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ABSTRACT

Plasmonics nanostructures and nanoantennas have been widely studied and employed for the
development of various optical devices. Two physical phenomena, surface plasmon polaritons
(SPPs) and localized surface plasmons (LSPs), have been harnessed to develop several types of
optical sensors and integrated optical devices. This thesis primarily focuses on developing
platforms for surface-enhanced Raman scattering (SERS) based sensors and the study of
plasmonic switches for near-field switching.

Firstly, the nanohole arrays such as bowtie nanohole array, bridged-bowtie nanohole arrays,
and crossed bridged-bowtie nanohole arrays in a thin gold film have been studied for the
development of SERS substrates. Finite-difference time-domain (FDTD) simulations were
carried out to study the effects of various geometrical parameters as well as the polarization of
light on the performance of the devices. The FDTD simulations show that the bridge-bowtie
nanohole array and crossed bridged-bowtie nanohole array exhibit large electromagnetic
enhancement of SERS and have the SERS enhancement spread over a much larger area than
what could be present in SERS substrates consisting of nanopillar arrays or nanopillar plasmonic
nanoantennas.

The second plasmonic device studied in this thesis comprises of a bowtie nanoantenna in the
vicinity of a symmetric plasmonic nanogroove or an asymmetric plasmonic nanogroove. FDTD
simulations show that the electric field enhancement of a bowtie nanoantenna is significantly
improved via interaction between the bowtie nanoantenna and the SPPs from the nanogroove.
Bowtie nanoantenna in the vicinity of a single asymmetric plasmonic nanogroove produces a

SERS electromagnetic enhancement factor (EMEF) of 10'°; three orders of magnitude higher



than SERS EMEF of a stand-alone bowtie nanoantenna and one order of magnitude higher than
SERS EMEF of bowtie nanoantenna in the vicinity of a single symmetric plasmonic nanogroove.

The third plasmonic device proposed in this thesis is based on the combination of a Yagi-Uda
nanoantenna and a bowtie nanoantenna, that can enable on-chip implementation of plasmon-
enhanced light-matter interaction processes such as SERS. In this device, a localized source is
employed to excite the Yagi-Uda nanoantenna, which in turn drives the bowtie nanoantenna.
FDTD simulations were employed to obtain the radiation characteristics of the Yagi-Uda
nanoantenna and the electric field enhancements in the vicinity of the bowtie nanoantenna
excited by the Yagi-Uda nanoantenna. The electric field enhancements in the bowtie
nanoantenna that is driven by a Yagi-Uda nanoantenna are compared with those for direct
excitation of the bowtie nanoantenna by a dipole source or by plane wave source. The effect of
various geometrical parameters of the nanoantennas on the device performance have been
studied.

Finally, a novel plasmonic switch based on plasmonic nanoantennas lying on top of a thin
film of a phase change material such as vanadium dioxide (VOz2), such that the near-field
properties of these nanoantennas can be actively switched by varying the phase of the VO2 film.
The FDTD simulations are carried out first to demonstrate that the near-field intensity in the
vicinity of the plasmonic nanoantennas can be substantially switched by changing the phase of
the VO2 film from the semiconductor state to the metallic state. In addition, we also show that
the intensity of emission from a nanoemitter placed in the gap between the two arms of a
plasmonic nanoantenna can be significantly switched by changing the phase of the VO2. To

quantify the switching of emission from the nanoemitters placed in the near-field of the



nanoantennas, we have defined and calculated a parameter, called FESR, the ratio of fluorescent

enhancement factors in the on-state and off-state of the plasmonic switch.
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Fig. 4.3. (a) The schematic of a metal-insulator-metal waveguide of width ‘“W’. (b) Real (solid
curve) and imaginary (dotted curve) part of the effective refractive indices of 1%, 2"
and 3" mode of the metal-insulator-metal waveguide as a function of width ‘W’ at 785
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Fig. 4.4. (a) Schematic of (a) a symmetric nanogroove and (b) an asymmetric nanogroove in a
silver film. (c) Normalized power coupled to the fundamental SPP mode at the top
metal-SiOz-air interface for symmetric nanogroove. Normalized power coupled to the
fundamental SPP mode at the top metal-SiO2-air interface propagating (d) rightwards
and (e) leftward for asymmetric nanogroove. The geometrical parameters of the
nanogroove (unless varied) are: t = 100 nm, W1 = 550 nm and W2 = 150 nm............. 98

