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ABSTRACT 

SUBWAVELENGTH SURFACE PLASMON 

INTERFEROMETER FOR HIGH-THROUGHPUT 

SENSING 

Özlem Yavaş 

M.S. in Physics 

Supervisor: Asst. Prof. Dr. Coşkun Kocabaş 

August, 2012 

Small detection volume, increased analysis speed and reduced cost are the main 

driving forces for miniaturized lab-on-a-chip systems. Subwavelength holes on 

opaque metal films provide a unique configuration for miniaturized sensors. 

Transmitted light through these tiny holes is governed by the electronic resonance 

on the surface of the metal film. Excitation of surface plasmon-polaritons (SPPs) 

on the metal-dielectric interface characterizes the resonance condition. The 

sensitive dependence of the plasmon resonance condition on the dielectric 

constant of the medium is used for label free sensing applications. In this thesis, 

we demonstrate a refractive index sensor based on a subwavelength plasmon 

interferometer using monochromatic light. Very high contrast fringe pattern is 

generated by the plasmon interferometer that consists of a sub-wavelength slit-

groove pair with a small angle between them. The small angle between the groove 

and the slit provides spatially varying slit-groove distance which generates a high-

contrast interference pattern. By interrogating the relative position of interference 

fringes, one can determine the refractive index of the dielectric medium on the 

metal surface. The presented plasmon interferometer provides a practical yet 

sensitive refractive index measurement scheme with very small detection volume. 

 

Keywords: surface plasmon resonance sensors, plasmon interferometer, refractive 

index sensor, microfluidics. 
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ÖZET 

DALGABOYU ALTI YÜZEY PLAZMON 

İNTERFEROMETRESİ  

Özlem Yavaş 

Fizik, Yüksek Lisans 

Tez Yöneticisi: Asst. Prof. Dr. Coşkun Kocabaş 

August, 2012 

Küçülen dedektör hacmi, artan analiz hızı ve maliyetin küçülmesi minyatürize 

mikro sensor sistemlerinin gelişmesindeki önemli etkenlerdir. Opak metal 

filmlerdeki dalgaboyu altı delikler minyatürize sensörler için benzersiz bir 

konfigürasyon sağlamaktadır.  Bu küçük deliklerden ışığın iletimi metal film 

yüzeyindeki elektronik resonans tarafından kontrol edilir. Metal-dielektrik 

arayüzeylerinde yüzey plazmon polaritonlarının uyarımı rezonans şartını belirler. 

Plazmon rezonans koşulunun ortamın dielektrik sabitine karşı duyarlı oluşu, 

etiketlemeden sensing uygulamalarında kullanılır. Bu tezde, monokromatik ışık 

kullanan dalgaboyu altı plazmon interferometresi tabanlı bir kırınım indisi sensörü 

sunuyoruz. Dalgaboyu altı boyutta aralarında küçük bir açı bulunan aralık-oluk 

çifti içeren plazmonik interferometre tarafından çok yüksek kontrast girişim 

deseni oluşturulur. Aralık ve oluk arasındaki küçük açı aralarınında değişken bir 

mesafe olmasını sağlar. Bu mesafenin kazandırdığı faz farkı sayesinde yüksek 

kontrast girişim deseni oluşur. Girişim saçaklarının birbirine gore pozisyonları 

ölçülerek metal yüzeyin üzerindeki ortamın kırınım indisi ölçülür. Bu tezde 

sunulan plazmon interferometresi çok küçük dedektör hacmi ile çok pratik ve 

duyarlı bir ölçüm tekniği sağlamaktadır.  

 

 

Anahtar sözcükler: yüzey plazmon rezonans sensörleri, plazmon interferometresi, 

kırınım indisi sensörü, mikroakışkan.  
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Chapter 1  

1. Introduction 

 

Surface plasmon resonance (SPR) is the collective oscillations of the free 

electrons that are excited by an external electric field at the metal-dielectric 

boundary. Widely used SPR excitation schemes such as prism coupling and 

grating coupling are introduced in the 1960s. The surface plasmon resonance 

(SPR) sensors use the fact that the resonance condition of the oscillations of the 

free electrons is highly related to the changes in the dielectric constant of the 

medium. SPR based sensors attracted attention for chemical and biological 

sensing since early 1980s. In 1980 Gordon et al. had used the SPR to detect 

processes at metal surfaces [1]. Starting with this study many SPR sensors are 

presented which used different excitation schemes and different optical and 

geometrical configurations. Different sensing methods and signal interrogations 

such as intensity, wavelength and phase interrogation methods are presented with 

different geometries to increase the sensitivity of detection. Now, SPR sensors are 

widely used for label free detection and analysis of biomolecular and chemical 

interactions on metal surfaces. The benefits of these lab-on-a-chip sensors include 

small detection volume, high analysis speed and low cost.  

In 1998 Ebbesen et al. observed that the transmission through subwavelength 

apertures is higher than predicted by the classical model [2]. Observation of the 

extraordinary transmission leaded the studies of subwavelength hole arrays as 

SPR sensors [3, 4] and plasmon interferometers [5-8]. Recently the studies on 
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plasmon interferometry provided highly sensitive and practical scheme for 

sensing. Various configurations of parallel slit and groove pairs were used in the 

previously presented plasmon interferometers [5]. The spectral analysis of the 

transmitted light enables the label free detection of the variations on the surface. 

The spectrum measurements require wavelength tunable source or a spectrometer. 

These requirements adversely affect the practicality of the sensors. 

In this thesis we present a subwavelength plasmon interferometer for refractive 

index sensing which operates with a monochromatic light i.e. does not require any 

spectral analysis. The sensor does not require any bulky prism or grating structure 

to excite SPPs.  This work presents a very practical sensing method based on the 

examination of the interference pattern by a simple image processing. The 

plasmon interferometer is integrated with a microfluidic channel to decrease the 

detection volume up to around 100fL.  

 1.2. Organization of the Thesis 

In this thesis a subwavelength surface plasmon interferometer for high-throughput 

refractive index sensing is presented. The results of the test measurements are 

given and compared with the Matlab simulations. The physics lying behind 

surface plasmon interferometers and a brief review is also given in the first 

chapters of the thesis. 

In chapter 1, an introduction to the field of surface plasmon resonance(SPR) 

sensors is made and the motivation of the work on our plasmon interferometer is 

given. 

In chapter 2, the fundamentals of surface plasmon polariton (SPP) are presented 

starting from the Maxwell equations. The SPP excitation schemes are discussed. 

Chapter 3 summarizes the concept and properties of SPR sensors as well as the 

performance characteristics of these sensors. Different interrogation methods that 

are used in SPR sensors are also explained. 
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Chapter 4 is a detailed review of the extraordinary transmission from 

subwavelength apertures and the applications based on this transmission property.  

In chapter 5, we present the subwavelength plasmon interferometer which we 

have used for refractive index sensing. The results of the measurements and 

comparison with the theoretical calculations are given.  

