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ABSTRACT (IN ITALIAN)

Il rilevamento in real-time e label-free di proteine a bassa concentrazione e allo stato naturale
¢ considerato I’ “Holy-Grail” nell’ambito della ricerca biomedicale. E possibile rilevare la
presenza di una particolare infezione o malattia attraverso il monitoraggio di particolari
marker proteici che risultano essere presenti nei fluidi corporei, come ad es. salive e sangue,
anche gia in uno stato iniziale di infezione o malattie. L'individuazione precoce della malattia
permetterebbe di intervenire precocemente con le terapie, garantendo cosi un successo
terapeutico che alla fine aumentera i tassi di sopravvivenza e la qualita della vita. Il
rilevamento di molecole non ¢ solo legato all’ambito di ricerca biomedicale, ma ¢ anche utile
per il monitoraggio ambientale, la risposta alle emergenze e la sicurezza nazionale. Ma il
rilevamento delle molecole proteiche nella fase iniziale di una malattia &€ estremamente
difficile a causa della bassa concentrazione dei marcatori proteici nel fluido corporeo e delle
loro dimensioni estremamente piccole (<3 nm). Un modo per superare questo ostacolo e
utilizzare le straordinarie risposte elettromagnetiche delle nano-particelle ottenute a partire da
metalli nobili (MNPs).

In questo lavoro sono state sintetizzate delle nano-stars di oro (AuNS) per usare le loro
proprieta ottiche per il rilevamento di alcuni marker proteici. Per sintetizzare queste nano-
particelle caratterizzate da una particolare forma, e che sono risultate estremamente stabili nel
tempo (piu di cinque mesi), e stato usato un metodo semplice e privo di tensioattivi. Sulla
base della loro caratterizzazione e dell'analisi numerica condotta, e stato dimostrato che
queste nano-antenne potrebbero essere un agente efficace per la diagnosi precoce delle
malattie. Inoltre, per il rilevamento dei marcatori, le nano-gap eterodimeriche, creata tra una
punta dell’antenna della nano-star e una nano-sfera di oro, sono risultate essere piu efficienti
delle nano-gap tra singole antenne nano-star a causa della loro capacitd di mostrare un
enhancement del campo elettrico, capace di creare hot-spots che fungono da sito di legame
per la molecola da rilevare. Sia l'antenna nano-star che quella ibrida (hano-star/nano-sphere)
potrebbero essere facilmente convertite in un biosensore, ancorando idonei anticorpi sulla
loro superficie. Sorprendentemente, si & visto che queste antenne nano-star d'oro possiedono
sia modi dipolari che i non-edge breathing mode. I modi dipolari saranno utili per il
rilevamento di molecole proteiche usando il loro effetto localizzato di risonanza plasmonica
di superficie (LSPR) che e uguale a qualsiasi convenzionale biosensore plasmonico. Ma i

non-edge breathing mode dell'antenna nanostar saranno utili per determinare la massa



dell'analita adsorbito in base al cantilever principle. La stima della massa (con le informazioni
sulla polarizzabilita e la dimensione) dei marker € cruciale poiché fornirebbe le informazioni
sul numero di aminoacidi presenti in quella molecola che aiuteranno a comprendere meglio la
sua struttura molecolare e quindi saranno utile per progettare il suo anti-agente. Queste
efficienti acousto-plasmonic nano-antenna potrebbero quindi diventare un elemento chiave
durante il monitoraggio della terapia. Per fare un passo avanti in quest'area di ricerca, il
rilevamento basato sulla Fano-lineshape ¢ stato ritenuto un'idea promettente. Da qui I’idea di
riportate in una matrice polimerica termo-sensibile delle nanostrutture metalliche, in
particolare nanorods da utilizzare per il rilevamento senza etichetta di molecole di proteine

estranee con alta efficienza e per identificare il marker.

Nella seconda parte della tesi vengono discusse le proprieta ottiche di metasuperfici in
Aluminium doped Zinc Oxide (AZO). Questo materiale e caratterizzato da basse perdite
ottiche ed é popolare come materiale plasmonico alternativo ai metalli. In particolare sono
state studiate le proprieta ottiche di un sistema di array di nanotubi di AZO altamente
ordinato, impiegati per il rilevamento di gas. Sono state condotte delle prove per il
rilevamento di gas Hj, che risulta essere utile sia in ambito industriale che in ambito
biomedicale, ad esempio il rilevamento di gas H, a bassa concentrazione puo favorire il
rilevamento di batteri. In piu, le matrici di nanopillar di AZO sono state caratterizzate con
misure di angolo di Brewster che possono essere utili per molte applicazioni, inclusa la

commutazione ottica.

Infine, alcuni lavori aggiuntivi sono stati descritti in breve. In questa sezione sono stati
riportati studi teorici relativi a nanojet fotonici, comportamento asimmetrico della
trasmissione del suono mostrato in metamateriali acustici stampati in 3D, tunabilita della

lunghezza focale di metalli e per applicazioni della plasmonica nella cura del cancro.



ABSTRACT (IN ENGLISH)

Real-time and label-free detection of protein molecules at ultralow concentration in their
natural state is considered the “Holy-Grail” in biomedical research. Protein molecules pop up
in the bodily fluids such as saliva, blood serum, at early stage of any infection or disease and
circulate throughout the body. Therefore, the emergence of that particular infection or disease
can be envisioned through the detection of the signature protein markers. The early detection
of the disease would help to start the treatment early, and thus ensure therapeutic success
which will eventually increase the survival rates and quality of life. The early detection of
protein molecules is necessary for the diagnostics as well as for environmental monitoring,
emergency response and homeland security. But the desired detection of protein molecules in
the early stage is extremely challenging because of the ultralow concentration of the protein
markers in the bodily fluid at the early stage and their acutely small size (< 3 nm). One way
to overcome this hurdle is to use the extraordinary electromagnetic responses of noble metal

nanoparticles (MNPs).

Here stable gold nanostars (AuNS) have been synthesized to use their property for sensing. A
surfactant-free, simple, one step wet-chemistry method was used to synthesize these spiky
nanoparticles, which were stable in aqueous media for more than five months. Based on their
characterization and the numerical analysis, it has been realized that these nanoantennas
could be an efficient agent for the early detection of disease. Furthermore, for the marker
detection, the heterodimeric nanogap, created between a nanostar antenna tip and a gold
nanosphere, was seen to be more effective than those single nanostar antennas because of
their higher intensity enhancement capability and also the optimum electric field map at the
hot-spots which acts as the binding site for molecule. Both the AuNS antenna and the hybrid
one could be easily converted to a biosensor, by anchoring suitable anti-bodies on the surface
of the nanoantenna. Surprisingly, these gold nanostar antennas were seen to have both the
non-edge breathing modes and the well-known edge dipolar mode. The optically active edge
dipolar mode will be useful for the detection of protein molecules by using their localized
surface plasmon resonance (LSPR) effect which is same as any conventional plasmonic
biosensor. But the non-edge breathing modes of nanostar antenna will be helpful to determine
the mass of adsorbed analyte based on the cantilever principle. The mass estimation (having
the information about the polarizability and the size) of the markers is very crucial because it

would provide the information about the number of amino acids present in that molecule



which will help for better understanding of its molecular structure and thus will be useful for
designing its anti-agent. This efficient acousto-plasmonic nanoantenna therefore could
become a key element at a point of care. To go one step forward in this research area, Fano-
lineshape based sensing was thought to be a promising idea. Here the reported Fano line-
shape arises from the coupling of the gold nanorods dipped in thermo-responsive polymer
matrix and a silver thin film. The Fano system was seen to respond to both the change in
external temperature and the refractive index. This kind of Fano system will be helpful for the
label-free detection of the foreign protein molecule with high efficiency and also for
identifying the marker’s thermodynamic state and reactions of the molecule which is crucial
for protein engineering. All these constitute the base of the discussion of part | of the thesis

which is about the light harvesting plasmonic nanoantennas.

In the 2" part of the thesis, AZO metasurfaces and their optical activities are discussed.
Aluminium doped Zinc Oxide (AZO) is a low-loss material and popular as an alternate
plasmonic material. The highly ordered AZO nanotubes array system has seen to have gas
sensing capability. The reported H, gas detection within a very short time can make this
system suitable for industrial application. The detection of H, gas of lower concentration with
the help of these nanostructures is also useful to detect the presence of bacteria by tasting
their exhaled H; gas. On the other hand, the AZO solid nanopillars arrays are seen to have
generalized Brewster angle phenomena which can be useful for many applications including
the optical switching.

Lastly, some additional works have been described in a brief way. In this section, photonic
nanojet related theoretical study, asymmetric sound transmission behaviour shown in 3D
printed acoustics metamaterials, focal-length tunability of metalens and plasmon assisted
cancer therapy has been reported. As per my belief and understanding, all these studies

reported in this thesis will enrich the related research areas.
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Here electric field intensity enhancement by different
nanoantenna such as gold nanosphere, silica core-gold nanoshell,
gold nanoellipsoid, nanorod, nanotriangle, and nanostar are
shown. From this comparison table it is clear that a single gold
nanoellipsoid or nanorod or nanostar antenna is better than a
single gold nanotriangle or nanosphere or silica core gold
nanoshell antenna. All these theoretical analysis has been done by
comsol 5.4. The details about the numerical analysis method will
be described in later section.
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Figure 1.1

Figure 1.2

Figure 1.3

Figure 11A.1

Figure I1A.2

LIST OF FIGURES

PART — I: LIGHT-HARVESTING PLASMONIC NANOANTENNA

Sketch of the mechanism of LSPRs of spherical MNPs and the
resultant electric field confinement at the surface of the nanoparticle

after interacting with the em light.

Effect of different parameters on absorbance of MNPs and their
LSPR spectra: (a) The variation of absorption of the Au NPs of
different size giving rise to different colours and the different
LSPRs, bigger size has red-shift in absorption maxima. (b) The
variation of absorption and thus colours of Au NPs of two different
shapes — nanosphere and nanostars, with two different LSPRs. (c)
The variation of absorption and thus colours and LSPRs of NPs of
different material (Ag, Au, Pt, Pd). Here same size of the spherical
metal nanoparticles is taken [33]. (d) The variation of absorption and
thus LSPRs of 50 nm of Ag nanospheres in different surrounding

media (nanoComposix website).

(@) The schematic of the mechanism of SPP wave generation. (b)

The dispersion of SPP waves.

the nanostar formation.

specific AuUNS solution is highest.

13

Effect of Adding Silver Nitrate (AgNOs) During Nanoparticle
Synthesis: (a) A typical lower magnification randomly selected
Transmission Electron Microscopy (TEM) image of a collection of
Au nanoparticles produced without adding AgNOs. (b) A typical
lower magnification randomly selected TEM image of a collection
of Au nanoparticles produced in presence of AgNO;. Here we can
see that synthesized gold nanoparticles in absence of AgNO; are
mostly of spherical shape whereas in presence of AgNO; the
nanoparticles turn out to be of star shape. This is showing that the
presence of Ag+ (AgNO3) is necessary in this synthesis process for

Study on the Stirring Speed During the Synthesis Process:
Comparison of different experimental UV-Vis-NIR spectra of the
synthesized AuNS solutions produced using different stirring speeds.
Here it can be seen that 700 rpm is the best stirring speed for a
successful synthesis as the measured extinction cross section for that

32
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41
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Figure 11A.3

Figure 11A.4

Figure I1A.5

Figure I1A.6

Figure 11B.1

Study on the Best Injection Time of Polyvinylpyrrolidone (PVP)
During Synthesis: Comparison of different experimental UV-Vis-
NIR spectra of the synthesized AuNS solutions is given where
variation of PVP injection time has been taken into account. Here it
can be seen that the best injection time of PVP for a successful
synthesis is after 2 minutes from the time of simultaneous injection
of AA and AgNO3 not before or during the synthesis as the
measured extinction cross section for that specific AuNS solution is
highest. The inset picture is showing the synthesized AuNS aqueous
solution after centrifugation.

Numerical Simulation Results on Field Enhancement: (a) Interaction
of single AuNS plasmonic biosensor dispersed in water with incident
light in the absence of a BSA molecule. The zoomed portion of the
yellow box shows the intensity enhancement at the pinnacle of the
spike. (b) Interaction of a single AuNS plasmonic biosensor with
incident light in the presence of BSA in water media. Here in all
cases, the incident light wave has polarization along the z-axis (i.e.
along the length or semi-major axis of the spike) and propagation
along the +y direction. The AuNS has a spike length of 88 nm and a
60 nm core, a value taken from the TEM images during experimental
measurements.

Numerical Simulation Results on Extinction Property: (a) Extinction
property of single AuNS dispersed in water in absence of BSA
molecule is shown here. (b) Extinction property of single AuNS in
presence of BSA in water media. (c) Comparison between both the
situation of single AuNS, in absence and presence of BSA molecule.
Here 5 nm of wavelength shift is predicted according to the
theoretical analysis for the adsorption of single BSA molecule at the
AUNS tip.

Schematic diagram of AuNS based plasmonic biosensor: Panel (a)
shows schematic diagram of single dipole stimulated plasmonic
AUNS antenna based biosensor. Here this antenna has multiple hot-
spots near the pinnacle of its tips which has been generated from the
interaction with light. In this case no analyte is present. Panel (b)
shows the modified scenario in presence of protein molecule. Panel
(c) shows the wavelength shift of the LSPR mode of AuNS (black
curve) upon adsorption of single protein molecule (red curve) at any
one of the hotspots of the nanoantenna. By measuring this significant
wavelength shift AAr one can detect the presence of an analyte using
this plasmonic biosensor.

X-ray energy dispersive spectroscopy (XEDS) of the synthesized
AUNS solution dispersed on a carbon tape. The inset table shows the
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Figure 11B.2

Figure 11B.3

Figure 11B.4

Figure 11B.5
Figure 11B.6

Figure 11B.7

weight percentages of the elements present in the sample. Inset
Figure ‘a’ shows a typical lower magnification TEM image of a
collection of Au nanoparticles, showing that the majority of
nanostructures have some spiked areas, confirming the relatively
high yield of the synthesis method. Inset Figure ‘b’ is a typical
higher magnification transmission electron microscopy (TEM)
image of the synthesized nanostructure.

(a) The UV-Vis-NIR spectra of the synthesized AuNS solution in both
stable and unstable condition. (b) Normalized experimental extinction
cross section of stabilized AuNS solution and the relevant theoretical
investigation of the extinction property of AuNSs with two different
spike lengths. The largest spike length (LSL) and average spike length
(ASL) were calculated based on the collected TEM information.

Electron energy loss spectroscopy (EELS) characterization of the
AuUNS: (a) AuNS image with relative areas of investigation; (b)
EELS spectra of core of the AuNS; (c) and (d) EELS spectra of
different regions of the spike of the AuNS.

FEM analysis on light interaction of single Au nanosphere of size 60
nm immersed in water is shown here. The LSPR of 60 nm Au
nanosphere is seen to occur at 550 nm.

Extinction property of single AuNS is shown here.

Design of a hybrid AuNS-nanosphere plasmonic antenna via the
local surface chemistry modification method. (a) AuNS surface
modified by 4-NTP and Au nanosphere coated with 11-
mercaptoundecanoic acid (MUA) are shown. (b) Hot electron
injection after light illumination on a 4-NTP-coated AuNS antenna
at LSPR wavelength (1078 nm) in the presence of HCI; (c) The
formation of a hybrid nanoantenna where the Au nanosphere is
coupled to the AuNS tip. This happened when the activated and
purified Au nanospheres left in contact with the hot-electron-
converted AuNS antennas. (d) The hybrid plasmonic antenna
converted as a sensor by only attaching a suitable probe to this
system. (e) The plasmonic heterodimer sensor in the presence of a
bioanalytes.

Numerical Analysis: (a) Interaction of single AuNS plasmonic
biosensor dispersed in water with incident light in the absence of a
BSA molecule. The zoomed portion of the yellow box shows the
intensity enhancement at the pinnacle of the spike. (b) Interaction of
a single AuNS plasmonic biosensor with incident light in the
presence of BSA in water media. (c) Photon interaction of a hybrid
plasmonic biosensor developed from a single AuNS and an Au
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Figure 11B.8

Figure 1IC.1

Figure I11C.2

Figure 11C.3

Figure 1IC.4

Figure IIC.5

nanosphere in the absence of BSA immersed in water. (d) Interaction
of a hybrid plasmonic sensor with incident light in the presence of
BSA in water media. Here in all cases, the incident light wave has
polarization along the z-axis and propagation along the +y direction.
The AuUNS has a spike length of 88 nm and a 60 nm core, and the
size of the Au nanosphere is 100 nm.

Numerical Analysis: (a) Extinction property of AuNS-Au
nanosphere hetero-dimer plasmonic biosensor dispersed in water
media in absence of BSA molecule. (b) Extinction property of
AUNS-Au nanosphere hetero-dimer plasmonic biosensor in presence
of BSA. (c) Comparison between both the situation of heterodimeric
plasmonic biosensor, in absence and presence of BSA molecule.
Here, according to the theoretical analysis 15 nm shift is predicted
for the adsorption of single BSA molecule at the hot spot created at
the nanogap between AuNS tip and Au nanosphere.

STEM analysis: (a) A high magnification TEM image of a randomly
selected gold nanoparticle is shown. (b) A low magnification TEM
image is shown here which is representative of almost all the
nanoparticles observed.

(@) Comparison of the normalized experimental extinction spectrum
of the synthesized stabilized AuNS solution and the relevant
theoretical investigation conducted on the extinction properties of
AuNSs of two different spike lengths. Large spike length (LSL) and
average spike length (ASL) are obtained based on the collected TEM
information. (b) Histogram of the spike lengths of synthesized
AUNSs is shown based on the collected TEM images of nearly 100
NPs. (c) A high magnifications TEM image of a gold nanostar
particle with ASL is shown. (d) A high magnification TEM image of
a gold nanostar particle with LSL is shown.

EELS characterization of AUNSs with a LSL: (a) AuNS with relative
areas of investigation indicated by different colored boxes. (b) EELS
spectrum of the AuNS core. (c) EELS spectra of different regions of
the AUNS spike.

(a) Extinction cross-section of 60 nm Au nanosphere is shown. The
theoretical LSPR is seen to occur here at 550 nm. (b) Extinction
property of single LSL AuNS where the LSPR is at 1060 nm.

EELS intensity maps of different dominant modes in spikes of
AuNSs with a LSL: (a) AuNS with relative areas of investigation
indicated by different colored boxes. (b) EELS intensity map at 1.2
eV mode. (c) EELS intensity map at 1.8 eV mode. Here 1.2 eV and
1.8 eV modes are the major plasmonic modes located at the AuNS
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Figure I11C.6
Figure I1C.7
Figure 111.1
Figure 111.2
Figure 111.3
Figure 111.4
Figure I111.5

spike with LSL.

EELS of an AuNS with short spike length (SSL): (a) AuNS image
with relative areas of investigation (coloured boxes). (b) Intensity
maps of major plasmonic modes at 1.5 eV and 1.6 eV located at the
AUNS spike. (c) EELS spectra of different regions of the AuNS
spike. The dominant mode at the pinnacle of the spike is 1.6 eV. The
1.6 eV EELS intensity map confirms its edge mode nature by
showing a maximum intensity at the tip of the spike (green box
area), whereas the 1.5 eV mode, which is dominant in the body of
the spike (blue box region) confirms its non-plasmonic nature.

(@) Single AuNS with a small spike length (SSL) is shown here. The
enlarged portion of the black box shows different responses at
different modes and thus is useful theoretically to predict the nature
of the mode (either plasmonic edge mode or radial breathing mode).
(b) Behaviour of a single AuNS with a SSL at 1.6 eV. (c) Behaviour
of a single AuNS with a SSL at 1.5 eV. (d) Single AuNS with a LSL
is shown. The enlarged portion of the black box shows different
responses at different modes. (e) Behaviour of a single AuNS with a
LSL at 1.17 eV. (f) Behaviour of a single AuNS with a LSL at 1.2
eVv.

Asymmetric Fano line-shape for variable g where scattering cross-
section is plotted against normalized energy.

Schematic diagram of the plasmonic Fano system.

(@) STEM image of AuNRs in pNIPAM polymer matrix is shown
where the AuNRs are of aspect ratio 3.6. (b) The UV-Vis-NIR
spectra of aqueous solution of AuNRs of type 1 with aspect ratio 3.6.
Here the absorption spectra of AuNRs in pNIPAM matrix for
swollen (red curve) and collapsed state (blue curve) are also
included. (c) STEM image of AuNRs of type 2 with aspect ratio 3.9
in pNIPAM polymer matrix is shown. (b) The UV-Vis-NIR spectra
of aqueous solution of AuNRs of type 2 along with the absorption
spectra of AuUNRs in pNIPAM matrix for both thermodynamic states
are also included here.

(@) Reflection of drop-casted Pnipam film on Glass slide at room
temperature for variable angle. (b) Reflection of SiO2 (10 nm)-Ag
(80 nm) thin film on Glass slide at room temperature for variable
angle.

Reflection characteristics of (a) pNIPAM @ AuNRsl and (b)
PNIPAM @ AuNRs2 deposited on Ag film without any spacer layer.
These two types of measurements are taken at room temperature and
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Figure 111.6
Figure I11.7
Figure 111.8
Figure 111.9
Figure 111.10

for variable angle. Reflection characteristics of (c) pNIPAM @
AuNRsl and (d) pNIPAM @ AuNRs2 deposited on Ag film with the
SiO2 spacer layer of variable thickness. The measurement is done at
room temperature and the angle of measurement foe these cases are
15 degree. Here for all the cases 80 nm thickness of Ag film is
considered. For all these cases the variation of the Fano line-shape in
room temperature is indicating the importance of different
parameter, such as angle of measurements, aspect ratios of the
AuUNRs, different dielectric spacer layer thickness.

Variation of Fano line shape for varying temperature at different
angle of measurements. Here the measurement angle is varied from
15 deg to 45 deg and for each case the change in variation of the
Fano line-shape for room temperature and at 450C temperature (high
temperature) has been recorded.

(@) Response of pNIPAM @AuUNRs1 aqueous solution at different
temperatures. Here external heating source is used. The temperature
is varied from 250C (RT: room temperature) to 500C by 50C. The
absorption spectra are measured both for increasing and decreasing
temperature. (b) Response of pNIPAM @AUuNRs1 aqueous solution
at different temperatures. Here laser is used to heat the sample over a
much localized region and thus it is marked as internal heating. The
temperature is varied from 25°C (RT: room temperature) to 45°C by
5°C. The NIR laser (wavelength — 805 nm) is used for this internal
heating. The inset figure shows a picture of the cuvette containing
the pnipam@AuUNRs1 sample during internal laser heating where the
scale is describing the temperature of the sample

Electric field intensity enhancement by a single AuNR antenna of
type 1 which has length — 54 nm, width — 15 nm and thus the aspect
ratio — 3.6:1. The intensity enhancement reaches to 3192 at its LSPR
— 780 nm.

FEM based comsol simulations for electric field mapping. The
elctric field mappling for our Fano system (a) in absence of any
dielectric spacer layer, (b) in presence of 10 nm of SiO,, (¢) 20 nm
of SiO,, and (d) 30 nm of SiO, spacer layer are described here.
Every calculation is done here for both 15 deg and 30 deg incidence
angle. The asymmetry in the electric field map here is pointing out
towards its non-dipolar nature which is quite obvious as the system
shows Fano response both experimentally and theoretically (figure
111.10).

Numerically evaluated reflection spectra of the plasmonic Fano
system for variable spacer dielectric (SiO,) layer thickness.
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PART Il: PLASMONIC METASURFACE AND THEIR OPTICAL ACTIVITY

Figure 1.1

Figure 1.2
Figure 1.3

Figure 1.4

Figure 11A.1

Figure 11A.2
Figure 11A.3

Figure 11A.4

Figure IIA.5

Classification of materials on the basis of magnetic permeability
(«) and electric permittivity ().

Different types of metamaterials [31-34]

(a) Spherical isofrequency surface for an isotropic dielectric. Inset
shows energy versus momentum relationship with the red dot
indicating the operating frequency for the derived isofrequency
surface. (b) Hyperboloid isofrequency surface for a uniaxial
medium with an extremely anisotropic dielectric response (g;; < 0;
&xx &yy > 0) (€) Hyperboloid isofrequency surface for an extremely
anisotropic uniaxial medium with two negative components of the
dielectric tensor (exx, &y < 0; &2, > 0). The (b) Type I and (c) Type
Il metamaterials can support waves with infinitely large
wavevectors in the effective medium limit. Such waves are
evanescent and decay away exponentially in vacuum [33].

(a) Multilayer structure containing alternating metal and dielectric
layers. (b) Metallic nanowire (or nanorods) structures submerged in
a dielectric host [33].

Scanning electron microscope (SEM) images of fabricated AZO (a,
b) nanotubes and (c, d) solid pillar structures with a pitch of 400
nm, diameter of 300 nm, and height of 2 m. The wall thickness of
nanotubes is approximately 20 nm.

A picture of the AZO nanotubes hydrogen gas sensor.

(a) Schematic diagram of the experimental set-up. (b) Schematic
diagram of the AZO nanotubes sensing system where air acts as the
host material.

The response of both S- and P-polarized light is shown here. For
AZO nanotubes system we chose S-polarized light for all the gas
sensing experimental measurements because that shows the presence
of different modes. The P-polarized light shows almost no variation
and thus not useful for gas sensing. Here the measurement angle is
45°, These measurements are taken in absence of H, gas to only
figure out which mode will be the best mode for gas sensing
measurements.

Simulation results. (a) Reflection spectra. (b) The electromagnetic
power loss density (W/m?) and (c) Electric field profile at 1100 nm in
wavelength. Simulation was conducted for linearly polarized plane
wave (TE-polarized light with electric field parallel to the surface of
tubes along x-axis) is investigated. The periodicity, thickness of wall,
and height of tubes are 400 nm, 20 nm, and 2 m, respectively. The
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Figure 11A.6

Figure 11A.7

Figure 11A.8

Figure 11A.9

Figure 11A.10

incident angle is ¢ = 45°.

The response of AZO nanotubes in presence of hydrogen gas. (a) The
response of AZO nanotubes sensing system before and after
intercalation of 0.7 % H, gas measured at the incident angle, = 45°
over a wavelength range of A = 300 nm - 1500 nm. Using this plot
one can choose the suitable mode for H, gas detection with higher
sensitivity. (b) 0.7 % Hy, (c) 2 % H,, and (d) 4 % H, gas sensing
results. For all these measurements, the response time is 10 min.

Here the response of the AZO nanotubes sensing system is shown for
0.7% H; gas. For all these cases, the response time is 10 min. Panel
(a) describes the case for a lower wavelength mode when the
measurement angle is 45°. In this case no wavelength shift is seen.
Panel (b) describes the case for a higher wavelength mode when the
measurement angle is 45°. In this case wavelength shift as well as the
reflection intensity change has been observed. Panel (c) describes the
case for a lower wavelength mode when the measurement angle is
25°. In this case variation is observed. While panel (d) describes the
case for a higher wavelength mode when the measurement angle is
25°. In this case also the shift in mode is seen. One can choose any
mode and any measurement angle based on these variations. The only
restriction for our set-up is the measurement angle should be less or
equal to 45° to minimize the interference effect introduced by the
microfluidic channel and maximize the signal intensity.

The response of AZO solid pillars for 4% hydrogen gas is shown
here. Almost no change in the reflectance mode is observed here for
4% H, after 90 min which signifies the incompatibility of these solid
pillars for hydrogen gas sensing.

Variation of (a) wavelength shift, AA, and (b) Reflectance intensity
change of reflection minima, Al, observed in AZO nanotubes sensing
system in presence of H, gas of different concentration (0.7 %, 2 %,
and 4 %).

The Limit of Detection (LOD) measurement is shown here. If one
considers wavelength change as the parameter to detect the presence
of hydrogen gas with the help of AZO nanotubes sensing system then
the LOD is measured as nearly 0.3% H, gas considering the fact that
the maximum resolution of the used ellipsometer in our case is 0.03
nm. Here the black curve is showing the experimentally measured
wavelength shift variation of reflection minima, observed for AZO
nanotubes sensing system in presence of H, gas of different
concentration (0.7 %, 2 %, and 4 %) and the red dashed curve is the
fitted curve drawn to see the LOD.
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Figure 11A.11

Figure 11B.1

Figure 11B.2

Figure 11B.3

Figure 11B.4

Figure 1IB.5

(@) Response of AZO nanotubes sensing system overtime in presence
of 4 % H; gas. It is very clear that 10 min is enough to detect the
presence of 4 % H; gas. (b) The response of AZO nanotubes sensing
system (with PMMA channel) in presence and absence of N, gas
where there is almost no variation in the mode. But a clear shift of the
mode is observed in presence of 4 % H; gas after 60 min.

An illustration of the light reflection when the incident angle is
Brewster angle.

The transmission characteristics of the AZO solid nanopillars arrays
for both (a) P-polarization and (b) S-polarization are shown. In this
case air is acting as the host material and pitch is 400 nm. The angle
of measurement in this case is from 0 deg to 40 deg but this kind of
zero transmission features of the AZO solid pillars is true for higher
angles too. Moreover, the zero transmission is applicable to all the
other three kind of solid AZO nanopillar system — where 500 nm
pitch is maintained for air host and for Si host where 400 nm and 500
nm pitch is maintained over 1x1 cm? area. Here 1x107° in the
transmission scale is considered as the zero transmission.

The reflection characteristics of the AZO solid nanopillars arrays for
both (a, ¢) P-polarization and (b, d) S-polarization are shown here. In
this case air is acting as the host material and pitch is 400 nm. The
angle of measurement is varied from 35 deg to 75 deg in panel (a)
and (b) showing reflection characteristics for p- and s- polarization
respectively for a higher angular range. There the GBA effect for this
structure is found near 1500 nm and over an angular range of 35 deg
to 45 deg. In panel (c) and (d) the zero reflection for both s- and p-
polarization is shown. The wavelength at which this GBA effect is
occurring is seen to have a blue shift when the measurement angle
increases.

Spectroscopic parameters of the AZO solid pillars arrays system with
400 nm pitch and air host for three different measurement angle. (a)
Psi for 35 deg angle, (b) Delta for 35 deg angle, (c) Psi for 40 deg
angle, (d) Delta for 40 deg angle, (e) Psi for 45 deg angle, and (f)
Delta for 45 deg angle is shown.

The reflection characteristics of the AZO solid nanopillars arrays for
both (a, ¢) P-polarization and (b, d) S-polarization are shown here. In
this case air is acting as the host material and pitch is 500 nm. The
angle of measurement is varied from 35 deg to 75 deg in panel (a)
and (b) showing reflection characteristics for p- and s- polarization
respectively for a higher angular range. There the GBA effect for this
structure is found near 1600 nm and over an angular range of 35 deg
to 45 deg. In panel (c) and (d) the zero reflection for both s- and p-
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Figure 11B.6

Figure I.1

Figure 1.1

Figure 111.1

Figure IV.1

polarization is shown. The wavelength at which this GBA effect is
occurring is seen to have a blue shift when the measurement angle
increases.

The reflection characteristics of the AZO solid nanopillars arrays
where Si acts as the host material. (a) Reflection for p-polarized light,
(b) Reflection for s-polarized light is shown. For both (a) and (b)
AZO solid pillars with 400 nm pitch is chosen. (c) Reflection for p-
polarized light from AZO solid pillars array system with 500 nm
pitch, (d) Reflection for s-polarized light from AZO solid pillars array
system with 500 nm pitch, is shown. For all the angular reflection
measurements the incident angle is varied from 35 deg to 75 deg by 5
deg.

PART Ill: FEW ADDITIONAL WORKS DONE

(a) Photonic nanojet created by a bare microsphere. Photonic nanojet
created by a microsphere with a substrate (b) for lower angle, (c)
higher angle. Here the radius, the refractive index of microsphere and
the surrounding medium is considered to be 2 pum, 1.6, and 1.0
respectively. Incident wavelength of light is 632.8 nm.

(a) Different 3D printed AMMs are shown (0D, 1D, 2D, and 3D)
which are fabricated with (N) and without neck (NN). (b) The
asymmetric behaviour is shown. Here the measurement has been
done with 1D necked AMM structure, but this character is maintained
also for OD and 2D necked AMM structure. Here NA and NF denote
respectively the neck away and neck facing case from the sound
source. The inset is showing the input sound signal where almost 25
dB is maintained from 4000-20000 Hz.

(@ A mouse with tumor. (b) The mouse after treatment without
tumor.

Polarized Optical Microscopy images for cross polarization. (a) Un-
infiltrated metalens (b) Partially filtrated metalens (c) Completely
infiltrated metalens.
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Outline of Thesis

Part I: Light harvesting plasmonic nanoantenna

The first part of this thesis is all about the light harvesting properties of the plasmonic

nanoantennas.

