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CHAPTER I 

INTRODUCTION 

1.1 Literature review 
Surface plasmon oscillations are oscillations of electron charge density 

confined to the boundary of a metal and dielectric material (Kretschmann and Raether 
1968, Otto 1968). Owing to the displacements of the electrons relative to positive ions, 
surface plasmons form longitudinal waves with a certain frequency and wave vector. 
Surface plasmons can be excited by using monochromatic P-polarized light because 
the tangential component of its electric field is parallel to the longitudinal wave of the 
surface plasmons. When the wave vector of the incident photon is the same as that 
of the surface plasmons, photon energy is absorbed by free electrons on the metal 
surface, resonating surface plasmons. To match the two wave vectors, the light beam 
is shone through a prism placed in contact with the other side of the metal player. By 
adjusting the angle of incidence of the photon at the prism-metal interface to be 
greater than the critical angle, the wave vector of an evanescent wave generated could 
be matched to that of the plasmons, yielding photon energy absorption by the free 
electrons. Hence, the reflected photon energy diminishes drastically to almost zero 
(Homola, Vaisocherová et al. 2005). The angle of incidence that gives the minimum 
reflectivity is called the resonance angle. The prism coupling configuration was first 
introduced by Otto (Otto 1968) and Krestchmann(Kretschmann and Raether 1968). 
Therefore, SPR-based sensors that employ the minimum dip reflectivity detection 
could be used to monitor changes in the refractive index of a dielectric medium 
adjacent to the metal layer. This SPR sensing method is called the angular interrogation 
method. 

The angular interrogation-based SPR sensors have been widely applied to the 
fields of health sciences, such as monitoring environmental pollution, food safety, and 
disease diagnostic testing. In environmental science, micro-living organisms in soil are 
known to provide useful micronutrients for agricultural purposes. However, the lives 
of the microorganisms are easily affected by the salinity concentration of water. In 
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order to monitor the salinity concentration, the use of a graphene oxide-based SPR 
sensor has been reported by Raikwar et al. (Raikwar, Prajapati et al. 2020). In the report, 
the graphene oxide is sandwiched between the gold layer and the sample. The reason 
for this interest is that graphene oxide is permeable to water but not its impurities, 
such as salts and bacteria. The graphene oxide has a higher surface area and 
conductivity than graphene, which could enhance its sensing sensitivity by 3.3 times 
better than that of the graphene-based SPR sensor (Raikwar, Prajapati et al. 2020) 

SENSIA, S.L. (Spain) developed a two-channel SPR sensor to detect six types of 
pesticides, such as DDT, chlorpyrifos, and carbaryl. The first three samples are placed 
on one of the channels, while the others are on the other channel. Thus, the two SPR 
channels can measure six pesticide samples simultaneously (Mauriz, Calle et al. 2007). 
The developed SPR could perform real-time monitoring onsite by letting the water 
being tested flow through a flow cell. This method has a faster detection time than 
the conventional method, which requires six sensing channels. 

Furthermore, detection of microplastics' presence in water is also important for 
protecting the existence of living microorganisms. Unlike traditional methods, which 
can only detect micromolar-order microplastic concentrations, a SPR sensor can detect 
molar concentrations on the nano scale. (Huang, Narasimha et al. 2021). 

In food safety monitoring, a prism-based SPR sensor was first reported for 
detecting a low level of adulteration in the pure of honey (Zainuddin, Fen et al. 2018) 
. The study showed that when adulteration occurs, its corresponding resonance angle 
becomes lower than that of pure honey. This is because its refractive index is lower 
than pure honey. Besides being able to detect salmonella bacteria in milk in real time, 
detection (Mazumdar, Hartmann et al. 2007). SPR sensors have been found to be useful 
for precisely measuring metal ions in drinking water (Forzani, Zhang et al. 2005). In 
these applications, high specificity of the bacteria and metal ions is achieved by 
immobilizing the gold sensor chips with c18 hydrophobic and short peptides, 
respectively. 

Recently, detection of severe acute respiratory syndrome coronavirus (SARS-
CoV-2) using prism-based SPR sensors has been studied (Basso, Malossi et al. 2021, 
Moznuzzaman, Khan et al. 2021). The sensor chip made of TiO2–Ag–MoSe2 graphene 
was immobilized using CR3022 antigen and S-glycoprotein as an antibody. The 
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developed SPR sensor outperformed other single and multilayed SPR sensors in terms 
of sensitivity (194◦/RIU), quality factor (54.0390 RIU−1), and detection accuracy (0.2702). 
The SPR-based detection of SARS-CoV-2 using thiol-tethered DNA as a ligand has been 
proposed for sensing samples taken from human nasopharyngeal swabs (Uddin, 
Chowdhury et al. 2021) . Besides having 7.6 times better sensitivity than a conventional 
Kretschmann configuration SPR sensor, the proposed SPR sensor has a faster detection 
response compared with a reverse transcriptase quantitative polymerase chain 
reaction (RT-qPCR). 

In an angular interrogation-based SPR sensor, the reflectivity varies with respect 
to the angle of incidence. Therefore, according to how the angle of incidence is 
scanned, the angular interrogation can be implemented by using three types of 
scanning mechanisms: mechanical, converging, and diverging beam scanning. In a 
comparison with the spectral interrogation method, which requires a polychromatic 
light source and a spectrometer (Homola, Vaisocherová et al. 2005), the angular 
interrogation is cheaper and simpler. Thus, it is widely used for biosensors.  

The mechanical beam scanning mechanism involves either rotational or 
translational movement of the illumination part or the sensing part, which includes 
the prism and the gold sensor chip, and the detection part, which consists of a small 
size photodiode by means of a single or double prism. The single prism configuration 
is based on the 2   goniometer geometry, with the sensing part rotated by an angle

 . The rotation angle of a photodetector is set to  (Kretschmann 1972, Gordon and 
Swalen 1977, Gwon and Lee 2010, Liang, Miranto et al. 2010, Daniyal, Fen et al. 2019, 
Saleviter, Fen et al. 2020). Thus, two stepper motors are needed to rotate the two 
parts of the system. The rotational of the sensing could increase a span of the dynamic 
measurement range of the sample’s refractive index. Thus, to enhance SPR angular 
resolution, the optical moving part of the SPR sensor must be manufactured at a high 
level of precision and accuracy. Consequently, an overall SPR sensor system will be 
heavy, bulky, expensive and have high electric power consumption. Spin-off company 
Sensia S.L. (Zagorodko, Bouckaert et al. 2015), Sensby Biotech Co. Ltd (Ltd)., SPR NAVI (Life 

Sciences), Bio-rad (Bio-Rad), and NanoSPR Devices (Nanospr) are a few examples of 
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manufacturers who make SPR sensors that work with this technique. Model and 
specifications of their instruments are shown in Table 1.1.  

The double prism configuration was introduced to replace the expensive 
goniometer by using two right-angle prisms, which are equal in dimension, and a fixed 
photodetector. The first prism coupled directly with the laser source serves as the 
sensing part, with the gold sensor chip attached to its hypotenuse. The second prism 
placed between the first prism and a photodetector maintains that the beam incident 
on the photodetector always has the same angle (Mohanty and Kasiviswanathan 2005, 
Boruah, Mohanta et al. 2015). To achieve the same incident angle, the apex of the first 
prism is aligned with the vertex of the second prism in such a way that the two surfaces 
form a particular separation angle. When the beam reflected by the boundary of the 
prism-sensor layer enters the entrance surface of the second prism, it will be reflected 
by the hypotenuse. By satisfying the required separation angle, the beam is normally 
transmitted from the exit surface of the second prism. However, it is hard to ensure 
that the exit light is always incident on the fixed point over a wide dynamic angular 
range. Owing to deployment of the two prisms, the intensity of the detected beam on 
the photodetector decreases. Hence, its sensitivity is reduced as well (Devanarayanan, 
Manjuladevi et al. 2016). 

Since relative motions of solid surfaces of optical components cause friction, 
the mechanical scanning causes laser intensity fluctuations, thermal drifts, and 
mechanical noises (Tao, Boussaad et al. 1999). Furthermore, the step size and the 
speed of the stepper motor determine the angular resolution of about 0.1 ~ 0.002° 
and the sensing response time of several minutes. In addition, the mechanical 
scanning-based SPR requires the use of an expensive lock-in amplifier to remove noise 
buried in the signal at nanovolt scales (Devanarayanan, Manjuladevi et al. 2016). For 
the preceding reasons, the mechanical scanning based SPR is unsuitable for 
multichannel sensing  (Matsubara, Kawata et al. 1988, O'Brien II, Pérez-Luna et al. 2001, 
Palumbo, Pearson et al. 2003, Hong, Kim et al. 2007, Hossain and Rana 2016). 

In order to solve the problems of mechanical beam scanning using stepper 
motors, the direction of the illuminating beam is changed by vibrating a mirror 
(Kooyman, Lenferink et al. 1991, Lenferink, Kooyman et al. 1991, Kausaite, van Dijk et 
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al. 2007) , which can be driven by either a coil or piezo motor. Vibrating the mirror by 
a coil deflects the angle of the incidence on the sensing chip, increasing the range of 
the refractive index measurements and improving the SPR sensor's time response. 
When the mirror is deflected at a particular angle, the reflected laser beam will be 
incident on the prism and shine on the prism-gold interface. The incident position of 
the laser beam on the interface is determined by the mirror's deflecting angle. 
Consequently, when the beam width is small, two adjacent incident beams will be 
spatially separated. This spatial separation is called the displacement between two 
adjacent incident beams. As a result, the bigger the displacement, the lower the 
measured refractive index resolution (Kooyman, Lenferink et al. 1991). The beam 
displacement on the interface can be eliminated, provided that the incident beam 
width is not a small spot. Therefore, to solve the beam displacement error, an 
expanded parallel beam is used as the illuminating beam. In order to have the same 
size of the beam width on the interface, a cylindrical lens placed between the mirror 
and the prism is employed to generate the image of the illuminating beam with a unity 
magnification, eliminating the displacement error (Lenferink, Kooyman et al. 1991). 
Among the manufacturer that make SPR sensors, which operate vibration mirrors, are 
Metrohm Autolab B.V. (Autolab) and IBIS Technologies (Technologies). For further details 
regarding the technical specifications of the SPR instruments which works under this 
mechanism, see Table 1.1. 

Using convergent beam illumination is an alternative method for implementing 
angular interrogation without the problems associated with mechanical scanning 
(Matsubara, Kawata et al. 1988, O'Brien II, Pérez-Luna et al. 2001, Palumbo, Pearson et 
al. 2003, Hong, Kim et al. 2007, Lokate, Beusink et al. 2007, Shin, Kim et al. 2010, Zhang, 
Liu et al. 2017). According to this optical implementation setup, an expanded laser 
beam is focused on the sensing area, yielding a micrometer-order spot area. Since the 
incident beam is a focused beam, light rays confined by a cone-shaped beam strike 
the sensing gold chip at different angles. The reflected beam is detected by a 
CCD/CMOS array sensor. The focused beam's angular scan range depends on the ratio 
of the expanded beam size and the focal length of the focusing lens (Hickel and Knoll 
1991). The higher the ratio, the larger the angular scan. The reflected beam is then 
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recollimated by another lens and detected by an array of sensors. Consequently, the 
divergent-beam illumination based SPR sensors have a bulky system. Examples of 
companies that manufacture SPR sensors that operate using convergent beam 
scanning include Plasmetrix (Plasmetrix 2022, June, 27) and Biacore AB system (Liang, Gan 

et al. 2018). Some of the instrument models and specifications that use this technique 
are shown in Table 1.1. 

The measurable range of the resonance angles could be increased by using a 
rotating mirror (Hong, Kim et al. 2007, Lokate, Beusink et al. 2007, Beusink, Lokate et 
al. 2008, Shin, Kim et al. 2010, Geng, Zhang et al. 2012, Nguyen, Yi et al. 2016), an 
acoustic-optical deflector (AOD) (VanWiggeren, Bynum et al. 2007) and a galvo scanner 
(Zeng, Zhou et al. 2019). However, this SPR sensor setup becomes costly, bulky, and 
consumes more electricity for operating an RF oscillator and stepper motor. Hence, it 
is unsuitable for offsite sensing. Bruker is only company that produces SPR sensor which 
works under acoustic-optical deflector principle as has been shown in Table 1.1 
(Bruker). 