Chapter 6 provides a summary of the thesis. Some suggestions on further studies 

are also discussed. 
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Chapter 2  

2. Surface Plasmon Polaritons 
 

Surface plasmons are the collective oscillations of the electrons at the interface of 

two media with dielectric functions of opposite sign such as metal-dielectric 

interface. The coupling of electromagnetic waves to these oscillations of the 

electron plasma of the metal results in the excited modes propagating at the 

interface, called surface plasmon polaritons.  To understand the nature of the 

surface plasmons we should first understand the optical properties of metals. 

 2.1. Optical Properties of Metals 

The oscillation of free electrons and the interband transitions of the metals define 

the properties of metals and thus the surface plasmons. The dielectric function of 

the metal strongly depends on the frequency of the incoming electromagnetic 

wave. This strong dependence causes variety of optical phenomena. At 

frequencies up to the visible light (i.e. microwave and far infrared), it is well 

known that metals are highly reflective and the amount of the electromagnetic 

field that can penetrate into the metal is negligible. However for the near infrared 

and visible frequencies this penetration increases and for higher frequencies as 

ultraviolet region of the spectrum, the metal shows dielectric character which 

results in the well known ultraviolet transparency. For the noble metals, the 

interband transitions lead to strong absorption which is going to be discussed later 

in section 2.1.2. These phenomena are the results of the complex dielectric 

function of the metals [9]. 
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 2.1.1. Drude model 

The Lorentz model of dipole oscillations model the response of electrons to an 

applied electric field as damped harmonic oscillations with equation of motion 

given as: 

             
        

     (2.1)  

where m and e are the mass and the charge of an electron and x is the 

displacement of the electron under the AC electromagnetic field         
     

with amplitude of    and frequency of  . The second term represents the 

frictional damping force with            where    is the Fermi velocity and 

  is the electron’s mean free path.   is the relaxation time of the free electron gas. 

In the third term,    is the resonance frequency of the oscillation of the electron.   

Drude model considers that the valance electrons of the metal are free electrons so 

that they experience no restoring force and the resonance frequency is almost 

zero. Thus the Drude model for a free electron with a mass of    reads; 

                 
     (2.2)  

The particular solution to this equation is      
     and by substituting into 

(1.2) it gives:  

      
 

    
      

     (2.3)  

The polarization   of the free electron gas is given as –    where N is the 

number of electrons per unit volume.  

    
   

          
  (2.4)  

The electric displacement is related to the polarization by; 

         (2.5)  
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which is from the constitutive relation also equal to; 

        (2.6)  

Combining (2.4), (2.5) and (2.6); 

         
   

          
  

       
   

    

 

        
 

             
  

 

        
 (2.7)  

where ωp is the bulk plasma frequency which is equal to          . The 

complex dielectric function                  has real and imaginary parts as 

follows; 

 

        
  

 

       
 

 

      
   

 

        
 

 

(2.8)  

 The complex refractive index                  of the medium is defined as  

         which gives [9]; 

          (2.9)  

        (2.10)  

    
  
 

 
 

 
       

  (2.11)  

   
  

  
 (2.12)  
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     gives the electromagnetic wave absorption through the medium and it is 

related to the attenuation coefficient α of the Beer’s law (        
   ). 

      
      

 
 (2.13)  

Thus, the imaginary part of the dielectric function describes the amount of 

absorption inside the medium.  By using the real and imaginary components 

calculated by Drude model (2.8), it can easily be seen that for low frequencies that 

satisfy       the imaginary part of the dielectric function is larger than the real 

part. Thus, the real and imaginary parts of the index of refraction are 

approximately equal which yields           and using (2.13); 

      
       

 
  

    
 

   
 

   

         (2.14)  

where              
     is the dc conductivity. The power of the field 

falls off as        as the field strength varies as       . Comparing this type of a 

field with the field of the Beer’s law the skin depth is obtained; 

   
 

 
  

    

   
 
 

   

  
 

     
 (2.15)  

In the visible region of the electromagnetic spectrum where ω           , 

usually     , since   is typically of order 10
-14

s. Therefore the damping is 

negligible in (2.8) yielding a predominantly real dielectric function; 

        
  

 

  
 (2.16)  

From the relation of dielectric constant with refractive index          it is 

obvious that       is imaginary for      , zero for      and real for  

     [10].  The reflectivity R of the metal is  
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 (2.17)  

From which we can conclude that the reflectivity of metals is 100% for the 

frequencies up to   . So with the    in the ultraviolet metals are very good 

reflectors at visible frequencies. The dielectric function (2.16) changes sign as   

goes through    which means that the reflectivity decreases after      point in 

the regime of      where the transmittance increases. So at the ultraviolet 

frequencies metals are transparent which is known as ultraviolet transparency of 

metals.  

 2.1.2. Interband Transitions 

Drude model gives good results for the optical properties of metals in the infrared 

regime by only considering the free electron oscillations, where the energy of 

photon is smaller than the threshold of interband transitions of the metal. However 

for some of the noble metals the interband transitions should be taken into account 

since the interband transitions start to occur for energies larger than 1eV. For a 

wavelength shorter than  550 nm, the increase of imaginary component of the 

dielectric function of gold is stronger than the value expected by the Drude model. 

If the incoming photons have higher energy than the respective band thresholds, 

they cause electron  transitions from the filled band below the Fermi level to 

higher energy levels. Therefore to get more precise results, the response of bound 

electrons should also be taken into account. This approach corresponds to the 

Lorentz model described in equation (2.1) where   is the effective mass of the 

bound electron which is slightly different than the effective mass of the free 

electron and     is the restoring force constant. The bound electron has the 

resonance frequency of   . By using the same ansatz as in the free electron case, 

we obtain the dielectric function as follows: 

                 
   

 

   
         

 (2.18)  

              has real and imaginary components (   and   ) as 
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(2.19)  

where               in which    denotes the density of the bound electrons.  

Free electron (2.7) and the interband transition (2.19) contributions should be 

added up to obtain the realistic model. The model then fits the experimental data 

for both the wavelengths below and above the transition threshold. In this section 

              is calculated considering only one transition. To get a better fit to 

any experimental data the higher order transitions should be taken into account. 

For example for gold one can take      for the integrated higher order 

transition contributions.   

 2.2. Surface Plasmon Polaritons at Plane Interfaces 

Surface plasmon polaritons are the electromagnetic surface wave modes resulting 

from the coupling of the electromagnetic fields to the oscillations of the free 

electrons of the metal. In this section Maxwell equations for the metal-dielectric 

interface will be solved to study the surface plasmon polariton properties. We 

consider a plane interface between two medium where one of the medium (    

of the Cartesian coordinate system) is taken to have a general complex frequency 

dependent dielectric function       and other medium (   ) is taken to have a 

real dielectric function      . Figure 2.1 shows the geometry to be considered.  



