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ABSTRACT 

Surface Plasmon Polaritons (SPP) is a quasi two dimensional electromagnetic wave 

coupled with the free electrons in the metal. Most of the electric field and magnetic 

fields are contained in the dielectric. Since SPP is a wave, it should exhibit wave-like 

behavior such as, interference, diffraction etc. Young’s double slit experiment is the 

most famous interference experiment. Two parallel waveguides were used for 

producing interference patterns with SPPs, which is equivalent to the Young’s double 

slit diffraction experiment. SPP interference was studied using SPP tomography.  A 

series of experiments were done changing the separation of the waveguides. There was 

a good correspondence between observed and simulated interference patterns. 
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CHAPTER I 

INTRODUCTION 

Surface Plasmon Polariton Photonics, or Plasmonics, studies the propagation 

and confinement of the electromagnetic field in the interface of a metal and a 

dielectric. The study of Plasmonics concerns investigations into the design and 

characterization of optical nanostructures for creating new features in instrumentation 

of nanoscale sensors for chemical and biomedical uses, disease treatment, increasing 

the performance of solar cells, information technologies and various other applications 

[1,2]. In recent years intensive investigations of Surface Plasmon Polaritons have been 

made in the promising context of Plasmonics. This study is motivated by the current 

trends to investigate the optical properties of Surface Plasmon Polariton. 

Plasmon is known as the quantization of plasma oscillation, - the collective 

longitudinal excitation of the conduction electrons in a metal. When this coherent 

electron oscillation exists at the interface between any two materials, it is known as 

Surface Plasmon. Surface Plasmon coupled with an electromagnetic field produces an 

excitation which is known as Surface Plasmon Polariton (SPP). The nature of the SPP 

can be summarized as follows: SPP is a combination of a quasi two dimensional 

electromagnetic wave with a longitudinal charge density wave, where the magnetic 

field is parallel to the interface and most of the electric field is perpendicular to the 

interface [3]. Figure 1.1 shows a schematic diagram of SPP. 

The electromagnetic field of a SPP at a dielectric-metal interface can be 

obtained by using Maxwell’s equations with appropriate boundary conditions. A.V. 

Zayats et al. [4] presented in their paper a detailed mathematical approach of finding 

electromagnetic field and dispersion relation for SPP. In their calculation, they 

consider a system of a dielectric material which has an isotropic, real, positive 

dielectric constant ε1, in the z>0 region and a metal which is characterized by an 
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Figure 1.1: Schematic diagram of Surface Plasmon Polariton. 

isotropic, frequency dependent, complex dielectric function of the form  

                   ;  in the z<0 region. 

Let us consider the transverse magnetic (TM) wave, i.e., p-polarized wave in the 

structure as shown in Figure 1.2 that propagates in the x-direction. Magnetic field 

vector is perpendicular to the plane of incidence for this kind of polarization. When 

this wave propagates along the x-direction, its amplitudes decrease exponentially with 

increasing distance into each medium from the interface (z = 0). So we can write the 

solutions of Maxwell’s equations for this kind of wave motion in the region z>0 as: 

                         
           (1.1) 

           
  

    
   

               
          (1.2) 

Where,   
         

 

 
 
 

 

 

 

 

In the region z<0 we can write the solution as, 

                         
           (1.3) 

           
  

      
    

               
         (1.4) 

Where,   
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Both   
  and   

  determine the decay of the electromagnetic field with increasing 

distance from the surface. 

 Equation 1.1 – 1.4 represents an electromagnetic wave which is localized to 

the dielectric – metal interface at z = 0. Hence the real parts of kz
(1)

 and kz
(m)

 have to 

be positive. The boundary conditions at the interface can be written as, 

   A = B  and   
  
 

  
   

  
 

    
    (1.5) 

These equations have a nontrivial solution, from which a relationship between the 

frequency ω of the p-polarized wave and its wave number k can be made, known as 

dispersion relation, 

     
  
 

  
   

    

  
    (1.6) 

 

  Figure 1.2: Surface Plasmon Polariton at a dielectric-metal interface [4] 

If we square both sides of equation 1.6 and rearrange terms, an expression for the 

wave number      of the SPP as a function of frequency can be written as [4], 

         
 

 
  

      

         
 

 

 
                                     (1.7) 
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Now by considering free electron expression we can write, 

           
  

 

      (1.8) 

In the above equation    is known as plasma frequency. The corresponding dispersion 

curve is shown in figure 1.3. 