Unlike the mechanical and the converging beam scanning, the implementation 
of the angular-based SPR setups using divergent beam illumination offers high-
sensitivity and high-throughput sensors (Chinowsky, Quinn et al. 2003) . The coherent 
divergent beam could be optically generated by using either a light-emitting diode 
(Chinowsky, Quinn et al. 2003), a cylindrical lens (Chan and Jutamulia 2012), or a laser 
diode (Isaacs and Abdulhalim 2015). In contrast to the convergent beam illumination, 
the divergent beam, which has an inverted cone shape, is spatially incident on a wide 
sensing area of the sensors. This type of illumination may be employed to facilitate 
the implementation of multichannel SPR sensing (Wang, Loo et al. 2018). Thus, each 
light ray has its own particular angle of incidence. Despite having the capability of 
producing divergent beams, the cylindrical lens, the light-emitting diode, and the laser 
diode provide inherently a Gaussian beam, which has photon energy distributions in 
the shape of a two-dimensional bell curve. As a result, besides being hard to identify 
whether the observed minimum dip intensity is a result of either the beam shape or 
the plasmon resonance phenomena, its corresponding dark band appears as a curved 
line. The curved dark band may broaden the SPR reflectance signal. Consequently, it 
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requires an advanced mathematical transformation to extract the SPR dip 
(Karabchevsky, Karabchevsky et al. 2011). The non-uniform energy distribution 
becomes more severe in the case of multichannel sensing. Apart from the non-uniform 
beam distribution, the three conventional methods have a narrow divergence or fan 
angle. This is another factor that will limit the number of multichannel sensing. Table 
1 lists some of the SPR sensors that operate under diverging beam scanning 
(Photonicsys , Chinowsky, Quinn et al. 2003) 
In order to solve the above drawbacks, the use of a Powell lens that could produce a 
divergent beam with uniform intensity distribution across a wide fan angle (Powell 
1989) has been reported in the implementation of the SPR sensor (Chen, Wang et al. 
2015). However, the report did not describe the rigorously necessary conditions for 
optimizing the beam illumination and detection for SPR sensing. Our previous 
theoretical study addressed these important issues by using geometrical optics analysis 
(Hossea and Widjaja 2020). Our study found that there are three important aspects in 
the optimization of the beam illumination and detection. The first aspect is the 
determination of the fan and the illumination angles of the divergent beam for a given 
refractive index to be measured. The second one is the alignment of an array light 
detector with respect to the reflected output beam. The third one is the mathematical 
relation between the spatial position along the sensor plane and the resonance angle. 
The final one is the effects of the prism types and materials on the beam parameters.
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Table 1.1. Commercially available SPR sensors operates under angular interrogation 
principles
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1.2 Significance of the study 
Despite the promising features offered by the Powell lens-based divergent 

beam scanning, the developed theory of the divergent beam illumination and the 
detection conditions has never been experimentally validated. The advantage of using 
Powell lens to generate the divergent beam is that it not only efficiently transfers 
uniform photon energy to a large sensing area but also simplifies the detection 
algorithm of the SPR dip intensity. Therefore, the first aim of this thesis work is to 
validate experimentally the developed theory by measuring simultaneously a broad 
refractive index variation of 1.0003 ~ 1.3580. 

Furthermore, the uniform intensity of the wide divergent beam produced by 
the Powell lens signifies the application of the SPR to multichannel sensing, where a 
large dynamic range of SPR measurement is vital for monitoring biomolecule 
interactions (Geng, Zhang et al. 2012). In this application, different samples are spatially 
distributed across either a large or a partitioned sensing area. Instead of taking 
sequentially multiple measurements of samples having different refractive indices, a 
parallel measurement of different samples could be done in a single-shot acquisition. 
However, the large sensing area requires a large the gold sensor chip. Due to the large 
size requirement, placing the chip on top of the prism may easily introduce a 
misalignment gap and violate the illumination condition, hampering the sensor 
performance (Sharma, Jha et al. 2010). Therefore, the second aim of this thesis is to 
conduct a theoretical study of the effects of the misalignment gap on the SPR 
reflectivity signals by applying boundary conditions for TM wave propagation across 
different layer interfaces. 

1.3 Problem statement 
i. To solve the problems of conventional angular interrogations in surface 

plasmon resonance (SPR) sensors, the implementation of the SPR sensors using 
divergent beam illumination has been experimentally verified. 

ii. The effects of using a wide sensing plate in the SPR sensor based on 
the divergent beam illumination on the resonance reflectivity are theoretically studied 
by means of the boundary conditions for the TM wave propagation across different 
layer interfaces. 
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1.4 Research procedure 
i. To verify experimentally the developed divergent-beam illumination 

and detection conditions in the SPR sensor using Powell lens. 
ii. To measure experimentally the refractive indices of the air–water 

sample and the air–ethanol sample in a single-shot acquisition. 
iii. To derive the analytical formulas for the propagation of the TM 

wavefields in the 5-layer SPR sensor.  
iv. To study the effects of the misalignment gap on the SPR reflectivity 

signal by calculating the TM fields across different layer interfaces with Matlab 
software. 

1.5 Scope of the study 
i. To verify experimentally the developed divergent-beam illumination 

and detection conditions in the SPR sensor using Powell lens. 
ii. The diverging beam is generated by using the Powell lens (Thorlabs, 

PL0160). 
iii. The experimental verifications are done to measure the wide dynamic 

range of the refractive indices from air to water and air to ethanol. 
iv. A gold-evaporated glass chip (NanoSPR, BA1000) is used as a sensor 

chip. 
v. Refractive indices matching liquid (Cargille, series A) are used to reduce 

light loss through the prism. 
vi. A SPR reflectivity pattern is detected by using a CMOS sensor (Sony, 

Exmor R IMX251). 
vii. The TM wavefields in each layer of the SPR sensor are mathematically 

derived by the boundary conditions for the wave propagation in the multi-layer 
medium. 

viii. The effects of the misalignment gap of the gold-evaporated glass chip 
on the SPR reflectivity signal are theoretically studied using computer simulations. 

1.6 Expected result 
i. We experimentally verified the conditions of the divergent-beam 

illumination and detection in the SPR sensor.  
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ii. Experimentally verified single-shot acquisition of the wide-range 
variation of refractive indices using the divergent beam-based SPR sensor. 

iii. Improved knowledge of the effects of the misalignment gap of the gold-
evaporated glass chip on the SPR reflectivity signal. 

1.7 Organization of the thesis 
There are five chapters in this research. The following subtopics are covered in 

Chapter I literature review, study importance, problem statement, research technique, 
study scope, and expected findings. The general theory and derivation of evanescent 
wave, surface plasmon resonance and the propagation of TM waves in 3-layers SPR-
prism based Kretschmann configuration are described in the Chapter II. Chapter III 
mathematical modelling of the experimental setup and derivation of the fringe spacing. 
Experimental verification and results are presented and discussed in Chapter IV, and 
lastly conclusion of the research work and recommendations of future work are 
presented in Chapter V. 
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CHAPTER II 

GENERAL THEORY 

2.1 General theory of surface plasmon resonance 
2.1.1 Evanescent wave 

 

 

 
Figure 2.1. A schematic diagram of a TM beam propagation at the boundary 

        of two-layer media. 

Figure 2.1 illustrates a schematic diagram of an oblique illumination of the TM 
wave with a wavelength   at the interface of two media with refractive indices n1 > 
n2. The plane of incidence is parallel to the x-z plane of the figure. ik , rk , and ik   
correspond to the wave vectors of the incident, the reflected, and the transmitted 
wave propagations, respectively. 1 and 2 represents the angles of the incidence and 
the transmission of the waves, respectively.  

The electric field of the incident light wave can be mathematically expressed 
as  

             ( ) ( ) ( )01 101 1 1 1 1, cos sin exp sin cosi ii x zE x z E a a jk x z   − −−
 = − + − +
  , (2.1)                                                

01tE −

01txE −−

01izE −

1 1

2

01iE −

01ixE −−

01tzE −

01rxE −

01rE −

01rzE −

z

x

y

Medium 1

Medium 2

01tyH −

10ryH −
01iyH −

2n

1n

2tk −

1ik − 1rk −
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where Ei-01 is the amplitude of the incident electric field. The corresponding Its 
magnetic field is given by 

          ( ) ( ) ( )01 101 1 1 1, exp sin cosi iy iH x z a E Z jk x z − −−
 = − +
  .                         (2.2) 

The fields transmitted into the medium 2 can be written  

( ) ( ) ( )01 201 2 2 2 2, cos sin exp sin cost tt x zE x z E a a jk x z   − −−
 = − + − +
  ,               (2.3) 

and  

 ( ) ( ) ( )01 201 2 2 2, exp sin cost ty tH x z a E Z jk x z − −−
 = − +
  ,                         (2.4) 

respectively. Here, 1Z and 2Z  are the wave impedances of the media 1 and 2, 
respectively.  The amplitude of the transmitted electric field 01tE − is equal to 12 01it E −  
with 12t  is the transmission coefficient at the interface between medium 1 and medium 
2. 

Furthermore, the two transmitted fields can be rewritten in terms of the 
incident angle 1 by using Snell’s law  

                               ( )2 1 2 1sin sinn n =                                                        (2.5) 

and  

                        ( )( )
2

2 1 2 1cos 1 sinn n =  − .                                     (2.6) 

Substitutions of Eqs. (2.5) and (2.6) into (2.3) and (2.4) give the fields as 
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( ) ( ) ( ) ( )

( ) ( )( )

01 01 01 1 1

2

2 1 2 1

, exp 2 sin

                    exp 2 1 sin

t tx x tz zE x z E a E a j n x

j n z n n

  

  

− − −= − + −  

  
 − −    

                     (2.7) 

  
( ) ( ) ( ) ( )

( ) ( )( )

01 01 2 1 1

2

2 1 2 1

, exp 2 sin

                     exp 2 1 sin

t y tH x z a E Z j n x

j n z n n

  

  

− −= −  

  
 − −    

                      (2.8) 

With 01 01 2costx tE E − −=  and 01 01 2sintz tE E − −= .  

When the incident angle is greater than the critical angle, Eq. (2.6) has imaginary 
roots  

                      ( )( )
2

2 1 2 1cos sin 1j n n =  −                                            (2.9) 

Consequently, by substituting Eq. (2.9) into Eqs. (2.7) and (2.8) can be rewritten 
as 

         
( ) ( ) ( ) ( )

( ) ( )( )

01 01 01 1 1

2

2 1 2 1

, exp 2 sin

                    exp 2 sin 1

t tx x tz zE x z E a E a j n x

n z n n

  

  

− − −= − + −  

  
 − −    

                  (2.10) 

and 

      
( ) ( ) ( ) ( )

( ) ( )( )

01 01 2 1 1

2

2 1 2 1

, exp 2 sin

                    exp 2 sin 1

t y tH x z a E Z j n x

n z n n

  

  

− −= −  

  
 − −    

                  (2.11) 

Therefore, Eqs. (2.10) and (2.11) are the mathematical expressions of the 
electric and magnetic field for the evanescent wave. The negative sign is chosen 
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because it is impossible to have an increasing field as the propagation distance z 
increases. 

