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ABSTRACT 

Over the past few decades, researchers have shown immense interest in new technology, 

named Surface Plasmon Resonance (SPR) which utilizes the fascinating light-matter 

interaction involved at a metal-dielectric interface. This technology is employed for fast 

and accurate measurement of various physical, chemical and biochemical parameters. 

The benefits of the SPR based fiber optic sensor are miniaturization of the probe and its 

utilization in remote sensing applications that is not achievable with prism based SPR 

sensor. 

The objective of this dissertation is to analyze the performance of SPR based optical fiber 

sensors and for this purpose Opti-Finite Difference Time Domain (FDTD) software is 

used which allows the design of different configurations SPR sensors. 

First study presents the theoretical investigation on the effect of different mode profiles 

on the guiding region of SPR based optical fiber sensor having gold coated fiber core. 

Transmission spectra for different transverse magnetic (TM) modes are also compared 

with respect to the operating wavelength.  

Further this dissertation is focused on the theoretical studies of SPR based fiber optic 

sensors with different materials for sensitivity enhancement. In another study, theoretical 

analysis of SPR based fiber optic sensor with tri-layer of ITO-Ag-TiO2 has been 

performed. The SPR sensor shows high performance characteristics in comparison of bi-

layer (ITO-Au) based SPR sensor. Besides it, minima in transmittance curve also 

dependent on the thickness of the outer layer as well as on middle metal layer used in 

sensor design.  

Finally, the theoretical analysis has been extended to SPR based fiber optic sensor with 

TCOs (AZO/GZO). The proposed SPR sensor is observed to have high sensitivity and 

good response as compared to conventional Au/Ag metal-deposited SPR sensors. The 

benefits of the proposed SPR based fiber optic sensor are low intrinsic loss, 

semiconductor-based design, compatibility with standard nanofabrication processes, 

tunability etc. over the conventional metals based SPR sensors. 
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 CHAPTER 1 

INTRODUCTION 

 

1.1 INTRODUCTION 

The fiber optic communication industries have witnessed the exponential growth 

during past few decades. Fiber optics has modernized the telecommunication industry 

due to its high performance and reliability. The optical fiber are remarkably used for 

sensing application because they are flexible, light weighted, provides terrific large 

bandwidth, data multiplexing and small in size. They can also be used in hazardous 

areas as they are purely dielectric [1]. They are immune to EMI (electromagnetic 

interference). Further, distributed sensing as well as remote sensing can easily be 

accomplished by utilising optical fibers. Fiber optic sensors are widely used as a 

sensing device for physical, chemical and biomedical applications (such as flow, 

temperature, pressure, rotation, vibration, humidity, refractive index, strain, 

measurement of concentrations of gases, viscosity and pH etc.) [2]. In fiber optic 

sensor the light is taken to a modulation region through optical fiber cable, here fiber 

itself act as a modulator that modulates the incoming light which gives rise to a 

change in the characteristics like wavelength, intensity, polarization etc. of the guided 

light, according to the measurand (sample) which is placed in contact with core of the 

optical fiber and modulated light is received at the detector [3]. The above explained 

phenomenon is revealed in the figure 1.1 mentioned below: 

 

 

Fig.1.1 Working Principle of the Optical Fiber Sensor  
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1.2 TYPES OF FIBER OPTIC SENSOR 

Fiber optic sensors are primarily classified in three main categories, as shown in fig 

1.2 [4]. Based on sensing location, there are two types of sensor, mentioned below: 

 Intrinsic type fiber optic sensors 

In Intrinsic FOS, the optical fiber itself modulates the light signal according to 

environmental changes. 

 Extrinsic type fiber optic sensors 

In Extrinsic FOS, optical fiber does not play any role in sensing. In this type, it 

is only used for transmission and reception of light. 

 

 

 

Fig.1.2 Types of the Fiber Optic Sensor 

In optical fiber sensors based on operating principle, light intensity, phase, frequency 

and polarization will work as sensing parameter. Optical fiber sensors has many 

limitations due to multiple losses in the system that are occurring primarily due to: 

connections at joints, bending losses (macro, micro) [4].  
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1.3 SURFACE PLASMON RESONANCE (SPR) BASED FIBER 

OPTIC SENSORS 

There are several optical methods used for sensing purpose like Doppler-effect, 

interferometry, SPR etc. Apart from all other techniques, SPR has achieved much 

attention during last thirty years and emerged as a powerful detection technique for 

various applications like life science, chemical vapour detection, electrochemistry, 

environmental safety and food [5]. In SPR the desired value is obtained by computing 

the absorbance, refractive index, and fluorescence properties of measured parameter. 

Starting with the first application of SPR [6], several other research groups have used 

the phenomenon of SPR for sensing various chemical and physical parameters. 

Except for sensing, SPR technique is also appropriate for miniaturized plasmonic 

waveguides, microscopic imaging, Surface Enhanced Raman Scattering (SERS) 

spectroscopy and polarizers. 

Surface plasmon process firstly observed by Wood in 1902 [7], he described the 

occurrence of anomalous diffraction on diffraction grating due to the excitation of 

SPW. Post which Zenneck determined a surface wave solution to Maxwell’s 

equations and mentioned that the RF surface EMW emerge at the boundary of two 

media where the first one is loss-free medium and the second one is a lossy dielectric 

or metal [8]. In 1909, Somerfield described that the field amplitudes of surface waves 

varied inversely as the square root of the distance from source dipole [9]. In 1957, the 

SP excitation at a metal surface is theoretically given by Ritchie [10]. In 1968, optical 

excitation of SPs by the means of ATR is given by Otto and after that modified by 

Kretschmann in 1971 [11, 12]. However the prism based SPR sensor proposed by 

Kretschmann has few disadvantages like bulky size, difficulty in optimisation due to 

presence of different mechanical and optical parts, and are not suitable for remote 

sensing purpose. SPR based FOS has overcome all above limitations due to its 

miniaturized structure which makes it suitable for remote sensing as well. 

In a SPR based FOS, the metal layer is directly coated on to the fiber core. The SPR 

sensing process of fixed range of angle of incidence and modulated wavelength is 

generally used in SPR based FOS. This technique is called wavelength interrogation 

method. This is because of the reason that spectral distribution of light may be 
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confined in an optical fiber, while the angular intensity distribution of light will be 

impossible to differentiate due to mode mixing (as a consequence of inherent 

bending) of the MMF in sensing applications. Also the sensor is generally fabricated 

on a MMF, where the angle of incidence is not fixed in fact propagation of light 

occurs through a range of incident angles [5]. 

1.4 PLASMONS AND SURFACE PLASMONS 

The free electrons in the metal are like electron gas having high density of about 10
23

 

cm
-3

. The positive ions have infinitely large mass in comparison to the mass of the 

free electrons. As described in Jellium model [13], a positive constant background 

charge can replace these positive ions. Still, the overall charge density in the 

conductor stays at zero. Free electrons density is decreased locally, when external 

electric field is applied on the conductor, as a result, the free electron may start 

moving and the negatively charged free electrons start getting attracted towards the 

positive ion background. Hence, free electrons start moving towards the positive 

region and get accumulated with a density higher than required for the local charge 

neutrality. At this moment, the Coulomb repulsion acts as a restoring force among the 

moving free electrons and generates movement in the direction opposite to them. The 

resultant of these two forces (repulsive restoring force and attractive driving force) 

produces longitudinal oscillations among the free electrons. These longitudinal 

density fluctuations are called as plasma oscillations and these oscillations propagate 

through the entire volume of the metal. 

Frequency of plasma oscillations (   ) is given by, 

 

      
     

  
    (1.1) 

 

  = density of free electrons,   = electronic charge and   = mass of electron [14] 

 

The coherent oscillations of free electrons or propagation of electron density waves on 

metal-dielectric interface are called as SPs. They are TM polarized in nature and their 

excitation is only possible by the TM polarized light. Let us consider a metal and a 
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dielectric layer to be stacked along the x-axis and the direction of propagation of the 

surface plasmon wave along z-axis. 

The field associated with the surface plasmon wave is given as, 

 

                          (1.2) 

 

+ and – sign are for     and     respectively. The propagation constant    is 

imaginary resulting the exponential decay of the field. The wave vector    is parallel 

to z-axis and is given as,    
  

  
 ;    is known as plasma wavelength [14]. By 

applying boundary conditions on the metal-dielectric (M/D) interface, the dispersion 

relation for surface plasmon wave can be written as [14]:  

 

        
 

 
 

    

     
     (1.3) 

 

Where     denotes the propagation constant of SPW.    and    are the dielectric 

constants for the dielectric and metal respectively, ω represents incident light 

frequency and speed of light in vacuum is represented by c.  

 

 

Fig.1.3 Variation of Electric Field Intensity 

The exponential decay of the electric field associated with surface plasmon wave 

across the interface is shown in the fig.1.3. 
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1.4.1 Propagation Length 

Surface Plasmon wave (SPW) is an exponentially decaying wave both in metal as 

well as in dielectric medium. The dielectric constant of metal    is a complex 

number and hence from eq. (1.3) the propagation constant of SPW     will also be a 

complex number. 