 

 

 

CHAPTER 2. SURFACE PLASMON POLARITONS                                        10 

 
  

 

Figure 2.1 The geometry and coordinates that are to be considered in the 

calculations for the SPP propagation at metal dielectric interface 

 

The Maxwell equations with no external excitation are 

 

           

      

     
  

  
 

         
  

  
 

  

  
 

(2.20)  

where   is the electric displacement,   is the electric field,   is the magnetic field 

and   is the magnetic flux density. External charge and current densities are taken 

to be zero. The fields are related to each other by constitutive relations 

 
       

       
(2.21)  

Combining the last two equations in (2.20) and neglecting the changes in the 

dielectric profile        over distances of around one optical wavelength, the 

wave equation can be obtained as 
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   (2.22)  

where the           relation is used. The solutions for the separate regions 

with different dielectric constants have to be matched using the appropriate 

boundary conditions. Including the AC nature of the electric field        

          the wave equation becomes 

        
     (2.23)  

which is Helmholtz equation with        , the wave vector of the propagating 

wave in vacuum. Since two media is considered to coincide at    , if there is 

only propagation in the x direction (i.e.        and 

                         where      is the propagation constant of the 

travelling waves) the wave equation becomes 

 
      

   
     

         (2.24)  

Same approach results in a similar wave equation for the magnetic field. Deriving 

the field components of  and   explicitly from the curl equations in (2.20) one 

can find a set of relations between the field components by also considering the 

propagation geometry (i.e. 
 

  
   and 

 

  
    ). Two sets of solutions for two 

different polarizations, transverse magnetic (TM or p) and transverse electric (TE 

or s) modes are obtained from that set. It is reasonable to consider here only the p-

polarized waves since the s-polarized waves give no solution [9]. Thus the field 

components for p-polarization are for     

 

         
         

         

 

     
   

         

         

 

     
   

         

(2.25)  
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and for     

 

         
         

         

 

     
   

         

         

 

     
   

         

(2.26)  

where     and    are the wave vectors normal to the interface and their reciprocals 

give the evanescent decay length of the fields that are normal to the interface [9].  

The boundary conditions to be considered are the continuity of   ,       and      

which yields       ,              and the relations for the wave vector 

components 

 
  

       
    

  
       

    
(2.27)  

Combining all of these results the dispersion relation can be obtained 

      
  

    

     
  

  
    

     

  

  
 (2.28)  

Also the normal component of the wave vector in two media reads 

   
  

  
 

     
                  (2.29)  

The imaginary component of the complex dielectric function may be neglected at 

this point. Since the wave propagation is in the x direction the wave vector 

     is required to be real. By examining (2.28) it is obvious that the sum and 

the product of the dielectric functions must be both negative or both positive. In 

addition to that condition to have the waves confined to the surface the 

denominator of the (2.29) must be negative so that   
  is purely imaginary (i.e. the 
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normal component of the fields exponentially decay) [10]. Thus the conditions for 

the surface plasmon polariton to exist are: 

 
        

        
(2.30)  

Thus one of the dielectric constants must be negative with an absolute value larger 

than that of the other. The surface plasmon polaritons exist only at the interface of 

two media with dielectric permittivities of opposite sign, i.e. metal dielectric 

surfaces as studied in this section. Metals such as gold and silver have large 

negative real component of the dielectric constant for visible wavelengths that 

makes them preferable for the surface plasmon studies. 

 2.2.1. Properties of Surface Plasmon Polaritons 

Considering the imaginary part of the metal’s dielectric function will provide 

solutions that include ohmic losses. The complex dielectric function    can be 

redefined as       
     

   and the dielectric medium is assumed to be a good 

dielectric with real dielectric function. The complex dielectric function yields a 

complex wave vector  

      
     

   (2.31)  

By inserting this complex wave vector into the (2.25) and (2.26) it can be stated 

that the real part   
  determines the SPP wavelength and the imaginary part   

   

defines the damping of the SPP which propagates along the interface. By using 

the dispersion relation (2.28) and the assumption that    
       

  , the real and 

imaginary parts of the    are 

   
  

 

 
 

  
   

  
    

 (2.32)  

   
   

  
    

   
    

     

 

 
 

  
   

  
    

 (2.33)  
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Thus, 

      
  

  
 

   
  

    

  
   

 (2.34)  

Where   is the wavelength of light in vacuum. 1/e intensity propagation length of 

the SPP for gold-air interface at 633nm wavelength is calculated as 10µm from 

    
   where the dielectric function of gold is taken as               at that 

wavelength. The decay length for the z-components of the SPP for two media can 

also be obtained from (2.29) as, 

    
 

 
   

   
  

   
 
  

  
  

  
    

 (2.35)  

    
 

 
 

  
  

  
    

   
   

  

    
     

  (2.36)  

Neglecting the very small imaginary part of the complex dielectric function of the 

gold at 633nm the decay lengths in gold and air are 28nm and 328nm respectively 

from which it can be concluded that the SPP can travel more in the dielectric 

medium than in the metal.  

 2.3. Excitation of Surface Plasmon Polaritons  

SPPs are the excited modes propagating at the interface of the two media with 

permittivities of opposite sign such as metal dielectric interface as considered in 

the previous sections. The SPP dispersion curve lies to the right of the light line 

since        where k is the wave vector of light in the dielectric side.  In 

order to excite SPPs the momentum and the energy conservation must be 

satisfied. The momentum mismatch between the light line and the SPP line must 

be overcome. So the excitation is prohibited for any frequency of incident light 

since at any incidence angle the x component of incident wave vector (     ) can 

not exceed the    of the SPP propagation ( ).  Some special techniques must be 
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used for phase matching. The most common techniques are prism coupling and 

grating coupling.   

 

Figure 2.2 The dispersion relation for gold-air (red) and gold-glass (blue) 

interfaces calculated from the Drude model with parameters                 

and                 for gold. 
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There are two different geometries used for prism coupling (Fig. 2.3). In the most 

common configuration which is known as Kretschmann configuration [11] the 

metal thin film is evaporated on top of a glass prism where the incident light 

impinging from the prism has the x component of the wave vector      

             sufficient to excite SPPs at the metal dielectric interface by the 

penetration of the evanescent waves. It is important to note that the SPP phase 

matching condition at glass-metal interface cannot be achieved since the SPP 

dispersion for that interface lies to the right of the light line of the glass. (Fig. 2.2) 

Another similar configuration is Otto configuration[12] where this time there is a 

small dielectric gap between the metal and the prism and evanescent field tunnels 

through the dielectric to the metal-dielectric interface to excite SPPs. The SPP 

excitation is observed as a decrease in the reflected intensity.  
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Figure 2.3 Kretschmann (a) and Otto (b) configurations of SPP excitation by 

prism coupling. 
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Fabricating grating structures on the metal surface (Fig. 2.4) is another widely 

used method to excite SPPs. Momentum necessary to overcome the mismatch is 

provided by the grating structure and it is related to the grating period   

           
  

 
                             (2.37)  

 

 

Figure 2.4 Schematic drawing of the grating coupling method for SPP excitation 

on metal surface. 

 

Another well known method for SPP excitation is the waveguide coupling [13]. 

The propagating electromagnetic modes in the waveguide is coupled to the 

surface plasmons on the thin metal film, that is coated on the waveguide, as long 

as the wave constants are matched (i.e. the momentum mismatch is overcome). 