A brief overview on plasmonics will be discussed in the chapter I. To be more specific, here
the following facts will be discussed: noble metals and their optical properties, plasmonic
nanoparticles acting like an optical nanoantenna and the localized surface plasmon resonance
(LSPR) effect connected with these plasmonic nanoantennas and lastly metallic thin films
and the surface plasmon resonance (SPR) effect seen to occur in metallic thin films. This
chapter will be concluded with a discussion of the active nature of nanoparticle based

plasmonic systems.
The chapter Il is all about the star shaped gold nanoparticle.

All the fabrication details of star shaped gold nanoparticle will be discussed in chapter I1A.
These gold nanostar particles are promising candidates for protein sensing in many ways. The
chapter 1A will start with a discussion on the fact that why protein sensing is necessary. This
will be followed by the discussion on the different known nanoparticles suitable for protein
sensing. There it will be very clear why some elongated nanoparticles especially star-shaped
nanoparticles are beneficial in this field of sensing. Then the synthesis and characterization
details of these gold nanostar particles will be discussed. Lastly, the light harvesting property

of these nanostars particles will be written along with their applicability in the sensing field.

Chapter 1IB is about the heterodimeric nanogap system composed of a gold nanostar particle
and a gold nanosphere. Here design details of these nanogaps will be discussed first and then,

their effectiveness in term of the sensitivity for protein sensing, will be given.

Chapter IIC is about the observation of breathing modes in gold nanostars and how these
modes along with their popular dipolar mode will be useful for sensing. This chapter will
start with a discussion of about breathing modes which originates from a different reason
other than the popular edge modes such as dipolar, quadrupolar, and higher order multipolar
modes. Then the experimental observation of both types’ modes (breathing modes and
dipolar edge modes) in these nanostars will be explained. Afterwards, some theoretical study
will be given on both the breathing modes and edge mode to understand more carefully their
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origin and shape in these nanostructures. This chapter will be ended with a discussion on the
usefulness of these two types of modes of nanostars in protein sensing - both using optical

signals as well as acoustic signals.

In chapter 111, a system has been reported for both the detection of change in temperature and
refractive index in the surrounding media. The chapter will start with a comparative study of
asymmetric Fano line-shape and the symmetric Lorentzian dipolar line-shape and the reason
for selecting Fano line-shape over the Lorentzian dipolar line-shape for detecting any changes
in the surrounding environment. Then the origin of this Fano resonance will be discussed. In
this case, the reported system shows a characteristic Fano line-shape which originates from
the hybridization of narrower LSPR mode of gold nanoparticles and the wider background
SPR mode of metallic thin film. Afterwards, the synthesis and characterization details of
nanoparticle embedded polymer system will be given. The design details of metallic thin film
and its characterization will be discussed subsequently. Later, description of our Fano system
will be given including its schematic diagram, construction and characterization. Then, all the
experimental results will be discussed about the detection of temperature change and the
change in dielectric surrounding medium using this Fano system. The Finite Element Method
(FEM) simulation done on this Fano system to understand the interaction of it with light will
be discussed afterwards. The chapter will be concluded with a discussion of the effectiveness
of this Fano system not only for protein sensing but also for temperature sensing. With the
discussion of this last chapter part - I is completed.
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Part I1: Plasmonic Metasurface and their optical activity

The second part of this thesis is about the plasmonic metasurface and their optical activity.

Chapter | discusses a brief overview on metasurface. Here, metamaterial, metasurface and

meta-atom and their related important theoretical details is written briefly.

The chapter 11 is all about the aluminium-doped ZnO (AZO) nanopillar arrays based

metasurface.

Chapter 11A is about hydrogen gas sensing using the Aluminium doped ZnO hollow
nanopillars arrays based metasurface. At first, the motivation for gas sensing is explained.
Then the importance of Aluminium-doped ZnO over well known noble metals is described
along with the importance of these pillar structures for gas sensing. After that, all the
fabrication and characterization details of aluminium-doped ZnO (AZO) nanopillars arrays
are discussed here. Then, the details about the design of our gas sensor and our experimental
set-up are given. Afterwards, all the gas-sensing experimental results and the related Finite
Element Method (FEM) based Comsol simulation study results are given. Here, the

applicability of solid and hollow AZO nanopillars arrays for gas sensing is also discussed.

Chapter 11B is about the Aluminium doped ZnO solid nanopillars arrays and their usefulness.
At first generalized Brewster Phenomena and Perfect light absorption is discussed here. Then,
all the relevant details about the experimental set-up and the experimental results are given.
These AZO solid nanopillars arrays don’t respond to H, gas but it shows the generalized
Brewster angle effect over a range of angles. These arrays show the perfect light absorption
characteristics over a wavelength range for a particular incidence angle. The difference in the
optical characterises of the AZO solid pillars arrays are shown here for both air and Si as the
host materials. Based on the optical characteristics, these solid pillars seem to be useful as

optical switch by controlling polarization, incidence angle or wavelength.

With all these discussions, part - 11 is completed.
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Part 111: Few additional works done

Part - 111, is composed of few additional interesting projects which have been done during my
PhD.

Chapter 1 is all about the numerical simulation done on photonic nanojet (PNJ) which is very
well known phenomena related to dielectric microstructure. Here after introducing the PNJ

effect, theoretical analysis about the twin-PNJ effect seen in our system, are described.

Chapter Il discusses our results regarding the acoustics metamaterial. Like the plasmonic
metamaterial acoustic metamaterial is also very important for various applications. This
chapter begins with the general discussion about the acoustic metamaterials. Then, the design

of our acoustic metamaterial, fabrication and the key experimental results are written briefly.

Chapter 111 is about the plasmonic nanoantennas for Cancer Therapy. The nanoshell antenna
is well-known for its diagnostic application. But the heat generating property of these shell-
like nanoantennas makes them very important for therapy also. The nanoshell combined with
Ir-complex is able to destroy the glioblastoma cells completely. The results and discussion

about this therapy are written briefly in this chapter.

The optical focal length tunability of flat Meta-lens with the help of liquid crystal is discussed
(under invention disclosure) briefly in chapter 1V of this part. Here, the meta-lens we used,
the important facts related to the liquid crystal, and the way of injecting the liquid crystal into

the meta-lens is written concisely along with a glimpse of the key experimental results.

With the discussion of all these chapters part 111 is completed.
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PART I

LIGHT-HARVESTING PLASMONIC NANOANTENNA

27



Chapter |

Plasmonics: A Brief Overview

I.1. Introduction: Plasmonics is a fastly-growing field which falls at the boundary of
physical optics and the condensed matter physics. It studies the effects of nanostructured
metals. Nanostructured materials, in principle, are materials whose dimension is in between 1
to 100 nm at least in one dimension. When a material’s size falls within that size limit then its
behaviour gets changed compared to their bulk condition. Thus plasmonics studies the
unusual and unknown behaviour of metal or metal-like nanostructures whose properties are
far from their bulk properties. The “plasmonics” term is originating from the word “Plasmon”
— The study of plasmons. The plasmon is the quantum of plasma oscillation. The quantum of
light is known as photons, the quantum of mechanical vibration is known as phonons, in a
similar way, the quantum of plasma oscillation is known as plasmon. These Plasmons are not
a normal particle rather it’s a quasi-particle because it arises from the quantization of plasma
oscillation. Plasmons are the quantum of oscillation of the electron density with respect to the
fixed ionic position in a metal. In metals electrons are free to move and all of them jointly
behave like a sea of electrons which looks like the plasma. Now in presence of any external
electric field, in order to cancel out the field inside the metal, all the electrons move in
opposite direction of the externally applied electric field. If the electric field gets removed or
pointed towards the other direction due to the repulsion among the electrons and the
attraction of the positive ions the displaced electrons move towards their previous position. In
this way the free conduction electrons oscillate back and forth in metals and plasmons are the
quantization of this plasma oscillation. In a particular metal that oscillation happens with a
particular frequency which is known as the plasma frequency that depends on the material
property.

Plasmonics deals with the study of fabrication, properties and applications of plasmon
supporting structures [1]. Although plasmonics talks about the optical properties of different
nanostructured noble metals such as gold, silver, platinum, palladium, yet it is more confined
in gold and silver nanostructures. Now-a-days because of a lot of applications (will be
discussed later) this field is getting more and more attention. To know more about this
plasmonics field of study we should first know about the important facts about the noble

metals. In this chapter, after that discussion, the details about the nanostructured noble metals
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will be discussed which will be connected to the study of plasmons. With all the study of
noble metals in bulk as well as in nanostructured form, this chapter’s discussion will be

completed.

1.2. Optical properties of noble metals: The metal is a very well-known class of material
which has a lot of distinguishing properties such as high reflectivity, good electronic
conductivity, and high heat conductivity. Gold (Au), silver (Ag), platinum (Pt), palladium
(Pd), copper (Cu), aluminium (Al) are examples of some popular metals. All the exciting
properties of these noble metals originate from the same feature of the metal — the presence of
free conduction electrons. To a good approximation, these free conduction electrons, which
form apparently a plasma kind of state in a metal, oscillate in the background of the fixed
positive ions of metals. This oscillation of the conduction electrons is known as the plasma
oscillation. The frequency of this oscillation depends on the material itself, and it is unique
for each material. This frequency is known as the plasma frequency and all the optical
properties of the metals depend on this plasma frequency. The simplest known model which
deals with this plasma frequency and therefore the optical properties of the noble metals is

the popular “Drude model”

Drude Model and the optical properties of metals: According to the Drude model [2], the

electric permittivity of the metal is given by

ne? 1
E(w) =1- m_sow2+iy0w

(1.1)

Where n is the number density of the free electrons, m is the free electron mass, y,is the
damping term which depends on the free electron oscillation rate, and w is the electron
oscillation frequency. For most of the metals, y, < w. In this case, the conduction electrons
in a metal are considered not to be bound. Drude adapted the approach given in Lorentz
model without the restoring force (i.e. wp = 0) and introduced this Drude model. If the
response of the positive ions in metals will be included as a constant background with a real

dielectric function then the modified Drude model would be

e(w) = &4 (1 _ ) (1.2)

w2+iyow

Here e, = 1 and w,, is the plasma frequency which is defined as

w, = (1.3)
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Here, n is the electron number density, e is the unit electronic charge, m. and &, are the mass

of the electron and the permittivity of the vacuum respectively.

From the previous expression of £(w), the real and imaginary parts of the permittivity of the

metal according to the Drude model are

Re(e(@)) = 2w (1 - o2-) (14)
And
Im(e(w)) = :{Zg—% (1.5)

Here Re((w)) decides the group velocity dispersion and Im(e(w)) regulates the dissipation
of the energy of electrons in metals contributing to its absorption. This model can be well-
connected to the experimental measurements of the optical constants of noble metals done by
Johnson and Christy [3]. Although the Drude model fairly goes well with the experimental
measurements done by Johnson and Christy for the higher wavelength range yet it is not
consistent with the experimental findings in the lower wavelength range especially for the
ultraviolet (UV) spectral region. The reason is the ignorance of the contribution coming from
the bound electrons of metals towards their electric permittivity € (w) and their optical
activity. In the following part, the description about the contribution of bound electrons in
metals will be given which will complete the Drude model that took into account only the
free electron contribution in metals to compute the metallic electric permittivity € (w). The
extended expression of € (w) including the bound electron part then will be able to explain all
the optical properties of the bulk metals even in the lower wavelength range including the UV
region.

According to the Drude model, here it is very clear that, if w, will be in UV region, then
Re(e(w)) of metals will be very small in the UV region and it will be close to zero there.
Thus Re(e(w)) will be negative in the visible region and will be very negative in the IR
region. This negative Re(e(w)) is the key feature of the metals in the optical range. Due to

the existence of negative Re(e(w)) we can see the high reflectivity in metals and this is the
origin of most of the plasmon related effects in bulk metals. Intra-band transitions, seen in
metals, happen because of the electronic excitations within their conduction band, can also
find explanation from the Drude model. There are few additional and important processes

which seen to occur in real metals such as Landau damping and interband transitions. These
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processes also contribute to the optical properties of the real metals. Interband transition
compared to the Landau damping is more important to understand the optical properties of
the real metals because this kind of transition seen to occur in most of the metals in many
cases and because of this phenomena their electric permittivity and thus their optical
properties gets perturbed. Inter-band transitions originate from the optical excitations of the
bound electrons, approximated as the collection of Lorentz oscillators, to higher energy band.
The contribution of the inter-band transition and thus the bound electrons modifies the

electric permittivity expression of metals in the following manner

2
Wp

(1.6)

£(©) = £y (©) + £y — L

Here &, (w) is originating from the inter-band transitions and thus from bound electrons. This
is modifying the classically known expression of the electric permittivity of metals derived
from the Drude model written with only the free electron contribution in metals. The inter-
band contribution &, (w) does not strongly affect the optical properties of metals if the inter-
band transition energy falls in the UV range. But for some metals like gold (Au) the inter-
band transitions falls very close to or just below the plasma frequency. Therefore, for those
cases, the electric permittivity of metals (like Au) which decides their optical properties must

include the term &, (w).

With all these discussions, the above section is able to give an idea about the noble metals
and their optical properties with the details about their origin. The above discussion is true for
bulk metals but if one goes from the bulk to the nanostructures metals then all the properties
of the bulk metals will get modified for its confinement over the nanometer (nm) region.
Because of their modified and useful features these nanostructured metals are very beneficial
compared to the bulk metals in many applications and thus deserve a brief discussion. In the
following section some useful details about these nanostructured metals and their applications
will be given. The work done during my PhD is based on the usefulness of these
nanostructured materials and thus the following discussion about the nanostructures will be

very beneficial for understanding the successive chapters of the PhD thesis project works.

Nanostructured Materials: From the above discussion it is very clear that how a metal
behaves in its bulk condition, its optical properties and the origin of the optical properties. It
is worth to mention here that in general, a material behave differently at the different size
scales. When a material instead of its bulk state, gets confined over some nanometer scale (1

nm-100 nm) in any dimension (or more than one dimension) then due to the confinement of
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the conduction electrons the energy levels gets modified and in that condition it’s behaviour
gets changed compared to the bulk counterpart. There is a famous fragment of sentence by
Richard Feynman — “Plenty of rooms at the bottom” which describes the possibilities and
powers of this miniaturization that cannot be seen at the macroscale. Metals are also size and
shape dependent. When the metals get confined over the nanometer region in one dimension
or more than one dimension, then those nanoscale metals behave differently with respect to
their known bulk properties and also the nanoscale metals have modified optical properties
than their bulk form. In recent years, metal nanostructures become very popular because of
their usefulness in both the fundamental research areas as well as their technological
applications. Because of the unique physical and chemical properties along with their
functionalities compared to their bulk properties, these metal nanostructures are acquiring
more attentions. The plasmonics field of study is emerged to spot-light these plasmon driven
unique optical properties of the metal nanostructures which are the most exciting and

fascinating properties of the metals confined in the nanometer size scale.

At nanoscale, the noble metals such as gold (Au), silver (Ag) posses high absorption in the
visible range which depends on different parameters of that nano structured metals. The
different absorption in different types of metal nanostructures (with variable size, shape and
material) can be observed by the different colours associated with them. This high absorption
originates from the collective oscillations of the conduction electrons in a confined region of
nanometer size, in response to the electric field of the interacting electromagnetic (em)

radiation of the light.

The importance of Ag and Au among all the other metals is because of the possibility of
getting any colour and absorption band almost in any part of the visible region by controlling
their shape and size. These Ag and Au nanostructures are also well-known for their chemical
stability and biocompatibility nature. Since the ancient ages people are using the different
kinds of remarkable features of these metal nanoparticles in different fields but the oldest
example till date is the use of metal nanoparticle to process different colours by Romans
during 1000-1200 BC. The popular Lycurgus cup (4™ century AD) carries the unique feature
of the colour change using the nanoparticles that can be seen by experiencing its different

colours depending on the direction and angle of interaction of the incident light [4].

Now-a-days, because of the significant improvement in the plasmonics field of research,
people are able to fabricate metal nanoparticle of different shape such as nanosphere,

nanoshell, nanorod, rice grain type of nanoellipsoid, nanowires, nanoprisms, nanocages,
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nanocubes, nanoplates, nanotriangles, nanostars and hexagonal nanoparticles and many more
including the coupled nanoparticles with the possibility of size tunability [5-12]. Because of
the ease of fabrication of these metal nanostructures, the unique features of all these different
kinds of metal nanoparticles (MNPs) and their usefulness, MNPs and thus plasmonics finds a
large variety of interdisciplinary applications [13], such as biomedicine [5], energy
application, surface enhanced Raman spectroscopy (SERS) [14-15], sensing, [16-17]
cloaking which can make the things invisible [18], subwavelength imaging [19],
photocatalysis [20], photovoltaics [21-22], photo-therapies [23], quantum technologies, and
miniaturized photonic circuits, and for on-chip integration of photonic and electronic systems
[24-25].

The secret of all the astounding optical properties of the metal nanoparticles which makes
them very useful in diversified field is their ability to confine light at the sub-wavelength
scale [26-31]. The domain of this plasmonics field is standing over these unique light
interaction properties of the metallic nanostructures and the metallic thin films. Therefore,
these two sections, metal nanostructures and the metallic thin film deserve a brief discussion
along with their distinctive light interaction and confinement properties. In the following
sections all the important details about the metal nanoparticles and metallic thin film along
with their light interactivity are given which will be helpful for understanding different

features of the following chapters containing the PhD thesis projects works.

1.3. Metal nanoantennas and discussion about localized surface plasmon resonance:

Metal nanoparticles (MNPs) interacting with the incident electromagnetic (em) light behaves
differently than the bulk metal and are able to confine the light very tightly near its surface in
some specific regions. In this case we are considering the MNPs of size comparable to or
smaller than the wavelength of the incident em wave so that in that size limit we can safely
consider the electric field of the incoming light interacting with the MNP is fairly constant
over their volume. When em wave interacts with such a MNP, its free electron clouds gets
excited and because of the interaction with the electric field of the incident em wave the free
electron clouds move back and forth in the metal nanostructure. This movement, rather the
oscillation of these free electrons within the MNPs are terms as the localized surface plasmon
(LSP) oscillations as the oscillation of the plasmons here is confined over the closed surface
of MNPs (the oscillation of free electrons in bulk metals is known as the plasmons). Because
of these oscillations of the charged particles in MNPs, they start to radiate.
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This radiation is function of the size, shape, material type of the MNP as well as the type of
dielectric surroundings in which that metal nanostructure is submerged [5, 8, 11, 26-28, 33].
The outgoing radiation field intensity originating from the oscillation of LSPs varies at
different regions of the MNP surface because of the different local curvatures in the surface
of the nanoparticle. It is a very well-known fact that the electric field of any em radiation
should be perpendicular to the local surface of the interacting structure. The different
curvature at different position of MNPs surface decides the electric field lines density of the
outgoing radiation field and because of this light gets confined over some particular area very
densely compared to the other regions. These regions because of the existence of the higher
electric field lines density turns out to be brighter compared to the other sections. These
brighter regions at the surface of the MNPs characterized by the highest confinement of the
outgoing radiation electric field and are termed as the Hot-spots areas. The electric field
confinement in the hot-spot area can be changed by changing the curvature at that particular
area which can be done by modifying the size and shape of the MNPs. Also by changing the
material property of the MNPs (i.e. by choosing different types of metals with different
electron number density, n) and their dielectric environment, the confinement and the electric

field map can be modified.

The frequency, with which the LSPs in a MNP oscillate, is unique for a particular
nanoparticle. When the incident em field has that particular frequency during interaction with
the MNP then the interaction results in the highest confinement and thus the highest
enhancement in the electric field intensity. That particular frequency of a particular MNP is
known as the localized surface plasmon resonance (LSPR). This LSPR depends on the size,
shape, material of the MNP and also on its dielectric environment as it is connected with the
oscillation of free electrons in that particular confined structure [5, 8, 11, 26-28, 33].

Electric
field

Ei;:;ron I 1
cloud 5
Propagation——> |E/E,|

Figure 1.1. Sketch of the mechanism of LSPRs of spherical MNPs and the resultant electric
field confinement at the surface of the nanoparticle after interacting with the em light.
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Figure 1.2. Effect of different parameters on absorbance of MNPs and their LSPR spectra: (a)
The variation of absorption of the Au NPs of different size giving rise to different colours and
the different LSPRs, bigger size has red-shift in absorption maxima. (b) The variation of
absorption and thus colours of Au NPs of two different shapes — nanosphere and nanostars,
with two different LSPRs. (c) The variation of absorption and thus colours and LSPRs of NPs
of different material (Ag, Au, Pt, Pd). Here same size of the spherical metal nanoparticles is
taken [33]. (d) The variation of absorption and thus LSPRs of 50 nm of Ag nanospheres in
different surrounding media (nanoComposix website).

The figure above is giving some idea about all the known parameters which can control the

LSPR of MNPs and the light confinement and thus intensity enhancement by those particles.



In the figure 1.2, panel (a) is describing how the absorption of metal nanoparticle (in this case
Au nanosphere) will be modified for its different size. The different absorption can be
visualized externally by seeing their respective colours. The difference in the absorption will
be clear when we will measure the absorption characteristics (or extinction) by using a UV-
VIS-NIR spectrophotometer. Here the different absorption maxima, which are known as
LSPR, for different size of the MNPs is describing the MNP size effect. Panel (b) is
describing how the absorption property and thus colour and the LSPR will be modified for
different shape of the metal nanoparticle. For this case, Au nanoparticle of spherical shape
and star shape are considered for comparison and in both the cases water is chosen as the
media. Panel (c) is describing the effect of different kinds of material on their absorption
properties [33]. For this comparison four types of metals have been chosen — gold (Au), silver
(AQ), Platinum (Pt), and palladium (Pd). All the MNPs are of same size and same shape —
spherical shape. Water is chosen as the media in each case. The different absorption nature
with different LSPR and colours are describing here the effect of material property on their
optical activity. Lastly in panel (d) the effect of different dielectric surrounding media
[nanoComposix website] has been described. For this study 50 nm of Ag nanosphere has
been taken and those NPs have been submerged in different surround media with different
dielectric constants — air (¢ = 1.00), water (¢ = 1.33), and silica glass (¢ = 1.50). The red
shift in the LSPR of this MNP for the media with higher value of dielectric constant is
describing the effect of surrounding dielectric media. Thus summarizing all the above details
we can say that the features of the LSPR (its position), absorption of the MNPs, electric field
map, light confinement and the electric field enhancement near the MNP surface depends on
the four factors — size, shape, material and the nature of the dielectric environment [5, 8, 11,
26-28, 33]. The enhancement in the radiation field and the light confinement becomes
maximum at the LSPR of the MNPs. The electric field intensity enhancement at the hot spots
is different for different excitation wavelength, because of the strong dependence of the
electric permittivity of the plasmonic particles on the excitation wavelength. Here it is worth
to mention that all the above features of MNPs can be understood with the help of dipolar

model.

Figure 1.1 is depicting the sketch of the mechanism of light interaction with spherical MNP
which helps to realize the LSPR of spherical MNP (which can be applied in general for any
size, shape, material, and surrounding media of any MNP) and the resultant electric field

confinement at the surface of the nanoparticle when it interacts with the em light.
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Using the unique light interaction nature and the LSPR properties of metal nanoparticles we
can use these MNPs in many areas of application which is written in the previous section
already. Thus it is necessary to study the optical properties [electric field at their hot spots
and localised surface plasmon resonance (LSPR) wavelength] in detail of these MNPs. The
following theoretical sections regarding the MNPs will help us to understand the light
interactivity, the absorption property, the LSPR wavelength, light confinement and intensity
enhancement by a specific metal nanoparticle with particular size, shape, material and

surrounding media.

Theoretical methods: Theoretically we can estimate the LSPR wavelength of MNPs and the

electric field enhancement at their hot spots, using following methods.

Mie theory (for spherical particles): In 1908, Mie introduced a procedure to calculate the
scattering, absorption and extinction properties of spherical particle in a homogeneous
medium. In that case plane wave illumination is considered [32]. The scattered and internal
fields are calculated to be the infinite series of vector spherical harmonic functions which are
designated as Memn, Nemn, Momn @and Nomn Where the indices o and e designates the odd and
even functions and the indices n and m are correlated with the Legendre functions of degree n

and order m. The vector functions are calculated from the following two relations

M =Vx(ry) (1.7)
sziM (1.8)

Where r is a constant vector andy is a scalar wave function which satisfies the well known

Helmholtz equation.

The internal fields of sphere of radius a and complex refractive index f, (:ngﬂl ) due to the

plane wave illumination E, =é E, exp[i(k-r—a)t)] will be

= i"E, (2n+1)
El ; O n+1) ( oln_Id Noln) (|9)
k, ~ "E 2n+1 )
M & N )
awlnz; n+1) (d G +ic,NG ) (1.10)

Here, k, =k,f, and Ko is the propagation constant of the incident em field in vacuum. Thus he

scattered fields will be
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N n(ne1) ('b NG +a,ME3) (112)

Here index (3) is connected to radial dependence of generating functions associated with the

Hankel functions of first orderhn . The values of all the coefficientsa,,b,, c,and d, are

no Oy
correlated with the spherical Bessel and Hankel functions and are known as the scattering and
internal field coefficients [32]. The estimation of these coefficients using appropriate
boundary conditions will help us to calculate the scattering and the extinction cross sections
which are given below [26-27]

27z

sca

C (2n+1)([a,[ +Jb,[") (1.13)

1

27 &

Ce =F§(2n +1)R(a, +b,) (1.14)

The absorption cross section of the sphere can be estimated using the relation

C.. =C.. —C.a (1.15)
All these relations will help us to see the absorption, scattering and extinction properties of
spherical particles as function of the photon wavelength of the incident em light. The
wavelength of photon at which one can have the highest absorption, scattering and extinction
intensity by using a plasmonic nanosphere, is its LSPR wavelength and at this particular
excitation wavelength the most efficient excitation of localised surface plasmons will take
place giving the highest light localization. Because of this, the electric field intensity

enhancement at any of the hot spot of the plasmonic particles would be optimized.

Bohren and Huffman wrote FORTRAN codes to calculate the Mie scattering coming from a
homogeneous sphere, a coated sphere, and an infinite cylinder. Despite the computational
complexity of these algorithms, it is possible only to have the cross sections of single
spherical particle. Thus the Mie theory is unable to calculate the scattering coefficients and
the LSPRs of MNPs of the different other shapes such as — core shell particle, ellipsoidal and
rod shaped elongated structures and different other structures like star shape. The details
about the relevant theoretical processes for calculating the different cross-sections and the

LSPRs of those MNPs of different shapes are given below.
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Quiasi-static theory (for nanosphere and nanoshell and elongated particles): The theory
is for particles of dimensions much smaller than the excitation wavelength (D <4/10) [30].
In presence of em radiation the MNPs (in general for NPs) behave as simple radiating
dipoles. The dimension of the NPs is small enough and thus we can consider the phase of the
incident electric field fairly constant inside the particle. This field can be estimated by using

the expression of the electrostatic potential which is E =-V [30].

Spherical nanoarticles: For the nanosphere of radius a and dielectric constant ¢, keptin a
homogeneous dielectric medium of dielectric constant &, if we consider the incoming em

field as

E,(r.t)=E,(r)exp(-iat) (1.16)
Then, the expressions of the internal electric field E, and the external electric field E, of the

spherical particle, estimated by solving the Laplace equation in spherical harmonics are given
by [30]

E - 3,

1.17
&, +2¢ (117)

3n(n-p)-p 1
r3

E,=E,+ (1.18)

Are,

Here n is unit vector in the direction of point of observation at a distance r from the dipole

(i.e. the sphere) and p is the induced dipole moment of the nanosphere which is given by

& -8

p=agE, =4ra’ gk, (1.19)

&, +2¢
Thus now the absorption, scattering and extinction cross sections of the nanosphere can be
written as [26, 28]

s =k3[ (o) | (1.20)
k* 2
Ogcat = a|a(a))| (|.21)

O-ext = O-abs + O-scat (|22)

Thus the scattering, absorption, and extinction cross sections are seen to be strongly

dependent on polarizability. The polarizability will go to maximum value when denominator

of equation (1.19) will be zero [i.e. & (@) =—¢,/2]. This condition is popular as the Frolich
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resonance condition. At the frequency where that resonance condition will be satisfied, the
optical properties such as absorption and scattering will reach to the maximum.

Core-Shell nanoparticles: The scattering, absorption, extinction properties of single
spherical core-shell particles can be estimated by using the equations (1.20), (1.21), and (1.22).
In this case, the expression of the polarizability («) of the spherical nanoparticle given in
equation (1.19) should be replaced by the proper expression of « for the nanoshell found

elsewhere [31].

Elongated nanoparticles: Elongated nanoparticles such as nanorod, nanoellipsoid when
interacts with em radiation having polarization along their semi-major axis then a huge
electric field develops because of their stronger light confinement capability at their tips. This
light confinement and thus electric field enhancement is higher than that of a nanosphere.
This is happening for the case of the elongated particles due to the lightning rod effect along
with their LSPR effect. The effect of LSPR for the light confinement and electric field
enhancement for elongated particles follows the same mechanism for the other particles
which has been discussed already. Here the discussion will be given about the lightening rod
effect which makes these elongated particles different than the spherically symmetric NPs by
helping them to achieve way more intensity enhancement at their hot-spots. This effect is
very much effective at tips of those elongated particles because of the high radius of
curvature at tips where the electrical charge density is expected to be preferably very high.

The total electric field at the tip of the elongated nanoparticles is [26, 30]
Ey = 7Egp + E (1.23)

Where, E; and E, are the incident electric field and the induced dipole electric field

dip

respectively. Here y is the shape factor for a nanoparticle which is given by [26],
3 2
7= (@/b)(1-A,) (.20

Here 2a is the length (along the incident electric field direction) and 2b is the breadth of the

elongated nanoparticle. The depolarization factor ‘A’ is therefore given by

2
A, = (“fj{lln(“ej—q (1.25)
e 2e \1l-e
Here, e2:1—(1/r2) andr=a/b. The maximum strength of the dipole electric field

developed at the tip of an elongated structure is as follows [26]

2— (1.26)
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Where

(v &8
P_(4ﬁj{gl+(82—gl)AjEmc (20

Here the volume of the elongated particle is denoted by V.

According to the above discussion, for an elongated nanostructure a/b ratio is higher than that
for the spherically symmetric nanostructures. Because of that the shape factor () is of
higher magnitude for the elongated NPs compared to the spherical NPs. This is the reason for
having stronger light confinement at the tips of the elongated NPs compared to the spherical
NPs which helps to have the higher electric field intensity enhancement at the respective

positions than that of a nanosphere.
This quasi-static method is simpler but it has the following problems

i.  Valid for smaller NPs only (D<4/10).

I.  Not valid for complex nanostructures (such as nanostar, nanotriangle).

iii.  Considers the dipolar field only (ignoring the effect of higher order multipoles)

iv.  Optical properties of the nanoparticles are considered to be independent of their size.

To avoid these difficulties one may consider the Finite Difference Time Domain (FDTD)
method [34-35] and Finite Element Method (FEM) [36]. With those numerical methods one
may calculate the LSPRs and electric field enhancement by any kind of NPs with any size
and shape. The theoretical study will take into account also the material property of both the
NP and the surrounding medium. With these method the analysis can be done not only for the
spherically symmetric NPs and known simple elongated NPs such as nanorods and
nanoellipsoid, but this method could also be applied for any arbitrary shaped (such as
nanostars, nanocubes, nanotriangle, hexagonal shaped NPs and many others) NPs. These
methods take into consideration the size effect during the numerical evaluation of the optical
properties of the NPs but there is no restriction on the NPs size, i.e. applicable to any size
scale. These methods consider dipolar and also higher order multipolar modes to have the

result and thus the effect is more general one compared to the other theoretical processes.

