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Abstract 

This research work reports the plasmonic-based biosensing using attenuated total reflection 

(ATR). A photon beam falls on the metallic film through an angle higher than critical angle of 

glass. SPPs are produced along the metal/analyte interface. An optimum gold (Au) film has been 

used to sense the refractive index of analyte lying next to it while utilizing the sensitivity power of 

electric field of the surface plasmon polaritons (SPPs). Such Nanoplasmonic devices have been 

designed and optimized utilizing finite element analysis (FEA) in licensed version of COMSOL 

5.4, RF module. Reflection spectra have been extracted for far-field analysis, whereas shift in the 

position of SPP dip has been exploited to compute sensitivity of the device. By controlling the film 

thickness and angle of light incidence, the sensitivity of the device is enhanced. It is worth 

mentioning that the spectral range was brought in visible region where most of the practical devices 

work very well. The sensitivity of 18200 nm/RIU has been achieved for optimum angle and gold 

film thickness. Hence such devices have various sensing applications in medical diagnostics.  

mailto:tiqbal02@qub.ac.uk


2 

 

 

 

 

 

 

 

 

 

Keywords:  Refractive index unit (RIU); Biosensing, Attenuated total reflection (ATR);  

Nanoplasmonics; Finite element analysis (FEA) 

 

Introduction 

In recent ages, many different techniques have been developed to enhance the sensing quality of 

gas detection in traces. Sensors play a very attention-grabbing role in several fields such as in 

environmental monitoring, sensing of explosive gases and biomedical systems. Surface plasmon 

resonance (SPR) based sensing is an effective technique which has recorded high sensitivities and 

low background noise. Liedberg [1] and Nylander [2] have made great efforts for the detection of 

gas with the use of SPR and revealed the details to analyze the behavior of resonant features, such 

as the spectral shift in transmission and reflection peaks by changing the refractive index of 

analytes. In biological sciences, biosensor is a tool that is used to detect the chemical changes in 

analyte [3]. Several researchers are paying attention to biosensors for monitoring of biological 

interactions. The optical behavior of noble metal nanoparticles can be examined through SPR 

technique after the development of optical sensors [4]. Optical biosensors employ the SPR 

phenomenon in which an evanescent wave is used to show the interactions of receptors at the 

surface of a biosensor and the ligands which are in liquid state on surface. The SPR having 

evidence as sharp fringes in reflected light is applied to detect the variation in optical properties 

by altering the refractive index of an analyte. When bimolecular binds to the surface of the 

biosensor, the density close to the surface changes which in turn gives a change in the SPR angle. 

The change in this resonance angle offers the base of real-time measurements. The measured 

variation in the refractive index gives clues about the quantity or density of bound analyte, and its 

affinity for receptors. The interface between the sensor surface and the biological and chemical 

entities provides a basis for investigation.  
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The most promising technique of attenuated total reflection (ATR) is used to report plasmonic-

based biosensing. The sensitivity of biosensors depends upon various parameters such as film 

thickness of nanostructured devices for maximum sensitivity. The devices have been designed and 

optimized numerically using the finite element analysis (FEA) method in the RF module of the 

COMSOL 5.4 licensed version. By controlling the geometry of the unit cell, one can see the 

significant changes in the field enhancement which is an indicator of the sensitivity of biosensor. 

The photon beam falls on the Au film through an angle higher than the critical angle of the glass 

to excite SPPs along with the interface of Au and analyte for sensing purposes. A sharp SPR dip 

is observed in the reflection spectra and the shift in this dip is indicating the sensitivity of the 

device.  

One of the most developed and commonly used applications of SPPs is biosensing. The rising 

branch of biosensing has many applications in the experimental analysis [5, 6], medical diagnostics 

[7], industrial processing control [8, 9], biological warfare weapon control, targeted drug delivery 

[10], and food quality and safety control [11], etc. Immunoassays based sensing [12] and home 

pregnancy strips are frequent applications of biosensing. 

 

Background History 

 

The first in vivo glucose biosensor was designed by Shichiri et al (1980) [13] whose basic design 

was similar to that of Clark and Layons [14]. Although some conventional biosensors show high 

sensitivity and specificity such as most frequently used ELISA but these are more complex 

requiring bulk chemical material, huge and expensive instrumentation. Protein is bio-variable in 

many chemical and biological processes such as enzyme metabolism and response of immune 

system. Currently, the nano-biosensors are very helpful for protein revealing as they have 

multiplexity and ultra-high sensitivity, because they give real-time and label-free measurements. 