Fig. 4.5. (a) Schematic of an Ag bowtie nanoantenna laying on a silica spacer over an Ag film.
Schematic of a bowtie nanoantenna — lying on a spacer over an Ag film — adjacent
to the (b) straight symmetric nanogroove in the substrate and (c) straight asymmetric
groove in the substrate. Spatial field distribution of the electric field of (d) a stand-
alone Ag bowtie nanoantenna lying on a spacer over an Ag film (e) bowtie
nanoantennas — lying on a spacer over a film — adjacent to the symmetric
nanogroove, and (f) bowtie nanoantennas — lying on a spacer over an Ag film —
adjacent to the symmetric nanogroove,. The maximum electric field enhancement of
the bowtie nanoantenna as a function of ‘R’ for Ag bowtie nanoantenna adjacent to the
(g) symmetric nanogroove and (e) asymmetric nanogroove. The geometrical
parameters of the different substrates are: t = 100 nm, W = 375nm, H = 200 nm, W1 =
500 nm, W2 = 150 nm, Hmain = 225 nm and Haux = 225 nm, L = 210 nm, g = 10nm. 101

Fig. 4.6. (a) x-component and (b) z-component of the electric field enhancement (taking the
magnitude of incident electric field to be 1) of the symmetric circular nanogroove
plasmonic lens. (c) x-component and (d) z-component of the electric field intensity of
an asymmetric circular nanogroove plasmonic lens. The profile is measured 20 nm
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above the silica spacer. The geometrical parameters of the symmetric and asymmetric
substrates are: t = 100 nm, W = 375nm, H = 200 nm, W1 = 500 nm, W2 = 150 nm,
Hmain = 225 nm and Haux = 225 nm. The radius R for symmetric and asymmetric
nanogroove plasmonic lenses are taken to be 2.2225 microns and 2.8575 microns,
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Fig. 4.7. The spatial field distribution of the electric field of (a) a bowtie nanoantenna located at

the center of the symmetric nanogroove plasmonic lens of radius ‘R’ =2.2225 microns
and (b) a bowtie nanoantenna at the center of an asymmetric nanogroove plasmonic
lens of radius ‘R’ = 2.8575 microns. The maximum electric field enhancements
between the arms of the bowtie nanoantenna located at the center of (c) a symmetric
nanogroove plasmonic lens and (d) an asymmetric nanogroove plasmonic lens. The
geometrical parameters of the nanogroove structures and the bowtie nanoantenna are: t
=100 nm, W =375 nm, H = 200 nm, W1 = 500 nm, W2 = 150 nm, Hmain = 225 nm and
Haux =225 nm, L =210 NM, @ = 10NM. .eoiiiiiiiiiiie e 106

Fig. 4. 8. (a) A symmetric nanogroove in a metal film illustrating bidirectional coupling of SPPs

at the top metal-dielectric interface. An asymmetric nanogroove in a metal film
illustrating unidirectional coupling of SPPs at top metal-dielectric interface travelling
towards (b) right and (C) 16ft. .......ooviiie e 110

Chapter 5

Fig. 5.1. (a) Schematic of a device consisting of a bowtie nanoantenna driven by a Yagi-Uda

Fig. 5.2.

nanoantenna. (b) The 3D radiation pattern of the Yagi-Uda nanoantenna as a function
of the polar angle 0 and the azimuthal angle ®. The radiation pattern of the Yagi-Uda
nanoantenna: (c) as a function of @ at 6 = 48" in X-Y plane and (d) as a function of 0
at ® = 0, in X-Z plane. The depth 'Dt' of the trench was taken to be 400 nm. The
dimensions of the Yagi-Uda nanoantenna, for which the radiation pattern is shown, are
as follow: Lr = 120 nm, G1 =A4.4, G2 = M4. The length of the reflector and the
directors were taken to be 1.25 and 0.9 times of the length of the feed, respectively.
The height and the width of the feed, reflector, and directors are taken to be 40 nm.
The length 'Lena’ of the bowtie nanoantenna and gap 'g' is taken to be 180 nm and 10
nm, respectively. (e) Spatial electric field distribution of a bowtie nanoantenna driven
by a Yagi-Uda NAN0ANTENNA. .........cccueiieiieie et sre e 120