         
    

       (1.4) 

  
  

 

 
   

  
   

  
    

      (1.5) 

  
  

 

 
   

  
   

  
    

   
  
 

    
   

      (1.6) 

 

Where      
     

  is the dielectric constant of metal with    
  as real part and   

   

as imaginary part [14]. Similarly   
  is real part and   

  is imaginary part of 

propagation constant of SPW. The distance over which the overall intensity of SPW 

reduces to      of its maximum value is known as propagation length and is given as, 

    
 
      
       (1.7) 

For Silver-Air interface at λ=514.5 nm,     = 22 µm.     becomes 500 µm at λ=1060 

nm [14]. 

1.5 EXCITATION OF SURFACE PLASMONS 

There are various methods to excite surface plasmon waves such as: Prism coupling, 

Grating coupling, excitation using highly focussed optical beams etc. Mostly, the 

prism coupling is utilized for the excitation of surface plasmon wave. The two 

different configurations, Otto and Kretschman-Reather configuration are based on 

prism coupling using the attenuated total internal reflection [12]. 
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1.5.1 Excitation of Surface Plasmon using light 

The constant of propagation for light wave (       having frequency  , in air is 

represented as: 

     
 

 
     (1.8) 

For excitation of SPs, the constant of propagation of the SPW and of incident light 

should be equal. As the SPW is TM polarized, so its excitation is only possible by the 

p-polarized incident light. As the dielectric constant of dielectric medium is positive 

and that of metal is negative, hence at a given frequency, the propagation constant of 

the SPW is always more than     . That means SPs can never be excited only by the 

direct light. Now for exciting the surface plasmon wave at a particular wavelength, an 

extra amount of momentum is needed. Numerous techniques were utilized to increase 

the momentum of the light for the excitation of SPs. The effort of increasing this 

momentum was first made by Otto in 1968 and later this was modified by 

Kretschmann and Raether [11,12], because the first method was hard to implement 

practically. These different techniques are discussed below in detail. 

1.5.2 Otto Configuration 

In 1968, Otto used a coupling prism for the excitation of the SPW [11]. The thought 

behind the design was the coupling of SPW with the EW, which arises at the bottom 

surface of a coupling prism due to ATR while beam of light is incident at an angle 

higher than critical angle (θATR) of the interface, as shown in fig.1.4. 
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Fig.1.4 Configuration of an evanescent wave at the prism- air interface at an angle θ > θATR 

 

The evanescent wave is decaying in nature and it has the propagation constant along 

the interface. Both these characteristics of an evanescent wave match to those of a 

SPW and hence there is a greater opportunity of interaction between these two waves. 

At prism-air interface, the z-component of the propagation constant of the EW,      is 

specified as: 

 

    
 

 
           (1.9) 

 

where dielectric constant of the prism material is    and θ is the angle of incident 

[14].  

To excite the SPW in Otto configuration, metal layer is kept below the prism base 

keeping the gap between the two, as shown in fig.1.5. This gap is filled with the 

sample having the RI smaller than that of prism. When the wave vectors of SPW and 

EW are same, the EW excites the SPW at the M/D interface. 
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Fig.1.5 Otto configuration for the SPs excitation at M/D interface 

When the two wave vectors match, the reflected light shows a minimum. Although, 

this setup is quite complex to realize as one has to maintain the finite gap between the 

base of the prism and metal layer. 

1.5.3 Kretschmann-Raether Configuration 

Like Otto configuration, in this configuration evanescent wave excites the surface 

plasmons, however here a thin metal film of thickness nearly 50 nm is coated at the 

base glass prism and placed in contact directly with dielectric sensing medium as 

shown in fig.1.6 [12]. When p-polarized light is incident through the prism on the 

interface of the prism-metal layer at an angle θ ≥ θATR, the EW is created at prism-

metal interface, which propagates along the interface. When the wave vector of EW 

matches with wave vector SPW, resonance occurs and the energy gets coupled to the 

surface plasmons. This resonance condition appears as minima in the reflected light 

intensity. The wave vector       of the EW is equal to the lateral component of the 

incident light wave vector (  ) travelling in the prism [14]. Therefore, 

 

           
 

 
            (1.10) 
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Fig.1.6 Kretschmann configuration for the SPs excitation 

 

The wave vector of the SPW is given by eq.(1.3). As discussed previously, the 

excitation of SPs takes place only when the wave vector of the SPW matches with 

wave vector of EW. It happens at a particular incident angle θres known as resonance 

angle. This resonance condition is mentioned below: 

 

 

 
           

 

 
 

    

     
                                          (1.11) 

 

where    is defined as the dielectric constant of the sensing medium. 

1.6 SENSING PRINCIPLE OF SPR 

The energy transferred from incident light to SPs occurs due to the excitation of SPs 

at M/D interface. This decreases the reflected light intensity (Reflectance or R) at a 

specific wavelength known as resonance wavelength and a sharp dip occurs at this 

specific wavelength. This method is known as spectral interrogation (wavelength 

interrogation) method, in which light wavelength is varied by keeping the incident 

angle fixed 

However there is another method called as the angular interrogation method, in which 

the dielectric constant of the medium used for sensing is obtained by changing the 
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incidence angle but keeping the wavelength fixed. Thus, the RI of the sensing 

medium can be analysed with the help of resonance wavelength or resonance angle. 

To cover a greater range of the RI of the sensing medium, the spectral interrogation 

method is much better [15]. 

1.7 KRETSCHMANN-RAETHER CONFIGURATION IN 

OPTICAL FIBER 

 

 

Fig.1.7 Layout of an SPR based optical fiber sensor 

In a typical optical fiber, guidance of light takes place through TIR phenomena at the 

core-cladding interface. An EW is generated in the fiber cladding, which propagates 

along the core-cladding interface. This evanescent field decays exponentially in the 

cladding region. Because of these properties, the bulky prism in Kretschmann 

configuration can be changed with the fiber core. In the FOS based on SPR as shown 

in fig.1.7, cladding is firstly removed over the core to firm up sensing region which is 

covered with thin metal layer and further this portion is covered with sensing medium 

[16].  

The incident light from the broadband source is transmitted at one side of the fiber 

and sensed at the other side of the fiber. By measuring the resultant resonance 
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wavelength, the RI and hence the dielectric constant of the sensing medium can be 

determined. 

1.8 PERFORMANCE PARAMETERS OF THE SPR SENSOR 

Sensitivity is the main performance parameter of a SPR based FOS. To get a better 

sensing, the sensitivity should be as high as possible and the sensitivity is dependent 

on the shift in resonance wavelength (wavelength interrogation) or in resonance angle 

(angular interrogation) with a variation in the RI of the sensing medium. Greater the 

shift, more will be the sensitivity of the SPR sensor. The resonance wavelength is 

shifted by an amount      , with increase in RI of the sensing medium by    . Hence, 

sensitivity is represented as [17] 

   
     

   
      (1.12) 

The DA of a sensor is given as the inverse of FWHM of the transmission dip and 

figure of merit (FOM) is a measure of both of these characteristics, which is defined 

as [18] 

 

 FOM = Sensitivity/ FWHM = Sensitivity x DA  (1.13) 

Where,      
 

    
 

 

1.9 OBJECTIVES OF DISSERTATION: 

1. To investigate the effect of different mode profiles on the guiding region for 

various thicknesses of metal layer. 

2. To analyse sensitivity of SPR based FOS by using ITO-Ag-TiO2 coated fiber core. 

3. To measure the performance parameters of SPR based FOS by using Transparent 

Conducting Oxide (AZO/GZO) coated fiber core. 
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1.10 ORGANIZATION OF DISSERTATION: 

This dissertation is divided in six chapters: 

Chapter 1 gives general introduction about fiber optic sensors. As the SPR forms the 

subject of thesis, this chapter covers SPR based fiber optic sensors in detail. 

Chapter 2 gives an insight to the topic of dissertation. In order to begin the 

dissertation, the primary step is to study the papers that have been already published 

by researchers. With the help of literature review presented, performing this task 

would get definitely simpler. 

Chapter 3 presents the concept of modes for transmittance curve in SPR for different 

configurations. The various mode profiles are further investigated to examine the 

impact on the sensitivity of SPR sensor. 

Chapter 4 presents the fiber optic sensor based on SPR with tri-layers of oxide-metal-

oxide i.e. layers of ITO (as internal layer)- Ag (as center layer)- TiO2 (as an external 

layer) coated on fiber core, to improve the sensitivity of sensor. 

Chapter 5 explains Transparent Conducting Oxide (TCO)-deposited SPR based FOS 

with Al:ZnO (AZO) and Ga:ZnO (GZO) coated on fiber core and discuss their 

suitability for a number of plasmonic applications. 

