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ABSTRACT 
 

Label-free methods of sensing have become imperative in the world of biosensing mainly 

because they utilize intrinsic properties such as refractive index or permittivity etc. Surface 

Plasmon Resonance (SPR) is one such physical phenomenon that can facilitate real-time 

detection at the nanometer scale. The cumulative oscillation of conduction electrons at the 

boundary surface of the metal-dielectric interface gives rise to an entity, namely, Surface 

Plasmons (SPs). Such a phenomenon occurs due to the phase-matching conditions at the 

interface, resulting in resonance conditions. This plasmon resonance condition examines the 

material optical properties by monitoring the shifts in the resonant points of locations 

concerning corresponding variations in the concentration of the bio-sample or the refractive 

index of the unknown bio-sample. Thus, SPR is an investigative route for biosensing purposes 

in terms of high precision, fast response, lower cost, and strong resistance to temperature 

fluctuations. Such advantages have stimulated the use of SPR-based sensors for applications 

like cancer detection, food safety, enzyme detection, etc.  

Therefore, this thesis focuses on investigating various SPR-based sensors with Aluminum (Al) 

as the plasmonic metal in the near-infrared region and analyzes the output performances in 

terms of higher sensitivity as well as the Figure of Merit (FOM). Two types of coupling 

mechanisms are utilized to excite the SPs i.e., prism-based coupling and periodic 

nanostructure-based coupling. Prism is employed for guiding the incident light towards the 

metal-analyte interface under the total internal reflection scheme. On the other hand, periodic 

nanostructure uses the diffraction phenomenon of light to achieve the phase-matching 

condition for SP excitation.  

     The optical characteristics of Al-based plasmonic sensors are explored for the near-infrared 

region using different modes of interrogation (angle and wavelength). The performance sensing 

parameters are studied in terms of reflection, and transmission characteristics of light that 

exhibit competitive results concerning gold and silver. The entire analysis is based on the near-

infrared spectral regime that provides for non-invasive and non-destructive medical diagnosis. 

Biorecognition elements can help to enhance the sensor’s performance, for which 2D 

nanomaterials are explored for the biofunctionalization of Al. This way, the unique optical 

properties provided by Graphene, MoS2, MXene, etc. are investigated, thereby envisaging 2D 

nanomaterials for effective biosensing. Therefore, the ability of Al as the plasmonic metal is 
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extensively exploited in the NIR region, to realize it as a major key player in plasmonic-based 

devices.  

 

Keywords: Surface plasmon resonance, Aluminum, Prism, Nanostructures, Near-infrared 

region, Sensor, Graphene, 2D nanomaterials. 
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Chapter 1 

Introduction 

  
1.1 Background 

 

In the world of nanophotonic technologies, Surface Plasmon Resonance (SPR) is one of the 

most successful sensing techniques that examines the electric field interaction when light is 

manipulated at sub-wavelength dimensions. With their early advent in the 1900s, when the 

Kretschmann configuration (1968) was reported, a structured approach to plasmon resonance 

came into being [10]. Thereafter, exhaustive research based on conventional noble metals 

(gold, silver) circling the visible region (400nm-700nm) came into the picture. Such impactful 

results brought the employability of SPR-based sensors towards applications like biological 

sensing [9], food safety [11], drug discovery [12], cancer detection [13], etc. Before proposing 

new SPR-based plasmonic devices in the NIR region, a basic understanding of the Surface 

Plasmon (SP) excitation is a prerogative.  

 

Fig. 1.1 (a) Schematic for a conventional Kretschmann configuration (b) Dispersion diagram for the prism-based coupling 

(c) Schematic for periodic nanostructure-based SP excitation (d) Dispersion diagram for the nanostructure-based coupling. 
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Fig. 1.1(a) represents the schematic of prism-based coupling which is known as the 

conventional Kretschmann configuration to initiate the SP excitation at the metal-dielectric 

interface. A Transverse Magnetic (TM) polarized light is incident on the metal-coated glass 

prism under a total internal reflection arrangement. At the phase matching condition, the 

evanescent field generated by incident light gets coupled to SPs at the metal-dielectric interface 

which can be explained with the dispersion diagram as shown in Fig. 1.1(b). The wave vector 

(Kspp) of the Surface Plasmon Polariton (SPP) can be written as given below in equation (1.1). 

Here, Ɛm is the permittivity of the metal, Ɛd is the permittivity of the dielectric material, and Kc 

is the wave vector for the incident light in free space respectively. 

                                                   Kspp= Kc√
Ɛ𝑚.Ɛ𝑑

Ɛ𝑚+Ɛ𝑑
                                                                     (1.1) 

In Fig. 1.1(b), the black solid line represents the dispersion relation for incident light coming 

from the air (light line) and the red solid line represents the dispersion curve for SPP at the 

metal-dielectric interface. From Fig 1.1(b), it is clear that there is no intersection between the 

red and black solid lines which concludes that SPP excitation is not possible for the direct 

illumination of light. One solution is to use a high-index prism coated with thin metal in order 

to increase the momentum of incident light and achieve SPP excitation as shown in Fig. 1.1(b) 

where the blue solid line represents the dispersion relation for the light coming through a glass 

prism and meeting the red solid line at a point which is called the phase/wave vector matching 

condition for SPP excitation. In prism-based coupling, the wave-vector matching for SPP and 

incident light can be explained using equation (1.2) where θres is the SPR angle and np refers to 

the refractive index of the prism [14].  

                               Kspp = Kc√
Ɛ𝑚.Ɛ𝑑

Ɛ𝑚+Ɛ𝑑
  = Kc.np.sinθres                                                         (1.2) 

Fig. 1.1(c) represents the schematic of another technique for SPP excitation at the metal-

dielectric interface using periodic nanostructures. A normal incident light illuminating the 

patterned metal is diffracted by the periodic structure and it is possible for at least one of the 

diffracted orders to couple with SPPs by optimizing the parameters of periodic nanostructures. 

In periodic nanostructure-based coupling, the phase matching condition for SPPs excitation 

can be explained by equation (1.3), where m refers to the diffraction order and P is the period 

of the periodic nanostructures.                                        

                               Kspp = Kc√
Ɛ𝑚.Ɛ𝑑

Ɛ𝑚+Ɛ𝑑
  = ± m 

2𝜋

𝑃
   + 

2𝜋

𝜆
 np.sinθ                                                                  (1.3)                                                                          
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Fig. 1.1(d) represents the dispersion diagram for the case of periodic nanostructures-based 

coupling where the 1st diffraction order couples to SPPs at the phase matching condition. Other 

types of SPP coupling mechanisms include waveguide-based SPP coupling, 

single nano-aperture-based SPP coupling, and periodic sub-wavelength nano-holes-based SPP 

coupling. In this thesis, we will be concentrating mainly on prism-based and periodic 

nanostructures-based coupling. After the phase matching conditions, maximum absorption 

takes place except at points of reflection minima or transmission maxima where the SPR 

occurs. These reflection or transmission characteristics are generally studied under a range of 

incident wavelengths or incident angles. 

 

Fig. 1.2 (a) Schematic for angle interrogation (narrowband excitation) using prism-based coupling (b) Reflectivity curves 

with variation in the refractive index of the analyte under angle interrogation (c) Schematic for wavelength interrogation 

(broadband excitation) using prism-based coupling (d) Reflectivity curves with variation in the refractive index of the 

analyte under wavelength interrogation. 
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Fig. 1.2(a) shows an angle interrogation scheme (narrowband excitation) using prism-based 

coupling where a monochromatic light source excites SPP at the metal-analyte interface after 

the phase matching condition is achieved. The reflected light is captured in the detector for 

different angles of incidence and a sharp dip is observed in the reflectivity curve for a particular 

value of SPR angle as shown in Fig. 1.2(b). Such interrogation technique refers to angle 

interrogation (Fig. 1.2(b)) where the change in the refractive index of the analyte is measured 

in terms of the shift in the SPR angle. Alternative to this method is the wavelength interrogation 

or broadband excitation as shown in Fig. 1.2(c) which involves a spectral variation of the 

reflected light under a fixed angle of incidence. The resultant SPR curves are investigated as 

points of reflection minima under a given set of wavelength range as shown in Fig. 1.2(d) and 

the changes in the refractive index of the analyte are measured in terms of the shift in SPR 

wavelength. 

For the plasmonic devices to act as a biosensor, a self-assembled monolayer is usually 

employed to activate the sensing surface [15]. This activation layer provides the immobilization 

of the ligands (biomolecules) to the target surface, thereby causing variations in the 

surrounding region. Of late, 2D nanomaterials have also been intensely studied to improve the 

sensor performance along with an additional advantage of providing oxidation stability to 

Aluminum (Al)-based plasmonic devices. It is well-known that 2D nanomaterials act as 

Biorecognition Elements (BRE) for biosensing applications [16]. However, there are limited 

reports on the analysis of such Transition Metal Dichalcogenides (TMDCs) over Al-based 

plasmonic sensors with enhanced sensitivity and Figure of Merit (FOM) in the Near-Infrared 

Region (NIR). In addition, biomedical sensing applications require carbon-based terminations 

to be accurately detected. Generally speaking, the essence of biomedical sensing is the accurate 

detection of carbon-based terminations of certain analytes (ssDNA, viruses, proteins) which 

brings forth attention toward 2D nanomaterials [17]. This mechanism modifies the confined 

electromagnetic field at the boundary surface of the metal-analyte interface. Moreover, there is 

a dearth of research on 2D nanomaterials with Al-based plasmonic devices (prism/ periodic 

nanostructures) in the NIR region that can justify accurate sensing with high-performance 

sensing parameters.  
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Fig. 1. 3. Schematic showing Al as the universal plasmonic metal for the entire electromagnetic spectrum taken 

from ref. [18]. 

Fig. 1.3 represents the existence of the plasmonic behavior of Al in the entire UV-Visible-NIR 

region [18]. Recently, a few reports on Al-based plasmonics have come to the forefront. 

However, most of the established work is still largely limited to the (Ultra-Violet) UV and 

visible part of the spectrum, despite the advantage of observing the non-destructive analysis 

for the NIR region [19]. Nowadays, optical fiber is the center of research for all kinds of 

communication and deep tissue imaging in mammals requires the probes to delve into NIR 

sensing [20]. Thus, to realize integrated photonics in the near-infrared region, cheaper solutions 

for mass production with better optical output must be made viable.  

Although, tremendous research on Gold (Au) and Silver (Ag)-based SPR sensors has provided 

remarkable results for visible region. However, the on-chip sensors call for resources with 

better Complementary Metal Oxide Semiconductor (CMOS) compatibility which are also 

economically viable at the same time is the need of the hour. A cheap material that can respond 

plasmonically well over the entire electromagnetic spectrum along with a better optical output 

would be an ideal choice for large-scale production of SPR-based plasmonic sensing. 

1.2    Motivation and Objectives 

The need of the hour for high-quality plasmonic sensors is to be of lower cost, simpler 

fabrication techniques as well as high-performance sensing parameters that can promote the 

feasibility of plasmonic devices on a large scale without any photo-degeneration of bio-

samples.  Thus, the motivation of this work is to investigate plasmonic sensors that can address 

the following concerns: 

1. hold economic value to favor large-scale production and compatibility towards 

optoelectronic devices. 

2.  feasible enough to work for telecommunication wavelength for easier integration to an 

optical fiber with self-referencing capability. 
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3.   offer high-performance sensing parameters as the optical outputs in the near-infrared regime 

4.  exhibit robustness to follow both modes of interrogation simultaneously. 

5. can cover a larger spectral range to sense a large number of analytes corresponding to 

different wavelength regimes. 

6.  can be integrated with 2D nanomaterials for enhanced sensing parameters. 

7.  can offer multiwavelength sensing in a single experiment. 

Based on the above facts, we narrowed down our objectives to the following: 

1.  To investigate the Silicon-Graphene (Gr) layers over an Al-based plasmonic device for 

enhanced sensitivity and high adsorption in the near-infrared region. 

2.  To investigate 2D TMDC material (MoS2) over Al-based plasmonic devices for both 

enhanced sensitivity and FOM in the near-infrared region. 

3.  To investigate 2D nanomaterials on Al-MXene-based plasmonic devices for enhanced 

robustness and higher sensing parameters in the near-infrared region. 

4. To engineer a multi-layered Al-based plasmonic device with a metal-dielectric-metal 

configuration for enhanced resolution of the sensing device. 

5.  To engineer 1D and 2D Al-based periodic plasmonic nanostructures for sensing applications 

with self-referencing and multiwavelength sensing capabilities respectively. 

6. To engineer an Al-nanostructure-based plasmonic device with enhanced sensitivity and 

FOM for both wavelength and angle interrogation. 
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1.3    Thesis Outline 

 

Fig. 1. 4. Flowchart for the thesis organization. 

The flowchart in Fig. 1.4 explains the thesis organization into chapters as follows: 

 

Chapter 2: This chapter presents a review of literature that discreetly elaborates on the 

previously reported results and discussions in the field of Al-based plasmonic 

devices in the form of nanoapertures, nanofilms, and nanostructures. A multitude of 

research is seen in the UV and visible part of the spectrum, with limited reports in the 

NIR regime that motivates us towards the investigation of Al-based SPR sensors in the 

NIR region.   

 

Chapter 3: Angle scanning over Si-Graphene (Gr) stacks is utilized for prism 

configuration coated with thin Al film to capture the changes in the refractive index of the 

analyte with enhanced sensitivity. The high-index dielectric layer (Si) is employed for 

increasing the sensitivity while Gr is used for enhanced biomolecular interaction.  At the 

same time, the uniqueness of the plasmonic device holds in detecting both the bulk and 

surface sensitivity.  
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Chapter 4: Moving beyond Gr, this chapter presents a comparative analysis of different 

combinations of Al-MoS2-based plasmonic devices at 1550nm under angle interrogation. 

Among the proposed Al-MoS2-based plasmonic devices, Al-Si-MoS2-Gr and Al-MoS2-

based devices are found to be the best-suited designs for biosensing applications. While the 

former exhibited maximum sensitivity, the latter showed greater FOM. This chapter 

provides us with an interesting insight into MoS2 material that enhances FOM due to the 

negligible imaginary part of the dielectric constant in the NIR region. 

 

Chapter 5: Keeping up with the strategy of improving sensing at a minuscule level via 

angle interrogation, next we examine the biomolecular interaction of Al-MXene-based 

plasmonic devices in the NIR region, in the vicinity of 2D nanomaterials, which is the first 

of its kind in terms of sensing at longer wavelengths with underlying thin Al film as the 

plasmonic metal. Robust heterostructures formed with MXene provide stability in terms of 

oxidation as well as enhanced interaction with the biomolecules. 

 

Chapter 6: To further uplift the performance parameters, a multi-layered configuration 

involving metal-dielectric-metal as the intermediate layers in Al-based plasmonic devices 

leading to enhanced field confinement, is used to detect changes in the different blood 

components. Here, barium titanate is considered as the high-index low loss dielectric 

material sandwiched between Al thin film for the proposed MDM configuration.  

 

Chapter 7: After prism-based configurations, we switch to exploring the wavelength mode 

of interrogation for a plasmonic device with Al-based 1D periodic nanostructures that 

provide self-referencing capability in the near-infrared regime for sensing applications. To 

demonstrate multi-wavelength SP sensing in two different wavelength regions, Al-

based 2D periodic nanostructures are proposed where the characteristics of analyte at 

different wavelengths can be extracted in a single experiment. 

 

Chapter 8: Finally, we move on to investigating such an Al-nanostructure-based 

plasmonic design that can perform both angle and wavelength interrogations with 

enhanced sensitivity and high FOM simultaneously. This chapter integrates the entire 

ideology of the preceding chapters. Both prismatic and nanostructure-based arrangements 

are utilized in the same plasmonic device for enhanced sensing parameters.  
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1.4    Conclusions 

This chapter provides the background for SPR-based optical sensors and subsequently 

defines the objectives of the proposed thesis work. The following conclusions can be 

drawn from this chapter: 

1. The resonance phenomenon at the metal-dielectric interface is a result of phase matching 

condition between the incident light and the SPs, giving rise to a change in the optical 

properties studied in terms of reflectivity or transmittivity spectrum. 

2. The incident light coupling can only be initiated by inculcating certain arrangements, 

such as a high index prism or periodic nanostructure to allow phase matching at the 

boundary surface. 

3. As Al produces narrower linewidth of SPR curves and its cost-effectiveness can be a 

major advantage for the large-scale production of sensor devices. Therefore, investigating 

the plasmonic behavior of Al in the NIR region is the essence of the thesis. 

4. For the biofunctionalization of the sensing surface of the plasmonic sensors, the unique 

properties of 2D nanomaterials such as Graphene, Molybdenum disulfide, Black 

Phosphorus, Fluorinated Graphene, and MXene can be exploited in order to ensure 

effective sensing characteristics. 
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Chapter 2 

Literature Review and Methodology 

A deeper understanding of materials sciences has envisaged “plasmonics” to become a 

rigorously evolved domain in a vast field of unprecedented applications. Intense electric field 

confinement towards the nanoscale dimensions results in plasmon resonance at the interface of 

two different media. Among the plasmonic activity initiators, noble metals such as Au and Ag 

have been the leading contenders. No wonder, Aluminum (Al) being the first non-noble metal 

upon which the plasmons were evidenced, got relatively behind [21].  

 

Fig. 2.1 Recent works on Al-based plasmonic devices (a) Scanning Electron Microscopy (SEM) image of Al dimer from Ref. 

[1] (b) Al nanopyramid array (NPA)  with (1) array synthesis procedure, SEM image of (2) side view (3) top view from Ref. 

[2], (c) Schematic of Al ultra-thin film with a hexagonal nanohole array from Ref. [3] (d) Schematic of Al-based nanostructure 

covered with a protective layer from Ref. [4] (e) SEM image of Al nanostructure with the indication of measurements of 

periods [5] (f) Schematic of Al-Si-Al photodetector from Ref. [6] (g) Schematic of Gr-Al-Gr sandwich-like structure from 

Ref. [7] (h) SEM image of an annealed Al film from Ref. [8] (i) Illustration of Kretschmann configuration with Al-film from 

Ref. [9]. 
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2.1 Introduction  

As Al is much cheaper [22], CMOS compatible [23], providing a better optical response in 

terms of narrow linewidth [24] as well as stability (due to alumina formation) [25], it has 

returned to the research spectrum, after almost sixty years of its entry in the plasmonic domain 

in 1959 [21]. Al films that are deposited via thermal evaporation techniques have naturally 

formed nanostructures over a large area, thus being an ideal candidate for large-scale 

production [26]. As it is well known, a high negative real part of the permittivity of Al promises 

stronger plasmonic resonances [27]. The broadband nature of Al has already been evidenced 

before, spanning across the entire electromagnetic spectrum from UV to NIR region [28][29]. 

At the same time, the nonlinear optical response of Al is much greater than Au, and Ag which 

makes Al a suitable material for a higher-order harmonic generation [30]. Some of the works 

in this review suggest that structural geometry plays a prominent role in field manipulations at 

the nanometer scale. 

 Fig. 2.1 shows exemplary results with Al-based plasmonic devices in the form of 

nanoapertures of Al nano-dimer (scale bar =200nm) [1], Al NPA array with a two-step 

procedure i.e. imprinting followed by electrochemical etching as shown in figure 2.1 ((b) part) 

[2], hexagonal nanohole array [3], Al-nanostructure covered with protective layer to avoid 

oxidation [4], Al-nanostructures with indicated measurement of periods[5], photodetector 

comprising of 50nm thick Al periodic nanostructure array [6], and thin films with sandwich 

likie structure for SP excitation at 633nm [7], annealed Al film at 700°C for 10mints in forming 

gas [8] and Al-based Kretschmann configuration from ref [9]. Additionally, Al-based 

plasmonic devices have been widely implemented in the biosensing domain [9],[31].  

In this chapter, we collect a wide range of various exciting results and possibilities that are 

arising out of Al-based tunable plasmons on the metal-dielectric interface. Al has already 

entered into a wealth of applications, right from on-chip plasmonic integration to point-of-care 

diagnosis. Here, various Al-based plasmonic devices that have been presented in the past, over 

the entire wavelength spectrum, are discussed. In general, when we talk about the dielectric 

constant (Ɛ), Al exhibits a negative real part of Ɛ over a broader spectrum as compared to Au 

and Ag exhibiting metallic nature over a larger range [32]. For various bioentities (aromatic 

amino acids in cells, nucleotide bases, nucleic acids) having absorption bands in the UV region 

[33]. Al exhibits a fairly high faraday number that refers to the ability of a material to enhance 

electromagnetic field in the proximity of the interface [33]. Al is the only material that 

facilitates a fluorescence-free background hence improving the signal-to-noise ratio for UV 
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and Deep UV excitations [31]. Unlike Au and Ag, the high plasma frequency of Al allows for 

remarkable plasmonic responses in the UV portion of the EM wave spectrum. Since Ag has 

interband transition around 350nm, hence Al is the most appealing material for biosensing 

towards higher energies i.e., the UV band. Although Gerald et al. have beautifully culminated 

results of Al films ascertaining the Localized Surface Plasmon Resonances (LSPRs) in the UV 

region, yet they are in affirmation of its extensive use in the visible and near-infrared band as 

well. However, the strong radiative losses in the UV band can cause a bottleneck. Meanwhile, 

when it comes to the visible region (400-700nm), the ability to control the Al thickness, down 

to the size of a few monolayers has made it the “Silicon” of superconductivity, initiating high 

fidelity for nanofabrication techniques [34]. With controlled fabrication under pristine 

conditions, pure Al nano-disks exhibit maximum light scattering capability in the visible 

region. Thus, admitting Al for plasmonics in the visible regime [35]. However, the work that 

highlights the importance of SPR measurements for biochemical variations in the living cells 

for the first time, clearly explains that the SPR methodology excluded in-vivo interactions 

when the commercial binding characteristics were studied (e.g., BIA core) in the visible region 

[36]. Since the NIR region corresponds to the transparent window for the majority of the living 

tissues, so, for non-invasive and non-destructive medical diagnostics, the NIR region becomes 

a region of prime importance [19]. The imaginary part of the dielectric constant for Al reduces 

with longer wavelengths, hence resulting in SPR curves with reduced linewidth, thus increasing 

resolution in the NIR region [22]. Also, the relative abundance of Al for the design of plasmonic 

absorbers in the solar hybrids’ conversion (45% of the total solar intensity is located between 

750 nm and 1.75 µm), or for inexpensive Surface-enhanced Raman Scattering (SERS) and 

fluorescence enhancing substrates are some of the captivating properties for the use of Al in 

the NIR spectral region.  The indispensable advantage of CMOS compatibility enables the use 

of Al-based plasmonic nanostructures for silicon-integrated optoelectronic applications, such 

as integrated biomolecular sensing [37]. Thus, the ability of Al to be extensively exploited in 

all the respective spectral regions makes this plasmonic material to be universally important in 

the SPR sensing domain. 

We have divided this review into three different forms of Al (nanoapertures, nanostructures, 

and thin films) based plasmonic devices that can take over the entire band of the spectrum with 

intense field confinement at the boundary surface. Each section enlists the results and 

discussions of breakthroughs in the field of Al-based plasmonic devices, depending largely on 

thickness, size, shape, periodicity, and the fabrication procedures involved. 
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2.2 Nano-apertures-based plasmonic devices 

 

2.2.1 Ultraviolet [U.V.] band 

 

Among the early works, Al was found to be the most effective in the UV range. Mahdavi and 

Blair showed that nanoapertures (diameter 70-90nm) in Al would exhibit the greatest excitation 

intensity enhancement (of the order of 3 as against the order of 2 in Au and Ag) for dyes under 

266 nm excitation wavelength. Nevertheless, by choosing nanoparticles (size less than 10nm) 

of different shapes, it is possible to analyze the relative contribution of varying shapes (same 

volume), given that NPs exhibit high catalytic activity by UV illumination. This is due to the 

large surface-to-volume ratio, thus pointing towards photocatalysis application. With just 1.8% 

metal content, the absorption cross-section in Al + Al2O3 is comparable to Rhodium (Rh) and 

Gallium (Ga) spherical NP. Although, the effect of the oxide layer weakens the absorption 

efficiency, but the effect is less significant in the case of an increasing size of Al nanoparticles 

as it forms a self-terminating oxide shell [33]. Chemical synthesis of Al NP for UV plasmonics 

has been shown for two different families of Al NP: one with an average diameter of 2nm and 

the other with a diameter ranging from 10nm to 20nm.  For the aforementioned families, the 

lowest  FWHM achieved is 25nm (experimental results)  which is relatively low [38]. Among 

the works done on higher-order modes of Al-based nanoantenna better tunability of the 

localized electric field is demonstrated by Graphene (Gr)-based Al Nano-Ribbon (G-AlNR). 