Schematic (top) and the spatial electric field distribution (bottom) of a bowtie
nanoantenna for three configurations: (a) Bowtie nanoantenna excited by a point
source in the absence of a Yagi-Uda nanoantenna, (b) Bowtie nanoantenna excited by
a plane-wave source and (c) Bowtie nanoantenna driven by a Yagi-Uda nanoantenna,
which is excited by a point source. The spatial electric field distributions were
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Fig. 5.3.

calculated at 785 nm wavelength of the incident light. The dimensions of the Yagi-
Uda nanoantenna and of the bowtie nanoantenna are: Lr = 120 nm, G1 = A/4.4, G2 =
M4, Lr=1.25x Lr, Lp = 0.9 X Lr, Lena =180 nm, g = 10 nm, Dt =400 nm. ......... 121

(@) Electric field enhancement in the gap present between the arms of a bowtie
nanoantenna driven by a Yagi-Uda nanoantenna as a function of the wavelength, for
different length of the bowtie nanoantenna. Electric field enhancement in the gap
present between the arms of a bowtie nanoantenna driven by a Yagi-Uda nanoantenna
as a function of: (b) the length of the bowtie nanoantenna at 785 nm wavelength and
(c) the length of the feed element of the Yagi-Uda nanoantenna at 785 nm. The power
radiated at 785 nm wavelength (normalized to the maximum power radiated) at angle
0 = 48 as a function of the length of the feed element of the Yagi-Uda nanoantenna.
The dimensions of the Yagi-Uda nanoantenna and bowtie nanoantenna (unless varied)
are: L =120 nm, G1 =A4.4, G2= M4, Lr=1.25 X Lr, Lo = 0.9 X Lr, Lana = 180 nm,
g =10 NM, DT =400 NIM. c.ooeiiiieeeee et 123

Fig. 5.4. (a) Maximum electric field enhancement between the arms of the bowtie nanoantenna,

Fig. 5.5.

without the bowtie nanoantenna being driven by the Yagi-Uda nanoantenna (blue) and
with the bowtie nanoantenna being driven by the Yagi-Uda nanoantenna (red), for
different wavelengths of the incident light. (b) SERS EMEF calculated between the
arms of the bowtie nanoantenna, without the bowtie nanoantenna being driven by the
Yagi-Uda nanoantenna (blue) and with the bowtie nanoantenna being driven by the
Yagi-Uda nanoantenna (red). The optimized lengths of the feed elements of the Yagi-
Uda nanoantennas, the optimized lengths of the bowtie nanoantennas, as well as the
depths of the trench are given in Table 1. Other important dimensions of the device
are: G1=0M4.4,G2=M4, Lr=1.25XLr, LD =09 X Lr, g =10 NM..ccoctirriiriiennn 125

Spatial electric field distribution of a bowtie nanoantenna driven by a Yagi-Uda
nanoantenna when the wavelengths of the incident light are: (a) 800 nm, (b) 900 nm,
(c) 1000 nm, (d) 1100 nm, (e) 1200 nm (f) 1300 nm, (g) 1400 nm, and (h) 1500 nm
wavelength. The optimized lengths of the feed elements of the Yagi-Uda
nanoantennas, the optimized lengths of the bowtie nanoantennas, as well as the depths
of the trench are given in Table 1. Other important dimensions of the device are: G1 =
M44,G2=M4, Lr=1.25XLF, Lo =0.9XLF, =10 NM. ccooiiiiiiieicee e 126