Chapter 6 comprises the Conclusion, Recommendations and Future Scope of the 

work. 
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CHAPTER 2 

 

LITERATURE SURVEY 

 

Fiber optic SPR sensor has been an interesting research subject and a number of 

devices have been reported on fiber optic SPR sensors. However with time, a large 

number of theoretical and experimental research investigations have been done to 

improve the sensors performance parameters. The literature survey of the recent SPR 

based optical fiber sensors for various sensing applications by various researchers in 

past years is shown below: 

Masaru Mitsushio et al. [19] (2006) fabricated a metal deposited optical fiber 

sensors based on SPR consisting  Al and Cu having film thickness of 45 nm. The 

characteristic curves and the various features of these sensors were examined and 

compared with the SPR sensors having Ag and Au metal films. The optical fiber 

sensors which use SPR phenomenon with Ag, Au, and Cu metal films have good 

responses and sensitivities. It was detected that the transmittance spectrums of these 

sensors with Al, Ag, and Cu demonstrate the impact of the surface oxide layers, 

which can be seen by using X-ray photoelectron spectroscopy (XPS). A thin oxide 

layer (approx 0.3 nm) is there on Ag, and thick oxide layers (approx 2 nm) are there 

on Al and Cu. However the transmittance spectrum of the sensor with Au metal film, 

computed using theoretical equations of SPR approved significantly with that 

acquired by the experiment. 

The sensor properties of above mentioned metal-deposited SPR based fiber optic 

sensors depend strongly on the dielectric constants (where εr and εi are the real and the 

imaginary parts) of the metal, like: 

 Silver (Ag) shows the good response and sensitivity, as it has the high ratio of 

the constants (|εr/εi| = 38.0). 

 Copper (Cu) (|εr/εi| = 20.4) and Gold (Au) (|εr/εi| = 7.33) also shows the good 

sensor properties but the safety of the copper film from corrosion and 

oxidation is essential for stability.  
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 Aluminium (Al) (|εr/εi| = 2.56) has a broader response range and lower 

sensitivity, so the Al based SPR sensor is helpful for analysing a large range of 

refractivity. Growth of oxide layer on its surface is self-limiting, so it has 

stable sensor properties. 

Hence it can be concluded that the sensor characteristics of the metal-deposited fiber 

optic sensor can be managed by the proper choice of the metal film. 

Rajneesh K. Verma et al. [20] (2008) demonstrated a model for SPR based FOS 

with three kinds of taper profiles, i.e., parabolic, exponential-linear and linear.  The 

impact of taper profiles and taper ratio on the performance of the sensor is observed 

and various points are reported as: 

 A significant increase in taper ratio is responsible for the increase in sensor’s 

sensitivity. 

 The further sensitivity can be improved by utilising the exponential-linear 

taper profile rather than parabolic or linear taper profile. Thus, to devise a 

highly sensitive SPR based optical fiber sensor, a large taper ratio and 

exponential-taper profile can be used. 

 

Masaru Mitsushio et al. [21] (2010) investigated the sensor properties and 

transmittance curves of Al-deposited SPR based FOS having film thickness of 7–70 

nm. It can be conclude that 

 Al is inexpensive metal and like Ag and Au it is appropriate sensor part for the  

fiber optic sensor. 

 The properties of the said sensor could be managed by thickness of Al film.  

 Despite the fact that SPR sensor using Al metal film gives a lesser sensitivity 

in comparison with Au and Ag film based sensor but is has larger response 

range, and so the Al based SPR sensor is helpful for analysing a large 

refractivity range. 

  The dense growth of oxide layer on the surface of Al tends to be self limiting, 

thus it has stable sensor properties i.e. there is no alteration in the properties of 

sensor after delayed utilization for 5 months. 
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 The response curve of the sensor with Al metal film, achieved by the 

experiment matched with the computed response using theoretical equations 

of SPR. 

 

Tsai Woo-Hu et al. [22] (2010) demonstrated a multi-step (with single, two, and 

three-step) side-polished multi-mode fiber sensor structure to improve the SPR effect, 

which is based on SPR and TM field-mode coupling phenomena. The said sensor is 

examined for deionized (DI) water and few points were observed i.e.: 

 The proposed sensor structure having the advantages of no complicated signal 

processing and no bulky components shows an observable SPR response and 

offers a twice increment in the sensitivity. 

 Generally in the first sensing region, the incident TM mode is absorbed and in 

the coupling region, the TM mode is coupled to the TE mode, which is then 

utilized for detection in the second region. 

Theoretically and the experimentally, it illustrated that with increase in the step 

number, there is a increase in SPR response.  

 

Sarika Singh et al. [23] (2010)  theoretically analysed a optical fiber sensor based on 

SPR with diffuse light source, like LED and study the impacts of core diameter, NA 

of the fiber, and length of the sensing region on the sensor performance characteristics 

such as sensitivity, SNR and detection accuracy. The sensor performance using 

diffuse source has been compared with the performance of the sensor using focusing 

lens arrangement and collimated light source in the fiber. It has been observed that: 

 The performance is fairly better for focusing lens arrangement and collimated 

source. 

 In contrary to this, low cost and miniaturization of the sensor are the beneficial 

features of the diffuse source based SPR sensor. However the sensor 

sensitivity can be increased if the fiber with higher numerical aperture, larger 

core diameter is utilized along with the smaller sensing region length. 

 

Triranjita Srivastava et al. [24] (2011) demonstrated a  SPR sensor based on high-

performance photonic-band gap which deals with  the oxidation issue of Al by 

covering a very-thin layer of gold (Au) on Al and the performance of Al+Au 
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multilayer surface plasmon waveguide is analyzed with respect to SPR sensor with 

active metals, for example, aluminum (Al) and gold (Au). It is observed that sensor 

retains the favourable features of Al based sensor with high sensitivity (5340 nm- 

RIU
-1

) and reasonable detection accuracy (130µm
-1

). The effect on DA and sensitivity 

of MSPW sensor is very small with respect to substrate. The presented SPR sensor 

analysis is carried out around 1.50 µm wavelength; so this geometry can be realized in 

any desired spectral region. 

 

Navneet K. Sharma et al. [25] (2012) theoretically and experimentally compared the  

SPR sensor performance based on four distinct metals, to anticipate the best possible 

metal for sensing applications.  

 The experimental results have depicted following points  

 The sensor design consisting of an Al layer shows the deepest SPR dip with 

the smallest value of resonance wavelength. 

 The Cu explains a little wider curve than Al with a higher resonance 

wavelength. 

 Ag also tracks the similar pattern and it has a wider SPR curve and higher 

resonance wavelength than Al and Cu. 

 Au based design gives the widest SPR curve and highest resonance 

wavelength. 

However keeping all the performance characteristics into record, it can be presumed 

that the SPR based FOS sensor with Au performs better than that designed with other 

3 metals. SPR sensors with optimised Au thickness of 50-nm with 10-mm sensing 

region length, the achieved sensitivity is 2.373 µm-RIU
-1

. 

 

K. Sathiyamoorthy et al. [26] (2013) demonstrated a improved two prism optical 

arrangement to get better performance of SPR based sensor configurations in 

chemical and bio analysis. This is a cost effective method that improves the detection 

sensitivity of surface plasmon by maintaining the surface plasmon (SP) interrogation 

spot still throughout SPR angular rotation. This arrangement maintains the reflected 

beam stationary with respect to photodiode and this avoids the use of costly 

goniometer and linear photodiode that was used in other standard techniques. 
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Navneet K. Sharma et al. [27] (2013) proposed a FOS based on SPR having bi-

layers of metal oxide-metal i.e. Au (gold) as outer layer and ITO as inner layer, coated 

on fiber core and investigated its response curves and sensor properties. For different 

thickness values of ITO layer i.e. 25, 30, 35nm with 40 nm thick Au layer, the 

sensitivity of given sensor is theoretically studied. The said sensor has achieved a 

sensitivity value of 929 nm-RIU
-1

 and 1929 nm-RIU
-1

 for right and left resonance dips 

respectively. Additionally, an increment in ITO layer thickness diminishes the 

sensitivity of both right and left resonance dips for all estimations of thickness of Au 

layer. 

 

Hieu Tu et al. [28] (2013) prepared a number of different gold–silver alloy particles, 

ranging in size from 13 to 34 nm in diameter (nanoparticles) and these particles have 

been investigated as the active elements of optical fiber sensor systems. This includes 

a gold-rich group with 25% silver and 75% gold (the A25 group) in content and a 

silver-rich group with 75% silver and 25% gold in content (the A75 group). 

Subsequently, the alloy nanoparticles that are synthesized are coated onto the surface 

of optical fibers to create SPR-based optical fiber sensors for measuring refractive 

index. The experimental results show that: 

 The alloy Size and content also influences the sensitivity of the alloy particle-

coated SPR sensors. 

 The silver-rich alloy particles (A75) produce a comparatively more sensitive 

device in term of RI sensing, with (in both the cases of the A25 and A75 

groups) the highest sensitivity being demonstrated for the larger particle size.  

 

Priya Bhatia et al. [29] (2013) presented an experimental study of SPR based FOS 

for refractive index sensing, with a high index silicon layer (n-type and p-type) 

between sensing medium and metal layer (Au and Ag) using the wavelength 

interrogation method.  

 Experimentally, it has been shown that for a specific metal, sensor with n-type 

silicon has higher sensitivity than p-type silicon based sensor. 