This phenomenon is more pronounced in the UV region as compared to the corresponding 

fundamental modes in the visible range. To comprehend the absorptivity of the proposed G-

AlNR plasmonic device, parameters like the thickness of the AlNR and the vertical distance of 

the embedded Gr in the Al2O3 substrate are among the important ones. Proposed third-order 

G-AlNR shows sensitivity and FOM of 25nm/RIU (Refractive Index Unit) and 3RIU-1 

respectively [39]. Oxide shell thickness over Al core for nanocylinder (diameter = 20nm) and 

nano spheres influences the peak position without any reduction in the extinction spectra cross-

section. Similarly, by modulating the aspect ratio (length/diameter), SPR curves for the Al 

core/Al2O3 shell can be red-shifted. Thus, extremely short resonance wavelength and tuning of 

the geometrical parameters of Al nanostructures bring about multipole resonance peaks in the 

deep UV to blue light region. Such multipole resonance appears even when the particle size 

was still relatively small, which has only been witnessed in other metals at larger particle sizes 

[40]. On studying the reflection light scattering properties of Al nano shells, unique thickness-

dependent scattering features were observed. The authors have reemphasized that Al should be 
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the primary plasmonic material in the wavelength range of 100 nm-315 nm. Exploiting Al 

nanodimers to be used as a substrate for SERS, it is seen that the Al nanosphere of radius 6 nm 

has the highest absorption cross-section. The optimal SERS enhancement factors are still 

substantial with peak |E|4 values for Al and Al/Al2O3 being 2 x 109 and 1.2 x 107 respectively 

[41]. 

Furthermore, multipole resonances are discussed with different diameters of spherical NPs in 

deep-UV wavelength, due to reduced interband damping for higher-order modes. With the 

particle size being comparable to the respective incident wavelength, the conduction electrons 

resonate resulting in dipole, quadrupole, and octapole resonances. For example, at an NP 

diameter of 200nm, broad dipole resonance is seen, red-shifting the bands towards the NIR 

region. These reports once again deduce the fact that the optical characteristics can be strongly 

modulated by altering shape, size, and the type of metal used.  

From the application point of view, as the resonant energy of LSPRs closely matches the 

electronic transition energy of most biomolecules, utilizing Al NPs for such platforms produce 

very good homogeneity and reproducibility in the UV region [42].  

Comparison with Au and Ag nanoaperture-based plasmonic devices: 

A significant absorption enhancement for Al NPs is predicted for Organic PhotoVoltaic (OPV) 

devices when compared with Au and Ag nanoparticles [43]. By observing the isotropic and 

anisotropic behavior of Cu, Ag, Au, and Al nanostructures in the entire electromagnetic 

spectrum (FDTD analysis), Al nanorods showed the highest refractive index sensitivity (shift 

in the LSPR wavelength v/s the change in the refractive index of the medium) of about 375.06 

nm/RIU in the UV region [44]. Compared to Au and Ag, a stronger redshift and broader 

absorption peaks are observed with the Al NPs in the UV region which has compelled the 

researchers to delve into exploring Al in the sub-nano-meter range. Also, they exhibit greater 

localized field interaction owing to their lower imaginary dielectric constant in this regime 

[32]. Unlike Ag and Au nano-shells, the shorter wavelength antisymmetric peak was observed 

to be stronger than the longer wavelength symmetric peak for the Al counterpart. This in turn 

is very advantageous for applications dealing with deep UV range. By manipulating the inner 

core radius, inner core dielectric constant, or the oxide shell thickness, the high energy anti-

symmetric peak can easily be tailored for biosensing applications [45]. 
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2.2.2 Visible band 

 

To blue-shift, the cross-over wavelength (a region where the solar spectrum is still intense) to 

the edge of the solar spectrum, the Al nano-disc is placed in an array on the surface of the 

Silicon (Si) diode. This arrangement substantially blueshifts the cross-over point as compared 

to Ag NPs on thin film solar cells, leading to enhanced photocurrent generation [46]. EELS 

and cathodoluminescence measurements were used to investigate ‘thick’ Al nano disks (when 

the diameter is comparable to thickness). The authors arrived at two conclusions here: At a 

fixed thickness of Al nano disks (15nm) and varying diameter (from 20nm to 120nm), 

plasmonic modes of Al nano disks can be spectrally tuned from deep UV to visible region. 

Also, the difference in the electron beam position corresponds to different colors, thus labeled 

as different modes for respective beam positions away from the nano disk center [47]. Since 

the relative contribution to the absorption spectrum for Al nanoparticles is majorly size-

dependent. In that regard, Al nanospheres exhibited higher FOM for sensing in the shorter 

wavelength region, nanorods, on the other hand, showed higher FOM in the range of 250 to 

450nm and nano disks showed higher absorption spectra over a larger part of visible-NIR 

wavelength regime [48]. The shape of the NP is another factor that affects the pattern in which 

the electrons are oscillating, thereby changing the corresponding resonant frequency. Thus, Al 

nanospheres (monomer), nanorods (dimer), and rhombus nanostructure (multimer) 

configurations were studied with different polarizations and interparticle spacing. The local 

enhancement factor (ƞ) (ratio of the intensity of field around the object and the incident field) 

decreases as the dipole resonance mode (<20nm) changes to quadrupole resonance mode 

(>30nm). The variation in ƞ is also seen with reduced interparticle distance due to the additive 

effect of the mutual interference effect. The multimer configuration is polarization insensitive 

which shows more hotspots for the dimer configuration. On the other hand, longitudinal 

plasmon coupling is much stronger than transverse coupling [49]. In the view of the fabrication, 

when subwavelength holes were fabricated in a triangular array instead of a square array, the 

wavelength interval between two SPR peaks was considerably larger thus avoiding cross-talk 

filtering along with reasonable transmission efficiency. As a result, a nano-hole array with a 

larger hole size in a thinner Al-film offers higher transmittivity but larger bandwidth [50]. At 

sub-nanometer dimensions, even the Quantum-Mechanical (QM) effects are likely to become 

notable. Stronger QM effects are expected by Al as compared to Au. Therefore, a full QM 

investigation on multi-concentric Al nanoshells is presented by Kulkarni et al. Among the QM 

effects, (for example electron tunneling) it is agreed that there is a disappearance of plasmon 
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peaks at lower energy. However, these effects are occurring at larger separations for metals 

with lower work functions such as Al [51]. For a clean route of hydrogen production from 

water, hematite as a photoanode has limited Solar to Hydrogen (STH) efficiency due to low 

Internal Quantum Efficiency (IQE). Instead, utilizing Si-Al-Fe2O3 Core Multi Shell (CMS) 

Nanowire (NW) structures are employed where the visible range plasmon resonances are used 

to enhance the field in the 50nm hematite shells. The resultant absorption enhancement in Al-

based CMS NW is high with an STH efficiency of 14.5%. Although this study concentrates on 

a single NW and not on large-scale devices [52]. The authors have elucidated the fabrication 

details of Al nano rings (diameter 90nm, wall thickness 30nm) using a double patterning 

process. The redeposition during the etching process results in 60% Al and 40% dielectric 

which redshifts the observed resonance as compared to bulk Al. But the central wavelength is 

still tunable across the entire visible spectrum [53]. In Al nano-dome array, the incident light 

(532nm) manifests itself better in the SP excitation, when compared to Al nanocavities. These 

SP resonances are strongly dependent on the periodicity and also the few-layer-Gr that is used 

as a ‘SERS mediator’ here. As a new plasmonic material, Al@Al2O3 core-shell nanostructures 

are studied by Ziashahabi et al. Herein, the plasmonic longitudinal peak is noted for nanorods 

with different dimensions and different dielectric environments. It is observed that the 

plasmonic wavelength got red shifted on increasing thickness of Alumina as well on increasing 

length of nanorods with the same diameter [54]. Further in 2018, the synthesis of single 

crystalline Al nanorods most notably with the P-polarised light is discussed, which is spanning 

across the visible and UV regions of the spectrum. The optical properties of such nanorods are 

dominated by higher-order quadrupole and octupole modes. Already the single crystalline Al 

has two times lower imaginary constant than the polycrystalline Al, thereafter, longitudinal 

resonances can be tuned across the visible band when the rods are scaled down in overall size 

by a factor of 5-10 [55]. During the same time, Gillibert et al. explored the optical 

characteristics of periodic Al nanocylinders over a range of different diameters.  The quality 

factor for Al nanocylinder values can reach up to 70 for wavelengths up to 500 nm. Also, based 

on their tunability for different areas of the visible region, they can have any of the dipolar, 

hexapolar, quadripolar, and Woods anomalies [56],[57]. Among other applications, the 

Plasmonic Color Filtering (PCF) application which was usually fulfilled by Metal Insulator 

Metal (MIM) stack layer configuration, utilized square arrays of Al nanorings placed over ITO- 

coated glass substrate, for the first time, for improved selectivity. The geometry follows a 

simulation study showing high tunability over a broad-spectrum range. Selectivity of PCF, is 

addressed by using a 40nm thick Al nano-rings array (inner radius = 20nm, outer radius = 
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55nm, ring width = 35nm for magenta/green) for realising dual-mode (additive and subtractive) 

color filters. As a result, high optical efficiencies (65%-70% transmission) and narrowband 

response (FWHM – 20nm) result in highly selective PCFs in this simulation study [58]. Later, 

for the first time, Al nanoring was fabricated for efficient plasmonic biosensing. In the range 

of 1.4 to 1.5 RIU (for chemical and industrial biosensing), the proposed sensor produces high 

sensitivity of 408nm/RIU and FOM of about 5.88 RIU-1, which is much better than the previous 

Au-based nano-rings listed by the authors [37]. 

Comparison with Au and Ag nanoaperture-based plasmonic devices: 

With a comparative analysis among different metallic nanohole films (Au, Ag, Cu, Al), Al 

showed a minimum FWHM of about 10nm with an obvious compromise noted in the 

reflectivity minima, at 600nm [59]. The Al nanosphere (radius = 6nm) exhibited an absorption 

efficiency (Qabs) of 13.0, leaving behind Au, Ag, and Sodium. Using the size and permittivity 

of metal NPs as a basis for studying image reconstruction, Al has a larger range of wavelength 

among the metals with minimal deviation from the ideal condition of Ɛ= -1, thus serving better 

for minimal losses incurred [60]. 

2.2.3 Infrared [I.R.] Band 

 

The resonance can be tuned from 400nm to 1400nm by varying the Al nano-shell thickness 

when the application concerns dual broadband SPR peaks. Nanoshells (R1= 15nm, R2 =20nm, 

shell thickness = 0.6nm) can be preferred over nanodisks, with two distinct peaks each in the 

visible and NIR region. [61]. By simply varying the NP size, the plasmonic response can be 

varied over a broad spectral range. In the quest for exploring the core-shell nano geometry for 

tuning the resonance activity, Al@Gr nano spherical nanostructures were studied showing high 

tunability from visible to IR region (558-1448nm) with surrounding media as TiO2 that have 

better extinction efficiency than Au and almost comparable to Ag [62]. Studying the Al 

nanoparticles of non-spherical shapes i.e.  “nanocaps” has shown potential applications in the 

NIR region. Using the discreet dipole approximation model, the optical properties of Al 

nanocaps were studied, the results of which were close to the experimental ones. The 

experimental results show relatively broadened peaks due to higher aggregations of suspended 

particles [63]. In 2014, Jerome and co-workers have detailed that Al is no longer limited to UV 

applications and can well be explored for the next generation of nano-optics based on the near 

IR region. They have experimentally investigated the dissipation related to an individual 

nanoantenna. Here, the modes are resolved spectrally and spatially using high-resolution EELS 
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images of individual Al nanoantenna. What makes these multipolar modes more distinguishing 

from Au, and Ag is that the high free-electron density as well as their high value of bulk plasma 

frequency, make the resonances well separated in energy space. A higher aspect ratio 

(length/width) for higher-order modes of nanoantennae would mean narrower linewidth as 

compared to their dipolar counterparts at the same energy level. This results in high-quality 

factor (energy/linewidth)  due to reduced radiative as well as interband transition damping [28].  

Recently in 2020, the Bowtie NanoAntenna array (BNA) with Al MIM configuration was 

explored by Wang et al. Here, the geometric parameters such as gap distance, period, antenna 

side length, antenna thickness, antenna angle, and thickness of insulating layer are tuned across 

the UV-Vis-NIR region. Geometrical parameters of the Al BNA array with MIM structure are 

optimized and these are useful in high sensitivity bio-sensing platforms with a sensitivity of 

497 nm/RIU [64]. Up conversion, photoluminescence explains the emission of photons with 

higher energies as compared to absorbed photons, the amplification of which is 100 times with 

the help of Al nanocylinders. The light incident on the nanocylinders (λ=980nm) creates hot 

spots near the edges which alters the local electric field, hence overlapping with upconversion 

to facilitate optical absorption by rare earth metals. Plasmons of Al NanoPyramid Array (NPA) 

have been used for cancer diagnosis in the entire UV-Vis-IR wave band. The reflectivity 

spectrum was tuned by varying incident angles, wherein the UV-blue plasmon bands mainly 

existed in only two angle intervals (8-46º and 65-68°) meanwhile, visible and NIR plasmons 

could be found at all angles. Since CA 199 is a biomarker specific to cancer exists, therefore, 

apart from showing excellent selectivity, the Al NPA biosensor was used to detect changes in 

the concentrations of Cytochrome C and CA199 with limits of detection being 800nM and 

28ng/mL respectively [2]. In 2008, the plasmonic properties of Al nanodisks were explored to 

support long-lived LSPR, thus giving rise to potential alternatives like plasmon-enhanced 

photovoltaics. Pronounced peaks are seen for the measured extinction efficiencies with a range 

of Al nano-disk diameter at a constant height of 20nm from visible (~300nm) to the infrared 

region (~2400nm) which is associated with dipolar LSPR [65]. Later, Liu et al. discussed that 

compared to nano disks, nanospheres, nanorods, and Al nanoholes are easier to fabricate plus 

useful for applications like optical nanocircuits and plasmonic nano-lasers. Considering the 

effect of interband transitions at around 800nm, nonlinear optical properties are studied for Al 

nano shells in CS2 solution. The results show that by tuning the inner radius, interband 

transition-induced absorption can enhance the third-order nonlinearity of Al-CS2 composites 

in the NIR region [66]. 
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Comparison with Au and Ag nanoaperture-based plasmonic devices: 

Compared to Ag, and Au NP, which are agreeably more prevalent in NP research, the lower 

cytotoxicity of Al NP makes it a promising candidate. Lower corrosion rates of Al as compared 

to Ag in aqueous solutions and higher cost of Au NP particularly in the cancer treatment area 

have paved the way for growing Al use in the biomedical industry [67]. 

 

2.3 Nanofilms-based plasmonic devices  

2.3.1 Ultraviolet [U.V.] band 

 

Al can equally be employed for metal-enhanced fluorescence apart from the already known 

application of Al being a fluorescence “quencher”. A 10 nm thick Al film showed a reduced 

fluorescence lifetime for the system to be cycled faster in addition to fewer destructive 

processes occurring. This work provides the usefulness of robust Al film substrates in 

fluorescence-based bioassays such as DNA [68]. 

It is worth noting that Al epitaxial films are now been used for high-performance quantum 

computers requiring high-quality Al superconducting qubits. The growth of Al epitaxial films 

on commercially available substrates (GaAs, sapphire) has opened the window to explore Al 

plasmonics for real-world applications [34]. When Al thin film for far-UV and deep-UV was 

compared with Au-based sensor in the visible region, the former showed a six times larger SPR 

angle shift thus improving the sensitivity and surface measurement accuracy and reasserting 

the seat of Al for UV-based sensing applications [69]. 

Comparison with Au and Ag thin film-based plasmonic devices: 

Resolution estimation (standard deviation of noise versus the sensitivity of the sensor output) 

of Au, Ag, Cu, and Al single-layer and double-layer SP-based sensors was performed by FOM 

(depending on the type of sensor modulation implemented) analysis. Using a Rigorous Coupled 

Wave Analysis (RCWA), the highest enhancement i.e., the ratio of intensity at the metal-

analyte interface and incident wave intensity, below 0.5µm, is demonstrated by Al among 

above mentioned four metals, and the Al-Au bilayer combination performs best in the UV 

region [70]. 
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2.3.2 Visible band 

 

The prediction of SPR behavior on Al film was conducted using both FDTD analysis as well 

as Fresnel methods for the visible region. The sensitivity for Al films was 61.6 % higher than 

for Au films. The experiments have shown that Al is a better choice for a typical timescale of 

biosensing experiments (1-8hours) as the oxide layer covered acts as a protective layer without 

altering the shift in the spectrum [9]. As the metal deposition conditions affect the optical 

performance significantly, certain rules to deposit high-quality plasmonic Al films in the visible 

and UV regime are set out by the authors. For example, at fixed substrate temperature, the 

homogenous temperature of deposition must be taken care of while depositing thin film. 

Secondly, to control the reactive nature of Al films, faster deposition rates are more acceptable 

and at the same time, the best vacuum conditions must be laid out to reduce the effect of 

residual gases [71].  

The Al-silica interface is infiltrated with nanolayers of Ga for studying linear and nonlinear 

plasmonics. Ga provides reversible excitation between solid and liquid phases meanwhile Al 

provides a high-quality interface with silica. Investigating the intensity modulation in such a 

nanocomposite is studied either by changing the temperature or stimulating them with a laser 

source [72]. Sobhani et al. concluded that the higher plasma frequency of Al causes its 

linewidth to be majorly dominated by the radiative losses. Utilizing such limitation, it is seen 

that the linewidth becomes narrower when the nanoparticles (diameter =180nm) are close to 

Al film (35nm) as compared to when directly sitting on the silica substrate. The possible origin 

of such reduced effective radiative losses is the substrate-mediated hybridization of dipolar and 

quadrupolar modes [73]. 

Concerning the interaction of Al film with 2D nanomaterials, an exhaustive analysis of the 

visible region is done over the years.  Al thickness of 17nm is sandwiched by Gr layers from 

both the top and bottom side of the film, resulting in a sensitivity increment from 274/RIU at 

L=1 to 1483/RIU at L=40 layers of Gr. This is the case when sensitivity refers to a change in 

reflectance to a change in the refractive index of the media [7]. The plasmonic design of Al-

MoS2-Al was used to obtain enhanced absorption characteristics because of stronger SPR 

excitation. With Al as the low-cost material which displays minimum internal damping than 

its counterparts, the authors claim that for minimum reflectance, Al-MoS2 is the most suitable 

configuration for high accuracy and detection levels. Meanwhile, the Al-perovskite-based 
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configuration displays maximum peak sensitivity along with the advantage of simple synthesis 

for long-range SPR sensors, when compared with Al-Gr and Al-MoS2 [74]. The proposed 

epitaxial Al films for the entire visible region attain long SPP propagation lengths (5-13 µm). 

This film can be used as a SERS substrate at 532nm. The chemical mapping of a substrate is 

tested by a vertically stacked MoS2 monolayer as a uniform analyte. Thus the authors claim the 

possibility of using  Al epitaxial films as a building material in quantum computers [34]. 

Comparison with Au and Ag thin film-based plasmonic devices: 

A high-quality factor (resonant frequency/linewidth) has been realized for Al surface lattice 

which is close to the theoretical limit reported by gold surface lattice, thus we can achieve 

comparable results to the conventional noble metals that too at a much cheaper price [75]. Thus, 

we can say that coupling with Al films produces not only narrower but brighter resonances 

relative to Au or Ag [73]. 

2.3.3 Infrared [I.R.] Band 

 

When the Al layer is used over a chalcogenide prism, its performance is analyzed by Intrinsic 

Sensitivity (IS) (which depends more on the SPR curve rather than the SPR shifting) owing to 

the unique set of excitation parameters in the NIR region i.e., higher probe depth and accurate 

SPR dip. As a result, 400% higher sensitivity was observed when Al film was used as compared 

to Au only. When Al film was used over Si prism while performing angular interrogation, 

tolerance of +-10% in Al thickness resulted in exceptionally high sensitivity promoting ease in 

fabrication. Here, it is suggested that imaging sensitivity will increase with the increasing 

number of Gr layers, therefore, it is undertaken as the parameter for interrogation rather than 

the conventional sensitivity [76].   

For Ultrasound sensors, the changes in refractive index are proportional to the corresponding 

changes in the pressure waves. The spectral dependence of the sensor is discussed to determine 

the wavelengths at which the highest sensitivity is obtained using Al as the plasmonic metal. 

This shows that the NIR region (1550nm) is the best region to operate for Al as it gives the 

highest sensitivity. Even the effect of oxide is lower in the NIR region which is indicated by 

lower uncertainty of the reflectivity constant at optimum conditions [22]. Angular interrogation 

has been performed for the Au-Al-based SPR sensor for high-quality factor and FOM for the 

detection of hemoglobin at the wavelength of 900nm. With an optimized Al thickness of 60nm, 

the sensitivity of about 287°/nm was achieved along with an FOM of 0.97 deg-1 [77]. 
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When palladium is used for hydrogen sensing over Al thin film, the proposed structure provides 

an improved FWHM of 0.49° as opposed to 0.92° and 0.71° for palladium over Au and Ag 

respectively [78].  

Comparison with Au and Ag thin film-based plasmonic devices: 

Concerning disposable sensor applications, Al films can easily replace the costly Au films, also 

because the Al-surface oxide growth in de-ionized water does not cause major sensor 

degradation [79]. The properties of eight different plasmonic materials, namely, Ag, Al, Au, 

Cu, Mg, Ni, Pd, and Pt were studied. Herein, the third harmonic generation which is important 

to study the non-linear generation from plasmonic nanostructures shows that Al can withstand 

rather high intensity of laser while silver has the poorest photostability [80]. 

2.4 Periodic nanostructures-based plasmonic devices  

2.4.1. Ultraviolet [U.V.] band 

 

The possible requirements of Al to be used in the UV region are predominantly quoted in the 

literature. As it is known, high frequency significantly improves the scattering efficiency, along 

with a large set of biomolecules that absorb light in the range of 220–280 nm, so SPR from Al 

nanostructures can dramatically improve the label-free detection of such biomolecules.  

Gerard et al. in their review paper have discussed a list of applications where Al-based 

plasmonics has asserted their presence with great results. For example, the authors concurred 

that with Al periodic nanostructures, the efficiency of native fluorescence of many 

biomolecules can be enhanced by many folds, which is weak otherwise. When it comes to 

SERS, due to surface roughness incurred with thin films, reproducible systems with size-

controllable nanostructures are being explored. In the field of optoelectronics, Al 

nanostructures have gained attention in plasmon-enhanced deep-UV emission in multi-

quantum wells with light-emitting diodes. Al nanostructure acts as a plasmonic color filter, 

sorting colors and providing an additional photocurrent due to local field enhancement in an 

Al-Si plasmonic photodetector [32]. The surface sensing capability of nanostructures is limited 

by a large imaginary dielectric constant and longer electromagnetic field decay length. This 

issue can be overcome by using Al-capped nano slits, as demonstrated by Lee et al., thereby 

exhibiting Fano resonances using both angle and wavelength interrogation. The experimental 

results were close to the calculated values where the sensing capabilities of the proposed 

nanostructures were verified by measuring interactions between Bovine Serum Albumin (BSA) 

and anti-BSA. With the changing ridge height of the nano-slits as well as deposited film 
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thickness, the resulting transmission spectrum keeps shifting from Wood’s anomaly dominant 

(peak) resonance, asymmetric Fano profile (peak and dip) to SPR-dominant (dip). Using hot 

embossing nanoimprint lithography, the capped Al nano slits present the narrowest possible 

bandwidth observed with an improved FOM of about 150. With reproducible and high 

throughput as well as low cost, the fabrication of such highly sensitive capped nano slits can 

benefit real-time sensing applications [81]. 

Noteworthy preparation methods of Al nanostructures were presented alongside the challenges 

faced during the fabrication process. During Electron Beam Lithography (EBL), the fabricated 

Al nanostructures suffer from polycrystallinity which reduces the overall quality factor. This 

quality factor can be sustained by the use of Al lattice modes that can sustain strong absorption 

near UV, hence can be used as fluorescence enhancers for wide band-gap semiconductors. 