Fig. 5. 6. (a) Schematic of the proposed plasmonic device. (b) Scatting cross-section of the feed

element of the Yagi-Uda nanoantenna (lying on top of the silica substrate) as a
function of wavelength, for various lengths of feed element. (c) F/B ratio as a function
of the length of the reflector of the Yagi-Uda nanoantenna, for various lengths of the
directors. (d) Electric field enhancement between the arms of the bowtie nanoantenna
(driven by the Yagi-Uda nanoantenna) as a function of wavelength, for various length
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of the bowtie nanoantenna. The height and the width of the feed element, the reflector,
and the director were all taken to be 40 nm. The height of the bowtie nanoantenna was
taKEN 10 D8 40 NIM. .o 130

Fig. 5.7. The electric field enhancement between the arms of a bowtie nanoantenna (driven by a
Yagi-Uda nanoantenna) as a function of depth Dr of the trench, at 785 nm wavelength.
The Yagi-Uda nanoantenna as well as the bowtie nanoantenna are resonant at 785 nm
wavelength. (b) The comparison of electric field enhancements as a function of Dt for
various distances 'Dys' between the feed element and bowtie nanoantenna. The Yagi-
Uda nanoantenna as well as the bowtie nanoantenna are resonant at 785 nm
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Fig. 5.8. (a) Scattering cross-section of the feed element of the the Yagi-Uda nanoantenna (lying
on a silica substrate) as a function of wavelength, for the various lengths of the feed
element. The height and width of the feed element were both taken to be 40 nm. (b)
The electric field enhancement between the arms of the bowtie nanoantenna (driven
by the Yagi-Uda nanoantenna) as a function of wavelength for various lengths of the
bowtie nanoantenna. The height of the bowtie nanoantenna was taken to be 40 nm.
Optimization of the depth Dt of the trench was carried out by calculating the electric
field enhancement (between the arms of the bowtie nanoantenna driven by the Yagi-
Uda nanoantenna) for different wavelengths of the incident light: (¢) A = 800 nm (d) A
=900 nm (e) A = 1000 nm (f) A = 1100 nm (g) A = 1200 nm (h) A = 1300 nm (i) A =

1400 N (5) A= 1500 NIM.vviiiiiiiiiieiice s 133
Fig. 5.9. The power radiated in the forward direction towards the substrate by a Yagi-Uda

nanoantenna, for different wavelengths of the incident light............cccccoiiiin 134
Chapter 6

Fig. 6.1. Schematic showing different plasmonic switches based on plasmonic nanoantennas on
VOz2 thin films: (a) A ring-bowtie nanoantenna switch and (b) A ring-rhombus
nanoantenna switch. The parameters mentioned in the schematic are the thickness 'b'
of the VO: film, the thickness 't' of the ring nanoantenna, the length 'L’ of the
nanoantenna, the angle 'a' of the nanoantenna, and height 'h' of the nanoantenna. The
point 'A' lies in between the two arms of the plasmonic nanoantennas. The schematic
illustration of active switching of the near-field intensity around the plasmonic
nanoantennas for the: 1(c-d) Ring-bowtie nanoantenna switch and 1(e-f) Ring-
rhombus NAN0ANTENNA SWITCH. .......couiiiiiii e 142

Fig. 6.2. The intensity switching ratio in the presence of the nanoantenna (red curve) and in
absence of the nanoantenna (black curve) for: (a) the RBN switch (ring-bowtie
nanoantenna switch) (b) the RRN switch (ring rhombus nanoantenna switch). The
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electric field intensity enhancement measured at the point ‘A’ shown in Fig. 6.1 (the
point at the center of the two arms of the nanoantenna) as a function of wavelength
for: (c) the RBN switch and (d) the RRN switch. In Figs. 6.2(c) and 6.2(d), red and
black curves correspond to the metallic state and the semiconductor state of VO2 film,
respectively. For the RBN and RRN switches, the length 'L', angle 'a', the height 'h' of
the nanostructure, and the thickness 'b' of the VO film are 250 nm, 30°, 80 nm, and
20nm respectively. The thickness 't' of the ring is 20 nm for the RBN switch and 15
NM for the RRIN SWITCN. ..o 148