2.1.2 Surface plasmon resonance 
This section considers that medium 1 is a prism, while medium 2 is a 

gold layer with a refractive index ng. The generated evanescent wave propagates along 
the interface of the two media. The resonance condition of the surface plasmon is 
analyzed as follows. Consider that the wavevector of the incident field at the 
dielectric-gold interface is given by  

                       1
1 1

2
i

n
k n c





− = = .                                                    (2.12) 

Since the surface plasmon wave oscillates longitudinally at the interface, the tangential 
components of the incident and transmitted wave vectors at each layer are the same 

                      1 21 2sin sini tk k − −= ,                                                   (2.13) 

in which 2tk − is the transmitted wavevector at the gold layer. Substitution of Eq. (2.12) 
into Eq. (2.13) gives the horizontal component of the evanescent wavevector (Otto 
1968)  

                       1 1

2
sinev xk n





− = .                                        (2.14) 

According to Otto (Otto 1968), the evanescent wave momentum is written as 

                          eva ev xp k −= .                                                         (2.15) 

The photon energy carried by the evanescent wave can be obtained by substituting 
Eq. (2.14) into Eq. (2.15)  
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                                1
1sineva

n h
p 


= .                                                (2.16) 

When a dielectric sample with a refractive index ns is placed on top of the gold layer, 
the oscillation of the surface charges on the gold layer gives the surface plasmon wave 
vector ksp, can be expressed as (Otto 1968) 

                    
2 2

2 2

2 g s

sp

g s

n n
k

n n




=

+
.                                                     (2.17) 

The momentum of the surface plasmon resonance wave can be expressed as follows 

                       
2 2

2 2

g s

sp

g s

n nh
p

n n
=

+
.                                                    (2.18) 

Thus, when the two momenta match, the surface plasmon wave resonates with the 
photon wave, causing a maximum absorption of the photon energy (Otto 1968). The 
matching condition can be expressed as 

                                 eva spp p= .                                                    (2.19) 

Therefore, substituting Eq. (4.17) and Eq. (4.18) into Eq. (4.19), gives 

                      
2 2

1
1 2 2

2
sin

g s

g s

n nn h

n n




 
=

+
                                        (2.20) 

           This implies that the photon energy is coupled by electrons within the gold 
film. At this state of resonance, the reflectivity spectrum showed minimum reflectivity, 
which corresponds to the resonance angle and can be mathematically expressed as 
(Otto 1968)  
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2 2

1

2 2

1

1
sin

g s

sp

g s

n n

n n n
 −

 
 =

+ 
 

                                 (2.21) 

2.2     Transmittance and reflectance in multilayer media  
One of the objectives of this study is to investigate the misalignment effects of 

the gold sensor chip on the SPR reflectance signals. In order to study how transmissions 
and reflections of the electric fields in each SPR layer are affected by the misalignment 
gap, power transmittance and the reflectance of the layers will be employed, because 
light power is determined by photon energy. The transmittance and the reflectance 
can be described by applying the boundary conditions for TM wave propagation across 
different interfaces separating different media as shown in Fig. 2.1. During the 
propagation across two different media with the refractive indices of n1 and n2, the 
electric field 01iE −  is reflected and refracted. Assume that the field 01iE −   incident at 
the angle i on the boundary of the two media has the beam width wi, while the 
electric field 01tE − refracted at the angle of refraction of t  into the medium 2 has the 
beam width wt. According to Snells’ law of reflection, the electric field 01rE −  reflected 
off the boundary at the angle of reflection r i = has the beam width wr = wi. At the 
beam intersection position on the interface between the two media, the electric fields 

01iE −  and 01rE − have the same beam width of cosi iw  , which is equal to the width 
cost tw  . The incident, the reflected and the transmitted beam intensities can be 
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expressed as 2

1 0 01 2i iI n c E −= , 2

1 0 01 2r rI n c E −=  and 2

2 0 01 2t tI n c E −= , 
respectively. The boundary conditions give 

                                   01 10 01cos cos cosi t r r t tE E E  − − −− + = −                       (2.22) 
and 
                                                   01 10 01iy ry tyH H H− − −+ = .                            (2.23) 

Equations (2.22) and (2.23) can be solved by expressing the electric fields in terms of 
the magnetic fields. The amplitude ratios 

01 01r ir H H− −=  and 
01 01t it H H− −= given by  

                                           2

2 1

2 cos

cos cos

i

i t

n
t

n n



 
=

+
                                      (2.24) 

and 

                                           2 1

2 1

cos cos

cos cos

i t

i t

n n
r

n n

 

 

−
=

+
                                     (2.25) 

are known as the reflection and the transmission coefficients, respectively. They are 
sometimes referred to as Fresnel’s equations (Ohta and Ishida 1990). It can be 
understood that the two coefficients disregard the beam area changes at the boundary 
of the two media, which determines light power. Therefore, the effectiveness of 
materials in transmitting and reflecting photon energy must be described by using their 
power transmittance and reflectance. 
Applying the energy conservation principle to light propagation, the transmittance and 
reflectance can be derived.                          

                                              i r tP P P= + ,                                                (2.26) 

where Pi, Pr and Pt denote the incident, reflected and transmitted optical powers, 
respectively. By expressing mathematically, the optical power as the product of the 
intensity and the beam area, the three corresponding intensities can be expressed in 
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terms of the electric field as 2

1 0 01 2i iI n c E −= , 2

1 0 01 2r rI n c E −=  and 
2

2 0 01 2t tI n c E −= . Therefore, Eq. (2.26) can be expressed as 

                  2 2 2

1 0 01 1 0 01 2 0 012 2 2i i r r t in c E A n c E A n c E A  − − −= + ,               (2.27) 

where Ai, Ar, and At represent the beam areas of the incident, reflected and 
transmitted beams at the intersection position. Division of the two terms on the right 
hand side by the power of the incident beam followed by expressing the beam area 
by the beam width results in  

                                               ( )2 2

2 11 cos cost i
r n n t = +                        (2.28) 

In Eq. (2.28), the first term on the right-hand side is known as the power reflectance 
2R r= , while the second term defines the power transmittance 

( ) 2

2 1cos cost i
T n n t = . As a result, Eq. (2.28) can be rewritten as  

                                                           1R T+ = .                                       (2.29) 

Unlike the transmission coefficient, it is apparent that the power transmittance is 
dependent upon the refractive index of the medium and the angle of the beam 
propagation. 

2.3      Propagation of TM waves in Kretschmann prism configuration  
 Although the preceding section describes the relationship between the 

resonance angle and the refractive indices of the prism, the gold layer, and the sample, 
the classical SPR theory does not provide information about the effect of the 
misalignment gap on the SPR reflectivity curve that is important to the present study. 
In this section, the SPR reflectivity curve is studied by taking into account the power 
transmittance and reflectance together with the metal layer thickness. To gain a better 
understanding, the following discussion assumes that the equilateral prism (np = 1.785) 
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is illuminated by p-polarized light with an operating wavelength of   = 632.8 nm. The 
sensing chip is the gold layer (ng = 0.1726 + j3.4218) with a thickness of d2. 

 Figure 2.2 illustrates a schematic diagram of a three-layer structure of the SPR 
optical sensor based on the Kretschmann prism configuration. The plane of incidence 
is parallel to the x-z plane of the setup. In order to resonate the surface plasmon, the 
TM wave with a wavelength  is shined upon the prism-gold-sample sandwich 
structure at an angle

1 , which is higher than the critical angle of the prism. The incident 

beam at the air-prism interface has the angle of incidence of 
0 . This angle can be 

expressed in terms of the angle of incidence
1  at the prism-gold interface and the 

prism angle as                                   

                                                    ( )tpn 00 sinarcsin  =  

                                                    )sin(arcsin     1 −= pn .        (2.30) 

 

Figure 2.2. Vector wavefields of the incident, the transmitted and the reflected TM    
 wave in the Kretschmann-based equilateral prism configuration. 
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 Fig. 2.3 shows a plot of the incident angle 
0  as a function of the angle 

1  

calculated by using Eq. (2.30a). They have an inverse relationship such that the bigger 
the angle of incidence at the prism-gold interface the smaller the incident angle at the 
air-prism interface. When the angle 

1  is equal to the prism angle 60 = , the 

illuminating light is incident normally at the air-prism interface, causing 
0 0 =   

 
Figure 2.3. Plot of the angle of incidence 

0  for the air-prism interface as a function 

      of the angle of incidence 
1  for the prism-gold interface 

  2.3.1 Electric field incident on the prism 
                   Let us consider that the incident TM wave on the air-prism interface    has 
a unit amplitude magnetic field 01iyH −   

                                                   01 1iyH − = .                                                              (2.31) 

The corresponding incident electric field is calculated by multiplying the magnetic field 

and the wave impedance of free space Z0 that is approximately equal to 120π (Olsen 

and Rouseff 1985) 
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                                              01 01120i iyE H− −= .                                          (2.32) 

The amplitudes of the incident electric field components 01ixE −  and 01izE −  can be 

mathematically expressed as  

                                           ( )01 0 01120 cosix iyE H − −=                                      (2.33a) 

and 
                                           ( )01 0 01120 siniz iyE H − −= ,                                      (2.33b) 

respectively. Figs. 2.4(a) and 2.4(b) show plots of the two incident electric field 
components, |Eix-01|2 and |Eiz-01|2, as a function of the angle 

0 . They are calculated by 

using Eqs (2.33a) and (2.33b) respectively. Unlike the constant magnetic field, the x- 
and z-components of the electric field are highly dependent on the angle of incidence 

0 . The electric field in x -component is maximum, when the angle of incidence is 0◦ 

or the illuminating light wave is incident normally on the prism surface. Its amplitude 
decreases as the angle of incidence becomes larger. Meanwhile, the z-component of 
the electric field varies inversely proportional to the x-component such that the z-
component becomes zero when the x-component is at its maximum. 
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Figure 2.4. The squared modulus of the electric field components (a) |Eix-01|2 and (b) 
                |Eiz-01|2 incident on the air-prism interface. 

          2.3.2 Electric field transmitted at the air-prism interface 
                  The transmitted magnetic field can be simply calculated as 

01 01 01ty iyH t H− −= , where 01t is the transmission coefficient for the air-prism interface. For 

the unit-amplitude Hiy-01, the transmitted magnetic field Hty-01 is solely determined by 
the transmission coefficient t01 at the air-prism interface. By applying the boundary 

(b) 

(a) 
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condition for the oblique incidence of the wave at the plane boundary, the fields are 
equal to 

                      
01 0 10 0 01 0cos cos cosi r t tE E E  − − −− + = −                        (2.34a)                                                                                  

and 
                                            

01 10 01iy ry tyH H H− − −+ = .                                             (2.34b) 

By expressing the electric fields in terms of the magnetic fields and solving Eqs. (2.34a) 
and (2.34b), the transmission coefficient is found to be to be equal to  

                                0

01

0 0 0

2 cos

cos cos

pH

p t

n
t

n n



 

 
=   + 

,                                       (2.35a) 

where 0t  is the transmitted angle of the wave field into the prism given by 0 1t  = −

. Furthermore, solving Eqs. (2.34a) and (2.34b) in terms of the electric fields gives the 
conventional transmission coefficient given by  

                                          0 0
01

0 0 0

2 cos

cos cos

E

p t

n
t

n n



 

 
=   + 

.                                     (2.35b) 

Fig. 2.5 shows the variation of the both transmission coefficients of 01

Ht  and 01

Et   as a 

function of the incident angle 
1 . Both the transmission 01

Ht  and 01

Et   increases as the 

angle 
1 becomes bigger. It reaches maximum at the angle 

1 60 = , which corresponds 

to the normal incident angle at the air-prism interface. The transmission coefficient 01

Ht  

is greater than 01

Et  because of the effect of the wave impedance.    
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Figure 2.5 Variation of the transmission coefficients 01

Ht  and 01

Et  as a function of the    

angle of incidence 
1  for the prism-gold interface. 

The boundary condition for the air-prism interface gives 

                          
01 0 10 0 01 0cos cos cosi t t tE E E  − − −− + = −                                     (2.36a) 

and 

                                          
01 10 01iy ty tyH H H− − −+ =                                                 (2.36b) 

The corresponding transmitted electric field Et-01 is the product of the wave impedance 
of the prism Zp and the transmitted magnetic field Hty-01  

                                               
01 01t p tyE Z H− −=                                          

                                           ( )01 01120t p tyE n H− −=                                                (2.37) 

The horizontal and vertical components of the transmitted electric field, Etx-01 and Etz-

01, can be written as 

(a) 
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                                      ( )01 0 01120 costx p t tyE n H − −
 =
 

                                 (2.38a) 

and 

                                       ( )01 0 01120 sintz p t tyE n H − −
 =
 

,                                (2.38b) 

respectively. Plots of the square modulus of the two electric components given by 
Eqs. (2.38a) and (2.38b) as a function of the incident angle at the prism-gold interface 

1  is shown in Fig. 2.6. Their variations can be explained by considering the relationship 

0 1t  = − , which indicates that the transmitted angle at the air-prism interface 
0t

will become smaller, when the incident angle 
1 increases. As the term cos

0t in Eq. 