Scattering from a sub wavelength ridge, groove, slit, hole or a roughness on the 

surface can also satisfy the condition where the parallel component of the 

diffracted k vector matches the surface plasmon wave vector which is parallel to 

the interface. 

a=2π/Δkkx,i

β
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SPP generation and coupling by a groove (Fig. 2.5) has been studied by many 

groups [14-19]. When a groove has localized modes inside, the standing waves in 

the vertical direction (z-direction) which arise from the reflection at the bottom of 

the groove can couple to surface plasmon polaritons on the surface of two media. 

The maximum reflectivity depends on the groove depth, width and the 

wavelength of the incident light. For increasing wavelength the position of the 

high intensity of the standing wave moves towards the groove opening (upwards 

in z direction) and the enhancement of the field at the groove opening results in 

the efficient coupling to the SPP modes on the surface [19].  

Exciting surface plasmon polaritons by using grooves are widely used in recent 

studies and sensors [5, 7] and the work that is presented in this thesis also uses a 

subwavelength groove to excite surface plasmons.  

 

 

Figure 2.5 Schematic drawing of the excitation of the SPP by a single groove. 
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 2.4. Localized Surface Plasmons 

Localized surface plasmons (LSP) are non-propagating surface plasmon modes 

that are confined to the surface of metallic nanostructures such as nanoparticles 

where the free electrons couple to an electromagnetic field that result in a 

resonance. The curves on the surface of the nanostructure provide restoring force 

on the electron oscillations driven by an external electric field. The resonance 

situation yields the enhancement of the field inside and near field zone of the 

particle. Excitation of a LSP resonance on curved metallic nanostructures does not 

require phase matching. Therefore illumination of the surface by direct light leads 

resonantly enhanced absorption and scattering.     
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Chapter 3  

3. Surface Plasmon Resonance Sensors 

 3.1. Introduction/concept of SPR sensors  

Surface Plasmon Resonance (SPR) sensors are the sensors that benefit the specific 

phase matching resonance conditions that are required to excite the surface 

plasmon polariton waves. Since the SPPs are the wave modes propagating at the 

interface of the two media the wave vector which is related to the phase matching 

condition is extremely sensitive to changes on the boundary such as dielectric 

constant (index of refraction) changes due to adsorption of a molecule on the 

surface. Due to this extreme sensitivity SPR sensors are widely used for analyzing 

the chemical and biochemical reactions and molecular bindings. SPR biosensors 

have been used various fields such as food safety analysis, medical diagnostics 

and environmental monitoring.  

Index of refraction is the determined quantity from optical interrogations of the 

SPR in these sensors. Since the change of the bulk properties of the dielectric 

medium will lead the changes of the index of refraction, the sensing scheme does 

not require labeling of the molecules. This property of SPR sensors enables the 

real time analysis of the biological and molecular interactions.  

There are two conventional methods (prism coupling and grating) of excitation of 

surface plasmon polaritons that are mostly used in SPR sensors which are 

explained in the previous chapter. The Kretschmann geometry uses coupling of 

evanescent waves produced by the attenuated total internal reflection (ATR) of 
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incident light with surface plasmon and it is the most popular among the SPR 

sensors.  

In the SPR sensor the quantity that is to be measured is the refractive index. The 

excitation of SPP is observed as the resonant absorption of the energy of the 

incident wave on the surface. Owing to this fact, the variations in the optical 

output parameters are interrogated to determine the refractive index changes. The 

sensor output can be coupling angle, wavelength, phase, intensity or polarization 

[13] according to the type and operation preferences of the sensor.  Figure 3.1a 

shows an example of an SPR sensor that uses Kretschmann geometry. The sensor 

output that is the reflected intensity with respect to the angle of incidence is given 

in the Figure 3.1b. As the refractive index of the medium above the metal film 

changes, the excitation angle of the SPPs shifts. Measuring this shift, the variation 

of the refractive index can be detected. 

 

Figure 3.1 (a) Schematic of an SPR sensor based on Kretschmann configuration. 

(b) The reflected intensity profile with respect to the angle of incidence (θ). The 

excitation angle of the SPP shifts as the refractive index of the dielectric medium 

changes. 

 

One of the widely used interrogation methods is angular modulation. The angular 

modulation based SPR sensors use monochromatic light. The sensor output is the 
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incidence angle at which the resonance condition is satisfied. Therefore the 

possible angular range is scanned to obtain the SPR excitation angle. Any change 

of refractive index will lead the shift of this angle allowing the detection of 

varying index of refraction [20-22].  

Another interrogation method is wavelength modulation method. This time the 

angle of incidence is kept constant and the source is a collimated light with all the 

wavelengths in it. The wavelength at which the strongest coupling occurs is the 

resonance wavelength. Measuring the change of the resonance wavelength, 

change of refractive index can be determined [23, 24]. 

There are also intensity interrogated SPR sensors that measure the intensity of the 

reflected beam at which the resonance condition is satisfied by keeping the 

incidence angle and wavelength constant. The reflected intensity changes as the 

refractive index of the dielectric medium changes. So the intensity interrogation 

SPR sensors use this dependence to sense the refractive index variations [25-31]. 

The SPR sensors with phase and polarization modulation sense the variation of 

the phase and polarization as the refractive index changes [32, 33]. 

The most common SPR sensors use intensity, wavelength or angular [34, 35] 

interrogation methods. 

 3.2. Performance characteristics of SPR sensors  

The performance of a SPR sensor can be tested in terms of the parameters that can 

be listed as sensitivity, linearity, resolution, accuracy, reproducibility, dynamic 

range, limit of detection and limit of quantification [13]. These are mainly related 

to the optical design of the SPR sensor. 

The sensitivity of the SPR sensor is the derivative of the sensor output with 

respect to the quantity that is to be measured. Usually in SPR sensors the 

parameter to be measured is the refractive index (RI), n, thus; 
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where Y is the measured output quantity.  

The resolution of the SPR sensor is the smallest amount of change in the quantity 

to be determined that can be detected by the sensor. Resolution is a measure of the 

detector’s ability to determine the SPR parameter that is to be measured. Thus, it 

depends on the detector noise,  . The resolution of a sensor depends on the noise 

in the measured intensity of reflected light. The resolution   is defined as: 

  
 

 
 

The dynamic range of the sensor is the range of the values of the quantity to be 

measured that can be measured by the sensor.  

The limit of detection (LOD) is the value of the quantity that is to be measured 

from the smallest output value that can be measured. It depends on the 

interactions between the analyte and the biorecognition element and the mass 

variation on the surface of the sensor. 

The accuracy is the degree of closeness of the measured quantity to the actual 

value of that quantity. For a sensor usually it is defined as the percentage of the 

ratio of the error to the output.  If the relation between the sensor output and the 

parameter that is measured (RI) is linear, the sensor is said to be linear which 

simplifies the calibration of the sensor. Most of the biosensors have non-linear 

response to the concentration of the analyte. The reproducibility of the sensor is 

the attainment degree of the sensor to the same results when the measurement is 

done multiple times.   

