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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.



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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CHAPTER 3

Fig.1. (a) Schematic showing gold nanolines and containing spherical nanoparticles of gold assembled inside the
gaps between the nanolines. (b) SEM image of the fabricated substrate with gold nanoparticles inside gold
nanolines. (¢) Schematic showing the geometrical parameters of the hybrid NP-NL substrate. The gaps G,
(between the nanoparticles and the nanolines) and G, (between the nanoparticles) form the three nano-

cavities. H; and H, are the corresponding hotspots created in the Structure.--=««-sseeeesermmmmmmimianinnaane, 121

Fig. 2. E-field intensity enhancement (left Y-axis) and the SERS enhancement (right Y-axis) versus wavelength for
a hybrid NP-NL SERS substrate, when (a) G; =5 nm, G, = 5 nm (b) G; =5 nm, G, =2 nm (¢) G; =2 nm, G,
=5nmand, (d) G; =2 nm, Gy = 2 NI -xrerrermemmrm e 127

Fig. 3. Normalized E-field enhancement profiles for various combinations of the NP-NL and NP-NP gaps: (a) G| =
5nm, G, =5nm (b) G, =5nm, G, =2 nm (¢) G; =2 nm, G, =5 nm and (d) G; = 2 nm, G, = 2 nm. The
colour scale on the right shows the values of the E-field enhancement. All the snapshots have been taken at

the respective resonance wavelengths for the gap combinations. «===«ssssssssrrrmssmmmmmnnnmn e, 128
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Fig.4. Normalized E-field enhancement profile for the NP-NL hybrid SERS substrate, when incident light is
polarized in the Z-direction. In this case, G; = 2 nm, G, = 2 nm, and the gap between the nanoparticles in the
Z-direction is also 2 nm. (b) E-field intensity versus wavelength for the NP-NL SERS substrate, with Z-
o) Y 7716 I3 L TSP 129

Fig. S.Interdependence effect of gaps G, and G, on the E-field intensity enhancement for the hybrid NP-NL
substrate: (a) G, = 2 nm (G is varied) and (b) G1 =2 nm (G, is varied). Changing G, affects not only the G,

hotspot enhancement; it also influences the G, hotspot enhancement, and Vice Versa..-««=sssssssasssrrseann. 130

Fig. 6. E-field enhancement in (a) Au nanolines with inter-line gap = 2 nm, (b) Periodically spaced arrays (in the X-
direction) of nanoparticle dimers with gap between any two dimers approximately equal to the nanoline
width. The arrays are periodic in the Z-direction with an inter-particle spacing of 2 nm, (c) nanoparticle array
periodic in both X and Z direction with inter-particle spacing of 2 nm, and (d) single gold nanoparticle arrays
inside nanolines such that the gap between the particles and the nanolines is 2 nm. (e) Comparison of the E-
field intensity enhancements (IE/Y/|E,*) versus wavelength, for the four cases, with the hybrid SERS substrate

proposed in this [T 0 PR T T R T PR PR B P EE e R R e P Er e R EE e P RT e PET PO PEEEEPRT PO PRT EUPRTEEPRTEEPRTEORREEOR 131

Fig. 7. (a) E-field enhancement when an array of single nanoparticles of 100 nm diameter are present in the
confining nanolines with the gap between the nanoline and the nanoparticle being 2 nm. (b) A comparison of
the E-field intensity enhancement versus wavelength for a single particle array inside the nanolines, when a

50 nm and a 100 nm particle are CONSIAEred. --sssemmemmmmssannnmsmssannnnsssssanennssssannnnssssannnnnssssnnnnnssnnnnnnnnns 133

Fig. 8.E-field enhancement profile and the E-field enhancement values in the hotspots for (a) Single nanoparticle
chain inside the nanolines, (b) Two nanoparticle arrays inside nanolines, (c) Three nanoparticle arrays inside

the nanolines, (c) Four nanoparticle arrays inside the nanolines.-««=s=«ssssssssrmmmmummmmmiinimeinnneaa, 134