Rapid Thermal Annealing is another self-organization approach for the fabrication of Al 

nanostructures. However, during the dewetting process, the formation of an alumina layer may 

hinder the formation of well-separated particles. To avoid this, the substrate preparation 

method was added to reduce the adhesion of the Al layer to the substrate [82].  

Comparison with Au and Ag nanostructure-based plasmonic devices: 

For the Semiconductor-Insulator-Metal structure in a nano-laser, a detailed comparison 

between the Al and Ag-based metal films underneath ZnO nanowires is evaluated. It was 

observed that the Al-based SPP nanolaser offered a favorable trade-off between the waveguide 

confinement factor and propagation length, thus balancing the transparency gain constant for a 

nano laser [83]. 

2.4.2 Visible band  

 

Investigating the effect of different parameters on the SPR properties, the Al nanostructures 

are introduced as an alternative plasmonic adjustable for the visible region. They are supposed 

to have better control of geometry as compared to prism-based configurations. 

From the fabrication point of view, the inconsistency of field distribution in the visible region 

due to the in-homogenous layer depths can be rectified by manufacturing Al nanostructures 

lithographically. Thus, ensuring uniformity in adsorption and making it viable for deployment 

in the visible region [84]. The plasmonic color filtering operation is the ability to achieve full-

color tuning and image switching across the entire visible spectrum as was demonstrated by a 

2D periodic array of Al nanostructures (Px = Py = 400nm, thickness = 35nm) on an elastomeric 
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n-type Si substrate. Based on the gentle elastic modulation along the long and short axis of the 

nanostructure substrate, the periodicity changes, and thus the corresponding wavelength-

selective scattering response is obtained, paving way for flexible photonic devices [85]. A 

unique color-filtering system called camouflage requires the desired image content to be as 

such regardless of the orientation. Here, angle insensitivity becomes a prime concern. Al-based 

nanostructures of 144nm (angle-independence up to 70°) periodicity have been able to establish 

a phenomenon. Depending on the polarization as well as the varying thickness of ZrO2 (using 

the Atomic layer deposition process ) covering the Al-nanostructures, the resonance can be 

tuned throughout the visible region [86]. 

Comparison with Au and Ag nanostructure-based plasmonic devices: 

In 2017, Lee et al. demonstrated Fano resonance by using Al nano-slit arrays. An appreciable 

quality factor of about 152 (473nm /3.1nm) was reported by the system. The proposed work 

aims towards improving surface sensitivities of nanostructures-based Al sensors, as there is an 

enhanced sensitivity for Al nano-slit arrays when compared to Au nanohole arrays, hence 

favoring bio-interaction [81]. 

2.4.3 Infrared [I.R.] Band 

  

We can say that Al as a plasmonic metal was excelling in the results but mainly concentrated 

in the UV-Vis region. Improved results are still being explored in the case of Al-based 

plasmonic nanostructures for the IR region. 

The concurrent rise of Al in the plasmonic domain has directed the extension of its application 

for plasmonic biosensing towards the NIR range. Another aspect of employing Al 

nanostructures in the NIR region (λ =1500nm) has been attributed to the higher excitation 

power with a very low probability of destroying the nanostructure under incident laser flux. 

This was observed by Melentiev et al. when they considered third-order harmonic generation 

in Al nanostructures [87].  

The SERS capability of Al nanostructures for the Vis-NIR region has been explored. Overall, 

a comparative analysis has been performed between smooth and discontinuous Al films. In 

studying SERS on fresh Al sheets with discontinuous or non-uniform Al width, the 

experimental results indicate the use of Al nanostructures for SERS spectra at 785nm and 

532nm excitation [8]. Nan Zhao et al. have justified quite well that the Al nanostructures in the 

NIR region are a promising combination for future applications in biosensors. With the SERS 
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enhancement seen more at longer wavelengths, the paper shows a high enhancement factor of 

about ~1.48 x 105, superior reproducibility, and long-term stability. A comparison between the 

Al 3D hierarchical nanostructures and recently reported noble metal nanostructures in terms of 

the SERS enhancement factor shows that the proposed work brings forth high density and 

highly accessible hot spots for NIR analysis [26]. 

Spettel et al. have shown a shift in the reflectivity spectra for Al grating (depth=225nm, 

Period=2.8µm, width =1.6µm) for a wavelength range of 2-6 µm and different incident angles 

(25º to 85º) both experimentally and by simulations using RCWA. The discussion about the 

mid-infra-red sensing in plasmonics is noticed along with the importance of Al in exhibiting 

strong plasmonic resonance. The best plasmonic response (narrowest resonance dip) was found 

for Al among AuSn and TiW [27].  

After Hughes et al. experimentally and theoretically proved the maximum absorption of Al at 

around 1.55eV [88], endless research has been towards the utilization of Al films for broadband 

absorption applications. Seeking a plasmonic alliance for a predefined spectrum, multiple Al 

nanostructures sufficiently satisfy a particularly targeted spectrum. Using the interpolation 

method to determine peak parameters over a range of width, period, and depth of the 

nanostructure, a reference library is looked up to identify the nanostructure corresponding to 

the peak in each of the target spectra [89].  

Comparison with Au and Ag nanostructure-based plasmonic devices: 

Angular interrogation is performed at 1550nm (telecommunication wavelength) for different 

bimetallic configurations of Al, Ag, and Au, out of which, Al achieves the sharpest reflectance 

(sensitivity = 245.3°/RIU) due to minimum internal damping. To get rid of chemical instability, 

a bi-metallic design of 27nm Al along with a protective layer of 3nm Au is chosen for sensing 

purposes [4].  

TABLE 2.1: List of the work done so far on Al-based plasmonic devices 

Geometry Sensitivity  FOM[RIU-1] Reference  

NANOAPERTURES 

Al nanosphere (5 to 

80nm) 

Nanorod 

85.4 to 266.1 

nm/RIU 

234 nm/ RIU for 

aspect ratio = 2  

8 for 20nm 

size sphere 

 4.3 for aspect 

ratio = 2.5 

[48] 

Al nano disks on top 

of ZnO layer 

(diameter:80nm, 

thickness:  40nm) 

        120nm/RIU 

 

-- [82] 

Gr-Al nanoribbon  25nm/RIU 3 [39] 



26 

 

Nanorings (Inner 

rad.: 20nm 

Outer rad.: 65nm 

Ring pitch: 320 nm) 

408 nm/RIU 5.88 [37] 

NANO-FILMS 

Gr-MoS2-Al film  190.36 °/RIU 73 [90] 

Al film-Au film-Au 

grating (λ=900nm) 

279.9 °/RIU 245.2 [77] 

Al film- Au grating-

Al2O3 filled  

270.33 °/RIU 267.65 [91] 

Al thin film with 

nanohole array 

348 nm/ RIU 348 [3] 

NANO-STRUCTURES  

Al-grating-based 

SPR sensor 

(λ=900nm) 

189.5 °/RIU 231 [92] 

Al-Al grating 

(λ=1500nm) 

247.2 °/RIU 170.48 [4] 

Al-based BNA-

based MIM config. 

497 nm/RIU -- [64] 

 

 

2.6 Conclusion 

 

Unfolding the exemplary results of Al-based plasmonic devices in the entire wavelength 

spectrum (UV-Vis-NIR), this chapter summarises some of the major fundamental and applied 

research on Al as plasmonic material. When the dimensions are reduced to the nanoscale, the 

optical properties greatly become size-dependent. Therefore, interesting results on different 

forms of Al nanoapertures, nanofilms, and nanostructures based plasmonic devices are 

discussed for each wavelength regime. For UV-based SPR sensors, the high plasma frequency 

of Al, as well as the absence of interband transition in the UV portion, allows for remarkable 

plasmonic responses. Similarly, in the visible region, high surface sensitivity has been reported 

for Al nanostructure-based devices with reduced deleterious effects of the native bulk oxide. 

Apart from this, the NIR region provides a sharp spectral response with Al-based plasmonic 

devices, as has been discussed above. Thus, taking the advantage of different nano-dimensional 

geometries, Al has established itself well as an equal contender in the field of the plasmonic 

domain. By utilizing various nano-dimensional geometries, Al has successfully established 

itself as an equal contender in the plasmonic domain. Whether it's in the UV range to enhance 

the native fluorescence, the visible range for broad spectral absorption for solar cells, or the 

NIR wavelength range for non-destructive investigation of bio-samples  
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In the future, large-scale commercialization of Al-based plasmonic devices can serve as a 

favorable outcome due to the much-reduced cost and robustness of the device to work in the 

entire EM wave spectrum along with its CMOS compatibility. In conclusion, we can say that 

Al is the only plasmonic metal that can realize SPR response over a broad range of the spectrum 

(UV-Vis-NIR) by simply varying the size, shape, and environmental conditions of the 

surrounding medium. 
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Chapter 3 

Design and analysis of a multi-layered aluminum-silicon-

graphene-based plasmonic device for sensing  

The gist of the literature review is that most of the work has been exclusively concentrated on 

the nanoapertures; be it nanodisks, nanoarrays, nanocylinders, nanospheres, etc. Regarding thin 

films, and periodic nanostructures, substantial research is cornered around the UV and visible 

parts of the spectrum. Therefore, in this thesis, we have broadly investigated two classes of 

plasmonic sensors for the near-infrared region i.e., thin homogeneous Al film-based plasmonic 

sensors, and periodic Al nanostructures-based plasmonic sensors.  

 

To begin with, we focussed on a thin film-based Kretschmann configuration in this chapter. 

The optimized design is investigated for biosensing in the optical communication window i.e., 

1550nm. The presence of high refractive index dielectric material is an important means to 

achieve enhanced sensitivity over the plasmonic metal and Graphene (Gr) layer for enhanced 

biomolecular interaction at the interface. It has been observed previously, that combining 

Silicon(Si)-Gr leads to field enrichment at the metal-dielectric interface [93]. Therefore, we 

undertake stacks of Si-Gr layers as the dielectric material and BRE over the Al thin film-based 

plasmonic device respectively. Thereafter, the performance of the Si-Gr stacks-based 

plasmonic device is compared with the previously reported works on similar prismatic 

arrangements. Additionally, the effect of the chemical potential of Gr is also studied on the 

performance parameters. Subsequently, the proposed Al-Si-Gr-based plasmonic design is 

investigated for leptospirosis detection analysis. 

 

3.1 Introduction 

 

Attenuated Total Reflection (ATR) configuration is the conventional way of exciting the SPs 

using a homogeneous thin metal film coated on a glass prism to detect the refractive index 

changes near the sensing surface. Such a conventional ATR arrangement was modified in this 

chapter, where the presence of the Gr layer increased the interaction with bio-analyte by 

adsorbing the biomolecules due to its carbon-based ring structures and the presence of a thin 

Si layer helped to enhance the sensitivity of the proposed device. All the geometrical 

parameters of the layers over the base index prism were engineered for the maximum 

sensitivity towards varying concentrations of the measured analyte in the optical 
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communication band using the Transfer Matrix Method (TMM). The use of Al as a plasmonic 

metal makes the proposed device more economical and compatible with optoelectronic 

devices. The stacking of Si-Gr layers over the thin metal-coated glass prism led to the 

maximum sensitivity of 200°/RIU at the wavelength of 1550 nm. To demonstrate the proposed 

device as a bio-sensor, rodent urine was considered as the analyte under test to detect the 

changes in the varying concentration of Leptospira bacterium. Compared to the conventional 

gold thin film-based plasmonic biosensor, the addition of Si and Gr layers over a thin Al metal-

coated glass prism offered better sensitivity and detection accuracy in the communication 

regime. The proposed plasmonic device opens a new window for the detection of biomolecular 

interactions in the optical communication band. 

As per our knowledge, the Gr layer for biosensing applications has been used so far in the 

visible region. This is the first time, we used a combination of Si and Gr layers sandwiched 

between Al and analyte, to enhance the sensitivity in the optical communication band. The 

sensing in the optical communication band will be advantageous from a biosensing point of 

view as it causes minimal photodamage to the bio-samples [94], [95]. Moreover, in the 

communication band, the SPR sensor offered a high probe depth [96]. 

3.2 Design parameters of proposed device 

 

The proposed plasmonic device is mainly a five-layer structure as shown in Fig. 3.1 (a) that 

included a thin layer of Al metal deposited on the top of a Calcium Fluoride (CaF2, n =1.462) 

prism [97]. Due to better rejection of errors during mechanical setup as well as a higher 

threshold for laser damage, the CaF2 prism was used as the material substrate. The proposed 

schematic had an Al layer of thickness ‘tm’ followed by the Si layer of thickness ‘tsi’ that was 

terminated by a very thin sheet of Gr monolayer of thickness ‘tgr’. The Gr layer was in contact 

with the analyte under observation. The refractive index of the analyte (water) was considered 

to be 1.33. The evanescent waves were produced when incident light of wavelength 1550 nm 

strikes the metal-dielectric interface through the prism. Distributed feedback (DFB) lasers are 

commonly used to emit light at a specific wavelength, such as 1550nm. Such lasers are widely 

used in IR regions because they provide high output power, low noise, and stable wavelength 

operation. This results in reduced energy transfer to the reflected light and hence leading to 

points of reflection minima. As the surrounding condition of the medium changes, it will be 

detected by the resonant angle shift of the corresponding reflection minima. 
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The geometrical parameters for the structure were optimized for maximum sensitivity, high 

signal contrast, and low Full Width at Half Maximum (FWHM) towards varied concentrations 

of the measured analyte corresponding to different refractive indices using the N-layer TMM 

technique.  

 

Fig. 3.1 (a) A schematic diagram for the proposed plasmonic device (not to scale) (b) Calculated reflectivity curve for the 

proposed multilayered Al-Si-Gr-based plasmonic device for tm = 30 nm, tsi = 10 nm, tgr = 0.34 nm with water as an analyte, 

inset (i), (ii) and (iii) represent the electric field distributions for the resonance dips corresponding to 47°, 60.5° (higher-order 

modes) and 70.3° (SP mode) respectively. 

The effective permittivity of the Gr layer is given by equation (3.1)  
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= +                                                                         (3.1) 

where σg and dg are the optical conductivity and thickness of the Gr layer, ω and 

εo is the angular frequency of incident light and the vacuum permittivity respectively [98], [99]. 

Since the permittivity of Gr is dependent on chemical potential, the value of optical 

conductivity σg, for the wavelength of 1550 nm was calculated using the Kubo formula  [112]. 

For efficient light absorption by Gr, the chemical potential should be less than half of the energy 

of (0.8eV/2) incident light [98], where the permittivity values are almost uniform. To ensure 

significant light absorption by Gr and to maintain a uniform dielectric constant value, the 

chemical potential was assumed to be 0 eV in the present work. The monolayer Gr has a 
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thickness (dg) of about 0.34 nm, subsequently, for L number of layers, the thickness will be L 

times 0.34 nm [102]. The refractive index of Si is given by equation (3.2) 

                                     nSi = A+A1. 𝑒
−𝜆

𝑡1  + A2. 𝑒
−𝜆

𝑡2                                                                           (3.2) 

Where A = 3.44904, A1=2271.88813, A2= 3.39538, t1= 0.058304, t2= 0.30384 and λ is the 

wavelength in µm (i.e. 1.55 here) [103].   

 

3.3 Numerical Analysis  

Fig. 3.1 (b) shows the calculated reflectivity curve for the optimized parameters of metal 

thickness i.e., tm = 30 nm, a Si layer thickness tsi of 10 nm, and monolayer Gr. For the 

wavelength of 1550 nm, three dips were observed in the reflectivity curve at the angles of 47°, 

60.5°, and 70.3° respectively. To analyze the reason for the occurrence of these dips, the 

electric field distributions were calculated as shown in the inset (i)-(iii) of Fig. 3.1 respectively. 

The dips at the angles 47° and 60.5° are attributed to the presence of high-order 

waveguide/dielectric modes since the field was being guided in the analyte whereas the dip at 

70.3° is due to the excitation of SP mode since the field was confined at the metal-analyte 

interface. Since SP mode was excited at the metal-analyte interface and was very sensitive to 

any change in the surrounding material, this mode has been utilized for calculating the changes 

in the refractive index of the analyte. 

 

Fig. 3.2 Calculated reflectivity curves with variation in the refractive index of the analyte ranging from 1.33 to 1.37 for (a) 

conventional Kretschmann configuration (b) for the proposed device where the Si and Gr layers have been added to the 

conventional configuration. 
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To calculate the sensitivity of the proposed device, the analyte with the refractive index varying 

from 1.33 to 1.37 was considered on top of the plasmonic device, and to compare the 

enhancement in the sensitivity concerning the conventional Kretschmann configuration, the 

same analyte has been considered on the top of Al coated glass prism. Fig. 3.2(a) shows the 

reflectivity curves for the optimized thin Al-coated glass prism and Fig. 3.2(b) represents the 

reflectivity curves for the proposed plasmonic device considering the analyte of varying 

refractive index for both the configurations. A right shift in the position of SP mode was 

observed with the increase in the refractive index of the analyte for both configurations. The 

sensitivity calculated from the relative change in resonance angle for SP mode over the change 

in the refractive index came out to be 118°/RIU for the case of conventional configuration (Fig. 

3.2(a)) whereas for the case of the proposed plasmonic device the sensitivity was found to be 

128°/RIU (Fig. 3.2(b)).   

 

The improvement in the sensitivity for the proposed plasmonic device was attributed to the 

enhancement in the magnetic field intensity at the Gr-analyte interface after the addition of Si-

Gr layers between Al and analyte. Si-Gr layers not only contributed to field enrichment but 

also prevented the thin Al layer from oxidation [104]. Fig. 3.3(a) represents the magnetic field 

distribution for the proposed plasmonic device and Fig. 3.3(b) shows the comparison of the 

Magnetic Field Intensity Enhancement Factor (MFIEF) for both configurations. It is clear that 

with the addition of the Si–Gr layer in the proposed device, there is an increase in the MFIEF 

at the interface resulting in more interaction with the analyte and subsequently, enhancement 

in the sensitivity [105]–[107].  
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Fig. 3.3 (a) Magnetic field distribution for the proposed plasmonic device for SP mode at the wavelength of 1550 nm (b) The 

comparison of Magnetic Field Intensity Enhancement Factor (MFIEF) with respect to the normal distance from the interface 

for conventional Kretschmann configuration and the proposed configuration respectively. 

For a biosensing application, it is very important to have strong interaction between the top 

layer of the device and the biomolecules (analyte). The addition of the Gr layer to the existing 

metal-prism structure leads to a stronger interaction with the bio-molecules due to its carbon-

based ring structures and the addition of the Si layer between Al and Gr, enhances the 

sensitivity due to the high real part of the refractive index [108], [109]. Moreover, the 

introduction of the Si-Gr layer produced more accurate results due to the longer propagation 

lengths of evanescent waves in the z-direction.  

 

Fig. 3.4 Calculated reflectivity curves for the proposed plasmonic device (a) with tsi = 10nm, tgr = 0.34nm and for different 

values of tm (b) Variation in the sensitivity and FOM for different values of Si 

 thickness (tsi) with tm = 30 nm, and tgr = 0.34 nm 

 

For the optimization of the proposed configuration, the effect of each parameter on the 

sensitivity, signal contrast, and FWHM was studied by varying all the geometrical parameters 

of each layer at a time, keeping all others constant.  

Fig. 3.4(a) shows the reflectivity curves for the proposed plasmonic device with tsi = 10nm, tgr 

= 0.34nm, and for different values of tm.  In Fig. 3.4(a), when Al thickness (tm) was varied from 

20 nm to 50 nm in steps of 10 nm, tm = 30 nm resulted in the minimum reflectivity (high signal 

contrast) and low FWHM, hence was taken to be the optimized value of Al metal thickness. 

The minimum reflectivity value of the dips indicates a stronger localized field at the interface, 

and low FWHM is necessary to enhance the resolution of the sensor. There was no appreciable 

change in the signal contrast while the sensitivity and FWHM were found to be increasing with 

the increase in Si layer thickness. Fig. 3.4(b), shows the variation of sensitivity, and Figure of 

Merit (FOM=sensitivity/FWHM) values with the increase in the thickness of the Si layer. A 
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thickness of 10 nm for the Si layer was chosen to be the optimum thickness required for 

maximum sensitivity and higher FOM offered by the plasmonic device.  

 

Fig. 3.5. (a) The schematic of the proposed plasmonic device with Gr multilayers (not to scale) (b) Reflectivity curves of the 

plasmonic device with the increase in the number of Gr layers at the wavelength of 1550 nm. 

 

The advantage of Gr is that several Gr layers can be coated on a surface in a controlled manner 

due to the presence of Van der Waals forces between the two Gr layers. So, after optimizing 

the parameters of the proposed plasmonic device, the number of Gr layers was increased in the 

plasmonic device as shown in Fig. 3.5(a). Fig. 3.5(b) shows the reflectivity curves of the 

plasmonic device with the increase in the number of Gr layers (e.g., bilayer, tri-layer, and other 

multilayers). The increase in the number of Gr layers resulted in low signal contrast and a larger 

FWHM as shown in Fig. 3.5(b).  

The sensitivity and FOM values with the increasing number of Gr layers were calculated as 

presented in Table 3.1. It can be inferred from the tabulated values that the sensitivity increases 

linearly with the number of Gr layers. However, FWHM increases more rapidly than 

sensitivity, which leads to the net effect of a decreasing FOM. The value of sensitivity changed 

from 128°/RIU to 131°/RIU whereas the FWHM value changed (due to more damping [110]) 

from 0.44° to 0.77° by increasing the number of layers from 1 to 8. So, one layer of Gr 

(monolayer) in the plasmonic device seems to be a good choice for better sensitivity and FOM. 

Though the use of ultra-high doping in the Gr layer can help to achieve the narrowest plasmonic 

dips since high doping concentration leads to higher Fermi levels, and the real and imaginary 

part of the refractive index of Gr is dependent on Fermi levels. Hence, the higher value of Fermi 

levels results in the narrowest plasmonic dips due to less damping [111]–[114]. 
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TABLE 3.1: Comparison of performance parameters with the increase in the number of Gr layers in the proposed device 

 

Number of graphene layers Sθ [º/RIU] FWHM [°] FOM [RIU-1] 

1 128 0.44 290.9 

2 129 0.48 268.75 

3 129 0.50 258 

4 129 0.53 243.39 

5 130 0.59 220.33 

6 130 0.63 206.34 

7 130 0.66 196.96 

8 131 0.70 187.14 

 

 

Next, instead of one layer of Si and Gr in the plasmonic device, the stacking of Si-Gr layers 

was considered between the Al metal and the analyte as shown in Fig. 3.6 (a). The sensitivity 

and FOM values were calculated with the increase in the number of Si-Gr stacks in the 

plasmonic device as shown in Table 3.2. The value of sensitivity was found to be increasing 

whereas the FOM was found to be decreasing with the increase in the number of Si-Gr stacks. 

In this case, the sensitivity value increased from 128°/RIU to 323°/RIU whereas the FOM value 

decreased from 290 RIU-1 to 62 RIU-1. For a reliable and good SPR sensor, the FWHM (SP 

mode linewidth) should be as small and the sensitivity should be as large as possible [94]. 

Usually, there is always a trade-off between FWHM and the sensitivity of the SP-based sensor. 

To analyze the sensor’s overall performance, the values of sensitivity and FOM were plotted 

with the increase in the number of Si-Gr stacks as shown in Fig. 3.6 (b).  The optimized value 

of Si-Gr stacks was found to be 3 while maintaining the trade-off between the sensitivity and 

FOM. 

 

Fig. 3.6 (a) The schematic of the proposed plasmonic device with Si-Gr stacks (not to scale) (b) Variation of sensitivity and 

FOM with the increase in the number of Si-Gr stacks in the proposed plasmonic device. 
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           TABLE 3.2: Comparison of parameters with the increase in the number of Si-Gr stacks in the proposed device 

 

Number of Si-Gr stacks Sθ [º/RIU] FWHM [°] FOM [RIU-1] 

1 128 0.44 290.9 

2 145 0.78 185.89 

3 182 1.73 105.20 

4 323 5.18   62.35 

 

 

 

Fig. 3.7 The comparison of MFIEF with respect to the normal distance from the interface for single stack and three stack Al-

Si-Gr-Analyte based plasmonic device respectively. 

 

To know the physics behind the increase in the sensing parameters with Al-Si-Gr stacks based 

configuration, the absolute value of magnetic field distribution was calculated and MFIEF 

value was plotted with respect to distance from the interface as shown in Fig. 3.7. The field is 

guided for a longer distance along the interface which results in increased interaction of the 

field and analyte. The value of MFIEF clearly highlights the field enhancement because the 

addition of Si-Gr stacks creates a cavity-like periodic structure that helped to improve the 

sensing parameters drastically by the field enhancement with a longer propagation length at 

the interface. 