(2.38a) increases, the transmitted electric field Etx-01 becomes higher. In contrast, the 
decrease in the term sin

0t in Eq. (2.38b) reduce the field Etx-01.  

 

(a) 
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Figure 2.6. The squared modulus of the electric fields (a) |Etx-01|2 and (b) |Etz-01|2 as a  
                function of the angle of incidence

1 for the prism-gold interface. 

          2.3.3 Electric field incident at the prism-gold interface 
                  The magnetic field incident at the prism-gold interface Hiy-012 is given by 
the transmitted field Hty-01 modulated by the phase shift factor exp(j

1 ) due to the 

propagation within the prism. Here, ( )1 1 12 cospd n   =  and d1 is the separation 

distance from the air-prism interface to prism-gold interface. The electric field incident 
at the prism-gold interface can be obtained by taking the prism wave impedance Zp 

into account that is Ei-012 = ZpHiy-012 = (120π/np) Hty-01exp(j
1 ) = (120π/np) Hty-01exp(j

1

). Therefore, the electric components become 

                             
( )

( ) ( )

012 1 012

1 1 01

 120 cos

           120 cos exp

ix p iy

p ty

E n H

n j H

 

  

− −

−

 =
 

=
                              (2.39a) 

and 

                               
( )

( ) ( )

012 1 012

1 1 01

 120 sin

           120 sin exp

iz p iy

p ty

E n H

n j H

 

  

− −

−

 =
 

=
.                           (2.39b) 

(b) 
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Figures 2.7(a) and 2.7(b) show the components of the electric fields Eix-012 and Eiz-012, 
plotted using Eqs. (2.39a) and (2.39b) respectively. The square modulus of the electric 
field Eix-012 decreases as the incidence angle 

1  at the prism-gold interface increases. 

This is because the cosine term decreases as the angle 
1  becomes larger. On other 

hand, the sine term in Eq. (2.39b) causes the increase of the field Eiz-012.  

 

 
Figure 2.7. The squared modulus of the electric fields (a) |Eix-012|2 and (b) |Eiz-012|2 as a 

function of the angle of incidence 
1  for the prism-gold interface. 

 

(a) 

(b) 
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          2.3.4 Electric field transmitted at the prism-gold interface 
                   On the basis of the boundary condition for the prism-gold interface, the 
electric and the magnetic fields can be expressed as 

                   
012 1 321 1 012 2 321 2cos cos cos cosi r t iE E E E   − − − −− + = − +                   (2.40a) 

and 
                                     

012 321 012 321iy ry ty iyH H H H− − − −+ = + .                                  (2.40b) 

In the above equations, Er-321 and Hry-321 denote the total reflected electric and 
magnetic fields originated from the gold-sample interface.  The transmitted magnetic 
field in the gold layer is  

                           1 2 1 2
012 012 321

2 22 2
ty iy

q q q q
H H r

q q
− −

    + −
= −    

    
,                             (2.41)] 

where r321 represents the general expression of the total reflection coefficient from the 
sample to the gold layer (Shalabney and Abdulhalim 2010)  

                              ( ) ( )

( ) ( )
11 3 12 1 21 3 22

321

11 3 12 1 21 3 22

m q m q m q m
r

m q m q m q m

+ − +
=

+ + +
                                     (2.42) 

with m11, m12, m21 and m22 are the elements of the transfer matrix M, which is given 
as (Shalabney and Abdulhalim 2010) 

                          2 2 11 12

2

21 22

2 2 2

1
cos sin

sin cos

i m m
qM

m m
jq

 

 

 
−   = =   

 
−  

.                           (2.43) 

Here, 
2  denotes the phase shift suffered by the light wave passing through the gold 

layer with a thickness of d2 given by 
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                                     ( )
1

2 2 22 2
2 1

2
sing p

d
n n


 


= − .                                               (2.44)    

The factors q2 and q3 correspond to the wave impedances of the gold and the sample 
along the x-axis are defined as  (Shalabney and Abdulhalim 2010) 

                                            
2 2cosgq Z =                                                               (2.45a) 

and  
                                             

3 3cossq Z = .                                                    (2.45b) 

           The transmitted electric field at the prism-gold interface can be obtained as 
the product of the wave impedance of the gold layer Zg and the transmitted magnetic 

field Hty-012, that is Et-012 = ZgHty-012. Thus, resolving the transmitted electric field into 

the x- and the z- directions gives  

                ( ) ( )

( ) ( )

012 2 012 2 012

1
2 22

1 012

1

2 22
1 1 012

cos cos

           sin 120

           1 sin sin 120

tx t g ty

g p g g ty

g p p g ty

E E Z H

n n n n H

n n n n H

 

 

  

− − −

−

−

= =

   = −   
  

   = −   

                 (2.46a) 

and 

             ( )
012 2 012 1 012

2

1 012 1 012

sin sin

          sin sin 120

           

tz t g ty

p g g ty p g ty

E E Z H

n n Z H n n H

 

  

− − −

− −

= =

 = =                    (2.46b) 

Figure 2.8(a) and 2.8(b) show the square modulus of the two electric field 
components Etx-012 and Etz-012 as a function of the incident angle 

1 . They are plotted 

by using Eqs. (2.46a) and (2.46b). It is obvious that the z-component of the transmitted 
electric field in the gold layer shown in Fig. 2.8(b) is 1 order of magnitude weaker than 
the electric field Etx-012 in Fig. 2.8(a). This can be understood by considering the fact 
that the gold layer is a good conductor with high attenuation loss. It is worth 
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mentioning that the two plots exhibit a discontinuous maximum peak at the angle 
1

= 48.2◦ that corresponds to the critical angle of the prism-water interface. Furthermore, 
when the incident angle becomes higher than the critical angle, there is a sharp 
attenuation of the transmitted electric field as a result of photon energy absorption 
by the surface plasmons of the gold layer. Note that gold has a dielectric constant 
with a high absorption coefficient (Mitsushio, Miyashita et al. 2006). The square 
modulus of the transmitted electric fields after the resonance angle is always lower 
than that before the resonance. This is due to the effect of multiple reflections within 
the three-layer system. 

 

 
Figure 2.8. The squared modulus of the electric fields (a) |Etx-012|2 and (b) |Etz-012|2 

                       transmitted at the prism-gold interface as a function of the angle of 
                incidence 

1 . 

(a) 

(b) 
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          2.3.5 Electric field incident at the gold-sample interface 
                  To determine the wavefields at the gold sample interface, the phase shift 

2  caused by the gold finite thickness is further taken into consideration. The incident 

magnetic field at this interface is calculated as 

                                         2

0123 012

j

iy tyH H e 

− −= .                                            (4.47) 

Consequently, the corresponding electric field can be expressed by using the product 
of the wave impedance Zg and the magnetic field Hiy-012 as Ei-0123 = ZgHiy-0123 = ZgHty-

012ej2. The resolved resultant electric fields in the x- and the z – directions 
components give  
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    (2.48a) 

and  
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                         (2.48b)   

Plots of Eqs. 2.48(a) and (b) are shown in Figs. 2.9(a) and 2.9(b), respectively. 
It is obvious that the two incident fields decrease significantly by a maximum 96% in 
comparison to those of the transmitted electric fields at the prism-gold interface. A 
comparison of Eq. (2.47) to Eq. (2.48) shows that the difference is caused by the 
exponential phase factor, shown in Fig. 2.10, whose magnitude is smaller than one 
tenth and decreases as the function of the incident angle 

1  at the prism-gold interface 

increases. As a result, the corresponding two components of the electric fields Eix-0123 
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and Eiz-0123 change accordingly. Practically, the reduction of the electric fields is mainly 
caused by the inherent attenuation loss and the destructive interference caused by 
multiple wavefield reflections within the gold layer (Chen and Chen 1981). 

 

 
Figure 2.9. The squared modulus of the electric fields (a) |Eix-0123|2 and (b) |Eiz-0123|2 

incident at the gold-sample interface as a function of the angle of 
incidence 

1 . 

(b) 

(a) 
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Figure 2.10. The squared modulus of the exponential phase factor |exp(j

2 )|2 as a 

function of the angle of incidence 
1 . 

          2.3.6 Electric field transmitted at the gold-sample interface 
                  The amplitude of the transmitted magnetic field 

0123tyH −
 is formulated by 

applying the boundary condition at the gold-sample interface.  

                      2 2

012 2 32 2 0123 3cos cos cosj j

t r tE e E e E   −

− − −− + = −                         (2.49a) 

and 
                                   2 2

012 32 0123

j j

ty ry tyH e H e H −

− − −+ =                                  (2.49b) 

with     

                                           
0123 23 0123ty iyH t H− −= .                                                (2.50) 

In Eq. (2.50), the factor t23 given by 
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−
=

− + −

                       (2.51) 

represents the transmission coefficient for the gold-sample interface. Figs. 2.11(a) and 
(b) show the square modulus of the transmission coefficient |t23|2 given by Eq. (2.51) 
and the corresponding power transmittance |T23|2 at the gold-sample interface plotted 
as a function of the angle of incidence 

1 . The figures reveal that both the field 

transmission and the power transmittance have the shape of a Gaussian pulse centered 
at the resonance angle with a fast rise and fall. This is because, around the resonance 
angle, photon energy starts to be absorbed by the gold layer. The absorption of the 
photon energy abruptly increases when the matching conditions are satisfied at the 
resonance angle. The absorbed energy is then transmitted to the sample according Eq. 
(2.51). This highlights the optical interaction between the metal layer and the dielectric 
sample.  

 

(a) 
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Figure 2.11. Plots of (a) the transmission coefficient |t23|2 and (b) the power 

transmittance |T23|2 at the gold-sample interface as a function of the 
angle of incidence 

1 . 

The amplitude of the transmitted electric field in the sample is found as the product 
of the wave impedance of the sample Zs and the transmitted magnetic field Et-0123 = 
ZsHty-0123. The two orthogonal components of the transmitted electric field can be 
expressed as  

                ( ) ( )

( ) ( )
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                (2.52a) 

and 

(b) 
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                            ( )
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                                       (2.52b) 

Figures 2.12(a) and (b) show the square modulus of the transmitted electric fields, 
Etx-0123 and Etz-0123, plotted by using Eqs (2.52a) and (2.52b), respectively. Due to the 
power transmittance T23, the transmitted electric fields become maximum at the 
resonance angle position.  

 

 
Figure 2.12. The squared modulus of the electric fields (a) |Etx-0123|2 and (b) |Etz-0123|2 

transmitted at the gold-sample interface as a function of the angle of 
incidence 

1 . 

(b) 

(a) 
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          2.3.7 Electric field reflected from the sample-gold interface 
                  Application of the boundary conditions at the sample-gold interface gives 
the following relationships: 

                         2

012 2 32 2 0123 3cos cos cosj

t r tE e E E  − − −− + = −                           (2.53a) 

and 
                                       2

012 32 0123

j

ty ry tyH e H H

− − −+ = .                                         (2.53b) 

The reflection coefficient given by 
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− − −
=

− + −

                         (2.54) 

is obtained by solving Eqs. (2.53a) and (2.53b).  This coefficient relates the magnetic 
field reflected   from the sample-gold interface and the incident field as 

                                           
32 32 0123ry iyH r H− −=                                                           (2.55) 

Fig. (2.13) shows the square modulus of the reflectance coefficient R23 at the gold-
sample interface plotted as a function of the angle of incidence 

1  by using Eq. (2.54). 

The smaller value of the reflectance than that of the transmittance T23 suggests that 
more photonic energy will be absorbed and transmitted to the sample than the energy 
reflected from the sample-gold interface.  
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Figure 2.13. The squared modulus of the reflection coefficient R23 at the gold-

sample-gold interface as a function of the angle of incidence 
1 . 

