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ABSTRACT 

Nanophotonics, which deals with the interaction of light with matter, at a nanoscale, has led to 

the development of several techniques which have revolutionized many fields of science and 

engineering. The physical phenomena that result from this light-matter interaction, like surface 

plasmons, localized surface plasmons and coupled plasmons amongst others, have been utilized 

for the development of highly sensitive and specific sensors and for the development of novel 

optical devices at the sub-wavelength scales. The work done in this thesis focuses primarily on 

the development of such nanophotonic, more specifically, nano plasmonic sensors and devices.  

The primary part of this thesis is based on the development of robust, reproducible and 

highly sensitive sensors capable of multiplexed detection. These sensors are based on surface 

enhanced Raman spectroscopy (SERS)  a process where the weak Raman signals from an 

analyte molecule are enhanced in the presence of metallic nanostructures, leading to an effective 

trace-level detection. At the same time, these substrates offer multiplexing, with high spectral 

resolution, due to the very narrow line-widths of the Raman spectra. Many novel SERS 

substrates are numerically analyzed, by using Finite Difference Time Domain (FDTD) modeling, 

to study the effect of structural parameters, polarization of the incident light and the angle of the 

incident light, on the SERS enhancement offered by these substrates. The first amongst these - a 

metallic nanoline- nanoparticle SERS substrate  is a hybrid SERS substrate which can be 

fabricated by a combination of lithography and self assembly processes. An exhaustive 

numerical analysis is done for these substrates. Self assembly of metallic nanoparticles inside 

metallic nanolines is demonstrated as a proof-of-concept for the fabrication of these substrates, 

and subsequent SERS measurements are done to estimate the amount of SERS enhancement 

offered by these substrates. The second SERS substrate proposed in this thesis is based on 

oblique gold nanofingers inside triangular gold nanowires. Numerical analysis using FDTD is 

carried out and discussed, along with a possible fabrication approach. The third kind of SERS 

substrate demonstrated in this thesis is a 'nanopillar inside nanohole' array fabricated on a large 

area. The multiplexed detection of two nitro-based explosive compounds- Dinitrotoluene (2,4-

DNT) and Trinitrotoluene (2,4,6-TNT)  is demonstrated through this substrate, by employing a 

portable Raman spectrometer.   
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In addition, a novel nanowire-based nanolens array  which aids in the focusing of light into 

tight spots  is also proposed in this thesis, which can be employed for SERS-based sensing. 

The funneling of fields, in this substrate, leads to development of areas of high E-field intensity, 

which can be utilized for SERS sensing. A comprehensive FDTD based analysis for these SERS 

substrates has been done in this thesis.   

Another sensor proposed as a part of this thesis, is a palladium based plasmonic hydrogen 

sensor and is based on the capability of palladium lattice to swell and change optical properties 

in the presence of hydrogen. A plasmonic ‘gold nanowire array on a palladium layer deposited 

on gold substrate’ is proposed and is numerically analyzed. Plasmonic waveguide modes are 

coupled in the narrow grooves between the nanowires, and lead to field enhancement. The thin 

layer of palladium, changes its dielectric properties, on exposure to various hydrogen 

concentrations, thus leading to a change in the optical and plasmonic behaviour of these 

waveguide modes. This change in optical properties of the system is exhibited in the reflectance 

spectra calculated at different hydrogen concentrations. The sensitivity of this sensor is evaluated 

using an exhaustive numerical analysis, based on Rigorous Coupled Wave Analysis (RCWA),  

which analyzes the shift in the wavelength of minimum reflection for the system, before and 

after exposure to hydrogen.  

In addition to nano-photonic sensors, other nanophotonic devices like optical switches have 

emerged due to their high speeds and miniaturized size. The later part of this thesis is based on 

the numerical analysis of one such nanophotonic device, i.e., a vanadium dioxide based optical 

switch. A smart optical switch based on vanadium dioxide, a phase change material is proposed, 

which exhibits switching and modulation behavior not only in the visible region of the spectrum, 

but also in the near-IR and IR regimes with an advantage of ultrafast switchability. Plasmonic 

narrow groove nano-gratings― coated with a thin layer (2-10 nm) of VO2 ― are proposed and 

numerically analyzed. These switches can couple incident light into plasmonic waveguide 

modes, even at normal incidence and thus alleviate the need for using heavy angle dependent 

mechanisms like the prism-coupling.  
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सार 

 

नैनोफोटोननक्स, जो नैनोसे्कल पर पदार्थ के सार् प्रकाश की परस्पर क्रिया से संबंनित है, ने कई तकनीको ंके 

निकास के नलए नेतृत्व नकया है, नजसने निज्ञान और इंजीननयररंग के कई के्षत्ो ंको क्ांनतकाररत नकया है। प्रकाश 

और पदार्थ की परस्पर क्रिया के पररणामस्वरूप होने िाले सतह प्लासमॉनस और स्र्ानीयकृत सतह प्लासमॉन 

का उपयोग बेहद संिेदनशील और निनशष्ट सेंसर के निकास के नलए नकया जाता है। उनका उपयोग उप-तरंग 

दैर्ध्थ तराजू पर नए ऑनिकल उपकरणो ंके निकास के नलए भी नकया गया है। इस र्ीनसस में नकए गए काम मुख्य 

रूप से ऐसे नैनो-प्लासमोननक सेंसरो ंऔर उपकरणो ंके निकास पर कें नित हैं। 

इस र्ीनसस का प्रार्नमक भाग मल्टीपे्लक्जड नडटेक्शन के नलए सक्षम, मजबूत और अत्य|निक संिेदनशील 

सेंसर के निकास पर आिाररत है। ये सेंसर सतह पर बढाए हुए रमन से्पक्ट्र ोस्कोपी (एसईआरएस) पर आिाररत 

हैं जो एक प्रभािी टर ेस-स्तर का पता लगाने के नलए अग्रणी है। यह एक ऐसी प्रनक्या है जहां िातु नैनोस्ट्र क्चर की 

मौजूदगी में निशे्लषक अणु के कमजोर रमन संकेतो ंको बढाया जाता है। सार् ही, रमन से्पक्ट्र ा के बहुत ही 

संकीणथ रेखा-चौडाई के कारण इन सबस्ट्र ेट्स को उच्च िणथक्मीय संकल्प के सार् मल्टीपे्लक्स सेंनसंग की सुनििा 

नमलती है। इस र्ीनसस में, पररनमत अंतर समय डोमेन (एफडीटीडी) मॉडनलंग का उपयोग करके कई नए 

एसईआरएस सबस्ट्र ेट्स का संख्यात्मक निशे्लषण नकया गया है। संरचनात्मक मापदंडो ंके प्रभाि का अर्ध्यन 

करने के नलए, घटना प्रकाश की धु्रिीकरण और घटना प्रकाश के कोण, इस सब्सटर ेट द्वारा प्रसु्तत एसईआरएस 

िृद्धि पर, संख्यात्मक मॉडनलंग को ननयोनजत नकया गया है। पहला प्रस्तानित सब्सटर ेट एक िातु नैनोलाइन-

नैनोपानटथकल एसईआरएस सब्सटर ेट है जो एक संकर एसईआरएस सब्सटर ेट है और इसे नलर्ोग्राफी और स्वयं 

