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ABSTRACT

LOCAL FIELD ENHANCEMENT OF DIFFERENT CORE
SHELL NANO-PARTICLES PLACED OVER A
SUBSTRATE UNDER AN AFM TIP

Metal nanoparticles (NPs) interacting with the light in near-field undergoes lo-
calized surface plasmon resonance (LSPR) when the oscillating charges on the surfaces
resonates with the incident light frequency. The EM wave illumination at resonance
wavelength will result in field localization and absorption enhancement with localized
heating. Absorption enhancement and LSPR wavelength of nanoparticles can be ana-
lyzed with the hybrid structures such as core-shell NPs made of dielectric and metals.
The scope of thesis is the absorption behavior of core-shell NPs placed on a glass sub-
strate illuminated by total internal reflection,which creates surface evanescent waves.
The near-field coupling of core-shell NP is analyzed by changing the material compo-
sitions at core and shell with different size configurations, which is called volumetric
filling ratio of the core. The LSPR wavelength tunability and effective absorption effi-
ciency values of each pair are analyzed with respect to their size parameter. Moreover,
the sensitivity study of bimetallic core-shell NPs to changes in the refractive index of
the medium showed that increasing the dielectric medium refractive index can result
in increase in field intensity and red-shift of the LSPR wavelengths. For the localized
heating purposes, core-shell NPs are also considered with the AFM tip placed over
the NP. For this, wave polarizations and tip materials are compared for the spectral
absorption behavior of the NPs. It is shown that NPs can have multipeak resonance
either with absorption enhancement or damping. Designated problems are numerically
investigated by using an open source MATLAB™ toolbox, which is the vectorized

version of the discrete dipole approximation with surface interaction (DDA-SI-v).



OZET

AKM UCU ALTINDA DIELEKTRIK YUZEYE
YERLESTIRILEN FARKLI CEKIRDEK KABUKLU
NANOPARCACIKLARIN LOKAL ALAN GELISTIRMESI

Yakin alanda 1g1kla etkilesime giren metal nanoparcaciklar, ytlizeyindeki saliniml
yiklerin gelen 1g1n frekansiyla rezonansa girmesi ile bolgesel yiizey plazmon rezonansina
ugrarlar. Rezonans dalga boyundaki elektromanyetik dalga aydinlatmasi ile alan lokali-
zasyonu ve sogurma artigh bolgesel 1sitma olugur. Nanoparcaciklarin sogurma artist
ve plazmon rezonans dalga boylari, dielektrik ve metalden olusan c¢ekirdek-kabuklu
nanoparcaciklar gibi hibrit yapilar ile incelenebilir. Bu tezin kapsami toplam i¢ yansi-
mayla genligi azalan dalgalarin olugtugu cam yiizey tizerinde ¢ekirdek-kabuklu nanopar-
caciklarin sogurma davranmglaridir. Nanoparcaciklarin malzeme bilegimi ve cekirdek
maddenin volumetrik doldurma oranlar1 degistirilerek yakin-alan kuplaji incelendi. Her
parcanin boyut parametrelerine gore rezonans dalga boyu ayarlanabilirligi ve sogurma
verimi analiz edildi. Bimetalik yapilarin duyarlik caligmasi, artan dielektrik ortam
kirilma indisinin alan gsiddetini arttirdigini ve rezonans dalga boylarini kirmiziya kaydir-
digim gosterdi. Bolgesel 1sitilmas1 amaciyla, cekirdek-kabuklu nanopargaciklar tizerinde-
ki atomik kuvvet mikroskobu (AKM) ucu ile diigtiniildii. Bu yiizden nanopargaciklarin
spektral sogurma davraniglari i¢in dalga polarizasyonlar: ve u¢ malzemeleri kargilagtiril-
di. Nanoparcaciklarin ¢ift tepeli rezonanslarinda sogurma artimi veya sontimiiniin
oldugu goriildii. Problemlerin sayisal incelemeleri acik kaynakhh MATLABT™ araci
olan ‘vektorlestirilmis yiizey etkilegimli ayrik dipol yaklagimi (DDA-SI-v)’ kullamlarak
yapildi.
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1. INTRODUCTION

1.1. Nanotechnology

Nanoscale science and engineering are the emerging fields supported with the
interdisciplinary studies after the discovery of new materials, which are being made
of nanoscale building blocks (nanoparticles, nanotubes, nanolayers etc.), offering ad-
vanced performances of devices. The technology evolved within the nanoscale, which is
in the range of 1 to 100 nanometers, also gave rise to develop new and efficient methods
in manufacturing. Any given material property is associated with the material’s bulk
behavior until the critical length scale is exceeded. Hence, the behavior of the mate-
rials differs if it is considered at the nanoscale. With the discovery of size dependent
properties of the materials in 80’s, nanostructuring the materials for a specified func-
tionality has been rapidly emerged over the world [1,2]. Hence, the utilisation of the
nanomaterials leads up a potential breakthrough in nanoengineering. While there are
numerous applications in various industrial areas for engineering, there are also novel
applications in nanoscience such as developing improved materials, and identification

methods of nanosized materials.

There is a need for improved materials for challenging problems in both biomed-
ical and energy applications. As listed in Table 1.1, nanoscale technology offers large
variety of applications with their use as coatings, functional nanodevices, and high sur-
face area materials. For instance, metallic nanoparticles are used as contrast agents for
the biomedical applications such as imaging, labeling, and detecting due to their unique
optical properties in nanoscale. Moreover, the use of nanoparticles is also important
for targeted drug delivery, photothermal therapy, and photoacoustic imaging applica-
tions. [3-5]. Further researches in nanosized materials can promote the nanotechnology

for the development of functional products.



Table 1.1. Present and Potential Impacts of the Developing Technologies [1].

Technology Present Impact Potential Impact
Thermal barriers Targeted drug delivery
Dispersion Optical (VIS/NIR) barriers Gene therapy
and Coatings Imaging enhancement Multifunctional nanocoating
Ink-jet materials
Molecular sieves Molecule-specific sensors
High Surface
Drug delivery Large hydrocarbon
Area
Tailored catalysts or bacterial filters
Materials
Absorption/desorption materials Solar cells
Low-loss soft magnetic materials | Superplastic forming of ceramics
Consolidated
Nanocomposite cements Ultrahigh-strength materials
Materials
High hardness cutting tools Nano filled polymer composites
Terabit memory
Nano GMR read heads Micro processing
devices Nanotubes for high brightness
Biomedical sensors
Bioelectronics
Additional
Bio-catalysts Bio inspired prostheses
Biological
Single-molecule biosensors
Aspects
Designer molecules

1.2. Near Field Thermal Radiation

Radiative heat transfer is one of the fundamental modes of heat transfer that
plays an indispensable role in everyday life such as medical treatments, thermal insu-
lations, energy conversion systems, nanomanufacturing and numerous research areas.
Radiant energy exchange also varies from macro- to nano-scales with respect to the

governing physics considered. This exchange can be mainly categorized as far- and



near-field radiation based on the dominant wavelength, A, of emission and the length
scale of the geometry that the radiative energy exchange is considered [6]. For the
bodies separated by a distance, d, being larger than the dominant wavelength, which
is predicted from Wien’s displacement law, classical Stefan-Boltzmann law can explain
the radiative transfer. Wien’s law and Stefan-Boltzmann law link the radiative trans-
fer only to propagating modes of the electromagnetic (EM) fields that arise from the
charge density fluctuations at finite temperature of the material. These fluctuations
develop out of the chaotic motion of free electrons for metals, and they are limited by
electronic mean free path, [.. On the other hand, optical phonons of the ionic crystals
induce these fluctuations limited by a lattice constant. If the separation distance is
much smaller than the dominant wavelength of the emission, then the propagating
mode of electromagnetic waves on surface will lose its dominance and radiative heat
transfer between the bodies exceeds the value predicted by classical theory. In this
case, proximity, or near-field effects become dominant for the radiation as the larger
wave vector, from 27/)\y, to 27w/l., results in localized fields decaying exponentially
from the surface, which is known as surface evanescent waves. If the emitting body is
far from the receiving body, evanescent wave cannot mediate the heat transfer since
the time-average of Poynting vector (S) (i.e. radiative heat flux) normal to the surface
is zero. If the bodies become closer, then the receiver ‘feels’ the field effect and energy
flow can occur at such distances. This phenomenon is known as radiation tunneling or

near-field coupling [7].

1.3. Applications

The metallic nanoparticles have unique properties due to their high surface area,
surface plasmon resonance response, and quantum confinement of electron movement
which can be utilized in many areas. Noble metals such as gold, silver, and copper,
have always been the center of interest due to their unique plasmonic response. At
nanoscales, after a critical length scale (i.e. Fermi wavelength, \s) is exceeded, os-
cillating charges on the surface of the nanoparticle are forced to resonate with the

incident light frequency generating evanescent waves localized in the near-field. If an



object is placed within few hundred nanometers, they engage in a near-field coupling
resulting in EM field enhancement and increased absorption with localized heating.
This phenomenon takes place where the resonance occurs at the highest level of field

intensity and it is called as the localized surface plasmon resonance (LSPR) [8,9].

There are numerous applications based on the optical response of the nanopar-
ticles with their spectral absorption, scattering and extinction behavior at the LSPR
wavelengths, including sensing with surface enhanced Raman spectroscopy (SERS)
[10], near field optical microscopy (SNOM) [11], tip-enhanced Raman spectroscopy
(TERS) [12], cancer therapies with photothermal ablation and targeted drug deliv-
ery [13,14], imaging systems with contrast agents [15], and nano-manufacturing tech-
nologies [16,17]. Selective and localized heating of nanoparticles are essential in both
biomedical and nano-scale manufacturing applications. When the plasmonic parti-
cles are illuminated by an EM wave at a wavelength close to their LSPR wavelength,
particles are heated. Then, they can be used not only to ablate the tumor tissue
for photothermal therapies but also to tailor the surface by creating a deposit of
molten nanoparticles for nano-manufacturing [13,17,18]. The plasmonic response of
the nanoparticles are also used to enhance the sensitivity of the sensors for clinical, and
environmental purposes. As the wide interest is on the applications of nanoparticles,
quantization, and characterization of these materials in terms of their size and shape
are important subjects as well. The well-known tools for the characterizations are
transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray

photoelectron spectroscopy (XPS), and atomic force microscopy (AFM) [19].

Metallic nanoparticles (NPs) have also strong absorption behavior over entire
visible light spectrum due to their relatively large absorptive index (k). An increase in
metal particle size generally results in a red shift and damping of dipole resonance wave-
length due to reduced restoring force and decreased effects of interband transitions. It
should be noted that plasmon responses of the metal NPs are strongly dependent on the
surrounding or neighboring medium. Hence, biological detection through optical sens-
ing of refractive index of the surrounding medium can effectively be performed using

metal particles and their hybrid structures [8,20,21]. Both experimental and numerical



studies have shown that metal-metal core-shell nanoparticles can have hybridized plas-
mon modes, which are due to bimetallic structure inducing surface and cavity plasmons
depending on the core/shell ratio [21-26]. Hybrid plasmon modes of the metal-metal
core-shell nanoparticles can also be exploited for field enhancement, localized heat-
ing, optical detection, and controlled shell formation due to their wide tunability and
multi-peak response of localized surface plasmon resonance (LSPR) [15,26,27]. LSPR
response of metal-metal core-shell nanoparticles may not be well interpreted from their
core/shell ratio unlike the case with dielectric-metal pairs [28]. Since the plasmon peak
positions depend on the LSPR wavelengths of both core and shell plasmonic materials,
the positions, and their amplitudes of the LSPR can be affected by both composition
ratio and shielding of the metallic shell [21,25,28].