The field-effect device using silicon-nanowire for multiplexed electrical detection of cancer 

markers has been presented by Lieber’s group in 2005[15]. The main problems to be considered 

include simplicity, speed and cost [16]. Either an antibody or antigen is positioned on solid surface 

which takes part in a bio-specific interaction to sense and enumerate an analyte of interest. These 

indirect and direct modes of sensing are branded as heterogeneous and homogeneous 

immunosensors respectively.  
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Direct optical transducers make use of techniques such as SPR, evanescent wave sensing and 

internal reflectance spectroscopy. Direct optical immunosensors are label free and the sensing 

wave only penetrates the direct surface of the optical device and does not hinder in the bulk sample 

[17, 18]. In these techniques, light entered an optical device from denser medium, falls going on 

sensing surface and reflected back in the same medium. The reflected light enters in a detector like 

a photodiode, which offers information with reference to the sensing surface [19]. Indirect 

immunosensor also finds the exercise of above nominated techniques for sensing. The main 

advantage of an indirect over direct immunosensors is their improved sensitivity and selectivity.  

First time, Kretschmann made the use of SPP for prism coupling in 1968 [20]. In this arrangement, 

a dip in the measured reflection spectra was observed due to the generation of SP wave which can 

be used to find the sensitivity response of an SPR sensor. Extraordinary optical transmission (EOT) 

based sensors are mostly composed of cylindrical holes in metal. Holes in metal are ribbed 

periodically which boost the sensitivity when the field interacts with the analyte [21].  

The sensitivity of biosensor is determined by the ratio of shift in resonant wavelength (∆𝜆𝑅) to 

variation in refractive index (∆𝑛 ) of the dielectric (Air) and is given by: 𝑆𝑅 = ∆𝜆𝑅 ∆𝑛⁄      (1) 

The equation (1) specifies the shift in resonant wavelength with the variation in refractive index 

of the medium (air) close to metal/analyte interface [5]. 

For detection of gas, Liedberg [1] and Nylander [2] recommended the utilization of SPR, for 

example, one dimensional Au grating gas sensor with 599 nm/RIU was reported to detect the RI 

[22]. The sensitivities of surface plasmon based sensors were calculated for Au, Ag and Cu which 

have values 700, 731 and 722 nm RIU-1 respectively [23]. Bdour et al obtained sensitivity of 778.6 

nm/RIU for different sucrose solutions by varying refractive index [24]. SPR based sensor for 

rectangular and sinusoidal-shaped gratings have sensitivities of 693 and 713 nm/RIU [25]. The 

sensitivity 2170 nm/RIU of SPR based fibre optic sensor working on Kretschmann configuration 

was reported [26]. The refractive index sensor achieved the sensitivity 2600 nm RIU-1 for blood 

glucose detection [27]. For both gas and liquid detection, Lu et al measured the waveguide coupled 

SPR sensor showing 9000 nm/RIU [28].  SnSe-graphene hybrid photonic SPR sensor achieved the 

94.29 deg. RIU-1[29]. Qi and Zhang et al had evaluated a bilayer graphene refractive index sensor 

with sensitivity 14110 nm/RIU [30, 31].  
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Numerical Modelling  

A 2D model is designed in COMSOL 5.4, RF module to get reflection spectra for this research 

work in which finite element analysis (FEA) is used. A p-polarized light of wavelength ‘𝜆’ range 400 − 1200𝑛𝑚 is incident on a thin film of Au placed on a glass substrate (n=1.5) with optimized 

incidence angle (43o). The structural parameters, such as film thickness ‘t’ varying from 50nm to 

200nm is selected. The refractive index ‘n’ of air analyte is varying from 1.00-1.008. The 

schematic of this device with all boundary conditions is shown in Fig. 1. The resolution for fine 

regions is 1 nm with element size 20nm. The additional numerical factors involve 1.3nm growth 

rate of elements, 0.3 mesh factor, 1nm element size of scaling factor. The periodic boundary 

conditions (PBCs) represent the peripheral borders of the model. The application of PBCs can be 

observed for the huge systems which exhibit translational symmetry on very small length scale 

and is calculated by a single unit cell. Every bit of the facts regarding the fields is obtained by 

cycling the phase of the solution within infinite structure of a unit cell.  