The electric field reflected back in the gold is found as the product of the wave 
impedance of the gold Zg and the reflected magnetic field Er-32 = ZgHry-32. The formula 
of two perpendicular components of the reflected electric field is derived as  

               ( ) ( )
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and 
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Figs. 2.14(a) and (b) show the square modulus of the transmitted electric fields, Erx-32 
and Erz-32, plotted by using Eqs (2.56a) and (2.56b), respectively. Due to the 
characteristic of the reflection coefficient r23, the reflected electric fields become 
maximum at the resonance angle position. 
 

 

(a) 
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Figure 2.14. The squared modulus of the electric fields (a) |Erx-32|2 and (b) |Erz-32|2 

reflected at the sample-gold interface. 

Comparisons of Figs. (2.14) and (2.12) reveals that the electric field reflected back in 
the gold layer is smaller than that transmitted to the sample. It is worth mentioning 
that the tangential and the normal components of the reflected electric field are 
smaller by about two and three orders of magnitudes than those of the normal 
component of the reflected field. This confirms that the maximum absorption of the 
photon energy occurs due to the plasmon resonance. 
          2.3.8 Electric field incident at the gold-prism interface  
                  The amplitude of the incident magnetic field Hiy-321 at the gold-prism 
interface can be expressed as the product of the reflected magnetic field Hry-32 and the 
exponential function of the phase shift 

2 , which depends on the optimum thickness 

of the gold layer 

                                           2

321 32

j

iy ryH H e 

− −= .                                                         (2.57) 

(b) 
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By expressing the corresponding electric field as the product of the gold’s wave 

impedance Zg and the magnetic field Hiy-321, Ei-321 = ZgHiy-321 = ZgHry-32ej2, the x- and 

the z- components of the electric field can be written as follows 
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                                 (2.58b)                             

It is apparent from the plots of the two electric field components shown in Fig. 2.15 
that incident electric field components |Eix-321|2 and |Eiz-321|2 at the gold-prism interface 
reduce by maximum 96% in comparison to the reflected electric fields |Erx-32|2 and |Erz-

32|2. The attenuation loss of the metal layer and the destructive interference caused 
by the opposite phase shift factor are the cause of the reduction of the fields (see Fig. 
2.10). 
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Figure 2.15. The squared modulus of the electric fields (a) |Eix-321|2 and (b) |Eiz-321|2 

incident at the gold-prism interface. 
 
          2.3.9 Electric field transmitted at the gold-prism interface  
                   The boundary conditions at the gold-prism interface are given by 

               
012 1 321 1 012 2 321 2cos cos cos cosi r t iE E E E   − − − −− + = − +                        (2.59a) 

(b) 

(a) 
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and 
                              

012 321 012 321iy ry ty iyH H H H− − − −+ = + .                                            (2.59b) 

 
From the two equations above, the reflected magnetic field 

321ryH −
 is related to 

incident magnetic field in 
012iyH −

as                  

                                         
321 321 012ry iyH r H− −= ,                                                          (2.60) 

in which r321 represents the total reflection coefficient from sample into the prism 
expressed in the general form as Eq. (2.41). Fig. (2.16) shows the total reflectance R = 
|r321|2 plotted as a function of the angle of incidence 

1  by using Eq. (2.41). The plot 

contains the discontinuity point corresponds to the critical angle of the prism 

interfaced with water at 48.2, while the minimum point is the dip intensity of the SPR 
reflectivity. 

 
Figure 2.16. The total reflectance from the sample into the prism R = |r321|2 as a 

function of the angle of incidence 
1 . 

Henceforth, the product of the wave impedance Zg and the magnetic field Hiy-321 gives 
Since the resultant reflected electric field in the prism can be written as Er-321 = ZgHry-

321, the components of the electric field in the x and the z directions are given by 
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respectively. Figure. 2.17(a) and 17(b) show the variation of the reflected electric 
fields along the x and the z directions as a function of the angle of the incidence 

1 , 

respectively. The two plots show that due to the prism is non-conducting material, 
the reflected field becomes higher than that inside the gold layer. In general, |Erx-321|2 
tends to decrease, while |Erz-321|2 increases as the angle 

1  becomes higher. The 

discrepancy of the fields is caused by the fact that the cosine and the sine function 
exhibit opposite variations. These trends are in agreement with those of the field 
incident on the prism-gold interface shown in Fig. (2.7). A sharp attenuation of the 
reflected electric fields is the direct result of the photon energy absorption by the 
surface plasmons.  
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Figure 2.17. The squared modulus of the electric fields (a) |Erx-321|2 and (b) |Erz-321|2 
reflected from the gold-prism interface. 

          2.3.10 Electric field transmitted at the prism-air interface 
                   The light intensity detected by an array image sensor can be determined 
by finding the mathematical expression for the transmitted electric field. The boundary 
conditions at the prism-air interface can be expressed as     
                      

3210 0 01 0 43210 0cos cos cosi r r tE E E  − − −− + = −                                   (2.62a) 

(a) 

(b) 
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and      
                                  

3210 01 3210iy ry ryH H H− − −+ = .                                               (2.62b) 

Therefore, when two boundary equations are solved, the transmitted magnetic field is 
found as 

3210ryH −
 = t10Hiy-3210, where t10 denotes the transmission coefficient for the 

prism-air interface given by  

                ( )
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=
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.                                (2.63) 

Figure 2.18 plots the transmission coefficient t10 as a function of the angle of incidence 

1 . The transmission becomes bigger as the angle 
1  decreases. This is because the 

refractive index of the second medium is smaller than that of the first medium. It 
reaches minimum at the angle 

1 60 = , which corresponds to the normal incident 

angle at the air-prism interface. 
 

 
 
 
 
 
 
 
 
 

 
Figure 2.18 Variation of the transmission coefficient t10 for the prism-air interface as a 

function of the angle of incidence 
1 . 

Furthermore, Hiy-3210 represents the magnetic field incident at the prism-air interface, 
which is equal to the phase-shifted magnetic field Hry-321exp(j

1 ).  
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The resultant of the transmitted electric field 
3210rE −

 is determined by multiplying the 

transmitted magnetic field 
3210ryH −

 and the wave impedance Z0 of the free space that 

is Er-3210 = Z0Hry-3210 = 120πHry-3210.The x and the z components of the electric field is 

finally computed from resultant electric field Er-3210 as follows 

                          ( )( )1

3210 1 3210120 cos sin sinrx p ryE n H  −

− −
 = −
                       (2.64a) 

and 
                                 ( )3210 1 3210120 sinrz p ryE n H  − −

 = −  ,                             (2.64b) 

respectively. Figure (2.19) depicts the variation of the electric fields |Erx-3210|2 and |Erz-

3210|2 as a function of the incident angle 
1 at the prism-air interface. Fig. (2.19a)  

indicates the electric field |Erx-3210|2 slowly increases between the incidence angle 
1  = 

35◦ to 48.2◦ which is the critical angle. This is because the argument of the cosine term 
corresponds to the incident angle 

1  at the air-prism interface, which has an inverse 

relationship with the angle 
1  as shown in Fig. 2.3. Beyond the critical angle, the 

sudden dip of the signal is due the photon energy absorption. After the resonance 
region, the x-component of the transmitted electric field increases with the similar 
reason for the region smaller than the critical angle. Fig. (2.19b) shows the variation 
of the z component of the transmitted electric field as a function of incident angle

1

. The decrease in the electric field |Erz-3210|2 is caused by the sine term in Eq. (2.64b) as 
the angle of incidence 

1  increases. Furthermore, around the resonance position the 

field reduces to minimum, because of the photon energy absorption phenomena. At 
the incident angle of 60◦, |Erz-3210|2 becomes zero. This is because the resultant electric 
field consists only of the x component. Finally, the resultant electric field |Erx-3210 + Erz-

3210|2 detected by the sensor is plotted in Fig. (2.20). It is apparent that the plot of the 
detected field is in a good agreement with the variation of the total reflectance from 
the sample into the prism R = |r321|2 shown in Fig. 2.16. Therefore, the comparison 
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result validates the mathematical derivation of the TM wave propagation and the 
numerical calculation used in this thesis work. 

 

 
Figure 2.19. The squared modulus of the electric fields (a) |Erx-3210|2 and (b) |Erz-3210|2 

transmitted at the prism-air interface. 

(b) 

(a) 
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Figure 2.20. The squared modulus of the total electric fields |Er-3210|2 detected by the 

sensor. 
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CHAPTER III 

RESEARCH METHODOLOGY 

3.1  Introduction 
This study has two main objectives: The first objective is to perform 

experimental validations of the developed theory by measuring simultaneously a 
broad refractive index variation of 1.0003 ~ 1.3580. Air, water and ethanol will be used 
as test samples. The second goal is to investigate how the misalignment gap affects 
SPR reflectivity in a Kretschmann-based 6-layer SPR sensor. The investigation will be 
conducted by analyzing the total SPR reflectivity graph's results. 

3.2  Divergent beam illumination and detection 
 3.2.1  SPR sensor using Powell lens 

 A schematic illustration of the divergent illumination and detection in 
the SPR sensor setup using Powell lens is illustrated in Fig. 3.1. The setup is based on 
a prism coupling configuration proposed by Kretschmann (Kretschmann and Raether 
1968), in which the surface plasmon excitation is achieved by using the p-polarized 
illumination. After passing Powell lens, the p-polarized beam diverges with uniform 
energy distribution. This beam is obliquely incident on the side AC of a prism with an 
apex angle  and a refractive index np. In order to measure refractive index changes 
between n1 and n2, the refracted rays EG and FH are set to be incident on the interface 
between the prism – gold film at angles 2i  and 2i , respectively, which cover possible 
resonance angles of the refractive indices to be measured. 
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Figure 3.1 Schematic illustration of the divergent illumination-based SPR sensor  
               setup using Powell lens 
 
          3.2.2 Fan, Illumination and Observation Angles 

After the angles 2i  and 2i  are defined, the angles of incidence of the 

diverging beam at the side AC can be derived by using the Snell’s law as 

                                   )2/cos(arcsin 21 ipi n  +=                     (3.1) 

and 
                                    )2/cos(arcsin 21 ipi n  += ,           (3.2) 

respectively. The fan angle of the readout beam can be mathematically expressed as 

11 ii  −=  

   )2/cos(arcsin)2/cos(arcsin 22 ipip nn  +++=       (3.3) 

which shows that the full beam divergence angle   must be determined by taking 
into account the measurable range of the resonance angles and the prism material 
together with its apex angle. Consequently, a principal axis of the illuminating beam 
must be tilted with respect to the x axis to provide an illumination angle     
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12)( i −+=    

    )2/cos(arcsin2/)( 2ipn  +++= .           (3.3) 

When one particular light ray is incident on the side AC at the angle  
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the x component of the evanescent wave vector in the interface matches to that of 
the surface plasmon, yielding plasmon resonance. spr  in Eq. (3.5) is known as the 

resonance angle (Kretschmann and Raether 1968). In SPR sensing, the refractive indices 
of the prism and the metal mn  are known, thus, spr is dependent upon the refractive 

indices of the sample sn  being analyzed. When energy of the evanescent wave 

generated at the angle spr is absorbed by the surface plasmons, the corresponding 

reflected light intensity reduces drastically. Therefore, a detection of the spatial 
position of the dip light intensity at an observation plane can be used to measure the 
resonance angle. Owing to different exit angles of the totally reflected beam, the 
detection of the dip intensity can be accurately detected, provided that the 
observation plane is inclined with respect to the prism side BC by an angle 
 

( ) 211 ii  += .                    (3.6) 

 
At this observation angle, the beams IM and JN will incidence at the same angle of the 
incidence on the light detector placed on the observation plane.   
          3.2.3 Beam widths 
                  A relation between the resonance angle on the sensing area and the dip 
intensity position on the light detector can be mathematically established by 
determining widths of divergent beams on three sides of the prism and the light 
detector that are EF, GH, IJ and MN. According to geometrical analysis, the width EF of 
the divergent beam in the prism side AC is given by 
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with DL is the normal distance from the prism surface to the focal point of the lens.  
  From triangles ∆AGE and ∆AHF, the beam width GH on the hypotenuse is 
calculated by subtracting AG from AH  

      
2

2

2

2

2

2

cos

)2/sin(

cos

)2/sin(

cos

)2/sin(

i

i

i

i

i

i EFAEGH










 +
+







 +
−

+
= .            (3.8) 

This beam width determines the minimum dimension of the sensing area. Besides being 
dependent upon the range of the measurable resonance angle and the prism apex 
angle, it is determined by the width of the incidence beam EF and its position AE 
measured from the vertex A. 
At the exit side of the prism, the width IJ of the reflected beam is found to be 
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At the detector plane, the beam diverges further to  
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with 1i and 1i  are given by Eqs. (3.1) and (3.2). Equation (3.10) can be regarded as a 
mapping of the resonance angle on the detecting elements of the light detector. When 
the dip intensity on the detector plane is detected, the corresponding angle spr  can 
be determined by using this equation, yielding measurement of the desired refractive 
index of the sample. It is clear that the output beam size is determined by the 
inclination angle of the light detector such that a small inclination angle causes a small 
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length difference between the two beams IJ and MN. Note that the incidence position 
AE determines whether the whole reflected beam GH will strike the prism side BC. 