1.3.1. Nanopatterning and Local Heating

The concept of metals supporting surface plasmon polariton modes in the near-
field regime introduced the possibility of utilizing surface plasmon resonance of these
materials in nanopatterning applications. If a material supporting surface waves under-
goes a surface polariton excitation, the absorptance of the material suddenly increases
as the reflectance drops [29]. Since the excitation of surface polaritons are dependent
both on material and length scale of the system, manipulation of SPP modes and tun-
ing the localized surface plasmonic resonance (LSPR) of noble metallic nanoparticles
render lots of possibilities in nanoscale manufacturing [17,30]. Selective excitation of
nanoparticles, such as gold, copper, and silver, can occur in the near-UV and visible re-
gion of the light spectrum unlike the polar crystals being excited in the IR region [7,30].
Moreover, size and shape differences in aggregate nanoparticles can be used in selec-
tive heating, melting, and/or fusing by utilizing their SPR frequency differences. The
analytical models explaining near-field coupling have been done for simple geometries
such as plane interfaces and multilayered structures [7]. For spherical objects EM field
interaction can be explained by Lorenz-Mie theory with the dipole approximation of
small particles. Understanding the SPR behavior of metallic nanoparticles is crucial

when the particles are nearby. In that sense, the polarization direction and spacing of



the particles affect the SPR frequency. This fact is explained in [31] as the particle is
affected by additional forces that either decrease or increase the resonance frequency
according to the particle alignment with respect to direction of the field. For metallic
nanoparticles, surface charges create repulsive forces when the particle is excited. If
the field is parallel to the particle alignment as shown in Figure 1.1(c), repulsive forces
of the surface charges become weak and attractive forces develop between the parti-
cles. Therefore, parallel alignment of particles results in lower resonance frequency,
red-shifting. Contrarily, as shown in Figure 1.1(c), when the field is normal to the
particle alignment, both particles enhance the repulsion that increase the resonance
frequency, i.e. blue-shifting. More- over, resonance frequency does not change any-
more when the center-to-center spacing of gold nanoparticles, which are aligned either
parallel or normal to the polarization direction, is increased more than two times of
the diameter of the nanoparticles. The spacing, shape, and material effects on reso-

nance frequency of the nanoparticles are needed to be considered and studied widely
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Figure 1.1. Sketch of EM field interaction between (a) single particle, and pair of
particles aligned (b) parallel, and (c¢) perpendicular with respect to the field [31].



to fully understand their response in the near-field regime if one wants to utilize them

for nanomanufacturing.

Hawes et al. [30] numerically analyzed the scattering and absorption profiles of
nanosized particles on different substrates to study the spatial effects of particle ar-
rangements and excitation behavior of these particles in terms of their resonance fre-
quency and system configurations. Their computational study showed that 10 nm in
diameter of gold and silver nanoparticles with different spacings on different surfaces
such as glass, silver, and gold films have different absorption profiles under the illu-
mination by total internal reflection (TIR). According to their results, gold and silver
nanoparticles gain less absorption when they illuminated on silver film than on the
glass one. Moreover, decreasing the separation of gold and silver NPs on a glass sub-
strate resulted in red-shifting and blue-shifting of resonance frequencies of gold and
silver nanoparticles, respectively. This can be a powerful design tool to selectively
heat the desired particles at their specific resonance wavelength. Following with the
study of Hawes et al., several studies showed that local heating of gold nanoparticles
on a dielectric glass substrate can be implemented with the exploitation of surface
plasmon resonance and near-field coupling of an atomic force microscope (AFM) probe
at various nanoparticle separations, sizes, and probe-particle distances [17,32]. In this
configuration, transverse magnetic (TM) wave illumination is preferred for enhanced
absorption efficiency due to additional perpendicular component of the evanescent wave
from TM [9,17,32,33]. A numerical study for an array of gold nanoparticles on a glass
substrate under an AFM tip shows that redshift of the plasmon resonance wavelength
is observed with enhanced absorption when the separation distance of the particles
was increased to an optimal value [32]. The study of complex nanostructures on a
BKT substrate also showed that gold array with combinations of cubical and spherical
geometries can also provide a redshift of the plasmon resonance wavelength and greater

absorption efficiency [34].

Moreover, absorption enhancement and LSPR wavelength changes are observed
for the core-shell structures with dielectric and metal pairs, which can be utilized in

optical tuning and localized heating applications [28,33]. It is shown that near-field



coupling can enhance the absorption of gold nanoparticles placed on a dielectric sub-
strate under a dielectric tip due to perturbation on the dielectric environment [9].
Moreover, comparison of incident wave polarizations for the absorption enhancement
of gold nanoparticles showed that TM-wave illumination creates greater field enhance-
ment. This is attributed to the fact that TE polarization creates decaying evanescent
wave transverse to tip-NP axis, while the TM one has additional partial polarization
along the tip-NP axisleading to more perturbation on the dielectric environment of
the nanoparticle [9,33]. Nevertheless, the effect of dielectric tip on the absorption of
metal nanoparticles should not be generalized. Comparison of Ag and Au nanopar-
ticles showed that Si tip damps the absorption of AgNP in contrast with the case
of AuNP. The spectral absorption behavior of AgNP with Si tip results in increased
damping factor dominating over the driving force. However, an increase in driving

force domination results in absorption enhancement in the AuNP case [35].

1.4. Core-Shell Nanoparticles

As discussed in Section 1.3.1, the spectral position of LSPR of the nanoparticles
depends on their size, shape, and surrounding medium. In some applications, where
optimum field enhancement is aimed, tuning the LSPR position may not be guaranteed
with single component nanoparticles due to impurities, and/or difficulties in creating
the specified shape and size. Hence, the idea of using alloys as well as different core and
shell materials in the nanoparticle compositions draw great interest [27]. Other stud-
ies also report that hybrid structures of metal nanoparticles can have distinct optical
responses than the bare metal nanoparticles [36]. Especially for selective heating ap-
plications, dielectric core with large refractive index can be used to alter the plasmonic
response of the metallic particles [14, 18]. Other numerical and experimental studies
also show that silica core with gold shell nanostructures can increase absorption with
uniform heating [33] and LSPR response in a range of visible (vis) to near-infrared
(NIR) region of the spectrum [37]. Aim of using core-shell nanoparticle is to optimize
the plasmon response of the particles with greater field enhancement. Possible nanopar-

ticle combinations can be considered as metal-metal [27], metal- dielectric [38,39], and



dielectric-metal [39,40] core-shell structures.

1.4.1. Metal/Dielectric Core-Shell Pairs

One of the first experimental studies on core-shell nanoparticles was carried out
by Zhou et al. [36] with dielectric core-metal shell NPs. It was observed that shifting
of the plasmon resonance to longer wavelengths was possible varying gold shell thick-
ness. Dielectric core-metal shell NPs are studied in optical contrast agents, targeted
heat delivery, and photothermal ablation with their tunable LSPR wavelengths. The
most advantageous optical response of the dielectric-metal core-shell nanoparticles is
the redshift of plasmon peaks when the metal shell thickness is decreased. Therefore,
dielectric-metal core-shell nanoparticles are good candidates for in vivo diagnosis of
cancer tissues due to their optimum optical transmission through tissue within NIR
regime [37,41]. Oldenburg et al. [42] also showed that the optical resonance of silica
core and gold shell NPs can be easily tuned from visible to mid-infrared wavelengths by
increasing the core/shell ratio. Through numerical and experimental studies, similar
conclusions have been reached with the dielectric core and noble metal shell nanopar-
ticles [42,43]. Dielectric-metal core-shell nanoparticles are also sensitive to the changes
in the surrounding medium, where an increase of refractive index of the medium results
in both redshift and increased intensity, facilitating their use in refractive index sensing
applications [41,44]. Dielectric coating of metal core provides chemical and physical
stability of both the plasmonic core and the environment, while it can also prevent
agglomeration of the particles [38,39]. Metal-dielectric NPs can be used in photother-
mal therapy, biosensors, and solar cells with their enhanced plasmon resonance due to
stronger Coulombic interactions between polarization charges of the dielectric shell and
the free electrons in the plasmonic core as a result of the dielectric shell having larger
refractive index than the core. This phenomenon has also been studied experimentally
with gold core-silica shell for photothermal ablation techniques [45]. The numerical
comparison of dielectric-metal and metal-dielectric core-shell nanoparticles has shown
that gold core with silica shell has higher scattering/absorption ratio in NIR region,

which is preferred in solar cell applications [39]. Moreover, studies have shown that
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contrary to dielectric-metal core-shell NPs, metal-dielectric ones have redshifted plas-
mon as the shell thickness increases while their absorption efficiency responses mostly

depend on the volume of the NP and shielding effect of the dielectric shell [39].

1.4.2. Bimetallic Core-Shell Pairs

Zhang et al. [26] showed in their theoretical study that bimetallic structure of
core-shell NPs can have two different surface plasmon resonance (SPR) modes that
leads to two peaks with ordinary and extraordinary modes. They also showed that
different metal-metal arrangements can support both red-shift and blue-shift in the
short (extraordinary mode) and long (ordinary mode) wavelengths as the core/shell size
is varied. Since the field localizations occur both at the core-shell interface and at the
outer shell surface, the size configurations of metal-metal structures can be utilized for
optical detection and bio-sensing. Navas and Soni [46] experimentally and theoretically
showed that metal NPs can have enhanced absorption in water compared to those in
air. Moreover, they found that LSPR wavelengths red-shift as the excitation of surface
electrons needs smaller energy in medium with larger refractive index. Comparisons of
plasmon response of the metal NPs showed that Ag and Au NPs are good candidates
as they have higher refractive index sensitivity, which can be utilized in bio-sensing

applications.

1.5. Objective

Although there are numerous numerical studies based on NPs and their LSPR
response, most of them were analyzed within a free space without surface interac-
tions or in an aggregate form. As stated earlier, numerical study of silica core-gold
shell NP being placed on a BK7 substrate showed that enhanced absorption efficiency
and a redshift of the plasmon response can be achieved for selective heating and nano-
manufacturing purposes [33]. There are, however, limited number of studies on material
comparisons that will guide the experimentalists to the optimum configurations for the
enhanced effects. The objective of this study is to focus on the spectral absorption pro-

files of core-shell nanoparticles with various core-shell material and size configurations
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accompanied with surface interactions.