To demonstrate the bio-sensing application with the proposed plasmonic device, rodent urine 

was considered as the analyte to detect the change in the concentration of Leptospira bacterium 

[115], [116]. A 3 nm layer of Phosphate Buffer Saline (PBS) solution (n = 1.334) was 

considered to activate the Gr surface of the proposed plasmonic device consisting of 3 Si-Gr 

stacks for better attachment of biomolecules, as shown in Fig. 3.7(a). The relative shift in the 

resonance angle was observed over different samples of rodent urine to their corresponding 

refractive indices as tabulated in Table 3.3. A linear increment in the sensitivity was noticed 

with increasing refractive indices of the sample. The change in the SP resonance angle (𝛉SP) 
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with variation in the refractive index was plotted as shown in Fig. 3.7(b). The overall sensitivity 

and FOM achieved were found to be 200°/RIU and 95.23 RIU-1 respectively. 

 

Fig. 3.8 (a) The schematic of the proposed plasmonic device with 3 Si-Gr stacks to demonstrate biosensing application (not 

to scale) (b) Plot for the shift in the SP resonance angle with variation in the refractive indices corresponding to different 

concentrations of Leptospira bacterium. 

 

 

TABLE 3.3: Variation of SP resonance angle with the increase in the refractive indices corresponding to different 

concentrations of Leptospira bacterium 

Refractive Index (Sample) 𝛉SP [°] Δ𝛉SP [°] Δn [RIU] S𝛉[°/RIU] 

1.3392 77.05 - - - 

1.3401 77.22 0.17 0.0009 188.88 

1.3406 77.32 0.10 0.0005 200.00 

1.3409 77.38 0.06 0.0003 200.00 

1.3410 77.40 0.02 0.0001 200.00 

1.3423 77.66 0.26 0.0013 200.00 

1.3445 78.11 0.45 0.0022 204.50 

1.3449 78.19 0.08 0.0004 200.00 

1.3470 78.64 0.45 0.0021 214.28 

 

In SPR-based sensing, bulk sensitivity carries the weight of refractive index changes of the 

unknown bio-analyte introduced. Yet, it fails to acknowledge the variation in sizes of the 

incoming biomolecule to be captured in the vicinity of the metal surface. Since the sensitivity 

of SPR sensors is due to exponentially decaying evanescent fields, it is important to distinguish 

the surface sensitivity at the nanometric vicinity of the metal layer from the bulk sensitivity in 

the surrounding medium. To demonstrate the surface sensitivity of the proposed engineered 

device, Al2O3 layers with well-defined thicknesses and the refractive index were considered on 

the top of the device, and the reflectivity curves were calculated for different thicknesses of 

Al2O3 layers (0-20nm) as shown in Fig. 3. 9(a). The shift in the resonance angle was observed 

with the variation in the thickness of the Al2O3 layer as shown in Fig. 3.9(b). The decrease in 

angle shift compared to the bulk sensitivity can be explained by the distribution of the SPR 
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evanescent field [117]. From Fig. 3.8, it can be seen that the proposed devices are efficient for 

capturing the changes for biosensing applications, which involve molecular binding events 

(e.g., antibody/antigen detection or DNA hybridization) in a confined region close to the metal 

surface. The present work focused exclusively on bulk sensing while engineering the plasmonic 

devices followed by the demonstration of the biosensing application for Leptospira bacterium 

detection because the size of the bacterium is around 1-2 μm. But certainly, the proposed device 

can be used for both surface and bulk sensitivity. 

  

Fig. 3.9 (a) Reflectivity curves of the engineered plasmonic device with the variation in the thickness of the Al2O3 layer 

deposited on the top of the device (b) Plot for the shift in the SP resonance angle with variation in thickness of Al2O3 layer 

deposited on the top of the device. 

 

Further, the effect of the chemical potential of the Gr layer on the performance of the 

engineered plasmonic device was calculated in terms of sensitivity, FWHM, and FOM as 

shown in Table 3.4. From Table 3.4, it was observed that there is no change in the performance 

parameter up to a value of chemical potential = 0.2 eV but after that, the value of FWHM was 

found to be decreasing due to the smaller value of the imaginary part of the refractive index.  

 

TABLE 3.4: Effect of the chemical potential of Gr on the sensitivity, FWHM, and FOM of the proposed plasmonic device 

Chemical Potential (eV) Sθ [°/RIU] FWHM [°] FOM [RIU-1] 

0  200 2.10 95.23 

0.1  200 2.10 95.23 

0.15  200 2.10 95.23 

0.2  200 2.10 95.23 

0.25  200 2.09 95.69 

0.3  200 2.09 95.69 

0.35  200 2.03 98.52 

 

Finally, the results obtained with the proposed plasmonic device were compared with the 

previously reported results in the literature as shown in Table 3.5. An appreciable improvement 
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in the sensitivity and FOM was observed with the proposed plasmonic device when compared 

to other work.  

 

TABLE 3. 5: Comparison of the proposed work with previous results reported in the literature 

 

 

 

 

 

 

 

 

3.4 Conclusion 

 

A multi-layered thin Al film-based plasmonic device was proposed to capture the changes in 

the refractive index of the analyte in the optical communication band.  A thin layer of Si and 

Gr was sandwiched between Al and analyte to enhance the sensitivity of the plasmonic device 

for bio-sensing applications. The enhancement in the sensitivity was observed for the proposed 

device due to the high dielectric index of the Si layer and stronger interaction between the Gr 

layer and analyte due to its high surface-to-volume ratio. The addition of Si-Gr stacks to the 

proposed device helped further to increase the sensitivity of the device. The engineered 

plasmonic device was used to capture the changes in the concentration of Leptospira bacterium 

in rodent urine and the sensitivity and FOM were found to be 200°/RIU and 95.23 RIU-1 

respectively which are much better than the previously reported results in the literature (as 

shown in the table above). The proposed device proves to be much more feasible since 

introducing Al as a plasmonic metal makes the overall proposed design more economical and 

compatible with optoelectronic devices.  

 

 

 

 

 

 

 

Ref. no Schematic Sθ [°/RIU] FOM [1/RIU] 

[102] Au + Gr 53.2 12.33 

[118] Au + Si + Gr 134.6 7.49 

[107] Air + Au + Gr 43.18 44.60 

[119] Au + Gr 33.98 2.78 

[110] Au + WS2+ Gr 95.71 25.19 

[120] Air + Cr + Ag + Gr 68.03 9.691 

Proposed work Al + (Si – Gr) Stacks 200 95.23 



40 

 

Chapter 4 

Design and comparative analysis of aluminum-MoS2-based 

plasmonic devices with enhanced sensitivity and Figure of Merit  

In the previous chapter, we demonstrated the Gr layer as biosensing initiating element for Al-

based plasmonic devices. Agreeably, Gr provides the increased adsorption of biomolecules on 

the sensing surface, leading to enhanced sensitivity but at the cost of increasing FWHM of SPR 

curves. Thus, 2D nanomaterials like Transition Metal Dichalcogenide (TMDC) (MoS2, WeS2, 

WS2, etc.), have become exceedingly popular for better plasmonic sensing activity. According 

to recent trends, 2D nanomaterials forming multi-layered composite films are a continuous 

progression in research due to high electron mobility and large surface area to strengthen electric field 

enhancement at the interface.  Molybdenum disulfide (MoS2) often referred to as the “Beyond 

Graphene” material, is one of the most exclusively researched nanomaterials, among the other 

TMDCs. Thus, a comparative analysis is now performed, on the Al-based Kretschmann 

arrangement at 1550nm, for different combinations of Al-MoS2-based plasmonic devices under 

angle interrogation that provided us with application-specific results. A comparative analysis 

is prepared for these configurations in the presence and absence of a high dielectric layer i.e., 

Silicon (Si). 

 

4.1      Introduction 

 

The property of broken Centro-symmetry [11], high fluorescence quenching ability [12], and 

higher optical absorption efficiency [~5%] are among some of the exquisite electrical and 

optical properties offered by MoS2, giving them an extra edge over Gr. Toxicity is also a 

serious issue as far as the viability of cells is concerned while undergoing bio-sensing. Lower 

toxicity in multi-layered MoS2 has facilitated the uptake of 2D MoS2 into live cells for in-

vivo biosensors [13]. Multi-layered MoS2 also proves to enhance sensitivity as reported 

frequently in the past [14–16]. Apart from biosensors based on pure MoS2, composites of 2D 

MoS2 are also being investigated. Considering the biocompatible nature of Gr and MoS2, 

researchers have studied the plasmonic activity when MoS2 layers are stacked together with 

the Gr sheets [12,16,17]. MoS2 being structurally analogous to Gr has Van der Waals forces 

of attraction existing between them, leading to this nanocomposite becoming an excellent 

platform for detection in biosensing applications. Black phosphorus/MoS2 heterostructure 

has already grabbed a lot of attention [19], but the readily oxidizable nature of black 
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phosphorus has led to other high-index promising dielectrics like Silicon (Si) to act as 

replacements, hence significantly enhancing the sensitivity [20]. Nevertheless, almost all the 

work done on Gr/MoS2 has been studied in the visible region at a wavelength of around 633 

nm, while S. Chen and C. Lin have presented wavelength interrogation from the 400 nm–800 

nm range [21]. In the visible region, the existence of a non-zero imaginary part of the dielectric 

constant for MoS2 gives rise to broader SPR curves, thereby deteriorating detection accuracy 

as shown by Zeng et al. [22]. Browsing through the previous reports, one may end up confused 

as to which parameter to be held accountable for the best performance in optical sensing 

since both sensitivity and FOM are important parameters. Hence, there is a need to focus our 

research on plasmonic devices which can provide cumulative results with perfect trade-offs 

among all the geometrical parameters, to achieve maximum sensitivity along with FOM. 

Moreover, there is still a dearth of research when it comes to the performance analysis of 

MoS2-based plasmonic devices in the higher wavelength regime, especially in the 

communication band. 

The present study takes into account multiple Al-MoS2-based Ktreschmann configurations, 

in the NIR region. Important performance parameters (Sensitivity and FOM) are studied for 

the following four engineered structures: Al-Si-MoS2-Gr (ASMG), Al-MoS2-Gr (AMG), Al-Si-

MoS2 (ASM), and Al-MoS2 (AM). Such a comparative analysis yields a platform that can 

provide an exhaustive approach to the behavior of 2D materials in the NIR region (1550 nm). 

Herein, a comparison of Al-MoS2-based engineered plasmonic devices is presented in the 

optical communication window. After the required optimization for the geometrical 

parameters, two (ASMG and AM) out of the four structures are selected in terms of the 

highest sensitivity (141◦/RIU) and FOM (335.13 RIU-1) to demonstrate the Single-Stranded 

DNA (ssDNA) sensing, from the proposed plasmonic devices. The results show that the 

proposed nanomaterial-based plasmonic devices prove to be much more promising 

configurations in the NIR regime as both the important parameters i.e., sensitivity as well 

FOM is sufficiently high as compared to the works in the existing literature. 
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4.2 Design parameters for the proposed devices 

 

 

Fig. 4.1. The schematic (not to scale) for the proposed Aluminum-MoS2 based (a) ASMG structure (b) AMG structure (c) 

ASM structure and (d) AM structure. 

In all four Al-MoS2-based configurations, Al was considered as the plasmonic metal layer 

as shown in Fig. 4.1. In our proposed structures, CaF2 was chosen to be the coupling prism 

over which the angular interrogation was performed. On the top of the metal-prism 

arrangement, Si was used as a high-index dielectric for ASMG and ASM structures as shown 

in Fig. 4.1(a) and 1(c). Since  Gr acts as the BRE layer for the external biomolecules, so it was 

in direct contact with the analyte, to be inserted after the MoS2 layer for ASMG and AMG 

structures as shown in Fig. 4.1(a) and 1(b). The analyte at the top of all these four structures 

was considered to be water (na = 1.33). The monolayer MoS2 has a thickness of about 0.65 nm, 

subsequently, for L number of layers, the thickness will be L times 0.65 nm. The refractive 

index of MoS2 at 1550nm has been extracted from ref [121]. Monochromatic p-polarized 

light was used to excite SPs at the metal-dielectric interface. As soon as the light energy gets 

coupled to the conduction-electrons inside the metal, it gives rise to a resonance condition. The 

TMM was employed to simulate the results for all four engineered structures. The SPR curve 

obtained with the corresponding points of reflection minima helps us to calculate the FWHM 

of the proposed device. Finally, two important parameters i.e., Sensitivity (δθSP/δna) and 
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FOM were calculated, where δθSP is the shift in the resonant angle and δna is the 

corresponding change in the refractive index of the analyte. 

 

4.3 Numerical Analysis  

  

Al thickness was varied from 10 nm to 50 nm in steps of 10 nm and the points of reflection 

minima were noted. After taking into account the FWHM values as well, both the parameters 

were plotted against each other to obtain the optimum thickness for the Al layer as shown in 

Fig. 4.2(a). It can be seen that a thickness of 30 nm satisfies both conditions and hence was 

taken to be the optimized Al thickness for all the successive simulations.  

 
 

Fig. 4.2. (a) Variation in the change in the reflectivity minima and FWHM for SP curve with respect to different values of Al 

thickness (b) Variation in the sensitivity and FOM with respect to different values of Si thickness. The ASMG structure is 

considered while doing the optimization for the thickness of the Al and Si layer. 

Further, to get a clearer perspective on the variation of Si layer thickness on the device 

performance, the sensitivity, and FOM were plotted with the increase in the thickness of the 

Si layer as shown in Fig. 4 . 2(b). From the plot, 10 nm was considered the optimized thickness 

of Si to achieve both high sensitivity and FOM. 

After the optimization of Al and Si thickness to 30 nm and 10 nm respectively, the refractive 

index ‘na’ of the top layer (analyte) of all the proposed devices was changed from 1.33 to 1.34 

and the reflectivity curves for all the proposed structures were calculated concerning the 

incident angle as shown in Fig. 4 .3. The thickness for the monolayer of Gr and MoS2 was 

considered to be 0.34 nm and 0.65 nm respectively. A right shift in the reflectivity curves was 

observed with the increase in the refractive index of the analyte. From  Fig. 4.3, the sensitivity 

and the FOM values were calculated for each structure and tabulated in Table 4.1. It can be 

inferred from Table 4.1 that the addition of a 10 nm high dielectric index Si layer (e.g., ASMG 

and ASM structures) leads to an increase in the sensitivity from 118◦/ RIU to 128◦/RIU while 
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for the case of AMG and AM structures, the higher value of FOM was obtained compared to 

ASMG and ASM structures. 

 
Fig. 4.3. Reflectivity curves with the variation in the refractive index of the analyte for (a) ASMG (b) AMG (c) ASM (d) 

AM structures respectively. 

                        TABLE 4 . 1: Comparison of sensitivity and FOM for all the proposed structures 

  Structure Sensitivity [◦/RIU]      FOM [RIU-1] 

ASMG 128             278.26 

AMG 118             393.33 

ASM 128             304.76 

AM 118             421.42 

 

To increase both the sensitivity and FOM simultaneously for all the structures, multilayer 

MoS2 layers were considered for the structures. The value of sensitivity, FWHM, and FOM 

were calculated for the different values of MoS2 layers. Table 4.2 illustrates the calculated 

values of sensitivity, FWHM, and FOM for ASMG structure with an increase in the number of 

MoS2 layers. It can be seen that the sensitivity increases with the increase in the number of 

MoS2 layers but with the decrease in FOM.  
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TABLE 4.2: Comparison of performance parameters with an increase in the number of MoS2 layers for ASMG structure 

Number of MoS2 Layers Sensitivity [◦ /RIU] FWHM[º] FOM [RIU-1] 

0 128 0.44 290.9 

2 129 0.47 270.46 

4 131 0.50 262 

6 133 0.54 246.29 

8 134 0.58 231.03 

10 137 0.62 220.96 

12 139 0.67 207.46 

13 141 0.70 201.42 

14 143 0.71 201.40 

16 146 0.78 187.17 

18 149 0.85 175.29 

20 153 0.93 164.51 

 

 

Fig. 4.4. Variation of sensitivity and FOM with the increase in the number of MoS2 layers in the proposed ASMG 

plasmonic device. 

 

With a slight increase in the sensitivity, FWHM increases almost two times resulting in a 

much lower value of FOM. Therefore, there was a need to reach a certain trade-off between 

the two important parameters. Plotting sensitivity and FOM with the variation in the number 

of MoS2 layers, in Fig. 4.4, it was concluded that L = 13 number of MoS2 layers would give 

an appreciable performance for ASMG proposed plasmonic device in the communication 

band.  
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Fig. 4.5. Variation of sensitivity and FOM with the increase in the number of MoS2 layers in the proposed AMG plasmonic 

device. 

 

Similar conclusions can be drawn for the rest of the proposed structures, where the device 

performance was checked for an optimized number of MoS2 layers at a compromise between 

both the sensitivity and FOM. The performance of the AMG structure was examined for a 

larger number of MoS2 layers as shown in Fig. 4.5. The number of optimized layers comes 

out to be 9 and the corresponding sensitivity and FOM were calculated to be 123◦/RIU and 

323.68 RIU-1 respectively, as can be seen in Table 4.3.  

TABLE 4.3: Comparison of performance parameters with an increase in the number of MoS2 layers for AMG structure 

 

Number of MoS2 Layers        Sensitivity [◦ /RIU] FWHM [º]         FOM [RIU-1] 

0 118 0.29 406.89 

2 120 0.31 387.09 

4 120 0.33 363.63 

6 121 0.35 345.71 

8 122 0.37 329.72 

9 123 0.38 323.68 

10 124 0.39 317.94 

12 125 0.42 297.61 

14 126 0.43 293.02 

16 128 0.47 272.34 

18 130 0.50 260 

20 132 0.53 249.05 
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Fig. 4.6. Variation of sensitivity and FOM with the increase in the number of MoS2 layers in the proposed ASM 

plasmonic device. 

 

11 layers of MoS2 were optimized for the ASM structure according to Fig. 6. Table 4.4 

shows the performance parameters for the ASM structure having an optimized sensitivity 

of 137◦/RIU and FOM of 232.20 RIU-1.  

 

TABLE 4.4: Comparison of performance parameters with an increase in the number of MoS2 layers for ASM structure 

 

 

 

 

 

 

 

 

 

 

 

Number of MoS2 Layers Sensitivity [°/RIU] FWHM [°] FOM [RIU-1] 

0 127 0.42 302.38 

2 129 0.44 293.18 

4 130 0.47 276.59 

6 132 0.50 264 

8 134 0.54 248.14 

10 136 0.57 238.59 

11 137 0.59 232.20 

12 139 0.61 227.86 

14 141 0.65 216.92 

16 145 0.71 204.22 

18 148 0.77 192.2 

20 152 0.82 185.36 



48 

 

 

Fig. 4.7. Variation of sensitivity and FOM with the increase in the number of MoS2 layers for the proposed AM 

plasmonic device. 

Lastly, the trade-off for the AM structure was achieved at 10 MoS2 layers as shown in Fig. 

4.7. From Table 4.5, the optimized value of sensitivity and FOM obtained were 124◦/RIU 

and 335.13 RIU-1 respectively.  

 

TABLE 4.5: Comparison of performance parameters with an increase in the number of MoS2 layers for AM structure. 

Number of MoS2 Layers        Sensitivity [◦ /RIU]            FWHM [º]                FOM[RIU-1] 

0 118 0.28 421.42 

2 119 0.29 410.34 

4 120 0.31 387.09 

6 121 0.33 366.67 

8 123 0.35 351.42 

10 124 0.37 335.13 

12 125 0.38 328.94 

14 126 0.41 307.31 

16 128 0.43                 297.67 

18 130 0.46                 282.60 

20 131 0.49 267.34 

 

After the successive optimizations of MoS2 layers for all four configurations, there arises a 

need to have a comparative study among the four proposed plasmonic devices. While the 
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sensitivity was found to be maximum for the optimized ASMG structure (141◦/ RIU), the 

highest FOM was achieved for the AM configuration (335.13 RIU-1). Fig. 4.8 shows the 

comparative analysis for all four engineered structures in terms of sensitivity, FWHM, and 

FOM with respect to increase the refractive index of the analyte. The sensitivity was found 

to be increasing with the increase in the refractive index of the analyte and the maximum 

sensitivity of 195◦/RIU was achieved for the case of ASMG structure as shown in Fig. 4.8 

(a). The FWHM values were also found to be increasing with the increase in the refractive 

index for all the structures but with the smallest increment in FWHM for the case of AM 

structure as shown in Fig. 4.8 (b). Fig. 4.8 (c) shows the variation in FOM with the increase 

in the refractive index of the analyte. A maximum value of FOM is found to be 335.13 RIU-

1 for the case of AM structure due to low FWHM.  

 
Fig. 4.8. Comparative analysis of the performance parameters for all four structures in terms of (a) Sensitivity (b) 

FWHM and (c) FOM with respect to increase in the refractive index of the analyte. 

 

Fig. 4.9(a) shows the magnetic field distributions of the ASMG structure for SP mode at the 

wavelength of 1550 nm. It can be seen that the field is strongly confined to the metal-analyte 

interface. As we move away from the interface, the change in color shows the reduction in 

magnetic field interactions. Fig. 4.9 (b) shows the plot for MFIEF with respect to the normal 

distance from the interface for the proposed configurations and conventional Kretschmann 

configuration respectively. Indeed, the proposed configurations offered an enhancement in the 

Magnetic field intensity with respect to the conventional configuration due to the presence of 

Si/Gr/MoS2 layers. 
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Fig. 4.9. (a) Magnetic field distribution for the ASMG structure for SP mode at the wavelength of 1550 nm (b) Comparison 

of Magnetic Field Intensity Enhancement Factor (MFIEF) with respect to the normal distance from the interface for the 

proposed configurations and conventional Kretschmann configuration respectively. 

Next, the obtained results from the proposed configurations were compared with the previously 

reported works in terms of sensitivity and FOM. All the previous works lack in taking both the 

parameters, sensitivity, and FOM simultaneously into consideration during device 

optimization. All four proposed structures have appreciable sensitivity as well as FOM in the 

NIR region. Whereas the previously reported work either offered a good sensitivity but at the 

cost of low FOM or a high FOM but with a lesser value of the sensitivity (Table 4.6). 

 

As SPR biosensors are already being used in numerous biosensing events so, in the last section, 

we demonstrated a biosensing application by detecting the minute changes in the 

concentration of ssDNA. The particular usage of the Gr-MoS2 composite for DNA- sensing 

has already been put forth by Rahman et al. [29]. Gr can strongly attach the carbon-based 

antigen, for example, DNA, with the help of pi-stacking, whereas MoS2 can adsorb the DNA 

with the help of van der wall forces between the basal plane of MoS2 and nucleobases of DNA 

[20]. 

We presented the sensitivity analysis for ASMG and AM structures for a corresponding change 

in the SPR angle when a different concentration of ssDNA gets immobilized on the surface of 

the device. The refractive index of the sensing medium changes according to the variation in 

molar concentration and is expressed as [35]: 

                                             nda = nd + ca.dna/dca                                                           (4.1) 

Where nd is the refractive index of the sensing medium before the adsorption of biomolecules, 

ca is the concentration of the adsorbed molecules and dna/dca is the adsorbed increment in the 

biomolecules. dna/dca is equal to 0.182 cm3/gm for the case of a PBS buffer solution (nd = 
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1.334) as a sensing medium. Soon after the immobilization of the adsorbate on the surface, 

the transfer of carriers took between e-rich ssDNA molecules and composite layers, causing a 

change in propagation constant. Thus, the wave-matching condition occurs at a greater SPR 

angle. As seen in Fig. 4.10, an increase in the ssDNA molar concentration caused a rightward shift 

in the resonance angle, hence demonstrating the biosensing effect. The properties like increased 

adsorption ability and unique optical characteristics offered by both Gr and MoS2 as well as 

the inclusion of a high index Si layer were all assimilated in the proposed configurations, 

resulting in improved biosensing technique in the NIR region. Table 4.7 mentions the sensitivity 

achieved by ASMG and AM configurations when the molar concentration of the ssDNA was 

varied from 5 mM to 40 mM in steps of 5 mM of ssDNA sequences. 