  

Figure 1.3: Dispersion curve of SPP at a dielectric-metal interface [4] 

Since the electromagnetic field of SPP is decaying exponentially in the interface of 

dielectric and metal,   
  has to be real and positive. As a consequence of this condition, 

the SPP dispersion curve lies to the right of the dispersion curve of light in the 

dielectric medium, ω = ck / ε1
1/2

, which is also known as dielectric light line. This is 

why SPP is unable to radiate light into the dielectric medium. Consequently light from 

the neighboring dielectric cannot excite SPP [4]. Because of this, a special 

experimental arrangement must be designed to excite SPP which will provide 

conservation of the wave vector. Either diffraction effects or total internal reflection 

can be used to match the wave vectors of the photon and SPP. The most commonly 

known way to excite SPP is Kretschmann configuration, where the SPP wave vector 
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and the wave vector of photon are matched using photon tunneling in the total internal 

reflection process [5]. 

SPP excitation by using Kretschmann configuration (Figure 1.4) required that 

the angle of incident light beam be larger than the angle of total internal reflection, 

which will illuminate the metal film through the dielectric prism [6]. It is well known 

that optically dense medium increases the wave vector of photon. That is why a prism 

is used in this configuration to increase the wave vector of light to match the wave 

vector of SPP. Surface Plasmon coupled to light when the parallel component of the 

wave vector of the photon in the prism coincides with the wave vector of SPP on a 

metal-air interface for a particular angle of incidence and tunneling of photon occurs 

through the metal film [7]. Hence the resonance condition can be written as: 

        
 

 
               (1.9) 

 

Figure 1.4: Schematic diagram of Kretschmann configuration [3]. 

On the other hand, excitation of SPP from the air is not possible because wave vectors 

of SPP are always greater than the wave vector of photon in air (Figure 1.5). When the 

efficiency of photon coupling with SPP is high, reflectivity of light from the prism-

metal interface decreases to its minimum point which agrees with the resonant 

conditions. Since excitation of SPP depends on the tunneling of resonant light, as the 

tunneling distance increases because of the increase in the thickness of the metal film, 

the efficiency of the SPP excitation decreases. The wave vector of SPP is larger than 
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the wave vector of the photon in the prism-metal interface for all angles of incidence. 

Because of this SPP cannot be excited in the prism-metal interface. To excite SPP in 

this interface, a dielectric layer needs to be deposited between the prism and the metal 

film. The refractive index of this additional dielectric layer has to be smaller than that 

of the prism [7]. When photon tunneling occurs through this additional dielectric 

layer, it provides resonant excitation of SPP in this interface. In this way, for different 

angles of illumination, SPP can be excited both on the surface and interface with this 

type of two layer configuration. 

 

Figure 1.5: Excitation of SPP via Kretschmann configuration [2]. 

The above diagram [Figure 1.5] illustrates the wave vector matching in the 

Kretschmann configurations. The red line is the SPP dispersion curve and the black 

lines are the light line, i.e., frequency and wave vector relationship for photon 

propagating in the air and dielectric. The point of intersection between the photon in 

dielectric line and the SPP dispersion curve determines the SPP excitation that 

satisfies the energy and momentum conservation. 
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 In Figure 1.6, a graphical representation (using Mathematica simulation) of the 

relationship between reflectivity and incidence angle is shown. As the incident angle 

increases, there is a sharp increase in the reflectivity at approximately the same 

position as seen if there is no metal layer on the prism. It can be easily seen from the 

graph that total internal reflection (TIR) occurs at the same location regardless of the 

existence of the metal on the prism. After that angle, a sharp dip occurs which 

signifies the absorption maximum as the SPP coupling conditions are met [3].  

 

Figure 1.6: Graphical representation of Reflectivity vs. Angle of SPP excitation [3]. 

This thesis consists of four chapters. Chapter one gives a general overview 

followed by mathematical explanation of SPP and methods of SPP excitations. 

Chapter two provides a brief description of sample preparation, experimental and 

imaging methods, instruments and devices along with the description of fundamental 

principles behind the double slit diffraction experiment. Results and discussion are 

presented in chapter three, and conclusive remarks are presented in chapter four. 
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CHAPTER II 

SAMPLES AND EXPERIMENTAL SETUP 

 This chapter contains a brief discussion of various stages of sample 

preparation, its dimension, and description of the experimental setup. Imaging 

technique for this experiment, which is known as SPP Tomography, and, theory 

behind traditional double-slit experiment is also provided. 