Now we have all the required details about the optical properties of the MNPs —how the metal
NPs interact with the incoming em wave and what happens during that interaction, then
resonance effect, i.e. their LSPR and also how to estimate their LSPR and the corresponding
electric field intensity enhancement. These details are sufficient to understand the different

kinds of plasmonic effect occurring in MNPs and will be useful for later discussion. Now the
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only remaining important part is — “Metallic thin film and its light interaction”. That

discussion will complete this chapter and is given in the following section.
1.4. Metallic thin film and discussion about Surface Plasmon Polaritons (SPPs):

Surface plasmons become an important event when we consider the light interaction with a
metal-dielectric interface. Surface plasmons (SPs) are the coherent delocalized electron
oscillations which exists at the interface between metal and dielectric where the real part of
the dielectric function changes its sign across the interface (metal has a negative Re(s(a)))
and for dielectric Re(e(w)) is positive). The surface plasmons existing at the metal-dielectric
interface cannot propagate in absence of any em wave. When the em wave interacts with the
metal-dielectric interface, the interaction between the surface charge density (or surface
plasmons) and the incoming em field (or photon) generates the quasi-particle surface plasmon
polaritons (SPPs) which are able to propagate in the interface. The dispersion relation
followed by this SPP wave is given below

_ 1, | £@egiel
ks, = ki /—S(w)_l_edid (1.28)

Here e(w) is the frequency dependent electric permittivity of metals, &4;,; is the dielectric
constant of the surrounding medium, k; (= w/c) and kg, are the momentum of the em wave
in free space and that of the SPP wave respectively. The dispersion of SPP wave is plotted in
the figure 1.3 along with the schematic of the mechanism of SPP wave generation. There we
can see that for a particular frequency of the incoming light, the momentum of the SPP wave
is larger than that of the em wave in free space. This mismatch requires the presence of
particular kind of structures (for example — grating, Kretschmann geometry, Otto geometry
etc) to couple the em photons to the surface plasmons and to excite the SPP waves in the
metal-dielectric interface. SPPs are also able to enhance optical near-field like the LSPs in
MNPs. SPPs were first demonstrated by Wood in 1902. After that lots of fundamental as well
as application oriented researches have been done on SPP based structures [37-39]. The SPP
based nanostructures can found many applications such as surface enhanced Raman
spectroscopy (SERS), data storage, solar cells, bio-chemical sensors, miniaturized photonic

circuits, [37-39] and in many other fields by using their unique optical interaction properties.
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Figure 1.3. (a) The schematic of the mechanism of SPP wave generation. (b) The dispersion
of SPP waves.

To understand the SPP waves more carefully along with their origin and nature for different

kinds of polarization (TE and TM) we need some theoretical study which is given below.
Surface Plasmon Polaritons (SPPs) and the related important theory:

As already explained, the surface plasmon polaritons (SPPs) are the electromagnetic
excitations that propagate at the metal-dielectric interface, and are confined evanescently in
the perpendicular direction. The propagation of the SPPs can be understood classically with

the help of following approach.

To understand the physical properties of the SPPs, let us first consider the popular Helmholtz
equation [29].

V2E + k3¢E =0 (1.29)
Where, the wave vector of the propagating em wave in vacuum is given by
ko =w/c (1.30)

The Helmholtz equation is acquired from the well-known Maxwell’s equations and

considering some assumptions which are
e Absence of any kind of external charge, i.e., V.D = 0

e The time-dependent electromagnetic field E(r,t) = Ey(r)e~“t event at a single

interface.
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Here we consider ¢ = £(z), i.e., € depends only on one spatial coordinate as we are
considering one dimensional problem. In this case the propagation of the electromagnetic
wave is along the x-direction and thus don’t show any spatial variation along the y-direction.
At this moment we are considering the Cartesian coordinate system. One more point, here,

z = 0 plane is the metal-dielectric interface.

Now considering all the previous conditions the electric field expression comes out to be
E(x,y,z) = E(z)ef* (1.31)

Therefore, now the Helmholtz equation can be written as

0%E(2)
0z2

+ (k2e — B2)E(2) = 0 (1.32)

With the help of this equation one can determine the spatial field profile of SPPs and the
dispersion of its propagating waves. The different field components of the electric field, E

and the magnetic field, H can also be found out from this expression.

If we consider the Maxwell’s equation and take curl of it taking into account few facts such

as,

There is no external charge present in the system we are considering.

(% = —iw) for the harmonic time dependence

(:—x = i,B), for the propagation along the x-direction.

(:—y = 0) i.e., the system is homogeneous along the y-direction.

Considering all the conditions we get the following sets of equations which are given below

OEy _

- = —iwugH, (1.33a)
OEy . .

- IBE, = iwpoH,, (1.33b)
iBE, = iwpoH, (1.33c)
0H, .

a_zy = iwey€E, (1.33d)
OHy . .

- IBH, = —iweyeE,, (1.33e)
IBH, = —iwegeH, (1.33f)
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The above sets of equations give two sets of solutions for two different polarizations of the

propagating waves — transverse magnetic mode (TM) and transverse electric mode (TE).

For TM mode, E, # 0, E, # 0, and H,, # 0.
And for TE mode, H, # 0, H, # 0, and E,, # 0.

For TM modes, from the equations (d) and (f) we can get the following expressions

1 9H,

B = —i=—2 (1.34a)
E,=—--L_H (1.34b)
z wege Y ’

Here E, and E, are expressed as the functions of H,. Now H,can be derived from the

solution of the TM wave equation which is given by

0%H,,
0z2

+ (kZe — B2)H, = 0 (1.34c)

On the other hand, for transverse electric (TE) mode, the required sets of equations are

1 0E,

Hy =iz (1.35a)
H,=--LF (1.35b)
27 wuy Y )

Here H, and H, are expressed as the functions of E,,. Now E, can be derived from the

solution of the TE wave equation which is given by

2
92E,

0z2

+ (k2e — B2)E, = 0 (1.35¢)

All these expressions are describing the nature of SPPs at a single, flat metal-dielectric
interface. Propagating SPP waves which is seen at the metal-dielectric interface has a
characteristics evanescent decay of intensity in the z-direction, perpendicular to the direction
of propagation of SPP waves. Here for this system, half space in z > 0 is considered as of
dielectric nature where Re(e(w)) > 0, and half space in z < 0is considered as of
conducting metallic nature where Re(e(w)) < 0. Propagation of SPPs is of different nature
for the two different polarization TE and TM case which are described in the following

section.
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> TM Polarization: For TM polarization, the solution of the equation gives the
following field components which are describing the nature of the SPP propagation in the x-

direction and the nature of the exponential decay of SPP wave along the z-direction.

H,(2) = A,e'Fre~k2z (1.363)
. 1 i -
E.(2) = iA, P k,etPx k22 (1.36b)
E,(2) = —iAZ%meiﬁxe-kzZ (1.36¢)
When, z > 0. And for z <0
Hy(z) = A e'frekaz (1.37a)
. 1 i
E.(2) = —iA, v k,etBxeksz (1.37b)
ﬁ .
E,(z) = —A; v etPxekaz (1.37¢)

Here, for the above sets of equations A; and A, are the magnetic field amplitudes and k, and

k. are the wave vectors in the two media.

The evanescent decay length of the SPP fields is defined as the length in the perpendicular
direction with respect to the metal-dielectric interface at which the electric field amplitude
decays over the exponential times of the electric field amplitude at the metal-dielectric

interface. It can be calculated from the following relation

s L
7= (1.38)

Where Z is the evanescent decay length of SPPs electric field perpendicular to the metal-
dielectric interface and k,is the wave vector component perpendicular to the interface
between the two media. The evanescent decay length gives an idea about the confinement of

the SPP wave in the interface.

To satisfy the continuity equation of H,, E,, and E, at the metal-dielectric interface where we

consider z = 0 we should have

A, = A, (1.39)
And

ko _ _ Zdiel

= ot (1.40)
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For this case of TM polarization the confinement to the metal dielectric interface demands the

following condition
Re(e(a))) < 0 While Ediel = 0

Therefore, for TM polarization, the surface SPP waves can exist only if the interface will
comprise of two materials for which the real part of dielectric permittivity will change its sign
across the interface, such as the interface between a conductor and an insulator. Additionally,

to have certain specific characteristics of H,, we have to have the following conditions too.
k? = B? — kie(w) (1.41)
k3 = B? — kieaiel (1.42)

Now if we combine all the above three relations connecting k; and k,, then the most useful
result of this section regarding the SPPs, which is the dispersion relation of the SPPs waves
will come out. The dispersion relation for TM polarization of the propagating surface
plasmon polaritons (SPP) wave confined at the metal-dielectric interface will be expressed by

_ e(w)egiel
B =k, ’—g(w)Jrng (1.43)

The above expression is valid for both the real and complex type of dielectric

the following relation

permittivity e(w), i.e., for the conductors without and with the attenuation.

> TE Polarization: For TE polarization, the field components of the SPP wave can be

expressed as

Ey(z) = Aye'Pre ez (1.443)
H.(z) = —iA, — k,eiPxe=kez (1.44b)
wWHo
H,(z) = A, L eifxe=kez (1.44c)
Who

For z > 0,and for z < 0 those field components of the SPP wave will be reduced to the

following forms

E,(z) = Aje'P*ekaz (1.45a)

H.(z) = iA, j k,etPxekiz (1.45D)
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H,(2) = 4, wiuo eifxglaz (1.45¢)

For the above sets of equations, A; and A, are the electric field amplitudes.

In this TE polarization case the demand of continuity of E,, and H, at the interface demand

two conditions which are

A, = A, (1.46)
And

Aj(k;+ky) =0 (1.47)
The above condition will be fulfilled only if

A =0 (1.48)
This means that, in such situation A, = 0 because we know that A; = A,.
This means that no surface modes can exist in case of TE polarization.

In case of the multilayer structures, like metamaterials, which consists of alternating
conducting and dielectric thin films, every single metal-dielectric interface supports bound
SPPs. If the separations between the adjacent interfaces are < the decay length Z of the
interface mode then the interaction among all those penetrating SPP modes into the structure
activate the coupled mode. These coupled modes are very important modes in case of the
metamaterials comprises of metal and dielectric thin film stack and will be discussed in the
later chapter dedicated for the overview of metamaterial only.

This completes the discussion about the metallic thin film and its interaction with the
incoming em light which also includes the generation and properties of the very important

and useful SPP waves for different light polarization.

1.5. Conclusion: In summary, here in this chapter the usefulness of the nanostructured metals
are described compared to their bulk characteristics. The interaction of the bulk metals with
light is explained which is helpful for understanding the different behaviours of metals. The
light interaction in case of metal nanoparticles and the metallic thin films which can generate
LSPs and SPPs respectively are also given. The information about the LSPR and SPR along
with their behaviour has been discussed. All the discussion will help to have idea about the
light confinement and enhancement ability using these nanostructures which will be useful

for the preceding chapters.
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Chapter I1A
Fabrication of star-shaped metallic nanoparticle for sensing

1AL Motivation for Sensing

Real-time and label-free detection and sizing of protein molecules at ultralow concentration
in their natural state is considered a longstanding need in biomedical research as these protein
markers could be an indicator of a particular infection or the reemergence of a disease which
would allow the identification of the onset of cancers and many other dangerous diseases
before they become clinically relevant. This kind of early detection will help to monitor
disease progression and evaluate therapeutic success, thereby increasing survival rates and
quality of life [1]. This kind of detection is also useful for environmental monitoring,

emergency response, and homeland security.

At very early stage of disease, the signature protein markers circulate throughout the human
body by mixing with the bodily fluids such as saliva, blood serum etc. But at that early stage,
the concentration of those protein markers in the bodily fluids are very low and unfortunately,
the mass of most of the protein molecules is typically lower than 5 attogram. So, not only the
ultralow concentration in the bodily fluid but also the acutely small size (<3 nm) of the
protein markers create extreme challenges in the real-time and label-free detection and sizing
of single protein molecules at their early stage of infection [2]. Moreover, size estimation of
the markers is very crucial because it would provide the information about the molecular
weight and number of amino acids present in that molecule. All these will help for better
understanding of the molecular structure of that marker and will be helpful for making its
anti-agent.

One way to detect these proteins is to use the unusual electromagnetic responses of electron
clouds of noble metal nanoparticles, which lead to the well-known localized surface plasmon
resonance (LSPR) effect. The LSPR effect of the plasmonics nanoantenna in various
nanoplasmonic sensors is an efficient way for the real-time label-free detection of single

protein molecules [3].

Because of the inherent LSPR effect nanoantennas create hot-spot when it interacts with
light. When a protein molecule comes nearby the nanoparticle in presence of light, the bio-

molecule feels a huge attraction to the hot-spots of the nanoplasmonic antenna due to the
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creation of a huge light force at those hot-spot areas. Because of this attraction when the
protein molecule gets adsorbed onto the surface of the nanoantenna, the evanescent field of
the resonance mode starts to polarize the dielectric bionanoparticle. During this process, as
the mode has to do some work to polarize that bionanoparticle its energy gets reduced.
Experimentally, this situation can be visualised as a shift of the previously observed LSPR
mode of the nanoantenna which is actually a narrow dip in the transmission spectrum or

sharp peak in the elastic spectrum along the wavelength axis [3-6].

The fractional wavelength shift of the LSPR mode due to the adsorption of a single protein

molecule obeys the following relation [6].

molecule

A jgr(r)‘E(r)
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Where, A4 is the wavelength shift, 4 is the LSPR mode of the unperturbed nanoantenna,
E.(r,)"-E,(r,) is the product of the field within the perturbing volume before (b) and after (a)

the bio-molecule is put into the hot-spot area, As is the change in permittivity of the

surrounding medium in presence of an analyte. Here e (r) and E(r) are respectively the

electric permittivity and electric field of the nanoparticle at its hot-spot area when the antenna
interacts with light in absence of any molecule. As the bio-molecule is nothing but a Rayleigh
particle whose dimension is much smaller than the free space excitation wavelength,
therefore the shape of wave function or the evanescent field of the nanoantenna can be
assumed to be fairly constant within the interacting molecule during the detection process.

Applying this approximation the above equation can be written as [6]

Wi, ReleedEg(rp) (L2)
2 2
" fer(n|Eyn)| dv

Here, Re[aey] is the real part of the excess polarization of the bio-analyte which depends on

the size and thus mass of the molecule. So from this equation it can be understood that for a
single protein molecule with ultra-low mass it is very hard to have a significant wavelength
shift and thus a good signal to noise (S/N) ratio which limits the practical real-time label-free
detection of single protein molecule at ultra-low concentration. In the above equation, the
numerator and the denominator represent here the excess polarization energy of the particle
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and energy of the LSPR mode of the nanoantenna, respectively. Eo(rp) is the electric field

amplitude of the LSPR mode at the location of the protein adsorptionr , and Ey(r) is the

magnitude of the electric field of the LSPR mode at the hot-spot area of the nanoparticle
interacting with light in absence of any molecule. From the above relation it can be realized
that for the real-time label-free detection of a single protein molecule of smaller mass and

thus smaller value of Re[oey] in ultra-low concentration one has to increase the Eo(rp)to

have a significant wavelength shift (A4, ) and thus a good signal-to -noise (S/N) ratio. Thus

the enhancement in the experimental signal, which is the experimental wavelength shift,
majorly depends on the field at the hotspots of the nanoantenna. The dipolar electric field at
the hot-spot of the nanoantenna created during its interaction with electromagnetic wave for
light confinement in the nanoparticle at its LSPR can be tuned by controlling the nanoparticle
size, shape, electric permittivity of that nanoantenna and dielectric matrix in which the
plasmon nanostructure is located [7, 8]. By the suitable selection of a nanoparticle, one can
reach to the enhancement of the dipolar electric field up to the order of 1000 easily.
Therefore, here it seems that the label-free detection of single protein molecule could be
possible by amplifying the signal in the above discussed way.

1HA.2. Comparison of all the known nanoparticles suitable for protein
sensing using plasmonic biosensor: Why star-shaped nanoparticles are
better for sensing:

Among different suitable nanoplasmonic antenna Core shell nanoparticles are better than
rigid spherical nanoparticles for their higher tunability and electric field enhancement
capability [9]. However, it has been observed that NPs with sharp edges, such as
nanoellipsoid [10], nanotriangles [11], nanocubes [12, 13], nanorods [14, 15], nanostars [16-
19], or octahedral nanoparticles [20, 21], have a higher capability of confining light in ultra-
small regions compared to the non-spiky spherically symmetric NPs. A comparison table
(Table. 1) is given below which bears an idea about the electric field enhancement by the
popular nanoantennas which can be used to build different kind of nanoplasmonic sensor.

Based on that data one can choose the most efficient nanoantennas.

Here it can be seen that a giant dipole electric field (with respect to the non-spiky spherically
symmetric nanoparticle such as nanosphere, nanoshell) develops at the tips of nanostar spikes
(also true for other spiked antennas such as nanocubes and octahedral nanoparticle), corners

of nanotriangles and tips of nanorod and nanoellipsoid, when they interact with
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electromagnetic wave. This kind of enhanced electromagnetic energy concentration at the hot

spots of spiky NPs is due to the plasmonic resonance effect, which is more effective than the

non-spiky nanoparticles (nanosphere, nanoshell) because of their lightning rod effect [22-26]

and the small radius of curvature of the edges, which results in the enhancement of the local

electric field, distributed over the hot spot area of those nanostructure.

Among all the spiky nanoparticles if we compare star-shaped nanoantennas (and nanocubes,

nanotriangle and octahedral nanoparticle) with nanorod and nanoellipsoid then star-shaped

antennas (also true for nanocubes, nanotriangle and octahedral nanoparticle) will be more

beneficial for the nanoplasmonic sensor because of the following reasons:

For the case of a nanorod and nanoellipsoid [27-32] to get the maximum electric
field enhancement generated due to the lightning rod effect at its hotspots, the
incident electric field of the incoming electromagnetic wave should be in parallel
direction with the length (major axis) of the nanorod and nanoellipsoid type of
elongated nanoantennas. But, we don’t have any control on the orientation of the
nanostructure with respect to the electric field of the incoming light wave. Therefore,
it is very difficult to optimize the electric field enhancement at the hot spot of the
nanorod and nanoellipsoid type of particles. But for nanostar (true for nanocubes,
nanotriangle and octahedral nanoparticle) this type of problem will not occur as
these particles have their spikes arranged more symmetrically over their surface and
any of the spikes can generate the hot-spot depending on the direction of the

incoming electric field.

Although the electric field enhancement is almost same for nanostar like the
nanoellipsoid and nanorod yet the probability of getting at least one hot spot for any
kind of incoming electromagnetic wave with random electric field makes these star
shaped nanoantennas suitable for nanoplasmonic sensor. Nanotriangle, like nanostar
has the advantage of having higher probability of generating hot-spots for any
random incoming electric field yet here it is worth to mention that a single
nanotriangle shaped particle is not able to create the field enhancement like a
nanorod, nanoellipsoid or nanostar. Among all the possible spiked antennas such as
the nanoellipsoid and the nanorod, which can concentrate light like nanostars [27—
32], nanostars with a random distribution of spikes over their core have the
advantage of having hot spots excited by any kind of polarization of the incident

light, being polarization-insensitive. The higher probability of generation of a few
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hot spots irrespective of incident light polarization as well as the creation of huge
intensity enhancement in the hot spots make these highly tunable nanostars very
promising in the field of real-time biosensing at a point of care with respect to gold
nanorods and nanoellipsoides.
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Table 1: Here electric field intensity enhancement by different nanoantenna such
as gold nanosphere, silica core-gold nanoshell, gold nanoellipsoid, nanorod,
nanotriangle, and nanostar are shown. From this comparison table it is clear that a
single gold nanoellipsoid or nanorod or nanostar antenna is better than a single
gold nanotriangle or nanosphere or silica core gold nanoshell antenna. All these
theoretical analysis has been done by comsol 5.4. The details about the numerical

analysis method will be described in later section.
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So after comparing all the possible shape it seem that the nanostar, nanocubes and octahedral
nanoparticles with lots of spikes arranged in their surface symmetrically, having at least one
hot spot with the maximum intensity enhancement will be more appropriate than nanorod and
nanoellipsoid for a nanoplasmonic sensor. Because of the wide application of those
mentioned spiked NPs, the effective and controlled synthesis parameters that can tune LSPRs
along with the ability to manipulate hot spot landscapes has become an important research
field.

Recently, significant efforts have been devoted to achieve novel nanomaterials that allow for
the manipulation of the interaction of light at the nanoscale. Gold is the most widely used
noble metal for biomedical applications due to its well-known low toxicity, biocompatibility,

chemical stability and tunability.

By considering all the above points and several advantages and possibilities of gold nanostars
(AuUNS), these efficient nanoantennas have been synthesized here using a new synthesis route
and well characterized with different experimental facilities. The details about the synthesis
procedures and characterization of the synthesized nanoparticles are given below. This
chapter also contains detail about the numerical simulation on the gold nanostar which

describes its usefulness as a nanoplasmonic sensor.

1HA.3. Synthesis of Gold Nanostar (AuNS) Antennas:

The popular wet-chemistry method represents a largely used bottom-up approach for NP
synthesis among many other possible routes. In 2006, Nehl et al first synthesized nanostar
gold particles by wet-chemistry method via a two step seed mediated growth process and
characterized its optical properties. In this case the overall size of a typical nanostar was 100
nm and the number of spikes of each nanostar varies from 3 to 8. Synthesized gold nanostars
had a good plasmon tunability and higher reproducibility but the yield of the synthesis was
not good (9% - 14%), the size distribution of star shaped nanoparticles is also large and the
spikes were not so sharp [33]. Later, Kumar et al. in 2008 improved the yield of the gold
nanostar synthesis [34]. Later many research groups synthesized gold nanostar antenna in
their own unique way to improve the quality, monodispersity and yield. Many of them also
adapted the green synthesis route for gold nanostars [35]. Moukarzel et al. synthesized gold
nanostars with a seed-less amino-sugar mediated method in 2011 [36]. Yuan et al, in 2012,
for the first time, synthesized gold nanostars in a surfactant-free wet chemistry method. Until

that time, the researchers were using a surfactant for synthesizing gold nanostar particle to
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restrict the growth of the nanoparticle size. But, Yuan et al were successful to synthesize
smaller gold nanostars using their process without any surfactant where the quality of the
nanostar, their yield and monodispersity was also found to be good. But that synthesis
process was a two-step seed mediated growth method [37]. Later, Kedia et al. introduced the
process of reshaping a gold nanostar and its corresponding plasmon tuning mechanism [38].
Recently, Minati et al synthesized star shaped gold nanoparticles via a one-step reduction
process where the size of the nanostar was small [39]. But, for our case to have a good
plasmonic biosensor we need a star shaped gold nanoparticle which can produce high electric
field enhancement and according to the lightning rod effect, thus we should have gold
nanostar antenna with a sharper and elongated spikes. In addition, the size of the gold
nanostars has to be beyond 100 nm, to have more scattering cross section than the absorption
cross section. Furthermore, a larger gold nanostar antenna (> 100 nm) having several
elongated sharper spikes randomly distributed over its surface synthesized via a surfactant-
free route will be beneficial not only for in vitro sensing but also for in vivo testing.
Synthesizing gold nanostars without a surfactant is beneficial because during synthesis, we
can avoid the phenomena of attachment of the surfactant atoms (used to restrict the
nanoparticle growth) on the nanoparticle surface which will have better biocompatibility with
respect to those nanoparticles synthesized using a surfactant-assisted way. Moreover
depending on the surfactant layer thickness on the nanoparticle, the electric field at the
binding site could be fainted which may not be sufficient to polarize the adsorbed protein
molecule due to the rapid decay of the dipole electric field intensity.

It has been already mentioned that very few research groups have synthesized spiked gold
nanostar antennas via a surfactant-free wet-chemistry route although different research
groups have synthesized AuNS in many different ways. So there is still a need for a low-cost,
simple, surfactant-free wet chemistry method for synthesizing these highly efficient spiked
nanoplasmonic antennas with high yield. Here, we report a simple, one-step surfactant-free
wet chemistry method for synthesizing Au nanostructures with high stability and yield. This
improves on our previously reported AuNS synthesis method [40], where the stability was
poor and the control of the nanostar synthesis parameters was not possible. Synthesis as well
as optical and electron spectroscopy characterization of these highly stable nanoparticles
(stability > 5 months in aqueous solution) indicate that these nanoparticles have remarkable
plasmonic features. Here the synthesis details of the gold nanostar (AuNS) particle are
described along with its numerical investigation. But the characterization details of those

AUNS antenna are described in following chapters based on their particular application.
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Materials Used For AUNS Synthesis:

Gold (I11) chloride trihydrate (HAuUCI,, 3H20), silver nitrate (AgNO3), ascorbic acid (AA),
hydrochloric acid (HCI) (35-37%), and polyvinylpyrrolidone (PVP) were purchased from
Sigma Aldrich (Milan, Italy)and used as received without further purification. The water used
throughout this synthesis process was reagent-grade, produced using a Milli-Q SP ultrapure-

water purification system.
Synthesis Process of the Stabilized AuNS:

Here gold nanostars were synthesized in a simple, one-step (without seed), surfactant free
wet-chemistry method. First, 10 mL of 0.25 mM chloroauric acid (HAuCl,) solution [in
presence of 10 ul of 1 M HCI solution] was taken in a 20 mL glass vial. The solution was
stirred at room temperature under moderate stirring (700 rpm). Then, 100 ul of AgNO;
solution of 1mM concentration and 50 ul of AA solution of 100 mM concentration were
added simultaneously with the above chloroauric acid solution at room temperature under
moderate stirring (700 rpm). The color of the solution rapidly became blue within 30 s and
after 2 min from the addition of the AA and AgNOQO3, 5 mL of polyvinylpyrrolidone (PVP)
solution of 2 mM concentration was added and the solution was stirred for 8 min. After 10
min as a whole, the reaction was completed and the solution was kept for another 3 h at room
temperature at rest. After that, one centrifugal wash had been done at 4000 rcf for 20 min in a
15 mL tube to wash out the extra PVP. After centrifugation, the liquid containing extra PVP
and the other chemicals was collected as much as possible, and the precipitate was
redispersed in DI water. In this way, we got our stabilized AuNSs dispersed in DI water and
kept it at room temperature for future use. Here in this synthesis process, the length and
number of spikes of nanostars could be easily adjusted by varying pH, stirring speed, and
concentration ratios of the ingredients. Here we have maintained a constant stirring speed
throughout the synthesis process. The synthesized AuNSs were well characterized and these

details are given in the following chapters based on their particular application.
Results and Discussions:

To obtain nanostars in aqueous suspension with high yield and stability, there are parameters
that need to be precisely controlled during synthesis. These parameters are summarized in

this section.
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One of these parameters is the relative amount of reducing agent to the gold precursor. Here,
ascorbic acid (AA, CsHgOs) was used as the reducing agent, and chloroauric acid (HAuCly)
was used as the gold precursor. The ratio of AA to chloroauric acid was maintained to be

1.5-2.0 to reduce all HAuCl, molecules present in the solution completely.

Secondly, the presence of Ag+ (AgNO3) was necessary in this synthesis process for the
nanostar formation. During synthesis, the main function of Ag® was to expedite the
anisotropic growth of Au branches on certain crystallographic facets [37]. The synthesis
procedure will only yield polydispersed nanorods and nanospheres in the absence of Ag+
(AgNOg). Increasing the amount of AgNO3 during the synthesis will increase the length and
the number of spikes of the AuNS. Here figure I1A.1 describes the morphology of gold
nanoparticles prepared without AgNO3 (figure 11A.1 a) and with 100 ul AgNOj3 solution of 1
mM concentration (figure 11A.1 b). Here it can be seen that the synthesis process is giving
only polydispersed nanorods and nanospheres in absence of Ag+ (AgNO3). But in presence

of AgNOj the synthesis route is giving spiky gold nanostars (AuNS).

A 2.. 50 nm
: :5.
o’
o3 g * 1'.‘
Figure I1A.1. Effect of Adding Silver Nitrate (AgNO3) During Nanoparticle Synthesis: (a) A
typical lower magnification randomly selected Transmission Electron Microscopy (TEM)
image of a collection of Au nanoparticles produced without adding AgNO3;. (b) A typical
lower magnification randomly selected TEM image of a collection of Au nanoparticles
produced in presence of AgNOs. Here we can see that synthesized gold nanoparticles in
absence of AgNO; are mostly of spherical shape whereas in presence of AgNOj; the
nanoparticles turn out to be of star shape. This is showing that the presence of Ag+ (AgNO3)
is necessary in this synthesis process for the nanostar formation.

The third factor was the presence of HCI. A small amount of HCI helped in this case to

slightly decrease the pH of the solution and to get a red-shifted plasmon band.
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The fourth factor was the simultaneous injection of AA and AgNQOs, in the HAuUCI, solution
(in the presence of HCI), because this will significantly influence the polydispersity, yield,

and quality of the nanostars.

The fifth factor was the stirring speed. A study was carried out to probe the best stirring speed
for the AUNS synthesis process which reveals that 700 rpm is the best stirring speed for a
successful AuNS synthesis as the measured extinction cross section for the AuNS solution is
highest for that speed. The Figure below is showing the experimental extinction spectra for
the AUNS solutions prepared using different stirring speed.

Extinction (a.u.)

400 ' 600 ] 800 T 1000
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Figure 11A.2. Study on the Stirring Speed During the Synthesis Process: Comparison of
different experimental UV-Vis-NIR spectra of the synthesized AuNS solutions produced
using different stirring speeds. Here it can be seen that 700 rpm is the best stirring speed for a
successful synthesis as the measured extinction cross section for that specific AUNS solution
is highest.

The sixth factor was the proper injection time of polyvinylpyrrolidone (PVP). To investigate
the best injection time of PVP for a successful AuUNS synthesis three AuNS solution has been
prepared. The extinction spectra of all those three solutions are given in the Figure below. In
this figure the black curve is for that AUNS solution where PVP was added just before the
addition of the ascorbic acid (AA) (before reduction). The red curve is for that AUNS solution
where the PVP was added during the addition of AA (during reduction). The blue curve is for
the AUNS solution where PVP was added after 2 minutes from the time of simultaneous
injection of AA and AgNOs (after reduction). This AuNS solution (blue curve) is seen to
have the highest extinction cross section implying that the best injection time of PVP for a
successful synthesis is after 2 min from the time of simultaneous injection of AA and AgNOs3,
because by that time the reduction process had quite enough time to be completed and was
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not affected by the PVP addition by any means. Here, PVP concentration was taken lower so
that the reduction kinetics was not affected. PVP is added in this process only to create a
hindrance to the nucleation process among the nanostars for a highly stable AUNS aqueous
suspension. Here, the inset picture of the figure 11A.3 is showing the colour of the synthesized

AUNS solution after centrifugation.
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Figure I1A.3. Study on the Best Injection Time of Polyvinylpyrrolidone (PVP) During
Synthesis: Comparison of different experimental UV-Vis-NIR spectra of the synthesized
AUNS solutions is given where variation of PVP injection time has been taken into account.
Here it can be seen that the best injection time of PVP for a successful synthesis is after 2
minutes from the time of simultaneous injection of AA and AgNOj3; not before or during the
synthesis as the measured extinction cross section for that specific AuNS solution is highest.
The inset picture is showing the synthesized AuNS aqueous solution after centrifugation.

The gold nanostars prepared by our method maintaining all the previously discussed
important parameters were found to be stable in aqueous solution for more than five months.
During AuNS synthesis and the study of different synthesis parameters, the effect of slight
variations in temperature was neglected, as the temperature was never above 60°C, so any
observable effect on the synthesis end product due to temperature variation was not expected
[41].

After preparing these spiky gold nanostar antenna it is very essential to know how much
efficient these antenna will be for biosensing. For that we investigated theoretically the
electric field intensity enhancement by these antennas when it interacts with light. Sensitivity
has also been calculated for various AuNS with different spike length. All these have been

done using the commercial software package Comsol 5.4 which is based on Finite Element
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Method (FEM). The details about the numerical investigation method and the results are

discussed below.
I1A.4. Numerical Study:

Numerical Simulation Method: FEM based Comsol simulations are used here to study the
interaction of a single AuNS with photons. All the data regarding nanostars spikes and their
cores are taken from the TEM studies (discussed in the following chapter) to have an idea
about the possible intensity enhancement by these synthesized star nanoantennas. Intensity
enhancement study will tell about the sensitivity of these antennas as a plasmonic biosensor
as the signal to noise (S/N) ratio or in other words the sensitivity depends on the intensity
enhancement at the hot-spots of these antennas. The simulation has been done using the
Radio Frequency (RF) module of Comsol 5.4 [42-44]. During simulation the nanostructure’s
surface has been discretized with tetrahedral mesh elements with a typical maximum and
minimum side lengths of 24.5 and 1.05 nm, respectively. Here the electric field was mapped
in the entire space. Different cross sections (Scattering, Absorption and Extinction) of those
nanoantennas were also examined. For these optical simulations the definitions in the Comsol
material library are used for all the optical and physical properties of the surrounding media.
During sensitivity calculation, we considered first air (¢ = 1.0) and then water (¢ = 1.7689) as
the homogeneous surrounding media. In all simulations, the wavelength-dependent
permittivity of the gold was taken from [45]. Here, plane waves are used as the excitation
source. Electric field polarization of incident light is always chosen along the semi major axis
of the AuNS spikes during extinction and electric field mapping. We also calculated the shift
in LSPR of the single AuNS and the AuNS-nanosphere heterodimer when a BSA molecule
(of 0.11 attogram mass ~ 66.5 kDa) is coupled in the hot spot region of those nanoantennas
immersed in water medium. During simulation, a BSA protein molecule was taken as a
dielectric particle of cylindrical shape with a permittivity of 2.25, with a characteristic height

of 3.4 nm and a 6.8 nm short cylinder diameter [46].
Numerical Simulation Results:

Our synthesized AuNSs have lots of sharp spikes on its surface as is seen from the TEM
images (already shown). So it is quite expected that these spikes will be able to localize the
incident light very tightly and will create huge intensity enhancement at their hot-spots after
resonant light illumination. Our comsol simulation results agree with these thoughts. Here in

figure 11A.4 below the numerical results regarding the light interaction of AuNS is described.
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Panel (a) reports how a single plasmonic nanostar antenna behaves when it interacts with
photons in water. Panel (b) shows how the situation is modified if a BSA molecule is located
in close proximity to the tip. For this investigation, the incident light polarization has been
assumed to be along the z-direction (i.e. along the length or semi major axis of the spike of
AUNS), whereas the propagation direction has been assumed to be the +y-direction. The
yellow dotted lines are the external boundaries of the nanostructure depicted for clear
understanding. The extinction properties corresponding to a single AuNS plasmonic antenna
immersed in water in the presence and absence of a BSA molecule are shown in figures
[1A.5.