Fig. 6.3. Spatial distribution of electric field at peak wavelength (Apeak) for the RBN switch in: (a)

metallic state and (b) the semiconductor state and for the RRN switch in: (c) metallic
state and (d) the semiconductor state of VO2 film. The geometrical parameters are
same as MeNtioNed IN Fig. 6.2.......cccoveiiiieieee e 149

Fig. 6.4. The intensity switching ratio and the peak wavelength as a function of thickness 't' of

the ring for: (a) the RBN switch and (c) the RRN switch. The electric field intensity
enhancement measured at point ‘A’ shown in Fig. 6.1, as a function of wavelength, for
different thicknesses 't' of the ring for: (b) the RBN switch and (d) the RRN switch. In
Fig. 6.4(b) and 6.4(d), the curves with the rectangular marker correspond to the
metallic state (i.e., the switch is in the On-state) of the VO2 film and curves without
any marker correspond to the semiconductor state (i.e., the switch is in Off-state) of
the VO2 film. For the RBN switch and the RRN switch, the length 'L', angle 'a', height
'h' of the nanoantenna, and the thickness 'b' of the VO: film are kept constant at 250
nm, 30°, 80 nm, and 40 nm, reSPECtiVely. .......ccooiiiiiiiiiiiece e 150

Fig. 6.5. The intensity switching ratio and the peak wavelength as a function of thickness 'b' of

Fig. 6. 6.

the VO2 film for: (a) the RBN switch and (c) the RRN switch. The electric field
intensity enhancement measured at point ‘A’ shown in Fig. 6.1, as a function of
wavelength, for different thicknesses 'b* of the VO film for: (b) the RBN switch and
(d) the RRN switch. The curves with the rectangular markers correspond to the
metallic state of the VO film and the curves without any markers correspond to the
semiconductor state of the VO2 film. For the RBN switch and the RRN switch, the
length 'L', angle 'a', height 'h' of the nanoantenna are 250 nm, 30°, 80 nm. The
thickness 't' of the ring is 20 nm and 15nm for RBN switch and RRN switch,
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The schematic showing enhancement of fluorescence from a nanoemitter placed in
between the arms of a plasmonic nanoantenna for the metallic state and for the
semiconductor state of the VO: film for: (a-b) the RBN switch (ring-bowtie
nanoantenna switch) and (c-d) the RRN switch (ring-rhombus nanoantenna switch).
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Fig. 6.7. The FESR and the fluorescent enhancement factor for the metallic state (red curve) and

for the semiconductor state (black curve) of the VO film for: (a) the RBN switch and
(b) the RRN switch. The ratio of the efficiencies of the nanoemitter (blue curve) as
well as the ratio of the radiative decay rates (red curve) when the VO:2 film is in the
metallic state to those when the film is in the semiconductor state for: (c) the RBN
switch and (d) the RRN switch. A dipole source polarized along the X-axis is placed
in between the arms of the nanoantenna. The geometrical parameters of the RBN
switch and the RRN switch are the same as in Fig. 6.2. .....ccccoovveiininieenecie e 154

Fig. 6.8. The real (n) and imaginary (k) part of refractive index of VOz2: (a-b) below 68 C and (c-

d) above 68 C. The electric field intensity as a function of wavelength below 68 C (e)
and above 68°C (g) for RBN switch. The spatial field distribution at 1100 nm
wavelength below 68C (f) and above 68°C (h) RBN switch.. The electric field
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temperatures of the VO2 film greater than 68 °C), (b) the semiconductor state of VO2
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Glossary

SP: Surface plasmon

SPP: Surface Plasmon Polariton

SPPs: Surface Plasmon Polaritons

LSP: Localized surface plasmon

LSPs: Localized surface plasmons

LSPR: Localized surface plasmon resonance
SERS: Surface-enhanced Raman scattering
FDTD: Finite-difference time-domain CTAB:
Cetyltrimethyl ammonium bromide

EF: enhancement factor

PL: Plasmonic lens

EM: Electromagnetic

RBN: Ring-bowtie nanoantenna

RRN: Ring-rhombus nanoantenna

FESR: Fluorescent enhancement switching ratio

XX



	Thesis of Nitin Gupta.pdf
	PhD_Thesis_Nitin_Gupta_Print