Chapter 3 is presented in this study as a follow-up investigation of [33] with single
core-shell nanoparticle placed on a semi-infinite BK7 glass substrate being illuminated
by an EM light from bottom with total internal reflection. The spectral absorption
behavior of core-shell nanoparticle is numerically studied with selected metal-dielectric,
and dielectric-metal pairs for core and shell materials, respectively. In this study,
volumetric filling ratio of core material to the whole nanoparticle will be utilized to be
able to set standards for size configurations. This ratio will be used for the comparisons
of metal and dielectric pairs with their LSPR response and absorption efficiency. This

problem and its results are also published in [28].

Moreover, in bio-sensing applications the NP is usually placed at an interface,
where it interacts with light and the surrounding media. Therefore, there is a need
for investigation of optical absorption behavior under varying core/shell size at an
interface so that these hybrid structures can be utilized in bio-sensing and material de-
tection. Hence, the second part of the study, Chapter 4 focuses on Ag and Au bimetallic
core-shell nanoparticles placed over a dielectric surface. Moreover, the absorption sup-
pression of metal nanoparticles under a dielectric tip as reported in [35,47] are also
applied to core-shell structures, with Si and GaP tips being analyzed considering their
spectral refractive index, especially where these materials behave as a dielectric for
the wavelengths greater than 490 nm [28,33,48]. Since the LSPR wavelengths of Ag
and Au NPs in 50 nm diameter are around 365 nm and 515 nm [28], respectively; the
damping of absorption in AgNP may not be effectively seen for longer wavelengths.
Therefore, there is a need for spectral absorption analysis in a wider range of spectrum

including the LSPR wavelength of both Ag and Au nanoparticles.

For bimetallic NP case of the study in Chapter 4, both Ag core-Au shell (AgQAu)
and Au core-Ag shell (Au@Ag) metallic NPs are studied with their LSPR response and
absorption efficiency profiles. Comparisons are done based on the plasmon responses
with respect to varying size configurations and surrounding mediums. The medium

refractive indices are chosen between 1 and 1.5 so that it can be applied to water,
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hemoglobin/plasma [41,49,50], and to other possible biological materials for bio-sensing
applications. Further analysis will be conducted on selected core-shell pairs with great-
est absorption scenario to compare the effect of near-field coupling of AFM tip on the

spectral absorption behavior.

In this comparison study, numerical simulations are performed with DDA-SI-v
for absorption efficiency calculations of core-shell NPs with at most 50 nm in diameter.
This extensive study is expected to shed light on the material selections with their ef-
fects on the absorption efficiencies that can be useful for localized heating applications,

bio-sensing, and nano-scale manufacturing.
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2. THEORY AND NUMERICAL METHODS

2.1. Theory
2.1.1. Fluctuational Electrodynamics and Fluctuation-Dissipation Theorem

Through the solutions of Maxwell equations, classical electromagnetic wave the-
ory can explain the well-known radiative transfer equations in terms of reflection, re-
fraction, and diffraction. However, for the near-field calculations, the effect of oscillat-
ing dipoles to the thermal emission in the forms of propagating and evanescent wave
is not included in the classical approach. The first theoretical attempt to solve this
problem was done by Rytov in 1953 following with Polder and Van Hove’s modeling
for thermal emission [6,51]. At a macroscopic level, fluctuational electrodynamics (FE)
transforms the Maxwell equations from time-domain to frequency-domain and focuses
on the thermal fluctuations of charge and current volume densities, p and J respec-
tively, that result in EM field fluctuations in local thermodynamic equilibrium [6,7]. In
FE, fluctuations of the field are ascribed to random external sources defined with their
location and frequency, J” (r,w). Randomness of these sources comes out with a need
for the solution of stochastic Maxwell equations, which can be done with a method
of dyadic Green’s function (DGF), and method of potentials [7,51]. The electric and

magnetic fields obtained with those methods are;

B(F,w) = iwp, / GE(F, 7 ) TH (7 w)dV (2.1)
1%

(7 w) = iwp, / GH(7 7 W) T (7, w)dV"’ (2.2)
1%

where G¥ and G ¥ are dyadic Green’s function of electric (E) and magnetic (H) fields,

respectively. DGF's relate the field observed at 7 with frequency w resulting from the
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source at 7’. DGF's of electric and magnetic fields are represented as;

= 1
GE(F 7 w) = [1 + @vv} G (7,7 w) (2.3)
GH(F 7 \w) =V x GEF 7, w) (2.4)

1/2

where I is 3 x 3 identity matrix, k = (w?eu,)'/? is magnitude of the wave vector, and

(G, is the scalar Green’s function. By using Green’s function, radiative heat flux can

be obtained from the cross product of E and H fields as follows;

(S(7w)) = 23?(in0 /V av’ /V av” [iz(anGZ* — GE G4

GGE G — GEGI) 4 5(GE,GH - GE.GIY) | SCF)

(2.5)

SCF = (J1(7,w)J (7", w)) (2.6)

where SCF is the spatial correlation function of the random sources as an unknown that
can be solved with fluctuation-dissipation theorem (FDT) with certain limitations. Al-
though some of the FDT restrictions can be discarded or relaxed, the main assumptions
for the FDT are the isotropic, nonmagnetic media defined with frequency dependent
dielectric function, e(w), within local thermodynamic equilibrium [6,51,52]. In thermal
radiation, FDT correlates the local temperature and J" to obtain a reasonable heat

flux expression, which can be shown as;

_ 2k20(w,T)
N T

(S(7,w)) 3%(@5'(@ /V dv'(;gae{g;) (2.7)

O(w,T) = ﬂ[exp(ﬂ) —1] (2.8)
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where k, is the magnitude of the wave vector in vacuum, and ©(w,T') is the average
energy of an oscillator decreasing exponentially, which is found by Max Planck, in
1990, with the discovery of energy quantization. Moreover, mean energy of a Planck
oscillator induces the well-known Stefan-Boltzmann law at large wavelengths, which

falls in the far-field regime [53].
2.2. Electromagnetic Local Density of States (LDOS)

Local density of EM states is a generalized local form of the density of states
(DOS) that is used for calculating the macroscopic quantities such as energy density
in this survey’s topic. In [54], LDOS at any point is expressed as the sum of location
dependent and independent terms. Joulain et al. [55] described the LDOS as the
multiplier of a mean energy of a Planck oscillator which yields the local density of

spectral electromagnetic energy such as;
ulFw,T) = p(Fw)0(w, T) = [l EFw)) + mol HFEw)D]  (29)

where p(7, w) is the function of local density of states including the electric and magnetic
contributions [54-56]. This definition is proved to be useful, when density of states
becomes prominent for the inside of the material. Narayanaswamy et al. extended the
definition of LDOS for absorbing media by including spatial dispersion, and by splitting
the function into homogeneous, and inhomogeneous parts [54]. Joulain et al. used
the analogy between Scanning Tunneling Microscope (STM) measuring the electronic
LDOS in order to relate the signals of Scanning Near-Field Optical Microscope (SNOM)
to the electromagnetic LDOS. They showed that resonance frequency of the material
in the near-field experiments yields and electric contribution of LDOS [55]. Moreover,
it is shown that when the length scale is reduced, resonance frequency of the real
materials, i.e. metals and dielectrics whose dielectric function £(w) is described by a
free-electron Drude model for near-UV and IR spectrum, resulted in large density of
electromagnetic states. Hence, heat transfer enhancement can be achieved by dipole

resonance in near-field regime. As shown in [6,55], transverse magnetic (TM) polarized
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surface waves in materials increase the energy transfer more than the transverse electric
(TE) polarized ones in the near-field regime. Until now, the relation between density
of states and effect of surface waves in near-field radiation have been discussed. The
next discussion will be based on the surface wave supporting materials and their usage

in local heating for nanostructures and energy conversion devices.
2.2.1. Surface Phonon-Polariton and Surface Plasmon-Polariton

As discussed above, chaotic motion of oscillating charges in metal and optical
phonons in ionic crystals results in exponentially decaying fields that are called evanes-
cent waves. If the separation of the surfaces, d, approaches to zero, evanescent waves
can decay in each surface material. Surface plasmon-polariton (SPP) results from the
longitudinal out of phase oscillations of electrons in metals whereas surface phonon-
polariton (SPhP) occurs due to transverse oscillations of optical phonons in ionic crys-
tals. Dispersion relations for both TE and TM polarized waves play an important role
in order to understand the effect of surface waves in near-field radiation. For instance,
when the poles of Fresnel coefficients for TE and TM polarization of materials are
considered for 2D geometry, it is shown that surface polariton can exist naturally for

TE polarized wave. On the other hand, TM polarized wave can only result in surface

(a) Surface polaritons (b) Propagating waves (c) Total internal reflection
ki >k0|«f;| k <k, ko <k, <k0|\/g‘

QSPP QTIR

Figure 2.1. Tllustration of near-field radiative heat exchange between plates due to (a)
coupled surface polariton modes, (b) propagating waves, (c) evanescent fields by total

internal reflection (TIR) [57].
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waves if the dielectric function of the medium, &,,(w), has negative real part [6]. As
shown in Figure 2.1, there are three types of waves that can occur between emitting

and absorbing media.

Although SPP modes of waves in noble metals such as gold (Au) have relatively
small mean energy of Planck oscillator as compared to SPhP modes due to Drude model
dielectric function, plasmon frequency of these noble metals in tunable by varying
the charge carrier densities. Moreover, metals have wide frequency range of negative
permittivity, which can be utilized with their resultant SPP modes. By changing the
surface properties of the material, near-field radiative energy exchange can be enhanced
[52,57]. Boriskina et al. showed that there can be various film-substrate combination
of phase change materials to tailor the spectral behavior of the heat flux between
media.They exemplified some of the tunable materials as vanadium dioxide (VOy),
indium tin oxide (ITO), although they correspond to lower enhancement than the polar
dielectrics. Lastly, plasmonic film usage in substrates is proposed as a powerful tool
to enhance energy transfer in some applications such as thermo-photovoltaic (TPV)

energy conversion devices [57].

2.3. Numerical Methods

Electromagnetic wave interactions with NPs and their resulting optical response
can be studied numerically with the computational electromagnetic methods (CEM)
through the solutions of Maxwell’s equations. The discrete dipole approximation
(DDA) is one of the semi-analytical CEM for which the nanoparticle is represented
by a number of dipoles. Since the general formulation of DDA, developed by Purcell
and Pennypacker [58], many open source DDA methods have been implemented such
as DDSCAT written in FORTRAN [59,60], and ADDA written in C++ [61]. Another
open source MATLAB™ toolbox, DDA with surface interactions (DDA-SI), was de-
veloped by Loke and Mengii¢ [62] for the objects placed on a dielectric surface. The
method was extended for configurations, where nanostructures are placed over a di-
electric substrate by considering the Sommerfeld integral formulation. The toolbox is

validated against microwave analog experiments, and other discretization methods for
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Figure 2.2. Spherical particle represented with N = 81, 552, 7208.

particles on a surface [63,64]. The toolbox was further improved for computational ef-
ficiency adopting a vector formulation in the vectorized version of DDA-ST (DDA-SI-v)
by Talebi-Moghaddam et. al [33], where verification of the method is also provided.
Recently, an updated version (DDA-SI-z) is developed by Rostampour-Fathi et al. for

improved solver performance [34].