सभा प्रनक्याओ ंके संयोजन द्वारा नननमथत नकया जा सकता है। इन सबस्ट्र ेट्स के नलए एक निसृ्तत संख्यात्मक 

निशे्लषण नकया गया है। िातु के नैनोलाइनो ंके अंदर िातु नैनोकणो ंके स्व-नििानसभा को इन सबस्ट्र ेट्स के 

ननमाथण के नलए अििारणा के प्रमाण के रूप में नदखाया गया है। इन सबस्ट्र ेट्स द्वारा की गई एसईआरएस िृद्धि 

की मात्ा का अनुमान लगाने के नलए एसईआरएस माप भी नकए गए हैं। इस र्ीनसस में प्रस्तानित दूसरे 

एसईआरएस सब्सटर ेट नत्कोणीय सोने के नैनो तारो ं के अंदर नतरछे सोने के नैनोनफंगसथ पर आिाररत है। 

एफडीटीडी का इसे्तमाल करते हुए संख्यात्मक निशे्लषण नकया गया है और एक संभानित ननमाथण दृनष्टकोण पर 

चचाथ की गई है। इस र्ीनसस में प्रदनशथत तीसरे प्रकार के एसईआरएस सब्सटर ेट नैनो नछिो ंके अंदर नैनो खंभे की 

एक सरणी है जो एक बडे के्षत् पर नननमथत है। दो नाइटर ो-आिाररत निस्फोटक यौनगको-ं डायनेटर ोटोलुएन (2,4-

डीएनटी) और नत्ननटर ोटोटू्यलेन (2,4,6-टीएनटी) का मल्टीपे्लक्ड नडटेक्शन इस सब्सटर ेट के मार्ध्म से प्रदनशथत 

नकया गया है। इन मापो ंके नलए पोटेबल रमन से्पक्ट्र ोमीटर को ननयोनजत नकया गया है। 
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 इसके अलािा, इस शोि में एक नया नैनोिायर आिाररत नैनोलेंस सरणी भी प्रस्तानित है नजसे एसईआरएस 

आिाररत संिेदन के नलए इसे्तमाल नकया जा सकता है। यह नैनोलेंस सरणी प्रकाश को तंग स्र्ानो ंमें कें नित 

करता है। इस सब्सटर ेट में फील्ड के फननलंग से उच्च निद्युत के्षत् की तीव्रता के के्षत्ो ंका ननमाथण होता है। इन 

एसईआरएस सब्सटर ेट के नलए एक व्यापक एफडीटीडी आिाररत निशे्लषण इस र्ीनसस में नकया गया है। 

इस र्ीनसस के एक नहसे्स के रूप में प्रस्तानित एक और संिेदक, एक पैलेनडयम आिाररत प्लासमोननक 

हाइडर ोजन सेंसर है। यह हाइडर ोजन की उपद्धस्र्नत में पैलेनडयम िातु के ऑनिकल गुणो ंमें पररितथन पर आिाररत 

है। सोने की सब्सटर ेट पर जमा एक पैलेनडयम परत पर एक 'सोने की नैनोिर सरणी' का  संख्यात्मक निशे्लषण 

नकया गया है। प्लासमोननक िेिग्गाइड मोड नैनोयसथ के बीच संकीणथ खांचे में उत्सानहत हैं और इन मोडो ंके 

उत्साह से निद्युत चुम्बकीय के्षत् की िृद्धि होती है। पैलेनडयम की पतली परत हाइडर ोजन के निनभन्न सांिता के 

संपकथ  में अपनी ऑनिकल गुण बदलती है। इसके पररणामस्वरूप इन िेिगाइड मोडो ंके प्लासामोननक व्यिहार 

में बदलाि आता है। नसस्ट्म के ऑनिकल गुणो ंमें यह पररितथन निनभन्न हाइडर ोजन सांिता पर प्रनतनबंनबत से्पक्ट्र ा 

में प्रदनशथत नकया गया है। इस संिेदक की संिेदनशीलता का आकलन कठोर युग्मक िेि निशे्लषण 

(आरसीडबू्ल्यए) के आिार पर, एक संपूणथ संख्यात्मक निशे्लषण का मूल्ांकन नकया गया है। हाइडर ोजन से पहले 

और बाद में नू्यनतम प्रनतनबंब के तरंग दैर्ध्थ में बदलाि का निशे्लषण नकया गया है। 

नैनो-फोटोननक सेंसरो ंके अनतररक्त, ऑनिकल द्धस्वच जैसे अन्य नैनोफोोटोननक नडिाइस हाल ही में उनकी 

उच्च गनत और लघु आकार के कारण उभरे हैं। इस र्ीनसस के बाद का भाग एक िैनेनडयम डाइऑक्साइड 

आिाररत ऑनिकल द्धस्वच के संख्यात्मक निशे्लषण पर आिाररत है जो एक नैनोफोोटोननक नडिाइस है। िैनेनडयम 

डाइऑक्साइड पर आिाररत एक स्माटथ ऑनिकल द्धस्वच प्रस्तानित है, जो न केिल से्पक्ट्र म के दृश्य के्षत् में द्धस्वनचंग 

और मॉडू्यलेशन व्यिहार को दशाथता है, बद्धि इसे आईआर और आईआर के ननकट द्धस्र्नतयो ंमें प्रदनशथत करता 

है। यह अल्टर ाफास्ट् द्धस्वचनबनलटी का लाभ भी प्रदान करता है। िैनननडयम डाइऑक्साइड की पतली परत (2-10 

एनएम) के सार् लेनपत पै्लस्मोनी संकी नाली नैनो-गे्रनटंग, के संख्यात्मक निशे्लषण नकए गए हैं।  यहां तक नक 

प्रकाश जो शून्य नडग्री कोण पर इन द्धस्वच पर सीिे नगर जाता है िेिगाइड मोड में जोडा जा सकता है। इस 

प्रकार, िे नप्रज्म-युग्मन जैसे भारी, कोण ननभथर तंत्ो ंका उपयोग करने की आिश्यकता को कम करते 

हैं। 
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CHAPTER 2 

Fig. 1. (a) Excitation of surface plasmons at the interface of the metal and the dielectric. The wave vectors along the 

interface and perpendicular to the interface are also shown. (b) The decay of the evanescent field away from 

the surface occurs at a faster rate for the metal as compared to the decay in the dielectric. (c) The dispersion 

relation, i.e., the relationship between the frequency (ω) and the wave vector (kx) is shown. ‘a’ shows the 

dispersion relation for a volume plasmon, ‘b’ shows the light line, and ‘c’ shows the dispersion relation for a 

SPP on an interface between air and the metal [5].       12 

Fig. 2. The figure shows the interface at z=0, between two materials with the dielectric constants, ε1(ω) and ε2(ω), as 

shown. The values of the wave-vectors parallel and perpendicular to the interface are also shown. The 

medium is assumed to extend infinitely in the y-direction[1].      13 

Fig. 3. The dispersion relation for a surface plasmon polariton. ‘A’ shows the curve for the dispersion relation of 

light line in a dielectric with dielectric constant, ε1. ‘B’ shows the curve at a frequency equal to the surface 

plasmon frequency. The dispersion relation for the surface plasmon is shown in ‘C’.   17 