Fig. 9.(a) Schematic showing gold nanolines and containing gold nanorods assembled inside the gaps between the
nanolines. SEM image of the fabricated substrate with gold nanorods inside gold nanolines is also shown. E-
field enhancement profiles for X-polarized light (b) G; = 2 nm, G, = 2 nm, and (c) G; =5 nm, G, = 2 nm. E-
field enhancement profiles for Z-polarized light (d) G; = 2 nm, G, =2 nm, and (¢) G; = 5 nm, G, =2 nm. E-

field intensity versus wavelength for (f) G; =2 nm, G, =2 nm and (g) G; = 5 nm, G, = 2 M. r=eeesrrmmnmrmmnannanns

Fig. 10. Effect of the aspect ratio of the nanorods on the E-field intensity and the plasmon resonance wavelength for
the hybrid NR-NL substrates. E-field intensity versus wavelength is shown for the three values of aspect
ratios. The diameter of the nanorods is kept to be constant at 50 nm, and their lengths are varied as 150 nm,

200 NM and 250 NI, === =ssssmmmmmsrrsaa e saasa e staaaae e ssasaaa s saaaaa s saasaesssaasaaessssEsanessssssanessssaaaannnnana 137
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11. E-field enhancement profiles in a 'single nanorod array inside nanoline' SERS substrate, for (a) X-polarized
light and (b) Z-polarized light when the gap between the nanorod and the nanoline is 2 nm. (c) E-field

intensity versus wavelength for the single nanorod chain inside the nanoline. «-=-s---===sssmssssrrmmmannnaaan, 137

12. (a) Schematic showing 'width-wise' assembly of nanorods inside nanolines. (b) E-field enhancement profile
for the width-wise assembled nanorods inside nanolines at the plasmon resonance wavelength, when X-
polarized light is used. (c) E-field intensity versus wavelength for this arrangement of nanorods inside
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13. E-field enhancement profiles for X-polarized light in a (a) single 'nanocube chain inside nanolines' substrate
and (b) nanocube dimer array inside nanolines' substrate. E-field intensity versus wavelength for (a) and (b)

is shown in (c) and (). wmmrm e 139

14. Effect of the substrate material and the nanoparticle material on the E-field intensity. E-field intensity
versus wavelength is shown for silver nanoparticles inside silver nanolines, silver nanoparticles inside gold

nanolines, and gold nanopartic]es inside gold NANOIINES. =+sssememmssssancmmmsssaanmnsassannnmsassannnnssanannnnnnnnn 140

15. (a)-(e) Dark field images and (f) UV-Vis absorption spectra of the different size and shapes of the
nanoparticles employed in this work. The UV-Vis absorption peaks were found at 537 nm, 580 nm, 570 nm,

662 nm, and 818 nm for the particles shown in (a)-(€) reSpectiVely.---==r==srrmssrrmmsrrmmsmrmmmmrmmrrmanraa, 142

16. SEM images of the gold-coated silicon nanolines fabricated on large area using deep-UV lithography. The

gaps between the adjacent nanolines are (a) ~115 nm and (b) ~70 DML ==xxrrrrsmmmssrmnrrmrmmnmm e 143

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 SUDSEIAte, «sssssxrssssmrrrssssnmemisssnmmisssnrensssnne e, 144

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 NML=rreesrssmmmrmmmmminsee e, 145

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

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. -==«===srmmsrrmmmmmmmmmmmiri e 146

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 Lot o1 S ELGGLLLCCIIITEREEERI R EERI P EeS 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 NIM. #eveceemesssasnssa e snssa e snnsa s nnna i n e 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 TALLO. e eessensnnnnnssssannnnnssssnnnnnsssssnnnnssssnnnnnssssnnnnnnssnnnnnnnssnnnnnnnnns 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

assemb]y of nanorods has Simu][aneously taken place_ .................................................................. 149

Fig. 25. Self assembly of multiple nanorods, with an aspect ratio of 1:2, inside nanolines with a bigger inter-line
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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
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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 NANOCUDES. === -ssssammmmmtrranea i ttraaaa s snrsa e ssnsa s snsa s saaaanmmnnanannnns 151

CHAPTER 4

Fig. 1.

Fig. 2.