With BSA

Without BSA
With BSA
Au NS Tip

Without BSA

a [AuNS Plasmonic Biosensor] b [AuNS Plasmonic Biosensorj ~Min: 0.00001

Figure 11A.4. Numerical Simulation Results on Field Enhancement: (a) Interaction of single
AuUNS plasmonic biosensor dispersed in water with incident light in the absence of a BSA
molecule. The zoomed portion of the yellow box shows the intensity enhancement at the
pinnacle of the spike. (b) Interaction of a single AuUNS plasmonic biosensor with incident
light in the presence of BSA in water media. Here in all cases, the incident light wave has
polarization along the z-axis (i.e. along the length or semi-major axis of the spike) and
propagation along the +y direction. The AuNS has a spike length of 88 nm and a 60 nm core,
a value taken from the TEM images during experimental measurements.

In the above simulation results, the enhancement factor is given in term of the
quantity|E /E,|. However, the shift in the wavelength due to the adsorption of the protein

2
molecule is proportional to the light intensity (Ii = |E£| ) at the binding site. The intensity
0 0

enhancement by a smaller spike, 33 nm AuNS spike (smallest spike length) in water is
approximately 1.6x10° whereas the intensity enhancement for 88 nm spikes (the AuNS in the
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above figure which is one of the AuNS that has larger spike length) is approximately 2.5x10°
in water which is equivalent to the electric field enhancement of 500 times as shown in the
panel (a) of figure 11A.4. This panel (a) describes the enhancement factor in absence of any
protein molecule. Here for numerical simplicity we consider only 2 spikes of AuNS but can
be generalized for other cases too which has to deal with AuNS with a lot of spikes. In panel
(b) the intensity enhancement in presence of Bovine serum Albumin (BSA) molecule
becomes 2x10° times which is quite high with respect to the panel (a) case. This happens
because the molecule is a dielectric particle. Upon protein adsorption on the tip of the AuNS,
light at the hot-spot become more localized as the molecule is a denser light medium than the
surroundings. And because of this drastic further localization of hot-spot area of the
nanoantenna in presence of analyte the field intensity enhanced to even higher but within

very small region. The zoomed portion in panel (b) is describing this effect.
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Figure 11A.5. Numerical Simulation Results on Extinction Property: (a) Extinction property
of single AuNS dispersed in water in absence of BSA molecule is shown here. (b) Extinction
property of single AuNS in presence of BSA in water media. (¢) Comparison between both
the situation of single AuNS, in absence and presence of BSA molecule. Here 5 nm of
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wavelength shift is predicted according to the theoretical analysis for the adsorption of single
BSA molecule at the AuNS tip.

FEM simulation on the extinction property of the AUNS of 60 nm core and 88 nm spike is
calculated here which is shown in Figure 1IA.5 above. Here the two situations have been
considered — one is in absence of any protein molecule (panel a) and the other one is for the
presence of a single Bovine Serum Albumin (BSA) molecule on the AUNS hot spot at its tip
(panel b). According to the shown FEM analysis, the LSPR of a single AuNS plasmonic
antenna immersed in water is found to occur at 1060 nm in absence BSA molecule. In
presence of the single BSA molecule at AuNS tip the LSPR shifts to 1065 nm. So, according
to the theoretical investigation, 5 nm of wavelength shift is expected for adsorption of single
BSA molecule (molecular weight ~ 66.5 kDa) for this AuNS tip. During this FEM analysis
also the incident light wave has polarization along z axis, propagation along +y direction and
the orientation of the 88 nm spikes of the AuNS is taken along the axis of polarization. In this
study also the wavelength dependent permittivity of gold is taken from the Johnson and
Christy measurements [45]. Here for this type of single AuNS antenna according to our
numerical investigation it is expected that the sensitivity can reach of about 1940 nm/RIU
which is pretty high as a single plasmonic biosensor [48].

The following figure describes the working principle of a single AuNS based plasmonic

biosensor.
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Figure 11A.6. Schematic diagram of AuNS based plasmonic biosensor: Panel (a) shows
schematic diagram of single dipole stimulated plasmonic AuNS antenna based biosensor.
Here this antenna has multiple hot-spots near the pinnacle of its tips which has been
generated from the interaction with light. In this case no analyte is present. Panel (b) shows
the modified scenario in presence of protein molecule. Panel (c) shows the wavelength shift
of the LSPR mode of AuNS (black curve) upon adsorption of single protein molecule (red
curve) at any one of the hotspots of the nanoantenna. By measuring this significant
wavelength shift AXA, one can detect the presence of an analyte using this plasmonic
biosensor.
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For large protein molecules (>1 MDa), energy loss to polarize the molecule is higher, so a
larger LSPR shift that is easy enough to detect occurs; however, for the case of a protein
molecule of ultrasmall molecular weight and thus smaller polarizability, the loss of energy of
the LSPR shift becomes difficult to detect. Recently, single protein molecule detection has
been reported using a plasmonic biosensor based on nanorods [47]. The reported S/N was
very low, as the FWHM line width of the LSPR spectrum was larger (~50 nm) than the
average wavelength shift (~0.1 nm) produced due to the adsorption of a molecule on the
surface of the nanoplasmonic particle [47]. Therefore, real-time (label-free) detection of
protein molecules of lower molecular weight (e.g., the Thyroglobulin molecule of a 660 kDa
molecular weight and a BSA molecule of a 66.5 kDa molecular weight) in ultralow
concentration appears to be forbidden with current technologies. Moreover the expected shift
of resonance wavelength due to the adsorption of single protein molecule may be perturbed

from laser wavelength fluctuations which can worsen the situation.

Recently, by using thermal-stabilized reference interferometer, a research group from
CALTECH made possible to beat down the experimental noise to 0.2 fm by cancelling the
laser wavelength fluctuations and they have detected a single polystyrene particle of mass 9
ag with a S/N just greater than one. But, actually this polystyrene particle has larger mass

than most of the single protein molecule.

Therefore, for the detection of single protein molecule with ultra-low polarizability and thus
mass, one of the possible ways is to amplify the signal (according to the equation 1.2) and
this can be done by using a spiky gold nanostar plasmonic antenna. Figure 11A.4 is describing

the high intensity enhancement (2.5x10°) capability of this single AuNS.

Figure I1A.6 is describing the principle of the AuNS based plasmonic biosensor. In this
schematic diagram panel (a) describes the interaction of AuNS antenna with electromagnetic
(em) wave. Here due to the light interaction the localized surface plasmon of AuNS antenna
gets excited and starts oscillating. These oscillations of plasmons generate multiple hot spots
in AuNS which are created at the tip of its different spikes. Here, the electric field intensity at
the hot spots would be higher than excitation electric field intensity. Panel (b) is describing
the protein interaction with AuNS antenna in presence of light. Due to the huge light
confinement at the hot-spots light force is created. Because of this light force in the hot-spots
areas the protein molecules feel attraction towards those areas and when it gets adsorbed at
any one of the hot spots of AuNS it produce wavelength shift. This situation appears as a

clear step in the wavelength trace (dip trace) as shown in the panel (c). This red-shift in
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wavelength signifies a decrease in energy of the LSPR mode of single AuNS. When the
analyte comes in vicinity of the hot-spots of AuNS, the evanescent field of the AUNS LSPR
mode starts to polarize that dielectric foreign particle and in that process it loose energy
which is seen here as a red-shift in the wavelength axis. In this way one can detect the
presence of single protein molecule in ultra-low condition flowing through the bodily fluid at
very early stage by using a single AuNS antenna based plasmonic biosensor. Moreover, this
AUNS can be converted to a sensor by immobilizing a capture molecule (probe) at its tip to
specifically recognize molecules at a point of care.

I1A.5. Conclusion:

In summary, here it was seen that single AuNS antenna based plasmonic biosensor has the
capability to detect the presence of single protein molecule at ultra-low condition in real-time
label-free method at very early stage of infection with a possibility to convert it to a sensor
for the specific bio-molecule detection. Although the single AuNS has the capability to detect
single protein molecule with high sensitivity yet the high localization of light at the tip of the
nanostar may create some problem in some specific cases. For example for those molecules
which is bigger in size with respect to the area of the hot-spots of AuNS it may have some
issues. Due to the steep radius of curvature at the tip of the nanostar the intense dipole electric
field intensity at the surface of the AuNS tips decreases rapidly with the distance away from
the pinnacle and vanishes within few nanometres because of the smaller tip size (typically 5
nm) of the AuNS. In this case it may have problem for the bigger molecules (size > 10 nm).
Moreover, in order to convert this device as a single molecule biosensor, the AuNS tip
surface has to be functionalized with suitable anti-bodies. If we functionalize the AuNS tip
surface with anti-bodies for specific detection of single protein molecules, then most of this
intense dipole field would strongly interact with the anti-bodies and a very faint electric field
will polarize the protein molecule, which would be adsorbed on the anti-bodies. Due to this,
the magnitude of the wavelength shift would become very low; sometimes it would be still
within the experimental noise. For this reason, the sensitivity or performance of the sensor

would become very poor.

To overcome this problem, during the project period, we analyzed the activity of
heterodimeric plasmonic nanoantenna. These efficient plasmonic nanoantennas will not only
have higher intensity enhancement but also an optimum spreading of this strong electric field
in their hot-spot regions which will help to polarize the protein molecule completely and in a

stronger way. The details about these AUNS based heterodimers are given in the next chapter.
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Characterization details of our synthesized AuNS are also given in the following chapter
which is helpful to fabricate an efficient and novel plasmonic AuNS based heterodimeric

nanogap biosensor.
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Chapter 1B

Heterodimeric nanoplasmonic gap for sensing

11B.1. Design of the nanogap between a gold nanostar antenna and a gold nanosphere:

Introduction: In this chapter study of heterodimeric plasmonic nanogaps created between
gold nanostar (AuNS) tips and gold nanosphere is reported. As already told in the previous
chapter that for a plasmonic biosensor not only the electric field intensity enhancement by a
nanoantenna is important for real-time label-free detection of the protein molecule but also
the electric field distribution is very important. A wide distribution of electric field which
mean a comparatively week localization in the hot-spot area is not good for plasmonic
biosensing as the intensity enhancement is lower there resulting in the lower sensitivity or the
lower S/N ratio (according to equation 1.2). While very much localized electric field
originating in the hot-spots areas of spiky nanoantennas (like our synthesized AuNS) of
spikes with high curvature area sometimes fail to penetrate the adjacent analyte completely,
depending on the size of the analyte resulting again difficulty in protein detection. The
possible solution is to choose a plasmonic antenna with high intensity enhancement
efficiency which contains also an optimum distribution of the electric field in its hot-spot
area. Heterodimers based on the synthesized AuNS can solve this purpose as AuNS will be
able to hike the incident electric field which will be further increased by the presence of the
other nanoantenna. Moreover, for the interaction of both the nanoantennas this stronger
electric field will be distributed over a larger area than the case for only the AuNS plasmonic
antenna which will be better for the complete interaction with any nearby analyte. As the first
step to construct a heterodimer based on the AuNS, gold nanosphere was chosen for its
simplicity, capability to spread its hot-spot area and its spherical symmetry. To construct the
heterodimer the selective binding is realized by properly functionalizing the two
nanostructures — AUNS tip and the gold nanosphere; in particular, the hot electrons injected at
the nanostar tips trigger a regio-specific chemical link with the functionalized nanospheres.
The AuNSs synthesized via our simple, one-step, surfactant-free, high-yield wet-chemistry
method (discussed in previous chapter 11A) is used for this purpose. The high aspect ratio of
the sharp nanostar tip collects and concentrates intense electromagnetic fields in ultrasmall
surfaces with small curvature radius. The extremities of these surface tips become plasmonic

hot spots, allowing significant intensity enhancement of local fields and hot-electron
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injection. The presence of gold nanosphere helps to increase the field enhancement further
and modifies also the electric field-lines arrangement in the hot-spot area. Electron energy-
loss spectroscopy (EELS) was performed to spatially map local plasmonic modes of the
nanostar. The presence of different kinds of modes at different position of these nanostars
makes them one of the most efficient, unique, and smart plasmonic antennas. These modes
are harnessed to mediate the formation of heterodimers (nanostar-nanosphere) through hot-
electron-induced chemical modification of the tip. For an AuNS-nanosphere heterodimeric
gap, the intensity enhancement factor in the hot-spot region was determined to be 10°, which
is an order of magnitude greater than the single nanostar tip and further improvement is
possible by considering different radius of the nanosphere antenna and the gap between them.
The intense local electric field within the nanogap results in ultra-high sensitivity for the
presence of bioanalytes captured in that region. In case of a single BSA molecule (66.5 KDa),
the sensitivity was evaluated to be about 1940 nm/RIU for a single AuNS, but was 5800
nm/RIU for the AuNS-nanosphere heterodimer. This indicates that this heterodimeric
nanostructure can be used as an ultrasensitive plasmonic biosensor to detect single protein
molecules or nucleic acid fragments of lower molecular weight with high specificity in real-

time.
Design details of AuNS-nanosphere heterodimers:

For fabricating the AuNS-nanosphere heterodimer, at first the two basic components — AUNS
plasmonic antennas and the gold nanosphere antennas are synthesized via our simple, one-
step, surfactant-free low-cost and high yield weight chemistry method as described in the
previous chapter (chapter 11A) which are stable in the aqueous solution for more than 5
months [1]. Then optical and electron spectroscopy characterization of these highly stable
AuNS particles has been done. The optical characterization provides information regarding
the collective behaviour of the nanostars present in the agueous solution, whereas electron
energy-loss spectroscopy (EELS) investigations performed in the scanning transmission
electron microscope (STEM) allows for high-resolution spatial determination of the local
plasmonic response such as the tip, the core of the nanostar, and different portions of the
spike. EELS reveal the presence of different kinds of modes in these AuNSs, which makes
them unique and more efficient than the existing nanoantennas. On the other hand gold
nanosphere is spherically symmetric and very well known and it has only one kind of
plasmonic mode unlike the gold nanostar with different modes in different regions of AuNS.

Based on this information, heterodimeric nanogaps can be created at any region of the
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nanostars by merely choosing the specific mode of that region. For this synthesized AuNS
antenna here not only the presence of the well-known dipolar plasmonic edge mode arising
out of the oscillations of localized surface plasmon is seen but also the presence of breathing
modes that originate from the confinement of surface plasmons by the geometrical
boundaries of a nanoparticle have been observed. These acoustic breathing modes are very
efficient for any kind of near field coupling because of their higher optical mode density and
are thus important for the desired sensing experiments [2]. Previously, several groups have
reported EELS measurements on various nanoantennas including nanostars, but none of them
reported about the breathing modes of the nanostars [3-16]. The exciting details about the
existence of both these plasmonic edge and acoustic breathing modes in AuNS will be
discussed in the following chapter but here for this chapter the information about the different
modes at different regions of AuNS will be discussed as it is crucial for the fabrication of
AUNS based heterodimers. In the following section EELS studies and the relevant numerical
investigations are discussed which have provided key information for designing controlled
heterodimeric nanogaps by using a regio-selective surface chemistry method mediated by hot
electrons, which was introduced by Cortés, E. et al. [17] Theoretical investigations confirms
both the collective as well the individual AuNS behaviour in aqueous solution. Moreover, the
maximum intensity enhancement and the sensitivity comparison of the single AuNS and the

hybrid AuNS-nanosphere system reveal the usefulness of the heterodimeric system.
Experimental Section:

Characterization of AuNS: UV-Vis-NIR spectroscopy (Agilent, Cary, NC, USA) and
transmission electron microscopy TEM (FEI, Hillsboro, OR, USA) were applied to
characterize the synthesized nanoparticles to have specific information about AuNS useful
for fabricating AuNS based heterodimers.

UV-Vis-NIR Spectra: A Perkin Elmer Lambda 900 spectrophotometer (Perkin Elmer,
Shelton, CT, USA) was used to obtain the UV-Vis-NIR spectra of the synthesized gold
nanostars solution, which describes the extinction property of this nanostar solution in a

wavelength range of 400-1300 nm.

High-Resolution STEM, EDS, and EELS Measurements: Scanning transmission electron
microscopy (STEM, FEI Thermo Fisher Scientifics, Hillsboro, OR, USA) (monochromated,
aberration-corrected FEI Titan3 G2 STEM) was used to probe the size and shape of the
synthesized gold nanoparticles. Low-loss Electron Energy Loss Spectroscopy (EELS) was
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employed to elucidate the electronic structure of the synthesized gold nanoparticles, while X-
ray energy dispersive spectroscopy (XEDS or EDS) was used to determine the weight
percentage of the gold present in the solution. Samples were prepared by depositing aqueous
suspension containing the synthesized gold nanoparticles on a standard holey carbon film
supported by a TEM grid which was left drying in air one day before the STEM
measurements. All work was performed at 60 kV with a high collection angle (approximately
25 mrad) to minimize Cherenkov radiation in the EELS signal [18]. The convergence angle
was 13.2 mrad, and the probe size was approximately 1.3 angstrom. The EELS energy
resolution was approximately 150 meV (full width at half-maximum of the zero-loss peak).
Spectrum imaging was used to spatially resolve the EELS signal along and across each nano
object, and all EELS data were processed using the Gatan Digital Micrograph software
package. During the EEL spectra acquisition, there was no evidence of irradiation damage in
the AuUNS samples. The zero-loss peak for each spectrum was removed using the standard
reflected tail method, which reflects the tail on the energy-gain side of the spectrum onto the

energy-loss side, typically with a predefined scaling factor, and subtracts it [19-22].

Experimental results on AuNS and the Fabrication of AuNS-nanosphere heterodimer:
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Figure 11B.1. X-ray energy dispersive spectroscopy (XEDS) of the synthesized
AuUNS solution dispersed on a carbon tape. The inset table shows the weight
percentages of the elements present in the sample. Inset Figure ‘a’ shows a typical
lower magnification TEM image of a collection of Au nanoparticles, showing that
the majority of nanostructures have some spiked areas, confirming the relatively
high yield of the synthesis method. Inset Figure ‘b’ is a typical higher magnification
transmission electron microscopy (TEM) image of the synthesized nanostructure.
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Synthesized AuNS were characterized using TEM to see their shape, size, material and the
variation in their structure parameter which is needed for the heterodimer fabrication. Figure
I1B.1 shows the X-ray energy dispersive spectroscopy (XEDS) of the synthesized AuNS
solution. In the spectrum, the most intense peak corresponds to carbon due to the carbon tape
substrate used. The peak corresponding to Au is the second most intense peak in the
spectrum, and the weight percentage of the gold present in our synthesized gold nanoparticle
solution is 22.51%. Panel (a) shows a typical lower magnification TEM image where almost
all nanoparticles are found to have at least one spike in their surface confirming the relatively
high yield of the synthesis method. Panel (b) shows a randomly selected higher magnification

TEM image of a gold nanoparticle.
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Figure 11B.2. (a) The UV-Vis-NIR spectra of the synthesized AuNS solution in both
stable and unstable condition. (b) Normalized experimental extinction cross section
of stabilized AuNS solution and the relevant theoretical investigation of the
extinction property of AuNSs with two different spike lengths. The largest spike
length (LSL) and average spike length (ASL) were calculated based on the collected
TEM information.

After the above morphological study of the synthesized nanostructures, to have the other
crucial information for heterodimer formation, UV-Vis-NIR spectroscopic measurements
have been done. Here the information regarding collective modes of the nanoparticles present
in the aqueous solution is given. Panel (a) shows two extinction spectra for both the stabilized
AUNS solution and the AuNS solution that is not stabilized. Panel (b) shows the difference
between the normalized experimental extinction characteristics of the stabilized AuNS
solution and the corresponding theoretical investigations. Here, two modes are distinctive in
the experimental extinction spectrum. As per the data collected from the TEM images of
several AuNSs, the average spike length (ASL) of the nanostars was about 63 nm, taking into

account all possible spike lengths from the smallest spike length (SSL) of 33 nm to the largest

79



spike length (LSL) of 90 nm, and the average diameter of the core was almost 60 nm.
Depending on the length of the spike, the tip radius varied from 5 to 1 nm. FEM simulations
were performed for two AuNSs with ASL and LSL spike lengths and with the same core
diameter of 60 nm to determine their extinction characteristics. The purple and blue curves in
panel (b) represent the normalized extinction spectra of the theoretical AUNS with ASL and
LSL spike lengths, respectively. By considering the convolution of both theoretical curves,
we can conclude that the resultant theoretical extinction characteristics match well with the
experimental curve profile and the LSP resonances.

Although experimental and theoretical studies of the extinction properties of the AuNS
solution provided relevant information about the ensemble behaviour of AuNSs in aqueous
solution, to move towards a controlled construction of hybrid plasmonic nanogaps for
sensing, local information regarding the plasmonic field distribution and resonance
frequencies is necessary. To use the regio-specific surface chemistry method based on hot
electron injection introduced by Cortés et al. [17] for the creation of heterodimeric nanogaps
between AuNSs and Au nanospheres, STEM-EELS investigations of the nanostructure were
performed to gain precise information about single AuNS plasmonic modes. Figure 11B.3
illustrates the EELS analysis of the synthesized AuNS.

Here panel (a) shows a STEM-HAADF image of the AuNS that was used for EELS analysis.
The boxes on the image indicate the regions from which the EELS spectrum images were
acquired. Here in panel (b), (c), (d) are the different spectrum images of the core of the
nanostar (the black box in panel (a)) and the different regions of the spike of the nanostar
antenna are shown. In the core region of the AuNS 3 different position (A, B, C) have been
chosen and for all those 3 position the energy-loss spectrum exhibits one major peak at 2.2
eV (~564 nm). From the STEM images it has been seen that the size of the AuNS core is
almost 60 nm in all the cases. To verify the fact that 2.2 eV mode is originating only from the
contribution of the core LSPR mode of the AuNS, numerical investigation based on FEM has
seen done. The result of these FEM based Comsol simulation is given in figure 11B.4. Here,
numerical investigation on the extinction property of the Au nanosphere with a 60 nm
diameter shows LSPR at 550 nm suggesting that the 2.2 eV mode is associated with the
LSPR at the core of AuNS. During this FEM study, the surrounding media was taken as the
water media, the incident light polarization was taken along z axis (parallel to the semi-major
axis of the spike) and propagation direction along +y axis. In this study the wavelength

dependent permittivity of gold is taken from the Johnson and Christy measurements [26].
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Figure 11B.3. Electron energy loss spectroscopy (EELS) characterization of the AuNS: (a)
AUNS image with relative areas of investigation; (b) EELS spectra of core of the AuNS; (c)
and (d) EELS spectra of different regions of the spike of the AuNS.
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Figure 11B.4. FEM analysis on light interaction of single Au nanosphere of size 60
nm immersed in water is shown here. The LSPR of 60 nm Au nanosphere is seen to
occur at 550 nm.

81



After the analysis of the core region of AuNS the spikes of the nanostructures have been
examined. The energy-loss spectra from different regions of the AuNS spike have been
shown in figure 11B.3(c) and 11B.3 (d). For these regions, the energy-loss spectra along with
the AUNS core mode (2.2 eV) exhibit two major peaks at 1.2 eV (~1033 nm) and 1.8 eV
(~689 nm). Here it can be seen that the 1.2 eV mode shows a maximum intensity at a position
approximately halfway along the length of the spike, although the presence of the 1.8 eV
mode cannot be ignored at that location. At the pinnacle of this AuUNS spike of length 88 nm
(the 5th, 10th, and 11th region of the AuNS spike), the major plasmonic resonance is at 1.2
eV and the presence of 2.2 eV mode (AuNS core mode) can also be seen here. On the other
hand, the 1.8 eV mode exhibits maximum intensity at a location closer to the core of the
nanostar. FEM investigation is carried out to see the LSPR of this AuNS and it has been

shown in the following figure I1B.5.
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Figure 11B.5. (a) Extinction property of single AuNS is shown here.

FEM investigation on the extinction properties for this AUNS with 88 nm spike length and 60
nm core shows that the LSPR occurs at 1060 nm shown in the above figure. Both the
numerical result and the EELS investigation indicate that the mode that is predominating in
an AuNS tip region is 1.2 eV, which is crucial information to design regio-specific
interactions that allow selected nanostructures to be bound at the tip of the AuNS via the non-
localized surface chemistry method. The following figure 11B.6 shows how a regio-specific
interaction—driven by hot-electron injection—can promote the formation of a heterodimeric
(nanostar-nanosphere) nanostructure for plasmonic biosensing via the method introduced by
Cortés et al. [17].
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Figure 11B.6. Design of a hybrid AuNS-nanosphere plasmonic antenna via the local
surface chemistry modification method. (a) AuNS surface modified by 4-NTP and
Au nanosphere coated with 11-mercaptoundecanoic acid (MUA) are shown. (b) Hot
electron injection after light illumination on a 4-NTP-coated AuNS antenna at LSPR
wavelength (1078 nm) in the presence of HCI; (c) The formation of a hybrid
nanoantenna where the Au nanosphere is coupled to the AuNS tip. This happened
when the activated and purified Au nanospheres left in contact with the hot-electron-
converted AuNS antennas. (d) The hybrid plasmonic antenna converted as a sensor
by only attaching a suitable probe to this system. (e) The plasmonic heterodimer
sensor in the presence of a bioanalytes.
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Here it is worth to mention that instead of AuNS tip, if one wants to choose different region
of the AuNS for the binding of the other nanoantenna (here Au nanosphere) to make the
hybrid structure, he can just choose a particular excitation frequency, v (given in the EELS
spectra of different regions in figure 11B.3) and only that area will be active which will be
helpful to make those highly selective heterodimeric structures.

After having all the characterization details of AuUNS, helpful for making the AuNS-
nanosphere hybrid structure and the detailed steps of making this hybrid plasmonic antenna
via the local surface chemistry modification method we should also have the idea about the
local electric field intensity enhancement by this hetero-dimeric antenna at its hot-spot which
is very essential for a good plasmonic biosensor and also the electric field pattern, the
important parameter for which we thought this structure would be better than the existing
single nanoantennas. To have that knowledge, theoretical study has been done by FEM based
Comsol 5.4 software package which is discussed in the next section.

11B.2. Numerical simulation on the sensitivity of the nanoplasmonic gap:

The plasmonic biosensor detection mechanism has already been discussed. According to that
for a plasmonic biosensor to have a good sensitivity and S/N ratio one should have higher
electric field intensity enhancement at the hot-spot regions of the nanoantenna. That is why to
examine how efficient these hybrid structures will be, the intensity enhancement, electric
field pattern and the sensitivity has been calculated using comsol and the details about the

method and the results are given below.

Numerical Simulation Method: Finite Element Method (FEM) simulations are carried out
using Comsol 5.4 [23-25] here to study the interaction of a plasmonic biosensor of a single
AUNS and a hybrid AuNS-nanosphere with photons to compare their sensitivity. All the data
regarding nanostars spikes and their cores are taken from the TEM studies. The
nanostructure’s surface is discretized with tetrahedral mesh elements with a typical maximum
and minimum side lengths of 24.5 and 1.05 nm, respectively. During simulations, the electric
field was mapped in the entire space. Photon interaction with single AuNS and AuNS-
nanosphere heterodimer with a different nanosphere size and a gap distance were studied.
Different cross sections (Scattering, Absorption and Extinction) of those nanoantennas were
also examined. During sensitivity calculation, we considered first air (¢ = 1.0) and then water
(e = 1.7689) as the homogeneous surrounding media. In all simulations, the wavelength-

dependent permittivity of the gold was taken from Johnson and Christy measurements [26].
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The wavelength shift in LSPR of the single AuNS and the AuNS-nanosphere heterodimer has
been calculated considering a BSA molecule (of 0.11 attogram mass ~ 66.5 kDa) is coupled
in the hot spot region of those nanoantennas immersed in water medium. During simulation, a
BSA protein molecule was taken as a dielectric particle of cylindrical shape with a
permittivity of 2.25, a characteristic height of 3.4 nm and a 6.8 nm short cylinder diameter
[27-28].

Numerical Simulation Results:

A hybrid plasmonic nanogap constructed by coupling Au nanosphere at the tip of the AuUNS
via the above-mentioned hot electron mediated method realizes an excellent nanoscale
detector for single small protein molecules. This hybrid nanogap can be converted to a sensor
by immobilizing a capture molecule (probe) at the nanogap to specifically recognize
molecules at a point of care.

Here in the following figure 11B.7 the interaction of a single plasmonic nanogap with light
photon has been shown to have the info about its intensity enhancement capability and
electric filed pattern which will tell the efficiency of this heterodimeric nanogap as a
plasmonic biosensor and also a comparison is done with respect to the single dipole
stimulated spiky AuNS plasmonic antenna. Here Panel (a) reports how a single plasmonic
nanostar antenna behaves when it interacts with photons. Panel (b) shows how the situation is
modified if a BSA molecule is located in close proximity to the tip. Panel (c) is similarly
describing the photon interaction of a heterodimer composed of a nanostar with 88 nm spike
length, 60 nm core and a 100 nm gold nanosphere separated by a distance of 3.4 nm distance
in water. Panel (d) shows the same interaction in presence of a single BSA protein molecule
situated in the heterodimeric nanogap. For this investigation, the incident light polarization
has been assumed to be along the z-direction (parallel to the spike length or the semi-major
axis of the AuNS spike), whereas the propagation direction has been assumed to be the +y-

direction.

In this case, the local field of the nanogap behaved like a single AuNS tip in the presence
of the bio-nanoparticle. The energy of the hybrid mode of the heterodimeric nanogap reduces
in presence of a foreign molecule. This reduction in the energy of the hybrid mode was
realized from its shift in the transmission spectrum and thus can be used for molecular
detection. Here, because of the high electric field enhancement at the binding site (nanogap)
and the optimum distribution of the field, the gap mode shift for a single (or a few) molecule
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of lower molecular weight (such as the BSA protein molecule with 66.5 kDa) is detectable
(numerical investigation supports this claim). This detection could be even more specific by
attaching a probe molecule at the gap.
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Figure 11B.7. (a) Interaction of single AuUNS plasmonic biosensor dispersed in water
with incident light in the absence of a BSA molecule. The zoomed portion of the
yellow box shows the intensity enhancement at the pinnacle of the spike. (b)
Interaction of a single AuUNS plasmonic biosensor with incident light in the presence
of BSA in water media. (c) Photon interaction of a hybrid plasmonic biosensor
developed from a single AuNS and an Au nanosphere in the absence of BSA
immersed in water. (d) Interaction of a hybrid plasmonic sensor with incident light
in the presence of BSA in water media. Here in all cases, the incident light wave has
polarization along the z-axis and propagation along the +y direction. The AuNS has

a spike length of 88 nm and a 60 nm core, and the size of the Au nanosphere is 100
nm.
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In the above FEM simulation results, the enhancement measurement is given in terms of the
quantity |E/Eo|. However, the shift in the wavelength due to the adsorption of the protein
molecule is proportional to the light intensity (I/1 =|E/Eq[?) at the binding site. That is why it
is better to interpret the results in terms of the light intensity enhancement. Here the intensity
enhancement by a AuNS with 88 nm spike and 60 nm core is approximately 2.5 x 10° in
water. It is worth noticing that the remarkable tenfold increase of the light intensity
enhancement in the absence of protein molecules within the heterodimeric gap with respect to
a single nanostar spike. Strikingly, for a 3.4 nm heterodimeric gap (100 nm gold nanosphere-
88 nm AuUNS spike with 60 nm core), the intensity enhancement was found to be 2.3 x 10° in
the absence of a BSA molecule in water. Hence, such a heterodimeric plasmonic sensor can
detect a single BSA molecule with higher sensitivity. The electric field pattern is also seen to
be more dispersed with more strength for this heterodimer with respect to the single AuNS tip
which will be better for complete interaction of the dielectric analyte and the enhanced
electric field in the hot-spot area of the antennas. For both the antennas (single AuUNS and the
AuNS-nanosphere heterodimer) in presence of bioanalytes the field is seen to be more

localized almost in the same manner with respect to the absence of protein.