Fig.4. (a) Otto configuration for the excitation of surface plasmons, and (b) Kretschmann’s configurationfor the 

excitation of surface plasmons [25] (c) Grating coupler showing a grating being used to excite surface 

plasmons with the incident light. ‘P’ is the periodicity of the grating. The outward arrows show the various 

diffracted orders after diffraction from the grating.        19 

Fig. 5. Dispersion curve for surface plasmons excited using (a) the prism coupling arrangement, when the incident 

light is incident at an angle θ, ‘c’ is the velocity of light, and εdis the dielectric constant of the prism. The 

SPPs can be excited only at the metal-air interface as the dispersion relation of these SPPs lies between that 

of air and that of the prism. Dispersion curve for surface plasmons excited using (b) grating coupling 

arrangement. Δkx is the momentum differential which is supplied by the periodic grating [1].  20 

Fig. 6. (a) The figure shows the oscillation of the electron cloud of the nanoparticles in localized surface plasmon 

resonance. (b) Metallic nanoparticle of radius ‘a’ with dielectric constant, εm, surrounded by a dielectric with 

dielectric constant, εd. Electric field with magnitude E0 is applied as shown. P is the position vector at a point 

of observation [1].          22 

Fig. 7. (a) E-field enhancement around a gold nanoparticle (diameter ~20 nm) at an incident wavelength of ~522 

nm. (b) Effect of shape on the LSPR curves. The resonance wavelength varies for nanoparticles with 

different shapes [43].          24 
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Fig. 8. The figure shows (a) bulk sensing using SPR (decay lengths ~100-200 nm allow efficient SPR sensing), and 

(b) localized sensing using LSPR (decay lengths ~20-40 nm allow for localized sensing). (c) Surface 

receptors are attached to plasmonic nanoparticles to sense analytes. On attachment of the analytes to the 

surface receptors, the LSPR peak shifts from one wavelength to another,  

 which can be efficiently recorded.         25 

Fig. 9. Energy state diagram showing (a) Stokes Raman scattering and (b) anti-Stokes Raman scattering. The dashed 

lines indicate the virtual energy state created during the transitions.     27 

Fig. 10. Effect of gap on the local field intensity enhancement factor (LFIEF) [52]. Gap between the particles is (a) 

20 nm, (b) 10 nm, (c) 5 nm and (d) 1 nm. Appearance of multi-polar resonances can be seen in (d).  30 

Fig.11. SERS Substrates (a) Star shaped nanopillars fabricated by FIB [66](b) Nanowires fabricated by Deep UV 

Lithography followed by etching [67].        31 

Fig. 12. (a) Silver dimers proposed by Li et al. for SERS sensing [73]. (b) Dimers of Au@Ag NPs synthesized by 

Chen et al. [74]. The scale bar is 200 nm.        33 

Fig. 13. SEM images for (a) triangular Ag plates with straight edges. (b) triangular Ag plates with truncated corners 

and wavy edges. The plates with the wavy edges give rise to a higher SERS enhancement [75]. SEM images 

of (c) surfactant-less gold nanostars synthesized by Yuan et al. [76] The scale bar is 50 nm. SEM images of 

(d) gold nanocubes, (e) rhombic dodecahedra, and (f) octahedra, synthesized by Wu et al. [77].  33 

Fig. 14. (a) SEM image of the gold nanostars immobilized on a gold substrate [78]. (b) SEM image of the silver 

nanosheets grown by Yan et al. [79].        34 

Fig. 15. (a) Dye embedded core-shell nanoparticles proposed by Nie et al. [80] (b) Silica coated gold nanoparticles 

employed for shell-isolated mode of SERS sensing [81]. (c) Plasmonic silver nanowires assembled on a 

silicon wafer [82].           35 

Fig. 16. SEM images of the SERS substrates fabricated using electron beam lithography by Yue et al. [83] (a) EBL 

is followed by metal-liftoff to yield triangular gold nano-triangles. EBL is followed by plasma etching to 

yield (b) gold rhombus nanoholes and (c) gold split ring resonators. SEM images of the (d) nanohole arrays 

fabricated by Yu et al., using electron beam lithography, for SERS applications [84]. (e) Nanostar arrays 

fabricated by Chirumamilla et al. using EBL [85].       36 

Fig. 17. SEM image of the (a) bowtie antenna fabricated by Zhang et al. [86] (b) nanoscale Yagi-Uda antenna 

fabricated by Crozier et al. and (c) special optical antenna fabricated for single molecule SERS by Crozier et 

al.[87]            37 



xv 

 

Fig. 18. SEM images showing the fabrication of different nanostructures using FIB by Dhawan et al. (a) nanopillar 

dimers separated by 20 nm, (b) elliptical nanopillar arrays with gaps of 15 nm between adjacent nanopillars, 

(c) nanostructures fabricated on tips of optical fibers [89].      38 

Fig. 19. SEM images of the development of nanoscale gaps in a (a) star-shaped substrate, and (b) SERS letter 

shaped substrate [90]. SEM image of the(c) pentameric gold nanofingers used for the detection of pesticides 

(Scale bar is 500 nm) [91]          39 

Fig. 20. (a) SEM image of an Au nanodisk arrays fabricated by X-ray interference lithography (XIL) [92], (b) AFM 

image of silver nanotriangle arrays fabricated by nanosphere lithography [93] (c) oriented elliptical gold 

nanostructures and (d) nano-cone arrays fabricated by hole-mask colloidal lithography developed by 

Fredriksson et al. [94]          39 

Fig. 21. (a) SERS signal from the Molecular Sentinel on Chip before the hybridization event. (b) After the 

hybridization event, the molecular sentinel opens up to hybridize with the complementary target DNA 

leading to a reduction of the SERS Signal [95].       40 

Fig. 22. (a) Silver film over nanospheres (AgFON) as a SERS substrate [e2] (b) Nanowire bundles for SERS sensing 

fabricated by Lee et al.[98]          41 

Fig. 23. SEM image of the aligned nanorod substrate prepared by OAD [98]. (b) SERS spectra obtained using these 

substrates for different virus stains.         42 

Fig. 24. (a) 1-D periodic gold-coated diamond shaped nanowires fabricated by Dhawan et al. (b) SEM image of the 

2-D periodic diamond shaped nanowires before gold coating. Gold is coated on top of these 2-D structures 

to fabricate a hybrid SERS substrate [110].        43 

Fig. 25. (a) Metal-coated silicon nanopillars before the arrival of the analyte molecule. (b) Leaning action of the 

nanopillars after the arrival of the analyte molecule [112].      44 

Fig. 26. (a) SEM image of the hybrid Si/ZnO/Ag nanotrees fabricated by Cheng et al. [113] (b) SEM image of the 

Ag nanorods grown inside and on the sidewalls of the micro-patterned substrates [115].   45 

Fig. 27. (a) Meniscus formed at the top of the container containing the colloidal solution, and (b) forces acting at the 

meniscus during an evaporative or meniscus-guided self assembly process [120].    46 