 Additionally, the probe coated with Au has greater sensitivity than that coated 

with silver, for a given type of silicon. 
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 Numerically, for the silver metal layer the n-type silicon has roughly 1.39 

times higher sensitivity than p-type silicon. However the n-type silicon with 

gold layer has sensitivity roughly 1.50 times higher than the p-type silicon.  

As both n-type and p-type silicon have same refractive index, it shows that the 

majority charge carriers in silicon have a critical contribution in the sensitivity of the 

SPR based sensor. Therefore it is better to utilize n-type silicon for the improvement 

of sensitivity. 

 

Yusser Al-Qazwini et al. [30] (2014) demonstrated a new bi-layer optical fiber SPR 

sensor for refractive index measurement, having silver metal layer covered with an 

over layer of TiO2. The performance of this proposed sensor structure was compared 

with bi-metallic layers of Ag and Au in the aqueous media using FDTD method. TiO2 

over layer offers following benefits: 

 It greatly improves the sensor performance in terms of SNR and sensitivity 

compared to that with gold as the over layer. 

 It offers the cost effective alternative of gold for overcoming the oxidation 

problem. 

 It also allows tuning the resonance wavelength of SPR sensor, which can 

broaden its range of applications. 

 

Woo-Hu Tsai et al. [31] (2014) presented a SPR sensor based on a side-polished 

graded-index MMF to enhance the sensitivity of the device, in which an Al:ZnO  

(AZO)/Au, bi-layer is coated on the side polished surface of  fiber core. Bi-layer is 

utilized as sensing element of the device with a 75nm thick AZO layer over a 40nm 

thick Au layer. The proposed device is utilized for the measurement of concentration 

of sodium acetate (CH3COONa) solutions and results showed that the additional AZO 

layer may lead to greater measurement stability and higher detection sensitivity in 

measurement of solution concentration. 

 

H. Moayyed et al. [32] (2015) theoretically investigated a double layer SPR based 

FOS with an internal metallic layer of silver covered with the different oxide 

materials like titanium dioxide, silicon dioxide, and aluminum oxide. It was shown 

that the combination of a 50 nm thickness silver inner layer with a dielectric titanium 
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dioxide layer of a particular thickness gives high-performance phase sensitivity 

reading. 

 

Akhilesh K. Mishra et al. [18] (2015) presented bi-layer SPR based FOS for RI 

sensing, having  silver (Ag) metal layer deposited with over layer of ITO and its 

response curves and sensor properties is compared with only Ag coated and only ITO 

coated fiber optic SPR sensor using their respective optimized film thicknesses. A bi-

layer sensing structure with a 40-nm thick Ag layer over a 80-nm thick ITO layer is 

utilized to discover the key parameters of said FOS. It is shown that fiber optic based 

SPR sensor with ITO+Ag films exhibits a large improvement in detection accuracy 

and figure of merit for sensing of fluid refractive index and this sensor works in the 

visible region of spectrum. Apart from being cost effective, the advantages of the 

proposed SPR sensor are miniaturization of the probe and its utilization in remote 

sensing that is not possible with prism based SPR sensor. 
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Table.2.1 Literature survey of fiber optic SPR sensors in past few years. 

 

 

TYPE 

 

AUTHORS 

 

WORK DONE 

 

RESULTS 

Single layer 

coating on fiber 

core 

 

Masaru Mitsushio 

et al. 

Fabricate the 

sensor with Al and 

Cu film  

Cu shows the good 

sensor properties but 

suffers with oxidation 

problem. Al has wider 

response range and 

lower sensitivity, so it 

is helpful for analysing 

a large refractivity 

range. 

Rajneesh K. Verma 

et al. 

Present a 

theoretical model 

for SPR sensor 

with three different 

taper profiles. 

The sensitivity can be 

improve by using the 

exponential linear taper 

profile with high taper 

ratio instead of using 

parabolic or linear taper 

profile.  

Tsai Woo-Hu et al. Using a multi-step 

side polished multi-

mode fiber sensor 

structure. 

There is a increase in 

SPR response with 

increase in step 

number. 

Sarika Singh et al.   Theoretically 

analysed a FOS 

based on SPR with 

diffuse light 

source, like LED. 

Low cost and 

miniaturization are the 

beneficial features of 

the diffuse source 

based fiber optic SPR 

sensor. 

Navneet K.Sharma 

et al. 

Compared the 

performance of 

SPR based FOS 

Performance of Au 

deposited FOS was 

better than that of other 
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with four distinct 

metals: 

Au,Ag,Cu,Al 

three metals based 

sensor. 

K. Sathiyamoorthy 

et al. 

Using a modified 

two prism optical 

arrangement. 

A cost effective method 

that improves the 

detection sensitivity of 

surface plasmon by 

keeping the surface 

plasmon (SP) 

interrogation spot 

stationary throughout 

SPR angular rotation. 

Bi-layer coating on 

fiber core 

 

Priya Bhatia et al. Investigated the 

SPR sensor with n-

type and p-type 

silicon coated over 

Ag/ Au metal layer. 

It is better to utilize n-

type silicon for the 

improvement of 

sensitivity of sensor. 

 

Navneet K. Sharma 

et al. 

Proposed a sensor 

with Au as outer 

layer and ITO as 

inner layer, coated 

on fiber core. 

This sensor achieved a 

sensitivity of  929 nm-

RIU
-1

 and 1929 nm-

RIU
-1

 for right and left 

resonance dips 

respectively. 

Yusser Al-Qazwini 

et al. 

Removal of 

oxidation issue of 

Ag by covering Ag 

metal layer covered 

with over layer of 

TiO2. 

It greatly improves the 

sensor performance in 

terms of SNR and 

sensitivity compared to 

that with gold as the 

over layer. 

Woo-Hu Tsai et al. Designed a sensor 

with AZO as outer 

layer and Au as 

inner layer, coated 

AZO layer may lead to 

greater stability and 

higher detection 

sensitivity in 
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on fiber core. measurement of 

solution concentration. 

Akhilesh K. Mishra 

et al. 

Presented a sensor 

with ITO as outer 

layer and Ag as 

inner layer, coated 

on fiber core. 

SPR sensor with 

ITO+Ag films exhibits 

a large improvement in 

detection accuracy and 

figure of merit for 

sensing of fluid 

refractive index and 

also overcome the 

oxidation problem of 

Ag layer. 

Multi-layer coating  

on fiber core 

Triranjita 

Srivastava et al. 

Performance of 

Al+Au multilayer 

surface plasmon 

waveguide is 

analysed. 

Sensor retains the 

favourable features 

with high sensitivity 

(5340 nm-RIU
-1

) and 

reasonable detection 

accuracy. 
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CHAPTER 3 

EFFECT OF DIFFERENT TM-MODES ON THE 

SENSITIVITY OF SPR BASED OPTICAL FIBER 

SENSOR 

 

In this chapter, the SPR based optical fiber sensor (core diameter ≈ 6um) on which a 

layer of gold metal having thickness (hAu) ≈ 0.5-5 nm is deposited by removing 

cladding for particular sensing region is analysed. The effect of different mode 

profiles (TM01, TM02, TM03….TM08) on the guiding region for different thicknesses 

of metal layer has been examined. The various mode profiles are further investigated 

to examine the impact on the sensitivity of said sensor. The said mode profiles for 

above said sensor are studied using finite difference time domain (FDTD) 

simulations. Transmission spectra for different transverse magnetic (TM) modes are 

also compared with respect to the operating wavelength. The results show that the 

thickness of metal film and operating wavelength are responsible for variation in the 

sensitivity with respect to TM modes of the said sensor. 

3.1 INTRODUCTION: 

Numerous techniques have been used for sensing, such as Doppler effect, 

interferometry, photolumnisense and surface plasmon resonance (SPR). Apart from 

all other sensing techniques, SPR is developed as a dominant detection method in real 

time with variety of various applications like, life science, chemical vapour detection, 

electrochemistry, environmental safety and food. In SPR, the desired quantity is 

determined by computing the RI, absorbance and fluorescence properties of measured 

parameter [5]. In this technique, when the p-polarised light having propagation 

constant equivalent to that of surface plasmon wave (an electromagnetic wave 

supported by metal-dielectric interface) is incident on M/D interface, a strong 

absorption of light happens, hence SPR causes a decrease in the intensity of light 

reflected at specific wavelength or angle from the glass side of the sensor surface 

[16].  
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Masaru Mitsushio et al. [21] investigated the sensor characteristics and response 

curves of Al-deposited OFS based on SPR, having Al film thicknesses of 7–70 nm. S. 

Lee et al. [33] presented the method for determining the effective indices, field 

distributions and mode numbers of the guiding modes for planar waveguides. Ruschin 

et al. [34] and J. W. Y. Lit et al. [35] both used simplified equations that were 

transformed from the field-transfer matrix to characterize the mode properties for 

planer waveguides. Above said study limits the mode profile only to certain 

parameters. None of them discussed the sensitivity and mode relations. Thereby, for 

the first time to our knowledge, the effect of different mode profiles (TM01, TM02, 

TM03,….. TM08) on the guiding region for different thicknesses of metal layer is 

described here. The different mode profiles are further investigated to examine the 

impact on the sensitivity of said sensor.  