3.3 Effects of misalignment gap 
Although the proposed divergent beam illumination is excelled in the parallel 

measurement of multiple samples using single-shot acquisition, the large sensing area 
requires a large gold sensor plate. In practice, placing the large gold plate on top of 
the prism may cause misalignment, in particular when index matching liquids are filled 
between the gap of the plate and the prism. To further validate the developed 
method, the effects of the misalignment gap are studied by following the real 
experimental setup such that the gold plate is a Swiss glass slide (20mm×20mm×1mm) 
with evaporated 5 nm chromium and 45 nm gold film (BA1000, Nano SPR) and the 
index matching liquid (IML) is Cargille refractive index liquid (Series A, Cargille). 

Figure 3.2 shows a schematic diagram of the 6-layer SPR system, which 
comprises the equilateral prism ( pn  = 1.785), the index matching liquid ( mn  = 1.61)), 

the glass slide ( gln = 1.61), the chromium ( cn = 3.139+j3.316) and the gold ( gn  = 0.1726 

+ j3.4218) layers and a water sample ( sn  = 1.3317). The p-polarized light with the same 

wavelength   = 632.8 nm is incident on the interface of the prism and the glass with 
the gap thickness d2. The glass thickness d3 is 1 mm, while the misalignments are 
introduced by varying uniformly and non-uniformly the thickness d2. According to the 
theoretical analysis in Chapter 2, the derived light intensity |Erx-3210 + Erz-3210|2 detected 
by the detector can be described by using the total reflectance R = |r321|2. Therefore, 
to avoid the repetitive analysis; the total SPR reflectivity will be applied to study the 
misalignment effects of the gold plate layer. As the first study step, the effect of the 
misalignment on the reflectivity will be studied by considering that the gap with the 
thickness d2 = 0. 
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Figure 3.2  A schematic diagram of the 6-layers of the SPR sensor. 

The total reflection coefficient r654321 from the sample to the prism is given by 
(Shalabney and Abdulhalim 2010)  

                                     ( ) ( )

( ) ( )
11 6 12 1 21 6 22

654321
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+ − +
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                           (3.11) 

with m11, m12, m21 and m22 are the elements of the total transfer matrix M, Eq. (3.11) 
consists of five reflection coefficients that are the coefficients from the matching liquid-
prism r21, the matching liquid-prism r32, the chromium-matching liquid r43, the gold-
chromium r54 and the water-gold r65 interfaces. The total transfer matrix M is defined 
as by (Shalabney and Abdulhalim 2010) 
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which is the product of the four matrices of the matching liquid, the glass, the 
chromium and the gold layers. The transfer matrix of each layer is determined by the 
wave impedance q and their phase factor  that are affected by the corresponding 
thickness d of the layer. 
In a general matrix expression, Eq. (3.12a) can be simplified as 

                                                11 12

21 22

m m
M

m m

 
=  
 

                                                  (3.12b) 

In Eq. (3.12a) where, 2 , 3 , 4 and 5 denote the phase shift caused by the thickness 

layers of the matching liquid 2d , the glass slide 3d , the chromium 4d  and the gold 5d

, respectively. Their corresponding phase shifts are defined as  
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and 
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Since the phase shift values are linearly proportional to the layer thickness, they affect 
the light wave propagation through each layer. Furthermore, q2, q3, q4 and q5 defined 
as  (Shalabney and Abdulhalim 2010) 
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and                                                                                                                              
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denote the tangential component of wave impedances of the matching index, the 
glass, the chromium, the gold and the sample respectively.  

 

 
Figure 3.3. Total reflectance power 2

654321 654321R r=  as a function of the angle of 

incidence 1  for without glass and with the glass thickness of 1 mm and 

1 µm. 

In Fig. 3.3 the total reflectance 2

654321r is plotted as the function of the 

incidence angle 1  for different glass thickness d3. The gray, the black and the dashed 
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lines represent the reflectivity obtained by using the glass thickness d3 of 1.0 mm, 1.0 
µm and 0 µm, respectively. When the glass slide, regardless of the thickness, is directly 
placed on the prism, the gap d2 is 0 µm. This implies that the phase factor 2  is zero, 

thus the SPR reflectivity signal is independent upon the gap. Despite of the absence 
of the gap, the SPR reflectivity curve appears wider than in the case without the glass 
slide. This happened because of the refractive index difference between the prism and 
the glass. It is apparently seen that the refractive index difference leads to a ripple on 
the total reflectivity of the SPR signal as indicated in the Fig. 3.3. The ripple is the 
result of an interference between the ray directly reflected from the prism-glass 
interface and the ray reflected at the glass-chromium interface after being partly 
refracted from the prism-glass interface. Thus, the ripple has a form of an interference 
fringe (Geng, Li et al. 2010). The occurrence of the interference fringe is confirmed by 
reducing the glass thickness to 1.0 µm. The ripple reduces, while the broadening of 
the reflectance still exists due to the refractive index difference. As the result of the 
interference fringe on the SPR reflectivity signal, some studies have utilized a gold 
coated glass that was 0.3 mm thick (Zhang, Chen et al. 2014)  while others have used 
0.15 mm (Mauriz, Calle et al. 2007). 

Furthermore, the fringe amplitude increases as the incidence angle increases. 
This is because the increase of the reflectivity power at the glass-prism interface. 
However, the fringe amplitude reduces at the Brewster angle because there is no 
reflection of the TM wave at the glass-prism interface and at the resonance position 
where most of the photon energy is absorbed to the sample.  Therefore, the 
interference fringe on the SPR reflectivity can eliminated by using the glass with the 
same optical properties as the prism. 
          3.3.1 Analysis of interference fringe on the SPR signal 
                  The occurrence of the interference fringe ripple can be explained by 
considering the optical path difference (OPD) between a directly reflected ray on the 
prism-glass interface and a refracted ray after one time reflection from the glass-metal 

interface. The angles 1  and 3  represent the incident and the refracted angles of 

the ray 1, while the angle 1  and 1  represent incident and refracted angles of the 
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ray 2, respectively (see Fig. 3.4).. Ray 1 and Ray 2 are two adjacent light rays incident 
on the prism-glass interface   
 

 
Figure 3.4 The occurrence of the interference fringes between two consecutives rays. 
 
The OPD of the ray 1, OPD1, can be expressed as 

                                     '

3 3 1 2 cosglOPD n d = .                                           (3.22) 

In similar fashion, the ray 2 has the path difference OPD2  

                                     ''

3 3 2 2 cosglOPD n d = .                                          (3.23) 

The constructive interferences caused by the differences OPD1 and OPD2 can be 
written as 

                             '
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where m  is the integer number.  
Consequently, the spacing of the two adjacent fringes can be expressed as [2] 
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Assuming the difference the two adjacent refracted angle is infinitesimally small 
'' '

3 3 3   = −  Eq. (3.26) can be approximately rewritten as  
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 or  
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When the Snell’s law is applied to Eq. (3.28) the fringe spacing equation can be 
expressed as follows 

                                         ( )3
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180
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 =                                           (3.29) 

 
          3.3.2 Verification of the existence of the interference fringe 
          Figure 3.5 shows the comparison of the fringe spacings computed by 
using the total reflectivity of the 6-layer setup given by Eq. (3.11) and the derived 
formula of Eq. (3.29) as a function of the incident angle 1 . They are represented by 

using the solid and the dashed lines, respectively. It is shown that the theoretical fringe 
spacing decreases as the incident angle increases. This is because the factor 1sin  in 

the denominator of Eq. (3.29) becomes higher as the incident angle increases. 
  

 



 
62 

                                                                                                                                        

 

 

 
Figure 3.5 Comparison of the fringe spacings calculated by using the total reflectivity 

of the 6-layer setup given by Eq. (3.11) and the derived formula of Eq. 
(3.29) and as a function of the incident angle 1 . 

 
According to the theory of interferometry (Hariharan 2010), the fringe spacing is defined 
as the spacing between two bright fringes. In the reflectance R654321 plotted by using 
Eq. (3.11), they are approximately equal to the alternate reflectance peaks. It is obvious 
from Fig. 3.5 that the spacings calculated from the reflectance fluctuate around the 
theoretical values. The spacing fluctuation may be caused by the fact that firstly, the 
fringe peaks are affected by the variation of the SPR reflectivity signal. Secondly, the 
reflectance was derived from the electric fields behind the prism exit surface BC, which 
is different than the interface between the prism-glass. Therefore, it can be concluded 
that the ripple on the SPR reflectance can be explained by using the principle of 
multiple-reflections of light. In this case, the thickness of the glass is the primary cause 
of the ripple on the SPR reflectivity. Furthermore, the unwanted ripple may be 
removed by using a band-pass filter with a center frequency given by Eq. (3.29). 
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CHAPTER IV 

EXPERIMENTAL VERIFICATIONS 

4.1 Beam shaping with Powell lens 
In 1986, Ian Powell invented the Powell lens (Powell 1989). It is a type of optical 

lens that transforms a Gaussian beam into a uniform beam line. The Gaussian laser 
beam has a higher field distribution in its center than at its extremities. This may cause 
a problem when uniform photon energy distribution is required to equally generate 
plasmon resonances along a wide interface of the gold and dielectric layers. To 
generate uniform field distribution, Powell lens has two surfaces that are the primary 
and secondary surfaces. The apex of the primary surface is responsible for spreading 
out light radiation more quickly in the middle than at the extremities. The secondary 
surface uses refraction principles to increase the divergence of the incidence fan rays. 
When the primary surface has a higher slope of the top and the secondary surface has 
a higher refractive index, the fan angle becomes large. A lower slope of the primary 
surface and the refractive index of the secondary surface, the fan angle is small. 

The difference between the beam outputs generated experimentally by using 
a cylindrical and Powell lenses is shown in Fig. 4.1. Fig. 4.1(a) show the beam intensity 
pattern of the He-Ne laser recorded at the entrance surface of the lenses. Figs. 4.1(b) 
and (c) are the intensity output patterns of the cylindrical and the Powell lenses 
recorded at distances 16 cm and 6 cm away from the lenses, respectively. It is apparent 
that the Powell lens diverges the beam wider than the cylindrical lens. 

 
Figure 4.1 Beam profiles transmitted from (a) the laser source, (b) the cylindrical lens  
               and (c) the Powell lens, respectively. 
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      Figures 4.2 shows a comparison of the corresponding normalized beam 
intensities averaged along the vertical direction. The dashed, the solid and the dashed-
dotted lines correspond to the laser, the cylindrical lens and the Powell lens outputs 
shown in Fig. 4.1. Although the cylindrical lens produces 1D divergent beam, the output 
still has a Gaussian-shaped distribution. This is because the cylindrical lens works by 
light refraction. In contrast, the Powell lens diverges the light rays around the optical 
axis more rapidly than marginal rays. As a result, the field distribution around edges is 
the highest.  
 

 

 
 
 
 
 
 
 
 

Figure 4.2 The corresponding normalized beam intensities obtained from the source, 
the cylindrical lens, and the Powell lens. 