2.3.1. DDA-SI and DDA-SI-v

Discrete dipole approximation with surface interaction (DDA-ST) and vectorized
version of it (DDA-SI-v) are useful semi-analytical methods for the analysis of near-
and far-field scattering of objects placed on and near the substrate. The calculations
are done through the discretization of dipoles with assigned dipole coordinates, and
incident electric field at each dipole. In this section, the basic calculations for near-field
interaction of the spherical nanoparticle and surface evanescent wave created by the

total internal reflection (TIR) will be outlined.

Representing the dipoles at an accurate level is the first step of the implementa-
tion. The point dipoles of the object are created with the coordinates, 7} = (z;, y;, ;).
where j=1,...,N. An example of the spherical structure approximated with different
number of dipoles are depicted in Figures 2.2, where the equivalent spherical volume is
defined with the cubic volume occupied by N-dipole with lattice spacing, d, as defined
in Equation 2.10.
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Figure 2.3. A schematic view of incident TM (a), and TE (b) polarized waves being
incident below the dielectric substrate with total internal reflection that creates

surface evanescent waves decaying in z-direction [16].

Nd® = -ma (2.10)

where a is defined as effective radius of the spherical particle. It should be noted
that randomly generated dipole coordinates are nondimensional values that need to
be converted into nanometer scale which is done by scaling lattice parameter with the

incident wavelength A\ as shown in Equation 2.11.
d
d=— 2.11
’ (211)

where d* is then used to calculate the scaled geometry of the sphere, which are 7, =

Fid* and agy, = al™!.

After setting the geometry of the particle, surface decaying wave is to be for-
mulated by defining the incident EM wave polarization characteristics and angle of
incidence, 6;, of the light illuminated from below the substrate. For the simulations
the polarization directions are set as reference to the scheme shown in Figure 2.3. If the
incident wave angle, 6;, is beyond the critical angle, 6., calculated with Snell’s law of

refraction in Equation 2.12, then the resultant wave vector and polarization direction
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vectors can be calculated by the Equations 2.3.1.

nicos(61) = nacos(fz) and 0. = arcsin(ng/ny) (2.12)

ke=10 2mnysin(0;) i2m\/nisin(6;) —n3 |
(2.13)

€p =10 icos(f,) sin(f,) ] and €&s=[10 0]

where n; and ny are refractive indices of the dielectric surface and upper medium,
respectively. The angle of the refracted wave in the upper medium is shown as 6, in
Equation 2.3.1, which is found from the Snell’s law in Equation 2.12. In Equation 2.3.1,
k. is defined as surface evanescent wave vector. Following €, and €5 unit vectors are
found as the polarization directions of TM and TE wave vectors, respectively. These
vectors are used with the Fresnel formula to find the transmitted fields in the upper
medium, which are F, and E;. Then, the final resultant evanescent wave,E, above the

substrate is shown as;

—

E.=FE,+E, (2.14)

Assume that the point dipole represented at r; undergoes a field interaction from other
dipoles at r;. In the presence of a surface, the dipole-dipole interaction matrix, Az,
formulation should be extended with the Sommerfeld integral tensor to evaluate the
Green’s function for the field created from reflected-dipole interaction. After construct-
ing the interaction matrix, the linear system can be solved to find dipole moment, P
after which extinction, absorption, and scattering cross-sections and their efficiency
can be evaluated [62]. The detailed formulation can be found in [16,62]. One example
is given for the absorption efficiency is given in Equation 2.15, ()4, which is the ratio

of absorption cross-section, Cys, to the cross-sectional area of sphere with radius agpp;

OCL S
Q(lbs = 2b (215)

Mgy,
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3. METALLIC/DIELECTRIC CORE-SHELL
NANOPARTICLES ON A DIELECTRIC SUBSTRATE

3.1. Problem Statement

The system consists of single core-shell NP, which is placed on a semi-infinite
BKT7 glass substrate in vacuum (n=1). As shown in Figure 3.1, an incident wave is
illuminated from below the dielectric surface with an incident angle greater than the
critical angle for total internal reflection (TIR) that results in surface evanescent waves
interacting with the nanoparticle. Unlike the study in [33], TE-polarized (rather than
TM-polarized) EM wave illumination in the wavelength range from 300 nm to 800 nm

is considered. Since we do not consider any vertically placed AFM probe, it is not

Surface
Evanescent
Wave
k-vector
R B ————
z
R T
Air . P
Dielectric Substrate | - T——_—n
hﬁ 3

1
Incident Wave
e\ > eC
Total Internal Reflection

Figure 3.1. A schematic view of the configuration for single core-shell system being
represented with core radius (R.) and outer shell radius (R;). TE-polarized wave is
incident with an angle greater than the critical angle (6.) for TIR under the BK7
substrate that creates surface evanescent wave propagating and decaying in y- and

z-directions, respectively.
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Table 3.1. Core and shell sizes for FC and FNP cases of metallic-dielectric NPs with

corresponding volumetric filling ratio (f,.) ranges.

NP Type |D. (nm) | D, (nm) | f. Range
Fixed Core 20 22-50 | 0.751 — 0.064
(FC) 20 20 1
Fixed NP 15-45 50 0.027 - 0.729
(FNP) 50 50 1

required to use TM-polarized wave for field enhancement. Moreover, the simulations
with TM-polarization have the same LSPR wavelength responses with slight decrease
in absorption efficiency values. Therefore, the results presented for TE waves are
also representative of TM polarization cases. In the analysis, dielectric-metallic and
metallic-dielectric core-shell pairs are used. Materials chosen include gold (Au) and
silver (Ag) for metals, and Gallium phosphide (GaP) and Silicon dioxide (SiOj) for
dielectrics. GaP is chosen due to its imaginary part of the refractive index, k, being
nonzero for the wavelengths smaller than 490 nm. Unlike in the case of SiO,, GaP has
real part of the refractive index, n, greater than 3 that can create broadband near-field

response and field confinement in sub-wavelength volumes [48,65].

The absorption efficiency calculations are carried out for both varying shell thick-
ness with fixed core diameter (D,=20 nm) and varying core size with fixed NP diameter
(Ds=50 nm). LSPR response of the particle is investigated through both fixed core
(FC) and fixed nanoparticle (FNP) sizes. Size configurations are then used for the
comparisons based on the volumetric filling ratio (f,), which is defined as the ratio of
the core volume with radius (R.) to the nanoparticle volume defined based on shell
radius (R;), fr = (R./Rs)*. The summary of size configurations is tabulated in Table

3.1 with the corresponding f, ranges.
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For the simulations, refractive index of the core-shell nanoparticle materials are
obtained from experimental measurements of [66] for Au and Ag while the data for GaP
is used from [67]. For the optical properties of BK7 substrate and SiOs, an empirical

relation of refractive index and wavelength is used with Sellmeier equation.

3.2. Numerical Aspects

The DDA analysis through DDA-SI-v requires use of adequate number of dipoles
(N) for an accurate representation of each nanoparticle. The optimum dipole number
is identified as 1472, where the predicted absorption efficiency values converge. The
lattice spacing (d) criterion is also considered especially for the metals that have large
imaginary part of the refractive index at long wavelengths after 500 nm [60]. The
lattice spacing of each material being used for the simulations show that the minimum
lattice spacing is d,,;, = 5.57 nm for GaP with refractive index of 3.75+2.06i at 300
nm wavelength. The number of dipoles is selected larger than the one required for the
minimum lattice spacing. Corresponding lattice spacings of the nanoparticles are then
calculated based on nanoparticle volume (V') as, d = (V/N)3. For the selected number
of dipoles (N = 1472), the calculated lattice spacings are d;, = 1.06 nm and d,q,
= 3.54 nm for the limiting values of minimum core size (R. = 7.5 nm) and maximum
NP size (Rs = 25 nm), respectively. Hence, the nanoparticle representation with 1472

number of dipoles is enough for the lattice spacing criterion.

3.3. Results and Discussions

The absorption efficiency (Qus) is defined as the ratio ofabsorption cross-section
to geometrical cross-section of the targeted NP. Accurate calculation of Qs requires
adequate number of dipoles. Hence, the spectral absorption behaviour of specified core-
shell nanoparticle being placed on BK7 glass substrate is studied with DDA-SI-v by
using optimum number of dipoles (N = 1472) that is identified based on the converged
maximum absorption efficiency values having less than 5% relative error with respect
to the predicted values using N = 7208 dipoles. Moreover, DDA-SI-v simulations for a

single NP in free space is compared with the analytical solution of Mie theory and the
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other DDA method, DDSCAT. The relative errors for the simulations are estimated as
6.3% and 4.1% when the maximum absorption efficiency values are compared against
DDSCAT and the Mie theory, respectively. In both validation and verification studies
of DDA-SI-v, the LSPR peak wavelengths are estimated with a relative error less than

5%.

After identifying the adequate number of dipoles, TE polarization of an EM
wave is studied to identify the highest absorption efficiency value. The simulations
are carried out based on the specified light spectrum range (300 - 800 nm). For each
dielectric-metal and metal-dielectric core-shell NPs, there are two cases considered, one
with fixed core (FC) and varying shell thickness, and one with fixed NP (FNP) size
with varying core diameter. For both cases, a common metric is defined as volumetric
filling ratio, f,, as stated in Section 3.1. This dimensionless ratio is in the range of 0 -
1 (or equivalently, 0 - 100%) and it represents the core occupancy with respect to the
overall NP volume. As the filling ratio increases in the FC case, the thickness of the
shell material is decreased with decreasing NP size. Similarly, an increase in core size

results in increasing filling ratio, while the NP size is fixed in the FNP case.

The following two sections are the results of dielectric-metal and metal-dielectric
core-shell pairs and their spectral LSPR response with respect to size configurations.
The scatter plots are designated to label the first maximum LSPR peak wavelengths
with corresponding absorption efficiency values, Qus, as a function of f,.. The contour
plots of absorption efficiencies with respect to size and wavelength are only shown for
the FC case. The effect of the core size on the range of the LSPR wavelengths is
also discussed in the sections in order to compare the range of LSPR tunability of the
dielectric-metal pairs. Further analysis is carried out for selected core-shell NPs, which
are SiOy core-Au shell and Au core-GaP shell, with their normalized field intensities
for different core diameters. The effect of core size on the EM field localizations is
shown for these selected core-shell NPs, while the overall NP diameter is kept at 50

nim.
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3.3.1. Dielectric Core with Metal Shell

For this case, the results are depicted from Figure 3.2 to Figure 3.4. The absorp-
tion profiles of GaP core-Ag shell for both FC and FNP cases show a linear relation
with respect to f,. of the GaP core. Figure 3.2(a) shows the maximum absorption ef-
ficiency values located near the LSPR wavelength of the bare Ag NP, which is around
365 nm. In this contour plot, apart from the first absorption maxima locations, the
secondary peaks of LSPR response can be seen in cases with the outer shell diameter
between 30 — 40 nm. In this range, hybrid modes with multipeak LSPR wavelengths
are observed. Similar multipeak response is observed for the FNP case when the core
diameter is between 25 — 35 nm. In this scenario, the primary LSPR wavelength sup-
ports EM field localizations both at the GaP core and the outer shell surface. Since
the GaP has only the real part of the refractive index for the wavelengths longer than
490 nm, the secondary plasmonic mode causes field localizations at core-shell interface

and Ag shell surface when the LSPR wavelength exceeds 490 nm.
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As shown in Figure 3.2(b) for the fixed GaP core size, decreasing the f,. by
increasing the Ag shell thickness results in a significant increase in the absorption
efficiency from 0.83 to 3.77, while the corresponding LSPR wavelengths redshift from
335 nm to 360 nm. Similar response is observed in the FNP case with the increase of
absorption efficiency from 1.95 to 4.09 and the total redshift from 335 nm to 365 nm
when the GaP core size is decreased. It can be deduced that for both FC and FNP
cases, increasing the f, of the GaP core results in decreasing Qs with a blueshift of
LSPR wavelength. When the f, of the GaP core is increased, the field localization
takes place on the outer surface of the Ag shell. Therefore, the NP with dielectric GaP
core with relatively thinner absorbing shell material has smaller maximum absorption

efficiency values.