Typical refractive index sensors with Kretschmann geometry that work with 

intensity modulation method have reported resolutions that are around      
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     RIU (Refractive Index Unit). In 2006 Lechuga et al. used a multilayer 

structure where they have combined magneto-optic activity of the magnetic 

materials with SPR. They improved the sensitivity of the conventional SPR 

sensors from the order of      to        RIU [36]. Following the studies of 

angular or wavelength modulation based sensors with a prism coupler [37-39], the 

resolution of the commercial sensors have been improved down to        RIU 

by Biacore. Another prism coupled SPR sensor type is phase modulation based 

sensor. In 2004 Wu et al. presented a Mach-Zehnder interferometer where the 

interference of TM and TE polarized waves are formed. The sensor resolution was 

determined to be          [40].  

Refractive index sensors that use grating coupling method for excitation of the 

SPPs are not as commonly used as the sensors which use prism coupling. Homola 

et. al. used grating coupling and angular spectroscopy based SPR sensor for 

refractive index measurements with a monochromatic light. They presented their 

resolution as        RIU [41]. Later Homola and Telezhnikova developed a 

different sensor where they used a polychromatic light incident on a grating 

structure. Using a position sensitive detector they detected the spectrum of the 

diffracted light. The sensor was reported to be available to measure refractive 

index changes as small as          RIU [42].  

For the study of binding of large analytes or molecules on the surface, long range 

surface plasmon based sensors are presented to be very sensitive with resolutions 

around       RIU [43]. Long range surface plasmons are not sensitive to the 

changes in the surface as the surface plasmons. Their sensitivity is high for the 

farther regions from the surface when compared to short range surface plasmons. 

That is the reason they are used to sense large analytes. 

A detailed comparison and analysis of the recent sensors that are used for food 

quality and safety measurements and medical diagnostics are presented in the 

review paper by Homola [44]. Among medical diagnostic purposed sensors the 
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lowest LOD that is used commercially is by Besselink et. al. using sensor system 

Ibis II [45]. Using prostate-specific antigen (PSA) as an analyte they established 

LOD as small as 0.15 ng/mL. For environmental monitoring Farre et. al. had 

presented LOD of their sensor system as 20 pg/mL [46]. 
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Chapter 4  

4. Plasmonic Interferometers 

The SPR sensor that will be presented in this thesis is based on surface plasmon 

interference. There are many studies recently conducted on the surface plasmon 

interferometry [5-7, 47, 48]. Since SPPs are the electromagnetic waves 

propagating on a metallic surface, two surface plasmon waves can interfere 

constructively or destructively depending on their relative phase. The interference 

obtained in the presented sensor can be observed and interrogated owing to the 

extraordinary transmission of light through subwavelength slits which was first 

observed by Ebbesen et. al. in 1998 for a square array of circular apertures where 

SPPs play an important role.  

To understand the physics behind the interferometer, the extraordinary 

transmission through subwavelength apertures and the previous applications of 

the observations of this extraordinary transmission phenomenon which are related 

to surface plasmon interferometry has to be understood. 

  4.1. Extraordinary transmission through subwavelength 

apertures 

The interest in the transmission of radiation through thin conducting films has 

been initiated by the observation of Ebbesen et. al. in 1998. The extraordinary 

transmission phenomenon is observed through the subwavelength aperture arrays 

[2]. The studies based on the transmission followed that observation.  Thin film is 

patterned with an array of holes [3, 4, 49-52] or a single hole that is surrounded by 

surface corrugations [3, 53] to enhance the transmission in some of these studies.  
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The transmission through an aperture involves diffraction phenomenon and it can 

be explained by some approximations of the classical diffraction theory. When the 

radius of a circular aperture,  , is larger than the wavelength of the incident light, 

  , the Huygens-Fresnel principle, so the scalar diffraction theory by Kirchoff, can 

be used to understand the nature of the transmitted intensity. It is in the form of an 

Airy function pattern where a bright spot in the center is surrounded by concentric 

rings with decreasing intensity. The transmission coefficient T, which is the ratio 

of the transmitted intensity to the incident intensity, is approximately unity for an 

aperture where       . 

The surface plasmon polaritons are effective in the transmission for the 

subwavelength regime where      since the near-field effects are dominant. 

Bethe and Bouwkamp [54, 55] have shown the exact analytical solution for the 

transmission from subwavelength circular apertures on an infinitely thin metal 

film with infinite conductivity. The aperture is theoretically treated as a magnetic 

dipole located in the plane of hole. The transmission coefficient is calculated to be 

proportional to  
 

  
 
 

which is a very small value and agrees with the Rayleigh’s 

theory of scattering by small objects.  

For a metal film with finite thickness Bethe and Bouwkamp’s model is applicable 

for apertures which allow only decaying modes. This condition is satisfied for the 

cases where the diameter of the aperture is related to the initial wavelength by 

        for circular and   
  

 
 for square holes [9].  For the cases where the 

propagating modes are allowed, this theory is not applicable and the transmission 

observed is higher owing to the waveguide behavior. 

A real metal film has a finite thickness and a finite conductivity therefore it is not 

perfectly opaque which renders the theory of Bethe and Bouwkamp invalid. A 

metal film is opaque for thickness on the order of several skin depths. That kind 

of apertures prevents the tunneling of the radiation and therefore the localized 

surface plasmons play a significant role in the transmission phenomenon [56]. 
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The transmission of incident light on a metal film with a periodic array of 

subwavelength apertures can be enhanced due to the excitation of SPPs via 

grating coupling. The SPP field energy is then tunneled to the other side of the 

metal and scattered into the far field on the other side. Ebbesen et. al. observed an 

extraordinary transmission of light through the surface of a thin metal film with a 

subwavelength hole array where the transmission coefficient is larger than unity 

(   ).  The light that tunnels through the aperture was more than the incident 

light on the area of the aperture. The peaks of the transmitted light occur at the 

wavelengths which allow the excitation of the SPPs by the grating structure 

showing clearly that the transmission phenomena is mediated by propagating 

SPPs through the apertures.  

Observation of the extraordinary transmission is also possible for single apertures 

surrounded by grating-like surface corrugations/grooves where the incident light 

is coupled to the propagating SPPs by grating coupling and transmitted through 

the slit [57, 58]. Also a bull’s eye structure where concentric circular grooves 

surround a single subwavelength hole and act as a grating structure leads to the 

observation of the transmission that is higher than unity     ) at the 

wavelengths that SPPs are excited [59].  

The effect of the geometrical parameters on the transmission is studied by many 

groups in ref.  [60-64] which confirmed the SPPs have an important role in the 

transmission process.  

In a one dimensional slit structure where the slit allows the propagation of the 

SPPs transmission is due to the resonances of the slit waveguide mode and 

depends on the thickness of the metal film [65, 66]. 

The transmission through a single aperture involves the excitation of localized 

surface plasmon (LSP) modes at the edges of the aperture. Single aperture 

diameter is effectively increased when the localized surface plasmons are excited.  
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The transmission is enhanced due to this increase since the cut off wavelength of 

the fundamental waveguide mode is increased [67]. 