To know the sensitivity of these heterodimers the extinction properties corresponding to a
AuNS-nanosphere heterodimer plasmonic biosensor immersed in water in the presence and
absence of a BSA molecule is calculated which is shown in the following figure 11B.8. The
sensitivity of the heterodimeric nanogap can be easily calculated based on these simulation
and can be compared with the single AuNS tip sensitivity based on the FEM simulation

results of previous chapter.

For the FEM based Comsol simulation on the extinction property of the AuNS-Au
nanosphere shown in figure 11B.8 the diameter of the AuNS core is chosen 60 nm and the
spike length is considered to be 88 nm. The diameter of the Au nanosphere is 100 nm and 3.4
nm gap is maintained along the z-axis between these two antennas. The LSPR of that hetero-
dimer immersed in water is found to occur at 1250 nm in absence BSA molecule (panel (a))
whereas the LSPR of the structure is found to be at 1265 nm in presence of the single BSA
molecule at the hot spot created at the nanogap between the AuNS tip and Au nanosphere
(panel (b)). So, according to this theoretical analysis 15 nm wavelength shift is expected for
adsorption of single BSA molecule (molecular weight ~ 66.5 kDa) for this AuNS-Au
nanosphere hetero-dimer plasmonic biosensor. Hence, such a heterodimeric plasmonic sensor

can detect a single BSA molecule with a sensitivity of about 5800 nm/RIU, and its sensitivity
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is expected to increase further by decreasing the size of the asymmetric tip-sphere nanogap.
As is reported, in the previous chapter the sensitivity of the single AuNS antenna with 88 nm
spike and 60 nm core is 1940 nm/RIU for a single BSA protein molecule, we can safely
declare that the sensitivity of the heterodimeric nanogap is more with respect to that of the
single AuNS.
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Figure 11B.8. (a) Extinction property of AuNS-Au nanosphere hetero-dimer plasmonic
biosensor dispersed in water media in absence of BSA molecule. (b) Extinction property of
AUNS-Au nanosphere hetero-dimer plasmonic biosensor in presence of BSA. (¢) Comparison
between both the situation of heterodimeric plasmonic biosensor, in absence and presence of
BSA molecule. Here, according to the theoretical analysis 15 nm shift is predicted for the
adsorption of single BSA molecule at the hot spot created at the nanogap between AuNS tip
and Au nanosphere.

During the above FEM analysis, the incident light wave has polarization along z axis,
propagation along +y direction and the orientation of the 88 nm spikes of the AuNS is taken
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along the axis of polarization. In this study the wavelength dependent permittivity of gold is
taken from the Johnson and Christy measurements [26] and the specification of the BSA is

taken from the reference [27-28].
11B.3. Conclusion

To summarize, we reported the study of heterodimeric nanostructures for plasmonic sensing
based on the formation of nanogaps between nanostar tips and nanospheres. The stable,
highly tunable AuNSs were synthesized here via a simple, one-step, surfactant-free, wet-
chemistry method with high yield and characterized via optical and EELS spectroscopic
investigations. The formation of the nanogap is controlled and triggered by exploiting the
light-induced hot-electron injection at the tip of the nanostars through the localized surface
chemistry method. These hybrids and asymmetric plasmonic nanogaps can dramatically
confine the incident electromagnetic field at their hot spots, irrespective of the incident light
polarization. The numerical investigation supports the experimental results and predicted an
ultrahigh sensitivity of this single molecule plasmonic biosensor (>5000 nm/RIU). This result
will allow for the fabrication of nanogap sensors with high sensitivity and specificity for
proteins and nucleic acids tests, which can find large use in point-of-care diagnostic

technologies based on an easy and accurate optical readout.
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Chapter IIC

Breathing modes of gold nanostars and its usefulness in sensing

I1C.1. Breathing modes in nanoparticles - A brief discussion:

Label-free detection of protein molecules in their natural state at ultralow concentration is
considered as the holy grail of biomedical research [1]. But, because of the acutely small size
(<3 nm) of single protein molecules, their detection becomes exceptionally challenging [2].
One method to deal with this problem is to use the well-known localized surface plasmon
effect of noble metal nanoparticles (NPs) which has been used for a wide variety of
applications [3-7] including sensing [8-10], imaging [11], surface enhanced Raman
spectroscopy (SERS) [12-13], quantum technologies and miniaturized photonic circuits [14-
15]. Localized surface plasmon resonance (LSPR) of noble metal NPs can be tuned by
changing their size, shape, material and the surrounding dielectric matrix [16-17]. NPs with
sharp corners like nanotriangles [18], nanocubes [19-20], nanorods [21-22] nanostars [23-26]
or octahedral nanoparticles [27-28] are able to confine light in ultrasmall regions tightly
because of the lightning rod effect and the plasmonic resonance effect, resulting in higher
electromagnetic energy concentration and thus higher electric field intensity at their hot-spots
compared to the non-spiky NPs [29-31]. Thus spiky gold nanoparticles are ideal for
plasmonic sensing because of their biocompatibility tunability and the large field
enhancement at their hotspots. A small change in the surrounding dielectric media after the
adsorption of protein molecules at the hot-spots results in a shift of the NP LSPR and thus
helps to detect the presence of biomolecules. This opens new opportunities for design of next

generation nano-devices for sensing applications.

Surface plasmons confined within the geometrical boundaries of flat nanoparticles give rise
to radially symmetric plasmonic breathing modes [32-33]. A flat metal NP not only has edge
modes [34] (dipolar, quadrupolar and higher order multipolar modes) because of LSPR, but
also supports film modes. Breathing modes are dark modes that cannot be detected by
photons as their net dipole moment is zero. However such modes can be detected by inelastic
electron scattering in electron energy-loss spectroscopy as the electron wavelength is much
smaller than the nanoparticle size [35-36]. The breathing modes are very important for near
field coupling effects as they have a very high optical mode density. Several groups have
investigated breathing modes of different metal nanostructures such as nanodisk [32, 35, and
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37] nanoplates [36], core—shell nanoparticles [38-39], nanotriangles [40], nanowires [41-42]
nanosphere-nanodisk trimers [43], metal oligomers [44], and graphene nanoellipses [45] but

breathing modes of AuNSs have never been reported before.

AuUNSs, because of having several polarization insensitive hot-spots generated after the
interaction of light at the tip of the spikes randomly distributed over their core, are more
advantageous than the other spiked nanoantennas like nanoellipsoides and nanorods [46-51]
which have the ability to concentrate light like nanostars. AuNSs which are well known for
their biomedical applications due to their low-toxicity, biocompatibility, high tunability and
high electric field intensity enhancement at their hot-spots [46-49] have been synthesized
using nano-chemistry strategies, including environmentally sensitive “green” synthesis routes
[52-58] and surfactant-free routes. Here, for our study we have synthesized these highly
tunable, stable, efficient AUNSs using a low-cost, simple, one-step (seedless), surfactant-free,
high-yield wet chemistry method [59].

In this contribution we report experimental evidence of both the plasmonic edge modes and
acoustic breathing modes in AuNSs. Results of optical and electron spectroscopy
characterization of these highly stable nanoparticles (stability > 5 months in agueous
solution) are reported. Optical characterization provided integrated information regarding the
collective behaviour of AUNSs in aqueous suspension while electron energy-loss
spectroscopy (EELS), performed using a scanning transmission electron microscope (FEI
Titan3 G2 STEM), provided local plasmonic responses of a single AuNS with high spatial
resolution. Several groups have investigated plasmonic nanostructures including AuNSs via
EELS [60-74] but this high resolution, low-loss EELS investigation of these synthesized
AuUNSs has shown the presence of regular edge plasmon modes along with radial breathing
modes, irrespective of the spike length.

This study is also supported by extensive theoretical investigations. The effect of tip
displacement in response to excitation of the breathing modes has been calculated using the
structural mechanics model of Comsol 5.4 which is based on the Finite Element Method. The
maximum intensity enhancement of a single AuNS antenna has been calculated using the
Radio Frequency (RF) module of Comsol 5.4. All these results indicate the possibility of
creating a device based on the acousto-plasmonic AuNS antenna which will be useful for

two-step clinical diagnostics.
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11C.2. Experimental and theoretical evidence of edge dipolar modes and
non-edge breathing modes in gold nanostar

Experimental Methods used:

Characterization: The synthesized nanoparticles are characterized using UV-Vis-NIR

spectroscopy and scanning transmission electron microscopy.

UV-Vis-NIR spectroscopy: The UV-Vis-NIR spectra of the synthesized gold nanostar
solution were obtained using a PerkinElmer Lambda 900 spectrophotometer. The extinction
properties of the nanostar solution were measured in a wavelength range of 400 nm to 1300

nm.

STEM and EELS measurements: To probe the size and shape of the synthesized
nanoparticle, a STEM (monochromated, image-corrected FEI Titan3 G2 STEM) was used.
The electronic structure of the synthesized AuNSs was investigated with the help of low-loss
EELS. Sample preparation was done one day before the STEM measurements by drop
casting and then drying the aqueous solution of gold nanoparticles on a standardized holey
carbon film supported on a TEM grid. All experiments were performed at 60 kV with a high
collection angle (~ 25 mrad) to minimize the influence of Cherenkov radiation on the EELS
signal [84]. The convergence angle and the probe size were measured to be approximately
13.2 mrad and 1.3 angstrom, respectively. The EELS energy resolution which is equivalent to
the full width at half-maximum of the zero-loss peak was approximately 150 meV. To
resolve the EELS signal spatially along and across each nano-object, spectrum imaging was
used. All the EELS data were treated using the Gatan Digital Micrograph software package.
No evidence of irradiation impairment was observed in the sample during EEL spectra
acquisition. The zero-loss peak for each spectrum was removed using the standard reflected
tail method which reflects the tail on the energy gain side of the spectrum onto the energy-
loss side, typically with a pre-defined scaling factor, and subtracts it [85-88].

Numerical Simulation Method: FEM simulations are used here to find a correlation
between the experimental data and the predicted properties of extinction (optical module) and
acoustic modes (structural mechanics module) of AuNSs. During simulation, data regarding
the different sizes and shapes of AuNS spikes and their cores are obtained from the STEM
studies. The study is carried out to map the electric field for plasmonic modes and structural
modification of the nanoantennas for phononic modes. The relative pressure due to the

excitation of the breathing modes of AuNSs was calculated using the structural mechanics
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module of COMSOL 5.4 [75-77] where the mode frequency was obtained from the
experimental EELS information. The Radio Frequency (RF) module of Comsol 5.4 is used to
investigate the plasmonic modes. Scattering, absorption and extinction cross-sections of the
AUNS plasmonic antennas are also calculated here. For the optical simulations the definitions
in the Comsol material library are used for all the optical and physical properties of the
surrounding media. Simulations considering both air (¢ = 1.0) and water (¢ = 1.77) as the
homogeneous surrounding media are performed here. During this numerical investigation, the
wavelength dependent permittivity of gold is obtained from the Johnson and Christy
measurements [89] and linearly polarized plane waves are used as the excitation source.
Electric field polarization of incident light is always chosen along the semi major axis of the
AUNS spikes during extinction and electric field mapping. For the simulation of acoustic
modes performed in air the material mechanical properties of Au are defined according to the
bulk values. Physics controlled free tetrahedral meshes with an extremely fine mesh size for
the AuNSs and for surrounding media mesh of normal size have been chosen for all analysis.
For the simulation of acoustic modes, performed in air, the material mechanical properties of
Au are defined according to the bulk values (Young's modulus = 79 GPa, Poisson's ratio =
0.4, and density = 19300 kg m™). For that simulation the longitudinal speed of sound in gold

is taken as 3240 m s,
Experimental and Theoretical Results and Discussions:

For this study Gold nanostars (AuNSs) were synthesized using our own one-step (without
seed) surfactant-free wet chemistry method as described in the previous chapter [59]. Here
figure 11C.1 (a) shows a typical high magnification TEM image of a synthesized gold
nanoparticle while panel (b) shows a low magnification TEM image where almost all the
nanoparticles have at least one spike on their surface, confirming the relatively high yield of
the synthesis method. The X-ray energy dispersive spectroscopy (XEDS) study of the
synthesized AuNSs which confirms the presence of Au in the agueous nanostars solution and
thus the biocompatibility of the synthesized nanoparticle solution is also given in the previous

chapter 11B.
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Figure 11C.1. (a) A high magnification TEM image of a randomly selected gold nanoparticle
is shown. (b) A low magnification TEM image is shown here which is representative of
almost all the nanoparticles observed.

Figure 11C.2 (a) shows a comparative study between the normalized experimental extinction
spectra of the stable AuUNS solution collected using a PerkinElmer Lambda 900
spectrophotometer and the corresponding theoretical investigations. Notably, in the
experimental extinction spectra two major modes can be seen. The histogram for spike
lengths of synthesized AuNSs is shown in panel (b). The average spike length (ASL) of the
nanostars was measured and averaged from TEM images of nearly 100 AuNS nanoparticles
and was found to measure approximately 70 nm while the average diameter of the core
measured almost 60 nm. The tip radius of the AuNS spike is varied here from 5 nm to 1 nm
depending on the spike length. From the histogram in panel (b) one may observe that the
AuUNSs with an ASL of approximately 70 nm are dominant in solution. AuNSs with a large
spike length (LSL) of nearly 90 nm are the second most dominant type of nanostar in the
solution. Panel (c) and (d) are showing the representative of these two kinds of nanostars -
AuNS with ASL and AuNS with LSL respectively, observed during the STEM
measurements. Therefore, the histogram in panel (b) supports the origin of the two peaks
observed in the experimental extinction spectra. Complementarily, Finite Element Method
(FEM) simulations were performed using Comsol 5.4 for the AuNSs with an ASL of 70 nm
and LSL of 90 nm and the same core diameter (60 nm), permitting determination of
extinction characteristics. The red and blue curves, shown in panel (a), represent the
theoretically calculated normalized extinction spectra for AuNSs of spike lengths 70 nm and

90 nm respectively, the convolution of which gives the resultant normalized theoretical
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extinction spectra of the AuNS solution. From this figure we can conclude that the resultant
theoretical extinction characteristics match well with the experimental ones, thus confirming

our hypothesis.
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Figure 11C.2. (a) Comparison of the normalized experimental extinction spectrum of the
synthesized stabilized AuNS solution and the relevant theoretical investigation
conducted on the extinction properties of AuNSs of two different spike lengths. Large
spike length (LSL) and average spike length (ASL) are obtained based on the collected
TEM information. (b) Histogram of the spike lengths of synthesized AuNSs is shown
based on the collected TEM images of nearly 100 NPs. (c) A high magnifications TEM
image of a gold nanostar particle with ASL is shown. (d) A high magnification TEM
image of a gold nanostar particle with LSL is shown.

Although optical and computational studies of AuNSs dissolved in aqueous solution provided
integrated information about the ensemble behaviour of AuNSs, STEM-EELS measurements
revealed localized information about the plasmonic field distribution and resonances for
different locations across a single nanostructure. Figure 11C.3 illustrates the EELS analysis

for synthesized AuNSs with a LSL. EELS experiments allowed mapping of plasmonic edge
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modes in AuNSs and also the excitation and observation of optically dark radial breathing
modes. The STEM-HAADF (High Angle Annular Dark Field) image of an AuNS with the
LSL which was used for EELS analysis is shown in panel (a). The regions from which the

EELS spectra were mapped and acquired are indicated by the colored boxes on the STEM
image.
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Figure 11C.3. EELS characterization of AuNSs with a LSL: (a) AuNS with relative areas of
investigation indicated by different colored boxes. (b) EELS spectrum of the AuNS core. (c)
EELS spectra of different regions of the AuNS spike.

Here in the above figure panel (b) and (c) show the EELS spectra taken at the nanostar core
and the nanostar spike. Panel (b) shows a peak at 2.2 eV, which corresponds to the core mode
of the AuNS as confirmed by the FEM simulation (figure 11C.4. (a) ), which shows LSPR at
550 nm (2.2 eV) for a gold core of 60 nm. The strongest mode observed, at the pinnacle of
the AuNS spike, was 1.17 eV, corresponding with one extinction peak from the UV-Vis-NIR
spectra. FEM simulations carried out on similar types of AuNSs, having an 88 nm spike
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length and 60 nm core, indicate that the LSPR is expected to occur at 1060 nm (1.17 eV) and
thereby confirm the dipolar (bright) edge mode nature at the pinnacle (figure 11C.4. (b) ).
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Figure 11C.4. (a) Extinction cross-section of 60 nm Au nanosphere is shown. The theoretical
LSPR is seen to occur here at 550 nm. (b) Extinction property of single LSL AuNS where the
LSPR is at 1060 nm.

The EELS intensity maps for 1.2 eV and 1.8 eV mode, shown in figure 1IC.5 (b) and (c),
confirm their non-plasmonic non-edge nature observed at the spike of this AuUNS.

During STEM-EELS mapping, a 1.2 eV mode (figure 11C.5 (b)) was excited and observed in
the central region of the spike. This mode shows a very different spatial and intensity
distribution with respect to the edge mode. In addition, further away from the pinnacle, a
similarly structured mode was observed at 1.8 eV. The comparison of the optical and EELS
spectra of several nanostar spikes (with small and large spike lengths) shows that the modes
in the body of the spike are dark modes, since they cannot be excited by light and they are not
observed in the optical spectra. To further confirm their non-plasmonic edge mode character
a computational study was performed using FEM based Comsol 5.4 by analysing the mode
shape at each mode frequency. Comsol simulations confirmed that the 1.2 eV mode possesses
all the features of a radial breathing mode (figure I1C.7) and it does not present the
characteristic spatial distribution of plasmonic edge modes (dipolar, quadrupolar and higher
order modes). However, the EELS maps were obtained by exciting the entire AuNS with a
defocused electron beam, unlike the spectra in figure 11C.3, obtained by spectrum imaging
(SI) with a sub-nm electron probe. EELS intensity maps at 1.2 eV and 1.8 eV clearly show

the mode localization away from the AuNS tip.
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Figure 11C.5. EELS intensity maps of different dominant modes in spikes of AuNSs with a
LSL: (a) AuNS with relative areas of investigation indicated by different colored boxes. (b)
EELS intensity map at 1.2 eV mode. (c) EELS intensity map at 1.8 eV mode. Here 1.2 eV
and 1.8 eV modes are the major plasmonic modes located at the AuUNS spike with LSL.
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Figure 11C.6. EELS of an AuNS with short spike length (SSL): (a) AuNS image with relative
areas of investigation (coloured boxes). (b) Intensity maps of major plasmonic modes at 1.5
eV and 1.6 eV located at the AuNS spike. (c) EELS spectra of different regions of the AUNS
spike. The dominant mode at the pinnacle of the spike is 1.6 eV. The 1.6 eV EELS intensity
map confirms its edge mode nature by showing a maximum intensity at the tip of the spike
(green box area), whereas the 1.5 eV mode, which is dominant in the body of the spike (blue
box region) confirms its non-plasmonic nature.

The presence of radial breathing modes and a dipolar edge mode is more evident for short
spike than for long spike AuNSs, because of its larger interaction volume. The details of the
EELS analysis of the AuNS with a small spike length (SSL) are shown in figure I1C.6 and the

relevant numerical results are given in figure 11C.7.
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Figure 11C.7. (a) Single AuNS with a small spike length (SSL) is shown here. The enlarged
portion of the black box shows different responses at different modes and thus is useful
theoretically to predict the nature of the mode (either plasmonic edge mode or radial
breathing mode). (b) Behaviour of a single AuNS with a SSL at 1.6 eV. (c) Behaviour of a
single AuNS with a SSL at 1.5 eV. (d) Single AuNS with a LSL is shown. The enlarged
portion of the black box shows different responses at different modes. (e) Behaviour of a
single AuNS with a LSL at 1.17 eV. (f) Behaviour of a single AUNS witha LSL at 1.2 eV.

Figure 11C.7 illustrates the numerical study performed for the various observed modes, both
edge and non-edge modes, in a single AuUNS with a large spike length (LSL) and a small
spike length (SSL), when excited by light and electron beams. Here panel (a) shows an
illustration of a plasmonic SSL nanostar antenna determined by the quantitative parameters
measured from the STEM images. Panel (b) shows the resultant mode distribution at 1.6 eV
when excited by light; the mode has its highest intensity at the pinnacle of the AuNS spike, as
also observed in the EELS intensity map (figure 11C.6 (b) ). Considering that the skin depth
of gold in the wavelength range of 400 - 1200 nm is smaller than 5 nm, any plasmonic edge
mode is not expected to penetrate into the body of the nanoparticle; rather it is confined at the
metal—dielectric interface. Moreover, extinction studies also confirm the LSPR of this

structure at 1.6 eV, thereby, this mode is a dipolar edge mode. Of note, the yellow dashed
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line in figure 11C.7 (b) represents the nanoparticle edge and does not appear to show evidence
of structural modification. The intensity map in figure 11C.6 (b) exhibits an unexpected shape
for the 1.5 eV modes; this mode was not observed in the optical extinction spectra, thereby
indicating that it is formed by a non-plasmonic nature, as also supported by the simulations.
The hypothesis that these modes are of an acoustic nature originated from multiple
observations: the appearance of the highest intensity position away from the metal-dielectric
interface, the radially symmetric nature of the mode and the corresponding absence of this
mode in the extinction spectra, both for theoretical and experimental studies. To confirm this
hypothesis, the mode at 1.5 eV of the SSL AuNS was investigated numerically using the
structural mechanics module of Comsol 5.4 (the parameters for the simulation are given in
the numerical simulation section) [75—77]. In figure I1C.7, panel (c) shows the 1.5 eV mode
shape and distribution obtained via Comsol simulations for the SSL AuNS. The map of the
relative pressure calculated via the structural mechanics module shows that the mode has the
familiar, radial symmetry of a typical breathing mode [32—-34]. The black contour line, shown
in panel (c), represents the unperturbed morphology of the SSL AuNS, whereas the color map
shows the relative pressure distribution at 1.5 eV and the modification of the structure
because of the acoustic mode. Similarly, panel (f) here shows the simulation obtained via
Comsol of the LSL AuNS for the anomalous mode at 1.2 eV, as also shown in figure 11C.5
(b). Notably, the relative pressure is highest in the middle of the spike of the AuNS resulting
in a significant contraction of the same structure. The map of the relative pressure, as
calculated by structural mechanics, shows that the 1.2 eV mode exhibits the radial symmetry
of a typical breathing mode, [32—-34] again supporting the acoustic nature of the 1.2 eV mode
of the LSL AuNS. Panel (e) of the above figure conversely shows the results for the analysis
of the mode at 1.17 eV of the LSL AuNS, as reported in figure 11C.3. The 1.17 eV mode has
its highest intensity at the pinnacle of the AuNS spike, as observed in the EELS spectra
(figure 11C.3 (c) ). The 1.17 eV mode is a plasmonic edge mode, since its dipolar nature has
been confirmed by calculating the LSPR from the extinction spectra and the electric field
mapping using the RF module of Comsol 5.4.

Continued analysis of Sl data for breathing modes revealed that the 1.5 eV mode is located
along the spike where the diameter measured 7.4 nm (figure 11C.6), whereas for the LSL
AUNS the breathing mode at 1.2 eV is located along the spike where the diameter is 21.4 nm
(figure 11C.5). For any specific, non-symmetric structure, theoretical calculation of acoustic

mode frequency is tedious [78-79] yet Lamb introduced a very simple relationship between

103



the acoustic breathing mode frequency and the size of the structure [80]. According to Lamb's
relationship, the acoustic breathing mode frequency varies inversely with the diameter of the
spherically symmetric structures. If the spikes of the AuNS are considered to be a parallel
combination of many disks, [81] - the Lamb principle is also verified here for the two

breathing modes - as the mode frequencies vary inversely with the structure diameter.

The plasmonic edge and breathing modes of AuNSs can be synergistically employed to
determine the size and mass of target molecules, respectively, by combining the reactive
sensing principle for plasmonic biosensing [82-83] and a nano-cantilever mechanism.
According to the numerical investigation, the field intensity enhancement was found to be
approximately 2.5x10° in water media for the LSL AuNS at its LSPR (1060 nm). This
indicates that the acousto-plasmonic AuNS based nanoantenna - supporting both plasmon
edge and breathing modes — can be useful for two-step label free molecular detection at a

point-of-care.

11C.3. Conclusion

To summarize, we report the experimental evidence of both plasmonic edge and acoustic
breathing modes in gold nanostars (AuNSs). For this work, AuNSs are synthesized via our
own simple, one-step, surfactant-free wet chemistry method with high yield and stability and
characterized via optical spectroscopy and EELS. Optical extinction measurements of AuNSs
confirm the presence of localized surface plasmon resonances (LSPRs), while electron
energy-loss spectroscopy (EELS) using a scanning transmission electron microscope (STEM)
shows the spatial distribution of LSPRs and reveals the presence of acoustic breathing modes.
Plasmonic hot-spots generated at the pinnacle of the sharp spikes, due to the optically active
dipolar edge mode, allow significant intensity enhancement of local fields and hot-electron
injection, and are thus useful for detection of small protein molecules. The breathing modes
observed away from the apices of the nanostars are identified as stimulated dark modes - they
have an acoustic nature - and likely originate from the confinement of the surface plasmon by
the geometrical boundaries of a nanostructure. Thus based on the information provided by the
low-loss EELS about the local plasmonic edge modes of different regions of the nanostars
and the presence of optically dark breathing modes, one can use the plasmonic edge and
acoustic breathing modes of these synthesized AuNSs to determine the size and mass of
adsorbed analyte based on both a plasmon resonance sensing mechanism and the cantilever
principle, irrespective of the molecular shape. This experimental study is also supported by
the numerical investigations performed by FEM based Comsol 5.4 which confirms the
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presence of both plasmonic edge and breathing modes in different AuNSs with different
spike lengths. The numerical study predicts that for this kind of AUNS plasmonic antenna the
field-intensity enhancement factor in the hot-spot region can reach around 10°. So the
presence of both these modes and the high intensity enhancement capability offer the
possibility of designing a nanoplasmonic antennas based on these efficient acousto-plasmonic
AuUNSs, which can provide information on mass and polarizability of biomolecules using a

two-step label-free molecular detection process for clinical diagnostics.
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Chapter 111

Fano resonance for detection of both change in temperature and

refractive index in surrounding medium

I11.1. Introduction: Localized surface plasmon resonances (LSPRs) arising from the
collective electron oscillations in metal nanoparticles (MNPs) have attracted tremendous
interests for its ability to concentrate and manipulate light in nanoscale regime. The strong
electromagnetic field enhancement arising due to the LSPR can boost many linear and non-
linear optical processes and is useful in different practical applications [1]. In the previous
chapters (I1A, 11B, I11C) the LSPR effect of the spiky gold nanostar (AuNS) particle has been
discussed. The manipulation of the incident electromagnetic light allows these antennas to be
one of the efficient nanoantennas as it can enhance the electric field at its hot-spots arising at
the AuUNS tip. Not only this single AuNS is useful but also it has been seen that the
heterodimeric nanogap created between the AuNS and gold nanosphere can be even more
sensitive with respect to the single AuNS because of its higher intensity enhancement
capability and the optimum electric field mapping in the gap region. Both the single AuNS
and heterodimeric nanogap seems to be an efficient plasmonic biosensor. Other than the edge
dipolar mode arising out of the LSPR of the single AuNS, the breathing acoustic modes of
these antennas, discussed in chapter 11C also seems to be very interesting and useful as

acousto-plasmonic biosensor.

Although the LSPR of the nanoantennas are well-known and find application in many
different areas yet, recently Fano resonance in plasmonic systems have attracted a lot of
attention compared to the LSPR of MNPs. The “Fano resonance” is named after the famous
Italian-American physicist Ugo Fano [2, 3] This particular resonance is a resonant scattering
effect which gives wise to an asymmetric line-shape unlike the symmetric dipolar line-shape
arising from the LSPR effect in MNPs. The Fano resonances, identified by their characteristic
asymmetric lineshape were first discovered in atomic systems, experiencing interference
between discrete and continuum states. Analogously Fano resonances in plasmonic systems
originate from the interference between a bright mode (superradiant), and a dark mode
(subradiant) via near field coupling. In other words, the interference between a broad

background and a resonant scattering process can produce the asymmetric Fano line-shape. A
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Fano peak is a consequence of constructive interference between such modes, whereas a Fano

dip arises as the two modes interfere destructively.

Explanation of Fano resonance: The Fano resonance originates from the interference between
two scattering amplitudes — scattering from a continuum of states (the background process
with a characteristic broad mode) and the scattering coming from the excitation of a discrete
state (a resonant process with a characteristics narrow mode). For the Fano resonance to
occur, the resonant state energy should fall in the energy range of the background continuum
state. The background scattering changes slowly with energy near the resonant mode but the
resonant scattering changes both in amplitude and phase very quickly with the input energy.
This kind of variation in behaviour of both the background and the resonant scattering

process creates the Fano asymmetric profile.

When the incident em energy is much higher than the resonant scattering energy the
background scattering process dominates and one can see a broad mode. The Fano resonance
occurs when the phase of the resonant scattering amplitude changes by m and it happens
when the input energy, E < 2[5, where [}, is the line width of the resonant scattering
mode energy. The Fano resonance asymmetric line-shape is only originating from this
rapid variation in phase of the resonant process. According to Ugo Fano, the total

scattering cross-section o of this Fano scattering process is

. (qlyes/2+E—Eres)®
- (Tres/2)?+(E—Eres)? (IIIl)

Where g is the Fano parameter which depends on the ratio of the resonant scattering
amplitude to the direct or background scattering amplitude and this parameter decides
the strength of this Fano process. When the direct scattering amplitude vanishes the
q = o and then the Fano formula reduces to the usual Breit-Wigner (Lorentzian)

formula:

(Tres/2)?
(Tyes/2)%+(E—Eyes)? (IHZ)

Fano resonance is found to exist in many areas of application of physics, such as atomic
physics, nuclear physics, condensed matter physics, circuits, microwave engineering,
nonlinear optics, nanophotonics and plasmonics, magnetic metamaterials [4], and in

mechanical waves [5]. The figure below shows the asymmetric Fano line-shape.
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Figure 111.1. Asymmetric Fano line-shape for variable g where scattering cross-section is
plotted against normalized energy.

Compared to the symmetric Lorentzian characteristic lineshape of the well-known dipolar
edge mode Fano line-shape is more useful due to some of its unique properties such as a
narrow asymmetric line-shape, stronger electromagnetic field intensity enhancement, more
light confinement to the nanometer scale, and high spectral sensitivity to changes in the local
dielectric environment [6]. Because of the ability to confine light more tightly and efficiently
and its steeper dispersion compared to the known plasmon resonances Fano resonance
become promising for nanoscale sensing particularly for refractive index sensing [7],
temperature sensing [8], plasmon rulers [9], surface enhanced Raman spectroscopy (SERS)
[10], switching [11, 12], and lasing, nonlinear and slow-light devices and many other
applications [13-14]. The observation of this kind of asymmetric Fano line-shape in optics is
first observed by Wood [15]; however it took some time to understand the phenomena clearly
[16]. After that Fano resonance has been observed in many different systems such as prism-
coupled square micro pillars [17], photonic crystal [18], Plasmonic nanostructures,
subwavelength apertures, coupled clusters of nanoparticles, ring-disc cavities, and metallic
films along with metamaterials [19-38]. The Fano resonance in plasmonic systems arises
from the coupling of a non-radiative mode with a continuum of radiative electromagnetic
waves and is used in different sections depending on the strength of the coupling between its
components. In the weak coupling regime, where the radiative losses of the dark mode gets
suppressed the Fano is used for the nanoscale plasmon rulers to quantify nanometre
displacement. In intermediate regime, the field intensity enhancement capability reaches
maximum which is good for second harmonic generation, SERS, antenna based trapping, and

refractive index sensing. Finally, for stronger coupling, the specific features of Fano
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resonances are altered [39]. The Fano resonance in plasmonic structures can be tuned by
tuning various parameters to break the symmetry, such as inter-particle separation, particle

size, film to particle separation, phase of different elements [40-42].