 

Fig. 1: A 2D model designed in COMSOL Multiphysics to get reflection spectra for this research work where right 

side a single unit cell with optimized incidence angle is 43o, and film thickness is a varying parameter (50- 200 nm). 
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The effect of phase shift at each boundary produced by tangential components is considered using 

Floquent periodicity in combination with PBCs. These components of EM fields of a model are 

ensured by continuity boundary conditions (CBCs) which represent the interior boundaries of that 

model [32-38]. The incident wave vector, designation boundary to source distance and material 

properties have significant effect on phase shift. The significance of Floquent periodicity is much 

more for the incoming wave striking at some angle rather than falling normally because for normal 

incidence PBCs along with continuity periodicity is sufficient [39]. When the reflection is required 

to be compact, the boundary conditions applied are scattering boundary conditions. If incident 

fields are not properly absorbed due to insufficient scattering boundaries and large spread 𝑘-

vectors then perfectly matched layers (PMLs) are applied for bounding the interior calculation 

space at the final continuity boundaries which expand the computation domain ~𝜆/2. [40]. The 

EM wave with sinusoidally-varying amplitude is reported experimentally for the excitation of 1D 

grating which corresponds to Harmonic propagation mode. The expression for the wave having 

instantaneously changing amplitude is of form;  Ψ(𝑥) = 𝑒−𝑖𝑘𝑥𝑥     (2) 

where 𝑘𝑥 = 𝑛𝑘𝑜𝑠𝑖𝑛𝜃𝑖, 𝑘𝑜 = 2𝜋𝜆𝑜 and 𝜆𝑜 is the incident wavelength [41], and 𝜃𝑖 is the incident angle 

taken normal to the surface. To proceed for modelling of this research work, firstly the model is 

authenticated by various theoretical results of literature which are already proven true. 

Results and Discussion 

To comprehend the excitation and working of surface plasmon (SPs) on Au/analyte interface, the 

attenuated total reflection technique is used. The SPs are in fact electromagnetic excitations that 

yield up at the interface of metal/dielectric. When momentum of SPs matches with the momentum 

of incoming photon, SPs are excited to give a very interesting phenomena called as surface 

plasmon resonance (SPR). This phenomenon is very useful for biosensing because it gives accurate 

measurements of alterations in refractive index or sensing of analyte attached to the metal film. 

The thickness of gold film is optimized to use as biosensor by measuring the sensitivity which is 

widely used by many researchers for its high chemical strength and elevated sensitivity [42]. The 

k-vector matching technique to give SPR used in this work is attenuated total reflection or 

Kretschmann configuration. 

Kretschmann Configuration 
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When wave-vector component of p-polarized light along the Au-film equivalents with the wave-

vector of SPs at the Au surface, SPPs are produced. Due to this matching of wave vectors, photon 

of p-polarized light is coupled with SPs at wavelength. In order to get dispersion relation of SPPs, 

Maxwell’s equations are used for incident light. The wave-vector associated with the light and 

surface plasmon polaritons are given by equation (3), which is well known propagation relation of 

SPPs [41]. 𝑘𝑆𝑃𝑃 = 2𝜋𝜆𝑜 √ 𝜀𝑚𝜀𝑑𝜀𝑚+𝜀𝑑     (3) 

where 𝜆𝑜 is the incident wavelength, 𝜀𝑑  𝑎𝑛𝑑 𝜀𝑚 are complex dielectric constants of dielectric and 

metals. 

In this configuration, the matching of wave-vectors is attained by increasing the wave vector of 

light when it passes through glass prism as given in Kretschmann-Raether equation (4) [41]. 𝑘𝑥 = 2𝜋𝜆𝑜 𝑛𝑝 sin 𝜃𝑖     (4) 

where 𝑛𝑝 is RI of prism and 𝜃𝑖 is angle of incidence. 

The SPP resonance is very exciting optical response of the metals. In this research work, the film 

thickness of Au is optimized at glass substrate for getting the maximum sensitivity of biosensor. 

This is done by field enhancement at the surface of the Au film for different film thickness from 

50 to 200 nm, which is described in the section near field analysis. A sharp dip in the reflectance 

spectra indicates the condition of SPP excitation[43-45]. In principle there are four parameters that 

can give us clues for sensitivity measurement in SPR sensing which are wavelength interrogation 

(variation in the resonance wavelength for fixed angle of incidence), intensity interrogation 

(variation in the reflectance for fixed angle of incidence), angular interrogation (variation in 

resonance angle) and phase interrogation. The first method i.e., wavelength interrogation is 

selected to investigate the sensitivity measurement of sensor device. 

