase 

velocity can be larger than c. It even approaches infinity near the cut-off 

frequency of the waveguide. However, this does not contradict the theory of 

special relativity which places c as an upper limit of velocity of “material” bodies. 

The reason is that the speed with which energy or information (i.e., the “material” 

bodies in a wave) travels is associated with the group velocity and not the phase 

velocity.  
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A.2. Example of Matlab Implementation 

The Fresnel equations as well as the materials models elaborated in Chapter 4 

are implemented in Matlab to generate the theoretical results presented in 

Chapters 4 and 5. As an example, Matlab codes for the calculation of SPR curve 

of water from bimetallic silver/gold structure on BK7 glass substrate at the 

wavelength of 760 nm are shown below. 

--------------------------------------------------------------------------------------------------- 

clear  
 
lbd0 = 760;  
% free-space wavelength expressed in nm 
 
theta = linspace(60,75,100000);  
% angle of incidence ranging from 60° to 75° with 1 00000 points  
 
e1 = sqrt(Sellmeier(lbd0, 'BK7' ));  
% relative electric permittivity of the prism 
e2 = LD_model(lbd0, 'Ag' );  
% relative electric permittivity of the first metal lic layer  
e3 = LD_model(lbd0, 'Au' ); 
% relative electric permittivity of the second meta llic layer 
nd = nwater(lbd0);  
% refractive index of the sensed medium  
e4 = nd.^2;  
% relative electric permittivity of the sensed medi um 
  
d2 = 30;  
% thickness of the first metallic layer (nm) 
d3 = 5;  
% thickness of the second metallic layer (nm)  
 
k0 = 2*pi./lbd0; 
kx = k0.*np.*sind(theta);  
kz1 = sqrt(k0.^2.*e1 - kx.^2);  
kz2 = sqrt(k0.^2.*e2 - kx.^2);  
kz3 = sqrt(k0.^2.*e3 - kx.^2);  
kz4 = sqrt(k0.^2.*e4 - kx.^2);  
  
r12 = (e2.*kz1 - e1.*kz2)./(e2.*kz1 + e1.*kz2);  
r23 = (e3.*kz2 - e2.*kz3)./(e3.*kz2 + e2.*kz3);  
r34 = (e4.*kz3 - e3.*kz4)./(e4.*kz3 + e3.*kz4);  
  
r24=(r23+r34.*exp(1i*2*d3.*kz3))./(1+r23.*r34.*exp( 1i*2*d3.*kz3));  
r14=(r12+r24.*exp(1i*2*d2.*kz2))./(1+r12.*r24.*exp( 1i*2*d2.*kz2));  
  
t12 = 1 + r12;  
t23 = 1 + r23;  
t34 = 1 + r34;  
 
t24 = t23.*t34.*exp(1i*d3.*kz3)./(1 + 23.*r34.*exp( 1i*2*d3.*kz3));  
t14 = t12.*t24.*exp(1i*d2.*kz2)./(1 + 12.*r24.*exp( 1i*2*d2.*kz2));  
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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,e1.*T4./e4)  
xlabel( 'Angle of incidence (deg)' )  
ylabel( 'Electric field intensity enhancement factor' )  
 
[Y,I] = min(R4);  
tmin = theta(I);  
% angle of resonance 
fpdepth = 1./abs(kz4(I))  
% field penetration depth (nm) into the sensed diel ectric  

--------------------------------------------------------------------------------------------------- 

 

The subroutine for the evaluation of the relative electric permittivity of 

dielectric media based on Sellmeier equation is shown below  

--------------------------------------------------------------------------------------------------- 

function  [ eg ] = Sellmeier( lbd0, glass )  
%Sellmeier series equation describing glass dispers ion  
%   This function calculates the dispersion of  
%   selected glasses based on Sellmeier equation.  
% 
%   Input parameters are:  
%       lbd0 : 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  
%           'MgF2o' = Magnesium fluoride, ordinary ray 
%           'MgF2e' = Magnesium fluoride, extraordi nary ray  
% 
%   Output eg is the dielectric constant = n^2  
% 
lbdu = lbd0/1000;  
  
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 = [2.52642999e-3 1.00783328e-2 1.20055597 e3];  
    case ( 'MgF2o' )  
        A = 1;  
        B = [4.8755108e-1 3.9875031e-1 2.3120353];  
        C = [1.882178e-3 8.95188847e-3 5.66135591e2 ];  
    case ( 'MgF2e' )  
        A = 1;  
        B = [4.1344023e-1 5.0497499e-1 2.4904862];  
        C = [1.35737865e-3 8.23767167e-3 5.65107755 e2];  
end        
  
s_term = 0;  

for  m = 1:3  
     s_term = s_term + B(m)*lbdu.^2./(lbdu.^2 - C(m ));  

end  
eg = A + s_term;  
  
end  

--------------------------------------------------------------------------------------------------- 

 