 

TABLE 4. 6: Comparison of performance parameters of the proposed configurations to previously reported works 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ref. no. Schematic Sθ [°/RIU] FOM [RIU-1] 

[90] 

 

Air-MoS2-Al-MoS2-Gr 215 72.5 

[122] 

 

Ag-Blue P/MoS2 355.52 92.12 

[123] 

 

Au-MoS2-Gr 67.79 96.84 

[124] 

 

Au-MoS2 33.26 218.8 

[125] 

 

Au-Si-MoS2-Gr 49.29 246.45 

Our 

proposed 

work 

 

Al-Si-MoS2-Gr 

Al-MoS2-Gr 

Al-Si-MoS2 

Al-MoS2 

141 

123 

137 

124 

201.42 

323.68 

232.20 

335.13 
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Fig. 4.10: Reflectivity Spectra with variation in ssDNA molar concentration for (a) ASMG and (b) AM configurations 

respectively. 

TABLE 4.7: Comparison of performance parameters of the proposed ASMG and AM configurations with an increase in 

ssDNA concentrations 

Concentration (ca) ASMG AM 

∆θSP [°]  Sensitivity 

[°/RIU] 

FOM 

[RIU-1] 

∆θSP [°]  Sensitivity 

[°/RIU] 

FOM 

[RIU-1] 

5 mM 0.12 131.86 180.63 0.13 120.87 326.67 

10 mM 0.12 142.85 195.68 0.12 131.86 347.00 

15 mM 0.13 142.85 190.46 0.11 120.87 318.07 

20 mM 0.13 142.85 187.96 0.11 120.87 318.07 

25 mM 0.14 153.84 202.42 0.12 131.86 338.10 

30 mM 0.13 142.85 185.51 0.11 120.87 309.92 

35 mM 0.13 142.85 183.14 0.12 131.86 338.10 

40 mM 0.14 153.84 194.73 0.12 131.86 329.65 

 

4.4 Conclusion 

 

In this chapter, Al-MoS2-based plasmonic devices were explored in the NIR region. The 

compatibility of Al among optoelectronic devices and the ability of Gr to act as a 

biorecognition element were examined along with the increased adsorption activity due to the 

presence of MoS2 layers. Silicon was also used between the intermediate layers as a high-index 

dielectric, in turn enhancing the overall sensitivity. For better sensor performance, a trade-off 

was established between the sensitivity and FOM, giving the optimized number of MoS2 
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layers for each of the proposed devices. After the required parameter optimizations, a 

comparative study was presented for all four proposed configurations in terms of sensitivity, 

FWHM, and FOM. It was found that the ASMG structure exhibited maximum sensitivity 

and the AM structure attained the highest FOM. Finally, the best two out of four devices 

were selected to demonstrate the biosensing application by capturing the changes in ssDNA 

concentrations. From the results, it was evident that the enhanced sensor performance in terms 

of both sensitivity and FOM can be achieved with the Aluminum-MoS2 combination in the 

longer wavelength regime. 
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Chapter 5 

Investigation of 2D nanomaterials on MXene (Ti3C2TX)-based 

aluminum-plasmonic devices  
 

After studying different conventional 2D nanomaterials on Al thin film for plasmonic devices, 

in the previous chapter, it will be interesting to study them over transition metal carbide 

(MXene) based materials. Since 2D nanomaterials can provide quality collaboration for 

MXene (Ti3C2Tx), from their functionalization to the application [126], we have undertaken 

Black Phosphorus (BP), Gr, MoS2, and Fluorinated Graphene (FG) sheets for this purpose. 

These combinations with Al-Ti3C2Tx-based plasmonic devices can boost their presence in the 

plasmonic domain at 1550nm.  Also, for the first time, this work brings into picture four such 

configurations (Ti3C2Tx-FG, Ti3C2Tx-MoS2, Ti3C2Tx-BP, and Ti3C2Tx-Gr) for Al-based 

plasmonic devices with both high sensitivity as well as FOM simultaneously in the NIR region. 

Refractive indices corresponding to protein solutions are utilized on the proposed 

configurations to demonstrate the biosensing application. It is observed that with the 

corresponding change in the refractive index of the solution, the reflectivity curves exhibit 

redshift, thus suggesting possibilities for the potential application of Al-Ti3C2Tx-based 

plasmonic devices in the biosensing arena.  

 

5.1      Introduction 

 

MXene group has become a recent hotspot for SPR sensors due to its superior capacity for 

loading biomolecules [126]. Ti3C2Tx is the first discovered and the most widely used MXene 

[127]. The negatively charged surface terminations of Ti3C2Tx  (for Tx = hydroxyl (OH), 

fluorine (F), and oxygen (O)) are useful for sensing a wide variety of analytes [128]. Ti3C2Tx  

can be obtained through a minimally intensive layer delamination method after selective 

etching of Al from the MAX phase (Ti3AlC2) [129]. Overall, the flexibility, hydrophilicity, and 

large surface area for improved adsorption of Ti3C2Tx nanosheets have provided a useful 

platform for the ultrasensitive determination of unknown analyte samples [130][131]. Among 

the prism-based configurations, entire design simulations are cornered around 633m for 

Ti3C2Tx in the vicinity of noble metals like Au, and Ag [132][133]. Out of the few reported 

works regarding Al, the Ti3C2Tx -based fiber optic SPR sensor showed improved sensitivity of 

about 46.3% for Al with 12 layers of Ti3C2Tx  at a wavelength of 532nm but without any 

discussion about the resulting FOM [134]. Here, Ti3C2Tx on top of Al metal protects the latter 
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from oxidation as well. Additionally, Ti3C2Tx nanosheets are preferred for biosensing rather 

than pristine Ti3C2Tx as the single or few-layered Ti3C2Tx  provides increased adsorption sites 

for the target molecules [135]. Equally popular is Graphene (Gr) for biosensing [136], which 

has a very close lattice match with Ti3C2Tx resulting in Van der Waals heterostructure [131]. 

However, Gr inertness produces lower selectivity in adsorption; therefore, among the many 

derivatives of Gr, FG has become a nascent area of interest with many promising applications 

in the future biomedical field [137]. With almost comparable mechanical strength to Gr, FG 

exhibits superior optical isotropy. FG sheets implemented over the Kretschmann configuration 

(Ti3C2Tx  based) in the NIR region by Pandey et al. showed decent FOM, but without regard 

to sensitivity [138]. Additionally, when it comes to examining in-vivo biosensors for live cells, 

toxicity in the lowest levels is a requisite parameter. Zhang et al. have used MoS2 over Ti3C2Tx-

based SPR sensors, with a sensitivity of 246°/RIU and FOM of 34.2 RIU-1 at 633nm [132]. 

Besides, the integration of 2D MoS2 with Ti3C2Tx nanoparticles has resulted in enhanced 

photodetection [139]. However, MoS2 in the visible region ends up with broader SPR curves 

resulting in a poor FOM (due to the existence of the large imaginary part of the dielectric 

constant). Similarly, another 2D nanomaterial namely, Black Phosphorus (BP) has been 

reported to exhibit better absorption and adsorption properties compared to Gr, MoS2 as clearly 

highlighted by Srivastava et al. [140], except for its readily oxidizable nature, several methods 

for which have been reported to mitigate the same [133]. As the combination of BP- Ti3C2Tx 

is found to be the most stable, the utilization of such nanocomposites with the optimal metal 

thickness is studied for efficient SPR sensors [133].  

Nonetheless, in the visible regime, all such works dealing with Ti3C2Tx have only focused on 

either of the two performance parameters, i.e., sensitivity or figure of merit. On the other hand, 

at 1550nm, Ti3C2Tx has only been discussed as a plasmonic metal-like behaving material [141]. 

This leads us to two conclusions. Firstly, it becomes imperative to study the biomolecular 

interaction on Al-Ti3C2Tx-based plasmonic devices at longer wavelengths in the vicinity of 2D 

nanomaterials. Secondly, from the point of view of practical sensor implementation, all the 

performance parameters carry equal weightage. Compromising any one parameter at the cost 

of others doesn’t meet the requirements of accurate real-time sensing. Thus, this chapter 

highlights the detailed analysis of all the above-discussed nanomaterials, thereby utilizing them 

with Al-Ti3C2Tx-based plasmonic devices in the NIR wavelength region for biosensing 

applications. 
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5.2 Design parameters for proposed devices 

 

In all four Al-Ti3C2Tx-based configurations, Al was considered the plasmonic metal. Angular 

interrogation was performed for the proposed engineered plasmonic devices over CaF2 (np = 

1.426) as the coupling prism.  

 

Fig. 5.1.  The schematic (not to scale) for the proposed Al- MXene-based plasmonic devices with (a) Black Phosphorus (BP) 

(b) Graphene (Gr) (c) MoS2 (d) Fluorinated Graphene (FG), under total internal reflection scheme at a wavelength of 

1550nm. 

 

Over the optimized Al-Ti3C2Tx layer combination, different 2D nanomaterials were chosen to 

study the effect of the plasmonic resonance condition at the interface. The sensing medium was 

considered to be water (na =1.33). Fig. 5.1 shows the schematic representation of the proposed 

plasmonic configurations considering BP, Gr, MoS2, and FG on the top of engineered 

plasmonic devices, respectively. All four configurations have shown that Al-Ti3C2Tx-based 

plasmonic design can achieve appreciable sensitivity and FOM simultaneously in the longer 

wavelength regime. Both the performance parameters (sensitivity and FOM) were satisfied, for 

the first time, unlike the previous works concerning Ti3C2Tx for plasmonics [142]. 

The refractive index for the Gr sheet was calculated using Kubo’s formula [93]. The refractive 

index for Ti3C2Tx  with the (OH)2 terminated functional group was calculated from the work 

published by Berdiyorov et al. [143] as the hydroxyl functional group has been reported with 
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the strongest binding energy strength [144]. The refractive index for BP was calculated from 

the recent work published by Ross et al. [145]. The refractive indices and the corresponding 

thicknesses of the 2D nanomaterials used for subsequent simulations are tabulated below in 

Table 5.1. Finally, the two sensing parameters i.e., sensitivity and FOM were calculated for the 

proposed plasmonic devices. 

TABLE 5.1: Refractive indices and the thicknesses of the 2D nanomaterials used in the work 

 

 

 

 

 

 

5.3 Numerical Analysis  

To begin with, firstly, the Al metal layer was optimized for minimum reflectivity and narrow 

linewidth of SP mode. Fig. 5.2(a) shows the reflection characteristics for an Al-Ti3C2Tx 

(monolayer) based plasmonic device with the variation of Al metal height (tm) from 25nm to 

35nm, in steps of 5nm. At tm = 30nm, the lowest reflectivity with a decent line width of SP 

mode was seen, which would mean a maximum transfer of energy to the conduction electrons 

of Al, thus exhibiting highly efficient SP excitation at the boundary surface. Thereafter, the 

effect of variation in the refractive index of the analyte (na) on an engineered Al-Ti3C2Tx-based 

plasmonic device was studied as shown in Fig. 5.2(b). The refractive index of the analyte ‘na’ 

was changed from 1.33 to 1.34. With a monolayer of Ti3C2Tx (Fig. 5.2(b)), a sensitivity value 

of 119°/RIU was obtained with FOM as 340 RIU-1. 

 

2D Nanomaterials used Thickness  Refractive index at 

1550nm  

The Refractive index 

value is taken from the 

Reference 

Ti3C2Tx   0.993nm 2.1095-i1.1338 [143] 

Fluorinated Graphene  0.34nm 2.62563-i10-6 [138] 

MoS2 0.65nm 3.647 [146] 

Black Phosphorus 0.53nm 3.0945-i1.58369 [145] 
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Fig. 5.2. Reflection characteristics for Al-Mxene (monolayer) based plasmonic device at the wavelength of 1550 nm (a) with 

variation in the Al metal height (tm) (b) with the variation in the refractive index of analyte (na). 
 

To study the effect of multilayers of Ti3C2Tx on the plasmonic device, the reflection 

characteristics with the increase in the number of Ti3C2Tx layers (L) for Al-Ti3C2Tx based 

plasmonic device was calculated as shown in Fig. 5.3(a). With the increase in L, the linewidth 

and the reflection minima for SP curves change adversely. The linewidth of SP curves was 

found to be broader and the increase in the values of minimum reflectivity (Rmin) was noticed 

with the increase in L. Fig. 5.3 (b) represents the variation in FOM and Rmin with the variation 

in the number of Ti3C2Tx layers. With sensitivity being almost constant, there was a drastic 

reduction in FOM from 340 RIU-1 (L=1) to 89.5 RIU-1 (L=11). Therefore, we can conclude 

that monolayer Ti3C2Tx can suffice for subsequent simulations. Besides, many researchers also 

support the use of monolayer Ti3C2Tx sheets since the flexibility gets reduced with the 

increasing number of Ti3C2Tx layers along with the decline in sensing performance [147][148]. 

 

Fig. 5.3. (a) Reflection characteristics for the engineered Al-MXene-based plasmonic device with the variation in the 

number of MXene layers (b) The variation of FOM and Rmin with the increase in the number of MXene layers for Al-

MXene-based plasmonic device. 
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Since the long-term oxidation stability of Ti3C2Tx aqueous solution is low [149], therefore 

assembling Ti3C2Tx nanosheets with 2D nanomaterials can be an interesting way to resolve this 

issue along with better sensing performance as reported by Yoon et al. [150]. Moreover, 

investigating the effect of 2D nanomaterials with Ti3C2Tx is significant because of the 

exceptional properties provided by Ti3C2Tx-based nanocomposites. The strong heterostructure 

that they form paves the way for outstanding structural integrity along with providing a 

shielding effect against the oxidation of Ti3C2Tx. Gr flakes can improve the mechanical 

robustness of Ti3C2Tx after the formation of the 2D heterostructure. The field enhancement at 

the interface and increased surface adsorption are the two advantages of having heterostructure 

as the analyte interacting layer [151]. Ti3C2Tx-based heterostructures with MoS2 help to fully 

utilize Ti3C2Tx’s unique structure by enhancing the surface reactivity plus pinning for 

ultrasensitive biosensors [150]. The excellent stability is obtained for BP/Ti3C2Tx  

heterostructure as compared to bare Ti3C2Tx and BP as confirmed by Li et al. experimentally 

[152]. 

So, the reflection characteristics for the proposed configurations (Fig. 5.1) with a monolayer of 

BP, Gr, MoS2, and FG as the intermediate layers between Ti3C2Tx and the analyte (sensing 

medium) were calculated as shown in Fig. 5.4. The refractive index of the analyte (na) was 

varied for all the proposed 4 configurations from 1.33 to 1.34 and a redshift in the SP 

wavelength was observed with an increase in the value of na as shown in Fig. 5.4. Table 5.2 

compiles all the performance parameters for each of the proposed plasmonic designs. With 

these tabulated values, we can conclude that the Ti3C2Tx layer which has so far been 

implemented only in the visible range, did not exhibit such large values of sensitivity along 

with FOM, which can be seen in the NIR range.  
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Fig. 5.4. Reflectivity curves with the variation in analyte index (na) exhibiting a redshift in SP mode for (a) Al- Ti3C2Tx -BP 

(b) Al- Ti3C2Tx -Gr (c) Al- Ti3C2Tx -MoS2 and (d) Al- Ti3C2Tx -FG based configurations respectively. 

                                       TABLE 5.2: Comparison of performance parameters for the proposed configurations  

 

 

 

 

After such appreciable results for all four design configurations, the multilayer effect of these 

2D nanomaterials on Al-Ti3C2Tx-based configurations was evaluated with the change in the 

analyte index (na). Fig. 5.5 shows the reflection characteristics for all the proposed 

configurations with the increase in the number of layers of the 2D nanomaterials. We can 

observe the peculiarities with the varying number of layers for the aforementioned 

configurations. On the one hand, Gr and BP showed deteriorating Rmin and broader SP 

linewidth due to a significant imaginary part of the dielectric constant (Fig.5.5 (a) & (b)). On 

the other hand, however, MoS2 and FG showed almost constant reflection dips and linewidth 

Parameter Al- Ti3C2Tx -

BP 

Al- Ti3C2Tx -

Gr 

Al- Ti3C2Tx - 

MoS2 

Al- Ti3C2Tx -

FG 

Sθ[º/RIU] 119 119 119 119 

FOM [RIU-1] 330.55 330.55 330.55 340 

Rmin 0.082 0.092 0.074 0.074 
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as we increase the number of layers (Fig. 5.5 (c) & (d)), due to the very small imaginary part 

(negligible) of the dielectric constant. Although the change in sensitivity is minute, however, 

the contrasting differences in the linewidth, as well as Rmin, calls for a certain trade-off to be 

achieved to obtain an optimized design. 

 

Fig.5.5. Reflectivity curves exhibiting SP mode with varying the number of layers of (a) BP (b) Gr (c) MoS2 and (d) FG for 

proposed Al- Ti3C2Tx -based plasmonic devices. 

 

Subsequently, with the increasing number of layers, the corresponding Rmin and FOM were 

calculated for each case and a perfect trade-off was achieved to get standardized results. Fig. 

5.6 shows the trade-off between FOM and Rmin for the proposed plasmonic devices using BP, 

Gr, MoS2, and FG as the BRE for proposed Al-Ti3C2Tx-based devices. In the case of BP and 

Gr layers, the FOM was found to be decreasing, and Rmin was found to be increasing with the 

increase in the number of layers (Fig. 5.6 (a) & Fig. 5.6 (b)). When the trend for the calculated 

values of FOM and Rmin was observed for FG and MoS2 mediated plasmonic devices, 

interestingly, there were very minor changes observed for the said parameters with increasing 

the number of layers (Fig. 5.6 (c) & Fig. 5.6 (d)).  The proposed design employing FG has an 

almost constant FOM. Concurrently there is a slight variation in FOM for the Al-Ti3C2Tx-MoS2 
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configuration. There is hardly any change in performance parameters within the range of 10 to 

12 layers of FG or MoS2. Thus, we can conclude that we don’t need stringent control over the 

number of layers for Al-Ti3C2Tx-MoS2 and Al-Ti3C2Tx-FG-based plasmonic devices since the 

Rmin and FOM are hardly affected by the increase in the number of MoS2 and FG layers. 

Nevertheless, in general, the characteristics of 2D nanomaterials are mostly layer-dependent, 

thus it is imperative to ensure the precise control of thickness or the number of layers. 

Characterization methods such as Raman spectroscopy and photoluminescence spectra can be 

employed for such analysis, as the respective intensity peaks are thickness dependent.  

As for the fabrication techniques of single to few-layered nanomaterials reported in the context 

of MoS2, BP, FG, and Gr, several works have shown the successful realization of 2D 

nanomaterials with precise control of the layer thickness by controlling the precursor 

parameters (reaction temperature, time, pressure, gas flow rate) during the chemical vapor 

deposition process [153], [154], [155].  

 

Fig.5.6. Variation in FOM and Rmin in the proposed Al-Ti3C2Tx-based plasmonic devices for the increase in the number of 

layers of (a) BP (b) Gr (c) MoS2 (d) FG respectively. 
 

 

For demonstrating the biosensing application for the proposed Al-Ti3C2Tx-based 

configurations, we considered the detection of minute changes in the concentration of protein 

solution. The proposed design entailing monolayer MoS2, and FG as the biorecognition 

element, were used for detecting any changes in the corresponding refractive index of the 

protein solution. The values of corresponding refractive indices for the protein solution were 

taken from the reference [156]. Fig. 5.7 shows an increment in the SP resonance angle with the 
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change in the refractive index of the protein solution, thus validating the real-time application 

of the proposed device. All the design configurations have a sensitivity of around 119º/RIU. 

Meanwhile, the appreciable values of FOM and the reflection minima open the window for the 

possibility of utilizing Ti3C2Tx-based Al plasmonic devices in the NIR region. 

 

 
 
Fig. 5.7. Plot for a shift in the SPR angle (𝛉res) with variation in the refractive indices corresponding to protein solution for (a) Al-Ti3C2Tx-

MoS2 (b) Al-Ti3C2Tx-FG based plasmonic device respectively. 

 

Finally, Table 5.3 compiles all the work done so far on Ti3C2Tx-based plasmonic devices in the 

visible and NIR region. For the results reported previously, we can observe that our work has 

achieved a three-digit sensitivity and FOM simultaneously with the added advantage that the 

proposed plasmonic device holds rigidity and stability when it comes to the deposition of 2D 

nanomaterials as BRE elements. Such facts are unmatched by any previous works reported so 

far. 

 

TABLE 5.3: Comparison of the proposed work with previous results reported in the literature 

Ref. no Schematic 𝐒𝛉 

[°/𝐑𝐈𝐔] 

FOM 

[1/RIU] 

λ 

[nm] 

[157] Ag + Si+ Ti3C2Tx 231 39.83 633 

[158] Cu + Ni + BP+ Ti3C2Tx 304.47 57.8 633 

[133] Au+ Ti3C2Tx +TMD+2D material  190.22 15.51 633 

[128]         Ag + Si+ BP+ Ti3C2Tx 264 41.25 633 

[132]         Au+ Ag + Si+ Ti3C2Tx 274 36.88 633 

[158] Metal+ ZnO + Ti3C2Tx 264 30.18 633 

[141] DL (Dielectric layer) + Ti3C2Tx + 

Gr 

52 326.74 1500 

[138] DBL (Dielectric buffer layer) + 

Ti3C2Tx +FG  

64 347 1550 
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From the fabrication aspects of the proposed plasmonic devices, the first step involves cleaning 

the glass prism with acetone, IPA, and DI water. After cleaning the glass prism, thin Al metal 

film can be deposited over the prism using the e-beam or thermal evaporation technique. 

MXene (Ti3C2TX) layer can be obtained through a minimally intensive layer delamination 

method, after selective etching of Al from the MAX phase (Ti3AlC2)[129].  2D nanomaterial 

such as Gr sheets can be deposited using a spray-assisted layer-by-layer process [159]. 

Likewise, MoS2@MXene (Ti3C2TX) fabrication can be performed via the hydrothermal 

method [160]. BP@ MXene (Ti3C2TX) can be fabricated using an in-situ growth process via 

the chemical vapor transport method [161]. Correspondingly, for FG layer deposition, the spin-

coating technique can be implemented [138]. In the proposed sensor, prior to each 

measurement, the sensing surface needs to be washed thoroughly with the solution in which 

the protein sample has been prepared. The common liquids/solutions used for washing the 

surface of the sensor after each measurement are bovine serum albumin (BSA), phosphate-

buffered saline (PBS), and deionized water. The best way to carry out such experiments is to 

fabricate multiple microfluidic channels onto a single sensor and pass different concentrations 

of the sample in each of the channels to have the same reference. 

 

5.4 Conclusion 

 

Highlighting the versatility of Al in the NIR region for an enhanced plasmonic response, in this 

chapter, we investigated Al-MXene (Ti3C2TX) based plasmonic devices employing 2D 

nanomaterials. The primary focus of this work was to explore the Al-based plasmonic devices 

with MXene (Ti3C2TX) nanosheets, such that both the parameters, i.e., sensitivity and FOM, 

are taken care of. After engineering Al-MXene (Ti3C2TX) based plasmonic design, the 

subsequent effect of 2D nanomaterial layers was studied for BP, Gr, MoS2, and FG as the 

[142] DL+ Ti3C2Tx 26 304 1550 

 

Proposed work 

Al + Ti3C2Tx +MoS2 

Al + Ti3C2Tx   +BP 

Al + Ti3C2Tx +Gr 

Al +Ti3C2Tx   + FG 

 

119 

 

119 

 

119 

119 

330.55 

 

330.55 

 

330.55 

340 

         

 

 

1550 
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intermediate layers between the Al-MXene (Ti3C2TX) layer and the analyte. It was found that 

employing such nanocomposites provided us with added advantages without even degrading 

the performance parameters as such. The Al-MXene (Ti3C2TX)-FG configuration was 

concluded as the best choice for sensing purposes, followed by the Al-MXene (Ti3C2TX)-MoS2 

configuration. These results strengthen the potential application of MXene (Ti3C2TX) for Al 

plasmonics in the NIR region. Lastly, to demonstrate biosensing application, minute changes 

in the concentration of the protein solution were detected using the proposed designs. The 

redshift in the SPR angle with the varying concentration of protein samples proved that the 

proposed Al-MXene (Ti3C2TX)-based plasmonic devices are a better candidate for analysis in 

the NIR region with both high sensitivity and FOM.  
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Chapter 6 

Resolution enhancement using a multi-layered aluminum-based 

plasmonic device with metal-dielectric-metal configuration 

 

An optimized plasmonic device always strives for higher sensitivity, as well as FOM. As 

observed in chapter 3, the inclusion of the dielectric layer (Si) enhances the sensitivity of the 

plasmonic device. In a quest to uplift the FOM further, a miniaturized design following a thin 

metal layer above the incumbent metal-dielectric (barium titanate) configuration is the point of 

discussion in this chapter. A metal-dielectric-metal (MDM) configuration is undertaken which 

leads to field confinement at the interface. This confined field at the nanoscale leads to 

increased FOM/resolution in the near-infrared region.  