This chapter is divided in four sections. In section 2, the simulation setup for 

comparison of sensor performance with varying parameters, is discussed with 

component details. Section 3 deals with the detailed discussion of results observed 

after the simulation. Section 4 gives the conclusion of the dependence of sensor 

performance with varying parameters. 

3.2 THEORY AND SIMULATION SETUP 

The principle of SPR sensing is ATR with Kretschmann’s setup [12]. FOS based on 

SPR is presented with fiber core-gold-sensing medium as revealed in fig.3.1. As 

structure follows, cladding is firstly removed over the core (fiber core diameter = 6 

µm and numerical aperture = 0.18) to firm up sensing region which is coated with thin 

metal layer and further covered with sensing medium. The light from the broadband 

source is incident at one side of the fiber and the transmitted light is sensed at the 

other side of the optical fiber. 
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.  Fig.3.1 Schematic layout of fiber optic sensor based on SPR 

 

Table 3.1: Parameters utilized for optical fiber: 

Parameter Numerical value 

Fiber core diameter (D) 6 µm 

Sensing region length (L) 100 µm 

Numerical aperture (NA) 0.18 

 

3.2.1 First Layer (Fiber core) 

In fig.3.1, the fiber core is considered as first layer. The RI of fused silica (  ) 

changes with wavelength, indicated by Sellmeier dispersion relation given as [36]: 

 

           
       

     
  

       

     
  

       

     
    (3.1) 

 

Where λ = wavelength of incident light in µm with Sellmeier coefficients 

   0.6961663,     = 0.4079426,      =0.8974794,  1=0.0684043µm,  2= 0.1162414 

µm,   3= 9.896161 µm, with λ=1.55 µm, For λ=1.55um,       comes out to be 

1.4440. 
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3.2.2 Second Layer (Gold layer) 

Second layer is comprised of Au metal and the dielectric constant of any metal 

   can be determined by Drude model [37] as,       

                 
    

  
        

    (3.2) 

Where λp = 1.6826 ×10
-7

m (plasma wavelength) and λc = 8.9342×10
-6

m (collision 

wavelength) 

 

3.2.3 Third Layer (Sensing medium) 

The Au metal layer is surrounded with sensing medium, with dielectric constant 

      which is related to RI of sensing medium   , as    =   
 . 

For excitation of SPW, the resonance condition is specified as [15]: 

 

   

 
                   (3.3) 

where       
 

 
 

    

     
  is the surface plasmon propagation constant, c is speed of 

light in vacuum and ω is frequency of incident light. A change in the RI of sensing 

medium is calculated; by examine the shift in the resonance wavelength. 

 

3.3 MODE THEORY 

Modes define the electric field and magnetic field distribution inside the optical fiber. 

It is considered that light propagates along the ‘z’ direction and any direction which is 

perpendicular to ‘z’ axis is called transverse direction. Let Ez and Hz are two 

independent longitudinal components and with the help of these components and by 

using Maxwell’s equations, all transverse components can be calculated. 

Here, three possibilities of modes are described depending on orientation of E.F. with 

respect to the plane of incidence. 

 If Ez = 0, Hz ≠ 0: TE mode. 

 If Ez ≠ 0, Hz = 0: TM mode. 

 If Ez ≠ 0, Hz ≠ 0: Hybrid mode. 
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In cylindrical coordinate system(r, ϕ, z) it is considered that Ф (ϕ) = e
jνϕ

 , where ν is 

integer, which indicates the variation of the field with respect to ϕ. If ν = 0, it 

indicates a circularly symmetrical field in the azimuthal direction with maximum 

intensity at the centre of fiber and gradually decreasing towards the periphery of core 

of the fiber. It can also be said that if ν = 0, it corresponds to meridional rays and 

supports TE and TM modes and if ν > 0, it corresponds to skew rays and it supports 

Hybrid modes. 

The combination (ν, m) helps us to identify a particular mode and its corresponding 

light intensity pattern. ‘ν’  represents the number of complete cycles of field in 

azimuthal plane and ‘m’ represents the number of zero crossing in azimuthal 

direction. The number of zero-crossing is one less than the index ‘m’.  The different 

modes can be designated as: 

 TE0m = TE01, TE02......... 

 TM0m= TM01, TM02...... 

 HEνm = HE12, HE23,… 

V-number is one more fundamental and characteristic parameter of an optical fiber, 

with which the number of guided modes is obtained, and which is proportional to the 

frequency of the propagating light. That is why it is known as normalized frequency. 

It does not depend on individual characteristics of the core or the cladding but 

depends on the characteristics of the combination of the core-cladding. 

   
   

 
           (3.4) 

N.A. =     
     

        (3.5) 

a = radius of the optical fiber 

λ = wavelength of light 

  = RI of core 

   = effective RI of cladding 

  = 2.4 is the first root of zero order Bessel function. If   number is smaller than 2.4 

it signifies SMF, and only one mode, HE11 can propagate. If   number is greater than 

2.4, it signifies MMF. 
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When the wave equations are solved by using cylindrical co-ordinate system, it gives 

the radial variation of electric and magnetic field distribution. Inside the Core, field 

distribution is oscillatory in nature, which is represented by Bessel functions and 

inside cladding; field is monotonically decaying in nature, which is represented by 

modified Bessel functions. 

Due to field distribution in core and cladding, the propagation constant β can be 

written in bounded form like [38]. 

β2  <  β  <  β1  ; where β1 and β2 are phase constants of the material of core and 

cladding respectively. 

β0 n2  <  β  < β0 n1  ; where β0  is phase constant of wave in vacuum. 

n2  < β / β0 < n1  or  

n2  < neff < n1  

where neff is effective modal index and n1 and n2 are RI of core and cladding of fiber 

respectively. By considering neff, transverse magnetic (TM) modes can be calculated. 

 

3.4 RESULTS AND DISCUSSION 

In the previous sections, various components used in the simulation setup were 

discussed. Using this setup the measurement of magnitude of dip in transmittance 

curve for different cases has been performed. The result discussed below gives the 

comparison of transmittance curves for all the considered cases. 

In fiber optic sensor based on SPR, TM modes are calculated by considering the 

effective modal index, they can be designated as: TM0m= TM01, TM02........... Mode 

patterns are related to the variation of light intensity across the plane perpendicular to 

the direction of propagation and have certain properties such as, the electric field 

varies across the guiding region; evanescent field which is generated due to surface 

plasmon resonance decreases exponentially outside the core. Fig.3.2, as shown below 

describes that ‘m’ gives the number of zero crossings performed by electric field 

which is penetrated through guiding region. Low order modes exist which are nearly 

parallel to the boundary at a given thickness of gold layer hAu, while higher order 

modes have steep zigzag paths. Higher order modes penetrate deeply into cladding 

and have much more losses.  
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The above described properties can easily be seen in the fig.3.2 showing all the 9 TM 

modes, which are calculated by considering the metal thickness (dm) of around 0.5 at 

operating wavelength (λ) 1.55 µm in SPR based optical fiber sensor. 

In FDTD simulation, with given thicknesses and effective index of core and cladding, 

9 TM modes have been observed with different effective modal indices and which are 

responsible for the variation of intensity in sensing curve with varying modes and it is 

being shown that all TM modes can be excited at one observation point i.e., at same 

resonance wavelength for the given incident angle. However, all TM modes respond 

to different modal indices, so there is a variation in the magnitude of the dip. The 

above described properties can easily be seen in the fig.3.3 as shown below. 
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Fig.3.2 Different TM modes generated in SPR based fiber optic sensor 
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Fig.3.3 Variation of intensity in transmittance curve with all TM modes 

The variation of intensities for all 9 TM modes with respect to the wavelength is 

shown in fig.3.3. These are calculated by considering the metal thickness (dm) of 

around 0.5 nm at operating wavelength (λ) 1.55 µm in SPR based fiber optic sensor. 

 



32 
 

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

 

 

T
ra

n
s

m
it

ta
n

c
e

(a
.u

.)

Modes

 h
Au

=0.5 nm

 h
Au

=5 nm

TM
01

TM
02

TM
03

TM
04

TM
05

TM
06

TM
07

TM
08

TM
00

 

Fig.3.4 Shift in the intensity of transmittance curve for different thicknesses of metal film. 