Sample Preparation 

Sample preparation technique for this experiment consists of two separate 

stages; coating and pattering. In the first phase, a glass substrate is coated with a layer 

of chromium. The thickness of the chromium is maintained at approximately 2 nm. On 

top of this layer, a layer of gold of 50 nm in thickness is deposited. Chromium layer 

acts as an adhesive layer between the glass substrate and the gold layer. A thin layer of 

polymethylmethacrylate (PMMA), a transparent thermoplastic, is deposited on top of 

the gold layer. Thickness of this PMMA layer is roughly 100 nm. The second phase of 

the sample preparation is pattering, which uses electron beam lithography technique. 

First, three scattering feature 50 µm in length are etched by focusing an electron beam 

on the sample. The periods of these lines are roughly 600 nm, and each line is about 

~300 nm wide. Next, two parallel single mode Dielectric Loaded Surface Plasmon 

Polariton Waveguide (DLSPPW) of 3 µm long and a width of 600 nm each are etched 

into the PMMA layer. Figure 2.1 shows a schematic diagram of the cross-sectional 

and top view of the sample. 

(a)  (b)  

Figure 2.1: Schematic diagram of the sample. (a) Top view (b) cross-sectional view. 
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Experimental Setup 

The SPP tomography [8,9,10] (also called leakage radiation microscopy [11]) 

experimental setup consists of a 10 mW He-Ne laser, Nikon Eclipse TE300 optical 

microscope, and two charge couple device (CCD) camera. Figure 2.2 (a) shows a 

schematic diagram of the experimental setup. Excitation of SPP, collecting leakage 

radiation, and capturing images of SPP propagation can be done easily by using this 

simple but robust experimental setup, which is also called SPP tomography. 

Excitation of SPP was done using an incident beam of He-Ne laser of 

wavelength 632.8 nm. The laser beam is directed towards a low numerical aperture 

(NA=0.65, 40X) microscope objective lens by using optical fiber cables. Purpose of 

the objective lens is to focus the laser beam into a spot with a diameter of 5 µm. The 

incident focused laser beam is then placed on the scattering feature of the sample in 

order to excite SPP. After that, excited SPPs propagate through the sample and leak 

some part of its lights through the sample. Light that leaks through the sample is 

known as leakage radiation. Leaked light is then collected by a high numerical 

aperture (NA=1.49, 100X) immersion oil objective lens. A schematic of these types of 

the objective lens is shown in Figure 2.2 (b). In order to improve the quality of images, 

a spatial filter was inserted in between the immersion oil objective lens and the 

microscope’s internal lenses to block the direct laser beam. A set of lenses that are 

inside of the microscope were used for magnification, aberration correction, and image 

formation. Leakage radiations are collected by the immersion oil objective lens and 

corrected by the microscope’s internal lenses. A cube beam splitter is then used to split 

the radiation into two parts. One part is directed towards a CCD camera to capture the 

image of the sample’s surface. This image is commonly known as surface emission 

(SE) image. The second part of the beam is passed through a lens into another CCD 

camera to form an image known as a Back Focal Plane (BFP) image. A BFP image is 

equivalent to the Fourier Plane (FP) image with respect to the sample’s SE image. 

Basically, BFP images represent SPP’s two dimensional map of the momentum 

distribution that is excited in the sample’s surface. A computer is used as an output 
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device, which is hooked up with the CCD cameras, to capture images from the image 

camera and BFP camera. 

(a)                 (b)  

Figure 2.2: (a) Schematic diagram of the experimental setup [8], (b) Schematic of a 

high NA microscope objective lens [3]. 