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..--xrsemuueeee. 159

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. «xrrreessrrmmmmirmmmaninna, 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, P,; the linear taper ratio of the NWs, wy,/w,; the height of the NWs, hyw; the height of the

nanofingers, hg; the gap between the opposing nanofingers, g; and the angle of the nano-finger growth, 6. ----

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 (EIYIEq[ 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 (hyw) 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 NIM. sevememmmernsamsrnsa e ssasaa e saaaa e saanan s aanan 165

Fig. 6. Effect of growth angle, 0, 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: 200’ 30° and 45C. - -sesnancmmrmnraaararsaa e rarsan e ssasaa e sarsaa e naanan 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. «x=ssremsammmmrmmmnimmmiinaaaaaens, 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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Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

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

SUDSEIALE. *vrmmmmmmssnsanemmsussanenmsaasaaenmsaaaaaaenssaaaannnssaaaannnmssaaannnnssaaannnnsaaaaannnnsaaaannnmsaaaannnnnannannnnnnnnns 175

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™ in the spectra. The spectra given are shifted so

that the they can be easily distinguished. ................................................................................... 176

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™ and 834 cm™'. The stars indicate the position of the
respective Raman peaks. The number of counts increase as the molarity is increased from 1 uM to 1 mM.
We observe 830 counts for the band at 1348 cm™ at a molarity of 1 uM. (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™ and 823 cm™. The number of counts increase as the molarity is increased from 1 uM to

1 mM. We observe 500 counts for the band at 1354 cm™ at a molarity of 1 puM.serreemminmmeeainiieannnn, 177

Multiplexed detection of 2,4-DNT and 2,4,6-TNT by employing the 'manopillars 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") and TNT (823
cm™') 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. ---

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 J R0 - 00 S WETT T I I I T I I I I I T I I I I T I I I I I I I I I I I I I I I I IIIIIIIIIIIIIN 180

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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Fig. 8.

Fig. 9.

Fig. 10.

intensity of the Raman peak at 1079 cm™ 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

po]arization 1S VATIEd. === sssrmmemmssssaacemsassane e saasaae e ssasaaae s saasane s saasanaemssaaaann s saaaane e naanann e nnaaaannnnan 181

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|/|Ey|) versus wavelength curves for different values of gap, G. (c¢) SERS enhancement
([EI*/|Eo|*) versus wavelength curves for different values of gap, G. The spatial map of E-field enhancement
(IE)/|Ey|) for the various values of gaps: (d) G = 60 nm, (¢) 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. «=-----=rrsmmsssrrmmanannnas. 182

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, 0, 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,
H, and H,) remains the same at all angles of polarization. The color scales on the right show the magnitude

of the maximum E-field enNhanCemENt. «==sssssssssannmmssssannnmsssssnnnnsssssnnnnsssssnnnnsssssannsnssssannnnssssannnnnns 183

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 eNhanCEemMENt. «sssssessssssnnemmssmsannnnssssannsnsssssnnsssssssnnnnsssssnnnsnssnsnnnnnssnsnnnnnnnnnns 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 1n the metallic film. - sssssmmmm s sssssssssssssssssssmsmmsnmmmmmmmmmnnnnnnnnnnns 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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Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

enhancement versus wavelength for the three hotspot locations in the vertical cascade on the metallic film. -

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 SUDSITALE. sxrnmnmmmssnsannmmnsusaae s sasaaaemmsaasaaenmsaasaaenmssasaaannssasaannnnsaasannnmssaaannnnnsasannnnnssnnnnnnnns 196

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. -----sssssssssssssssmmmmmnnnnnas 197

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.---=-«ssssesemmmsssannnnnns 198

Effect of variation in the self-similar gaps on the (a)-(c) E-field enhancement (at the respective resonance
wavelengths), as the value of g; is varied from 1 nm to 3 nm, keeping p= g,/g; fixed as 3, and keeping
gnfixed 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» &1, 22) in the legend. ««eeesemerrnssnmennin 200

Effect of dissimilarity on the E-field enhancement when the values of « 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 dlSSlmllarlty TALLOS. === =ssssmeemmsassannnmsassannnmssaaaannnnsaaaannnmssasannnnnsaaaannnnsaaaannnnnaaaannnnnnannn 201

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.------

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:lnm,gl:3nm andg2:9nm‘ ......................................................................................... 203



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. ==---==s===xrzsssrmauss 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 SUDSErate. ««««-ssssrrrmsssmmmmmmsnmmmmminiinin s 206

CHAPTER 7

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

Fig. 2.