 

The effect of modes on the SPR-based FOS has been studied with some consideration 

of thickness of metal layer and operating wavelength. For these generated modes, it 

has been kept in mind that below this thickness of metal layer hAu, all above said 

modes will not prevail. We compared the result of transmission spectrum for all 9 TM 

modes, for metal layer having thickness (hAu ≈ 0.5-5 nm), as shown in fig.3.4. Further 

by increasing the thickness of metal film, we analysed 9 TM modes but with different 

effective modal indices from the optimised thickness of metal film (hAu= 0.5 nm) and 

which are also responsible for the variation of intensity in sensing curve with varying 

TM modes. Fig.3.4 also depicts that when we increased the thickness of metal film, 

the variation in intensity is less than that obtained at optimised thickness. 
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Fig.3.5 Shift in the intensity of transmittance curve for different operating wavelengths 

The intensities for all TM modes with respect to the sensitivity for varying operating 

wavelengths (1.55 µm - 1.45 µm) have been compared and shown in fig.3.5 and it 

also illustrates that, by decreasing the operating wavelength, still we observed all TM 

modes but with different effective modal indices from those observed at wavelength 

of 1.55 µm and which are also responsible for the variation of intensity in sensing 

curve with varying TM modes.  
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Fig.3.6 Shift in resonance wavelength of sensing curve for gold 
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Fig.3.6 is describing that at operating wavelength 1.55 µm, the resonance wavelength 

is equal to 0.4691 µm whereas at operating wavelength 1.45 µm the resonance 

wavelength is 0.4439 µm. So there is shift of 0.0252 µm in resonance wavelength 

with different operating wavelengths. This case explains that when we changed the 

operating wavelength with the given configuration, there is shift in the resonance 

wavelength with the variation in the magnitude of the dip in transmittance curve with 

varying modal index. 

3.5 CONCLUSION 

The concept of modes for transmittance curve in SPR for different configurations has 

been presented. The various mode profiles are further investigated to examine the 

impact on the sensitivity of said sensor. All mode profiles for this sensor are studied 

using finite difference time domain simulations. Transmission spectra for different 

TM modes, are also compared for different operating wavelengths. We observed that 

the thickness of metal film and operating wavelength are responsible for variation in 

the transmittance with respect to TM modes of the said sensor. 
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CHAPTER 4 

WAVELENGTH INTERROGATED FIBER OPTIC 

SENSOR BASED ON SPR WITH OXIDE-METAL-OXIDE 

LAYERS USING FDTD SOLUTIONS 

 

In this chapter, a new tri-layer SPR based fiber optic refractive index sensor with 

ITO-Ag-TiO2 layers coated on fiber core is presented and analysed theoretically. The 

optimal thicknesses of each layer in said sensor are numerically examined and the 

performance characteristics of sensor design are compared with bi-layer (ITO-Au) 

SPR based fiber optic sensor using FDTD method. The effect of different thicknesses 

of over layer of TiO2 on the guiding region of the said sensor for given operating 

wavelength is also examined. The results show that the tri-layer based SPR sensor 

possesses higher sensitivity. 

4.1 INTRODUCTION 

 SPR based FOS is widely used in sensing applications as the SPs are highly sensitive 

to the change in the RI of the surroundings [39]. In SPR, when the p-polarised light 

having propagation constant equivalent to that of surface plasmon wave (an 

electromagnetic wave supported by metal-dielectric interface) is incident on M/D 

interface, a strong absorption of light occurs, hence SPR causes a decrease in the 

intensity of light reflected at specific angle or wavelength from the glass side of the 

sensor surface [16].   

For sensing applications, noble metal surfaces like silver (Ag)/ Gold (Au) metals are 

conventionally used to perform SPR because they show free electron behaviour as 

explained by free electron model [40]. These metals have some preferences over other 

type of metals; as they show SPR bands in both near-infrared and visible frequencies, 

and they are effectively functionalized, additionally Au/Ag films are easily arranged 

by a various deposition methods. [19]. 
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Navneet K. Sharma et al. [27] investigated the response spectrum and sensor 

properties of FOS based on SPR with bi-layers of ITO-Au coated on the fiber-core 

and achieved a sensitivity value of 929 nm-RIU
-1

 and 1929 nm-RIU
-1

 for right and left 

resonance dips respectively. A.K. Mishra et al. [18] presented a SPR based ITO-Ag 

coated fiber optic sensing probe for refractive index sensing with enhanced detection 

accuracy in visible region. Yusser Al-Qazwini et al. [30] also presented bi-layer SPR 

based FOS with Ag as inner layer, coated with an over layer of TiO2.  

Above said study limits the sensor structure only to bi-layers coated on the fiber core 

and noble metal films experience various drawbacks, like they are mechanically 

delicate and are effortlessly degraded by handling, they have a tendency to form 

discrete islands, as opposed to a continuous film, when the film thickness is not lower 

than the critical value, last is Ag metal films are prone to the oxidation [41]. To 

overcome the above problems either we can use new materials like transparent 

conducting oxides, graphene etc [42] or we can use layers of other materials which 

are called sandwich films. Layers above the SPR-active film can enhance the 

chemical and mechanical strength and layers below the active film can reduce the 

start of island development [43]. 

In this chapter, for the first time to our knowledge, to improve the sensitivity of ITO 

based SPR sensor, a Tri-layer i.e. ITO-Ag-TiO2 structure of SPR sensor has been 

presented. The FDTD method is used to simulate the said sensor for refractive index 

sensing and spectral interrogation method is utilised to examine the said sensor. Not 

only this structure has a good sensitivity but also overcomes the disadvantages of 

noble metal films. 

This chapter is divided in four sections. In section 2, the theory and simulation setup 

for comparison of sensor performance with varying parameters, is discussed with 

component details. Section 3 deals with the detailed discussion of results observed 

after the simulation. Section 4 gives the conclusion of the dependence of sensor 

performance with varying parameters. 

 

 

 



37 
 

4.2 THEORY AND SIMULATION SETUP 

ATR with Kretschmann’s setup is the principle of SPR sensing [12]. In this chapter, 

the FOS based on SPR is presented with sandwich films represented as ABC layer 

structure, where A is a transparent conducting metal oxide layer like ITO, B is the 

metal layer of Ag and C is an oxide layer of TiO2 shown in fig.4.1. As structure 

follows, cladding is firstly removed over the core (fiber core diameter = 20 µm and 

numerical aperture = 0.24) to firm up sensing region which is coated  with ABC 

sandwich layers and further, covered with sensing medium.  

 

  

Fig.4.1 Schematic layout of tri-layer SPR based fiber optic sensor. 

 

Table 4.1: Parameters utilised for optical fiber: 

Parameter Numerical value 

Fiber core diameter D 20 µm 

Numerical aperture (NA) 0.24 

Sensing region length L 100 µm 

 

4.2.1 First Layer (Fiber core) 

The fiber core made up of fused silica is considered as first layer, as shown in fig.4.1. 

The wavelength dependency of the RI (  ) of the fiber core is determined by 

Sellmeier dispersion relation as given below [36]: 
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     λ

 

λ
    

      (4.1) 

 

Where λ = wavelength of incident light in µm with Sellmeier coefficients       

 0.6961663,       =0.4079426,       =0.8974794,   =0.0684043µm,   = 0.1162414µm, 

   = 9.896161µm. 

 

4.2.2 Second Layer (ITO layer) 

Surface plasmon resonance can be achieved with (TCO) transparent conducting metal 

oxide thin film. Our first choice for TCO is Sn doped In2O3 i.e. indium tin oxide 

(ITO) since for generation of surface plasmons, ITO is considered as a good 

alternative of noble metals (Ag and Au) [41]. ITO is most privileged because it offers 

maximum available transmissivity for visible light with least electrical resistivity [44]. 

Carrier concentration of extremely conductive ITO materials generally lies in the 

range of 10
20

 to 10
21

 cm
-3

. In addition, thin layers of ITO are continuous (i.e. no 

agglomeration as islands) and no contribution of band to band transitions [45]. So 

second layer is comprised of ITO and its dielectric constant can be given by the Drude 

model as [42], 

   λ               
λ
 
λ 

λ 
  λ   λ 

    (4.2) 

 

Here, λ  and λ  are the collision wavelength and the plasma wavelength. Where, λ  = 

5.649 x 10
-7

 m and λ   = 11.121 x 10
-6

 m for ITO respectively. 

 

4.2.3 Third Layer (Ag layer) 

Third layer is comprised of Ag metal, as SPR sensors with a thin layer of Ag exhibit 

an improvement in the sensitivity and detection accuracy compared to those with Au 

[40], because silver has the largest |
   

   
| ratio, where     and     are the real and 

imaginary parts of the dielectric constant, that are responsible for the reflection and 

absorption of light in the metal, respectively [46]. The Drude model has been used for 

calculating the dielectric constant of Ag metal as given below: [37] 
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   λ             
λ
 
λ 

λ 
  λ   λ 

     (4.3) 

Where λ = 0.14541×10
-6

m (plasma-wavelength) and λ = 17.6140×10
-6

m (collision 

wavelength). 

 

4.2.4 Fourth Layer (TiO2 layer) 

SPR sensor using Ag metal as outer layer is not chemically stable because of the fact 

that Ag is extremely prone to oxidation. This issue of Ag layer is wiped out by 

covering another layer on it. An alternative for the protection of SPR metallic layer is 

oxides over layers, due to their low cost and good chemical stability [47]. The 

addition of oxide over-layers of high refractive indices such as titanium dioxide 

(TiO2) extends the local Electric-field intensity at the interface between the oxide 

over-layer and sensing medium. An increase in the E-field intensity results in an 

increase in the shift in the SPR wavelength with the varying RI of the sensing medium 

which will improve the sensitivity [48].  