Fig. 28. Assembly of nanoparticles during a Langmuir Blodgett self assembly. The hydrophobic sides of the 

particles assemble along the substrate surface. The process can be repeated multiple times to generate 

multiple layers of the nanoparticles [123].        47 

Fig. 29. (a) Self assembly of gold particles along the polymer domains. Scale bar is 200 nm (b) Ag assembled into 

nanowires along the cylindrical domains. Scale bar is 100 nm [130].     48 
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Fig. 30. (a) SEM image showing the self assembly of polystyrene spheres as a 2-D hexagonal lattice [132].  (b) SEM 

image showing self assembly of CuSO4 particles on a substrate patterned with hydrophilic and hydrophobic 

regions [133].           49 

Fig. 31. SEM images of the polystyrene particles (2.1-2.4 µm in dimension) assembled inside various 2-D 

templates, demonstrated by Xia et al. [134]        49 

Fig. 32.SEM images showing (a) self assembly of gold nanoparticles inside ordered arrays of FIB-milled rectangular 

nanoholes [136]. The self assembly was achieved by means of meniscus-force method. (b)-(c) SEM images 

showing different number of nanoparticles assembled inside different size of pits [137].   50 

Fig 33. (a) Cyclodextrin coated gold nanoprisms [158], (b) Gold nanoparticles printed on filter paper using TIJ 

[160], (c) Gold nanoparticles loaded inside 3D nanoporous alumina membranes [164], and (d) Langmuir-

Blodgett deposited monolayers of silver nanowires [165].      55 

Fig. 34. (a) Klarite substrates for SERS sensing of explosives [173], (b) Nanostructures produced through 

femtosecond laser-ablation [174]         55 

Fig. 35. Portable and handheld Raman spectrometers. (a) iRaman Plus (B&W Tek), portable Raman spectrometer, 

(b) NanoRaman (B&W Tek) handheld Raman spectrometer, (c) IDRaman mini 2.0 (Ocean Optics), 

handheld Raman spectrometer, and (d) Inspector 500 (SciAps) handheld Raman spectrometer showing 

operation in hostile weather conditions.        59 

Fig. 36. (a) Nanoplasmonic waveguide proposed by Stockman et al. where the radius of the nanowire decreased 

from 50 nm to 2 nm, satisfying adiabatic conditions. (b) Local electric field intensity in the longitudinal 

cross section of the system is shown. It can be seen that the field enhancement is highest at the apex of the 
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Ropers et al [186].          61 

Fig. 37. Metallic wedge on a dielectric substrate, proposed by Vernon et al., surrounded by a dielectric with 

permittivity such that εS≥εC. The maximum field enhancement was exhibited at the tip of the wedge due to 
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groove and a narrower lower groove (for nanofocusing). The figure shows the E-field enhancement in the 

lower portion of the groove. (c) The SEM image of the V-shaped groove for nanofocusing fabricated by 

Choi et al [189].            62 

Fig. 38. (a) Metallic wedge with nano-sized scatterers arranged on its thicker side. The coupling of light into SPP 

wavelets and their interference leads to formation of a smooth SPP wavefront, which leads to nanofocusing 

on the thinner wedge side [191].  (b) Rectangular nanoslits fabricated on a metallic film by Tanemura et al. 
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mechanism suggested by Kim et al. [195]        64 

Fig. 40. (a) SEM image of the nanolens based on a photonic crystal cavity and a gold pillar [198].   65 
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 shown for both systems [199].         66 
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assembly of the nanoparticles on a patterned substrate [203]. Scale bar is 1 µm.    67 
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gaps between the adjacent nanolines are (a) ~115 nm and (b) ~70 nm.     143 

Fig. 17. Protocol for self assembly of nanoparticles. A droplet of the nanoparticle solution is allowed to dry 

overnight, after placing it on the patterned gold substrate.      144 

Fig. 18. SEM images of gold nanoparticles of diameter ~ 100 nm assembled inside nanolines with gaps between the 

adjacent nanolines of (a) 70 nm and (b) 115 nm.       145 

Fig. 19. (a) Dimers of nanoparticles (diameter ~53 nm) assembled inside nanolines with gaps between adjacent lines 

~115 nm. (b), (c) High magnification images of nanoparticles arranged in a face-to-face or nanoline clinging 

configuration.    146 

Fig. 20. SEM images of (a) three nanoparticles inside nanolines, and (b) multiple nanoparticles inside nanolines. 

Hexagonal packing of the nanolines is observed in these cases.   146 

Fig. 21. Raman spectra for pMBA from a region which has self assembled dimers of 53 nm nanoparticles in a face-

to-face packing, inside the nanolines (with an interline spacing of ~115 nm). It can be seen that the counts of 

the Raman signal go up due to the presence of the nanoparticles inside the nanolines (which can lead to the 

formation of sub-10 nm to sub-5 nm gaps)   147 
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Fig. 22. (a) Self assembly of single gold nanorods with diameter ~40 nm and length ~135 nm, inside gold nanolines 

with an inter-line spacing of ~65 nm. Self-assembly of a dimer of nanorods inside nanolines with (b) 

Nanorods of aspect ratio 1:2 inside nanolines with inter-line gaps of 115 nm. (c) Nanorods of aspect ratio 1:3 

assembled inside nanolines with inter-line gaps of 115 nm.     147 

Fig. 23. Assembly of vertically and horizontally oriented nanorods (aspect ratio of 1:2) inside nanolines with inter-

line gaps of 115 nm. as This happened the gaps could easily support both horizontally and vertically oriented 

nanorods due to their smaller aspect ratio.        148 

Fig. 24. Raman spectra for pMBA from a region which has self assembled dimers of nanorods (central diameter of 

~40 nm, length of ~80 nm) inside the nanolines (with an interline spacing of ~115 nm). It can be seen that the 

counts of the Raman signal go up due to the presence of the particles (which can lead to the formation of sub-

10 nm to sub-5 nm gaps). The SERS signals are acquired from areas where both vertical and horizontal 

assembly of nanorods has simultaneously taken place.   149 

Fig. 25. Self assembly of multiple nanorods, with an aspect ratio of 1:2, inside nanolines with a bigger inter-line 

spacing.    149 

Fig. 26. (a)Polyhedral particles comprising mainly of nanocubes assembled inside nanolines with inter-line gaps of 

~ 65 nm, and (b) SEM images showing the assembly of hexagonally packed cubes inside the nanolines. Face 

to face assembly could not be achieved due to the inter-line gaps being less than the sum of side lengths of 

two nanocubes.           150 

Fig. 27. Raman spectra, for pMBA, from a region which has self assembled dimers of nanocubes (central diameter 

of ~70 nm) in a diamond-like packing, on the nanolines (with an interline spacing of ~115 nm). It can be seen 

that the counts of the Raman signal go up due to the formation of sub-10 nm to sub-5 nm gaps, in the 

diamond-like packing in case of nanocubes.   151 

 

CHAPTER 4 

Fig. 1.  The proposed SERS substrate with 'metallic plasmonics-active nano-finger arrays' grown on the surface of 

arrays of triangular shaped metal-coated silicon NW arrays. The small gaps between the nanofingers on the 

opposite walls of the NWs lead to formation of multiple EM hotspots. The substrate is periodic in both the 

X- and Y-directions. The inset shows a zoomed-in view of the nanofingers on the NWs.   159 

Fig. 2.   Cross-sectional TEM images of the fabricated SERS substrate with larger inter-finger gaps (a) Scale bar is 

100 nm. (b) Scale bar is 100 nm.  Cross-sectional TEM images of the fabricated SERS substrate with 

smaller inter-finger gaps (c) Scale bar is 100 nm. (d) Scale bar is 500 nm.    161 
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Fig. 3.  Schematic diagram of the SERS substrate showing the geometrical parameters like the periodicity of the Au-

coated Si NWs, Px; the linear taper ratio of the NWs, wb/wt; the height of the NWs, hNW; the height of the 

nanofingers, hf; the gap between the opposing nanofingers, g; and the angle of the nano-finger growth, .  