4.2 Experimental measurement of refractive index 
Validity of the derived analytical conditions was experimentally verified at room 

temperature by using the Powell lens-based SPR sensor shown in Fig. 4.3. The 
polarizing beam splitter cube selected the p-polarization state of a He-Ne laser light 
operating at the wavelength   = 632.8 nm, while the rotating half-wave plate was 
used to ensure that the illuminating beam tilted to the angle   by the mirror had the 
correct p-polarization state. The prism coupling was implemented by using a 50 mm 
SF11 equilateral prism (np = 1.785) having the critical angle of 34.07°. Besides water 
and absolute ethanol, air was used as one of the test samples for calibration. In order 
to produce the evanescent wave across broad range of the three refractive indices, 
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the incident angles at the sensing area were set to cover the range from 34° to 57°.By 
taking Eqs. (3.1) and (3.2) into account, the minimum fan angle  of the divergent beam 
was found to be about 46°. Thus, Powell lens having a fan angle of 60° was chosen to 
diverge uniformly the p-polarized light. The incident distance AE was set to be 7.1 mm, 
while the Powell lens distance DL was 8 mm. Each SPR measurement was conducted 

by attaching a 20 mm  20 mm Au evaporated glass plates (Nano SPR, BA1000) with 
the refractive index nm = 0.1726 + j3.4218 (Yamamoto 2002) to the hypotenuse AB. To 
cover a broad range of the incident angles, the diagonal of the plate was oriented to 
be parallel to the prism hypotenuse. Index matching liquid (Cargille series A) was added 
in the gap between the prism and the glass plate in order to reduce light loss. Test 
samples were drop at particular positions on the glass plate by using a 10-microliter 
pipette (Glassco). The drop position was determined by substituting the resonance 
angle of the corresponding liquid into Eq. (3.8). Totally reflected intensity patterns 

were captured by using a 2D CMOS image sensor (Sony Exmor R IMX251) with 7952  

5304 pixels in an area of 35.9 mm  23.8 mm. For the sake of clarity, a screen was 
installed in the observation plane inclined by the angle . It can be clearly seen from 
Fig. 4.3 that the light output reflected from all incident angles on the sensing area 
forms a straight line pattern given by Eq. (3.10). As a result, unlike the conventional 
scanning method, the SPR reflectivity from a broad range of angles could be detected 
from one-shot recording. 
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Figure 4.3 Experimental setup for implementing the divergent illumination-based SPR 
sensor using Powell lens (Widjaja and Hossea 2021).                  
 

          4.2.1 Simultaneous sensing of air and water  
 

 

Figure 4.4 (a) SPR reflectivity pattern of air and water and (b) its corresponding 
                normalized reflectivity averaged along the vertical direction. 
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The first experimental verification was conducted by measuring simultaneously 
the SPRs of air (ns = 1.0003) (Workman and Workman 2001) and water (ns = 1.3317) 
(Hale and Querry 1973). Figure 4.4(a) shows the SPR reflectivity pattern captured by 
the CMOS sensor placed at the observation plane. The captured pattern maps the 
angle of incidence on the sensing area to the CMOS pixels, such that the bigger the 
incident angle the higher the number of pixel position. The measured width of the 
reflectivity pattern in the vertical direction is about 200 pixels or about 1 mm. It can 
be clearly seen that the reflected pattern is clearly separated into three parts by two 
dark bands caused by photon absorptions during the resonances of surface plasmons 
at the gold - air and the gold - water interfaces, respectively. The darkest level of the 
bands was obtained by adjusting the angle of the half-wave plate around the beam 
axis. The well-defined bands indicate that the gold-evaporated glass plate used in this 
experiment was not contaminated. The dark band appeared on the left side of the 
pattern has a narrower width than the one on the right side. This is because for the 
lower refractive index of air, the transfer of photon energy occurs over a narrower 
range of the incident angle. Consequently, the dark SPR band is sharpened.  

To extract the positions of the SPR reflectivity minima, 1D intensity profile 
shown in Fig. 4.4(b) was calculated by taking an arithmetic mean of the reflectivity 
pattern along its vertical width. Although the 1D SPR reflectivity is smeared by small 
intensity fluctuations, which may be caused by light scattering and non-uniform 
distribution of the index matching liquid, the two dip intensities can be clearly 
identified. By measuring the lowest depth of the SPR dip of about 0.18, the energy 
transfer for air and water are estimated to be equal to 73 %. This represents the best 
efficiency of the energy transfer from the evanescent wave to surface plasmons that 
could be obtained in this work. Finally, the lowest depth position of the SPR absorption 
of air is detected at the pixel number 713 of the sensor, while that of the resonance 
of water sample is at the pixel 7107 (Widjaja and Hossea 2021). 
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          4.2.2 Simultaneous sensing of air and ethanol  
 

 

Figure 4.5 (a) SPR reflectivity pattern of air and ethanol and (b) its corresponding 
‘normalized reflectivity averaged along the vertical direction. 

           The second experimental verification measured the SPRs of air and absolute 
ethanol (ns = 1.3580) (Workman and Workman 2001). The SPR reflectivity pattern and 
its corresponding averaged intensity are shown in Figs. 4.5(a) and (b), respectively. 
The first dark band is caused by the same resonance at the gold - air interface, while 
the second dark line is produced by that at the gold – ethanol interface. A comparison 
with Fig. 4.4 shows that the lowest depth of the reflectivity caused by the SPR 
absorption of air in Fig. 4.5 appeared at the same position. However, the SPR dip of 
ethanol is shifted toward to the pixel 7523 and its width broadened. This result is 
consistent with the fact that the higher refractive index of ethanol causes the energy 
transfer from the evanescent wave to surface plasmons occurs over a broader range 
of the incident angle. The efficiencies of the energy transfer are almost the same as 
the previous measurement (Widjaja and Hossea 2021). 
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4.2.3  Sensor sensitivity  
 

 

 

Figure 4.6 Detected SPR positions as a function of the refractive index of the test 
samples. 

The sensor system was calibrated by using the SPR measurements of the 
sample refractive indices. It is found that the first and the last pixels of the light 
detector correspond to the angles of 33.806° and 56.802°, respectively, with the 
angular resolution of 0.00289°. In comparison with the theoretical values, the angle 
differences may be caused by a misalignment of the distance AE.  

When the SPR sensors are implemented without using the mechanical scanning 
system, the sensitivity is widely expressed in terms of be expressed in RIU/pixel (Bremer 
and Roth 2015, Vestri, Margheri et al. 2020). Figure 4.6 shows a plot the pixel positions 
of the resultant SPR dips detected by the CMOS sensor as a function the sample 
refractive index. The detected dip positions represented by black circles fit very well 

with a straight line, which represents the linear regression line given by y = 19221x − 
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18510 and a coefficient of correlation R = 0.99992. The linear sensitivity of the SPR 

sensor system calculated from the regression line is 5.2026  10-5 RIU/pixel, which is 

close to a theoretical value of 5.1627  10-5 RIU/pixel for given parameters of the same 
sensor.  

Table 4.1 Errors in measurements of the refractive indices and their corresponding 
 resonance angles of the three samples (Widjaja and Hossea 2021). 
Samples Theory Experiment 
  Pixel RI spr  Pixel % Error RI % Error spr  % Error 
Air 717 1.0003 35.878 713 -0.6 1.000 -0.028 35.865 -0.036 
Water 7002 1.3317 54.104 7107 1.50 1.335 0.271 54.358 0.469 
Ethanol 7675 1.3580 56.002 7523 -1.98 1.352 -0.439 55.561 -0.787 

  
Table 4.1 presents errors in measurements of the refractive indices and their 
corresponding resonance angles of the three samples. It is apparent that the refractive 
index of air can be detected with the smallest error, because it has the sharpest SPR 
dip. When the width of the SPR dip becomes broader due to the increase in refractive 
index of the sample, the error in measurement becomes higher. It is worth mentioning 
that although the measured range of the refractive indices is broad, the highest error 
is smaller than 1%. Unlike other SPR sensor, which employs an advanced mathematical 
transformation to extract the dip SPR (Karabchevsky, Karabchevsky et al. 2011), our 
experimental results are obtained by a simple arithmetic averaging. This confirms that 
the divergent beam produced by the Powell lens carries uniform energy distribution, 
yielding the SPR curve with high signal-to-noise ratio. Therefore, this SPR sensor can be 
used to measure refractive index of sample, which is spatially distributed across the 
sensing area. The first straight forward application of this type of SPR sensor is an 
implementation of multichannel SPR sensing, where the sensing area is partitioned into 
multiple sensing elements (Han and Luo 2013, Wang, Loo et al. 2018). Each sensing 
element detects different analyte. The second application is a large dynamic range 
SPR. In this application, the SPR can be implemented without the use of high prism 
refractive index (Canning, Qian et al. 2015). In summary, the measurement results verify 
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the validity of the proposed divergent beam illumination and detection proposed in 
our previous work.  
 Furthermore, in order to compare with the conventional sensitivity defined 
according to the mechancal-scanning-based SPR sensor, the theoretical sensitivity of 
our proposed system can be calculated as (Lan, Liu et al. 2015, Tiwari, Sharma et al. 
2015) 

                               spr ethanol spr airres

ethanol water

Sensitivity
n n n

  − −−
= =

 −
,                                      (4.1) 

                                                         56.002 35.878

1.358 1.003

−
=

−
 

                                                         56.69 RIU= . 

From the experiments, the sensitivity is (55.561° - 35.865°)/ (1.352 – 1) = 55.95°/RIU, 
which is close to the theoretical sensitivity. The experimental results show that the 
sensitivity is consistent with the resolution of the angular interrogation technique 
(Homola, Yee et al. 1999) and it is higher than the other published work (Bremer and 
Roth 2015). 

4.3 Misalignment effects 
4.3.1  Simulation Results 

This section discusses the simulation results of the effect of the 
misalignment gap of the ML and air between the glass and the prism shown in Fig. 3.3. 
The uniform gap is implemented by placing two wedges under the plate edges, while 
the nonuniform gap uses a single wedge. However, due to difficulty in aligning 
experimentally a nanometer order wedge, an 80 µm polycarbonate microtube 
(Paradigm Optics, CTPC-067-100) is used as a wedge between the prism and the gold 
plate. In the case of the non-uniform gap, the wedge is placed around the interface 
having high incident angle. 
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                  4.3.1.1 Simulation Results of uniform misalignment 

Fig. 4.7 shows the total reflectivity 2

654321 654321R r=  calculated 

by using Eq. (3.11) for uniform matching liquid and air gap misalignments. The total 
reflectance R654321 is plotted as the function of the incidence angle 1 for the gap 

thickness d2 = 80 µm. This implies there is either the ML or air gap between the gold 
coated glass chip and the prism. In comparison with Fig. 3.3 in which the glass thickness 
was 1 mm, the 80 µm thickness of the matching liquid gap does not cause a significant 
interference fringe change. Therefore, in general, the matching liquid thickness does 
not produce a reasonable effect on the SPR reflectivity curve. 
 

 

Figure 4.7 Total reflectance power 
2

654321 654321R r=  as a function of the angle  

                     of incidence 1 for the 80 µm ML and the air gaps. 

 However, in the case of the 80 µm uniform air gap, the reflectivity signal is 
totally different than the SPR reflectance such that the SPR effect disappears. This is 
because the thickness of the air gap is longer than the propagation depth of the 
evanescent wave that is about 1.77 µm (Thirstrup, Zong et al. 2004). Thus, the 
generated evanescent wave diminishes, preventing the resonance of surface plasmons. 
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the evanescent wave diminishes before it reaches to the gold-sample interface, 
yielding zero light reflection from the sample. Consequently, the total SPR reflectance 
R654321 becomes zero.  
                  4.3.1.2 Simulation Results of the non-uniform misalignment 

                     Insignificant effect also occurs when the non-uniform ML was 
applied. A comparison of Figs. 4.8 and 3.3 reveals that the SPR reflectivity curve 
obtained by the non-uniform misalignment is the same as that by the 1 mm thick gold 
coated glass plate placed on top of the prism without the ML. It is noteworthy to 
conclude that due to a larger thickness of the glass than that of the ML, the 
misalignment gap does not affect significantly the total SPR reflectivity. On the other 
hand, the effect of the non-uniform air gap is the same as that of the uniform air gap, 
because of the same short penetration depth of the evanescent wave.  