Here in this chapter a system has been experimentally demonstrated whose characteristic
line-shape is of Fano type. This Fano resonance is originating from the interference of
resonance mode arising from the gold nanorods dipped in polymer matrix and silver thin
film. It has been seen that this Fano resonance can efficiently respond to the change in both
external temperature and refractive index simultaneously. Because of the pronounced
asymmetric spectral lineshape and highly enhanced local fields, this plasmonic Fano
resonance can be effectively exploited for applications ranging from chemical and biological
sensors, to surface enhanced Raman spectroscopy (SERS) and nonlinear optics. Until now
Fano line shape has been used for label-free detection of protein molecule with high
sensitivity [7] and also for external temperature sensing [8]. But there is no report in the
literature about a Fano resonant structure for measuring the change in both external
temperature and refractive index simultaneously [43]. Relevant numerical investigation has
also been done here based on finite element method (FEM). In the following section all the

details about the Fano system and the related experimental and theoretical results are given.
111.2. Results and discussion

I11.2.a. Fabrication of the Fano system: The schematic diagram of our Fano system is

shown in the figure below.

Figure 111.2: Schematic diagram of the plasmonic Fano system.
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Here, it can be seen that the Au nanorods (AuNRs) are attached on the surface of Pnipam
polymer which is separated from 80 nm Ag thin film by SiO, dielectric spacer layer. The
Fano resonance is originating from the hybridization of the localized surface plasmons
(LSPs) of AuNRs and surface plasmons (SPs) of Ag thin film.

The Fabrication of the aqueous solution of AuNRs dipped in the thermo-responsive Pnipam
polymer has been done following the process specified in ref [44]. The details about the

characterization are shown below.
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Figure 111.3. (a) STEM image of AuNRs in pNIPAM polymer matrix is shown where the
AuUNRs are of aspect ratio 3.6. (b) The UV-Vis-NIR spectra of aqueous solution of AUNRs of
type 1 with aspect ratio 3.6. Here the absorption spectra of AuNRs in pNIPAM matrix for
swollen (red curve) and collapsed state (blue curve) are also included. (¢) STEM image of
AuNRs of type 2 with aspect ratio 3.9 in pNIPAM polymer matrix is shown. (b) The UV-Vis-
NIR spectra of aqueous solution of AuNRs of type 2 along with the absorption spectra of
AUNRSs in pNIPAM matrix for both thermodynamic states are also included here.

Poly (N-isopropylacrylamide) (pNIPAM) is a well-known thermo-responsive polymer. The
hydrodynamic diameter of this polymer is 544.247 nm at 25°C, while that hydrodynamic

diameter reduces down to 306.3+4 nm when it is heated to 40°C and above because of the
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dehydration. The state with higher hydrodynamic diameter at the room-temperature is known
as the swollen state and the state with lower hydrodynamic diameter at higher temperature is
known as the collapsed state. When pNIPAM is heated, it expels all its liquid contents and
reaches to the collapsed state with lower hydrodynamic diameter. The phase transition from a

swollen hydrated state to a shrunken dehydrated state is reversible.

For this kind of experiments two types of AuNRs with two different aspect ratios are taken
which are synthesized by following the route described in ref [44]. The AuNRs of type 1 has
the length (L) and width (W) of approximately 54 (£6) nm and 15 (£2) nm. Thus the aspect
ratio (L/W) of these NRs is 3.6. The localized surface plasmon resonance (LSPR) of these
antennas is found to be 780 nm from their absorption characteristics in aqueous media. The
AUNRs of type 2 has seen to have the length (L) and width (W) of approximately 74 (£7) nm
and 19 (+£3) nm. Thus the aspect ratio (L/W) of these NRs is 3.9. The LSPR of these
nanostructures is 790 nm in aqueous media found from their absorption characteristics. The
scanning tunnelling electron microscopy (STEM) images of AuNRs of aspect ratio 3.6 and
3.9 dipped in polymer matrix are given in the figure I11.3 (a) and (c) respectively. These two
figures are describing the morphology of these nanoantennas as well as their arrangements in
the polymer matrix. The UV-Vis-NIR spectra of the aqueous solution of both these two types
of AuNRs are given in panel (b) and (d) respectively where all the absorption characteristics
of AuNRs aqueous solution, AuUNRs in pNIPAM at two different thermodynamic states (25°C
and 40°C) are also given.

The thin silver film (Ag-film) is deposited over glass slide (Micro slides, Corning) by the
thermal evaporation technique. Here 80 nm thickness of the Ag —film has been chosen to
have a nearly a complete reflection from this metal film. During the metal film deposition 0.5
As™ deposition rate is maintained. To ensure a good adhesion of the Ag to the glass slide 0.5
nm Ge is deposited before the deposition of the silver film using the electron beam
evaporation technique. After deposition of Ge and the Ag layer, SiO, layer of variable
thickness is deposited using the electron beam evaporation technique. For all these
fabrication the materials were purchased from Kurt J. Lesker Company.

After fabricating the SiO,-Ag thin film, 12 ul of aqueous solution of pNIPAM @ AuNRs of
both kinds are drop casted and left till drying. For both AuNRs of aspect ratio 3.6 and 3.9
three types of thin film platform has been chosen with same thickness of Ag layer but of
variable SiO; spacer layer thickness — 10 nm, 20 nm, and 30 nm. This is how the Fano system
has been fabricated.
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111.2.b. Experimental characterization and theoretical analysis methods used:

Experimental Characterization: The synthesized nanoparticles are characterized using UV-
Vis-NIR spectroscopy and scanning transmission electron microscopy (STEM),

spectroscopic ellipsometer.

UV-Vis-NIR spectroscopy: The UV-Vis-NIR spectra of the pnipam @ AuNRs and AuNRs
aqueous solution were obtained using a PerkinElmer Lambda 900 spectrophotometer. The

extinction properties of the solution helped us to have their LSPRs.

STEM measurements: To probe the size and shape of the synthesized nanoparticle, a
scanning tunneling electron microscopy (STEM) was used. Sample preparation was done
before the STEM measurements by drop casting and then drying the aqueous solution of gold

nanoparticles on a standardized holey carbon film supported on a TEM grid.

Ellipsometric reflection measurement method: A high-resolution variable-angle
spectroscopic ellipsometry (SE) (J. A. Woollam Co., Inc.,, V-VASE) is used to
experimentally measure all types of angular reflection data. The low-power spectroscopic
ellipsometer has high precision and it is non-destructive and thus preferable for the optical
characterization of nanostructures. This variable-angle spectroscopic ellipsometer is used to
measure the reflectivity R (A, ¢) at different angle of incidence, ¢, in the desired wavelength
range, A. The maximum resolution of this ellipsometer is 0.03 nm but for our measurements 1
nm resolution is maintained throughout all the experiments. To measure the angular
reflection R (A, ¢) at variable external temperature the Calctec Hs unit (a Peltier-controlled

sample heating stage) sample heating stage is used for our measurements.

Numerical Simulation Method: Finite element method (FEM) based Comsol simulations
are used here to find the electric field enhancement at the SiO, spacer layer of this Fano
system. During simulation, data regarding the different sizes and shapes of AuNRs are
obtained from the STEM studies. The thickness of the SiO, layer and the Ag layer is taken
from the profilometer study. The study is carried out to map the electric field for plasmonic
modes. The Radio Frequency (RF) module of Comsol 5.4 is used to investigate the plasmonic
modes, the electric field pattern and its enhancement in the spacer layer and the reflection
characteristics of this Fano system. For the optical simulations the definitions in the Comsol
material library are used for all the optical and physical properties of the surrounding media.
Simulations considering air (¢ = 1.0) as the homogeneous surrounding media are performed.

During this numerical investigation, the wavelength dependent permittivity of gold (Au) and

117



silver (Ag) are obtained from the Johnson and Christy measurements [45] and linearly
polarized plane waves are used as the excitation source. Both kinds of incident light
polarization have been analyzed. Physics controlled extra-fine meshes are used for all

analysis.
111.2.c. Discussion about the Experimental and Theoretical Results:

The reflection characteristics of pNIPAM deposited on the glass slide and the SiO,-Ag film

are shown in the figure below.
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Figure 111.4. (a) Reflection of drop-casted Pnipam film on Glass slide at room temperature for
variable angle. (b) Reflection of SiO, (10 nm)-Ag (80 nm) thin film on Glass slide at room
temperature for variable angle.

The figure above shows the reflection characteristics of the Pnipam film drop-casted on a
glass slide (panel a) and the SiO, (10 nm)-Ag (80 nm) thin film deposited on glass slide
(panel b). The measurements are taken at the room temperature for variable measurement
angle. For Ag film the reflection is almost 100% over the desired wavelength range and is
almost flat, which is quite obvious. For the pNIPAM film although reflection is less than the

Ag films yet the trend is similar to a metal film.

Now both of the pNIPAM @ AuNRs film and the SiO,-Ag film characteristics are far from
the fano response. But when both these components interact (which is done by drop-casting
the Pnipam @ AuNRs sample on top of SiO,-Ag film) the Fano line-shape gets generated.
The figure 111.5 shows this Fano response for variable SiO, spacer layer thickness.
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Fig. I11.5. Reflection characteristics of (a) pNIPAM @ AuNRs1 and (b) pNIPAM @ AuNRs2
deposited on Ag film without any spacer layer. These two types of measurements are taken at
room temperature and for variable angle. Reflection characteristics of (c) pNIPAM @
AuNRsl and (d) pNIPAM @ AuNRs2 deposited on Ag film with the SiO; spacer layer of
variable thickness. The measurement is done at room temperature and the angle of
measurement foe these cases are 15 degree. Here for all the cases 80 nm thickness of Ag film
is considered. For all these cases the variation of the Fano line-shape in room temperature is
indicating the importance of different parameter, such as angle of measurements, aspect ratios
of the AuNRs, different dielectric spacer layer thickness.

Here in the figure above we can see the Fano line-shape arising out of the interaction between
the pNIPAM @ AuNRs and the Ag film in room-temperature. In panel (a) the reflection
property of pNIPAM @ AuNRsL1 (aspect ratio — 3.6) deposited on Ag film is shown. Here the
base is 80 nm fully reflective Ag thin film. For this measurement there is no spacer dielectric
layer in between the AuNRs and the Ag film. The measurement is done for variable

collection angle among which 15 degree seems to give the stronger and steeper Fano line-
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shape where the difference between the dip and the peak is approximately 182 nm. The same
kinds of results are shown in panel (b) but in this case the AuNRs are of higher aspect ratio
(3.9). Because of the higher aspect ratio of the AuNRs these are capable of localizing the
incident electric field more densely and thus they have stronger interaction with the
underlying Ag film compared to that in the panel (a). Thus in this case the Fano line-shape
becomes steeper and stronger. In this case the dip-to-peak difference becomes 161 nm for 15
deg angle. For both the measurements shown in panel (a) and panel (b) for AuNRs1 and
AUNRs2 respectively the measurement angle of 15 deg gives the stronger interaction. Thus to
see the effect of insertion of dielectric spacer layer of variable thickness we chose 15 deg as
the measurement angle. In panel (c) and (d) the effect of spacer layer thickness variation on
Fano line-shape are shown. In later section numerical results will also be shown to give the
idea about the effect for variable dielectric spacer layer thickness. For panel (c) and (d) the
AuUNRs of type 1 and type 2 are considered respectively. For the smallest dielectric spacer
layer thickness the Fano response becomes the strongest one among the other for both kinds
of AuNRs as that ensures the highest interaction in the given environment. Here also AuNRs
of type 2 give the steeper Fano shape (dip-to-peak = 153 nm for 10 nm spacer thickness) with
respect to the AuNRs of type 1 (dip-to-peak = 176 nm for 10 nm spacer thickness) because of
the above said reason. If we compare here the strength of the Fano line shape shown in panel
(@) and panel (c) for same kind of AuNRs then it is very clear that the insertion of the
dielectric spacer layer gives more strength to the Fano response including a better control
over tunability. The increase in the Fano strength can be realized from the comparison of dip-
to peak parameter which is 182 nm without a spacer layer for 15 deg angle and with 10 nm of
dielectric spacer layer for the same measurement angle that parameter goes down to 176 nm.
The same is true for AuNRs of type 2 if we compare panel (b) and (d). Here the dip-to peak
parameter is 161 nm without a spacer layer for 15 deg angle and with 10 nm of dielectric
spacer layer for the same measurement angle that parameter is 153 nm. Here as all the
measurements are taken at room temperature the effect of inter particle distance variation
between the different AUNRs in the polymer matrix is neglected as in this condition the
hydrodynamic diameter of Pnipam is conserved. So for this case (room temperature
condition) the generation of the Fano line-shape and its variation is not controlled by the

inter-AuNRs distance variation in the polymer matrix.

From these results it is very clear that the Fano system can respond to the changes in the

refractive index of its surroundings. If we see the Fano response at room temperature without
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any spacer layer and with the spacer layer of three different thicknesses for a particular angle
and a particular type of AUNR then the line-shape variation is telling its sensitiveness towards
the surrounding refractive index and the optical density variation near its vicinity. Thus this
Fano system has a very good refractive index sensing capability. The numerical results
described in later section will give an idea about the light field intensity enhancement factor
for this Fano system and the electric field mapping which will indicate the hot-spot area. We
already know that for refractive index sensing the intensity enhancement factor at the binding
site of the analyte decide how sensitively the detection process can be done. According to the
theoretical analysis (described later) this Fano system also is capable to have a giant intensity
enhancement at the hot-spot region and thus expected to have a good sensitivity for the

foreign molecule detection based on its capability to respond to the refractive index change.

Now this Fano line-shape can also be perturbed by varying the external temperature. The
figure above shows all the results for room temperature and all those are useful for
understanding our Fano system’s capability to respond to the refractive index change in the
surrounding media. The figure I11.6 is describing the variation in the Fano response for
different temperature which will be useful to have an idea about its sensitivity towards the

change in external temperature.
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Fig. 111.6. Variation of Fano line shape for varying temperature at different angle of
measurements. Here the measurement angle is varied from 15 deg to 45 deg and for each case
the change in variation of the Fano line-shape for room temperature and at 45°C temperature
(high temperature) has been recorded.

The figure 111.6 is showing how the variation of external temperature affects the Fano line-
shape for different measurement angle. Although for 15 deg measurement angle the Fano

line-shape is steeper and stronger with respect to the other measurement angle, yet the change
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in the Fano response for variation in external temperature becomes clearer for higher
measurement angle. Here, for 45 deg angle, the change is highest, as for this angle in room
temperature there is almost no Fano response but when the temperature reaches to 45°C, a
clear Fano response appears. Here it is worth to mention that the response shown in the figure
I11.6 is for the AuUNRs of type 1. For AuNRs of type 2 the results of the temperature variation
are of same trend. It has been seen that the Fano line-shape change due to the change in
external temperature is clearer for AUNRs of type 1 than the type 2. This is because due to the
smaller aspect ratio of type 1 AuNRs (L=54 nm; W=15 nm) the inter-particle separation of
AuUNRs in the polymer matrix is larger and they have more freedom for their arrangements in
the matrix. Therefore, for this case when the hydrodynamic diameter of the polymer
decreases due to the increase in external temperature, a noticeable difference in the Fano line-
shape has been seen. On the other hand for AuNRs for type 2 due to their larger aspect ratio
(L=74 nm; W=19 nm) they have less freedom in the polymer matrix upon temperature
increase. When the temperature increases, the hydrodynamic diameter of the Pnipam polymer
decreases and the attached AuNRs of type 2 come closer to each other and form a pseudo-
metallic film over a wide wavelength range and a less steep Fano response, which is hard to
detect. Thus for temperature sensing AuNRs of type 1 is better than the other while for
refractive index sensing type 2 AuNRs with higher aspect ratio and higher capability of
intensity enhancement is better. But here for both the temperature and refractive index
sensing type 1 AuNRs seems to work better but optimization of AuNRSs aspect ratio can be

done later.

For all these reflection measurements at variable temperature a Calctec Hs unit is used as a
Peltier heater which was installed on the sample stage of a variable angle spectroscopic
ellipsometer during measurements. Because of this additional stage installation there is a
decrease in the reflection intensity compared to the case of without the heating stage. That is
why a small difference in the fano response has been seen in room temperature with and

without this external heating stage.

Here Pnipam base is used to build this Fano plasmonic system to include the system’s
sensitivity towards the change in external temperature. The Pnipam has two thermodynamic
states — swollen and collapsed state — with higher and lower hydrodynamic diameter — at
room temperature and 40°C and above respectively. That is why our Fano system also shows
two distinctive states — at room temperature and around 40°C. If one will opt a

thermodynamically active base with more dynamic temperature controlling capability, then
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the base as well as our system will have a lot of thermodynamic states at different
temperature. In this way one can add tunability for the temperature variation where a small
variation in the temperature can be detected. The two thermodynamic state of the Pnipam

@AUNRs are shown in the figure below.
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Figure 111.7. (a) Response of pNIPAM @AuUNRs1 aqueous solution at different temperatures.
Here external heating source is used. The temperature is varied from 25°C (RT: room
temperature) to 50°C by 5°C. The absorption spectra are measured both for increasing and
decreasing temperature. (b) Response of pNIPAM @AUuNRs1 aqueous solution at different
temperatures. Here laser is used to heat the sample over a much localized region and thus it is
marked as internal heating. The temperature is varied from 25°C (RT: room temperature) to
45°C by 5°C. The NIR laser (wavelength — 805 nm) is used for this internal heating. The inset
figure shows a picture of the cuvette containing the pnipam@AuNRs1 sample during internal
laser heating where the scale is describing the temperature of the sample

In the figure 111.7 the two hydrodynamic state of the pnipam@AuNRs1 aqueous solution is
very clear for both the external and the internal laser heating. For the external heating
measurements here a temperature controlled TC125 by Quantum North-West is used that
contains a Peltier-controlled cuvette holder (temperature-controlled range to -55 °C to +150
°C). For internal heating the sample is illuminated orthogonally by a continuous NIR laser at
A= 805 nm, with a beam diameter of (2.25 + 0.22) mm. As the laser heating is much localized
it is named as the internal heating. The photo-induced temperature variation was monitored
by using a thermo-camera (E40 by FLIR) characterized by a sensitivity of 0.07 °C and a
spatial resolution of 2.72 mrad. The camera control parameters were appropriately set to
consider both environmental and materials properties (room temperature, level of humidity in
the room, emissivity of the material). By detecting the highest temperature value T,

corresponding to the central pixel of each hot-spot shown in the thermo graphic images, it
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was possible to detect the characteristic temperature variation AT =T — T respect to the room

temperature.

So till now from all the experimental results it is very clear that our Fano plasmonic system is
capable to detect the change in the surrounding refractive index as well as the temperature.
As this Pnipam sample has two stable thermodynamic states it can only sense these two
temperature state. Instead of taking Pnipam if one takes any other polymer which can change
their property over broad range of temperature (or any other physical parameters like stress,
strain etc) continuously then that system may give response for a slight change in the external
temperature or some other stimuli. But Pnipam is good for protein state identification as
protein has similar kind of coil to globule transition property based on their thermodynamic
condition. Although now we know the response of the Fano line-shape for the surroundings
refractive index change and temperature change, yet to have idea about its sensitivity for the
detection, we should be conscious about its capability to concentrate the electric field lines
and thus the intensity enhancement at its hot spots. For this reason finite element method

(FEM) based theoretical analysis has been done which is given below.

Numerical investigations based on FEM have been done to see the effect on coupling of
AuNRs and Ag thin film upon changing the dielectric spacer layer thickness which is giving
an idea about the Fano strength. The numerical investigation results are described in figure
I11.8 and 111.9. In figure 111.8 the electric field intensity enhancement capability of a single
AUNR antenna of type 1 (L — 54 nm; W - 15 nm; aspect ratio 3.6:1) is shown.

J

Gold Nanorod
2a=54 nm; 2b =15 nm
Aspect Ratio = 3.6:1

)\'LSPR =780 nm

Figure 111.8. Electric field intensity enhancement by a single AuNR antenna of type 1 which
has length — 54 nm, width — 15 nm and thus the aspect ratio — 3.6:1. The intensity
enhancement reaches to 3192 at its LSPR — 780 nm.
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Here for AuNRL1, the intensity enhancement goes upto 3192 times the incident intensity at its
LSPR which is 780 nm. During this evaluation incident electric field is considered along the

semi-major axis of the AuNR.

In figure I11.9 the numerical simulation results for the Fano system is described. Here one can
see that, for the Fano response arising from the interaction between the AuNRSs (aspect ratio —
3.6:1) and the Ag thin film (majorly) the intensity enhancement can goes upto 10** times (as
E/E, ~ 10° and 1/1, = |E/E,|?) which is way larger than the intensity enhancement by a
single AUNR antenna of type 1 (aspect ratio - 3.6:1). Here for Fano line-shape the interaction
between the AuNRs also play a role but the effect is less significant compared to the strength
of interaction between the AuNRs and the Ag film. In figure 111.9, the electric field mapping
is plotted for four cases. Panel (a) describes the light interaction of the Fano system in
absence of any spacer dielectric layer while panel (b), (c), and (d) describes the same in
presence of 10 nm, 20 nm and 30 nm of SiO, spacer layer respectively. In each case 2
measurement angle has been chosen — 15 deg and 30 deg to show the angular light interaction
dependence of the Fano system. From the figure below it is very clear that the plasmonic
field strength is higher in the spacer layer. For 10 nm SiO, layer the field strength is higher
than the 20 nm and 30 nm SiO, layer which can be verified also from the experimental results
described in figure I11.5. This is happening because of the decrease in the coupling strength
for larger spacer layer thickness. If one compares the results shown in panel (a) and (b) then it
becomes very clear that the presence of SiO, spacer layer is more useful than the case of “no
spacer layer”. The spacer layer helps to strengthen the localization of the field over a
significant area (for the no spacer layer case the hot spot areas are more pointed compared to
the case when the spacer layer is present) in between the AuNRs and Ag thin film which
helps to get a stronger Fano resonance and thus steeper response. This fact can also be
verified from the experimental results shown in figure II1.5. The angular dependence
becomes clearer for the higher thickness of the dielectric layer (20 nm and 30 nm) compared
to the 10 nm dielectric layer thickness and also to the case when dielectric layer is absence.
This is quite obvious and can be correlated with the experimental results. As the system is 3D
symmetric, during FEM simulations it has been analyzed in 2D axisymmetrically to minimize
the calculation time. The wavelength dependent optical constants of metals are taken from the
Johnson and Christy measurements [45]. Here it is worth to mention that the wavelength at
which these electric field mapping has been done is chosen from on the calculated reflection

spectra. The reflection spectra of the Fano system with different spacer layer thickness are
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shown in the figure 111.10. In that figure for each case of dielectric spacer layer thickness, the
asymmetric response is very clear and the Fano line-shape is seen to have a blue-shift upon
increase in the spacer thickness describing the lower coupling between the two Fano
components (AuNRs and Ag thin film).

So, all these results are indicating the usefulness of our Fano plasmonic system for detecting
both the changes in refractive index and temperature of the surrounding media. Due to the
extreme intensity enhancement capability in the spacer layer, this Fano line-shape is able to
detect the presence of smaller protein molecule (in the spacer layer) along with the possibility

of detecting their thermodynamic state helpful for protein engineering.
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Figure 111.9. FEM based comsol simulations for electric field mapping. The elctric field
mappling for our Fano system (a) in absence of any dielectric spacer layer, (b) in presence of
10 nm of SiO;, (c) 20 nm of SiO,, and (d) 30 nm of SiO, spacer layer are described here.
Every calculation is done here for both 15 deg and 30 deg incidence angle. The asymmetry in
the electric field map here is pointing out towards its non-dopolar nature which is quite
obvious as the system shows Fano response both experimentally and theoretically (figure
111.10).
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Figure 111.10. Numerically evaluated reflection spectra of the plasmonic Fano system for
variable spacer dielectric (SiO,) layer thickness.

111.3. Conclusion

In summary, we report experimental demonstration of a system whose characteristic line-
shape is of Fano type. The system found to be capable of simultaneous realization of change
in external temperature and refractive index. The Fano resonant structure has been made by
depositing a hybrid nano-composite on silver thin film. The study has also been done by
adding a dielectric silica spacer layer between the hybrid nano-composite and silver thin film.
In the hybrid nano-composite plasmonic gold nanorods are synergistically integrated with
Pnipam, a thermo-responsive polymer. Here Fano resonance arises from the near field
coupling of narrow localised surface plasmon (LSP) mode of gold nanorods and broad
surface plasmon (SP) mode of silver thin film. The coupling strength and thus the Fano line
shape which depends on the separation between the two plasmonic systems is seen to be
changed by incorporating the dielectric silica spacer layer and by changing the hydrodynamic
diameter of the Pnipam with the variation of the external temperature. This indicates that the
mentioned hybrid system has the capability to sense change in external temperature and
refractive index simultaneously. Furthermore we have done numerical investigation based on
finite element method (FEM) to see the effect on coupling of gold nanorods and silver thin
film upon changing the separation distance between them which is giving an idea about the
Fano strength variation. All these are suggesting that this system will not only help for the
label-free detection of the foreign protein molecule but also for identifying the different

thermodynamic states and reactions of the molecule which is crucial for protein engineering.
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Chapter I
Metamaterials: A brief overview

I.1. Introduction: The light propagation in a material is controlled by the Refractive index
(n). The refractive index (r.i.), n is in general a complex number and is described by

Where the real part of the refractive index n,; controls the phase velocity of light in material
and the imaginary part n, govern the optical losses in the medium [1]. Refractive index
depends on two basic parameters — one is the electric permittivity, € and the other one is the
magnetic permeability, u (n? = eu). These two parameters, £ and u control the coupling of
the material with the electric and magnetic field lines of the incoming light respectively.
Therefore, electric permittivity € and magnetic permeability u are the two basic components
of material which will decide the interaction of electric and magnetic lines of force of an
incident electromagnetic (em) wave inside the material media and its nearby region. Based on
the different values of permittivity and permeability all the materials can be classified into the

following four general categories which is described in the figure 1.1.

Electric Plasma M | Right-handed Medium

e<0,u>0 e>0,u>0
Evanescent Waves n>0
Metals at Optical
Frequencies Natural Materials
Negative Index . €
Materials ({50, lll]) Ferrites
n<O0 Evanescent Waves
e<0,u<0 e>0,up<0

Left-handed Medium

Magnetic Plasma

Figure 1.1. Classification of materials on the basis of magnetic permeability («) and electric
permittivity (e).

As depicted in the above figure the four types of material media are

1) Natural Materials: All the common natural materials belong to this class. These
materials are also known as the right handed materials (RHM) For the materials of
this category, € > 0 and u > 0, resulting in the positive effective refractive index

of the materials, i.e., n > 0. Depending on the value of positive n the velocity of
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i)

the light inside the medium will be decided. Refractive index, n will also decide
the bending of the em light when it will enter the material media. For a higher
value of n, the propagation speed of the light will be slower inside the material
and that will also help to have stronger deflection of light when it will enter the
media. All the dielectric materials with positive real value of n possess this quality
[2]. According to Maxwell, as these materials have € > 0 and u > 0, electric field,
E, magnetic field, H, and wave vector k can form a right-handed system, which

can support forward propagating waves.

Electric Plasma: All the known noble metals which have the metallic properties
at the optical frequencies belong to this class. For these materials, € < 0 and u >
0, resulting in the complex effective refractive index of the materials, i.e.n =
ny + in, . Depending on the values of n here evanescent waves can also be
generated for particular frequency of the incoming light. These materials are also
known as epsilon-negative (ENG) materials or electrical metamaterials. In
particular frequency ranges, other than noble metals (at optical wavelengths) few
more natural materials can posses the electric plasma and thus belong to this
category. Those materials are - some ferroelectric materials and doped

semiconductors at specific frequencies below their plasma frequency w,,.

Negative Index Materials: No natural materials belong to this class. This type of
materials has been demonstrated only by constructing the artificial structures.
These materials are also known as the left handed materials or left handed
metamaterials (LHM). They are also popular as double-negative (DNG) materials.
For such materials, e < 0 and u < 0, resulting in the negative effective refractive
index of the materials, i.e. n < 0. Because of their negative effective refractive
index light behaves peculiarly inside and near the surface of the materials belong
to this class. Here for these materials due ton < 0, phase velocity inside the
material is negative. For these materials, E, H, and k form a left-handed system,
which results in the opposite orientation of wave-vector k and Poynting vector S.
These kinds of artificial materials were first proposed theoretically by Veselago
and thus also popularly known as Veselago materials [3] or negative index
materials (NIMs). But Sir John Pendry first proposed to use these materials for
perfect lensing by using their extra-ordinary em properties [4]. That opened up a

new fascinating research area — Metamaterials. After that by using their negative
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refractive index property these artificial materials have been used for a variety of
applications such as superlensing, cloaking, sensing, and many more which will

be discussed in the later section (metamaterial section).

Iv) Magnetic Plasma: Some natural ferrite materials or gyro-tropic materials (beyond
optical frequencies) belong to this class. For these materials, € > 0 and u < 0,
resulting in the complex effective refractive index of the materials as n = +/ep.
Depending on the value of the frequency of the incoming light evanescent waves
can also be generated using these materials. These materials are also known as
Mu-negative (MNG) materials or magnetic metamaterials. No natural material can
possess all these features at the optical frequencies. The magnetic response of

these materials quickly dies away beyond the microwave frequency range.

Here it is worth to mention that (g, ito) is denoting a case where € — 0 and p — 0. This
situation can be achieved by constructing an artificial structure belonging to the metamaterial
class. In that case, near-zero refractive index or zero refractive index can be achieved. Light
inside these materials will have no spatial phase shift and will travel with an extremely large
phase velocity. This kind of material will be useful for many different applications such as —
for directional emission, tunneling waveguides, em cloaks, for making large-area single-
mode devices etc. Inside these zero-refractive index materials, there is no phase change of the
interacting em wave. Therefore, the light maintains a constant phase in this case and can be
thought of as stretched out infinitely in space for long wavelengths. This uniform phase
maintenance capability allows these materials to stretch or squash and twist or turn the
interacting light without losing the energy which makes them useful for many applications

especially for quantum computing.

The above discussion gives a brief idea about all the known class of materials. In this chapter
Metamaterials and their unique features will be discussed which will be useful for the
preceding chapters. The chapter contains also some brief discussion about the metasurface
and the meta-atom. All those useful details about the metamaterials, metasurfaces and meta-

atoms are given in the following sections.
I.2. Metamaterial:

A metamaterial is a heterogeneous hybrid artificial material which is fabricated and
manipulated to have some extraordinary properties arising from the combination of its

structure and composition beyond the classical material properties. The unit blocks of the
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metamaterial structure should be of subwavelength size. No natural material belongs to this
unique class of material. “Meta” is a Greek word which means “beyond” or “more than”.
Thus the name itself is carrying the hidden powers of these materials with properties beyond

traditional materials.
The metamaterials have several key features which are

(i) Metamaterials are artificial composite materials composed of different meta-atoms or
meta-molecules (building blocks). Those meta-atoms or meta-molecules are either
periodically or randomly (amorphous) arranged. Those unit structures are sometimes layered

with or embedded into dielectric matrix;

(if) The meta-atoms are smaller than the incident wavelength; therefore, metamaterials can be
treated as homogeneous materials effectively at the operation frequency and can have
effective material parameters. In other words an artificial material can be treated as

metamaterials only when the operating frequency is maintained below a certain limit).

(iii) Metamaterials exhibit neither the properties of its constituent materials nor the properties
of any known natural material (excluding some very specific, rare, and usually unstable

substances such as plasma)

(iv) Metamaterials are naturally of dispersive nature provided some active elements are

incorporated.
The above discussion is helpful to understand the metamaterials and their properties.

The metamaterial was first proposed theoretically by Victor Veselago [3]. But Sir John
Pendry first demonstrated experimentally these materials [4-5] and also highlighted their
application as a perfect lens. Later Smith and his co-workers demonstrated NIMs in
microwave which is the first demonstration of NIMs in that optical range [6-7]. But for these
materials negative ¢ and p did not reach to a single point. After that a lot exciting
metamaterials along with their application in different areas have been reported [8, 9]. In the
following years, the optical metamaterials with negative refractive index in optical frequency
range was reported for two kinds of metal-dielectric arrangements — one with the metallic
rods immersed in the dielectric matrix environment [10, 11] and the other one with the metal-
dielectric multilayer [8]. To overcome the optical losses in metamaterials mainly introduced
by the metallic part in these materials people used a lot of tricks — incorporation of gain
media, electromagnetic induced transparency (EIT) and searching many alternating materials
(such as AZO, ITO etc) instead of metals [11-17]. To fabricate metamaterials researchers
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adopted both top-down and bottom-up approaches, including self assembling of
nanostructures [17-20]. Recently hyperbolic metamaterials with the characteristic hyperbolic
dispersion become very popular. These kinds of materials have been fabricated by either
constructing metal-dielectric stacks or using metallic nanorods (or nanowires) dipped in
dielectric host [23-29]. These different kinds of metamaterials because of their special light
manipulation properties become very much useful in different areas of applications such as
cloaking, magnetic resonance imaging, perfect lensing, waveguiding, imaging, sensing,
superlensing etc [2, 4, 5, 9, 12, 16-17, 21-23, 25-30].