For a single subwavelength aperture, the dimensions of the aperture can be 

optimized for maximum transmission. The geometrical from of the aperture 

determines the spectral position of the LSP mode. The transmission increases due 

to the field enhancement at the rim of the aperture at the wavelength which allows 

the LSP excitation [56]. 

The field transmission through a single subwavelength aperture can be enhanced 

by several methods that will improve the coupling between the interfaces of 

incidence and exit. Using multilayer structures [68, 69] or filling the aperture with 

a high index dielectric [70] can be listed as some of these methods.  

 4.2. Applications of extraordinary transmission and SP 

interferometry  

Extraordinary transmission through subwavelength apertures on metal films that 

is first observed by Ebbesen started a new research subject which is based on 

understanding of fundamentals of nano-optics. This intriguing property also led to 

practical applications in experimental studies. In this section some of the 

important applications of this transmission phenomenon and studies and sensors 

based on surface plasmon interferometry will be reviewed.  

A fundamental observation from Young’s double slit experiment has been applied 

to surface plasmons by Schouten et al. [47]. The transmission from two parallel 

subwavelength slits which are separated by many optical wavelengths is studied. 

Far field double slit pattern is observed that can be enhanced or reduced by 

modifying the wavelength of the incident light. The angle integrated transmission 

coefficient is studied and the polarization dependence and the wavelength 

dependent nature of the transmission showed that the surface plasmon assistance 

exists. Figure 4.1 (a) shows the schematic of the experiment.  
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Enhanced transmission is used in applications such as enhancement of fluorescent 

emission from molecules that are placed in a subwavelength aperture by Rigneault 

et al. [53] and further developed by adding circular grooves around the aperture 

and creating bull’s eye structure [71] explained in the previous section.  

Sensor applications of the extraordinary transmission phenomenon are also 

studied widely where the applications are based on nanohole array surface 

plasmon resonance sensing [3, 4, 51, 52, 72] or surface plasmon interferometry.  

In the previous section the wavelength dependence of the surface plasmon 

resonance at the nanohole arrays was explained. This wavelength dependence 

allows the usage of nanohole arrays as refractive index sensors since the 

resonance wavelength shifts by changing refractive index of the medium 

surrounding the nanohole arrays [51, 72]. Lee et al. also showed that quasi one-

dimensional nanoslit arrays also can be used for refractive index sensing. It has a 

sensitivity comparable to that of two dimensional nanohole arrays [52].  

Refractive index sensitivity studies also led to the use of nanohole arrays for 

detection of the adhesion of self assembled monolayers and the adhesion of 

proteins and binding of organic molecules to the metallic surface [4] 

Surface plasmon interferometry is based on the interference of surface plasmon 

polaritons excited by a pair of subwavelength slits or a slit-groove pair. There are 

many studies on surface plasmon interferometry which are based on the 

measurement of the transmission spectrum [5, 47, 48]. In 2007, Temnov and 

Woggon [48] have used surface plasmon interferometry to measure the group 

velocity of surface plasmons propagating on a thin metal film on which a groove 

and a slit is etched by focused ion beam (FIB). They have measured surface-

plasmon-mediated interference in the spectral domain. In Fig 4.1 (b) their 

experimental geometry is shown. Imaging spectrometer is used to record the 

transmission of the white light that illuminates the slit.  The transmission spectra 

that they observed shows wavelength dependent oscillations that agree with the 

work conducted by Schouten et al. [47].  The oscillations indicate that the SPPs 
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that are excited at the slit propagate through the groove and the partially scattered 

SPPs from the groove propagate back to the slit and interfere with the directly 

transmitted light from the slit. The SPP scattering from rectangular grooves are 

studied in detail by Kuttge et al. [19] and Brucoli and Martín-Moreno [18] as 

depicted in the chapter two. The study of the transmission oscillations leads the 

calculation of the group velocity of the SPPs in agreement with the theoretical 

values.  
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Figure 4.1 (a) Schematic of the plasmon assisted double slit experiment conducted 

by Schouten et al. [47] a few nm of Ti layer is coated as adhesion layer and thin 

film is coated on it. There are two parallel slits etched on the Au thin film.  When 

illuminated from above the SPPs generated at the slit on the right propagates and 

interferes with the transmitting light on the left and vice versa. The surface 

plasmon is then back converted into free space radiation. The propagating SPPs 

are indicated by the dashed line. (b) Schematic of surface plasmon interferometer 

used by Temnov et al [48] to measure the group velocity of surface plasmons. (c) 

Vertical Plasmonic Mach Zehnder Interferometer [6] 

Interferometry is a very sensitive method that is used to measure and study the 

binding of molecules on the surface and interactions between molecules. 

Therefore recently surface plasmon interferometry studies have attracted attention 

as a sensing method of changes in the index of refraction [5-7]. Debackere et al. 

[7] have used the excitation of SPPs by waveguide where the plasmon modes at 

the upper and lower interface of the metal layer have different phase. The 
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interference of these two modes was observed in the output waveguide. Any 

change in the bulk refractive index of the dielectric above the metal layer resulted 

in the change of the interference. The shift in the transmission spectra as the 

refractive index changes was also presented.  

Vertical plasmonic Mach-Zehnder Interferometer (VPMZI) was used for sensitive 

optical sensing in 2009 by Gan et al. [6] where two parallel nanoslits were 

perforated on a metal film that is on a glass substrate. Figure 4.1 (c) shows the 

interference scheme of the VPMZI. Both sides are available to support SPP 

propagation and the interference generated by these SPPs is used to sense the 

refractive index changes on the metal surface.  

The most recent plasmonic interferometer for biosensing is presented by Feng et 

al. [5] where parallel groove slit groove (GSG) configurations integrated with 

microfluidics are used with varying slit groove distances (Figure 4.2). It is a 

multispectral interferometer where the GSG configuration is illuminated by a 

multi-wavelength light and the interference of the two surface plasmon modes 

generated at the grooves are interfered at the slit with the directly transmitted light 

through the slit. The spectral transmission through the slit is interrogated. The 

transmitted intensity depends on the wavelength and the distances between the 

grooves and the slit. The presented sensor has 20fL of sensing volume and 

resolution of        RIU (refractive index unit). 
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Figure 4.2 Schematic of parallel groove-slit-groove (GSG) configurations from 

the plasmonic interferometer presented by Feng et al. [5]. The slit-groove 

separation distances vary between 0.2 and 10 μm. When the surface is 

illuminated, the SPPs generated at the gro grooves (blue) propagate towards the 

slit and interferes with each other and directly transmitted light through the slit 

and at the other side of the slit it is converted into free space radiation (below). 