The second case of the Ag shell is presented in Figures 3.2(c) and (d) with SiOq
core material, which has larger redshift than the case with GaP core. In Figure 3.2(d),
an increase of f,. of the SiOs core is shown with total redshifts by 355 nm and 180

nm for FC and FNP cases, respectively. Silica core having f, greater than 30% results
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in decreasing absorption with a redshift in LSPR response. However, the absorption
efficiencies and the LSPR wavelengths have no linear relation with the f.. Moreover,
comparison of the absorption efficiency values with the bare Ag NP with 50 nm di-
ameter, which has maximum @), value of 4.54 at 365 nm, showed that absorption
enhancement of 8.81% is possible. The maximum absorption efficiency is found as 4.94
at 375 nm when the f, of Si0O52 core is 12.5% with 10 nm Ag shell as can be seen in
Figure 3.2(d). For the NP diameter between 40 — 50 nm as shown in Figure 3.2(c),
secondary peak regions can be observed because the shell thickness starts exceeding
the skin depth (12 nm). Moreover, in these ranges, where the f, of the dielectric core is
below 20%, most of the absorption takes place within the shell material. In the Figures
3.2(b) and (d), both core-shell structures have LSPR wavelength patterns converging
to 365 nm as the f, of the dielectric core decreases, and Ag shell starts to dominate
the plasmon response. Comparing Ag shell with dielectric core cases showed that wide
tunability can be achieved with SiO, core, which redshifts the LSPR wavelength from
the ultraviolet (UV) to the near-infrared (NIR) region of the light spectrum. However,
wide tunability of LSPR response is not achieved when the core is GaP due to its
non-zero imaginary part of refractive index, k, for the wavelengths smaller than 490

nim.

The absorption efficiency patterns for FC and FNP cases of the Au shell with
GaP are presented in Figures 3.3(a,b), which show a wide range of tunability with small
secondary peak regions. We observe that the LSPR wavelength values stay constant
with decreasing absorption efficiency when the f, of the GaP core increases up to 15%,
for both FC and FNP cases. As shown in Figure 3.3(a), further increase of the f,
shows that first peak values of LSPR wavelength redshift to the 570 nm whilst the
non-absorbing core reduces the absorption efficiency of the NP. There is a limiting f,
value for the core resulting in blueshift of the first LSPR wavelength when it is greater

than 50%.

From the Figures 3.2(b) and 3.3(b), it can be observed that GaP core with the Au
shell has large tunability with the range of 400 — 640 nm where the LSPR wavelength
of the bare Au NP stays in between. On the contrary, the tunability of GaP core
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with Ag shell has narrower range of 335 — 365 nm that cannot go beyond the LSPR
wavelength of the bare Ag NP (365 nm). Although GaP core with Au shell provides
larger tunability of the LSPR wavelength, its absorption efficiency values are below the

ones with the Ag shell.

The absorption profiles of SiO, core with Au and Ag shell cases shown in Figures
3.2(d) and 3.3(d) reveal that increasing f, of the core after 0.2 results in a redshift
of LSPR wavelength. Figure 3.3(d) depicts total redshift of LSPR wavelengths of 195
nm and 125 nm for FC and FNP cases, respectively. Due to the hybrid structure of
the NP, secondary peaks similar to the case of GaP core-Au shell can be observed in
Figure 3.3(c) for SiOy core-Au shell. Contrary to SiOy core-Ag shell case, maximum
absorption efficiency values of SiOy core-Au shell has a smoother trend with respect
to the f,, as shown in Figure 3.3(d). For the FC case in Figure 3.3(d), decreasing the
Au shell thickness decreases the absorption of the NP, while the LSPR wavelengths
increase. Similar LSPR shift is observed in the FNP case with the maximum absorption

efficiency values being enhanced to 1.34 at 535 nm wavelength when the f, of the core

is 30%.

As shown in Figures 3.4(a-c), the EM field localizations takes place between the
core-shell interface and the outer surface of the metal shell. The case in Figure 3.4(b)
shows the field intensity localizations in detail. Increasing the SiOy core size results
in high energy confinements distributed evenly in thin shell structure while the LSPR
wavelength of the NP redshifts from 515 nm to 640 nm. Moreover, compared to bare Au
NP, maximum absorption efficiency is enhanced by 30% with SiO5 core-Au shell case.
Further increase of dielectric core volume for FNP case shows decreasing maximum
Qups values, which are still larger than the absorption efficiency of bare Au NP with

50 nm diameter.

It is observed that SiOy core with Au and Ag shell cases have greater maximum
absorption efficiencies due to the evenly distributed field localizations in the metal
shells by comparing dielectric core/metal shell cases in Figures 3.2 and 3.3. However,

when GaP is used at core, field localizations can shift to the core with a reduction of
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absorption efficiency of the NP.

Moreover, metal shell domination is observed for dielectric cores with f, values
smaller than 0.2 that results in LSPR wavelengths to be located around the LSPR
wavelength of the bare metallic NP. For dielectric core-metal shell pairs, it is found
that increasing f, of the core material results in a redshift of the LSPR wavelength
except in GaP core-Ag shell case, which can be attributed to nonzero imaginary part of
the refractive index of the GaP for the wavelength range given for this pair. Therefore,
the effect of dielectric cores on the plasmonic response of these core-shell pairs cannot
be generalized and these pairs should be considered individually in order to study their

absorption behavior and LSPR response.
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Figure 3.4. Normalized field intensity plots for SiOs core/ Au shell (a-c) and Au
core/ GaP shell (d-f) NPs with a cut on x = 0 plane and D, = 50 nm. Each case is
shown with respect to k-vector direction. (a) D, = 15 nm, A4, = 515 nm, maximum
Qavs = 1.04. (b) D, = 33 nm, A4 = 535 nm, maximum Qs = 1.34. (¢) D. = 45
nm, Ay, = 640 nm, maximum Qg = 1.06. (d) D. = 15 nm, A = 300 nm,
maximum Qus = 0.58. (e) D, = 27 nm, e = 705 nm, maximum Qs = 1.12. (f)

D, = 33 nm, \,,q; = 660 nm, maximum Qqs = 1.61.
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3.3.2. Metallic Core with Dielectric Shell

Contrary to dielectric core-metallic shell pairs in the previous section, metallic
core-dielectric shell NPs have opposite LSPR response especially for their tunabil-
ity range. Comparing the Figures 3.2(a,b) and 3.5(a,b), the total LSPR shift of the
GaP/Ag pairs is observed to be greater for Ag core-GaP shell. As the f, of Ag core
decreases, LSPR wavelength of the Ag core-GaP shell shifts from 465 nm to 620 nm
for FC case, and from 445 nm to 630 nm for FNP case, as shown in Figure 3.5(b).
Compared to the LSPR wavelength of the bare Ag NP, redshift of LSPR wavelength is
observed for both FC and FNP cases of Ag core-GaP shell NP. Moreover, absorption
enhancement of 4% can be achieved if Ag is at core rather than being at shell when it
is paired with GaP. For both FC and FNP cases, almost 60% f, of the Ag core leads
to the highest absorption efficiency values. While the maximum absorption efficiency
of single Ag NP with 50 nm diameter is 4.54 at 365 nm, the maximum absorption
efficiency is found to be 4.74 at 510 nm for the Ag core-GaP shell with FNP case in
Figure 3.5(b). Hence it is possible to use Ag core-GaP shell for enhanced absorption
with a redshifted LSPR wavelength. The absorption profiles of Ag core-GaP shell in
Figure 3.5(b) for both FC and FNP cases exhibit similar pattern with respect to f.
Decreasing the f, of the Ag core results in LSPR wavelength shifting from 365 nm to
longer wavelengths. Contrary to GaP core-Ag shell case, where increasing the GaP
core results in blueshift of LSPR wavelengths, increasing the GaP shell volume relative
to the Ag core provides a redshift of LSPR. This opposite LSPR response is due to the
increasing dielectric constant of the surrounding medium of Ag with the introduction

of GaP shell.

Similar to the GaP/Ag pairs, the LSPR responses of Si02/Ag pairs show different
phenomenon, when the core and shell materials are switched. As shown in Figures
3.5(c,d), the range of LSPR wavelengths of Ag core-SiOs shell is narrower as compared
to the ones in SiO, core-Ag shell case being presented in Figures 3.2(c,d). For both
FC and FNP cases, changing the f,. of Ag core results in only 40 nm change of LSPR
wavelength. There is an obvious trade-off between the absorption enhancement and

LSPR wavelength with the tunability of the NP. As stated in dielectric core-metal



31

shell section (3.3.1), SiOy core-Ag shell can have absorption enhancement of 8.81%
with 355 nm of LSPR wavelength shift in FC case. However, when the core and shell
are switched to Ag and SiOs, respectively, absorption enhancement of 19% is obtained

with an absorption efficiency of 5.40 and 25 nm redshift of LSPR wavelength.

As shown in Figures 3.5(c,d), decreasing the f, of the Ag to 30% results in a
redshift of LSPR peak wavelengths. Further decrease in the f, of the Ag core with
both GaP and SiO, dielectric shell cases, shell starts to dominate over the plasmon

response with damping of absorption and fluctuating LSPR wavelengths.

For the GaP core-Au shell being shown in Figures 3.3(a,b), maximum absorption
efficiency of the NP is below 1 with LSPR wavelength at 515 nm. However, when Au
core-GaP shell pair is investigated, maximum absorption efficiency is obtained as 1.61
at 660 nm of LSPR wavelength with 30% f, of the Au core in the FNP case, as shown
in Figures 3.4(f) and 3.6(b).