The subroutine for the evaluation of the relative electric permittivity of metals 

based on the Lorentz-Drude model is shown below 

---------------------------------------------------------------------------------------------------  

function  [ er ] = LD_model( lbd0, metal )  
%Lorentz-Drude model fit of relative dielectric per mittivity  
%    
%   Input parameters are:  
%      lbd0 : the wavelength in nm  
%      metal: the chemical symbol of the metal (dat a type: string)  
 
c = 2.99792458e8;  
w = 2*pi*c./(1e-9*lbd0);  
  
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 +16 
0.653885E+16 0.202364E+17];  
        Dm = [0.805202E+14 0.366139E+15 0.524141E+1 5 0.132175E+16 
0.378901E+16 0.336362E+16];  
    case ( 'Ag' )  
        wp = 0.136884E+17;  
        Gm = [0.8450 0.0650 0.1240 0.0110 0.8400 5. 6460];  
        wm = [0 0.123971E+16 0.680775E+16 0.124351E +17 
0.137993E+17 0.308256E+17];  
        Dm = [0.729239E+14 0.590380E+16 0.686701E+1 5 0.987512E+14 
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 +16 
0.169852E+17 0];  
        Dm = [0.455775E+14 0.574276E+15 0.160433E+1 6 0.488135E+16 
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 +16 
0.527635E+16 0];  
        Dm = [0.714047E+14 0.505910E+15 0.474006E+1 5 0.205251E+16 
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 +16 
0.699462E+16 0];  
        Dm = [0.531737E+14 0.100878E+16 0.515785E+1 6 0.676673E+16 
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 +16 
0.133314E+17 0];  
        Dm = [0.714047E+14 0.482362E+16 0.198262E+1 6 0.406551E+16 
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 +16 
0.925071E+16 0];  
        Dm = [0.729239E+14 0.685333E+16 0.202668E+1 6 0.330892E+16 
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 +16 
0.868251E+16 0];  
        Dm = [0.121540E+14 0.448178E+16 0.843183E+1 5 0.702045E+16 
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 +16 
0.140515E+17 0];  
        Dm = [0.121540E+15 0.785452E+15 0.279238E+1 6 0.557261E+16 
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 +16 
0.295190E+17 0];  
        Dm = [0.124578E+15 0.345781E+16 0.382547E+1 6 0.252651E+16 
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   
 
ld_term = 0;  

for  m = 1:6  
    ld_term = ld_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*ld_t erm);  
  
end  

--------------------------------------------------------------------------------------------------- 

 

The subroutine for the evaluation of the refractive index of water at room 

temperature (298 K) is shown below 

--------------------------------------------------------------------------------------------------- 

function  [ n ] = nwater( lbd0 )  
% temperature is 298 K  
p = 0.997;  
T = 298/273.15;  
  
w = lbd0./589;  
  
a0 = 0.244257733;  
a1 = 9.74634476e-3;  
a2 = -3.73234996e-3;  
a3 = 2.68678472e-4;  
uv = 0.229202;  
a4 = 1.58920570e-3;  
a5 = 2.45934259e-3;  
a6 = 0.900704920;  
a7 = -1.66626219e-2;  
ir = 5.432937;  
  
tmp = a0+a1*p+a2*T+a3*T.*w.^2+a4./w.^2+a5./(w.^2-uv ^2)+a6./(w.^2-
ir^2)+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 (15-20 nm), non-uniform meshing 

is used for the numerical simulations. Around the thin metallic layer, the mesh 

size is set to 1 nm (minimum mesh size) which is smoothly expanded to 10 nm 

(maximum mesh size) in the dielectric layers. The maximum mesh increase rate 

corresponding to this metal/dielectric transition is set at 0.08 which means that the 

mesh size grows progressively at the rate of at most 8 percent. 

In most simulations, the device substrate and other surrounding materials 

extend far beyond the edge of the simulation region.  Therefore, the most obvious 

choice of boundary conditions is the perfectly matched layer (PML), which will 

absorb fields at the simulation boundary. However, the more numerically efficient 

metallic (perfect electrical conductor, PEC) boundary conditions can frequently be 

used even though the real device is not surrounded by a metal box. As a matter of 

fact, if the modal fields are negligible at the edge of the simulation region, then 

the choice of boundary conditions is basically irrelevant. In such cases, the most 

numerically efficient rather than the most physically correct boundary conditions 

can be used for faster simulation. Based on this reasoning, metal boundary 

conditions are chosen for the simulations of waveguide structures using Lumerical 

MODE Solutions.  

For the simulations of the periodic arrays of sub-wavelength structures with 

OptiFDTD, the most judicious choice of the appropriate boundary conditions is 

dictated by the symmetry of the problem. In these simulations, periodic boundary 

conditions (PBC) are used in the x-y plane so that only one unit cell needs to be 

considered. In the direction of propagation (z axis), anisotropic PML boundary 

conditions are called for as the field intensity is generally non-negligible.  
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