 

6.1      Introduction  

 

The literature reports myriad combinations employing high dielectric constant materials like 

Silicon (Si), PMMA, and Barium Titanate (BaTiO3) also known as BTO, for improved SPR 

sensitivity, or using different material substrates to identify the change in the position of the 

resonance dips [162]. Various MDM designs for field confinement [163], and 2D 

nanomaterials (Graphene, MoS2, MXene) for increased affinity towards biomolecules [146] 

have also been reported over the conventional metal-analyte-based Kretschmann configuration 

to achieve high-performance yielding parameters. These examples point toward different 

combinations that bring about a rational design with improved feasibility, detection accuracy, 

and reduced cost for large-scale production.  

So far, among the previously reported Ag-based SPR configurations, that considered the 

dielectric properties of BTO, sensitivity improved substantially but at the cost of compromising 

FOM [164][165]. Also, in Au-based sensors employing BTO, FOM was observed to be as low 

as 37.22 RIU-1[166]. Furthermore, several multi-layered geometries also reported enhanced 

sensitivity. However, FOM was largely ignored in almost all such modified Kretschmann 

arrangements. Among the MDM configurations utilizing BTO, Karki et al. have demonstrated 

an exhaustive sensitivity analysis for Au, Ag, and Copper (Cu) metal layers at 633nm with and 

without BTO, wherein the stability and sensitivity issues associated with the single metal 

layered design was reported to be overcome by a bimetallic design [167]. Many Au and Ag-
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based MDM structures were also reported for better sensing performance parameters with 

respect to conventional single metal layer-based SPR sensor in the visible region for either 

angle interrogation or wavelength interrogation [168]. 

This brings us to a dualistic approach for the present work, i.e., considering multi-layered Al-

based Kretschmann configuration firstly, over the conventional single metal design in the NIR 

region. Secondly, to study resolution enhancement in Al-based MDM configuration 

comprising BTO as the high dielectric constant material utilizing the strong field confinement 

at the interface.  

Since utilizing an MDM configuration leads to the reduced linewidth of SPR curves, the FOM 

will be boosted significantly. After successive optimization of the intermediate layers, a 2D 

nanomaterial (MoS2) is considered for the biofunctionalization of the Al metal. A high 

absorption coefficient and a narrow linewidth in the NIR region are some of the appealing 

properties of MoS2. Analysis of the blood profile for the detection of the chikungunya virus is 

shown in the last section of this chapter to capture minute changes in the infected and normal 

blood components. The chikungunya virus is transmitted by the bite of infected female 

mosquitoes from one human body to another, especially affecting older people and people with 

serious health issues. The disease can severely increase morbidity and neurological 

manifestations as has been reported earlier [169]. Since the refractive index of blood depends 

on the changes in the concentration of its constituents (RBC, plasma, platelets), the normal and 

infected blood components can be accounted for by changes in the SPR dips due to changes in 

the refractive index. Finally, on comparing the results of the proposed device with the 

previously reported works, a significant improvement in the value of FOM in the NIR region 

is achieved by utilizing the MDM configuration. The proposed novel SPR sensor can very well 

be employed in the biomedical domain for varying levels of nanoscale detection.  

6.2 Design parameters for the proposed device 

Fig. 6.1(a) shows the schematic of the proposed plasmonic device using a conventional 

Kretschmann configuration, wherein CaF2 glass prism was considered as the substrate and Al 

was considered as the plasmonic metal. The entire simulations were performed for angle 

interrogation at telecommunication wavelength (1550nm) employing the TMM method. Over 

a 30nm thick Al film (tm1), BTO (tBTO = 10nm) was deposited as a dielectric material to increase 

the sensitivity. Thereafter, the second film of Al (tm2 = 10nm) was deposited again to get the 

MDM configuration, thus intensifying field confinement. MoS2 was used as a BRE layer for 

the analyte under test. The overall fabrication procedure for the proposed device is easy to 



68 

 

achieve.  In between two metal layers of Al, BTO can be deposited using methods like Metal 

Organic Chemical Vapor Deposition (MOCVD) or sol-gel method, etc. There are detailed 

experimental reports for the deposition of BTO over Al films for the application of thin-film 

capacitors [170]. The refractive index for BTO was calculated from the experimental values 

reported by Cardona [171]. The refractive index for the MoS2 monolayer (0.65nm) was 

extracted from Ref. [146]. The analyte ‘na’ was considered as water over which the change in 

SPR angle is observed. 

  

6.3 Numerical Analysis  

 

The reflection characteristics for the proposed device calculated using TMM Method are shown 

in Fig. 6.1 (b) where the dip in the reflectivity curve is due to the SP excitation at the interface. 

A redshift in the SPR curve was noticed with the increase in the analyte’s refractive index from 

1.33 to 1.34. To quantify the performance parameters of the proposed device, FWHM and 

Sensitivity (S𝛉) were calculated which corresponds to the linewidth of the SPR curves and shift 

in SPR angle w.r.t the change in the refractive index of the analyte, respectively. Finally, 

considering both parameters, FOM was found to be 540.9 RIU-1. 

 

Fig. 6.1 (a) Schematic for the proposed Al-based multi-layered plasmonic device with MDM configuration (b) Reflection 

characteristics for the proposed device with the redshift in SP angle due to change in the refractive index of the analyte. 

 

To get the optimized parameter for all the intermediate layers of the proposed device, several 

simulations were carried out considering low FWHM of SPR curves, and high signal contrast 

(low value of Rmin) as decisive parameters. Firstly, a conventional Kretschmann configuration 

with thin Al metal (tm1) coated with an analyte was considered as shown in the inset of Fig. 
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6.2(a), and the thickness of Al film (tm1) was varied from 20nm to 40nm in steps of 10nm. The 

calculated reflection characteristics are shown in Fig. 6.2 (a). It was observed that the 

reflectivity dip corresponding to 30nm strives for efficient SP excitation due to high signal 

contrast (low value of Rmin) whereas the value of tm1 = 20 nm and 40 nm led to poor signal 

contrast. Fig. 6.2 (b), shows the electric field distribution for tm1 = 30 nm, where the excitation 

of SP mode can be observed with stronger field enhancement at the interface as compared to 

tm1 = 20 nm and 40 nm (not shown here). 

 

Fig. 6.2 (a) Reflection characteristics for the conventional Kretschmann configuration with the variation in the Al metal 

thickness (tm1). The inset shows the schematic of the conventional Kretschmann configuration with a thin Al metal-analyte 

interface (b) Electric field distribution corresponding to the SP mode for Al metal thickness of tm1 = 30 nm. 

 

Next, a high dielectric constant material ‘BTO’ was considered on the top of the Al thin metal 

layer (tm1 = 30nm), and reflection characteristics were calculated with the variation in the 

thickness of BTO material (tBTO) over a range of 5nm to 15nm as shown in Fig. 6.3 (a). It can 

be seen that the signal contrast (value of Rmin) is almost constant with the variation in the 

thickness of the BTO layer. Since the high dielectric constant of BTO leads to enhanced 

sensitivity, the sensitivity and FOM are chosen to be the decisive parameters to get the 

optimized value of tBTO. To calculate the sensitivity and FWHM from SPR curves, the 

refractive index of the analyte was varied from 1.33 to 1.34. An increase in the redshift was 

observed with the changing analyte’s index as we keep on increasing the BTO thickness. It was 

also observed that with the increase in the BTO thickness (tBTO), the FWHM also increased. 

Therefore, a trade-off was established between sensitivity (S𝛉) and FOM over a varying 

thickness of BTO (tBTO) as shown in Fig. 6.3 (b). A value of 10 nm for the thickness of the 

BTO layer was found to be the optimized one for a decent value of sensitivity and FOM. The 



70 

 

comparison among the respective values of sensitivity and FOM with the variation in tBTO can 

be seen subsequently in Table 6.1 below. 

 

Fig. 6.3 (a) Reflection characteristics for varying thickness of BTO at 30nm of Al thin film (b) Trade-off between 

sensitivity and FOM for varying BTO thickness in the range of 2nm to 16nm. 

 

TABLE 6.1: Comparison of performance parameters with an increase in thickness of BTO  

for 30 nm of  tm1 layer 

 

 

 

 

After optimizing the thicknesses of the Aluminum thin metal layer (tm1 = 30nm), and BTO 

layer (tBTO =10nm), we considered another Al metal layer of thickness tm2 deposited on the 

BTO layer to achieve MDM configuration. The reflection characteristics were calculated with 

the variation in the thickness of the second Al metal layer (tm2) over a range of 5nm to 15nm, 

as shown in Fig. 6.4 (a). To calculate the sensitivity and FWHM from SPR curves, the refractive 

index of the analyte was varied from 1.33 to 1.34. Although the sensitivity was observed to be 

almost constant with the increase in thickness of the second Al metal layer (tm2), the FWHM 

was found to be decreasing, resulting in improved FOM or the resolution of the sensor. A 

decrease in the signal contrast (value of Rmin) was also observed with increasing the second Al 

metal layer thickness (tm2).  To have a decent value of signal contrast and FWHM, a trade-off 

between the Rmin and FWHM was established with the variation in the thickness of the second 

metal layer (tm2) as shown in Fig. 6.4 (b). An optimized value of tm2 = 10 nm was noticed for a 

decent value of signal contrast and FWHM for the proposed MDM configuration.  The 

comparison among the respective values of Rmin, FWHM, and FOM with the variation in tm2 

can be seen subsequently in Table 6.2 below. 

t BTO [nm] Sθ [°/RIU] FWHM [°] FOM [RIU-1] Rmin 

5 121 0.51 237.2 0.025 

10 124 0.54 229.6 0.028 

15 128 0.64 200 0.032 



71 

 

 

Fig. 6.4 (a) Reflection characteristics for varying thickness of tm2 for 30nm of first Al thin layer and 10 nm of BTO layer (b) 

Trade-off between sensitivity and FOM for varying tm2 in the range of 2nm to 16nm. 

TABLE 6.2: Comparison of performance parameters with an increase in thickness of tm2, for 30nm of the first Al 

thin layer and 10 nm of the BTO layer 

 

 

 

The reason for an increased resolution or FOM of the proposed MDM configuration-based 

plasmonic device can be explained with the help of calculated electric field distribution as 

shown in Fig. 6.5. Fig. 6.5(a) shows the electric field distribution for conventional 

Kretschmann configuration (glass prism + Al metal + analyte), whereas Fig. 6.5(b) shows the 

electric field distribution for the proposed Al-based multi-layered plasmonic device with MDM 

configuration respectively. An enhanced electric field observed in the vicinity of the metal-

analyte interface was attributed to the SP mode excitation after the maximum energy transfer 

from the incident light to SPs (Fig. 6.5 (a)). Eventually, this field interaction gets more localized 

as soon as the tm2 layer was added above the BTO thin film to form an MDM configuration 

(Fig. 6.5 (b)). The strong field localization results in a lower FWHM of the SP curve in the 

case of MDM configuration [172]. Such field distribution is directly related to the penetration 

depth that defines the interaction length of SPs. As a result, a reduced penetration depth in the 

MDM configuration (a few tens of nanometers) leads to reduced FWHM and thus larger FOM 

concerning conventional Kretschmann plasmonic devices having a penetration depth of about 

hundreds of nano-meters. 

tm2 [nm] S𝛉 [°/RIU] FWHM [°] FOM [RIU-1] Rmin 

5 121 0.31 390.3 0.049 

10 119 0.22 540.9 0.24 

15 118 0.18 655.5 0.45 
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Fig. 6.5: Electric field (EZ) distributions of the SPR dip for (a) Conventional Kretschmann configuration {Glass + Al metal + 

Analyte} and (b) the proposed Al-based multi-layered plasmonic device with MDM configuration respectively. 

Table 6.3 compares the effect of each of the intermediate layers in between the glass prism and 

analyte. Compared to the conventional Kretschmann configuration (Case-I), with the 

successive addition of the BTO layer (Case-II), sensitivity was improved but at the cost of poor 

FOM, as already reported in the literature. In the proposed Al-based multi-layered plasmonic 

device with MDM configuration (Case-III), an enhancement in FOM or resolution was 

observed due to a reduction in the FWHM of the SP curve at 1550nm.  

TABLE 6.3: Effect of different layers on the performance parameters of the proposed device 

 

 

 

Finally, to demonstrate biosensing application for the proposed plasmonic device, a monolayer 

MoS2 was considered on the proposed device (Fig. 6.1 (a)) as BRE to bind the biomolecules. 

The better absorptivity nature of this bio-analyte enables its extensive use for biosensing 

purposes. Since pure Al is not viable for biosensing applications, thus, the MoS2 layer protects 

the Al metal layer from oxidation. Fig. 6.6 presents the reflection characteristics of different 

blood components in normal and infected stages as a bio-analyte on the proposed plasmonic 

device. The refractive index values for the different blood components were taken from Ref. 

[173]. For example, when a healthy/normal blood sample (na=1.35) is infected (na=1.33),the 

difference is reflected in their corresponding index values which shift the resonant location of 

Configurations S𝛉[°/RIU] FWHM [°] FOM [RIU-1] 

Case I 118 0.42 280.95 

Case II 124 0.54 229.62 

Case II 119 0.22 540.9 
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the SP curves.  A blueshift in the SPR curves was observed for all the blood components due 

to a decrease in the refractive index in the infected stage as compared to the normal stage.  

 

Fig. 6.6: Reflectivity characteristics of the proposed plasmonic device for different blood components in normal  

and infected stage. 

 

At last, the results obtained from the proposed plasmonic device were compared with the 

previously published results as shown in Table 6.4. The obtained FOM is much higher than the 

recently published results which largely ignored this parameter. Utilizing the cost-effective Al 

for resolution/FOM enhancement with the proposed MDM configuration in the prism-based 

plasmonic device can be used as a promising SPR sensor for future applications in the NIR 

region. 

TABLE 6.4: FOM comparison of the proposed plasmonic device with previously reported works 

Ref. no. Schematic FOM [RIU-1] 

[167] Cu + BTO + Cu+ BP 145 

[164] Ag + BTO + Gr 45.05 

[174] Ag+ Au+ BTO +Gr 42.13 

[175] Ag+ BTO+ Ag+ Gr 54 

Proposed 

work 

 Al +BTO+Al+MoS2 540.9 
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6.4 Conclusion 

    An Al-based multi-layered plasmonic device was proposed for enhanced resolution for 

sensing applications in the optical communication band. MDM configuration was introduced 

in the conventional prism-based plasmonic device to increase the FOM by decreasing the 

linewidth of SPR curves. The effect of each intermediate layer in the proposed Al-based 

multi-layered device was carried out by studying the performance parameter analysis from 

the reflection characteristics. An improved value of FOM with a decent sensitivity was 

obtained for the proposed plasmonic device, leading to the resolution enhancement. The 

engineered plasmonic device was then used to demonstrate the bio-sensing application at the 

optical wavelength of 1550nm. The different blood components were considered in normal 

and infected stages on the proposed plasmonic device for detecting the chikungunya virus. 

The proposed plasmonic device can serve many bio-sensing applications for resolution 

enhancement in the near-infrared region. 
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Chapter 7 

Aluminum-based engineered plasmonic nanostructures for 

sensing applications in the near-infrared region 
 

Besides the prism-based configuration, it is also possible to excite SPs with normal incident 

TM-polarized light using periodic nanostructures [176]–[182] – a technique that is gaining 

popularity due to availability and relative ease of fabrication techniques, particularly 

interference and nanoimprint lithography techniques [183], [184]. The sensitivity of these 

nanostructure-based SPR sensors, while slightly lesser than that of prism-based designs, have 

several other advantages in terms of integration and compactness. Sensors designed to work 

with the normal incidence of light are advantageous from the perspective of noise reduction 

[178] and are also integrable with optical fibers, which can be used for both excitation of SPs 

and the interrogation of reflectivity spectra [185]. The resonance characteristics of these 

sensors can be easily controlled by tuning the physical parameters of the nanostructures such 

as period, width, height, etc. We have divided this chapter into two major sections, i.e., 1D and 

2D periodic nanostructure-based plasmonic devices.   

  

7.1 Introduction 

Increasing the sensitivity of periodic nanostructure-based sensors while taking into account the 

feasibility of fabrication, is still a challenge. Recently, Au-based periodic nanostructure-based 

Kretschmann configuration has been reported for quality factor enhancement via dispersion 

engineering [186]. But, a wide linewidth of the SPR curve is the major drawback associated 

with the Au-based structure.  

In this chapter, we proposed highly-sensitive plasmonic devices with Al-based periodic 

nanostructures to capture the minute changes in the refractive index and thickness of an analyte 

in the NIR region. The nanostructures were engineered for high sensitivity and low FWHM, 

using a custom-made RCWA simulator. The high sensitivity and FOM obtained in the optical 

communication band and the possibility of self- referencing which avoids the measurement 

error due to optomechanical shift and temperature fluctuations are the novelty of the proposed 

device. Since the proposed plasmonic device work in the communication band, the device will 

be advantageous from the biosensing point of view, as it causes very small photodamage to 

bio-samples. 
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In this chapter, we started by observing the reflectivity spectra for a 1D Al nanostructures-

based plasmonic device using wavelength interrogation for different refractive indices of the 

analyte. The proposed work with optimized parameters ends up with higher sensitivity as well 

as FOM. Since light is incident from the bottom of the glass substrate, the constraints associated 

with the analyte won’t be a point of concern. Next, we proposed 2D Al nanostructures-based 

plasmonic device with two different periodicities in two different directions to capture the 

multiwavelength SP excitation for two different wavelength regions.  

 

7.2  1D Al nanostructure-based plasmonic device 

In our proposed 1D nanostructure arrangement, the normal incidence operation from the bottom 

of the device eases the integration of the proposed plasmonic device with optical fibers. Such an 

arrangement acts as an advantage since the proposed configuration can be used both to excite 

the SP and to interrogate the spectral reflectance. The proposed nanostructures can easily be 

fabricated using conventional semiconductor processing techniques involving electron beam 

lithography, a metal evaporation step followed by a liftoff process. The geometrical parameters 

of the proposed device were systematically varied to optimize the performance parameters 

(sensitivity, FOM, and spectral linewidth) while taking the feasibility of the fabrication into 

account. 

 

7.2.1 Design parameters  

 

The schematic for the proposed plasmonic device is shown in Fig. 7.1(a). It includes Al-based 

periodic nanostructures on the top of the thin homogeneous Al-coated glass substrate integrated 

with one end of the optical fiber. The geometric parameters for the proposed structures were 

engineered for their sensitivity to an analyte with different refractive indices and thicknesses 

using the RCWA method [187], implemented on a custom-made MATLAB program. The 

different geometrical parameters considered were the thickness of the metal layer ‘tm’, the 

thickness of the nanostructure ‘tns’, and the fill factor of the nanostructure’s ‘f’. The period ‘P’ 

of the nanostructures will certainly influence the wavelengths at which resonances will occur, 

allowing us to design a sensor that exhibits resonance at desired wavelength ranges. 

A thin homogeneous layer of Al was assumed between the periodic nanostructures and the 

glass substrate. When light is incident normally, much of it is reflected back by this metal layer 

which behaves as a mirror. However, some of the wavelengths couple with the nanostructures 

to excite SPs by the phase-matching condition. The wavelength-dependent dielectric constant 



77 

 

values of Al are taken from [188].  

 

Fig. 7.1 (a) Schematic diagram of the proposed Al-based nanostructure integrated with the one end of the optical fiber (b) 

Reflectivity spectrum for the nanostructure of period = 1100 nm indicating the regions where resonance occurs (i) at the 

nanostructures-analyte interface (SP mode) and (ii) At thin metal-substrate interface (Substrate mode). Insets (i) and (ii) 

show the electric field distribution for SP mode and substrate mode respectively. 

 

7.2.2 Numerical Analysis  

 

The reflectivity spectra obtained under TM polarization for plasmonic nanostructure of period 

P = 1100 nm, tm = 15 nm, and tns = 40 nm, is shown in Fig 7.1(b). The structures exhibited two 

distinct reflection dips corresponding to two different interactions with the plasmonic device 

at the wavelengths 1464 nm and 1818 nm respectively as shown in Fig. 7.1(b). The reflection 

dips occur when, instead of being reflected, the light generates SPs (resonance condition) on 

either the nanostructure-analyte interface or the thin Al metal-glass substrate interface. The 

electric field (Ez) distributions for this geometry at wavelengths 1464 nm and 1818 nm are 

shown in the inset (i) & (ii) of Fig. 7.1(b) respectively. It was observed that the resonance dip 

at a wavelength of 1464 nm is due to the SP excitation at the nanostructures-analyte interface 

(inset (i)) where the electric field distribution shows a strongly confined mode at the 

nanostructure-analyte interface. The resonance dip at the wavelength of 1818 nm is attributed 

to the SP excitation on a thin Al metal-glass substrate interface as shown in the inset (ii) of Fig. 

7.1(b) which is named as substrate mode.  
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Fig. 7.2 Reflectivity spectra as a function of wavelength for plasmonic nanostructures (a) of tm = 15nm and with variation in 

nanostructure height (tns) (b) of tns = 40nm and with the variation in thin metal height (tm). 

 

Fig. 7.2(a) shows the obtained reflectivity spectra for different thicknesses of nanostructure 

height (tns) which was changed systematically and Fig. 7.2(b) shows the reflectivity spectra for 

a systematic variation of thin homogeneous metal height (tm). The optimal value was selected 

based on two factors – the depth of the dip (which is a measure of signal contrast) and the 

FWHM. A narrower FWHM implies better sensing capabilities (resolution, in particular) of 

the sensor. The spectrum which showed a dip of reasonable signal contrast and less FWHM 

was selected as the optimum – higher contrast usually led to a greater FWHM, so a reasonable 

trade-off was considered. It was found that a tns of 40 nm and a tm of 15 nm gave the best results. 

Since tns is a parameter related to only periodic nanostructures, the dip corresponding to 

substrate mode (right side dip) remains unchanged, and only the wavelength at which SP mode 

occurs will change. As the thickness of the metal layer ‘tm’ increases, the light of different 

wavelengths gets reflected back, and consequently, the dips show lesser contrast. At lower 

thicknesses, more light passes through, which leads to better signal contrast but at the cost of 

increased FWHM. 
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Fig. 7.3 (a) Reflectivity spectra plotted against wavelength for systematic variation of fill factor (f), and (b) illustrates the 

shift in the position of the dip corresponding to SP mode and Substrate mode with the variation in the Period (P). 

 

Fig. 7.3(a) shows how the fill factor affects the reflectivity spectrum. It was found that a fill 

factor of 0.5 gave the best signal contrast and FWHM. Fig. 7.3(b) illustrates how the SP mode 

dip and Substrate mode dip positions can be tuned in the desired region by changing the period 

of the periodic nanostructures. The resonance wavelength (λSP) for plasmonic nanostructures 

is given by: 
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From equation (7.1), we find that λSP or the wavelength at which SPR occurs is close to P × na, 

if the first-order diffraction order is present, an observation corroborated by Fig. 7.3(b). 

Fig. 7.4 illustrates the sensor in operation, showing reflectivity characteristics for different 

analytes of differing refractive indices, with P = 1100 nm, tns= 40 nm, and tm=15 nm. The 

substrate mode occurs at a wavelength of 1818 nm. It is evident from this graph why a narrow 

FWHM and signal contrast are desired parameters; the better those parameters are, the more 

sensitive the device is to changes in the analyte refractive index. We also observed that the 

signal corresponding to the substrate refractive index remains perfectly unchanged, which 

suggests that it can be used as a reference for the SP mode signal.  
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Fig. 7.4 (a) Reflectivity spectra obtained with optimized parameters of  P = 1100 nm, tns= 40 nm, and tm=15 nm when 

analytes of different refractive indices were examined (b) The zoom-in picture of the shift in the position of SP mode with 

the variation in the refractive index of the analyte. 