Fourth layer is made up of TiO2 and the wavelength dependent RI of TiO2 can be 

written by following expression [49] as,  

 

     
 λ         

      

λ
        

     (4.4) 

 

4.2.5 Fifth Layer (Sensing medium) 

The TiO2 layer is surrounded with sensing medium, with dielectric constant    ,which 

is related to RI of sensing medium ns, as    =   
 . Here,    is varied from 1.443 to 

1.444. A change in the RI of sensing medium can be measured, by examining the shift 

in the resonance wavelength. 

4.3 RESULTS AND DISCUSSION 

In the previous sections, we discussed various components used in the simulation 

setup. Using this setup the measurement of magnitude of dip in transmittance curve 

for different cases has been performed. The result discussed below gives the 

comparison of transmittance curves for all the considered cases. 
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The transmission spectrum shows a minima at a specific wavelength; recognized as 

resonance wavelength (λres).The change in RI of sensing medium leads to change in 

λres, which is the basic concept of RI sensing. The SPR sensor response was plotted as 

normalized transmitted power (i.e., to the source power) versus wavelength, as shown 

in fig.4.2 and we analysed that resonance wavelength is shifted towards the lower 

value with increase in the refractive index. 
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Fig.4.2 Shift in resonance wavelength of sensing curve for gold 

 

The sensor performance is measured in terms of two attributes: sensitivity (  ) and 

DA. When the resonance wavelength is shifted by an amount  λ    with increase in 

RI of the sensing medium by     then sensitivity of sensor is characterized as: 

   
 λ   

   
. DA decides the precision of measurement of      and is characterized as 

DA = 1/Δλ, where Δλ is FWHM of the transmittance curve. A high performance 

sensor must have high value of     and DA [24].  

For estimating the sensor performance of said sensor, we calculated    = 17,807 nm-

RIU
-1

 and DA = 0.5263 nm
-1

 from fig.4.2. 
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Fig.4.3 Variation of λres as a function of TiO2 layer thickness 

 

The shift in resonance wavelength in transmittance curve of said sensor for different 

thickness values of TiO2 layer i.e. 1.75 nm, and 3.5 nm with fixed 10 nm ITO and 3.5 

nm Ag layer, have been plotted in fig.4.3. The resonance wavelength is observed at 

0.24444 µm for dTiO2=1.75nm and is shifted to 0.24294 µm for dTiO2=3.5 nm. 
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Fig.4.4 Transmittance curve of sensor for Ag and Au metal layers 
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To examine the effect of metal layer on sensor performance, we observed the features 

of (1) ITO-Ag-TiO2 tri-layer SPR sensor (2) ITO-Au-TiO2 based SPR sensor with 

same sensor parameters in fig 4.4. A narrower transmission curve for Ag based SPR 

sensor (Δλ = 1.9 nm) in comparison to Au based SPR sensor (Δλ = 2.2 nm) has been 

shown in above figure, i.e. DA is more with Ag metal based sensor (DA=0.55 nm
-1

) 

in comparison to Au metal based sensor (DA=0.45 nm
-1

). 

 

4.4 CONCLUSION 

The fiber optic sensor based on SPR with tri-layers of oxide-metal-oxide i.e. layers of 

ITO (internal layer) - Ag (center layer) - TiO2 (an external layer) deposited on fiber 

core has been introduced. The proposed SPR sensor possesses high sensitivity,    = 

17,807 nm-RIU
-1

 and fair accuracy of detection, DA = 526.3 µm
-1

. We investigated 

that the minima in transmittance curve varies as a function of change in RI of sensing 

medium and also dependent on the thickness of the outer layer as well as on middle 

metal layer used in sensor structure. The benefits of the proposed SPR based FOS are 

miniaturization of the probe and its utilization in remote sensing applications that is 

not achievable with prism based SPR sensor. 
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CHAPTER 5 

PERFORMANCE OF TRANSPARENT CONDUCTING 

METAL OXIDE-DEPOSITED SPR BASED OPTICAL 

FIBER REFRACTIVE INDEX SENSORS 

 

Transparent Conducting Oxide (TCO)-deposited SPR based optical fiber sensors with 

Al:ZnO (AZO) and Ga:ZnO (GZO) having a film thickness of 18 nm coated on fiber 

core is presented and analysed theoretically and their suitability for a number of 

plasmonic applications is also discussed. The response curves and performance of 

these said sensors has been investigated in terms of sensitivity. The TCO deposited 

SPR based FOS with AZO and GZO have good response and high sensitivity as 

compared to conventional Au and Ag metal-deposited SPR sensors. 

5.1 INTRODUCTION 

SPR sensors are widely used in sensing applications as the SPs are highly sensitive to 

the change in the RI of the surroundings [39]. In SPR, when the p-polarised light 

having propagation constant equivalent to that of surface plasmon wave (an 

electromagnetic wave supported by metal-dielectric interface) is incident on M/D 

interface, a strong absorption of light occurs, hence SPR causes a decrease in the 

intensity of light reflected at specific angle or wavelength from the glass side of the 

sensor surface [16]. 

For sensing applications, many researchers used noble metal surfaces like silver (Ag)/ 

Gold (Au) to perform SPR because they show free electron behaviour as explained by 

free electron model. Masaru Mitsushio et al. [21] investigated the sensor properties 

and transmittance spectrums of Al-deposited SPR based FOS having film thickness of 

7–70nm. Navneet K. Sharma et al. [25] theoretically and experimentally compared 

the response curves and performance of SPR sensor with Au, Ag, Cu and Al metal 

layers coated on the fiber-core, to anticipate the best possible metal for sensing 

applications.  
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In the near infrared region (NIR), the performance of plasmonic devices has been 

strictly constrained by large optical losses in noble metals [50,51]. An excess of 

research has been carried out to investigate the optical characteristics of different 

plasmonic materials like metal alloys, heavily doped semiconductors and transition-

metal nitrides.  It has been concluded that Al- and Ga-doped zinc oxide (AZO, GZO) 

and ITO are the common example of TCOs and are best alternatives over 

conventional metals as they show metallic behaviour, tunability and lesser 

material/optical loss with small magnitudes of real permittivity in comparison of 

Ag/Au in NIR. Carrier concentration higher than 10
20

 cm
-3 

is required for TCOs in 

order to exhibit plasmonic properties, which results in metal-like behaviour in NIR 

[52]. 

In this chapter, to improve the sensitivity of SPR sensor, Transparent Conducting 

Oxide (TCO)-deposited SPR based FOS has been presented. The FDTD method is 

used to simulate the said sensor for refractive index sensing and spectral interrogation 

method is utilised to examine the said sensor. Not only this structure has a good 

sensitivity but also overcomes the disadvantages of noble metal films. 

This chapter is divided in four sections. In section 2, the theory and simulation setup 

for comparison of sensor performance with varying parameters, is discussed with 

component details. Section 3 deals with the detailed discussion of results observed 

after the simulation. Section 4 gives the conclusion of the dependence of sensor 

performance with varying refractive index. 

5.2 THEORY AND SIMULATION SETUP 

The principle of SPR sensing is attenuated total reflection (ATR) with Kretschmann’s 

setup [12]. FOS based on SPR is presented with fiber core-TCO-sensing medium as 

shown in fig.5.1. As structure follows, cladding is firstly removed over the core (fiber 

core diameter = 20 µm and numerical aperture = 0.24) to firm up sensing region 

which is coated with thin TCO layer and further covered with sensing medium.  
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Fig.5.1. Layout of an optical fiber sensor based on SPR 

 

Table 5.1: Parameters utilised for sensor: 

Parameter Numerical value 

Fiber core diameter D 20 µm 

Numerical aperture (NA) 0.24 

Sensing region length L 100 µm 

 

5.2.1 First Layer (Fiber core) 

In fig.5.1, the fiber core is considered as first layer. According to Sellmeier dispersion 

equation, the RI of fused silica (  ) varies with operating wavelength given as [36]: 

 

           
       

     
  

       

     
  

       

     
    (5.1) 

 

Where λ is the wavelength of incident light in µm with Sellmeier coefficients 

   0.6961663,     =0.4079426,      =0.8974794,  1=0.0684043 µm,  2= 0.1162414 

µm,   3= 9.896161 µm. 
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5.2.2 Second Layer (AZO/ GZO layer) 

Second layer is prepared with TCOs and Drude-Lorentz oscillator model is utilized to 

calculate the dielectric constant of TCOs (    ), which is (with all parameters listed 

in table 5.2), given as: [52,53] 

       

         
  
 

        
 

    
 

  
         

   (5.2) 

 

Table: 5.2 Drude-Lorentz Model Parameters for AZO/GZO [52] 

Parameters AZO (2wt%) GZO (6wt%) 

Background permittivity (  ) 2.852 2.475 

Unscreened plasma frequency      

(eV) 

1.512 1.927 

Carrier relaxation rate (  ) (eV) 0.089 0.117 

Strength of Lorentz oscillator (  ) 0.596 0.866 

Center frequency of Lorentz 

oscillator (  ) (eV) 

4.384 4.850 

Dampaing of Lorentz oscillator 

(  ) (eV) 

0.078 0.029 

 

 

5.2.3 Third Layer (Sensing medium) 

The TCO layer is surrounded with sensing medium, with dielectric constant   , which 

is related to RI of sensing medium    as    =   
 . 