 

The works that are reviewed in this chapter illustrates the importance and the 

prevalence of the surface plasmon resonance sensors that derive the benefit from 

plasmonic interferometry. All of the presented sensors use the analysis of the 

transmission spectra of the multifrequency light. In this thesis we present a 

plasmonic interferometer for high-throughput sensing which does not require any 

spectral measurement and provides more practical sensing scheme by interference 

pattern interrogation. 
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Chapter 5  

5. Subwavelength Plasmon 

Interferometer for High-Throughput 

Sensing 
 

This chapter will be published in Optics Letter as “Subwavelength plasmon 

interferometer for high-throughput sensing” Ozlem Yavas, Coskun Kocabas, Vol 

37, Iss. 16, pp. 3396-3398. Reproduced (or ‘Reproduced in part’) with permission 

from Optical Society of America.  

Small detection volume [73], increased analysis speed and reduced cost [74] are 

the main driving forces for miniaturized lab-on-a-chip systems [75]. 

Subwavelength holes on opaque metal films provide a unique configuration for 

miniaturized sensors. Transmitted light through these tiny holes is governed by 

the electronic resonance in the surface of the metal film. Excitation of surface 

plasmon-polaritons (SPPs) on the metal-dielectric interface characterizes the 

resonance condition. The sensitive dependence of the plasmon resonance 

condition on the dielectric constant of the medium is used for label free sensing 

applications [76]. 

Surface plasmon resonance sensors (SPR) are widely used to measure 

biomolecular interactions on functionalized metal surfaces [8, 77, 78]. SPPs are 

confined electromagnetic modes at an interface between two media with opposite 

permittivity at the working wavelength, i.e. metal-dielectric interface. Gold, silver 
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and aluminum has negative dielectric constants at the visible spectrum, therefore 

they are used as a metal substrates to support SPPs.  Variation of the dielectric 

constant of the medium on the metal layer changes the wavevector of SPPs, 

results in a change in the excitation efficiency. Detecting the reflected power from 

the metal surface through a prism provides a sensitive means of detecting index of 

refraction. Surface specific detection together with the high sensitivity allows the 

widespread acceptance of SPR sensors. Different types of SPR sensors have been 

proposed to increase the detection sensitivity [79, 80]. Sensing schemes based on 

long-range SPs [43], localized SPs [81] and transmission through nanohole arrays 

are examples for sensitive ones. Signal interrogation techniques give another 

degree of freedom to optimize SPR sensors. Various physical parameters, such as 

intensity, wavelength [82] and phase [83], have been implemented with different 

interferometer geometries to improve the detection sensitivity. Recently, 

subwavelength plasmon interferometers [84, 85] received attention due to their 

small detection volume and large sensitivity. Different combinations of parallel 

grooves and slits generate spectral interference in the transmitted light [86]. 

Measuring the spectrum of the transmitted light provides sensitive methods for 

label free sensing [5]. Due to the requirement of a tunable light source or a 

spectrometer, multispectral plasmon sensors are not very practical for high 

throughput applications.  

In this Thesis, we demonstrate a refractive index sensor based on a subwavelength 

plasmon interferometer using monochromatic light. Very high contrast fringe 

pattern is generated by the plasmon interferometer that consists of a sub-

wavelength slit-groove pair with a small angle between them. The small angle 

between the groove and the slit provides spatially varying slit-groove distance 

which generates a high-contrast interference pattern. By interrogating the relative 

position of interference fringes, one can determine the refractive index of the 

dielectric medium on the metal surface. This is a practical yet very sensitive 

refractive index measurement scheme. The developed subwavelength plasmon 

interferometer has four distinct advantages: (1) the interferometer uses 
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monochromatic light, (2) the sensor does not need a bulky prism or grating 

structures to excite SPPs, (3) the signal interrogation requires a simple image 

processing, and (4) the sensor has very small detection volume (100fL).     

 

 

 

 

Figure 5.1 Schematic representation of the plasmon interferometer. The 

interferometer is fabricated on a quartz substrate coated with 150nm thick gold 

film. 
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Figure 5.1 shows the schematic drawing of the plasmon interferometer. The 

interferometer consists of a sub-wavelength slit-groove pair with a small angle 

between them.  The distance between the slit and the groove varies with the 

position x along the slit, as            where θ is the tilt angle. Similar 

structures were fabricated with the tilt angle (θ) of 5
0
, 10

0
 or 15

0
.  Scanning 

electron microscope (SEM) images of the fabricated slit-groove pairs with tilt 

angles of 5, 10 and 15 degrees are given in Fig. 5.2a,b and c respectively.  
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Figure 5.2 (a,b,c) Scanning electron microscope images of the fabricated plasmon 

interferometer with grove-slit angle of 5, 10 and 15 degrees, respectively. The 

width of groove and slit is 200nm and 100 nm. (d,e,f) Optical microscope images 

of the interference fringe pattern generated by the interference of SPPs excited by 

the groove and the slit pair when the surface is illuminated by a diode laser with 

wavelength of 635nm.  The scale bars are 10 µm. 
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The slit-groove pairs are etched using focused Ga
+
 ions with 50pA on 150 nm 

thick gold film deposited on a quartz substrate.  We observed that to obtain high 

contrast fringes, the metal film should be thicker than 100 nm. The length of the 

slit and groove are 50μm. The width of the slit and the groove is 100 nm and 200 

nm, respectively. The slit extends through the gold layer, and the groove has a 

depth of 100 nm.  

To obtain the interference patterns, we illuminated the slit-groove pairs with a 

collimated diode laser (λ=635 nm). The polarization of the laser is orthogonal to 

the slit length. The transmitted light was imaged by a CCD camera (Scion Corp.) 

through a microscope objective.  The optical micrographs of high contrast fringe 

patterns due to the interference of SPPs are shown in Fig. 5.2d,e and f, for groove-

slit angle of 5, 10 and 15 degrees, respectively. In contrast to the multispectral 

plasmon interferometers reviewed in the previous chapter, the tilt angle allows us 

to obtain the interference pattern with monochromatic light. The SPPs interfere as 

they propagate through the slit. The plasmons generated by the groove accumulate 

a phase as they propagate the separation distance between the groove and slit. 

Since the separation distance varies along the slit, a sinusoidal interference pattern 

is observed. The period of the interference pattern (Λ) can be written as 

               (5.1) 

 

where λ is the wavelength of the light source,      is the effective index of SPPs 

and θ is the tilt angle. The effective index can be written as  

                        (5.2) 

 

where    and    are the dielectric constant of the metal and dielectric, 

respectively. The period for tilt angles of 5, 10 and 15 degrees calculated for gold-

water interface are 5.08, 2.55, 1.71µm,  respectively. 
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To test the performance of the sensor, we integrated the plasmon interferometer 

with a microfluidic device. The microfluidic device was fabricated using PDMS 

(polydimethylsiloxane) based rapid prototyping [87]. The medium flowing inside 

the microchannel is deionized water and the refractive index is controlled by 

varying the concentration of salt (NaCl). The interference pattern is imaged by a 

CCD camera. Fig 5.3 shows the configuration of the experimental setup and 

Figure 5.4 shows the CCD images taken with no fluid flowing through the 

channel (Fig. 5.4a) and with water flowing through the channel (Fig. 5.4b). The 

refractive index change is so high that the number of fringes has changed. Figure 

5.4c and d shows the Matlab simulations of the two cases shown in Fig 5.4a and 

b. The theoretical plots of the intensity profiles are generated by Matlab with the 

method and parameters that will be described below and they agree with the 

intensity profiles of the CCD images.   
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Figure 5.3 The experimental setup to test the sensitivity of the sensor. 
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Figure 5.4 (a,b) CCD images taken by illuminating the slit groove pair with tilting 

angle of 10 degrees with air-gold interface (a) and with water-gold interface (b). 