Considering bare Au NP having maximum absorption

efficiency of 1.03 at 515 nm wavelength, GaP shell with Au core can both enhance
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the absorption up to 56% and redshift the LSPR wavelength by 145 nm. Moreover,
tunability of LSPR wavelength is greater than the case with GaP core-Au shell. As
shown in Figures 3.6(a,b), decreasing Au core f, results in LSPR wavelengths being
shifted from 550 nm to 705 nm. Similar redshift effect of the increasing dielectric shell
was observed with the Ag core-dielectric shell cases as the dielectric constant of the
surrounding medium is increased due to the introduction of shell. As shown in Figure
3.6(b), decreasing the f, of the core below 30% drastically decreases the absorption
efficiency as the GaP shell dominates the plasmon response of the core-shell at lower

wavelengths.

As discussed in Sections 3.1 and 3.3.1, the wavelengths smaller than 490 nm can
induce absorption in GaP material due to its nonzero imaginary part of the refractive
index, k. Hence, most of the field localization takes place on the GaP shell with LSPR
wavelength of 300 nm, as shown in Figure 3.4(d). Figures 3.4(e,f) depict increasing
the Au core size, while keeping the NP diameter at 50 nm, shifts the maximum field
intensity regions towards the Au core with greater absorption efficiency values. Since
the LSPR wavelengths are greater than 490 nm in Figures 3.4(e,f), GaP shell can act
as a perfectly dielectric material, which can induce a redshift of LSPR wavelengths

with an increasing shell thickness.

As shown in Figure 3.6(a), for the FC case with the outer shell diameter between
40 — 50 nm, primary and secondary LSPR regions exist although the absorption is
observed to be relatively low. Further decrease in the shell diameter prevents formation
of the multiple peaks of the LSPR response as the Au core starts to dominate over
GaP shell. Au core domination is also observed in Figures 3.4(d-f) and 3.6(b), where
the LSPR wavelengths also blueshift towards the LSPR wavelength of the bare Au NP.

The GaP shell extends the range of LSPR wavelengths for both metallic cores.
On the other hand, the SiO, shell restricts the range of LSPR shifts. Comparing the
Figures 3.3(d) and 3.6(d) for SiOs/Au pairs, it is observed that the range of LSPR
wavelengths narrow down from 195 nm to 20 nm when SiO, shell is used. Moreover,

shielding of SiO shell leads to the lower absorption efficiency values with decreasing
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fi of the Au core, as shown in Figure 3.6(d). Hence, the absorption enhancement with

respect to the bare Au NP cannot be achieved with this core-shell structure.

All metallic core-dielectric shell pairs show that dielectric shell can redshift the
LSPR wavelength of the NPs compared to ones for the bare Ag and Au NPs. Besides
a redshift of the LSPR wavelength, there is absorption enhancement with the intro-
duction of dielectric shell except for the case of Au core- SiOy shell NPs. It is useful
to choose silica shell with Ag core for selective heating applications of NPs that have
enhanced absorption and chemically stable surface. The other case with Au core-GaP
shell can be used for nanomanufacturing applications as they have 56% more absorption

at wavelengths such as 660 nm.
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4. ABSORPTION AND PLASMON RESONANCE OF
BI-METALLIC CORE-SHELL NANOPARTICLES ON A
DIELECTRIC SUBSTRATE

4.1. Problem Statement and Method

This study is divided into three parts for the comparison of Ag-Au core-shell
metallic structures placed on a semi-infinite BK7 glass substrate that is subjected
to an incident wave below the surface with an incident angle (6;) greater than the
critical angle (6.), resulting a total internal reflection (TIR). Figure 3.1 from Section
3.1 depicts the resultant surface evanescent waves that interacts with the core-shell
structure defined with core radius (R.) or outer shell radius (R;). In this configuration,
TE-polarized wave is preferred for the investigation as the resulting larger absorption
efficiency (Qups) is than the TM-polarized wave. The incident TE-polarized wave is
in the range of 300 nm to 800 nm. The first numerical analysis is based on the effect
of size configuration on the absorption efficiency (Qus) and LSPR wavelength (Aq.)
of the core-shell structure being placed in vacuum on top of the substrate. Size effect
is studied for fixed core (FC) and fixed nanoparticle size (FNP) cases for Ag core-Au
shell (Ag@Au) and Au core-Ag shell (Au@Ag) core-shell NPs. In the FC case, outer
shell diameter is increased gradually to 50 nm while metallic core is kept at 20 nm in
diameter. The FNP cases involve core diameters between 15 nm and 45 nm as the
overall NP size is fixed at 50 nm in diameter. The size configurations for the FNP and
FC cases are defined for core and outer shell diameters with 3 nm and 2 nm increments,
respectively and is presented in Table 4.1. Moreover, the change in core-shell size is
parameterized with the volumetric filling ratio (f,.) of the core material, which is defined
as the ratio of the core volume based on core diameter, D., to the nanoparticle volume
defined based on outer shell diameter, Dy, as f, = (D./D,)3. The f, range considered
is presented in Table 4.1.
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Table 4.1. Core and shell sizes for FC and FNP cases of bimetallic NPS with

corresponding volumetric filling ratio (f,.) ranges.

NP Type |D. (nm) | D, (nm) | f. Range
Fixed Core 20 22-50 | 0.751 — 0.064
(FC) 20 20 1
Fixed NP 15-45 50 0.027 - 0.729
(FNP) 50 50 1

Table 4.2. Refractive indices of the medium,n,,, and corresponding incident angles, 6;.

Ny, | 1 | 1.1 1211251314115
0; | 45° | 50° | 55° | 60° | 60° | 70° | 85°

The second part of the problem considers the refractive index sensitivity of these
structures as the dielectric medium is varied. The effect of the surrounding medium on
the Qups and A4, of the metallic core-shell NPs is studied with only FC cases. Since
the refractive index of the BK7 substrate is about 1.52, the medium refractive indices
are varied between 1 and 1.5 so that the incident angle between 6. and 90°can support
TIR to create surface evanescent wave above the substrate. Table 4.2 shows considered
medium refractive indices (n,,) with their corresponding incident angles (6;), which are

greater than the critical angles (6.) defined by Snell’s law of refraction.

The last part of the problem is designated to consider the maximum absorption
efficiency cases of Ag@Au and Au@Ag core-shell nanoparticles with fixed nanoparticle
size found in the first part. The effects of AFM tip on the LSPR response of the
nanoparticles is investigated with the selected pairs. In addition to the TE-polarized
wave in the first and second parts, TM-polarized case is also considered in this part due
to its partial polarization along the tip-NP axis as stated in [9,33,35]. The study in [35]

showed that after 600 nm, absorption level of the AuNP is converged to minimum
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values with negligible changes. However, the wavelength range of 300 nm-450 nm
in [35] and [47] was not enough for the AgNP to experience the effects of the dielectric
transition of the AFM tip material. Therefore, the incident wavelength in this part is
considered in 300 nm-600 nm range to examine the LSPR response of both bare metal
and core-shell NPs. As shown in the Figure 4.1, the position of the spherical NP is
considered as the origin of the cartesian coordinate system, and the tip is positioned
over the NP at a coordinate (0, 0, 52) nm. The geometry of the AFM tip is defined
with 10 nm tip radius, 74;;,, 50 nm shaft diameter, Do, so that the cone angle, a is
16.7°. Both TE and TM polarized incident waves are considered; where TE-polarized
wave creates the evanescent wave transverse to tip-NP axis in y direction, whereas

TM-polarized wave has both y and z components.

Throughout this study, the spectral refractive indices of the Ag and Au metals
are obtained from the experimental measurements reported in [66], while an empirical

relation of refractive index with wavelength based on Sellmeier equation is used for the
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BKT7 substrate. For the AFM tip materials, the data for GaP and Silicon (Si) are used
from [67,68], respectively.

4.2. Numerical Aspects

In the first part of the problem with single core-shell nanoparticles, the accu-
rate calculation of absorption efficiency necessitates sufficient number of dipoles (Nyp)
to represent the nanoparticles. Hence, an optimum dipole number is determined as
Nnyp=1472 based on the converged value of maximum (). values, which has been
considered in the previous study of dielectric-metal core-shell pairs [28]. However, for
the AFM tip and NP interactions, Nyp is decreased to 552 due to significant increase in
the required computation time and memory with the introduction of the AFM probe.
Then, number of dipoles for the AFM probe, N gy, is analyzed for the optimum shaft
length so that further increase in the probe length does not change the absorption sig-
nificantly. In this study, the optimal shaft length is considered when the relative change
of absorption becomes within 5%. Similar design has been used for the single AuNP

and SiOy core-Au shell cases with the truncated shaft length of 390 nm in [32,33].

4.3. Results and Discussions

4.3.1. Fixed Core and Fixed Nanoparticle Size

The plasmon responses of metal-metal core-shell NPs are numerically analyzed
considering their spectral absorption efficiency values for both FC and FNP cases as
shown in Figure 4.2. Plasmon mode hybridizations are observed in FC and FNP cases
of Ag core-Au shell (Ag@Au) NPs with varying shell thickness, ¢, between 5 nm and
15 nm. Increase in Au shell thickness results in a redshift of the ordinary modes
(secondary peaks) in longer wavelength that are located around 515 nm as shown in
Figures 4.2(a,b). This mode corresponds to the LSPR wavelength of bare Au NP, which
explains the Au shell domination as its thickness increases. Even if the extraordinary
modes (first peaks) in Figure 4.2(a) is not clear for shell thicknesses greater than 5 nm,

an increase in shell thickness blueshifts this mode. This mode of plasmon resonance
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corresponds to field enhancements at the core-shell interface, while the ordinary modes

are result of field localizations at the outer surface of the Au shell.

Contrary to Ag@QAu case, the spectral absorption profiles of Au core-Ag shell
(Au@Ag) case with varying shell thicknesses have greatest absorption peak at the
extraordinary modes. Figures 4.2(c,d) show the shield effect of Ag shell on the plasmon
response of the core-shell NP with narrower LSPR wavelength bandwidth. LSPR
wavelengths redshifts by 10 nm to 365 nm, which corresponds to bare Ag NP’s plasmon
wavelength, as the Ag shell thickness increases for both FC and FNP cases. Ordinary
modes (secondary peaks) are observed around 420 nm, with decreasing Qqs values in
Figure 4.2(d), for the Ag shell thickness greater than 5 nm. In this scenario, Ag shell
dominates over the Au core with field localizations at the outer shell surface for both

extraordinary and ordinary modes of the LSPR wavelength.