 

To utilize these plasmonic nanostructures as a refractive index sensor, the refractive index of 

the analyte (na) was varied by 0.01RIU, and reflectivity spectra for plasmonic nanostructures 

were calculated as shown in Fig. 7.4(a). The right shift in the resonance wavelength, 

corresponding to SP excitation at the nanostructure-analyte interface, with the increase in the 

analyte’s refractive index was observed as shown in Fig. 7.4(b). The FWHM for the SP 

resonance dip was extracted as 18 nm, the sensitivity of this mode to a change in refractive 

index was 1100 nm/RIU and FOM value was found to be 61.11 RIU-1. From equation 7.1, the 

refractive index sensitivity is determined by the diffraction order and the periodicity of the 

nanostructures which is sensitivity = ΔλSPR/Δna ≈ P/m. A low diffraction order and a larger 

grating period are desirable to achieve higher sensitivity. In our case, we used the same 

approach by using the Period (P) = 1100 nm and m = 1 which resulted in a sensitivity of 

1100nm/RIU. Table 7.1 represents the sensitivity and FWHM comparison for the proposed 

work with earlier reported plasmonic nanostructure-based optical sensors. The proposed work 

offers high sensitivity and FOM in the communication band compared to other work. This is 

not the first time a large sensitivity is reported with plasmonic nanostructures or plasmonic 

gratings. Recently, a study presented the performance analysis of a grating-based SPR sensor 

[180] with a large sensitivity (1200 nm/RIU). However, the overall FOM was very less owing 

to a large SPR line width (FWHM). Moreover, the incident light is operated at a fixed incidence 

angle (20°), which is bound to cause errors in measurement because it is very difficult to 
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maintain a specific oblique angle. This work was not added to the table because the idea was 

to compare the performance of the normal incident light-based devices.  

Table 7.1. Performance parameters for different plasmonic nanostructure-based optical sensors 

Ref. no Schematic Sensitivity [nm/RIU] FOM [RIU-1] λ [nm] 

[189] Meta-surface-based 

biosensor 

192 64 400-700nm 

[190] Plasmonic bio sensor on 

Blu-ray disc 

425 35 500-800nm 

[191] Semi-circle groove-based 

sensor 

428.7 24 500-850nm 

[178] Metal oxide grating-based 

sensor 

461.5 31.18 1400-1540nm 

Proposed work Al-based plasmonic 

nanostructure 

1100 61.11 NIR 

 

 

 

Fig. 7.5 (a) Reflectivity spectra obtained with optimized parameters of P = 1100 nm, tns= 40 nm, and tm=15 nm with varying 

thickness of the analyte (b) Comparison in the reflectivity spectra of Al-based, Ag-based, and Au-based periodic plasmonic 

nanostructures of period P = 1100 nm. 

 

To use this proposed plasmonic device for the thickness sensor, the thickness of the analyte (ta) 

was varied for the nanostructures of period P = 1100 nm, tns= 40 nm, and tm=15 nm as shown 

in Fig. 7.5(a). In addition to the occurrence of SP mode and substrate mode, the presence of 

the third mode named as ‘dielectric waveguide’ was observed in the reflectivity spectra.  It was 

observed that the number of dips corresponding to these higher-order waveguide modes 

increased as the thickness of the analyte increased. This suggests that the waveguide mode can 
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be used as a coarse estimator for the thickness of the analyte, once the refractive index is 

determined from the SP mode. 

 Fig. 7.5(b) shows the comparison of refractive index variation for three different plasmonic 

metals namely Al, Ag, and Au assumed in the proposed plasmonic device. Al-based plasmonic 

nanostructures offered a narrow linewidth (FWHM {Al} = 18nm) compared to Ag and Au 

based plasmonic nanostructures (FWHM {Ag} = 25nm, FWHM {Au} = 54nm) as shown in 

Fig. 7.5(b). The increase in the FWHM value leads to a decrease in the FOM value. Therefore, 

Al is considered as the plasmonic metal in the proposed plasmonic device. 

 

 

Fig. 7.6 (a) Simulated reflectivity spectra obtained with optimized parameters of P = 1100 nm, tns= 40 nm, and tm=15 nm for 

different concentrations of the Hemoglobin (Hb Concn) considering that nanostructures are filled with the analyte (Hb). (b) 

The corresponding shift in the SP mode wavelength with the variation in the Hemoglobin concentration.  

 

Fig. 7.6 (a) shows the simulated reflectivity spectra for the optimized proposed nanostructures 

for the different Hemoglobin concentrations (Hb Concn) in the optical communication band 

and Fig. 7.6 (b) shows the corresponding shift in the SP mode wavelength. The selected optical 

communication band will be advantageous in terms of integration with the existing optical fiber 

system, which makes it possible to apply the proposed structure in on-chip 

sensing applications. The values of the corresponding refractive indices for the different Hb 

concentrations are taken from Ref. [192]. Table 7.2 shows the corresponding values of 

sensitivity, FWHM, and FOM for the different concentrations of Hemoglobin considering 0g/lt 

as a reference. It was noticed that the values of sensitivity and FOM increase for larger Hb 

concentrations. 
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Table 7.2. Calculated parameter values for different values of Hb concentrations 

Hb Concn (g/lt) λSP[nm] na (at λSP) FWHM [nm] S [nm/RIU] FOM [RIU-1] 

0 1450.00 1.3174 16.50 Reference --------- 

65 1462.00 1.3280 18.00 1037.77 57.6 

87 1471.00 1.3364 19.00 1071.42 56.39 

173 1486.00 1.3503 14.00 1079.13 77.08 

260 1501.00 1.3642 17.00 1079.13 63.47 

 

7.3  2D Al nanostructure-based plasmonic device 

 

Various designs that have been proposed in the previous chapters are exclusive to a particular 

wavelength regime. However, real-time sensing applications necessitate such a 

configuration/methodology that can be compatible with a spectrum large enough such that the 

wavelength no longer serves to be a bottleneck during the fabrication process. Additionally, 

when it comes to biomolecular level detection, the frequencies associated with electromagnetic 

radiation in the biomolecules (DNA) are estimated to be within the IR, visible, as well as 

partially UV regions [193].  

We already witnessed in chapter 2 (literature review) that Al-based plasmonic devices work 

exclusively well either in the deep UV or in the visible region. Similarly, employing Al in the 

IR region provides minimal photodamage to the bio-sample in the respective regions [194]. 

These works show Al working extremely well in a particular wavelength region. As of now, 

there are limited reports on the use of the plasmonic response of Al-based nanostructures in the 

entire visible–IR band for such applications. For example, González-Campuzano et al. 

discussed how Al-based nano-domes can become a popular  alternative by expanding towards 

the entire UV-Vis-IR region of the electromagnetic spectrum [18]. Along similar lines, our 

approach in this section is to come up with such a plasmonic device that can be employed in 

multiwavelength regions. 

In this section, we demonstrate the 2D Al-nanostructure-based plasmonic device supporting 

multispectral SP resonances. This allows the evaluation of unknown bio-analytes at different 

wavelengths in a single experiment.  
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7.3.1  Design parameters  

 

A schematic for the proposed plasmonic device has been shown in Fig. 7.7. Thin Al film was 

deposited over the top of the glass substrate, followed by Al-based periodic nanostructures. 

The analyte covers the Al nanostructures where the SP excitation takes place. A shift in the 

resonance wavelength is expected to be observed with the subsequent changes in the analyte’s 

refractive index, hence demonstrating its biosensing capability. Fig. 7.7(a) shows the 3-D view 

of the 1D Al-nanostructure-based plasmonic device. Fig. 7.7(b) shows the 3-D view of the 2D 

Al-nanostructure-based plasmonic device where the period along the x and y direction decides 

the region of plasmonic sensing operation. To get the optimized geometrical parameters for the 

proposed 2D nanostructures, firstly, a 1D nanostructure-based plasmonic device was taken into 

consideration for engineering the different layers of the device. An analyte thickness of 50nm 

was assumed to fill the nanostructures of period along the x-direction, Px = 1000 nm, and period 

along the y-direction, Py = 500 nm with the analyte (na=1.33) as shown in Fig. 7.7(b). All the 

simulations were performed at a 50% duty cycle. In the proposed plasmonic device, under the 

normal incidence condition for a TM polarized light, when most of the light gets reflected from 

the thin homogeneous Al metal layer, SP transmission peaks are observed in the transmitted 

spectra due to the momentum matching condition at the nanostructure and analyte interface. 

The corresponding transmission peaks due to SP excitation can be captured from the bottom 

of the substrate. 

 

Fig. 7.7 (a) Schematic of the 1D Al-nanostructure based plasmonic device- {3D view} (b) Schematic of the 2D Al-

nanostructure based plasmonic device- {3D view}. 
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7.3.2  Numerical Analysis 

 

Fig. 7.8(a) & 7.8(b) show the simulated transmittivity spectra using RCWA with the variation 

in the tm and tns respectively. Fig. 7.8(a) shows that tm = 20 nm is the optimal choice, keeping 

the narrow line-width of SP peaks and high signal contrast as the key parameters. Similarly, 

the highest transmission peak was observed for tns = 20 nm as shown in Fig. 7.8(b).  

 

Fig. 7.8 Transmittivity spectra for the proposed 1D Al-nanostructure-based plasmonic device of period P = 500 nm with (a) 

variation in thin Al metal film thickness (tm) (b) variation in the nanostructure thickness (tns) respectively. 

Subsequently, the plasmonic response in the form of SP transmission peaks was analyzed for 

the optimized 1D Al-nanostructure-based plasmonic device with P = 500 nm, and tm = tns = 20 

nm as shown in Fig. 7.9(a). The presence of two transmission peaks corresponding to SP mode 

and Substrate mode was observed in the transmitted spectra at the wavelength of 580 nm and 

795 nm respectively. The occurrence of these modes was confirmed by calculating the electric 

field distributions (shown as inset (i) & (ii)) for the above-mentioned wavelengths.  

To study the effect of the period for the proposed Al-based nanostructures on the plasmonic 

response, the transmittivity spectra were calculated for tm = tns = 20 nm with the variation in 

the period ‘P’ as shown in Fig. 7.9(b). It is clear that the SP resonance wavelength can be easily 

tuned according to the period of the nanostructures. Varying the period from 500 nm to 1200 

nm shows that variation in the periodicity of nanostructures can tune the plasmonic response 

to a specific wavelength regime. 
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Fig. 7.9  (a) Transmittivity spectra for the optimized 1D plasmonic nanostructures of period P = 500 nm, and tm = tns = 20 

nm along with the electric field distributions for SP mode and Substrate mode shown as the insets (i) & (ii) respectively (b) 

Transmittivity spectra for the engineered 1D Al-nanostructure based plasmonic device with the variation in the period. 

From Fig. 7.9(b), we selected the second period to 1000 nm to observe the plasmonic response 

in the near IR wavelength region. Fig. 7.10(a) shows the transmittivity spectra for 1D 

plasmonic nanostructure of period P = 1000 nm, and tm = tns = 20 nm. The observation of two 

transmission peaks at the wavelength of 1041 nm and 1553 nm corresponding to SP and 

substrate mode was verified by the electric field distributions shown as inset (i) & (ii) of Fig. 

7.10(a). 

After observing the SP resonances in the Visible region for 1D nanostructure of period P = 500 

nm and in the near IR region for 1D nanostructure of period P = 1000 nm separately, we 

proposed a 2D Al-nanostructure-based plasmonic device with period PX = 1000 nm (in the x-

direction) and PY = 500 nm (in the y-direction) as shown in Fig. 7.7(b). Fig. 7.10(b) shows the 

simulated transmittivity spectra for the proposed 2D Al-nanostructure-based plasmonic device 

where the transmission peaks are located at the wavelength of 580 nm and 1040 nm 

corresponding to SP modes for the period 500 nm and 1000 nm along y and x-direction 

respectively.  
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Fig. 7.10  (a) Transmittivity spectra for the optimized 1D plasmonic nanostructures of period P = 1000 nm, and tm = tns = 20 

nm along with the electric field distributions for SP mode and Substrate mode shown in the insets (i) & (ii) respectively (b) 

Transmittivity spectra for the proposed 2D Al-nanostructure based plasmonic device with Px= 1000 nm, Py = 500 nm, and tm 

= tns = 20 nm along with the electric field distributions for SP modes in the visible and near-infrared region as shown in the 

insets (i) & (ii) respectively. 

The simulated electric field distributions for the excited SP modes in visible and near IR regions 

can be seen in the inset (i) and (ii) of Fig. 7.10(b) which show strong confinement of the field 

at the corners of 2D nanostructures. For 2D nanostructures, the light was incident normally for 

the polarization angle of 45° (both TE+TM). As a result of which SP modes are excited in both 

x and y directions with the opposite polarity of the electromagnetic field as shown in the field 

distribution. The magnitude of the peaks corresponding to SP modes in the transmittivity 

spectra of 2D nanostructures (Fig. 7.10(b)) reduced to almost 50% compared to 1D plasmonic 

nanostructures due to 50% distributions of the total incident light into TE and TM polarization 

components.  The presence of SP modes in two different wavelength regions in a single 

experiment opens a new door to demonstrate the biosensing applications in both visible and 

NIR regions with the same plasmonic substrate. 

Finally, to demonstrate the sensitivity analysis, the refractive index of the analyte ‘na’ on the 

top of the proposed 2D-nanostructure-based plasmonic device was varied and the transmittivity 

spectra were calculated as shown in Fig. 7.11(a). Subsequent redshift was observed by varying 

the refractive index of the analyte ‘na’ in steps of 0.01. Fig. 7.11(b) & (c) show the zoomed-in 

picture for the shift in the transmittivity peaks corresponding to excited SP modes in the visible 

and near-infrared regions respectively. A sensitivity of 500 nm/RIU was observed for the 

visible region while 1000 nm/RIU was observed for the NIR region. This observation shows 

that the device is sensitive enough to be implemented in bio-sensing and chemical-sensing 

applications. Table 7.3 shows the comparison of our final results with the previously reported 
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works. It can be inferred that our work has achieved decent sensitivity for both the visible and 

NIR regions with the added advantage of the wide wavelength difference (visible and near-

infrared), self-reference capability, and wavelength tunability of SP modes by changing the 

period in the x and y direction.  

 

 

Fig. 7.11 (a) Transmittivity spectra for the proposed Al-based 2D nanostructures with PX= 1000 nm, Py = 500 nm, tm=tns=20 

nm with variation in the refractive index of the analyte ‘na’ (b) zoomed-in picture for the variation of the ‘na’ in SP mode for 

the visible region (c) zoomed-in picture for the variation of the ‘na
’ in SP mode for the near-infrared region. 

              TABLE 7.3: Comparison of the proposed work with previous results reported in the literature 

 
 

 

 

 

 

 

 

 

 

 

 

Ref. no Schematic S [nm/RIU] λ [nm] 

[178] Ag+Si+Al2O3 grating 477.02 1440-1540nm 

[195] Au-covered titania gratings 938.7 1040-1100nm 

[180] Al-based grating sensor ~700 500-1000nm 

[189] GaN gratings+SiO2 192 400nm-800nm 

[179] Si3N4 gratings +Ag+SiO2 580 1400nm-1700nm 

Our work Glass +Al film +Al 

nanostructures 

1000 nm/RIU (NIR) 

 

500nm/RIU (Visible) 

500-1500nm 
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7.4 Conclusion 

This chapter broadly examined 1D and 2D nanostructure-based arrangements. Both 

configurations are feasible enough to be implemented for real-time sensing applications 

since all the performance parameters are equally taken care of.  Firstly, a self-referenced 

plasmonic device with 1D Al-based periodic nanostructures was proposed. The normal 

incidence operation from the bottom of the device eases the integration of the proposed 

plasmonic device with optical fiber. Moreover, shining the light from the bottom of the 

device would not add any constraints such as the analyte or flow cell needed to be 

optically transparent, which is the main novelty of the work. The proposed device offered 

a competitive sensitivity (1100 nm/RIU) in the optical communication band.  

In the proceeding section, we evaluated the possibility of using Al-based 2D 

nanostructures for the multiwavelength plasmonic activity from the visible to the NIR 

region. Here, after confirming the presence of the SP modes in both the wavelength 

regimes independently, the multiwavelength plasmonic behavior of the proposed device 

was studied with different periods in the x and y directions. Al-based 2D nanostructures 

with different periods in different directions can be exploited in multiple applications 

such as imaging sensors or sensing spectroscopy wherein the analyte characteristics 

corresponding to different wavelengths can easily be extracted in a single experiment.  
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Chapter 8 

Aluminum-nanostructure-based plasmonic device with enhanced 

sensitivity and figure of merit using both wavelength and angle 

interrogation 

Even the most simplified prismatic structure still accounts for limited dynamic range detection. 

Thus, the flexible and controllable geometry of nanostructures has become an interesting 

alternative for improved miniaturization and a large dynamic range. Of late, sine and 

rectangular nanostructures have gained popular perspective due to ease in the fabrication 

process flow. This chapter focuses on Al-based nanostructures and the proposed geometry that 

can enable both modes of interrogation i.e., angle and wavelength-based analysis of the 

plasmonic design. 

A detailed analysis using RCWA is carried out to prove the feasibility of the proposed 

plasmonic device       with the same designed parameters to operate in two interrogation modes, 

which is impossible in a conventional prism configuration. The performance parameters, 

sensitivity, and             FOM are found to be 1000nm/RIU and 333.33RIU-1 during wavelength 

interrogation and 119º/RIU and 318.91RIU-1 for the angle interrogation respectively. Finally, 

the biosensing application is carried out by demonstrating the glucose concentration detection 

in the urine samples. The proposed Al-based plasmonic device decorated with a Gr layer has 

the advantages of being cost-effective and possessing real-time sensing capability, paving 

the way for biomedical applications in the near-infrared region. 

 

8.1     Introduction 

Nanostructure-coupled SPR sensors are also known to show modest sensitivity and narrow 

linewidth which makes them widely compatible with sensor chip mass production [12]. Even 

Al-based plasmonic nanostructures have demonstrated appreciable refractive index and 

thickness sensing [13], [14]. Nanostructures such as Al-based nanohole arrays have shown 

negligible signs of degradation on oXygen plasma and are 25,000 times cheaper than noble 

metallic arrays [8]. To assist the functionalization of the Al-thin films, research on Gr-

based photonic devices has accelerated among the various BRE available [15], [16]. Over 

the years, researchers have established exemplary results in a quest to enhance the 

performance parameters of sensing in a typical SPR sensor. Kong et al. recently presented 

reflectivity spectra for Gr-coated sub-wavelength Ag nanostructures at the wavelength of 

633 nm. The angular interrogation performed in a multilayered Gr nano-device resulted in 
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maximum sensitivity of about 220.67◦/RIU, however, a broader linewidth of almost 7◦ led 

to a poor FOM [17]. Likewise, at 1550 nm, the MXene-based sensor aided by Gr for 

biomolecular binding produced a FOM of 559.24 RIU-1 and low sensitivity of about 

39.12◦/RIU [18]. Parallelly, for an SPR sensor under wavelength interrogation, Au-covered 

titania nanostructures showed high sensitivity (938.7 nm/RIU) but degraded FOM (39.7 

RIU-1) respectively [19]. With Gr being deposited over the nanostructure ridges, a 

sensitivity of 2780 nm/RIU was achieved but again with a very broader linewidth of around 

150 nm, thus resulting in a poor FOM of almost 18.5 RIU-1 [20]. As per our knowledge, 

works reported on wavelength interrogation have considered sensitivity as an important 

parameter without considering the effect of the broader linewidth of the SPR curve in the 

spectra. Overall, the advantages offered by plasmonic devices have been examined 

exhaustively in the recent past but only with either of the interrogation e.g., wavelength 

interrogation or angle interrogation. Moreover, it is difficult to realize SPR sensing 

simultaneously with large sensitivity and FOM in a conventional prism coupling structure. 

In this chapter, we have proposed a Gr-decorated Al nanostructure-based plasmonic 

device for sensing in the NIR region where the same engineered device can be used under 

both angular as well as wavelength interrogation with high sensitivity and FOM 

simultaneously. It should be noticed that a larger value of FOM mainly originates from 

the narrow SPR linewidth which is favorable to realizing high-resolution detection and 

improving the detection limit considerably. Al-based engineered periodic 

nanostructures with characteristics of coupling of plasmonic modes have been utilized 

in the plasmonic device to shrink the linewidth. Our proposed plasmonic device does 

not need any complex fabrication processes which manifests itself as a feasible way to 

show the promising sensing application for biomedical purposes, employing Gr for 

functionalization purposes on an Al-based plasmonic device. In the proposed device, Al 

nanostructures can easily be fabricated using conventional semiconductor processing 

techniques involving electron beam lithography, a metal evaporation step followed by a 

lift-off process. Thereafter, the dielectric buffer layer (PMMA) can be spin-coated to fill 

the nanostructures resulting in a planar surface. Later, a thin Al film can be deposited on 

top of the buffer layer. Finally, the Gr monolayer can be directly transferred on top of the 

Al film by either simple use of the scotch tape method, glow discharge method, or CVD 

process. To experiment under wavelength interrogation, the fabricated substrate can be 
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integrated with the tip of the optical fiber, which can be used for both excitation of SPs 

and the interrogation of reflectivity spectra under normal incidence conditions.  

For angle interrogation, the fabricated plasmonic glass substrate can be integrated into the 

prism with index-matched (NOA-142) optical adhesive, and the reflectivity measurements 

can be taken for the angle interrogation for a wavelength of 1550 nm.  

8.2 Design parameters for the proposed device 

 

 

Fig. 8.1. (a) Schematic for the proposed Gr decorated plasmonic device under wavelength interrogation (b) 

Schematic for the proposed design under angle interrogation with the addition of prism; Reflectivity curves for the 

proposed design (c) under wavelength interrogation (d) under angle interrogation respectively. (e) The electric 

field distribution corresponding to reflectivity dips appeared in the reflectivity curves. 

The schematic shown in Fig. 8.1(a) represents the proposed Gr-decorated plasmonic device 

and Fig. 8.1(b) represents the same proposed device integrated with a glass prism. The 

glass material used for both schematics is CaF2. In both schematics, the proposed device 

involves Al as the plasmonic metal. The dielectric layer (PMMA) acts as a buffer layer over 

the nanostructures which makes the resulting surface planar for further Al thin film 

deposition. The analyte, under test, is in contact with a Gr monolayer of thickness 0.34 

nm [16] where the SPR propagates and interacts with the analyte. The use of the Gr layer 

not only protects the Al metal from oXidation but also acts like a BRE for the bio-
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functionalization of the Al film. The pie bonding of Gr helps with a better attachment 

of carbon-based biomolecules. Also, the impermeability towards gases is among the 

many advantages because of which Gr has been decorated over the proposed plasmonic 

device for biosensing applications. In the proposed plasmonic device, the use of Al 

nanostructure is to scatter the incoming light which propagates towards thin Al film to 

excite SPs. A broadband TM-polarized wavelength source under normal incidence 

conditions was considered for the case of wavelength interrogation (Fig. 8.1(a)) and a single 

wavelength source of 1550 nm was considered for the case of angle interrogation (Fig. 

8.1(b)). All the geometrical parameters were then optimized for low reflectivity amplitude, 

better signal contrast, and narrow linewidth of SP curves for an analyte of refractive index 

(na = 1.33) using RCWA. The other existing methods in the literature for the same analysis 

are the FDTD method (Lumerical), the Finite element Method (COMSOL Multiphysics), 

etc. We have verified our results with Comsol Multiphysics software using the RF module. 

The parameters sensitivity and FOM were used as the performance parameters for both 

wavelength interrogation and angle interrogation.  

 

8.3 Numerical Analysis 

 

Fig. 8.1(c) shows the reflectivity curves corresponding to the device shown in Fig. 8.1(a) 

with a period (P) =1000nm, nanostructure thickness (tns) = 45nm, buffer layer (PMMA) 

thickness (tbuff) = 35nm, and thin Al metal thickness (tm) = 25nm. For wavelength 

interrogation, a broadband source under normal incident conditions was used to excite SPs. 

In the reflectivity spectra (Fig. 8.1(c)), three distinct dips were observed at 1161 nm, 

1266nm, and 1336nm respectively.  

Fig. 8.1(d) shows the simulated reflectivity curves corresponding to the plasmonic device 

shown in Fig. 8.1(b) where the light source of wavelength 1550 nm was incident on the 

device under angle interrogation. Similarly, three distinct dips at 47.32◦, 59.23◦, and 

69.18◦ in the reflectivity curves were observed for the same geometrical parameters, when 

angular interrogation was performed. 