(c,d) The Matlab simulations of the intensity profile along the slit for air-gold (c) 

and water- gold interfaces.  
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Fig. 5.5a shows overlaid images of interference pattern obtained for various index 

of refraction between 1.34 to 1.37. There are 21 fringes in the length of 50 µm. 

We indexed the fringes starting from the intersection point of the groove and the 

slit. When we increased refractive index of the liquid, we observed that the period 

of the interference pattern decreases and the fringes shift spatially toward the 

intersection point. To guide the eye, we drew lines connecting the center of 

fringes in Fig. 5.5a. The displacement of the fringes depends the total 

accumulated phase as SPPs move from the groove to the slit. This phase is a 

function of wavevector of SPP and the groove-slit separation distance as 

           
       (5.3) 

 

The fringe displacement increases linearly with the fringe number. The position of 

the first fringe (at the intersection point) stays constant owing to the small groove-

slit separation distance. We measured the relative position of the fringes with 

respect to the first one. Fig. 5.5b shows the intensity distribution of the first three 

fringes. Fig. 5.5c shows the last four fringes on the interferometer. The fringe 

displacement increases linearly with the groove-slit separation distance. Fig. 5.5d 

shows the fringe displacement for 1
st
, 14

th
 and 20

th
 fringes as function of index of 

refraction. 
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Figure 5.5 (a) Optical microscope images of the fringe pattern generated by 

plasmon interferometer with a tilting angle of 10 degrees, integrated in a 

microfluidic device. The index of refraction of the medium is varied linearly 

between n1=1.34 and n5=1.37. The pattern has 21 fringes. The relative position of 

the fringes shifts as the index of refraction changes. (b,c) Spatial intensity 

distribution of the first and last four fringes. The relative positions of first fringes 

stay nearly constant. (d) Fringe displacement as a function of index of refraction. 

The slope of the curve provides the sensitivity of the sensor.  
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To understand the ultimate performance of the demonstrated plasmon 

interferometer, we would like to develop a numerical model to calculate the 

interference pattern and the detection sensitivity. As the surface is illuminated by 

collimated light, both groove and slit generates SPPs on the metal surface. The 

SPPs generated by the slit are transmitted through the metal, whereas the SPPs 

generated by the groove travels the slit-groove separation distance, d(x), and then 

they are transmitted to the other side of the metal. The presence of two phase-

shifted electric fields at the slit position produces interference.  The intensity of 

the transmitted light is square of the total electric field intensity at the slit. 

Total intensity of the transmitted light through the slit is written as [48, 88]   

           
       

                 (5.4) 

 

where       and             
        are the intensities of the transmitted light 

generated by slit and groove, respectively. The phase difference between the two 

electric field is  

          
         (5.5) 

 

where     
   and      

   are the real and imaginary part of the surface plasmon 

wavevector           
        

   .    is unknown constant phase shift that arises 

from the differences of the propagated distance in air and the coupling of surface 

plasmons at the groove and the slit. The imaginary part of the wavevector defines 

the optical loss on the metal film. Figure 5.6a shows the calculated normalized 

intensity distribution along the interferometer with a slit-groove angle of 10 

degrees. The inset in Fig. 5.6a shows the recorded CCD image of the interference 

pattern. There is a very good agreement between the observed and calculated 

fringe pattern. The contrast of the fringes decreases with increasing fringe number 

because of the optical loss of the metal. The period of the fringe pattern decreases 

with increasing index of refraction (            ). Figure 5.6b shows the 
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calculated (blue line) and measured (scattered plot) period of the fringe pattern. 

An easy way to find the refractive index of the medium is to record the relative 

displacement of the fringes. Fig. 5.6c shows the displacement of the fringes 

normalized by the period of the fringe pattern (Λ) as a function of change of index 

of refraction.  The normalized displacement increases linearly with the fringe 

index. To quantify the sensitivity we define two types of figure of merit; 

normalized displacement per refractive index, 

           (5.6) 

 

and normalized intensity change per refractive index unit, 

           (5.7) 

 

The inset in Fig. 5.6c shows the calculated displacement sensitivity S1 as a 

function of fringe index. Displacement sensitivity, S1, of 17 RIU
-1

 can be 

obtained with the 21th fringe of a plasmon interferometer with a length of 50 µm. 

The calculated normalized intensity change per refractive index unit, S2, is shown 

in Figure 5.6d as function of position along the slit. The sensitivity increases 

along the slit and reaches to a maximum value of 70 RIU
-1

 around 50 µm. For 

longer slit-groove distances sensitivity starts to decrease owing to the optical loss 

of the metal surface.  
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Figure 5.6 (a) Calculated interference fringes for two different index of refraction 

(n=1.33, black curve, n=1.34, red curve) generated by a plasmon interferometer 

with a length of 50 µm and a slit-groove angle of 10 deg. The inset shows the 

CCD image of the interference fringes.  (b) Measured and calculated period of the 

fringe pattern as a function of change of index of refraction. (c) Normalized 

displacement of the fringes as a function of change of index of refraction. The 

inset shows the sensitivity as a function of fringe index. (d) Normalized intensity 

change along the slit position. 
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Chapter 6  

6. Conclusion 

 

In this thesis we demonstrated a sensitive sensor based on a sub-wavelength 

plasmon interferometer. The small size of the sensor together with the ability to 

be integrated with microfluidic devices are the advantages of the presented sensor. 

Oblique orientation of the slit-groove pair introduces a position dependent phase 

difference which generates repeating constructive and destructive fringes along 

the interferometer. Interrogation of the position and the intensity of the fringes 

provide sensitive means for refractive index measurements. This sensor, unlike 

the previous plasmon interferometry based sensors, provides a very practical 

scheme which does not require spectral analysis of the transmitted light through 

the slit. The fringe pattern interrogation is a simple image processing method. 

This practical scheme can also be improved by using different geometries of slit 

groove pairs or nanohole and circular groove pairs. The fringe contrast can also be 

improved by using mirror symmetric grooves at the both sides of the slit. If these 

grooves have the same angle and distance from the slit, the position dependent 

phase shift would be same at the both sides, leading higher contrast fringes.  

Different fabrication methods can be used to eliminate the difficulty of using 

focused ion beam (FIB). As an example the phase shift lithography is a practical 

lithography method for generating slits. The groove generation may need more 

steps of lithography techniques. Still the cost may be reduced by using 

lithography techniques. 



 

 

 

CHAPTER 6. CONCLUSION                                                                               51 

 
 

 

We have tested our interferometer to detect the refractive index variations on the 

surface as presented. The sensor can further be used for label free analysis of 

molecular binding on metal surface or molecular interactions in bulk solutions. 
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