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

hydrogen [ 0 1oT0 ) G T LT LT L C Cr Ty LSS 212

(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 6, 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 PdH,, for a set of fixed geometrical parameters. «====-xsssssmmsssssssrrrmmmmmmmnnsannnnnns 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 PdH, is varied from O 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: PdH, ¢s only). (d) Variation of the shift in wavelength (nm),
AN, 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. - -ssssammmmssssanaasussaaasssssa s sassaasaasanmsaaaaaannaaaaannnnanaannn 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
PdH¢s 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 PdH s layer is present. The plasmonic waveguide modes in the narrow-grooves

can be Cleaﬂy TSI R T LT L L E LT C CerF Ly S SpSP P s 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 PdH,. (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: PdH, g5 only) (b)
Variation of the shift in wavelengths (nm), AA, as a function of the side length, for various values of the x,
the atomic ratio of hydrogen, in PdH,_For this analysis, launch angle = 65 degrees, spacer thickness = 5 nm,

and the gap between the adjacent nanowires, g = 10 nm were used. «--==rx-=srrmssrrmssrrmsarmmmarrarreaaas 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: PdH, ¢s only). (b) Variation of the shift in wavelengths (nm), A, as a function of
the gap, for various atomic ratios of H: Pd in PdH,. For this analysis, launch angle = 65 degrees, spacer

thickness = 5 nm, and the diameter of the cylinders, d = 80 nm was considered.-««-=sssssasssrrrmanirnaas 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 PdH,. The inset shows the shiftin wavelengths (nm), AA, It

can be seen that a shift of ~41 nm was observed for this combination of geometrical parameters. ««==s==sss=ssuses.

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 PdH,¢s as the angle is varied from 10 degrees to 85 degrees (b) Variation of the shift in
wavelengths (nm), AA, 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 VO,. VO, changes
phase from its monoclinic semiconductor form to a tetragonal metallic form when heated to ~ 68 °C, when
IR radiation is applied, or under the effect of voltage and (b) Reflectance versus wavelength curve for VO,
(S), i.e. Rg (), and VO, (M), i.e. Ry (A) generated using RCWA simulations. The VO, coated narrow
groove nano-grating can work as an optical switch in the visible, near-IR and IR range. (c) Schematic for the
VO, coated narrow groove nano-grating showing the grating width (w,), the groove width (w,), the groove

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

Fig. 2. RCWA simulations showing reflectance versus wavelength (1) curves for (a) Bulk VO,, (b) Thin film of

VO, over gold, and (c) Gold narrow groove nano-gratings covered with a thin film of VO,. The parameters
such as the height of the grating above the substrate surface (h), the grating width (w), the narrow groove

width (w,), and the thickness of VO, (t) film were varied in the simulations. «=«==«s=ssesssasrmasramnauiaanss 234

Fig. 3. Effect of height, h, of the VO,-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, w, = 2 nm, and w; = 50 nm were taken.--=--=-----

Fig. 4. Electric field intensity enhancement ([E/[Eg)?) versus wavelength — calculated using finite difference time

Fig. 5.

domain (FDTD) simulations for normally incident radiation — inside a VO,-coated gold narrow groove
nano-grating for the semiconductor state of the VO, thin film (i.e. VO,(S)). The insets show the E-field
spatial profiles inside the grooves (i.e. between the adjacent VO, walls of the VO,-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, w,, was
taken as 2 nm, while the thickness of the VO, layer was taken to be 2 nm. The grating width, w,, for the

above simulations was taken tO be 50 NIML. -esseeneeesussannemmtutaneessusaanaessusaannsnsanaannnnssasannnnnsunannnnnsnnnsn 239

Maps showing differential reflectance plotted as a function of wavelength and the nano-grating groove
width, w,. The matrix of the differential reflectance maps is shown for different values of VO, layer

thickness, t, and the grating width, wy, at a constant nano-grating height, h = 50 nm..-«s----sssreeeeennes 240

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

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

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

Fig. 8.

versus wavelength curves for VO, (M) coated nano-grating, and (c) Differential reflectance versus
wavelength curves for VO, coated nano-grating. (d) Differential reflectance versus wavelength showing the
effect of normalized ‘w,’, i.e., ‘w,/P’ where the period of the nano-grating, P = w,+w;+2*t on the maxima