In Figure 4.3, the effects of size configuration on the LSPR response of the NPs

are further analyzed with the contour plots of FC cases and the volumetric filling
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300 400 500 600 700 800 300 400 500 600 700 800
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Figure 4.2. Spectral absorption efficiency,Qqs, of Ag core-Au shell (a-b) and Au
core-Ag shell (c-d), represented for FC (a,c) and FNP (b,d) cases.
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ratio of the core materials based on the size configurations summarized in Table 4.1.
As discussed above, Ag@Au core-shell NP can support plasmon hybridization, which
is depicted in Figure 4.3(a) with two peak regions located around 365 nm and 515
nm. For outer shell diameters smaller than 25 nm, further decrease in shell thickness
(t < Bnm) results in greater Qs values, which cannot be observed in Figure 4.2(a).
Further Au shell thickness increase in this FC case dominates the ordinary mode so
that its LSPR wavelength moves towards that of the bare Au NP (515 nm). When the
volumetric filling ratio, f,, of the core is smaller than 0.2, the absorption enhancement
is not observed as shown in Figure 4.3(b). However, further increase in f, beyond
0.2 leads to increasing maximum ;s values of Ag@Au NP by 22% and 91% for FC
and FNP cases, respectively. When the f,. reaches its highest value, FNP case has a
greater absorption than the one in the FC case since the FNP represents greater Ag

core size (45 nm) than the FC case with 20 nm core diameter. As the f, of the Ag core
increases, the LSPR wavelength of the Ag@Au NP stabilizes around the bare Ag NP’s
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Figure 4.3. Ag core-Au shell (a-b) and Au core-Ag shell (c-d): Contour plots of

spectral absorption efficiency, Qus, for FC (a,c). Maximum @), and LSPR

wavelengths, \,,q., with respect to volumetric filling ratio, f,, for both FC and FNP

cases (b,d).
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LSRP wavelength. Similar to spectral absorption efficiency patterns shown in Figures
4.2(c,d), Ag shell dominates the LSPR wavelengths around 365 nm for the cases with
fr of the Au core smaller than 0.2, as shown in Figures 4.3(c,d). For both FC and
FNP cases of the Au@Ag NP, further increase in f,, results in blueshifts of the LSPR
wavelength towards 335 nm as its maximum ;s values decreases by 280% and 135%,
respectively. By comparing the amount of damping in the @, values and shifts in the
LSPR wavelengths, metal-metal core-shell NPs can be optically detected for material

prediction and core/shell formation.

4.3.2. Refractive Index Sensitivity

The effect of surrounding medium on the plasmon response of the metal-metal
core-shell NPs on BK7 substrate is analyzed for the FC cases with 5 different shell
thicknesses in order to include the shell formation effect. Figure 4.4 depicts the spectral
Qups values with three different medium refractive indices, n,,, for both Ag@Au and
Au@Ag NPs. The corresponding incident angles of the TE-polarized wave are chosen

from Table 4.2 for each medium refractive index. Hybridization of plasmon modes
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Figure 4.4. Spectral absorption efficiency, Qus, for Ag@Au (a-c) and Au@Ag (d-f) in
mediums with n,,= 1 (a,d), 1.25 (b,e), and 1.5 (c,f).
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diminishes as the refractive index of surrounding medium increases for Ag@Au core-
shell case as shown in Figures 4.4(a-c). Compared to the vacuum case (n, = 1)
in Figure 4.4(a), increasing n,, leads to greater Qg values with redshifts in LSPR
wavelengths from 510 nm to 540 nm, for maximum shell thickness case. Here, in Figures
4.4(a~c), an increase in n,, also leads to broadening and narrowing of extraordinary
and ordinary LSPR modes, respectively. In this scenario, the interaction between
Au shell and the dielectric medium dominates the one at core-shell interface. Hence,
the only plasmon response of Ag@Au NP is observed for the ordinary mode. Similar
LSPR wavelength redshifts and absorption enhancement can be observed in Au@QAg
case with increase in n,,. However, the spectral Q,,s values of the Au@Ag case in
Figures 4.4(d-f) show the opposite trend of plasmon peak formation of Ag@QAu case.
While the vacuum case provides one LSPR wavelength around 365 nm, increase in n,,
causes distinguishable ordinary modes at longer wavelengths around 415 nm. These
secondary peaks of the LSPR wavelengths start to move away from the first peaks as
the refractive index of the medium is increased. Moreover, both Ag@Au and Au@Ag
cases have enhanced absorption due to increase in both nanoparticle size and refractive

index of the medium.

Further analysis is carried out with n,, values between 1 and 1.5 for the selected
Ag@Au and Au@Ag NPs with D.=20 nm and D,=50 nm, which gives the maxi-
mum overall NP size in this study. As discussed above, increasing n,, values give rise
to redshifts in LSPR wavelengths with an increase of Qs values. For the selected
size configurations, numerical simulations are performed with finer wavelength ranges,
which are around the previously evaluated LSPR wavelengths. Figure 4.5 shows the
maximum (). and corresponding LSPR wavelengths as a function of n,, for both
metal-metal cases. A gradual increase in the refractive index of the medium from 1 to
1.5 shows that LSPR wavelength of the Ag@Au NP redshifts by 32 nm with absorption
enhancement by more than 320%. In the Au@QAg case, this enhancement is observed as
140% with redshift in LSPR wavelength by 57 nm. This comparison shows that there
is a balance between the tunability range of the LSPR wavelength and the absorption

enhancement.
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4.3.3. AFM Tip and Nanoparticle Interaction

As discussed in Section 4.1, an optimum shaft length is analyzed with the con-
verged values of absorption efficiency of the metal nanoparticle. One case is evaluated
for AuNP in 50 nm diameter illuminated by TM-polarized wave at A=520 nm. The
AFM probe is located above the NP at (0, 0, 52) nm and made of silicon with the shaft
length varying between 150 nm and 810 nm while the nanoparticle is represented with
Nyp=552 rather than 1472. As shown in Figure 4.6, changes in AFM shaft length
results in oscillating absorption efficiency values that converge to Q.ps=1.74. Consid-
ering 5% relative error band, optimum truncated shaft length is found as Lgpq =470

nm with corresponding number of dipoles for the AFM probe, N =8083.

The effect of AFM tip material is compared with the spectral absorption efficiency
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Figure 4.6. Converged absorption efficiency, @), values of AuNP with changes in
AFM shaft length.

Table 4.3. Summary of the maximum absorption efficiency values of the nanoparticles

with their LSPR peak wavelengths represented as Qs @ A\jpaz-

NP type Qavs @ Nz
Polarization

(D=50 nm) w/o AFM tip | GaP AFM tip | Si AFM tip
TE 1.07 @515 nm | 1.02 @520 nm | 1.02 @ 520 nm

AuNP
™ 1.05 @ 515 nm 1.75 @520 nm 1.74@520 nm
TE 4.95 @370 nm | 4.77 @ 370 nm | 4.75 @ 370 nm
AgNP \ 4.62 @ 370 nm | 3.31 @ 370 nm | 2.95 @ 370 nm

T

0.95 @490 nm | 1.62 @ 490 nm | 1.53 @ 490 nm
TE 1.84 @ 380 nm | 1.70 @ 380 nm | 1.69 @ 380 nm

AgQAu
(D.=45 nm) T™ 1.79 @ 380 nm | 2.02 @ 390 nm | 1.96 @ 390 nm
TE 5.00 @ 370 nm | 4.83 @ 370 nm | 4.81 @ 370 nm
Au@QAg . 4.65 @ 370 nm | 3.35 @ 370 nm | 3.01 @ 370 nm
(D.=15 nm) 0.93 @490 nm | 1.61 @490 nm | 1.52 @ 490 nm
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values of core-shell and bare metallic nanoparticles for the wavelengths between 300
nm and 600 nm. The core-shell pairs are selected from the optimum size configurations
found in Section 4.3.1 with Ag@Au (D.=45 nm, D;=>50 nm) and Au@Ag (D.=15 nm,
D,=50 nm). Predicted Qus values of the bare AgNP and AuNP with D=50 nm are
taken as reference for the comparisons. An example of tip material effect is shown in
Figure 4.7 for bare metallic nanoparticles illuminated with TE and TM polarized waves.
The results show that TE-polarized cases represent negligible variation in maximum
Qups values for both AgNP and AuNP under GaP and Si AFM tip. Since TE-polarized
wave is transverse to tip-NP axis, the spectral Qs values follow the ones found for
bare metallic NP’s only with damping. The damping effect of AFM introduction is
summarized for all NP types including the core-shell NPs in Table 4.3, where the
maximum absorption efficiency values found in no AFM cases are decreased when GaP

and Si AFM tips are used in TE-polarized case.

Considering TM-polarized cases of AgNP under AFM tip in Figure 4.7(a), the
spectral absorption behavior shows that use of GaP tip results in maximum Q)5 values
12% at the 1% peak and 6% at the 2" peak greater than the ones found with use of
Si tip. The corresponding LSPR wavelength, A, for these two peaks are 370 nm
and 490 nm, respectively. Since both tip material behaves as a perfectly dielectric
after A=490 nm, absorbing behavior of the tips creates near-field interactions damping
the absorption of AgNP at A=370 nm. This effect can also be seen in Figure 4.7(b)
for AuNP with TM-polarization, where there is an oscillatory behavior of Q. values
for the wavelengths smaller than 490 nm. Therefore, the variation in maximum ).
values is negligible, below 1%, for both tip materials as they behave perfectly dielectric
at the peak wavelength (\,q,) of the AuNP case.

Similar to bare metal cases, GaP AFM tip is found to be more effective than
Si AFM tip for absorption enhancement of the core-shell NPs, as listed in Table 4.3.
Hence, further comparisons for the spectral absorption behavior of the NPs will be
based on GaP AFM tip. The comparison of the selected core-shell pairs with TE and

TM polarized cases for the absorption enhancement is considered next.
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It is shown in Figure 4.8(a) that spectral absorption pattern of Au@Ag does not
change for TE and TM-polarized cases when there is no AFM tip. Absorption pattern
similarity is also observed in TE case with and without GaP AFM tip. As the TE-
polarization direction is transverse to tip-NP axis, AFM tip does not alter the field
localizations of the NP as shown in Figures 4.9(a,b). It is found that the use of GaP
AFM tip decreases the maximum absorption efficiency only by 3.4% in TE-polarized
case. For the TM-polarization cases, the maximum @, of the Au@Ag NP is damped
by 28% at A=370 nm while it is enhanced by 73% at A=490 nm due to presence of
the GaP tip. This kind of damping and enhancement of the absorption efficiency also
exist in bare AgNP case shown in Figure 4.7(a). The main reason behind this scheme
is the Ag shell domination for the selected Au@QAg pair which can be seen in Figure

4.9, where the local field intensities are collected mostly on the outer shell of the NP.
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Figure 4.9. Normalized field intensity plots of Au@Ag illuminated with TE (a-c) and
TM (d-f) polarized wave: (a,d) at A=370 nm without AFM tip, (b,e) A=370 nm and
(c,f) A=490 nm with GaP AFM tip.
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Moreover, the dielectric transition of the GaP tip can be observed in Figures 4.9(e,f) in
TM-polarized case. It is shown that the field intensity is localized on top of the NP for
the 15 peak wavelength, where the imaginary part of the refractive index, k, of GaP is
nonzero in Figure 4.9(e). However, as shown in Figure 4.9(f), field localizations move
away from apex of the NP and they are distributed over the Ag shell at the 2"¢ peak

wavelength, where the damping effect of GaP tip no longer exists.