            162 

Fig. 4.   E-field enhancement profiles for Au nanofingers on Au-coated Si TSNWs for: (a) g = 5 nm, (b) g = 10 nm, 

(c) g = 20 nm. The E-field enhancement was obtained at the respective plasmon resonance wavelengths, i.e., 

1020 nm, 950 nm and 850 nm, for these gaps. The color scales exhibit the values of the E-field 

enhancement. SERS intensity enhancement factor (|E|
4
/|E0|

4
) is plotted versus wavelength for: (d) g = 5 nm, 

(e) g = 10nm, and (f) g = 20nm. The minimum gap between the closest nanofingers is called 'g'. 164 

Fig. 5.  The figure shows the effect of the nanowire height (hNW) on the E-field intensity enhancement (|E|
2
/|E0|

2
) and 

the plasmon resonance wavelength as the height of the triangular shaped nanowires is increased from 380 

nm to 480 nm, when the gap, g, is kept as 10 nm.       165 

Fig. 6. Effect of growth angle, , on the E-field intensity enhancement, calculated using FDTD, between the closest 

nanofingers on the opposite walls of the Au-coated Si TSNW array. The inset shows a zoomed-in view of 

the peak shifts as a function of wavelength.        165 

Fig. 7. Effect of polarization angle, , on the SERS enhancement factor (for g =10 nm) for different values of the 

nano-finger growth angles: 20, 30 and 45.       166 

Fig. 8.SERS enhancement factor (|E|
4
/|E0|

4
) is plotted against wavelength for (a) Au-coated Si TSNW array without 

nanofingers, (b) Au-coated Si TSNW array with Au nanofingers, and (c) Au-coated Au TSNW array with 

Au nanofingers.           167 

 

CHAPTER 5 

Fig. 1. Plasmonic Au nanopillars inside Au nano-holes. Schematic (centre) showing plasmonic 'circular Au 

nanopillars inside square-shaped Au nano-holes' being used for multiplexed explosive detection by 

employing surface enhanced Raman scattering (SERS). A picture of the fabricated plasmonic chip (left) 

showing areas with different dimensions or geometries of the nanostructures. The image of the plasmonic 

chip shows different colors from the different nano-structured regions on the chip, as the nanostructures 

with different geometries (structure and dimensions) scatter light differently. A scanning electron 

microscope image (right) of the fabricated SERS substrate is also shown.    172 

Fig. 2.   Schematic showing the protocol for fabricating the plasmonic 'nanopillars inside nanoholes' based SERS 

substrates. (a) Silicon wafer is patterned using Deep-UV Lithography (b) The nanostructured patterns are 

etched into silicon using reactive ion etching (RIE). The SEM image (SEM 1) shows the 'nanopillar inside 
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nanohole' structures after reactive ion etching. (c) Gold is deposited on the etched nanostructures in silicon 

using E-beam evaporation. The SEM image (SEM 2) shows the 'nanopillar inside nanohole' structures after 

gold deposition. It can be observed from the SEM images that the ring-shaped gap, formed due to the 

fabrication of the nanopillars inside nanoholes after RIE, decreases when gold is evaporated on the 

substrate.           175 

Fig. 3.   Large area fabrication of plasmonic 'nanopillars inside nanoholes' based SERS substrates. (a) SEM image 

showing the uniformity of the substrate over a large area. The substrate enhancement variability is expected 

to be low for a uniform chip. (b) Multiple point Raman spectra measured at different points on the substrate 

after dropping DNT on the chip. The multi-point spectra indicate that the distribution or adsorption of DNT 

(dissolved in ethanol) on the chip is almost uniform after evaporation. A maximum deviation of ~10% can 

be observed in the intensity of the Raman peak at 1348 cm
-1

 in the spectra. The spectra given are shifted so 

that the they can be easily distinguished.        176 

 

Fig. 4.  Determination of the Limit of Detection for 2,4-DNT and 2,4,6-TNT using the proposed substrates. (a) 

Effect of molarity of the 2,4-DNT solution on the Raman spectra, for an excitation wavelength of 785 nm. 

The most prominent peaks are present at 1348 cm
-1

 and 834 cm
-1

. The stars indicate the position of the 

respective Raman peaks.  The number of counts increase as the molarity is increased from 1 µM to 1 mM. 

We observe 830 counts for the band at 1348 cm
-1

 at a molarity of 1 µM. (b) Effect of molarity of the TNT 

solution on the Raman spectra, for an excitation wavelength of 785 nm. The most prominent peaks are 

present at 1354 cm
-1

 and 823 cm
-1

. The number of counts increase as the molarity is increased from 1 µM to 

1 mM. We observe 500 counts for the band at 1354 cm
-1

 at a molarity of 1 µM.    177 

Fig. 5. Multiplexed detection of 2,4-DNT and 2,4,6-TNT by employing the 'nanopillars inside nanoholes' 

SERS substrates and using a portable Raman spectrometer. (a) Raman spectra for TNT and 2,4-

DNT alone, and when detected in a multiplexed manner, using the 'nanopillars inside nanoholes 

SERS substrate'. The neighbouring Raman peaks (secondary) of 2,4-DNT (834 cm
-1

) and TNT (823 

cm
-1

) are seen well resolved in the multiplexed spectrum. (b) A magnified image of the Raman 

spectra showing the resolved peaks. The stars indicate the position of the respective Raman peaks.   

            179  

Fig. 6. Experimental set-up for measuring the effect of polarization of the incident radiation on the SERS 

intensity from the substrate when the substrate is coated with pMBA. The polarizer was placed in 

the laser path and SERS intensity was measured by varying the pass-axis of the polarizer with an 

adjustable knob for pass-axis rotation.        180 

Fig. 7.  Experimental measurement of the effect of polarization of the incident laser radiation on the magnitude of 

the SERS intensity in the 'nanopillars inside nanoholes' SERS substrate. (a) SERS intensity measurements 

conducted on a pMBA-coated substrate, showing the intensity at different polarization angles. (b) The 
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intensity of the Raman peak at 1079 cm
-1

 shows that there was a deviation of ~20% between the p- and s-

polarized light. The inset shows a polar plot for the variation in the SERS intensity as the angle of 

polarization is varied.          181 

Fig. 8. FDTD simulations of plasmonic nanopillars inside nanoholes. (a) Schematic showing the structural 

dimensions of the 'nanopillars inside nanoholes' SERS substrate used for the 3-D FDTD simulation. (b) E-

field enhancement, (|E|/|E0|) versus wavelength curves for different values of gap, G. (c) SERS enhancement 

(|E|
4
/|E0|

4
) versus wavelength curves for different values of gap, G. The spatial map of E-field enhancement 

(|E|/|E0|) for the various values of gaps: (d) G = 60 nm, (e) G = 40 nm, (f) G = 20 nm and (g) G = 10 nm. 