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

Differential reflectance maps as a function of wavelength and groove width, w,, of the VO,-coated narrow
groove plasmonic nano-gratings for (a) w, =4 nm, and (c) w, = 6 nm. These maps show the effect of groove
width on the maxima in the differential reflectance (labeled as DRp.y Modes) and the minima in the
differential reflectance (labeled as DRp;, Modes). Differential reflectance versus wavelength curves for (b)
wy =4 nm, and (d) w, = 6 nm showing the DRp,c Modes and the DRp;, Modes. In all the cases above, h =

250 nm, t =2 nm, and W= 50 NIM WEre taKemn. =«-ssesresrmummimmim e 245

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

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

for DRp.,x mode 2, (c) Peak resonance wavelength for DRp.,x mode 1, and (d) Peak differential reflectance

for DRp.,x mode 1. For all the above cases, w;= 50 nm, h = 50 nm, and t = 2 nm were taken.---«-=s-sraseeauraanss

Graphs showing the effect of thickness, t, of the VO, layer on the (a) Reflectance versus wavelength curves
for VO, (S) coated nano-grating, and (b) Reflectance versus wavelength curves for VO, (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, w, = 2 nm,

and W; = 50 NIM WETE taKEMN .«==xmnrmnrmurmrm e 247

Differential reflectance versus wavelength curves showing the effect of thickness, t, of the VO, layer on the
tunability of the peak differential reflectance wavelengths for different groove widths: (a) w, = 6 nm (b) w,

=10 nm (¢c) w,= 15 nm. For all the above cases, h = 50 nm, and w; = 50 nm were taken.-------=--=---- 249

Effect of thickness, t, of the VO, layer on the (a) Peak resonance wavelength for DRp.,x mode 2 (b) Peak
differential reflectance for DRp,x mode 2 (c) Peak resonance wavelength for DRp., mode 1 (d) Peak
differential reflectance for DRp.,x mode 1. For all the above cases, h = 50 nm, w; = 50 nm and w, = 2 nm
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Effect of the grating width, w,, on the (a) Reflectance versus wavelength curve for VO, (S) coated nano-
grating (b) Reflectance versus wavelength curve for VO, (M) coated nano-grating and (c) Differential

reflectance versus wavelength curve. In all the above cases, w, =2 nm, h = 50 nm and t = 2 nm were taken.--
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Fig. 14. Effect of the grating width, w;, on the (a) Peak resonance wavelength or DRp.,x mode 2 (b) Peak differential

Fig. 15.

Fig. 16.

Fig. 17.

Fig. 18.

reflectance for DRp.,x mode 2 (c) Peak resonance wavelength for DRp.,x mode 1 (d) Peak differential

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

Effect of the angle of incident radiation on (a) the reflectance spectra of VO,(S)-coated narrow groove
plasmonic nano-gratings (b) the reflectance spectra of VO,(M)-coated narrow groove plasmonic nano-
gratings and (c) the differential reflectance spectra of the VO,-coated plasmonic nano-gratings. Inset shows
the reflectance for VO,(S) in blue color, reflectance for VO,(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, w, = 2 nm, w; = 50 nm and
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(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 VO, 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 VO, 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 VO, 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 VO, by employing atomic layer deposition

(a) Schematic showing the angle of incidence (¢) and the in-plane angle (0) for plasmonic nano-gratings.
Graphs showing the reflectance spectra for VO,(S) and VO,(M) along with the differential reflectance
spectra for the 1-D VO,-coated nano-grating for TE-polarized light when light is incident normally on the
nano-grating in the plane of incidence (¢ = 0°) but the in-plane angle (0) 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 0

increases. 258

Schematic showing a section of the 2-D 'VO, based plasmonic nano-gratings' with the groove widths w,,
and w,, in the X and Y directions respectively. RCWA simulations, for normal incidence, showing the
reflectance spectra and the differential reflectance versus wavelength for wy.:w,, = 1:1 when the

polarization angle is (a) 0° (p-polarized light) (b) 45° (c) 90° (s-polarized light), w:w,y = 2:1 when the
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polarization angle is (d) 0° (p-polarized light) (e) 45° (f) 90° (s-polarized light) and w,,:w,, = 3:1 (g) 0° (p-
polarized light) (h) 45° (i) 90° (s-polarized light). For all the above cases, w; = 50 nm, h = 150 nm and t = 2

nm were used. The in-plane angle, 8, is zero throughout these simulations. ««s=ss«sssessssrreamirmsmaninnnas 260
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