 
Figure 4.8 Total reflectance power 2

654321 654321R r=  as a function of the angle of 

incidence 1  for the non-uniform 80 µm ML and the air gaps. 

According to the above results shown in Figs. 4.7 and 4.8, it can be summarized that 
firstly, the effect of the misalignment gap on the SPR reflectivity is not significant, 
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provided that the gap is smaller than the glass thickness. Secondly, the ripple fringe is 
solely produced by the gold-coated glass slide.  
          4.3.2 Experimental Results 
                  4.3.2.1 Misalignment effects caused by the ML gap 

The experiments were carried out to investigate the 
consequences of the misalignment gap of the ML. The first experiment was done 
without introducing the gap. A single drop of the ML liquid fill between the prism and 
the glass plate. Thus, it was deemed a normal scenario. Figures 4.8 (a) and (b) show 
the SPR reflectivity patterns obtained by using the s- and the p-polarized lights, 
respectively. The dark band appeared in Fig. 4.9(b) confirm that the p-polarized light 
resonates the surface plasmons. 

 
Figure 4.9 The SPR reflectivity patterns obtained by using the (a) S- (b) P-polarized   
               lights. 

In the second experiment, the uniform gap was obtained by aligning two 80 µm 
microtubes used as the wedges. Fig. 4.10 shows the resultant SPR reflectivity 
patterns obtained by using the s- and the p-polarized lights. They are depicted in Fig. 
4.10(a) and (b), respectively. The misalignment effect on the SPR reflectivity pattern 
is hardly observed.  

(a)

(b)

(a)

(b)
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Figure 4.10 Effects of the 80 µm uniform ML gap on the SPR reflectivity patterns 

obtained by using the (a) S- (b) P-polarized lights. 

 The last experiment dealt with the non-uniform gap where one of the 
microtubes was placed under the gold plate with high incident angle. The other side 
of the plate made contact with the prism. This implies that the glass sensor chip is 
inclined at an angle defined by the glass sensor chip's length and the microtube 
diameter. Fig. 4.11(a) shows the SPR reflectivity pattern using the S-polarized 
illumination while Fig. 4.11(b) shows the resultant pattern by the P-polarized light. 
Similar dark band caused by the SPR phenomenon is clearly observed. The results 
reveal that there is no significant effect of the non-uniform misalignment gap on the 
SPR reflectivity pattern. 

 
Figure 4.11 Effects of the 80 µm non-uniform ML gap on the SPR reflectivity patterns 

obtained by using the (a) S- (b) P-polarized lights. 

(a)

(b)

(a)

(b)

(a)

(b) (b)

(a)
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(a)

(b)

(c)

(b)

(a)

(c)

4.3.2.2 Misalignment effect caused by the air gap 
Another set of experiments was carried out to investigate the 

impact of an air bubble at the prism-glass interface. The settings were identical to 
those used to observe the effect of ML misalignment, with the exception that ML were 
substituted by air in this case. Figure 4.12 depicts the resultant SPR reflectivity pattern 
obtained by using the P-polarized beam patterns for three different types of gap. This 
study found that there was no occurrence of the SPR phenomenon in any of the three 
conditions when the air gap was applied 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 The SPR reflectivity patterns obtained by using the p-polarized light with 

air gap (a) d2 = 0 µm (b) uniform d2 = 80 µm and (c) non-uniform d2 = 0 - 
80 µm 

. 
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4.3.3 Discussion of the experimental misalignment effects 
Figures 4.13 shows a comparison of the SPR reflectivity signals 

obtained by using the p-polarized light with and without gaps of the ML and air shown 
in Figs. 4.9, 4.10, 4.11 and 4.12. The intensities are averaged along the vertical direction. 
The dashed and the solid lines represent the ML and air gaps. The black, the blue and 
the red colors denote the normal setup, the 80 µm uniform and the non-uniform gaps, 
respectively. 

The results show that in comparison with the normal SPR alignment, 
the non-uniform ML gap has insignificant effect on the SPR reflectivity signal. However, 
the 80 µm uniform ML gap causes the higher minimum dip intensity and the narrower 
width of the resonance curve. The position of the resonance dip is still detectable. 
The slight difference in the resonance curve might be caused by the average gap of 
the uniform misalignment is larger than that of the non-uniform one. The experimental 
results confirm that the ML gap has insignificant effect on the SPR reflectivity signals, 
provided that its thickness is smaller than the thickness of the glass sensor chip. Unlike 
the simulation results shown in Figs. 4.7 and 4.8, the fringe ripple on the experimentally 
detected SPR signals fluctuates randomly. This can be understood by considering Fig. 
4.2, which shows that the divergent beam generated by the Powell lens is not purely 
uniform. 

In the case of the misalignments with the air gap, the experimental results 
confirm that due to the short penetration depth of the evanescent wave, the larger 
air gap prevents the photon energy transfer. The SPR phenomenon cannot occur. 
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Figure 4.13 Normalized SPR reflectivity signals obtained by using the p-polarized light 

with and without gaps of the ML and air as a function of the angle of 
incidence 1 for (a) Normal ML and no air gap noted by black and dashed 
black line (b) uniform ML and air gap d2 = 80 µm noted by blue and 
dashed-blue line (c) Non-uniform ML and air gap d2 maximum = 80 µm 
denoted by red and dashed-red line. 

4.4 Experimental analysis of the fringe spacing. 
The simulation and the experimental results have verified that the 

misalignment effect caused by the ML has no discernible effect on the SPR 
performance. This is because the thickness of the glass sensor chip is greater than the 
ML gap. On the other hand, the glass thickness causes the interference fringe ripple on 
the SPR reflectivity signal, which overrides the effect of the glass plate misalignment. 
In this section, the existence of the interference fringe is experimentally verified.  
In order to compare with the theoretical spacings, the experimentally generated SPR 
reflectivity signal of the 1-mm glass plate without the gap is enlarged between the 
same angle range as Fig. 3.5. The existence of the fringe ripple on the enlarged 
reflectance around the resonance angle of 54° can be clearly seen in Fig. 4.14. In the 
figure, the alternate reflectance peaks are denoted by numbers P1, P2, P3, P4, P5, P6, P7, 
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P8, P9 and P10. The separation between the alternate reflectance peaks were measured 
as the fringe spacing. 

 

Figure 4.14 Enlarged SPR reflectivity signal of the 1-mm glass plate without gap 
shown in Fig. 4.13 as the function of the incident angle. 

 
Table 4.2 presents a comparison of the fringe spacings obtained from of the 

experimental measurement and the theoretical values of Eq. (3.29) as a function of 
the incident angle 1 . The experimentally measured fringe spacing is about six times 

greater than the theoretical value. The reason for this discrepancy is that unlike the 
simulated reflectance, the experimentally measured spacings were obtained from the 
SPR reflectance pattern recorded at the sensor plane in free space away from the 
prism side BC. Since a larger refraction effect occurs when light travels from the prism 
to free space, the output beam transmitted from the prism widens before being 
detected by the sensor. This is the reason for the significant discrepancy. 

p1

p2

p3

p4

p5

p6

p7
p8

p9

p10
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Table 4.2 Comparison of the experimental and the theoretical fringe spacings as the 
function of the incident angle 1 .  

Spacing 
number 1 (°) 

Fringe Spacing 
Experimental (°) Equation (3.29) (°) 

1 52.3000 P2 – P1 0.163929 0.023779 
2 52.4004 P3 – P2 0.128802 0.023738 
3 52.5522 P4 – P3 0.152221 0.023690 
4 52.7046 P5– P4 0.163930 0.023641 
5 52.8098 P6 – P5 0.093674 0.023608 
6 52.9501 P7– P6 0.140511 0.023565 
7 53.1377 P8 – P7 0.175639 0.023507 
8 53.2780 P9 – P8 0.140511 0.023464 
9 53.4000 P10– P9 0.140511 0.023425 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.15 Plots of the experimental and the theoretical fringe spacings as the 

function of the incident angle 1 . 
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To further confirm that the ripple on the SPR signals is caused by the glass 
thickness, the two spacings are plotted in Figure 4.15. A regression analysis is then used 
to analyze a variation of the fringe spacing as a function of the incident angle 1 . The 

solid line represents the regression line. The experimentally measured fringe spacing 
and the incident angle is found to be linearly correlated with the regression equation 

exp 10.00226 0.26384sf − = − + . In the case of the theoretical spacing, the equation is 

10.00031 0.04s tf − = − + . They have the same relationship strength R2 = 0.98. The 

negative slope in the two equations indicate that the fringe spacing has downward 
trend as the incident angle increases. In other words, the higher the incident angle 1 , 

the narrower the fringe spacing. Finally, the simulation and the experimental findings 
show that the thickness of the gold-coated glass outweighs the influence of 
misalignment due to the ML on SPR sensor performance. It is worth mentioning that 
the fringe frequency estimated by Eq. (3.29) may be used for constructing a bandpass 
filter to remove the unwanted fringe ripple, yielding improved SPR reflectivity signals.  
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CHAPTER V 

CONCLUSION AND FUTURE WORK 

5.1        Conclusion 
We have verified experimentally the validity of our proposed theory for the 

divergent beam illumination and detection of the surface plasmon resonance (SPR) 
sensor by using air, water and absolute ethanol as test samples. In each experiment, 
simultaneous SPR sensing of two refractive indices of samples, air–water and air–
ethanol, were demonstrated. The experimental results show that the SPR sensor 
system has a linear response to a large range of refractive index measurement. The 
sensor sensitivity is comparable to the conventional angular interrogation-based SPR 
and can be enhanced by reducing the index measurement range. The errors in the 
refractive index measurements are smaller than 1%, with the sensing of air gives the 
smallest error, while ethanol is the highest. The increase in error stems from the 
broadening of the SPR dip. All resultant SPR dips have almost the same lowest depth, 
regardless of their corresponding resonance angles; therefore, the results verify also 
the advantages of using Powell lens in that first, due to uniform divergent beam 
illumination photon energy can be efficiently transferred into the surface across broad 
sensing area. Second, the well-defined SPR reflectivity pattern simplifies the detection 
algorithm of the SPR dip. 

We theoretically and experimentally investigated the ML and air gap effects of 
the misaligned gold-coated glass sensing plate on the SPR reflectivity signals. The 
results show that firstly, due to different refractive indices, the illuminating light rays 
experience multiple reflections and refractions at the glass plate, yielding the 
interference fringes in the SPR reflectivity signals. Secondly, when the glass thickness 
increases, the fringe amplitude becomes higher. Thirdly, the ML gap effects of the 
misaligned glass plate on the SPR signals is insignificant when the gap is less than the 
glass thickness. This is because the ML has the refractive index closed to the glass and 
the prism. In contrast, the air gap affects significantly the SPR signals, because air 
hinders photon energy transfer. When there is no interaction between the surface 
charges and photons, the SPR phenomenon does not occur. As a result, it was 
confirmed that there would be no occurrence of the SPR phenomena. 
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5.2        Future works 
    Projects in the pipeline include: 

i. To implement a multi-channel SPR sensor by using Powell lens. 
ii. To design a filter which can attenuate the interference fringes.  
iii. To design a flow cell which can be used for implementing multichannel  

detections.  
iv. To modify the gold sensor chip which can increase selectivity or 

sensitivity for real world application such as detection bacteria in foods. 
v. To design a software which can be used for real-time SPR signal 

detections and calculating the rate of the reaction.  

5.3        Challenges in implementing 
Several practical challenges encountered during the execution of this research 

were as follows. 
The first challenge was related to the alignment of the readout laser beam. 

This was because the primary surface of Powell lens has a small radius curvature and 
a relatively large conic constant. In order to ensure that the output beam diverged 
from the lens secondary surface is evenly distributed, the alignment of the laser beam 
incident on the conic surface was stringent. The second one was that the alignment 
of the Powell lens with respect to the entrance side AC of the prism. Precise positioning 
of the small lens closed to the prism requires a custom-made holder. The third one 
was that the use of big and heavy prism required a custom-made holder which was 
rotatable and stable. The last challenge was that the beam output size required a 
large image sensor which was costly. 
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