Using the uncertainty principle, one can easily find out the relationship 

between the structure of the sample’s surface and BFP images. According to the 

uncertainty principle, it is impossible to get precise information about the position and 

momentum of a particle simultaneously. When momentum of a particle is well 

defined, information about its position becomes uncertain and vice versa. For 

example, when SPP propagates through a wave guide on the sample’s surface as 

shown in Figure 2.3 (c) (its position is localized in this situation), uncertainty in its 

position decrease and uncertainty in momentum increases. This is why a straight line 

appears in the BFP image, in the direction of SPP propagation (Figure 2.3 (d)). The 

wider/narrower the wave guide, localization of SPP in position space gets 

lower/greater causes uncertainty in momentum to decrease/increase; hence the line in 

the BFP image becomes shorter/longer. On the other hand, when excitation of SPP 
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occurs in a homogeneous surface, it tends to propagate in all direction. As a result, 

image in the BFP appears as a ring. If SPP is propagating in a particular direction on a 

homogeneous surface (Figure 2.3(a)), we will see an arc in the BFP image in the 

direction of SPP propagation as shown in Figure 2.3(b) [12]. 

It is also worth mentioning that the properties of the leakage radiation, a 

fundamental part of the SPP tomography technique, mostly depend on three major 

principles. Those principles are as mentioned by L. Grave de Peralta [13]: 

“(1) Light leaks from every point at the sample surface that a SPP excitation 

passes through. (2) From a given point at the sample surface, light leaks to the sample 

substrate in the direction of propagation of each SPP excitation passing through that 

point, and (3) The magnitude of the electric field of the light that leaks from a given 

point in a given direction is proportional to the magnitude of the electric field of the 

SPP excitation passing through that point in that direction.” 

L. Grave de Peralta et al. [9] included in their paper a detailed explanation and 

applicability of this superposition principle to SPP tomography. It was also shown that 

photons passing through the dark fringes of an interference pattern can be detected by 

using SPP tomography. Uses of SPP tomography are not limited to providing 

information about sample’s surfaces; this versatile technique can also be used to 

analyze the band gaps in a plasmonic crystal [14]. 
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Figure 2.3: (a) and (b) BFP and SE image of freely propagating SPP on a uniform 

sample surface [15], (c) and (d) SE and BFP image of a sample with wave guide. 

Theory of Double-Slit Diffraction 

 In any conventional double slit experiment, light from a monochromatic source 

S is allowed to pass through two closely spaced slits S1 and S2. The slits become two 

sources of spherical coherent light and, if the two slits are equal in size, amplitudes of 

the light waves coming out from the slits are comparable. A basic schematic diagram 

of a double slit experiment is shown in Figure 2.4. 

 Let us consider the width of the slit is b and separation between the slits is d. O 

denotes the origin, as shown in the figure. Let us also consider that the distance from 

slit S1 to point P is s1 and from S2 to P is s2. Distance from slit to the screen is L. A 

general equation for an infinitesimal displacement, for a spherical wave, can be 

expressed as [16, 17], 
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Figure 2.4: Schematic for a double slit experiment 

Now we need to integrate the above equation to include the two portions of the wave 

front that are coming from both of the slits. After integrating the equation from 

  
 

 
 

 

 
  to   

 

 
 

 

 
 , we get [16], 

  
  

      
      

 

 
               

 

 
                        

Using the trigonometric identity, 

                              

It can be written as, 

  
   

 

    

 
                

where,     
  

 
     

 

 
            and       

 

 
           

 

 
         

Let us assume that       
     

 
      ,  then we can write, 
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Since intensity is proportional to the square of the amplitude,- we can write, using the 

above equation, the expression for intensity as [15], 

      
   

    

 
 
 

        

Again, considering two waves that arrive at point P have traveled different 

distance    and     so they are superimposed with a phase difference, 

  
  

 
         

Let us also assume that S1AS2 form a right triangle; hence we can write, 

              
 

 
  

So phase difference can be written as, 

  
  

 

  

 
  

For bright fringes,   is an integral multiple of     and path difference is an integral 

multiple of λ. Therefore for bright fringes, 

  

 
                    

 

 
  

Using a similar kind of argument, we can write the expression for dark fringes as, 

     
 

 
  

 

 
  

Finally, the expression for the fringe separation can be written as [17], 

   
  

 
  

From the above equation, one can conclude that fringe separation is inversely 

proportional to the slit separation. Hence, when the separation between the slits starts 

to decrease, expansion in the fringe pattern occurs and vice versa. 
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CHAPTER III 

RESULTS AND DISCUSSION 

 In this chapter results from experiment and simulation are presented. At the 

beginning, brief descriptions about the experimental procedure are provided. Next, 

experimental results are presented with a concise analysis of the results. Finally, a 

brief discussion about the obtained experimental and simulated results is presented. 