The color scales on the right show the magnitude of the E-field enhancement.    182 

Fig. 9. Effect of polarization of the incident radiation on the magnitude of the E-field enhancement in the 

'nanopillars inside nanoholes' SERS substrate. E-field enhancement in the SERS substrate was calculated, 

using FDTD simulations, as the polarization angle was varied from 0° (p-polarized light) to 90° (s-polarized 

light). The schematic shows that the polarization angle, , is the angle (in the X-Z plane) between the X-

axis (dashed) and the direction of the polarization of the incident radiation, which is normally incident (in 

the Y direction) on the substrate. The average magnitude of the E-field enhancement (over the two hotspots, 

H1 and H2) remains the same at all angles of polarization. The color scales on the right show the magnitude 

of the maximum E-field enhancement.        183 

Fig. 10. FDTD simulations for the effect of angle of incidence on the E-field enhancement from the proposed SERS 

substrate. (a) E-field enhancement versus angle of incidence at the resonance wavelength (800 nm) when 

the value of gap, G, is 20 nm.  It can be seen that the value of E-field enhancement is the highest for normal 

incidence, i.e., when the direction of incidence is perpendicular to the plane of the substrate (X-Z Plane). (b) 

E-field enhancement profiles for the various angles of incidence. The color scale on the right shows the 

magnitude of E-field enhancement.          185 

 

CHAPTER 6 

Fig. 1. (a) Vertically cascaded nanowires on a spacer separated metallic film. The radii and separations of the 

nanowires are progressively decreasing towards the metallic substrate. (b) A schematic showing how 

nanofocusing occurs due to self-similarity, and further enhancement of this focused field occurs due to 

plasmon hybridization between the nanowires and the metal film, and interaction of the nanowire plasmons 

with their images in the metallic film.        192 

Fig. 2. (a) E-field enhancement profile for the vertically cascaded system of self-similar nanowires on a metallic 

film/substrate. The color bar shows the magnitude of E-field enhancement. 'A', 'B' and 'C' are the 

electromagnetic hotspots created at various locations between the nanowires (b) Electric field intensity 
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enhancement versus wavelength for the three hotspot locations in the vertical cascade on the metallic film.   

            195 

Fig. 3.  E-field enhancement profiles for (a) Single nanowire on a metal substrate with a spacer of 1 nm, (b) Two 

nanowires on a metal substrate with a spacer of 1 nm, (c) Three nanowires on a metal substrate with a spacer 

of 1 nm, and (d) Three nanowires, of the same size as in (c), but without a metal substrate. The color bars 

show the magnitude of E-field enhancement. (e) Comparison of intensity enhancement versus wavelength 

profile for the cases (a), (c), and (d), (f) Comparison of intensity enhancement versus wavelength profile for 

the cases when single nanowire, two nanowires and three nanowires are present on a spacer-separated 

metallic substrate.           196 

Fig. 4.  Poynting vector profiles for (a) Single nanowire on metallic substrate separated with an air gap of 1 nm, (b) 

three cascaded nanowires with no metallic substrate, and (c) three cascaded nanowires on metallic substrate, 

separated with an air gap of 1 nm. The scale bar is kept the same for all profiles to elaborate best funneling 

in the third case. The magnified views of (b) and (c) are shown with arrows.    197 

Fig. 5. Effect of spacer thickness on the E-field enhancement (at the respective resonance wavelengths) in the 

proposed nanolens. The thickness values of the spacer are (a) 3 nm (b) 1.5 nm (c) 1 nm and (d) 0.5 nm.  (d) 

The effect of spacer thickness on the intensity enhancement versus wavelength.    198 

Fig. 6.  Effect of variation in the self-similar gaps on the (a)-(c) E-field enhancement (at the respective resonance 

wavelengths), as the value of g1 is varied from 1 nm to 3 nm, keeping ρ= g2/g1 fixed as 3, and keeping 

gmfixed at 1 nm. The radii are also kept constant as 45 nm, 15 nm and 5 nm. The color bar on the right 

shows the values of the E-field enhancement. (b) E-field intensity enhancement versus wavelength for the 

different gap combinations listed as (gm, g1, g2) in the legend.      200 

Fig. 7.  Effect of dissimilarity on the E-field enhancement when the values of ț are (a) 1, (b) 0.5 and (c) 0.33. The 

color bar shows the values of the E-field enhancement. (d) E-field intensity enhancement versus wavelength 

for different dissimilarity ratios.         201 

Fig. 8.  Effect of substrate material on the electric field enhancement and the plasmon resonance wavelength. The E-

field enhancement is shown for (a) gold, (b) silver, (c) silicon, (d) alumina, and (e) glass, at their respective 

plasmon resonance wavelengths, i.e., at 589 nm, 565 nm, 645 nm, 751 nm and 565 nm. The scale bars show 

the values of E-field enhancement. (f) E-field enhancement versus wavelength is shown for all materials.  

            202 

Fig. 9.   Effect of changing the surrounding medium on the E-field enhancement versus wavelength in the proposed 

nanolens. The plasmon resonance wavelength shifted from 589 nm in case of air to 751 nm in case of 

alumina. For this analysis, the radii are assumed to be 5 nm, 15 nm and 45 nm, and the respective gaps are 

gm = 1 nm, g1 = 3 nm and g2 = 9 nm.         203 
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Fig. 10. E-field enhancement for (a) cascaded cylindrical gold nanowires (589 nm) (b) cascaded square-shaped gold 

nanowires with side wall lengths same as that of the cylindrical nanowires (at 616 nm), (c) cascaded 

triangular gold nanowires with the height of the triangle being same as the diameter of cylindrical nanowires 

(at 589 nm), (d) cascaded elliptical gold nanowires of an aspect ratio of 0.5 on gold (at 589 nm), where the 

long axis of the ellipse is of a similar dimension as the diameter of the cylindrical nanowires. (e) E-field 

intensity enhancement versus wavelength for the various geometries of nanowires.   205 

Fig. 11. Schematic for the fabrication protocol of the proposed nanolens. (a) Gold coated silicon substrate, (b) 

deposition of a sub-5 nm dielectric spacer using ALD (atomic layer deposition). (c) First, the e- beam resist 

is spun coated on the dielectric coated gold substrate. Following this, an E-beam exposure is done to pattern 

the resist.  Thereafter, the resist is developed to yield a nanowire pattern. E-beam evaporation of gold is 

done, followed by metal lift-off, resulting in the formation of a gold nanowire on a spacer-separated metallic 

substrate. Subsequently, a thick layer of dielectric is deposited on top of the gold nanowire using sputter-

coating or any other deposition technique. The dielectric is then, flattened to a desired thickness, by 

chemical mechanical polishing. (d) and (e) represent repetition of steps shown in (a) to obtain the vertically 

cascaded NW system on a spacer separated metallic substrate.      206 

 

CHAPTER 7 

Fig. 1. Schematic showing the principle of operation for the reflectivity-based plasmonic 'gold nanowire array on a 

palladium spacer layer deposited on a metallic substrate ' employed as a hydrogen sensor.  Pd exhibits a 

change of phase from palladium to palladium hydride on exposure to hydrogen (Molecular hydrogen gets 

converted to elemental hydrogen on reacting with palladium and changes it to palladium hydride). The 

formation of PdHx changes the optical properties of the Pd layer underneath the nanowire array, thus, 

changing the reflectance spectra for the structure. The shift in wavelength of minimum reflection for PdHx 

with respect to Pd for different values of the atomic ratio 'x', is the measure of sensitivity of the proposed 

hydrogen sensor.           212 

Fig. 2. (a) 3-D and 2-D view of the proposed 'gold nanowire array on a palladium spacer layer deposited on a 

metallic substrate' showing geometrical parameters: d, the diameter/side length of the nanowires; g, the gap 

between adjacent nanowires; t, the thickness of the Pd-spacer layer and θ, the angle of incidence of light. 