Few examples of the different kinds of artificially designed metamaterials are given in the

following figure (figure 1.2).

Figure 1.2. Different types of metamaterials [31-34]

Now in the following few sections details about some popular metamaterials (HMMs and
some anisotropic metamaterial) will be given along with some of the important theory related
to those cases. These sections will be useful for the preceding chapters of this part to

understand the thesis related works

Hyperbolic Metamaterials (HMMSs):
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Hyperbolic metamaterials (HMMSs), a unique class of electromagnetic metamaterials have the
hyperbolic dispersion. For these materials one of the principle components of their effective
electric and/or magnetic tensor is of opposite sign to other two principle components and for
this reason they show the hyperbolic dispersion. HMMs, because of their anisotropic
character are useful for many applications such as spontaneous emission enhancement,
superlensing, fluorescence management, biosensing and different other applications with the
advantage of having high tunability, high figure of merit, ease of fabrication [23-26]. Few
relevant and necessary information about the anisotropic mediums and hyperbolic materials

(which is one kind of anisotropic metamaterial) are given below.
Theory Related to Hyperbolic Metamaterials (HMMs):

In electrically anisotropic media the electric displacement vector, D and the electric field, E
are not always supposed to be parallel but the relation D = £(w, k)E remains always true for
any condition. For a uniaxial media, where, ¢, = ¢, = € and £ # ¢, we can find hyperbolic
dispersion behaviour. If the isofrequency curve of the medium turns out to be hyperbolic,
rather than of circular type as can be seen for the case of regular dielectric material, then that

unusual anisotropic material can be defined as the hyperbolic metamaterial (HMM).

For HMMs, the electric displacement vector, D and the magnetic induction vector, B follows

the following relations
D = &,éE (1.2)
B = pofiH (1.3)

Where, E is the electric field, H is the magnetic field, &, is the vacuum permittivity, u, is the
vacuum permeability, £ is the effective permittivity tensor and i is the effective permeability
tensor. In the optical regime, as already discussed for these material u reduces to a unit tensor

and thus for these HMMs in the optical regime, the electric permittivity tensor & can be

written as
Ex 0O 0
= 0 gy_'y 0 (|4)
0 0 &

Here the Cartesian frame of reference is considered to be oriented along the principle axes of
the crystal. Here all the diagonal components depend on the angular frequency w and are

considered as positive. When we have the condition ¢, # ¢,, # &,, the medium becomes a
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biaxial one. For a uniaxial media the condition reduces to, €,, = €,,, = € ande,, # €. For an
isotropic medium &, = &,,, = £,,. Now in order to have the knowledge about the dispersion
relation of em waves in any media, in absence of any source, we need to consider the
following Maxwell’s equation

0B
VXE__E (|5)

oD

Now to solve the above equations, one can consider the electric field and magnetic field

components as
E = Eje(@t=kn (1.7)
H = Hyewt=kn) (1.8)

Taking into account the above two electric and magnetic field components the solution of the

Maxwell’ equations gives the following relations

kX E = wuH (1.9)

kx H=—weE (1.10)
These two equations are true for isotropic medium and also for anisotropic medium.
For an isotropic medium, the dispersion relation is linear, and the isofrequency surface is of
symmetric spherical shape which follows the relation

K2+ kZ+kZ="2 (1.11)

c

Where wthe angular frequency of the em wave and c is is the speed of light in vacuum.

For a uniaxial medium, if one considers the propagation of an extraordinary wave (TM
polarization), then the isofrequency relation becomes

2 2
<_’<x+"y + k_) =@ (1.12)

€] SH

Here &, =g and &,, = &,. The isofrequency surface of such type of anisotropic

= &y
material (uniaxial medium) is ellipsoid. For extreme anisotropy, ¢.€, < 0, the isofrequency
surface changes from the ellipsoid shape to an open hyperboloid. In this case, that anisotropic
material behaves like a metal in one direction and in the other direction it acts like a dielectric

or an insulator [23].
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Categorization of different materials:

Based on the sign of components of the dielectric tensor of a material, it can belong to one of

the following categories.

1. Dielectric and metals: When all the three diagonal components of the dielectric
tensor (exx, &y, £22) are negative, then the material is considered as a metal through
which propagating wave are not allowed to travel. If all the three diagonal
components of the dielectric tensor are positive, then the material is considered to be a
dielectric material. The isofrequency surface of a dielectric material is of spherical
shape.

2. Type I HMMs: When one of the diagonal components of the dielectric tensor is
negative and the other two are positive, i.e., &,, <0 and &y, ¢, >0, then the
material is known as a Type | hyperbolic metamaterials. These materials have the
advantage of having low-loss because of their dominated dielectric nature.

3. Type Il HMMs: If two of the diagonal components of the dielectric tensor are
negative and the third one is positive, i.e., £y, £, < 0 and &,, > 0 then the material
is known as the type Il hyperbolic metamaterials. These metamaterials have higher
optical losses and high impedance mismatch with respect to the vacuum due to their

dominated metallic behaviour [24].

Figure 1.3. (a) Spherical isofrequency surface for an isotropic dielectric. Inset shows energy versus
momentum relationship with the red dot indicating the operating frequency for the derived
isofrequency surface. (b) Hyperboloid isofrequency surface for a uniaxial medium with an extremely
anisotropic dielectric response (g, < 0; &x, &y > 0) () Hyperboloid isofrequency surface for an
extremely anisotropic uniaxial medium with two negative components of the dielectric tensor (exx, €y
< 0; &; > 0). The (b) Type | and (c) Type Il metamaterials can support waves with infinitely large
wavevectors in the effective medium limit. Such waves are evanescent and decay away exponentially
in vacuum [33].

The above figure 1.3 is showing the isofrequency surfaces of dielectrics, type | HMMs and

type Il HMMs.
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As already written HMMs can be fabricated both by top-down and bottom-up approaches.

The two very popular style of designing these artificial HMMs are —
1) Multilayer structure containing alternating metal and dielectric layers
i) Metallic nanowire (or nanorods) structures submerged in a dielectric host.

These two kinds of HMMs are depicted in the figure below.

(@) (b) |

Figure 1.4. (a) Multilayer structure containing alternating metal and dielectric layers. (b)
Metallic nanowire (or nanorods) structures submerged in a dielectric host [33].

Type | and type |1 HMMs can support modes with infinitely large wavevectors if we consider
the effective medium approximation which is valid for wavelengths below a certain limit [28-
29]. These high k modes originate from the coupled surface plasmon polaritons from the
metal dielectric multilayers [28-29].

After this general discussion of metamaterials the very important concept regarding the
metamaterials is discussed below — which is about the anisotropic medium. Metamaterials

belongs to this category of “anisotropic medium” and thus deserve a brief discussion.
Anisotropic medium:

According to Landau, the permeability (pt) is equal to unity in the optical regime. For an

isotropic medium, permeability
u=1+4m(%) (1.13)

Where, M and H are the magnetic dipole moment per unit volume and the externally applied

magnetic field respectively.
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It’s well known that M=~0 at optical frequencies [21]. Furthermore, it is a well-known fact
that the propagation of wave in any media (linear/non-linear) can be described by electric
permittivity (€) only and there is no requirement of p, and H in this case. Thus a system can
be described by the following relation, where the electric displacement vector, D is defined

as,
D = &w, k)E (1.14)

Where, the dielectric tensor é(w, k) contains the materials’ magnetic response. These
systems, due to their spatial dispersion are categorized as the anisotropic materials [22].
According to Agranovich, for a left-handed anisotropic material as we know, & < 0, and
u < 0, evaluation of &(w, k) reveals that there is no magnetic dipole resonance in these
materials. This conclusion helps to develop a special group of metamaterials — the Hyperbolic
Metamaterials (HMMSs).

This completes the required details of the metamaterials. A brief discussion about the

metasurface and meta-atoms is given below.

1.3. Metasurface: A metasurface is an artificially fabricated sheet of materials (confinement
in one dimension) with sub-wavelength thickness. Metasurface can also be considered as the

two-dimensional counterpart of the metamaterial [35-36].
The various ways for defining a metasurface is

1. “An alternative approach that has gained increasing attention in recent years deals
with one- and two-dimensional (1D and 2D) plasmonic arrays with subwavelength
periodicity, also known as metasurfaces. Due to their negligible thickness compared
to the wavelength of operation, metasurfaces can (near resonances of unit cell
constituents) be considered as an interface of discontinuity enforcing an abrupt change

in both the amplitude and phase of the impinging light” [37].

2. , “Our results can be understood using the concept of a metasurface, a periodic array
of scattering elements whose dimensions and periods are small compared with the

operating wavelength” [38].

3. “Metasurfaces based on thin films”. A highly absorbing ultrathin film on a substrate
can be also considered as a metasurface, if the properties are not similar to the natural
materials [36]. A thin metallic film which can be seen in superlens can be considered

as the early type of metasurface [39].
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Recently metasurfaces have been fabricated in many different ways such as plasmonic
metasurfaces [35, 37, 40], geometric phase based metasurface [41, 42], impedance sheet
based metasurfaces [43, 44], even a thin film can also be treated as a metasurface in certain

cases.

The metasurfaces can be used in many different areas of application such as — superlens,
planar lens or flat lens [36, 39, 40], vortex generator [37], anti-reflective coatings, sensing

[35], perfect light absorber [43], beam deflector, axicon and so on [42] and several others.

I.4. Meta-atoms: Meta-atoms are considered to be the smallest building blocks of the 2D
metasurfaces or the 3D metamaterials. These structures are of sub wavelength size. The meta-
atoms being the unit blocks of a metasurface or a metamaterial, can tailor the amplitude and
phase of the incident wave which helps to manipulate the em wave inside those materials
[45]. This can be done by controlling their geometry. Thus these meta-atoms are suitable for
all those kinds of applications which fit the metasurface and the metamaterial that has been

already written in previous sections.

With all these discussion these chapter is complete and will be helpful for understanding the
features of the comings chapters.
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Chapter I1A

Aluminium doped ZnO hollow nanopillars arrays for gas sensing

IHA.1. Introduction: Hydrogen (H;) gas is a highly combustible diatomic gas with low
ignition energy and therefore, when hydrogen gas leaks into external air, it may
spontaneously ignite the environment and can cause an explosion, which is extremely
hazardous. Hydrogen gas can set into fire within its concentration range of 4 to 75 % [1]. As
H; is a tasteless, non-toxic, non-metallic gas, it is hard to detect by human sense. Apart from
the danger of explosion, hydrogen possesses a number of threats, such as detonations and
fires when mixed with air, asphyxiation in its pure, oxygen-free form, [2] frostbite ability
associated with very cold liquid cryogenic hydrogen [3]. Therefore, for safety, the detection
of a low concentration of hydrogen within a very short time is crucial in industries where it is

considered as an obvious component or a by-product.

For large scale industrial H, Gas sensing chromatography and mass spectrometer are very
well-known techniques. But these techniques cannot be applicable in the miniaturized
systems such as in the food industries and for various disease detection where the detection of
ultra-low concentration of exhaling hydrogen has to be detected over a smaller area [4-6].
Until now, many groups reported some nanophotonic and nanoplasmonic system-based
optical hydrogen sensors which work by controlling light at the sub-wavelength scale using
their metallic components [5, 7-8]. However in most of the cases the metallic system posses a
disadvantage of having high optical losses while metallic hydride photonic systems are
relatively selective. Moreover, the fabrication of those sensing systems is not only based on
lithography but they also possess a lot of limitations such as high cost, low throughput, and
inclined to imperfections, which prohibits those systems to become one of the promising

commercialized miniaturized hydrogen sensors [9-10].

As losses are inherent to the plasmonic substance, alternative materials with lower optical
losses should be adopted. Zinc oxide (ZnO)-based nanostructures, as a dielectric material,
have been studied extensively for highly sensitive, selective and efficient gas sensors for the
detection of various hazardous and toxic gases such as NO, NO, [11-12], H, [13-14],
ammonia (NHs;) [15], methane (CH,) [15-16] acetone [17], ethanol [18-21], humidity [22],
CO [15, 23-25], volatile organic compound (VOCSs) [26], and hydrogen [16, 27-37] Up to

now zinc oxide (ZnO) is considered as one of the promising resistive-type gas sensing
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material. But the high operating temperature, slow response time, poor selectivity and
stability limit its extensive applications in the field of dissolved gases monitoring. These are
electrical detection where the presence of H, gas is detected by monitoring the change of the
resistivity of ZnO structures. However, for safety optical detection system is desirable.

In this work, we experimentally demonstrate hydrogen sensing using aluminium-doped zinc
oxide (AZO) nanotubes (hollow pillars). We also have conducted the comparative study on
the gas sensing property of the solid AZO pillars. All these high aspect ratio AZO pillars and
nanotubes were fabricated using a combination of advanced reactive ion etching and atomic
layer deposition (ALD) techniques [38]. The solid AZO pillars do not respond to the H, gas
of concentration 0.7 % - 4 % at room temperature and pressure even after long time. On the
other hand, the AZO nanotubes shows a wavelength shift of ~ 13 nm upon exposure to
hydrogen gas of concentration of 4 % in ambient temperature and pressure and a
simultaneous decrease in the reflectance intensity of ~ 0.4 % is also detected within 10
minutes. This structure can even sense the presence of a low concentration (0.7 %) of
hydrogen gas with a smaller response time. For the better understanding of these AZO
nanotubes based gas sensing system, along with the experimental results Numerical

simulation also have been reported here.
I1A.2. Results and discussion:

I1A.2.a. Theoretical analysis method: Theoretical analysis has been done based on Finite
element Method (FEM) to support the experimental findings and to better understand the
structure specially for gas sensing. FEM based Comsol simulation is carried out to find the
interaction between light and AZO nanotubes with 400 nm periodicity in square lattice
arrangement. In order to map out the electric field pattern in the nanotubes structures
interacting with light the Radio Frequency (RF) module of FEM based COMSOL 5.4
software package has been used. During this theoretical study, all the specifications about the
size, shape, substrates of AZO nanotubes are obtained from the SEM studies. Moreover, the
COMSOL material library is used for the optical properties of air as surrounding medium,
SiO; layer, and Si substrate. The wavelength dependent complex permittivity with both real
and imaginary parts of AZO is taken from the experimental data obtained from spectroscopic
ellipsometry measurements and a proper fitting [38]. Linearly polarized plane waves are used
as the excitation source. Electric field of incident light is perpendicular to the semi major axis
of the nanotubes (TE-polarized light) which is identical to the experimental framework.

Physics controlled free triangular and tetrahedral meshes (depending on different layers) are
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used for these analysis to calculate the electromagnetic power loss density (W/m?) and the
electric field enhancement with a suitable and variable mesh size where the lowest mesh size

is kept at 1.6 nm.

I1A.2.b. Fabrication method of AZO nanotubes (hollow pillars) and AZO solid pillars:
Two types of samples were fabricated: AZO solid pillars and nanotubes structures on Si
substrate with thermally grown 200 nm silica layer (see figure 11A.1). The external diameter,
thickness, and height of the AZO nanotubes are 300 nm, 20 nm, and 2 um respectively and a

pitch of 400 nm is maintained over 1x1 cm?.

On the other hand, the diameter and height of the AZO solid pillars are 300 nm and 2 um,
respectively, and a pitch of 400 nm is also maintained here over the same area. For both types
of structures, air acts as the host material. Elemental analysis by transmission electron
microscopy (TEM) and other characterization methods as well as extended details on

fabrication of AZO pillars and nanotubes can be found elsewhere [38].

Deep-UV lithography was used to define grating patterns on standard silicon <100> wafers.
DRIE was implemented with a standard Bosch process [39] in order to fabricate a Si template
with the 2 um-deep air hole arrays. Afterwards, the processed structures were cleaned in
N/O, plasma in order to get rid of resist remaining and other organic contaminants. Then, the
silicon templates were coated by AZO (using trimethylaluminum, diethylzinc, and water as
precursors) by means of atomic layer deposition (ALD), until the air holes were filled
entirely. ALD is based on the self-limiting, sequential surface chemical reactions which
allows conform deposition on complex structures with sub-thickness control [40]. For the
final step, the AZO filling needs to be isolated, and for that purpose, the samples were
subjected to Ar+ sputtering for removal of the top AZO layer and exposing the silicon
template. Afterwards, the silicon template in-between cavities coated with AZO, has been
removed using SFg plasma in conventional isotropic reactive ion etching process without
interference with functional ALD material, resulting in the formation of AZO pillars and
tubes as shown in figure 11A.1. The more detailed description of the fabrication method for
different structures, such as, AZO trenches [41-42], TiN trenches [43], dielectric trenches
[44], can be found elsewhere. The optical properties of AZO films fabricated by ALD have

been measured by ellipsometer for the wavelength range of interests [38, 41].

I1A.2.c. Fabrication of microfluidic channel: The microfluidic channel is made up of poly

(methyl methacrylate) (PMMA) plastic window which is surrounded by the micromachined
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inlets and outlets. Along with that a double-sided adhesive film is attached there which
defines the outlines and thickness of the microfluidic channels. The diameter of inlets and

outlets of the PMMA top is 0.61 mm and separation distance of 12.4 mm is maintained here.

Figure 11A.1. Scanning electron microscope (SEM) images of fabricated AZO (a, b)
nanotubes and (c, d) solid pillar structures with a pitch of 400 nm, diameter of 300 nm, and
height of 2 um. The wall thickness of nanotubes is approximately 20 nm.

The PMMA top is fabricated by laser micromachining using a VersaLASER system
(Universal Laser Systems). A double-sided adhesive film (iTapestore, 100 um in height) has
been cut by laser to have the same precise size of PMMA top and is placed within the 14 x 2
mm microchannels. Here the adhesive film is connected to the PMMA top to include the inlet
and outlet within the outline of the channel. To connect the gas sources with the microfluidic
channel fluorinated ethylene propylene (FEP) tubing (Cole-Parmer) is used. All the tubing
and their connections between gas sources and channels are fastened using a 5 min epoxy

(Devcon). For clarity a picture of our sensor is given below.



Figure 11A.2. A picture of the AZO nanotubes hydrogen gas sensor.
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Figure 11A.3. (a) Schematic diagram of the experimental set-up. (b) Schematic diagram of the
AZO nanotubes sensing system where air acts as the host material.

11A.2.d. Ellipsometric reflection measurement method for gas sensing: A high-resolution
variable-angle spectroscopic ellipsometry (SE) (J. A. Woollam Co., Inc., V-VASE) is used to
experimentally measure all types of angular reflection data as illustrated in figure 11A.3 (a).
The low-power spectroscopic ellipsometer has high precision and it is non-destructive and
thus preferable for the optical characterization of nanostructures and gas sensing. In order to
characterize the performance of our gas sensing system, AZO nanotubes are exposed to H;
gas of different concentrations. The channel inlet was connected to a tank of nitrogen mixed
with 4 % volume concentration of H, and with pure nitrogen. The gas flow from both the
tanks was controlled separately using two separate mass flow controllers (MFCs). By
adjusting those MFCs, we could control the hydrogen concentration (between 0 and 4 %)
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introduced to the sample as illustrated in panel (b) of the figure above. After adjusting all
these parameters the sensor was placed on the variable angle ellipsometer to measure the
reflectivity R (A, ¢) at different angle of incidence, ¢, in the wavelength range of A = 300 -
1500 nm. The maximum resolution of this ellipsometer is 0.03 nm but for our measurements
1 nm resolution is maintained throughout all the experiments. Note that, all around the paper,
we present experimental results of TE-polarized incident light because TM-polarized light
does not show any sensitivity toward hydrogen gas. The comparison between both the

polarizations is given below.
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Figure I1A.4. The response of both S- and P-polarized light is shown here. For AZO nanotube
system we chose S-polarized light for all the gas sensing experimental measurements because
that shows the presence of different modes. The P-polarized light shows almost no variation
and thus not useful for gas sensing. Here the measurement angle is 45°. These measurements
are taken in absence of H; gas to only figure out which mode will be the best mode for gas
sensing measurements.

During gas sensing experiment, because of the PMMA window on top of the channel, the
incident beam splits into two reflected beams at the interfaces of Air-PMMA window and
PMMA window-microfluidic channel, causing Fabry-Perot oscillation in the reflection
spectra. In order to minimize the effect and keep the associated error minimum, a particular
suitable incident angle for the sensing set-up needs to be optimized. Here in our case the
measurement angle is kept below or equal to ¢ = 45°. Moreover, the iris of the ellipsometer
detector helps to block the additional reflected beam during the sensing measurement, an
unavoidable source of experimental error which originates from the insertion of the
microfluidic channel. After fixing the measurement angle to see the response of the AZO

sensing system for H, gas of a particular concentration, the reflectance has been continuously
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measured over a wavelength range (selected based on the minima of reflectance) for 90

minutes keeping a constant time interval between each measurement.

I1A.2.e. Discussion about the theoretical results: Finite Element Method (FEM) based
Comsol software was used for the theoretical analysis of the AZO nanotubes gas sensing
system. Figure I1A.5 shows all the simulation results. Panel (a) shows the simulated reflection
from AZO nanotubes. The incident angle is taken as ¢ = 45°, similar to the experimental
case. Here 400 nm periodicity, 20 nm thick tube wall, and 2 um height are considered.
Electric field is taken along the x-axis (TE-polarized incident light). The electromagnetic
power loss density (W/m?) associated with the AZO nanotubes for plane incident waves are
shown in panel (b) at 1100 nm, which is one of the reflection minima mode in the theoretical
reflectance spectra of AZO nanotubes shown in panel (a). Here, it is clear that the optical loss
is concentrated mostly within the AZO nanotubes. The light absorption in the AZO tubes
layer suggests that the AZO tubes absorption properties can be strongly modify due to slight
changes in the environment. Note that during our measurements for H, gas sensing,

reflectance minima around 1100 nm in wavelength was used.
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Figure 11A.5. Simulation results. (a) Reflection spectra. (b) The electromagnetic power loss
density (W/m® and (c) Electric field profile at 1100 nm in wavelength. Simulation was
conducted for linearly polarized plane wave (TE-polarized light with electric field parallel to
the surface of tubes along x-axis) is investigated. The periodicity, thickness of wall, and
height of tubes are 400 nm, 20 nm, and 2 um, respectively. The incident angle is ¢ = 45°.

In the above figure, the simulated electric field profile at the wavelength of 1100 nm is shown
in panel (c) which depicts the high electric field enhancement near the surface of AZO

nanotubes, useful for the detection of any changes of AZO nanotubes optical properties.
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11A.2.f. Hydrogen sensing by AZO nanotubes: We study the spectral shift, AA, for different
hydrogen concentrations. Figure 11A.6 (a) shows the response of AZO nanotubes system for
0.7 % H; gas at ¢ = 45° over a wavelength range of A = 300 nm - 1500 nm. This plot shows
that for a particular measurement angle the wavelength shift, AA, is larger for longer
wavelengths, giving higher sensitivity. For example for ¢ = 45° the wavelength shift of
reflectance minima around A = 900 nm is AA = 0 nm, while reflectance minima at A = 1126
nm shifts by AL = 2.6 nm for 0.7 % H, gas. Depending on the measurement angle, the

sensitivity can also be tuned.

0.12

0,065

INITIAL

— INITIAL
N
— FINAL - FINAL
= 0.08 = 0.060
E T 0,085
2 0.044 =
z =
0.7% H, 0.050-
0‘00 i ! T ' T y . T T T T T T
400 600 800 1000 1200 1400 1060 1100 1140 1180
Wavelength (nm) Wavelength (nm)
0.072 T J T T 0.090 T T
INITIAL (© —— INITIAL (d)
w— FINAL . s FINAL /
5 0.068- = 0.088- -
g g /
= 0.064- S 0.086-
= =
4% H,
0.060 : : : : : 0.084 : : : T
1080 1120 1160 1200 1080 1100 1120 1140
Wavelength (nm) Wavelength (nm)

Figure I1A.6. The response of AZO nanotubes in presence of hydrogen gas. (a) The response
of AZO nanotubes sensing system before and after intercalation of 0.7 % H, gas measured at
the incident angle, ¢ = 45° over a wavelength range of A = 300 nm - 1500 nm. Using this plot
one can choose the suitable mode for H, gas detection with higher sensitivity. (b) 0.7 % Ha,
(c) 2 % H,, and (d) 4 % H, gas sensing results. For all these measurements, the response time
is 10 min.

An example containing more detailed information about the dependence of wavelength shift
and sensitivity on the measurement angle and mode wavelength variation is given in the
figure 11A.7. We note that for longer wavelengths the fluctuation in reflectance increases due

to Fabry-Perot interference originated from the microfluidic channel. Taking these factors
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into account, we focus on the reflection minima around 1100 nm in wavelengths for
hydrogen sensing throughout this paper. In the above figure, panel (b — d) are showing the
properly fitted gas sensing response of AZO nanotubes array system for H, gas of
concentration 0.7 %, 2 %, and 4 %, respectively. For all these measurements the response
time was 10 minutes. Here, the system shows wavelength shift, AL, as well as reflectance
intensity change, Al, even for the lowest concentration 0.7 % of H, gas. The wavelength shift
is 2.6 nm for 0.7 % H, and the change in reflectance intensity is 0.2 %. Similarly, the
wavelength shift is 5 nm for 2 % H, and the change in reflectance intensity is nearly 0.3 %.
For 4 % H, gas the wavelength shift is 13 nm and the reflectance intensity change is 0.4 %. If
one considers the wavelength shift as the measurement parameter, the signal to noise ratio
(S/N) becomes 16.7 % which is equivalent to the wavelength shift / FWHM (Full Width at
Half Maxima) of the mode. In order to characterize the sensitivity in terms of reflectance
change, the figure of merit (FOM) is defined as FOM = R(AZO,;i)/R(AZ0Oy,) [8] where
R(AZOy;) is the reflectance of the sensor in N, (which is equivalent to air media) without
hydrogen and R(AZO) is the reflectance of the sensor in presence of hydrogen gas.
According to the figure shown in panel (d) for 4 % H, gas, the calculated FOM of our sensor
is FOM = 104. Note that we also conducted reflectance measurement for AZO solid pillar in
presence of 4 % H, gas over 90 minutes. However, even after such a long time, one cannot
see any clear wavelength shift or reflectance intensity change for such gas sensing with those
solid AZO pillars. The response of solid AZO pillars in presence of H, gas is shown in figure
[1A.8. This indicates that the ultra thin wall thickness of AZO nanotubes and their hollowness

play an important role in sensing for its large surface area [45].

Figure 1IA.9 (a) and (b) display the wavelength shift and the intensity change in the
reflectance minima of AZO nanotubes array after exposure to H, gas with different
concentration. Based on the measurement of wavelength shift, here the limit of detection
(LOD) is nearly 0.3 % H, for 10 minutes of response time considering the fact that the
maximum possible resolution of the used spectroscopic ellipsometer is 0.03 nm. The graph
depicting the LOD is shown in figure 11A.10. It is well-known that practical hydrogen sensors
must be able to respond to hydrogen at concentrations approximately an order of magnitude
lower than the explosive limit of H, (4 %) [8, 46]. The previous work shows Pd-based optical
H, gas sensor with high FOM in room temperature [8]. However, the response time was
nearly 60 minutes, which can be an issue for the safety in the industrial field.
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Figure I1A.7. Here the response of the AZO nanotubes sensing system is shown for 0.7% H,
gas. For all these cases, the response time is 10 min. Panel (a) describes the case for a lower
wavelength mode when the measurement angle is 45°. In this case no wavelength shift is
seen. Panel (b) describes the case for a higher wavelength mode when the measurement angle
is 45° In this case wavelength shift as well as the reflection intensity change has been
observed. Panel (c) describes the case for a lower wavelength mode when the measurement
angle is 25°. In this case variation is observed. While panel (d) describes the case for a higher
wavelength mode when the measurement angle is 25°. In this case also the shift in mode is
seen. One can choose any mode and any measurement angle based on these variations. The
only restriction for our set-up is the measurement angle should be less or equal to 45° to
minimize the interference effect introduced by the microfluidic channel and maximize the
signal intensity.

Our AZO nanotubes array system could achieve the requirement in terms of FOM and fast
response time of 10 minutes in room temperature by means of safe optical measurement. The
results of gas sensing response over time up to 90 minutes for 4 % H, gas is shown in figure
[1A.11 (a) from which we can see the fast response nature of the AZO nanotubes sensor. Here
it can be seen that 10 minutes is sufficient to detect 4 % H, gas concentration. This response
time is also valid for 2 % and 0.7 % of H, gas.
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Figure 11A.8. The response of AZO solid pillars for 4% hydrogen gas is shown here. Almost
no change in the reflectance mode is observed here for 4% H; after 90 min which signifies
the incompatibility of these solid pillars for hydrogen gas sensing.
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Figure 11A.9. Variation of (a) wavelength shift, A\, and (b) Reflectance intensity change of
reflection minima, A, observed in AZO nanotubes sensing system in presence of H, gas of
different concentration (0.7 %, 2 %, and 4 %).
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Figure 11A.10. The Limit of Detection (LOD) measurement is shown here. If one considers
wavelength change as the parameter to detect the presence of hydrogen gas with the help of
AZQ nanotubes sensing system then the LOD is measured as nearly 0.3% H, gas considering
the fact that the maximum resolution of the used ellipsometer in our case is 0.03 nm. Here the
black curve is showing the experimentally measured wavelength shift variation of reflection
minima, observed for AZO nanotubes sensing system in presence of H, gas of different
concentration (0.7 %, 2 %, and 4 %) and the red dashed curve is the fitted curve drawn to see
the LOD.

Figure 11A.11 (b) shows the response of AZO nanotubes in different ambient conditions.
Here the ellipsometric response of the AZO nanotubes system with PMMA channel in
absence of any gas as well as in presence of pure N, gas and 4 % H; gas are shown. In this
plot, we do not observe any wavelength shift in reflection after introducing pure N gas to the
sensor (dashed red curve) compared to the reflectance when the sample is not exposed to any
gas (black curve). In comparison, after introducing N, mixed with 4 % of H, (cyan curve), we
observe a clear red shift in the reflection minimum, as well as a change in the reflection
amplitude due to the intercalation of hydrogen atoms in the sensing system as expected. By
introducing pure N2 to the channel again, the reflectance did not go back to its primary
position. However, the absorption properties of the AZO nanotubes system remain same for a
longer time afterward. Here different cycles of introducing N2 mixed with 4 % of H2, and
pure N2, show almost no change in the spectral properties of the absorption mode of AZO

nanotubes sensor.
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Figure 11A.11. (a) Response of AZO nanotubes sensing system overtime in presence of 4 %
H, gas. It is very clear that 10 min is enough to detect the presence of 4 % H, gas. (b) The
response of AZO nanotubes sensing system (with PMMA channel) in presence and absence
of N2 gas where there is almost no variation in the mode. But a clear shift of the mode is
observed in presence of 4 % H; gas after 60 min.

I1A.3. Conclusion

In summary, we report the study of H, gas sensing properties of highly ordered aluminium-
doped zinc oxide (AZO) nanotubes for near-infrared wavelengths around 1100 nm. While
AZO solid pillars do not respond to H, gas, AZO nanotubes show a wavelength shift as well
as a significant decrease in the reflectance intensity after exposing them to H, gas. This
response not only we have seen in the room temperature and pressure, but also quickly,
within 10 minutes. Therefore, the possibility of having a two-level room-temperature H, gas
sensor, with all the advantages of low-response time, capability to detect low concentration of
H,, a good figure of merit, possibility of fabricating a large area sensor with high precision
and reliability can make these tubes as one of the promising H, gas sensors for industrial
applications. Moreover, the sensitivity of nanotubes may be further enhanced by controlling
the doping level of ZnO by aluminium. In Future, AZO based room temperature gas sensor
can be realized which will enable monitoring hydrogen gas by looking at color changes in the

visible range.
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CHAPTER IIB

ALUMINIUM DOPED ZnO SOLID NANOPILLARS ARRAYS
AND THEIR USEFULNESS

11B.1. Introduction: In the previous chapter it has been seen that the aluminium doped ZnO
(AZO) solid nanopillars arrays are not good for the hydrogen gas sensing. But it can find
many other different applications. Here it has been explored that the AZO solid pillars can be
a very good optical switch. When air acts as the host material for these solid pillars it shows
also the generalized Brewster phenomena which is very useful for many applications such as
sunglasses, Polaroid, holograms and many more. These two very important characteristics of
AZO solid pillars - Generalized Brewster phenomena and the optical switching
characteristics — is discussed in the following sections of this chapter. For all these
experimentations the high aspect ratio AZO solid nanopillars were fabricated using a
combination of advanced reactive ion etching technique and atomic layer deposition (ALD)

techniques as described in the previous chapter along with their SEM characterization [1].