It is observed in Figures 4.9(a,b) that TE-polarizedn cases with and without AFM
tip for a given wavelength have similar field localizations over Au@Ag NP as there is
no y component of the polarization. Similarly, for the Ag@Au NP with and without
tip in Figures 4.10(a,b), field is localized both at Ag core and on outer surface of the
Au shell. Considering Figure 4.8(b), the major effect on the absorption is observed for
the GaP AFM tip with the TM-polarized wave case. Contrary to Au@Ag case, TM-
polarized case with GaP AFM tip results in 13% absorption enhancement of Ag@QAu
at A=390 nm. This can be attributed to the absorption enhancement of AuNP with
AFM tips in TM-polarization cases in Table 4.3. When the driving force dominates
over the damping due to Au shell material, absorption enhancement of Ag@Au NP is

observed more than 65%. Therefore, Ag@Au NP have also similar behavior of bare
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Figure 4.10. Normalized field intensity plots of Ag@Au with TE (a,b) and TM (c,d)
polarized wave at A=380 nm: (a,c) without AFM tip and (b,d) with GaP AFM tip.
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AuNP as its Au shell dominates over Ag core material. Moreover, field intensity plots
of Ag@Au in Figures 4.10(c),(d) show the effect of AFM tip placement over the NP as
the field is collected from the -y side of the outer shell surface to the apex of the NP,

which proves the vertical coupling between the tip and the NP.
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5. CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

Localized surface plasmon resonance (LSPR) of core-shell nanoparticle pairs are
studied for their potential use in localized heating applications and sensing methods.
Numerical analyses of core-shell pairs are carried out by using vectorized version of
DDA-SI (DDA-SI-v). Optical tunability of the hybrid structures is investigated with
dielectric-metal, metal-dielectrici and bimetallic pairs. Moreover, LSPR wavelength
and absorption efficiency patterns are studied through various size configurations of

the core-shell structure.

When the dielectric core-metal shell cases are examined, the maximum absorption
enhancement is observed in SiO, core-Au shell which is preferably used as local heat
sources in photothermal therapies. Although the maximum absorption enhancement
of the SiOy core is observed with Au shell case, the greatest redshift of the LSPR
wavelength occurs for the Ag shell case. Contrary to SiOg core- metal shell cases, it is
shown that decreasing the metal shell thickness results in both redshift and blueshift
of the LSPR wavelength for GaP core-metal shell pairs. Since there is no general
conclusion for the effect of dielectric core on the LSPR wavelength response, each

dielectric core material needs to be evaluated individually.

The metal core-dielectric shell cases are also good candidates for optical tuning
and field enhancement. It is found that maximum LSPR wavelength shift with max-
imum absorption enhancement can be obtained with Au core-GaP shell. Moreover,
using GaP at shell rather than at core results in both redshift of the LSPR wave-
length and enhanced absorption for both Au and Ag metallic core cases. For the SiOq
shell, maximum absorption efficiency increase is observed in Ag core case. If the shells
are dielectric, then NPs redshifts the LSPR wavelengths since they act as a dielectric
medium for the metallic cores. Hence, the hybrid structures of metal core-dielectric

shell NPs can be utilized both with its enhanced absorption efficiency and with a wide
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range of optical tunability as compared to the bare metallic NPs.

For the bimetallic NPs, more than one plasmon mode can be observed due to
the hybrid structure of the core-shell NPs. Plasmon response of Ag core-Au shell
case is observed with blue-shift and red-shift in the LSPR wavelength for the first and
secondary peaks, respectively. However, the plasmon response of Au core-Ag shell case
is affected by the shielding of the Ag shell that leads to the greatest absorption only

at the extraordinary mode.

Parametric size comparisons showed that increasing volumetric filling ratio, f,,
of core gives rise to maximum absorption enhancement over 91% for Ag@QAu core-shell
NP. However, increase in f, of the core in Au@QAg case results in damping of absorption
efficiency values by 135%. This huge differences in absorption can be utilized in the
characterization or sensing of the core-shell NPs and core/shell formation applications.
Moreover, the changes in the refractive index of the dielectric medium is compared for
the absorption efficiency values and LSPR responses of the fixed core cases for both
Ag@Au and Au@Ag core-shell NPs. It is shown that interaction between the metallic
shell surface and dielectric medium leads to absorption enhancement as the refractive
index of the medium increases. Maximum absorption enhancement is found for Ag@Au
shell case while greater redshift in LSPR wavelength occurs in Au@Ag shell case. It
is shown that there is a trade-off between the absorption enhancement and red-shift
in the LSPR response. Therefore, selected core-shell NPs can be effectively used in

biosensing and material detection by comparing their LSPR and absorption responses.

Further analyses are performed on the spectral absorption behavior of the selected
core-shell (Ag@Au, Au@Ag) and bare metallic (Ag and Au) NPs that are placed under
the dielectric AFM tip. The considered AFM materials are GaP and Si, due to their
changing dielectric behavior at increasing wavelengths. The results showed that AFM
tip introduction can both damp and enhance the absorption of the NPs. A detailed
analysis is carried out on the AFM tip material, and it was found that the absorption
enhancement with GaP AFM tip was greater. The TE-polarized incident wave with

and without using the AFM tip is compared, and the introduction of tip was found to
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damp the absorption efficiency values of all NP types. It is observed that polarization
direction transverse to tip-NP axis prevents vertical coupling of NP and AFM tip. For
TM-polarized cases, bare Ag and Au@Ag core-shell NPs are observed to have multi-
peak response, where the absorption enhancement occurs at the 2"¢ LSPR wavelength,
A=490 nm. It is found that the damping of the absorption at the 15 LSPR wavelength,
A=370 nm, results from the nonzero imaginary part of the refractive index of the tip
material. However, the damping under TM-polarized incident light in presence of AFM
tip is not observed for bare Au and Ag@Au core-shell NPs since the increasing driving
force with the introduction of AFM tip can dominate over the damping factor of the
NPs. Therefore, our study shows consistent results found in literature based on the
damping effect. Moreover, extended spectral absorption analyses show that damping

characteristic of the AFM tip use can alter for different shell materials.

5.2. Future Work

The future work plans for this study can be made both with additional develop-
ments in the DDA-SI package and with further design problems. The method used in
this study was optimized with vectorization, DDA-SI-v, by Talebi et al. [33] for faster
computation time. With the same purpose, the third version, DDA-SI-z, is devel-
oped by Rostampour-Fathi et al. [34] with the preconditioning of the iterative solver.
Considering the large structures requiring more number of dipoles for adequate repre-
sentation, improvements in solver methods can be studied in detail. Moreover, the use
of DDA-SI package can also be simplified with a more user-friendly environment. The

proposed simplifications are as follows;

e Shape generation process can be automated with predefined functions to be used
in the main code. Loading the variables instead of defining in the code can
improve the performance of the compiler.

e Number of dipole optimization can be adapted with constant lattice spacing cri-
terion when the problem consists of different shapes such as the spherical NP and

AFM considered in this study.
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Other executable programs can be used for a specific design problems to be

compiled in MATLAB environment.

There are also some application based problems as follows;

Local heating of an array of core-shell NPs in presence of AFM tip for nanoman-
ufacturing purposes. Hence, absorption and the LSPR response of the central
NP can be analyzed with the the tip position and alternating core-shell NP type
and size located around the considered NP.

Changing the medium refractive index similar to visceral organs can be utilized
in tumor treatment applications to simulate the photothermal heating of the
NPs under the effect absorption enhancement of AFM tip. With this purpose,
multilayered core-shell structure can be designed and analyzed with more real
cases such as enzyme and drug coating on the second shell of the NPs.
Considering sensing applications, scattering intensities can be studied by changing
the dielectric medium and substrate material. Constructing the spectral absorp-
tion/scattering efficiency data for core-shell NP types can be utilized further with

the inverse problem solutions for the detection methods.
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APPENDIX A: OPTICAL DATA OF THE

NANOPARTICLES
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Figure A.1. Spectral refractive indices of silver, gold, and copper.
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Figure A.2. Spectral refractive indices of Gallium phosphide (GaP), Silicon dioxide

(Si07), and Borosilicate glass (BKT).
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APPENDIX B: FREE SPACE COMPARISONS OF METAL
NANOPARTICLES
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Figure B.1. Absorption efficiency comparisons of single silver nanoparticle in free

space approximated by different number of dipoles, N, using DDSCAT and DDA.
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APPENDIX C: ADDITIONAL PLOTS: FNP

C.1. Dielectric Core - Metal Shell
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Figure C.1. GaP core with Ag shell with D,=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.
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Figure C.2. GaP core with Au shell with D,=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.
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Figure C.3. Si0, core with Ag shell with D,=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.
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Figure C.4. Si0Oy core with Au shell with D,=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.
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C.2. Metal Core - Dielectric Shell
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Figure C.5. Ag core with GaP shell with D,=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.
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Figure C.6. Ag core with SO shell with Dy=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.
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Figure C.7. Au core with GaP shell with D;=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.

Core Diameter (nm)
w
o

300 400 500 600 700 800
Wavelength (nm)

900

0.8

0.7

0.6

10.5

104

10.3

0.2

0.1

Figure C.8. Au core with SiOs shell with D,=50 nm: Contour plot of absorption

efficiency as a function of wavelength for FNP size.
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APPENDIX D: FIXED CORE CASES WITH AFM AND
TM-WAVE

5 ‘ —Ag, w/o tip—Ag@GaP, wtip -+ GaP@Ag, w tip

--------- Ag,wtip ——Ag@SiO2, w tip -+ -SiO2@Ag, w tip
4 —

Wavelength (nm)

Figure D.1. Spectral Qs values for single AgNP, and dielectric pairs with both Ag
core and Ag shell under Si AFM tip at coordinate (0, 0, 52) nm. Fixed size with
D.=20 nm, D,=50 nm for core-shell NPs.
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--------- Agiwtip ——Ag@SiO2, w tip -~ ‘SIO2@Ag, w tip
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Figure D.2. Spectral Q.5 values for single AgNP, and dielectric pairs with both Ag
core and Ag shell under GaP AFM tip at coordinate (0, 0, 52) nm. Fixed size with
D.=20 nm, D,=50 nm for core-shell NPs.
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Figure D.3. Spectral Qs values for single AuNP, and dielectric pairs with both Au
core and Au shell under Si AFM tip at coordinate (0, 0, 52) nm. Fixed size with
D.=20 nm, D,=50 nm for core-shell NPs.
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Figure D.4. Spectral Qs values for single AuNP, and dielectric pairs with both Au
core and Au shell under GaP AFM tip at coordinate (0, 0, 52) nm. Fixed size with
D.=20 nm, Dy=50 nm for core-shell NPs.
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Figure D.5. Spectral Qs values for single CuNP, and dielectric pairs with both Cu
core and Cu shell under Si AFM tip at coordinate (0, 0, 52) nm. Fixed size with

D.=20 nm, D,=50 nm for core-shell NPs.
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Figure D.6. Spectral (). values for single CuNP, and dielectric pairs with both Cu
core and Cu shell under GaP AFM tip at coordinate (0, 0, 52) nm. Fixed size with

D.=20 nm, D,=50 nm for core-shell NPs.



D.1. Selected Pair: Ag@GaP Under GaP AFM Tip
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Figure D.7. Spectral Q. values of Ag core-GaP shell FC cases under an GaP tip.

Shell thickness, tg, is varied between 0-15 nm.
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Figure D.8. Spectral @, values of Ag core-GaP shell FC cases under an GaP tip.

Shell thickness, tg, is varied between 0-15 nm.
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