For the excitation of SPW, the resonance condition can be written as [15]: 

   

 
                   (5.3) 
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where      
 

 
 

      

       
  is propagation constant of the SP, ω is frequency of 

incident light and c is speed of light in vacuum. Thus from the above equation a 

change in the RI of sensing medium can be calculated, by observing the shift in the 

resonance wavelength. 

5.3 RESULTS AND DISCUSSION 

In the previous sections, we discussed various components used in the simulation 

setup. Using this setup the measurement of magnitude of dip in response curve for 

both AZO and GZO has been performed. The result discussed below gives the 

comparison of response curves for both the considered cases. 

Real and imaginary parts of spectral dielectric function can be calculated with the 

help of Drude-Lorentz equation and data given in table 5.2. Retrieved       and      

parameters are listed in table 5.3. 

 

Table 5.3: (a) Real part of dielectric constant          

Wavelength(µm) AZO GZO 

0.9 2.5034 1.5958 

1 2.1153 1.1052 

1.1 1.6914 0.5693 

1.2 1.2304 -0.0126 

1.3 0.7317 -0.6403 

1.4 0.1949 -1.3137 

1.5 -0.3801 -2.0321 

 

 

 (b) Imaginary part of dielectric constant (    ) 

Wavelength(µm) AZO GZO 

0.9 0.057 0.188 

1 0.0758 0.2555 

1.1 0.099 0.3379 

1.2 0.127 0.4366 

1.3 0.1602 0.5528 

1.4 0.199 0.6879 

1.5 0.2438 0.843 
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From the table 5.3(a) and (b), the optical properties of AZO and GZO can be 

graphically represented in fig.5.2 (a) and (b). 
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Fig.5.2 Comparison of (a) real and (b) imaginary part of dielectric constant of AZO and GZO 
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The optical properties (real and imaginary part of dielectric constant) of AZO and 

GZO films are shown in fig.5.2. The crossover wavelengths of all the TCO films are 

below telecommunication wavelength of 1.55 µm. As its imaginary part of 

permittivity of AZO is less, so it gives the smallest optical loss. However, in GZO the 

optical loss is greater than the AZO. 

In SPR sensors the reflectance curve shows a minima at a specific wavelength; 

recognized as resonance wavelength (λres).A change in RI of sensing medium leads to 

change in λres, which is the basic concept of RI sensing. For AZO, the SPR sensor 

response was plotted as reflected power versus wavelength, as shown in fig.5.3 and 

we analysed that resonance wavelength is shifted towards the lower value with 

increase in the refractive index. 
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Fig.5.3 Shift in resonance wavelength in reflectance curve for AZO 

The performance of a sensor is measured in terms of sensitivity (  ). When the 

resonance wavelength is shifted by an amount       with increase in RI of the sensing 

medium by     then sensitivity of sensor is characterized as:    
     

   
. For 

estimating the sensor performance of said sensor, we calculated    = 30,240nm-RIU
-1

 

from fig.5.3. 
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Fig.5.4 Shift in resonance wavelength of sensing curve for GZO 

Fig.5.4 illustrates the plots of reflectance curve for GZO with respect to the resonance 

wavelength of SPR sensor for varying refractive indices of sensing medium i.e. 1.449, 

1.450 and 1.452. The dips in the reflectance curve are occurring around 332.889 nm, 

302.241 nm and 247.643 nm respectively for the varying RI of sensing medium. 
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 Fig.5.5. Wavelength shift versus refractive index graph for SPR sensor 
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A linear behaviour can be seen in the fig.5.5, that is the resonance wavelength of said 

sensor decreases linearly with increase in RI of sensing medium. The sensitivity (     

of the said sensor can be calculated by measuring the slope of the wavelength shift 

versus RI curve. Thus we achieved the sensitivities of AZO and GZO based SPR 

sensors are 30,240 nm-RIU
-1

and 28,238 nm-RIU
-1

. 

5.4 CONCLUSION 

The FOS based on SPR with TCOs layer i.e. layer of AZO / GZO coated on fiber core 

has been examined to determine the effect of TCO layer on SPR sensors. The 

investigated SPR sensor possesses higher sensitivity, Sn = 30,240 nm-RIU
-1

 for AZO 

and Sn = 28,238 nm-RIU
-1

 for GZO, in comparison to noble metal based SPR sensors. 

It is observed that the minima in reflectance curve, varies linearly as a function of 

change in refractive index of sensing medium. The benefits of the proposed SPR 

based fiber optic sensor are low intrinsic loss, semiconductor-based design, 

compatibility with standard nanofabrication processes, tunability etc. over the 

conventional metals based SPR sensors. 
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CHAPTER 6 

CONCLUSION, RECOMMENDATIONS AND FUTURE  

SCOPE 

 

6.1 CONCLUSION 

This chapter presents the summary of investigation done in this dissertation. Firstly, 

conclusions are drawn from this research, after that the recommendations have been 

provided on the basis of the conclusions and further suggestions for future research 

are deliberated. The key results attained in this dissertation are summarized below:  

 

1. The concept of modes for transmittance curve in SPR for different configurations 

has been presented. The various mode profiles are further investigated to examine the 

impact on the sensitivity of said sensor. All mode profiles for this sensor are studied 

using finite difference time domain simulations. Transmission spectra for different 

TM modes, are also compared for different operating wavelengths.  

It has been observed that the thickness of metal film and operating wavelength are 

responsible for variation in the transmittance with respect to TM modes of the said 

sensor. 

 

2. A FOS based on SPR with tri-layers of oxide-metal-oxide i.e. layers of ITO 

(internal layer) - Ag (center layer) - TiO2 (an external layer) coated on fiber core has 

been presented. The proposed SPR sensor possesses high sensitivity, Sn = 17,807 nm-

RIU
-1 

and fair accuracy of detection, DA = 526.3 µm
-1

.  

It has been also investigated that the minima in transmittance curve varies as a 

function of change in RI of sensing medium and is also dependent on the thickness of 

the outer layer as well as on middle metal layer used in sensor structure. The benefits 

of the proposed SPR based fiber optic sensor are miniaturization of the probe and its 

utilization in remote sensing applications that is not achievable with prism based SPR 

sensor. 

3. The fiber optic sensor based on SPR with TCOs layer i.e. layer of AZO / GZO 

coated on fiber core has been examined to determine the its effect  The investigated 
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SPR sensor possesses higher sensitivity, Sn = 30,240 nm-RIU
-1

 for AZO and Sn = 

28,238 nm-RIU
-1

 for GZO, in comparison to noble metal based SPR sensors. It is 

observed that the minima in reflectance curve, varies linearly as a function of change 

in RI of sensing medium. The benefits of the proposed SPR based fiber optic sensor 

are low intrinsic loss, semiconductor-based design, compatibility with standard 

nanofabrication processes, tunability etc. over the conventional metals based SPR 

sensors. 

6.2 RECOMMENDATIONS 
 

1. The selection of optimized thickness of metal film and operating wavelength is 

recommended, as both are responsible for variation in the transmittance curve with 

respect to TM modes of the fiber optic based SPR sensor. 

 

2. The use of ITO-Ag-TiO2 tri-layer SPR sensor over Bi-layer based SPR sensor is 

preferred as the former offers the high sensitivity and fair accuracy of detection i.e. it 

provides enhanced results. 

3. It is recommended to use TCOs coated fiber optic SPR sensor in place of 

conventional metal films coated fiber core. 

 

6.3 FUTURE SCOPE 

SPR based FOS are bound to encounter more advancement in future, especially in bio 

sensors, nano sensors, and photonic crystal based SPR sensors. SPR sensors have to 

compete with existing technologies on the basis of multiple factors such as 

robustness, low cost, stability, ease of use and sensitivity. It is predicted that this will 

drive research and development of SPR-sensing devices in the following directions: 

1. Improvement of detection limit: Further optimization of SPR optical instruments 

and development of efficient referencing concepts and sophisticated data processing 

methods may improve the resolution of SPR-sensing devices. 

2. Though copper deposited optical fiber sensors shows good properties but the 

protection of the copper film from oxidation and corrosion is a major parameter 

which needs to be researched more for stable use of this type of sensor. 
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3. Photonic crystal fiber (PCF)-based SPR sensors are bound to find new heights in 

the coming future due to their unique optical properties such as omni-directionality, 

negative refractive indices and gapless guidance. 

4. For further optimization of crucial factors and parameters to improve the sensor 

performance, following steps can be used, like 

 New combinations such as metal-semiconductor nano-composite, different 

bimetallic alloys (with nano particles of different metals such as Cu, Au, Ag, 

and Al) are to be utilized in SPR based FOS. 

 The collaboration of fiber grating and LSPR technique is another candidate for 

further research in this area. 

Undoubtedly, in the future, the SPR technology will be benefited from the use of 

optical waveguide technology which offers the potential for development of 

miniaturized, compact, and rugged sensing elements with prospect of fabrication of 

multiple sensors on one chip. Thus there is plenty of room to work with these sensors 

and it will surely benefit us for so many purposes. 
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