Far Field Analysis 

The reflection spectra are obtained through nano-structured Au film of varying thickness of 50, 

100, 150 and 200 nm, a fixed angle of incidence (43o). The sensing of analyte can be noticed 

simply in the Fig. 2 (a, b, c, and d), the shifting of reflection resonance dips lies in the wavelength 

range 750-950 nm, while RI of adjacent media is varied from 1.00 to 1.008. For very small change 

in RI of analyte, a corresponding change occurs in the dielectric constant of analyte (𝑛2 = 𝜀𝑑) 
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nearby metal film. Hence, there is shift in resonance wavelength (𝜆𝑟𝑒𝑠 = 2𝜋𝑘𝑆𝑃𝑃) indicated in 

equation (3) which is very useful for sensing applications. 
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Fig. 2: Reflection spectra of p-polarized light through gold film in the wavelength range (400-1200 nm) at the angle 

43o beyond the critical angle for film thickness (a) 50 nm (b) 100 nm (c) 150 nm (d) 200 nm. 
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The shifting in the characteristic dips is clearly seen which can be used to calculate the sensing by 

using equation 1. A direct relationship exists between the shifting of SPP resonance to higher 

wavelength and a very slight variation in RI of analyte. The slope between SPP resonance 

wavelength and RI is calculated for the film thickness of 50 nm (Fig. 3a) and 200 nm (Fig. 3b), 

which is a straight line. Similar straight line is also observed for film thickness of 100 nm and 150 

nm 

(not shown here). This direct relation shown in Fig. 3 in the form of straight line becomes the base 

of measuring 18200 nm/RIU sensitivity of such device. 

Fig. 3: SPP resonance wavelength versus refractive index (RI) of analyte for film thickness of (a) 50 nm and (b) 200 

nm. 

 

 

 

Near Field Analysis 
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(a) n=1, λ=783 (b) n=1, λ=783 (c) n=1.002, λ=808 (d) n=1.002, λ=808 
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Fig. 4: y-component of electric field and z-component of magnetic field at incidence 43o with film thickness 50 nm. 

The y-components of electric field (𝐸𝑦) are shown in Fig. 4 (a, c, e, g, i, k) and z-components of magnetic field are 

shown in Fig. 4 (b, d, f, h, j, l). 

To determine the field enhancement, 𝐸𝑦 is plotted against wavelength spectrum range for different 

film thickness as shown in Fig. 5 (a). The electric field enhancement is maximum for 50 nm gold 

film and then there is decrease in the field penetration up to 150 nm. At 50 nm gold film thickness, 

the penetration of the field is maximum indicating strong evidence of SPPs. So, optimization of 

50 nm gold film is achieved as shown in Fig. 5. Below 50 nm film thickness, it approaches to skin 

depth of the metal (gold) and SPPs are not efficient enough. There is an increasing trend of field 

enhancement after 150 nm but excessive use of material in higher film thickness is not suitable, so 

this is not an area of interest indicating by an arrow B shown in Fig. 5 (b). 
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Fig. 5: Cross sectional view of the electric field at different gold thicknesses. (a) y-component of electric field 

versus wavelength, (b) y-component of electric field versus gold thickness. 

Conclusion 

This study has analyzed the sensitivity of existing SPR biosensors using ATR technique for most 

used detection method wavelength interrogation. To measure very slight variation in the refractive 

index of adjacent media, the optimization of gold film thickness 50 nm is achieved at an angle 

beyond the critical angle i.e. 43o. The sensitivity 18200 nm/RIU is obtained which is much higher 

than previously reported ones. The excitations of SPPs have been achieved with transverse 

magnetic (TM) wave only, while no SPPs by transverse electric (TE) wave. The penetration of 

fields associated with the SPPs is very sensitive to detect the change in the refractive index of 

adjacent media and determines potential application in the field of bio-sensing. It is concluded that 
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sensitivity is related to the film thickness and gives maximum field enhancement for 50 nm film 

thickness. 
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Figures

Figure 1

A 2D model designed in COMSOL Multiphysics to get re�ection spectra for this research work where right
side a single unit cell with optimized incidence angle is 43o, and �lm thickness is a varying parameter
(50- 200 nm).



Figure 2

Re�ection spectra of p-polarized light through gold �lm in the wavelength range (400-1200 nm) at the
angle 43o beyond the critical angle for �lm thickness (a) 50 nm (b) 100 nm (c) 150 nm (d) 200 nm.



Figure 3

SPP resonance wavelength versus refractive index (RI) of analyte for �lm thickness of (a) 50 nm and (b)
200 nm.



Figure 4

y-component of electric �eld and z-component of magnetic �eld at incidence 430 with thickness 50 nm.
The y-components of electric �eld (Ey) are shown in �g.4 (a,c,e,g,i,k) and z-components of magnetic �eld
are shown in Fig. 4 (b,d,f,h,j,l)



Figure 5

Cross sectional view of the electric �eld at different gold thicknesses. (a) y-component of electric �eld
versus wavelength, (b) y-component of electric �eld versus gold thickness.
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