11B.2. Generalized Brewster phenomena and Perfect light absorption observed in

aluminium doped ZnO (AZO) solid nanopillars arrays and their usefulness:

For this section one should know about the generalized Brewster phenomena first. Then all
the details about the experimental and theoretical results will be descried to explain how our
AZO solid pillars show this effect.

11B.2.a. Generalized Brewster Phenomena:

Brewster's angle, ©6g which is also known as polarization angle is nothing but an angle of
incidence at which light with a particular polarization is perfectly transmitted without any
reflection through a transparent dielectric surface. When unpolarized light strikes a surface at
O then the reflected light from the surface becomes perfectly polarized. This special angle of

incidence is named after the Scottish physicist Sir David Brewster [2-3].

When light interacts with a boundary of two media having two different refractive indices,
one part of it gets reflected and the other part gets transmitted. The figure below is describing
this fact. This reflected light depends on the incoming light's polarization and angle of

incidence and the rule of this dependence can be found from the Fresnel equations.
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According to the Fresnel equations, p-polarized light for which the electric field polarization
is in the same plane of the incident ray and the surface normal at the point of incidence, will

not be reflected, if the angle of incidence is

0 = 0z = arctan (E) (11B.2.1)

nq
Where, n; is the refractive index of the first medium through which light is propagating (as
shown in the figure below), and n; is that of the other medium. The above equation is
popularly known as Brewster's law, and the angle by the Brewster's angle.

Incident Light
(Unpolarized)

Surface Normal

Reflected Light
(Polarized)

Refracted Light
(Skightly Polarized)

Figure 11B.1. An illustration of the light reflection when the incident angle is Brewster angle.

To qualitatively understand the mechanism behind this phenomena one should focus on the
behaviour of the electric dipoles of the media in presence of p-polarized light. As the incident
light gets absorbed on the surface, the electric dipoles start oscillating at the interface
between two media and then they re-radiate. It’s a very well-known fact that the freely
propagating light polarization is always perpendicular to the light propagation direction. Now
the dipoles re-radiating at the interface produce the refracted or the transmitted light which
oscillate in the same polarization direction of that light. These dipoles also create the
reflected light but they don’t radiate energy in the direction of the dipole moment. As shown
in the figure above when the refracted light is p-polarized light and it propagates
perpendicularly to the direction of the reflected light, the dipoles point along the specular
reflection direction and therefore no light can be reflected. In this way, the Fresnel reflection
coefficients for p-polarized light vanish and the Brewster phenomenon takes place. For most

of the materials this phenomena occurs only for p-polarized light.
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If we consider, 6 as the angle of reflection (or the angle of incidence) and ©: as the angle of

refraction, then for the condition
01+ 62 =90°
Using the Snell’s law,
n1sin©1 = nzsin6;

It can be found that, no light will be reflected if the incident angle 61 = 6g. Thus for this

condition,
Ny sin g =Ny sin (90° - ©g) = n; cos Op

This gives,
ny
0 = 0 = arctan (—)

ny

Here it is worth to mention that, as the refractive index of a medium depends on the
wavelength of the incident light, Brewster's angle also vary with the chosen wavelength.
Brewster showed in his popular Brewster law that the angle for which there will be no p-
polarized reflected light will be a function of the refractive indices of the material used.
Brewster's angle is also known as the polarizing angle as the reflected light from a surface at
this angle is completely a polarized light which has polarization perpendicular to the plane of
incidence, i.e., s-polarized light. The Brewster angle concept is useful for many practical
applications such as polarized sunglasses, polarizing filter cameras, for reducing glare of sun
reflecting off horizontal surfaces, holograms, Brewster angle prisms to minimize reflection
losses useful for laser physics [4], Brewster windows for gas lasers, in high-performance
terahertz modulators [5], Brewster angle microscopes, useful in the study of surface science

[6-7] and many more.

Till this point, for all the discussion of Brewster angle we have assumed that the reflection is
taking place from a homogeneous, non-magnetic, achiral, and isotropic material. Generally
Brewster effect is seen to occur either for s-polarized light or for p-polarized light. For a
normal dielectric material, the Brewster phenomenon of p-polarized light is a common event.
On the other hand, a Brewster angle for s-polarized light generally can be seen in a magnetic

material with permeability p # 1. For some magnetic materials, ©g for s-polarized light
(6577°", in which angle the reflectance for s-polarized light is zero) is not same as the 65 for

the p-polarized light (8277°", in which angle the reflectance for p-polarized light is zero) for
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non-normal incidence angle [8]. In this case, the condition ©; + ©, = 90° does not need to be
satisfied (where ©; = angle of reflection = angle of incidence = 6z and O = angle of

refraction) if the total destructive interference of the magnetic and/or electric dipoles of the

magnetic material occurs at 657 ~7°". Here the only necessary and sufficient condition is that
the vector resultant radiation field should vanish in the reflection due to the above mentioned
destructive interference [9]. For normal magnetic materials, the Brewster's angle exists only
for one polarization either s- or p- , which is controlled by the relative strengths of the
dielectric permittivity and magnetic permeability [21]. This fact is very useful for finding the
explanation of generalized Brewster angles for dielectric metasurfaces [22] and other

systems.

The generalized Brewster angle (GBA) is the incidence angle at which one can see the
Brewster effect for both the polarization which means, at that particular incidence angle
reflection for p- as well as s-polarized light vanishes. To have the generalized Brewster angle
phenomena in a particular material along with the p-polarization Brewster effect, s-
polarization Brewster effect is also needed which is only possible in case if the material has
dielectric as well as magnetic response. Moreover, to realize the GBA effect in visible and
NIR region, material should have magnetic response at those required frequencies to have s-
polarization Brewster effect, which is quite challenging as the magnetic features become
extremely weak (1 = 1) there. Metamaterials, as they have negative permeability and thus a
magnetic response are seen to have the GBA effect [10-12]. The generalized Brewster effect
has also been observed experimentally in microwave region using the split-ring resonators
[13-14] and in the optical frequency using all-dielectric metamaterials [15]. However, the
GBA effect represented in those work did not realize the complete polarization of the
reflected light, especially for the s-polarized light [15]. There, unequal reflection for p- and s-
polarized light is seen which is quite normal for non-magnetic material and therefore, cannot
be considered as a true Brewster effect as this is obvious according to the Fresnel equations.
In addition, s-polarized Brewster effect was seen in stratified metal-dielectric metamaterial
[16] and in graphene layer [4, 17]. The GBA effect was also experimentally evidenced in
anisotropic material [18], Graphene combined with thin film absorber [4], chiral materials
[19], and in a multilayer structure [20]. However an experimental demonstration of GBA
phenomena in case of aluminium doped ZnO (AZO) nanopillars arrays was not given. AZO
which is a very popular transparent conductive oxide (TCO) material, has the benefit of

having low-loss compared to the conventional noble metals, such as gold, silver, platinum,
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rhodium, iridium, palladium etc. Thus the realization of the GBA effect in AZO structures
will be very useful for many applications as already discussed especially for the sensing
applications if they will provide the strong field localization which is possible for certain kind

of structure.

Here in the following sections all the experimental results will be discussed about the
presence of the generalized Brewster angle effect in the high aspect ratio highly ordered
aluminium doped ZnO (AZO) solid pillar structures. These low-loss AZO structures satisfy
both the p- and s- polarization Brewster condition experimentally at multiple wavelengths in
the NIR region. The wavelength range at which these GBA effect occurs can also be tuned by
tuning the angle of incidence which is adding one more advantage of these structures for
sensing. Because of the high aspect ratio of these TCO structures, it is also expected to have
strong field localization near their surface and thus a high sensitivity during protein sensing.

11B.2.b. Results and discussions regarding the GBA effect in AZO solid pillars:

Here in this section, the experimental and theoretical details regarding the GBA effect of
AZQ pillars will be given. The fabrication method of these AZO nanopillars is already
explained in the previous chapter along with their SEM characterization details. From the
SEM study it has been seen that these high aspect ratio AZO nanopillars structures are highly
ordered. All of their structure parameters can be found from that study (of previous chapter).
The diameter and height of the AZO solid pillars are 300 nm and 2 um, respectively, and a
pitch of either 400 nm or 500 nm in the square lattice is maintained over the area 1x1lcm?.
For these structures air and Si acts as the host-material on which the AZO npillars are
submerged. All the AZO solid pillars structures are standing on thermally grown 200 nm
silica layer over a Si substrate. To explore the GBA effect of these structures the optical
properties of AZO npillars fabricated by ALD have been measured by spectroscopic
ellipsometer for the wavelength range of interests. The method of these optical measurements

is given below.

Ellipsometric reflection measurement method: A high-resolution variable-angle
spectroscopic ellipsometry (SE) (J. A. Woollam Co., Inc., V-VASE) is used to
experimentally measure all types of angular reflection data. The low-power spectroscopic
ellipsometer has high precision and it is non-destructive and thus preferable for the optical
characterization of nanostructures. The measurements are taken using the variable angle

ellipsometer to have the reflectivity R (A, ¢) at different angle of incidence, ¢, in the
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wavelength range of A = 300 - 3300 nm. The maximum resolution of this ellipsometer is 0.03

nm but for our measurements 1 nm resolution is maintained throughout all the experiments.

Experimental Results and related Discussions: The experimental results for both s- and p-
polarized light are given to claim the GBA effect of these nanopillars arrays. For all types of
the AZO solid nanopillars arrays (with 400/500 nm pitch in the square lattice and for both
air/Si host material) the transmission is measured to be zero for all wavelengths and angles.
The figure below shows transmission feature for both kinds of polarization of the AZO solid
pillars where air acts as the host material and 400 nm pitch is maintained. Here 1x10 in the
transmission scale is considered as the zero transmission. The zero transmission feature is
true for lower (0 - 40 deg) as well as higher angles. The same characteristic has been seen for
the other solid pillar samples — where 500 nm pitch is maintained for air host and 400 nm/500
nm pitch is maintained for Si host. Since all the AZO solid pillars arrays are opaque
(Transmission, T = 0) we can consider for those samples absorbance (A) is complementary to
the reflectance (R), i.e., A = (1 — R) (as it is well-known that A + R + T = 1). So for these

AZO solid pillars array system whenever we will see R =~ 0, we can consider that as a perfect

light absorption.
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Figure 11B.2. The transmission characteristics of the AZO solid nanopillars arrays for both (a)
P-polarization and (b) S-polarization are shown. In this case air is acting as the host material
and pitch is 400 nm. The angle of measurement in this case is from 0 deg to 40 deg but this
kind of zero transmission features of the AZO solid pillars is true for higher angles too.
Moreover, the zero transmission is applicable to all the other three kind of solid AZO
nanopillar system — where 500 nm pitch is maintained for air host and for Si host where 400
nm and 500 nm pitch is maintained over 1x1 cm? area. Here 1x107 in the transmission scale
is considered as the zero transmission.
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Figure 11B.3. The reflection characteristics of the AZO solid nanopillars arrays for both (a, c)
P-polarization and (b, d) S-polarization are shown here. In this case air is acting as the host
material and pitch is 400 nm. The angle of measurement is varied from 35 deg to 75 deg in
panel (a) and (b) showing reflection characteristics for p- and s- polarization respectively for
a higher angular range. There the GBA effect for this structure is found near 1500 nm and
over an angular range of 35 deg to 45 deg. In panel (c) and (d) the zero reflection for both s-
and p- polarization is shown. The wavelength at which this GBA effect is occurring is seen to
have a blue shift when the measurement angle increases.

The angular reflection characteristics of the AZO solid pillar arrays with 400 nm pitch and air
host is shown in the figure 11B.3 for both (a) p- and (b) s- polarization where the
measurement angle is varied from 35 deg to 75 deg by 5 deg. Here it’s clear that for 35 deg,
40 deg and 45 deg incident angle we can have both p- and s- Brewster phenomena. From
panel (c) and (d) the zero reflection phenomena for both p- and s- polarization is very clear
for those three angles. Here one can notice that the Brewster wavelength gets blue-shifted for

higher incident angle.
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Figure 11B.4. Spectroscopic parameters of the AZO solid pillars arrays system with 400 nm
pitch and air host for three different measurement angle. (a) Psi for 35 deg angle, (b) Delta
for 35 deg angle, (c) Psi for 40 deg angle, (d) Delta for 40 deg angle, (e) Psi for 45 deg angle,
and (f) Delta for 45 deg angle is shown.

The wavelength at which the generalized Brewster angle (GBA) phenomena is taking place

for 35 deg, 40 deg, and 45 deg incident angle in case of AZO solid pillars arrays system with
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air host and 400 nm pitch can be better understood from their spectroscopic parameter study,
measured with the help of ellipsometer at those incident angles. The figure 11B.4 is showing
both psi and delta characteristics at 35 deg, 40 deg and 45 deg angle measured with the help
of spectroscopic ellipsometer. In panel (b), (d), and (f) the particular wavelength at which the
GBA effect is occurring can be figured out by pointing out the wavelength at which delta is
changing by 180 deg. So the comparison among all the GBA wavelengths for 35 deg, 40 deg
and 45 deg informs that the GBA wavelength shows a blue shifting for higher incident angle
as already seen in the figure 11B.3. Panel (a), (c) and (e) are showing the variation of the
parameter Psi for this AZO structure for 35 deg, 40 deg, and 45 deg respectively. At the GBA
wavelength in each case (35 deg/40 deg/ 45 deg incident angle) the Psi parameter goes from
minimum to maximum for 35 deg (panel a), maximum to minimum for 40 deg (panel b), and

also maximum to minimum for 45 deg (panel c) incident angle.

The AZO solid pillars with Air host and 500 nm pitch also shows this kind of GBA effect.
Here in the figure 1IB.5 the reflection characteristics of these AZO pillars for both p- and s-
polarization are shown for variable angle. Panel (a) and (b) are showing the reflection for p-
and s- polarized light where the incident angle is varied from 35 deg to 75 deg by 5 deg. For
no angles from 35 deg to 75 deg, the GBA effect is seen here with zero reflectance for both p-
and s- polarization. But the reflection measurements for lower incident angles (15 deg to 25
deg by 5 deg) shown in panel (c) and (d) for p- and s- polarization respectively reveals that
this structure also has the GBA effect. Here GBA effect is seen to occur around 1600 nm for
15 deg, 20 deg, and 25 deg incident angle. The blue shifting of the GBA wavelength for
higher incident angle can also be verified here. It is worth to mention here that, compared to
the case of AZO solid pillars with air host and 400 nm pitch here for 500 nm pitch, the GBA
effect is seen to occur at smaller angular range because for 400 nm pitch the GBA is seen for
35 deg - 45 deg angular range and for 500 nm pitch the GBA is seen for 15 deg - 25 deg

angular range.

At this point, it is very clear that the AZO solid pillars array system with air as the host
material has the GBA effect for both the 400 nm and 500 nm pitch. These structures are thus
able to behave as the perfect light absorber at those particular wavelength and incident angle
range. Therefore these AZO solid pillars structures will be useful for many applications such
as polarized sunglasses, polarizing filter cameras, holograms, Brewster angle prisms,
Brewster windows, Brewster angle microscopes and many more as already discussed in the

introduction. As the AZO is a low-loss TCO material, thus this high aspect ratio, highly
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ordered AZO solid pillars array nanostructures having GBA effect will also be useful for
protein sensing as these high aspect ratio structures are able to have a high electric field
intensity enhancement at their surface. For the GBA and thus perfect light absorption
property of these structures one may use them also as the optical switch where incident angle
and the operating wavelength can be used to switch from one optical state (ON state) to the
other optical (OFF state).
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Figure 11B.5. The reflection characteristics of the AZO solid nanopillars arrays for both (a, c)
P-polarization and (b, d) S-polarization are shown here. In this case air is acting as the host
material and pitch is 500 nm. The angle of measurement is varied from 35 deg to 75 deg in
panel (a) and (b) showing reflection characteristics for p- and s- polarization respectively for
a higher angular range. There the GBA effect for this structure is found near 1600 nm and
over an angular range of 35 deg to 45 deg. In panel (c) and (d) the zero reflection for both s-
and p- polarization is shown. The wavelength at which this GBA effect is occurring is seen to
have a blue shift when the measurement angle increases.
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11B.3. AZO solid pillars as optical switch: The optical switches are better than the
electronic switches for many reasons and recently a lot of research groups have introduced
different types of optical switches to apply in different areas [21-33]. In the previous section
the AZO solid pillars with air host are seen to be useful as optical switches for their GBA

effect and their perfect light absorption capability.
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Figure 11B.6. The reflection characteristics of the AZO solid nanopillars arrays where Si acts
as the host material. (a) Reflection for p-polarized light, (b) Reflection for s-polarized light is
shown. For both (a) and (b) AZO solid pillars with 400 nm pitch is chosen. (c) Reflection for
p-polarized light from AZO solid pillars array system with 500 nm pitch, (d) Reflection for s-
polarized light from AZO solid pillars array system with 500 nm pitch, is shown. For all the
angular reflection measurements the incident angle is varied from 35 deg to 75 deg by 5 deg.

The reflection properties for both p- and s- polarization of the Si host AZO solid structures
with 400 nm and 500 nm pitches are shown in the figure above. Here the reflection properties
for different measurement angles are shown. It is quite evident here that the refection

properties of these Si host structures are way more different than that of the air host case and
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they don’t show any GBA effect. But these structures are also useful to build optical switches
based on the variation of the reflection intensity for different angles, polarization, and

operating wavelength.

I1B.4. Conclusion: In summary, here from all the experiments, it has been seen that the AZO
solid pillars structures with Air host have the GBA effect and thus they behave as perfect
light absorber over a particular range of wavelength and incident angle which makes them
useful as optical switches. Although, the Si host structures did not show any GBA effect like
the air host structures yet their unique reflection properties for both polarization helps to use
them as optical switches by controlling the light polarization, incident angle and operating

wavelength.
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Chapter |

Twin Photonic Nanojet

Introduction: Photonic nanojet (PNJ) is an em beam coming out from the shadow side of a
lossless dielectric microstructure (seen in microsphere and in micro-cylinder) when
illuminated by a non-resonant Gaussian wave or a plane wave [1-2]. This kind of beam is
much focused and thus is narrow and capable of having high electric field intensity [1-5]. The
PNJ originates from the constructive interference of the incident em wave and the strong Mie
scattered light wave coming out of the microstructures [3-10]. The maximum intensity
enhancement by the PNJ has been reported to be around 500 times the incident em field
intensity [2]. This kind of electric field manipulation using PNJ can be used in many
applications especially to enhance the surface enhanced Raman scattering (SERS) signal [11-
14].

Figure 1.1. (a) Photonic nanojet created by a bare microsphere. Photonic nanojet created by a
microsphere with a substrate (b) for lower angle, (c) higher angle. Here the radius, the refractive index
of microsphere and the surrounding medium is considered to be 2 um, 1.6, and 1.0 respectively.
Incident wavelength of light is 632.8 nm.

Results and Discussions: The figure 1.1 (a) shows PNJ of a bare microsphere of 2 um radius
and refractive index 1.6 in air. For PNJ, the length, width, the maximum possible intensity
enhancement factor, and the distance of the highest intensity area from the surface of the
microstructure can be tuned by varying the size, shape, and refractive index of the
microstructure, and the refractive index of the dielectric medium. One advantage of this PNJ
is the possibility of tuning the distance of the highest intensity area from the surface of the
microstructure which is not possible for the plasmonic hot-spots — seen always adjacent to the
nanoparticle surface. Therefore with PNJ one can excite some areas which are far from the
micro particle surface. Here PNJ related theoretical work has been done. In this work it has
been seen that with the proper arrangement of a micro-particle along with a substrate one can
have two parts of PNJ easily (fig. 1.1 (b)). The direction of these twins PNJ is tunable
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depending on the angle of incidence for a particular polarization (1.1 (c)). Till now no
theoretical and experimental proof is present to show this kind of behaviour. The intensity
enhancement in this case is larger with respect to the bare microstructure (1.1 (c)). Not only
the presence of two PNJs is seen here but also in this work one can tune the distance of the
highest intensity area of both the PNJs from the surface of the microstructure and the angle
between those two PNJs. Here all the theoretical analysis on PNJs of the dielectric
microsphere with a substrate has been done by DSIMie software, [15] which is developed
based on Lorenz—Mie scattering theory of a single microsphere.
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Chapter II

Acoustic Metamaterial

Introduction: An acoustic metamaterial (AMM) is an artificially designed material which
can control, direct or manipulate the incoming sound waves. The AMM belongs to the class
of conventional metamaterials and therefore obeys the same basic principle like the
metamaterials in general. These types of materials usually acquire their unique properties
from their structure due to the cleverly implanted inhomogeneities rather than composition.
Similar to electromagnetic metamaterial, AMM also get their unique properties from its
negative index character, which can be achieved by adjusting the effective bulk modulus, B,
mass density, p, and chirality. Here it is worth to mention that the mass density and bulk
modulus in the case of AMM are parallel to the electric permittivity, &, and magnetic
permeability, p in the case of em metamaterials. The first AMM has been reported in 2000
using sonic crystals in a liquid [2]. After that a lot of AMMs have been reported [3-6]. These
AMMs can find applications in many areas such as — acoustic superlens, acoustic diodes,
medical imaging, acoustic cloak, acoustic rectification, acoustic near-zero index [5-9]. In this

chapter (following paragraph) a brief idea about our 3D printed AMM will be given.

Results and Discussions: Here AMMs have been fabricated by 3D printing. The structures
are shown in the figure I1.1. Based on the number of unit cells present in a structure those are
marked as “0 dimensional (0D)”, “1 dimensional (1D)”, “2 dimensional (2D)”, and “3
dimensional (3D)”, according to the convention we know. These structures are fabricated
with and without a neck section (along with its rhombus shaped cavity). The necked ones
show a peculiar behaviour because of their inhomogeneities. A particular frequency of sound
waves was swallowed up by these necked AMM structures when they face the sound
generator in a specific way. This asymmetric behaviour of the sound wave coming out from
the necked AMM structure in presence of a continuous sound wave generator is shown in the
figure 11.1 (b). Here it is worth to mention that this kind of behaviour does not vary with the
distances from the sound generator provided a sound wave interact with the AMM with a
good intensity level. Furthermore, these 3D printed AMM structures show shift in their
characteristic frequency dip when one will consider the response from OD to 3D (for either
necked structures or without neck) which is very common feature of an AMM.
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Figure 11.1 (a) Different 3D printed AMMs are shown (0D, 1D, 2D, and 3D) which are fabricated with
(N) and without neck (NN). (b) The asymmetric behaviour is shown. Here the measurement has been
done with 1D necked AMM structure, but this character is maintained also for OD and 2D necked
AMM structure. Here NA and NF denote respectively the neck away and neck facing case from the
sound source. The inset is showing the input sound signal where almost 25 dB is maintained from
4000-20000 Hz.
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Chapter 111

Plasmonic Nanoantenna for Cancer Therapy

Introduction: Photodynamic therapy (PDT), an emerging technique for cancer therapy is
better than the traditional therapies such as chemotherapy, surgery, or radiotherapy because
of its less side-effect and other issues. PDT, a non invasive treatment with spatio-temporal
selectivity has three components - a photosensitizer molecule, tissue oxygen and light. When
the photosensitizer illuminated with a light of specific wavelength it gets excited to a singlet
state. After that during the intersystem crossing it can reach to the long-lived triplet excited
state which eventually helps to generate the singlet oxygen (*Oy). This singlet oxygen helps
to damage the tumor cell irreversibly and is the reason why PDT is considered as safer and
more effective. Cyclometalated iridium (I11) complexes due to many reasons seem to be a
good candidate for bio-imaging and sensing [3-5] and furthermore, it gets extended even in
the field of PDT for many advantages [6-8]. But recently it has been seen that the application
of nanoparticle in PDT could make the conventional bare PDT more powerful because of
many inherent advantages of nanoparticles [3]. Silica-based NPs are one of the promising
candidates for this extended PDT [3, 9-10]. Recently Loredana et al reported the synthesis of
water soluble iridium (111) complex (lIr;), a photosensitizer and luminescent probe coupled
with a gold core which can act as a very good PDT agent. These Ir;-embedded silica NPs
with a gold core has several advantages — high emission quantum vyield, water solubility,
possibility of simultaneous cellular imaging, photodynamic and photo thermal therapies,
combined photodynamic—photo thermal effect (introduced due to the presence of the
nanoparticle) [3]. The research group reported very promising in-vitro photo-cytotoxicity
study results using these nanocomposites on human glioblastoma tumor cells (U87MG) and
proposed as one of the promising Theranostics agents in cancer therapy. That impressive
result poked us to do some in-vivo study to evaluate the capability of that Ir based
nanocomposites for treating the brain cancer (glioblastoma tumor cells) in real environment.

The theme of this work is written in the following paragraph.

Results and Discussions: For this project immune-suppressed mice are used where every
mouse has a pea sized tumor (containing glioblastoma tumor cells). For therapy at first, the
aqueous solution containing Ir;-embedded silica NPs with a gold core injected locally at the
tumor of a mouse. The amount has been fixed based on the size of the tumor. Then the tumor

area is illuminated with the UV-light (decided based on the extinction characteristics of the
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probe) for certain time. This step has been done only once for each mice and then kept at
normal condition. After certain days (around 1 month) the tumor is seen to disappear
completely. Monitoring those treated mice for quite a long time help us to conclude that the
re-appearance of the tumor has not been seen here (re-appearance of the tumor is a known
problem in case of brain cancer). To confirm about the successful treatment with this probe
more than one mouse are treated and monitored. Here in-vivo imaging has also been done to

see the reactivity of the drug.
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Figure 111.1 (a) A mouse with tumor. (b) The mouse after treatment without tumor.
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Chapter IV

Optical focal length tunability of Meta-lens: Effect of implanting

liquid crystal into Meta-lens

Introduction: As already written in the chapter | of part 11 that a metasurface is an artificially
fabricated sheet of materials (confinement in one dimension) with sub-wavelength thickness.
Metasurface can also be considered as the two-dimensional counterpart of the metamaterial
[1]. A metalens (a flat lens) is a kind of metasurface [2-6]. Metalens act as a flat kind of lens
with a specific focal length for a specific wavelength. The light focusing by metalens does
not follow the conventional way of the optical lens. When light interacts with metalens, its
subunits interact uniquely and independently with the incoming light and their outcomes
interfere in far field which generates a focal spot, the focal spot of metalens.

Results and Discussions: Metalens has a specific focal length for a specific wavelength. But
the focal length of metalens for that specific wavelength of the incoming light can be tuned.
The tuning of the focal length of a flat lens will be very useful for many applications. One
can tune the focal length of metalens by using liquid crystal (LCs). This work is for the
optical focal length tuning by implanting the liquid crystal into metalens. Here metalens has
been fabricated via a known way [3]. Then Nematic Liquid Crystal (NLC) have been
infiltrated

Figure 1V.1 Polarized Optical Microscopy images for cross polarization. (a) Un-infiltrated
metalens (b) Partially filtrated metalens (c) Completely infiltrated metalens.

Here it is worth to mention that the liquid crystal does not sit on top of the metasurface. (Sub-
units of metalens have 2um) rather it goes inside metalens (verification has been done). The

polarized optical microscopy images of metalens during infiltration process have been taken
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under cross-polarization (for better visualization of the LCs during infiltration) and has been
shown in the figure IV.1. Here the difference in the brightness is telling about the progress of
the infiltration process. The homogeneous brightness in case of the infiltrated metalens is
helping us to safely conclude that the depth of the LCs into metalens can be considered as
nearly homogeneous. After infiltration optical focal length measurement has been done for
both the empty metalens and the fully infiltrated metalens. For this optical measurement, the
specific wavelength of the incoming light has been chosen based on metalens used [3]. The
focal length measurement of both the empty and filled metalens help us to conclude that with
the proper implantation of the LC molecule and using an external stimuli (here light) by using

the properties of LCs, focal length of a particular metalens can be tuned.
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CONCLUSION

Here in this thesis, different kinds of plasmonic nanostructures and their optical activities
have been discussed. The thesis is divided into three parts and the summary of the works are

given below.

In the 1% part of the thesis the light harvesting plasmonic nanoantennas were discussed which
is divided into many sections containing the study of gold nanostar (AuNS) antenna, a
heterodimeric antenna based on AuNS, the breathing modes observed in the single AuNS and

the thermo-responsive Fano system.

In the first chapter of part | a brief discussion about the plasmonic nanoantenna related

processes are described.

In the following chapter stable AuNSs and their optical properties have been discussed along
with the synthesis process. A surfactant-free, simple, one step wet-chemistry method has
been used to synthesize these spiky AuNSs. The AuNSs has been seen to be stable in aqueous
media for more than five months. The characterization and the numerical analysis done here
indicate that these nanoantennas could be efficient for the real time and label-free detection of

protein markers at ultra-low concentration, useful for the disease detection at its early stage.

In the third chapter, a heterodimeric nanogap, created between a nanostar antenna tip and a
gold nanosphere was introduced. These hybrid nanoantennas were seen to have more
efficiency than a single gold nanostar antenna because of their higher intensity enhancement
capability at the hot-spots and also the optimum electric field map in the binding site area of a
molecule. It is worth to mention here that the attachment of suitable anti-bodies on the
surface of the nanoantenna could easily convert both of these hybrid antenna and AuNS

antenna to a promising biosensor useful for clinical diagnostics.

Later, breathing modes of AuNSs have been discussed. The AuNS antennas were seen to
have both the non-edge breathing modes and the plasmonic edge dipolar mode. The
plasmonic edge dipolar mode is useful to detect the protein molecules by using their localized
surface plasmon resonance (LSPR) effect like a conventional plasmonic biosensor. On the
other hand the non-edge acoustic breathing modes of AuNSs are helpful to determine the
mass of adsorbed analyte based on the cantilever principle. The mass evaluation, which
carries the information about the polarizability and the size of the biomarker, is essential to

have the information about the number of amino acids present in that molecule which is
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further necessary for the complete understanding of the molecular structure and to design the
anti-agent. Finite element method (FEM) simulations also verify here the presence of both

types of modes in these spiky nanoantennas.

In the last chapter of this part, a Fano system has been described. The reported Fano line-
shape arose from the coupling of the gold nanorod antennas dipped in a thermo-responsive
polymer matrix and a silver thin film. The study has also been extended with a spacer SiO,
dielectric layer with variable thickness. This Fano line-shape has been seen to respond to both
the change in external temperature and the refractive index. This will be help the system to
detect the foreign molecule in real-time with high efficiency and also to identify the marker’s
thermodynamic condition which is crucial for protein engineering. Here numerical analysis
has also been done for this system which verifies its Fano response as well as its capability to
have higher intensity enhancement at the hot-spots. With all these discussion part | of the

thesis get completed.

In the second part of the thesis plasmonic metasurfaces and their optical activities were
discussed. This part is majorly about the aluminium doped zinc oxide (AZO) nanopillars of
both hollow and solid nature.

In the first chapter of this part a general discussion about the metamaterials and metasurfaces

has been given.

For the second chapter, the metasurface composed of highly ordered high aspect ratio AZO
nanotubes (hollow pillars) were considered. AZO, because of its low-loss property is getting
popular as an alternate plasmonic material. These AZO nanotubes array system has seen to
have here H; gas sensing capability with low response time in room temperature. The low-
power optical measurement regarding these H, gas sensing indicates that this system could
find applications in industries. These nanostructures could also detect the presence of bacteria
by detecting their exhaled H, gas of lower concentration. Here, the gas sensing
experimentation with the solid AZO nanopillar structure establishes the importance of the
hollowness for gas sensing. In this section the FEM analysis is done to help ourselves to
understand clearly about the gas sensing process.

In the third chapter of this part AZO solid nanopillars arrays system was considered. For
these systems with air as the host material generalized Brewster angle (GBA) phenomena has
been realized for a particular range of angles which could be useful for many applications
including optical switch. Here the optical activity of these solid pillars is also discussed for
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the silicon (Si) host. In this case of Si host the GBA effect is not seen for any angle and in
any wavelength range but their optical activities is suitable to use them as polarization based

optical switches and other optical switches using different other optical parameters.

After these discussions, part 11 (last part) begins with a brief discussion about some of the
important additional projects done during my PhD. These projects are — twin photonic
nanojet (PNJ) related theoretical study, asymmetric sound transmission behaviour seen in 3D
printed acoustics metamaterials, focal-length tunability of metalens by properly implanting
the liquid crystals (LCs), and plasmon assisted cancer therapy.
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