The electric field distributions corresponding to these three dips that appeared in both 

wavelength and angle interrogation were calculated as shown in Fig. 8.1(e). The first two 

dips were found to correspond to waveguide modes whereas the existence of strong electric 

field confinement at the Gr-analyte interface, corresponding to the third dip position, 
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ensured the presence of SP mode. Since   SP mode is very sensitive to the refractive index 

of the surrounding medium, the third dip in the reflectivity curves had been considered for 

sensing purposes throughout this work. 

   

8.3.1 Wavelength Interrogation 

Under the wavelength interrogation, the normal incidence of the incoming light makes the 

proposed device easily integrable to the end of the optical fiber. For the proposed Gr-

decorated Al-nanostructure-based plasmonic device shown in Fig. 8.1(a), firstly, all the 

geometrical parameters were engineered by varying one parameter at a time using RCWA, 

and reflectivity spectra were calculated as shown in Fig. 8.2. The reflectivity spectra with the 

variation in Al-nanostructure height (tns) from 30 nm to 50 nm, keeping all other parameters 

constant is shown in Fig. 8.2 (a). 40 nm height resulted in minimum reflectivity amplitude 

and narrow linewidth so it was considered to be the optimized thickness for the 

nanostructures. Fig. 8.2 (b) shows the reflected spectra with the variation in the fill factor 

(f) which is defined as ‘nanostructure width’/ ‘period’ (w/P). The width (w) of the 

nanostructures determines the angular pattern of the scattered light which propagates toward 

the thin Al metal. A value of 0.3 for the fill factor resulted in minimum reflectivity which 

ensures the SP excitation with higher efficiency. Fig. 8.2(c) shows the reflectivity spectra with 

the variation in buffer layer height (tbuf). The planar surface provided by the buffer layer makes 

the operation of the device easier. From Fig. 8.2 (c), a thickness of 35 nm for the buffer layer 

was found to be the optimized one resulting in high signal contrast. Fig. 8.2 (d) represents the 

reflectivity spectra with the variation in thin Al metal height (tm) where the thinner layer 

resulted in the shallower reflectivity minima, and the thicker layers provided the broader 

linewidth. A thickness of 25 nm for the thin Al metal layer was found to be the optimized 

value from the spectra. 

After meticulously varying each parameter, tm was found to be 25 nm, tbuff =35 nm, and tns= 

40 nm for a period of P =1000 nm with a fill factor of 0.3. The effect of the period on the 

reflectivity spectra was also studied by varying the period (not shown here) and a right shift 

in the wavelength was noticed when the period varied from 950 nm to 1050 nm in steps of 50 

nm. This shows that the characteristics of a particular plasmonic device can be tuned to the 

desired wavelength range by varying the period. 
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Fig. 8.2. Reflectivity spectra with the variation in (a) nanostructure height (tns) (b) fill factor of nanostructures 

which is defined as width/period (c) buffer layer (PMMA) height (tbuf) and (d) thin Al metal height (tm) of the 

proposed plasmonic device under wavelength interrogation. 

8.3.2 Angular Interrogation 

After the optimization of the proposed device under wavelength interrogation, a glass 

prism integrated with Al nanostructure-based plasmonic device, shown in Fig. 8.1(b), was 

taken into consideration to carry out the angle interrogation. The source of wavelength 

1550 nm was used for the angle interrogation. To narrow down the discrete optimal values 

for all the in-between layers, the reflectivity curves were plotted and a similar approach 

was used based on reflection minima points as done during wavelength interrogation. To 

begin with, nanostructure height (tns) was varied in the range of 30–50 nm, and the 

reflectivity curves with respect to incident angles were plotted as shown in Fig. 8.3(a). 

Similarly, Fig. 8.3(b) shows the variation of buffer layer height (tbuf) in the range of 25–45 

nm. Fig. 8.3(c) and (d) show the zoomed-in image of reflectivity dips for SP mode 
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corresponding to Fig. 8.3(a) and (b) respectively. 

 

Fig. 8.3. Reflectivity curves with the variation in (a) nanostructure height (tns) (b) buffer layer (PMMA) height (tbuf) 

of the proposed plasmonic device   under angle interrogation (c)-(d) The zoomed-in picture of the reflectivity dip for 

the SP mode corresponding to (a) and (b) respectively. 

 

Just like in wavelength interrogation, a thickness of 40 nm for (tns) and 35 nm for (tbuf) were 

found to be the engineered values with minimum reflectivity for the SP curve. Fig. 8.4 (a) 

shows the reflectivity with the variation in thin Al metal height (tm). The SPR curve 

approached near-zero reflectance till 25 nm, beyond which the curves offered low signal 

contrast. Therefore, 25 nm was chosen to achieve the maximum resonant activity.  After a 

series of optimizations, it was observed that the geometrical parameters achieved in 

angle interrogation are the same as in wavelength interrogation. To show the 

significance of the presence of nanostructures in prism configuration, the reflectivity 

curves were compared with the conventional Kretschmann configuration, where the 

nanostructures are absent as shown in Fig. 8.4(b). An improved reflection minimum and 
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reduced linewidth in the proposed device are the resulting advantages that give us an 

edge over conventional configuration. 

 

Fig.8 . 4. (a) Reflectivity curve for the proposed plasmonic device with the variation in thin Al metal height (tm) 

under angle interrogation. (b) Reflectivity curve with and without the presence of nanostructures in the proposed 

plasmonic device. 

 

Finally, the refractive index sensing was performed over the proposed engineered design under 

wavelength and angle interrogation as shown in Fig. 8.5. The refractive index (na) of the 

analyte varied from 1.33 to 1.37 and the values for sensitivity and FOM were calculated for 

both cases. From Fig. 8.5(a), the value of sensitivity and FOM were calculated as 1000 

nm/RIU and 333.33 RIU-1 respectively for the case of the wavelength interrogation, and a 

value of 119º/RIU and 318.91 RIU-1 were found for angle interrogation (Fig. 8.5(b)). 

Minute changes in the concentration of the analyte cause the refractive index to vary which 

in turn shifts the SP resonance curves. Therefore, the proposed plasmonic device can easily 

be delved into the biosensing arena. Traces of glucose in the urine/blood samples can be 

detected in diabetic patients when the effective refractive index of the urine sample (analyte) 

deviates from the normal sample.  
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Fig. 8.5. Reflectivity curves for the engineered plasmonic device with variation in the refractive index of the 

analyte under (a) wavelength interrogation and (b) angle interrogation. 

 

Fig. 8.6(a) illustrates the output spectra for glucose concentration in the urine samples 

varying from 0 mg/dl to 5 mg/dl. The refractive index increases with increased glucose 

concentration [23], thereby demonstrating the real-time application of the proposed device. 

Similarly, under angle interrogation, sensing application was carried out as depicted in Fig. 

8.6(b) for different glucose concentrations. Therefore, the proposed design for the sensor 

can easily be assimilated into medical applications. 

 

Fig. 8.6. Reflectivity curves for the engineered plasmonic device with the variation in the glucose concentration 

for (a) wavelength interrogation and (b) angle interrogation. 

 

Finally, Table 8.1 compares the present work with the previously reported results in terms of 

sensitivity and FOM for both the angle and wavelength interrogation mode. While a couple 
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of them have shown considerable improvement in sensitivity, the same cannot be said about 

FOM. Similarly, a few of them have reported higher FOM but at the cost of poor sensitivity. 

Unlike the present work, none of the reported plasmonic devices are seen to exhibit both 

high sensitivity and FOM simultaneously for both modes of interrogation. 

TABLE 8.1: Comparison of the proposed work with the previously reported results 

REFERENCES SCHEMATIC ANGLE  

INTERROGATION 

WAVELENGTH 

INTERROGATION 

SENSITIVITY                              

[°/RIU] 

FOM[RIU-1] SENSITIVITY 

[nm/RIU] 

FOM[RIU-1] 

[106] BK7 prism+ Ag + Gr 300.26 33.25 -- -- 

[141] BK7 prism+Dielectric+ 

MXene+ Gr 

39.12 559.24 -- -- 

[162] BK7 Prism + TiO2 + 

Ag+MoSe2+ Gr 

194 54.03 -- -- 

[110] SF10 prism +Au+ 

WS2+ Gr 

95.71 25.19 -- -- 

[180] Al-based grating 

sensor 

-- -- 700 ~35 to 45 

[178] Ag+Si+Al2O3 grating -- -- 477.02  38.16 

[195] Au-covered titania 

gratings 

-- -- 938.7 39.7 

[196] Au mirror+MgF2+Au 

film 

-- -- ~600 55 

 

Proposed 

Work 

 

Al nanostructures + 

PMMA +Al film + Gr 

 

 

119 

 

 

 

318.91 

 

 

 

1000 

 

 

333.33 

 

8.4 Conclusion 

Investigation of Al-based plasmonic nanostructures decorated with Gr monolayer was 

performed in the NIR region. From the spectrum analysis, the optimized values showed 

sensitivity and FOM of about 1000 nm/RIU and 333.33RIU-1 respectively. Further, it 

was seen that the set of design parameters used for wavelength interrogation can also be 

used for angle interrogation with enhanced sensitivity and FOM simultaneously. This 

illustrates the fact that an engineered plasmonic device can be used for both wavelength and 

angle interrogation-based sensing. Overall, the sensitivity and FOM were found to be 

119º/RIU and 318.91RIU -1 respectively under the angle interrogation. The significance of 

the presence of nanostructures in the proposed design was explained by the fact that it 

provides better signal contrast and narrower linewidth. Finally, the bio-sensing application 

was demonstrated via glucose concentration sensing in the urine samples on the proposed 

plasmonic device for both wavelength and angle-interrogation. The present work highlighted 

the robustness of the plasmonic device for both interrogation methods, plus the application 

of the Gr layer in the bio-sensing arena in the vicinity of nanostructures with Al being used 

to control the plasmonic activity. 
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Conclusions and Future Scope 

This thesis can be summarised as a comprehensive investigation of Al-based plasmonic 

devices; to utilize their plasmonic properties for sensing applications in the near-infrared 

region.  

• Chapter 1 gave a brief account of the basics of the SPR phenomenon and explained 

that the optical output parameters are a result of examining reflectivity or 

transmittivity characteristics as a function of incident angles or wavelengths.  

• Al-based plasmonic devices in three different forms i.e., nanoapertures, thin films, 

and periodic nanostructures were elaborately discussed in chapter 2 which gathers 

all the work done so far using Al as the plasmonic material. The methods of 

numerical analysis i.e. TMM and RCWA, used for engineering the plasmonic 

devices, were discussed at the end of the chapter.  

• The previous chapter motivated us to work towards Al-based thin films and 

nanostructures in the NIR region which have been briefly explored by researchers 

till now. Thus, in chapter 3, we started with studying the effect of high dielectric 

constant material (Silicon) over an Al thin film-coated glass prism for intermediate 

Si-Gr stacks. The use of Si-Gr stacks in the proposed plasmonic device helped to 

increase the sensitivity value up to 200°/RIU with a decent value of FOM. 

• Thereafter, moving beyond Gr, TMDCs (MoS2) were explored for enhanced 

sensitivity as well as FOM in the absence and presence of the Si dielectric layer in 

chapter 4.  Due to the negligible value of the imaginary part of the dielectric 

constant for MoS2 in the NIR region, the presence of MoS2 enhanced the FOM as 

compared to the previous chapter. Out of the four proposed Al-MoS2-based 

configurations, ASMG based plasmonic device offered the highest sensitivity and 

AM based plasmonic device offered the largest value of FOM. 

• As observed in the previous chapters, the BRE layers assist the bio-

functionalization of Al film, we further went along exploring the carbides-based 2D 

nanomaterials (Ti3C2Tx) in chapter 5, for enhanced interaction with biomolecules 

at longer wavelengths. Heterogeneous composites over Al-MXene-based 

Kretschmann configuration led to a stable and oxidation-resistant combination 

along with improved FOM. The presence of FG and MoS2  (2D material) over the 

Al-MXene-based plasmonic devices can be utilized to ease the precise control of 
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the number of layers during the fabrication process since the sensing parameters 

were merely affected by the increase in the number of MoS2 and FG layers on Al-

MXene based plasmonic devices.  

• Later on, we observed that enhancing sensitivity was one way to improve FOM, 

another approach can be to reduce SPR linewidth and thus obtain improved FOM 

or resolution. Therefore, in chapter 6, we utilized the MDM configuration in a 

multi-layered Al-based plasmonic device that involves BaTiO3 as a dielectric 

material sandwiched between two thin Al metal layers. This MDM configuration 

offered large field confinement at the metal-analyte interface leading to a narrow 

linewidth of the SPR curve which results in high resolution/FOM.  

• Chapter 7 introduced the Al-nanostructures-based plasmonic devices, where the 

output characteristics were manipulated with parameters such as period, width, and 

height of the nanostructures. For the proposed 1D Al nanostructure-based 

plasmonic device, the obtained reflectivity curves under normal incidence 

excitation from the bottom of the device make it integrable to the end of the optical 

fiber. We also proposed a 2D Al-nanostructures-based plasmonic device where the 

multiwavelength SP excitation in two different wavelength regions can be utilized 

to investigate the analyte’s characteristics at different wavelengths in a single 

experiment itself. 

•  Lastly, in chapter 8, the robustness of the Al-based plasmonic device was 

illustrated by employing such an engineered design that can be used for both angle 

and wavelength interrogation. The proposed plasmonic device utilizes both prism 

and nanostructure-based configurations, where the same designed parameters for 

the device offered both high sensitivity and FOM in both modes of interrogation. 

Future Scope of the research 

• The thesis is concluded with high-performance sensing parameters, though there is 

still scope for enhancing the efficiency by working on different geometries/shapes 

and exploring the device properties thereafter. As of now, Al-based rectangular 

nanostructures have been our prime focus that can be switched to trapezoidal 

nanostructures or Swastik shape nanostructures, etc. in the future.  

• Different alloys of Al (e.g., Al-doped ZnO, Mg-Al alloy Ag-Al alloy, etc) can be 

worked around, to observe how the performance sensing parameters are different 
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from Al-rich plasmonic configurations in the optical communication window. 

Additionally, we can always explore other bimetallic designs with Al as one of the 

thin films. Apart from gold and silver which are the conventional plasmonic metals 

used, nickel is one other plasmonic metal like Al that is low in cost and at the same 

time provides higher sensitivity. Thus, such a bimetallic design can provide an 

interesting insight into the enhanced plasmonic activity at the metal-analyte 

boundary surface. 

• SiO2-TiO2 nanosheets have been used in the visible region aiding high plasmonic 

effects and thus higher sensitivity. It will be interesting to explore their effect on the 

performance parameters in the NIR region with Al as the plasmonic material. 

• Other 2D nanomaterials can also be explored with Al-based plasmonic devices such 

as 2D Franckeite nanosheets, Antimonnene layers, etc., that are already gaining 

momentum for sensing applications in the visible region with the noble metals. 

Apart from 2D nanomaterials, other materials like polymers have also been 

employed in fiber-optic-based sensors. However, these polymers are used as an 

alternative approach to enhance sensitivity in the visible region. To come up with a 

similar increment of performance parameters in the NIR region can be a prospect 

of research. We can try to formulate nanocomposites with such polymers that can 

either enhance the overall refractive index and thus increase sensitivity or increase 

the penetration depth to increase the detection accuracy. 

• We have already observed that 2D Al-based plasmonic nanostructures can be 

utilized for multiwavelength SP sensing in different wavelength regions in a single 

device. This advantage can be extensively exploited for solar cell applications 

where larger bandwidth coverage will aim for maximum absorption in two different 

wavelength regions. 
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APPENDIX A 

MATLAB Code for RCWA to Design Metal Grating Based 

Kretschmann Configuration 
 

 

Fig. I Flowchart of the methodology used while engineering the geometrical parameters for proposed devices 

 

The methodology used while engineering the geometrical parameters of the proposed 

plasmonic devices is shown in Fig. I.  

1. To begin with, Drude-model is used to calculate the dielectric permittivity of Al for a 

particular wavelength using equation 2.1: 

                                                   Ɛm(λ)=1-  
𝜆2𝜆𝑐

𝜆𝑝
2 (𝜆𝑐+𝑗𝜆)

                                                                                (1) 

wherein  𝜆𝑝 = 1.0657𝑒−7m and  𝜆𝑐 = 2.4511 𝑒−5m denote the plasma wavelength and collision 

wavelength respectively [197].  

 2. Simultaneously, the dielectric constants as well as the thicknesses of the intermediate layers 

are specified so that the entire set of intermediate layers between the metal and analyte layer 

can be accounted for.  

3. After mentioning all the required material parameters for all the layers, the geometrical 

parameters of the proposed devices are engineered for maximum sensitivity, narrow linewidth, 

and better signal contrast using either the Transfer matrix method (TMM) or Rigorous Coupled 
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Wave Analysis (RCWA) models (depending upon whether the proposed design includes the 

prism-based configuration or nanostructure-based configuration respectively). 

         

 Rigorous Coupled Wave Analysis 

 

Fig. II Schematic of periodic nanostructure for RCWA modeling [187] 

 

The program solves Maxwell’s equations (without any approximation) based on fully vectorial 

calculations. Our RCWA consists of eliminating the y-dependency of the complex permittivity 

so that it is possible to write the solution inside the grooves as a Fourier expansion since only 

a dependency on the periodic coordinate x is present. The way RCWA accomplishes this is by 

slicing up the periodic nanostructure domain so that inside each slice, the permittivity only 

depends on x.  

In the periodic nanostructure domain (region1), the relative permittivity is given by [187]: 

                                               𝜀(𝑥) = ∑ 𝜀ℎℎ 𝑒𝑥𝑝( 𝑗
2𝛱ℎ

𝛬
)                                                                   (6) 

where Ɛh is the hth Fourier component of relative permittivity in the periodic region and ᴧ is 

the period of the nanostructure. For alternating regions of refractive indices of nrd (ridge) and 

ngr (groove), the average value of relative permittivity (Ɛo) can be expressed as: 

                      𝜀0 = 𝑛𝑟𝑑
2 𝑓 + 𝑛𝑔𝑟

2 (1 − 𝑓) and 𝜀ℎ = (𝑛𝑟𝑑
2 − 𝑛𝑔𝑟

2 )
𝑠𝑖𝑛(𝛱ℎ𝑓)

𝛱ℎ
                               (7)                                                        

Where f is the fraction of the period. Using the computed values of permittivity, we find the 

solutions to satisfy Maxwell’s equations in all three regions. The field normalized to the plane 

of incidence is represented as: 

                                                   𝐸𝑖𝑛𝑐,𝑦 = 𝑒𝑥𝑝[ − 𝑗𝑘0𝑛1(𝑠𝑖𝑛 𝜃 𝑥 + 𝑐𝑜𝑠 𝜃 𝑧)]                      (8) 
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where ko= 2π/λ,  𝜃 is the angle of incidence, and n1 is the refractive index of region 1.                   

The normalized solution in the region 1(0 < z) and 3(z > d) are: 

                                        𝐸1,𝑦 = 𝐸𝑖𝑛𝑐,𝑦 + ∑ 𝑅𝑖 𝑒𝑥𝑝[ − 𝑗(𝑘𝑥𝑖𝑖 𝑥 − 𝑘1,𝑧𝑖𝑧)]                           (9)                                   

                                            𝐸3,𝑦 = ∑ 𝑇𝑖 𝑒𝑥𝑝[ − 𝑗(𝑘𝑥𝑖𝑖 𝑥 − 𝑘3,𝑧𝑖(𝑧 − 𝑑))]                            (10)                                              

Where Kxi and Kzi are the wave vectors along x and z directions respectively and Ri and Ti are 

the normalized electric field of the ith reflected and transmitted wave in regions 1 and 3 

respectively. 

Similarly, the magnetic field in regions 1 and 3 can be obtained from Maxwell’s equation: 

                                                    𝐻 = (
𝑗

𝜔𝜇
) 𝛻𝑋𝐸                                                                         (11)                                              

In the periodic region, the tangential electric field (Ey) and Magnetic field (HX) components 

are continuous and expressed as: 

                                    𝐸𝑔𝑦 = ∑ 𝑆𝑦𝑖(𝑧) 𝑒𝑥𝑝( − 𝑗𝑘𝑥𝑖𝑥)𝑖                                                      (12) 

                                             𝐻𝑔𝑥 = −𝑗(
𝜀0

𝜇0
)1/2 ∑ 𝑈𝑥𝑖(𝑧) 𝑒𝑥𝑝( − 𝑗𝑘𝑥𝑖𝑥)𝑖                                (13) 

Where Syi(z) and Uxi(z) are the normalized components of the ith space harmonic fields such 

that  

                                                      
𝜕𝐸𝑔𝑦

𝜕𝑧
= 𝑗𝜔𝜇0𝐻𝑔𝑥                                                                (14) 

                                           
𝜕𝐻𝑔𝑥

𝜕𝑧
= 𝑗𝜔𝜀0𝜀(𝑥)𝐸𝑔𝑦 +

𝜕𝐻𝑔𝑧

𝜕𝑥
                                                      (15) 

After substituting (12) & (13) into (14) & (15) and eliminating Hgz coupled wave equation, the 

obtained differential equations are converted to matrix form and reduced to     

                                                              [
𝜕2𝑆𝑦

(𝜕𝑧 ′)2] = [𝐴][𝑆𝑦]                                                   (16)                   

Where 𝐴 = 𝐾𝑥
2 − 𝐸, E is the matrix formed by permittivity harmonic components with i, p 

elements equal to Ɛ(i-p); kX is the diagonal matrix and I is the identity matrix. The solution of 

the coupled wave equation is obtained by calculating the eigen vector and eigen values of A. It 

is these eigen values that provide us with the respective diffraction-related efficiencies of 

reflection and transmission that are calculated as: 

                                                    𝐷𝐸𝑟𝑖 = 𝑅𝑖𝑅𝑖
∗ 𝑅𝑒(

𝑘1,𝑧𝑖

𝑘𝑜𝑛1 𝑐𝑜𝑠 𝜃
)                                                    (17) 

                                                       𝐷𝐸𝑡𝑖 = 𝑇𝑖𝑇𝑖
∗ 𝑅𝑒(

𝑘3,𝑧𝑖

𝑘𝑜𝑛1 𝑐𝑜𝑠 𝜃
)                                                  (18) 

This way, the unknown reflection and transmission coefficients of the upper and lower half-

space were determined by summing up the diffraction efficiencies for all orders. Sufficient 
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space harmonic orders (201) were used to accomplish convergence and to improve calculation 

accuracy.  

 

4. Thereafter, the optical output is obtained by plotting the reflectivity/transmittivity curves 

with respect to angle/wavelength for the proposed devices 

5. The last step involves calculating the electric field distribution for the particular dips/peaks 

observed in the reflectivity/transmittivity curves. 
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APPENDIX B 

MATLAB Code for Transfer Matrix Method (TMM) to Design 

Metal Dielectric Based Kretschmann Configuration 
 

 

Fig. III N-layer model considered for Transfer Matrix Method [TMM] [198] 

For the N-layer TMM model as shown in Fig. III, each layer was considered along the z-

direction having the dielectric constant εk and refractive index nk for the kth layer respectively. 

The relationship between the tangential field components at the final boundary and the first 

boundary was defined using characteristic matrix M given as [199]: 

                                           
11

1 1

n

n

VV
M

W W

−

−

  
=   

   
                                                           (2.2) 

where V1 and W1 represent the tangential components of electric and magnetic fields 

respectively at the boundary of the first layer and Vn-1 and Wn-1 are the corresponding fields for 

the boundary at the nth layer. Finally, the reflection coefficient (rp) for p polarized wave was 

calculated from the characteristic matrix of the combined structure, given by Mij [199], where  

                        𝑀𝑖𝑗=  (∏ 𝑀𝑘
𝑛−1
𝑘=2 )𝑖𝑗  = [

𝑀11 𝑀12

𝑀21 𝑀22
]                                                    (2.3) 

 

                         with k

cos sin /
M

sin cos

k k k

k k k

i s
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 

− 
=  
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            where sk = 

1/2
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




 
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2 2
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                       βk   =  k k k k 1

2
n cos (z z )





−− =

1/2

1

2 2

1

2
( sin )k

k

t
n


 


−   

 

                              11 12 1 21 22

11 12 1 21 22

( ) ( )

( ) ( )

n n
p

n n

M M s s M M s
r

M M s s M M s

+ − +
=

+ + +
                                                 (2.4) 

And the corresponding reflection intensity of the p-polarised light was expressed as [199]:  

                                                     Rp= |𝑟𝑝 |2                                                                             (2.5) 
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