The length of the nanowires is taken to be infinite in the y-direction, for the analysis. (b) Reflectance spectra 

showing the shift in wavelength of minimum reflection (also the plasmon resonance wavelength) on varying 

the atomic ratio 'x' of PdHx, for a set of fixed geometrical parameters.     217 

Fig.3.Effect of varying spacer layer thickness on the reflectance spectra and shift in wavelength with increasing 

atomic ratio of hydrogen in PdHx. (a),(b) Reflectance versus wavelength for spacer thickness of 10 nm, 

showing the wavelength shift as the atomic ratio (x) of hydrogen in PdHx is varied from 0 to 0.65 (c) 
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Variation in the magnitude of reflectance dips and the plasmon resonance wavelengths as the spacer 

thickness is varied from 0.5 nm to 20 nm (Case: PdH0.65 only). (d) Variation of the shift in wavelength (nm), 

∆Ȝ, as a function of the atomic ratio of H:Pd for various values of the spacer thickness. For this analysis, 

launch angle = 65 degrees, diameter/side of the nanowires, d = 80 nm, and the gap between the adjacent 

nanowires, g = 10 nm was considered.        220 

Fig. 4. E-field enhancement profiles for the ‘gold nanowire on a Pd spacer layer deposited on a gold substrate’, 

when (a) the inter-nanowire gap is 10 nm, and Pd layer is present, (a) the inter-nanowire gap is 10 nm, and 

PdH0.65 layer is present, (a) the inter-nanowire gap is 5 nm, and Pd layer is present, and (d) the inter-

nanowire gap is 5 nm, and PdH0.65 layer is present. The plasmonic waveguide modes in the narrow-grooves 

can be clearly seen.          221 

Fig.5. Effect of varying side length of the nanowires on the reflectance spectra and shift in wavelength with 

increasing atomic ratio of hydrogen in PdHx. (a) Variation in the magnitude of reflectance dips and the 

plasmon resonance wavelengths as the side-length is varied from 20 nm to 120 nm (Case: PdH0.65 only) (b) 

Variation of the shift in wavelengths (nm), ∆Ȝ, as a function of the side length, for various values of the x, 

the atomic ratio of hydrogen, in PdHx. For this analysis, launch angle = 65 degrees, spacer thickness = 5 nm, 

and the gap between the adjacent nanowires, g = 10 nm were used.     222 

Fig. 6. Effect of varying gap (g) between adjacent nanowires (which also determines the periodicity of the structure) 

on the reflectance spectra and shift in wavelength with increasing atomic ratio of hydrogen in PdHx. (a) 

Variation in the magnitude of reflectance dips and the plasmon resonance wavelengths as the gap is varied 

from 4 nm to 15 nm (Case: PdH0.65 only). (b) Variation of the shift in wavelengths (nm), ∆Ȝ, as a function of 

the gap, for various atomic ratios of H: Pd in PdHx. For this analysis, launch angle = 65 degrees, spacer 

thickness = 5 nm, and the diameter of the cylinders, d = 80 nm was considered.    223 

Fig. 7. Reflectance spectra for the optimum case, where launch angle = 65 degrees, spacer thickness = 20 nm, and 

the diameter of the cylinders, d = 100 nm, and an inter-nanowire gap of 5 nm was considered. The spectra 

are shown for various atomic ratios of H: Pd in PdHx. The inset shows the shiftin wavelengths (nm), ∆Ȝ, It 

can be seen that a shift of ~41 nm was observed for this combination of geometrical parameters.   

            224 

Fig. 8. Effect of varying launch angle on the reflectance spectra and shift in wavelength with increasing atomic ratio 

of hydrogen in PdHx. (a) Variation in the magnitude of reflectance dips and the plasmon resonance 

wavelengths for PdH0.65 as the angle is varied from 10 degrees to 85 degrees (b) Variation of the shift in 

wavelengths (nm), ∆Ȝ, as a function of the hydrogen concentration for various values of the launch angle. 

The Pd spacer thickness is taken to be 5 nm, the gap is 10 nm, and the side length of the nanowires is 80 nm 

for this analysis.           225 
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CHAPTER 8 

Fig. 1. (a) Schematic for the waveguide-mode gold nano-grating coated with a thin layer of VO2. VO2 changes 

phase from its monoclinic semiconductor form to a tetragonal metallic form when heated to ~ 68 
o
C, when 

IR radiation is applied, or under the effect of voltage and (b) Reflectance versus wavelength curve for VO2 

(S), i.e. RS (Ȝ), and VO2 (M), i.e. RM (Ȝ) generated using RCWA simulations. The VO2 coated narrow 

groove nano-grating can work as an optical switch in the visible, near-IR and IR range. (c) Schematic for the 

VO2 coated narrow groove nano-grating showing the grating width (w1), the groove width (w2), the groove 

height (h), and the thickness (t) of the VO2 layer.       232 

Fig. 2. RCWA simulations showing reflectance versus wavelength () curves for (a) Bulk VO2, (b) Thin film of 

VO2 over gold, and (c) Gold narrow groove nano-gratings covered with a thin film of VO2. The parameters 

such as the height of the grating above the substrate surface (h), the grating width (w1), the narrow groove 

width (w2), and the thickness of VO2 (t) film were varied in the simulations.    234 

Fig. 3. Effect of height, h, of the VO2-coated narrow groove plasmonic nano-gratings on the differential reflectance 

map as a function of wavelength and groove width for (a) h = 50 nm, (c) h = 150 nm, and (e) h = 250 nm. 

These maps show several bands corresponding to different DR modes that are coupled into the nano-

gratings. Effect of height on the differential reflectance versus wavelength curves for (b) h = 50 nm, (d) h = 

150 nm, and (f) h = 250 nm. In all the cases above, t = 2 nm, w2 = 2 nm, and w1 = 50 nm were taken.  

            237 

Fig. 4. Electric field intensity enhancement (|E|
2
/|E0|)

2
) versus wavelength — calculated using finite difference time 

domain (FDTD) simulations for normally incident radiation — inside a VO2-coated gold narrow groove 

nano-grating for the semiconductor state of the VO2 thin film (i.e. VO2(S)). The insets show the E-field 

spatial profiles inside the grooves (i.e. between the adjacent VO2 walls of the VO2-coated gold nano-

gratings) at a resonant wavelength of 1106 nm and an off-resonant wavelength of 950 nm, as shown by 

arrows. In the FDTD simulations, the groove height was taken to be 150 nm. The groove width, w2, was 

taken as 2 nm, while the thickness of the VO2 layer was taken to be 2 nm. The grating width, w1, for the 

above simulations was taken to be 50 nm.        239 

Fig. 5. Maps showing differential reflectance plotted as a function of wavelength and the nano-grating groove 

width, w2. The matrix of the differential reflectance maps is shown for different values of VO2 layer 

thickness, t, and the grating width, w1, at a constant nano-grating height, h = 50 nm.   240 

Fig. 6. Maps showing differential reflectance plotted as a function of wavelength and the groove width, w2. The 

matrix of the differential reflectance maps is shown for different values of VO2 layer thickness, t, and 

grating width, w1, at a constant nano-grating height, h = 150 nm.     241 
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Fig. 7. Graphs showing (a) Reflectance versus wavelength curves for VO2 (S) coated nano-grating, (b) Reflectance 

versus wavelength curves for VO2 (M) coated nano-grating, and (c) Differential reflectance versus 

wavelength curves for VO2 coated nano-grating. (d) Differential reflectance versus wavelength showing the 

effect of normalized ‘w2’, i.e., ‘w2/P’ where the period of the nano-grating, P = w2+w1+2*t on the maxima 

of the differential reflectance. For all the above cases, t = 2 nm, h = 50 nm, and w1 = 50 nm were taken.  