 Figure 3.1 is shows the image of the sample surface, where straight lines are 

representing the scattering feature (length 50 µm, width 300 nm, period 600 nm). A 

He-Ne laser and a microscope objective lens are used to produce a spot of laser beam 

of 5 µm in diameter. This spot of the laser beam was placed on the scattering feature 

to excite SPPs, then, excited SPPs propagate through two parallel DLSPPWs. These 

wave guides are (length 3 µm and width 600 nm) acting as double slits in this 

experiment. SPP diffract at the end of the wave guide and interfere with each other in 

that region. This interference pattern depends on the separation between the wave 

guides. As the separation between the wave guide increases, contraction in the 

interference pattern occurs (Figure 3.2, 3.3, 3.4). 

 

Figure 3.1: Structure of the sample’s surface (Top view) 
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As shown in the Figure 3.2(a), SPPs propagates through the wave guides, and 

at the end of it they interfere to produce diffraction pattern. Zeroth and first order 

interference maxima can be clearly identified from this image. In this case, separation 

between the wave guides is 0.75 µm. Figure 3.2 (b) is presents three arcs in the BFP 

image, which represent the direction of the SPP propagation. 

 

Figure 3.2 (a), (b) SE and BFP image of SPP interference pattern. Separation of wave 

guides is 0.75 µm.  

As the separation between the wave guides increases from 0.75 µm to 1.5 µm, three 

distinctive interference maxima- zeroth, first and second order are observed. This can 

be confirmed by BFP image, where five arcs have appeared (Figure 3.3). Figure 3.4 is 

showing the SE and BFP images of SPP interference pattern where the separation 

 

Figure 3.3 (a), (b) SE and BFP image of SPP interference pattern. Separation of wave 

guide is 1.5 µm. 
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between the wave guides is 2.0 µm. In this situation zeroth, first, second and third 

order interference maxima are observed. In BFP image, seven distinctive arcs are 

visible which represents the propagation of SPP in that direction. 

 

Figure 3.4: (a), (b) SE and BFP image of SPP interference pattern. Separation of wave 

guide is 2.0 µm. 

 A simulation of the double slit experiment was also done by using RSoft 

FullWAVE software package. Simulations presented here were performed using the 

Finite Difference Time Domain (FDTD) technique. This is a numerical method to 

solve second order differential equation. Since Maxwell’s equation is a second order 

differential equation, FDTD method is used to solve this equation with appropriate 

boundary conditions. Lunch parameter for source position was set to 0.25, 1.0 and 1.5. 

Value for Perfect Matching Layer (PML) was set to 0.5, and for time step it was 0.03. 

Along with these parameters, this simulation was run for TM polarization. Figure 3.5 

shows results from the simulation. As we can see, these simulated results are in well 

agreement with the experimental results obtained by SPP tomography. 
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Figure 3.5: Simulated results for double slit diffraction experiment. Separation of 

wave guides (a) 0.75 µm, (b) 1.5 µm and (c) 2.0 µm. 
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 R. Zia et al. [18] reported experimental and simulation results of the double slit 

experiment using near field imaging technique, which supports the result of this study. 

In this technique they used an aperture cantilever probe to scan the sample surface and 

collect scattered light by a photo detector to image the propagation, diffraction and 

interference of the SPPs. For near field scanning optical microscopy technique, the 

optical scanning probe has to put in proximity to the sample surface [9]. Because of 

this proximity, a perturbation in the distribution of electromagnetic fields in the 

sample occurs and results in lowering the image quality. This is in contrast to the SPP 

tomography, where leakage radiations from the sample surface were collected to form 

an image of the SPPs propagation, and the image quality is far better than the image 

reported by R. Zia et al (Figure 3.6). 

 

Figure 3.6: Image of double slit interference pattern of SPPs by (a) SPP Tomography, 

(b) Near field scanning optical microscopy technique [18]. 
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CHAPTER IV 

CONCLUSION 

In conclusion, we have constructed and experimentally verified the double slit 

diffraction experiment with SPPs. A series of observations were made by changing the 

gap between two wave guides, where they serve as a double slit. Observations of this 

experiment confirm the theoretical prediction that when separations between slit 

decrease, expansion in interference pattern occurs. Results of this study were also 

validated by a direct comparison of FDTD simulated result with double slit diffraction 

image obtained by SPP tomography. This result can provide a new vantage point from 

which further studies on physics of SPPs can be done. 
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