            244 

Fig. 8. Differential reflectance maps as a function of wavelength and groove width, w2, of the VO2-coated narrow 

groove plasmonic nano-gratings for (a) w2 = 4 nm, and (c) w2 = 6 nm. These maps show the effect of groove 

width on the maxima in the differential reflectance (labeled as DRPeak Modes) and the minima in the 

differential reflectance (labeled as DRDip Modes). Differential reflectance versus wavelength curves for (b) 

w2 = 4 nm, and (d) w2 = 6 nm showing the DRPeak Modes and the DRDip Modes. In all the cases above, h = 

250 nm, t = 2 nm, and w1= 50 nm were taken.       245 

Fig. 9.Effect of varying w2 on: (a) Peak resonance wavelength for DRPeak mode 2, (b) Peak differential reflectance 

for DRPeak mode 2, (c) Peak resonance wavelength for DRPeak mode 1, and (d) Peak differential reflectance 

for DRPeak mode 1. For all the above cases, w1= 50 nm, h = 50 nm, and t = 2 nm were taken.   

            246 

Fig. 10. Graphs showing the effect of thickness, t, of the VO2 layer on the  (a) Reflectance versus wavelength curves 

for VO2 (S) coated nano-grating, and (b) Reflectance versus wavelength curves for VO2 (M) coated nano-

grating, and (c) Differential reflectance versus wavelength curves showing the effect of thickness on the 

tunability of the peak differential reflectance wavelengths. For all the above cases, h = 50 nm, w2 = 2 nm, 

and w1 = 50 nm were taken.         247 

Fig. 11. Differential reflectance versus wavelength curves showing the effect of thickness, t, of the VO2 layer on the 

tunability of the peak differential reflectance wavelengths for different groove widths: (a) w2 = 6 nm (b) w2 

= 10 nm (c) w2 = 15 nm.  For all the above cases, h = 50 nm, and w1 = 50 nm were taken.   249 

Fig. 12. Effect of thickness, t, of the VO2 layer on the (a) Peak resonance wavelength for DRPeak mode 2 (b) Peak 

differential reflectance for DRPeak mode 2 (c) Peak resonance wavelength for DRPeak mode 1 (d) Peak 

differential reflectance for DRPeak mode 1. For all the above cases, h = 50 nm, w1 = 50 nm and w2 = 2 nm 

were taken.           250 

Fig. 13. Effect of the grating width, w1, on the (a) Reflectance versus wavelength curve for VO2 (S) coated nano-

grating (b) Reflectance versus wavelength curve for VO2 (M) coated nano-grating and (c) Differential 

reflectance versus wavelength curve. In all the above cases, w2 = 2 nm, h = 50 nm and t = 2 nm were taken.  

            251 
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Fig. 14. Effect of the grating width, w1, on the (a) Peak resonance wavelength or DRPeak mode 2 (b) Peak differential 

reflectance for DRPeak mode 2 (c) Peak resonance wavelength for DRPeak mode 1 (d) Peak differential 

reflectance for DRPeak mode 1. For all the above cases, w2 = 2 nm, h = 50 nm and t = 2 nm were taken.  

            252 

Fig. 15. Effect of the angle of incident radiation on (a) the reflectance spectra of VO2(S)-coated narrow groove 

plasmonic nano-gratings (b) the reflectance spectra of VO2(M)-coated narrow groove plasmonic nano-

gratings and (c) the differential reflectance spectra of the VO2-coated plasmonic nano-gratings. Inset shows 

the reflectance for VO2(S) in blue color, reflectance for VO2(M) in red color, and the differential reflectance 

in green color as a function of incident angle. In all the cases above, t = 2 nm, w2 = 2 nm, w1 = 50 nm and 

h= 150 nm were taken.           
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Fig. 16. (a) Schematic showing slanted gold (Au) nano-gratings with flat top, (b) Schematic showing slanted silver 

(Ag) nano-gratings with flat top. RCWA simulations showing the variation in the differential reflectance 

with wavelength as the thickness of the VO2 layer is varied from 2 nm to 9 nm in the (c) Slanted gold nano-

gratings with flat top and in the (d) Slanted silver nano-gratings with flat top.Height of the grating, h is 200 

nm, period of the grating is 120 nm and the thickness of the VO2 thin film is varied between 2 nm and 9 nm. 

(e) Schematic showing slanted gold (Au) nano-gratings with round-top and (f) Schematic showing slanted 

silver (Ag) nano-gratings with round-top. RCWA simulations showing the variation in the differential 

reflectance with wavelength as the thickness of the VO2 layer is varied from 2 nm to 9 nm in the (g) Slanted 

gold nano-gratings with round top and in the (h) Slanted silver nano-gratings with round top. (i) SEM cross-

section of the silicon mold used to prepare the flat-top silver nano-gratings. (j) SEM cross-section of the 

silver nano-gratings prepared by employing resistless nano-imprinting in metal (RNIM).  (k) TEM cross-

sections of the slanted gold nano-gratings with round-top [30]. The scale bar is 100 nm. These nano-gratings 

can be uniformly coated with a 2 nm-9 nm conformal layer of VO2 by employing atomic layer deposition 

(ALD).            256 

Fig. 17. (a) Schematic showing the angle of incidence (φ) and the in-plane angle (θ) for plasmonic nano-gratings. 

Graphs showing the reflectance spectra for VO2(S) and VO2(M) along with the differential reflectance 

spectra for the 1-D VO2-coated nano-grating for TE-polarized light when light is incident normally on the 

nano-grating in the plane of incidence (φ = 0°) but the in-plane angle (θ) is varied as (a) 0° (b) 30° (c) 45° 

and (d) 90°. The magnitude of differential reflectance is low for lesser in-plane angles and increases as θ 

increases.           258 

Fig. 18. Schematic showing a section of the 2-D 'VO2 based plasmonic nano-gratings' with the groove widths w2x 

and w2y in the X and Y directions respectively. RCWA simulations, for normal incidence, showing the 

reflectance spectra and the differential reflectance versus wavelength for w2x:w2y = 1:1 when the 

polarization angle is (a) 0° (p-polarized light) (b) 45° (c) 90° (s-polarized light), w2x:w2y = 2:1 when the 
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polarization angle is (d) 0° (p-polarized light) (e) 45° (f) 90° (s-polarized light) and w2x:w2y = 3:1 (g) 0° (p-

polarized light) (h) 45° (i) 90° (s-polarized light). For all the above cases, w1 = 50 nm, h = 150 nm and t = 2 

nm were used. The in-plane angle, θ, is zero throughout these simulations.    260 
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