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Abstract

Opto-thermal therapy of live tissues faces sophisticated obstacles due
to the confinement of the light sources in a side and the nature of tissue cells
in another. Serious attempts are accomplished to overcome partially this
issue especially using lasers directly on the diseased tissue which represents
the advance in this field of application, but it is still restricted by the
diffraction limit while dimensions of the cells in the subwavelength scale. It
is worth to mention that the absorption is the penetration depth dependent
for a certain tissue. Plasmonic nano-antenna is a convenient candidate
because of its ability to generate optical high field intensity in nano-
dimensions. The computer simulation technology studio suite packaged
version(2017, 2018 and 2019) was used to carry out the design of both nano-
antennas and the proposed skin tissue. Gold nano-structure and silicon
carbide dioxide are the material used in the design of Bowtie shape. Two
wavelengths (532 and 1064) nm, which are the wavelengths of Nd:YAG
laser and its second harmonic were examined because they represent the
superficial and deep skin absorption respectively. The design includes single
and pairs of bowtie shaped array (2x2, 3x3 and 4x4) structures, in addition,
half wavelength distance between two adjacent gap antennas also considered
for array samples. All designs were subjected to particle swarm optimization
and sweeping processes. Parametric studies for all designed samples are
done. The performance of all samples including reflectivity, near-field, and
far-field are accomplished for both wavelengths. The time period in the
irradiated tissues that is required to killing tumor cells was estimated via the
calculation of the specific absorption rate. The results showed that the
maximum reflectivity of the optimized single nano-antenna at the resonance
wavelength 532 nm is (-50.57 dB), while the higher reflectivity is (-58.39
dB) for half wavelength antennas, clear variations of reflectivity were

observed with an enhancement in some arrays but the resonance wavelengths



11
are shifted. Red shift with higher reflectivity was detected for an array of two
pairs for 532 nm and reduced for more than a couple of pairs. The near-field
measurements revealed that the intensity fields is the higher (3.27x108 VV/m)
at 532 nm for single nano-antennas while in array structures, the field
intensity is more enhanced for the half wavelength array (3x3) at 1064 nm
(7.47x108 V/m). The sharper and higher far-field distribution is observed at
532 nm of (7.79x10° V/m). The far-field is enhanced for both wavelengths
using array structures related to the single unit while more effect is observed
in the case of half wavelength (2.54x107 VV/m) at 1064 nm. The field intensity
is more effective at a closer distance (100 nm) where it is (1.3x108 VV/m) at
532 nm while at half wavelength (4x4) array (3.04x108 V/m) is the higher.
The maximum surface absorption rate is (2.2x10'* W/kg) for single antenna
for(100 nm) at resonance wavelength 1064 nm and the highest is detected
for the half wavelength structures (5.31x10' W/kg) at 532 nm. The
calculated time period desired to destroy the tumor cell is shorter at the closer
distance (100 nm) from the tissue. The shorter time period for a single unit
1S (5.26 ps) at 1064 nm while (1.42 ps ) for (2x2) array at 532 nm.
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CHAPTER ONE

Introduction and Basic Concepts



1.1 Introduction

Extensive researches have been carried out in the approaches for
eliminating cancer cells lesion including radiotherapy, thermotherapy,
chemotherapy, in addition to the surgical treatment. Photo-induced
thermotherapy is one of the important techniques especially the lasers due to
their unique such as properties but the size of the treatment is still determined
by the wavelength due to the diffraction limit. That means the confinement
and controlling the light in smaller size incomparable to the molecular cancer

cells is a big challenge.

Plasmonics attract significant attention of the researchers due to
Plasmon’s surpassing ability to match free space electromagnetic (EM)
excitation into the nano-scale size and conduct the light-tissue interaction in
this scale. Plasmonic nano-antennas (PNAS) is a coupling of EM waves into
Localized Surface Plasmon Resonance (LSPR) which is considered as an
interesting subject for theoretical and experimental study [1]. This presents
a new concept of the confinement of light in subwavelength scales with huge
local fields which can generate very high near field intensities because of
their LSPR. The generated field is invested in various applications that are
depending on near field enhancement produced by plasmonic optical nano-
antennas (PONAS) such as Surface-Enhanced Raman Spectroscopy (SERS),

biosensing, spectral imaging and cancer treatment [2].

The heat produced and the thermal diffusion in the plasmonic structure
are not richly investigated might be due to the shortage in the experiments.
Vigorous potentials are conducted into the development of new techniques
for the controlled temperature at the nano-scale and the destroying cell by

the temperature rise due to the converting heat is also included.

Bowtie shape PNAs (PBNAS) can transfer the light field efficiently

by converting the light from external space into a subwavelength spectral
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region with the improvement at an optical wavelength in a tiny area between
its antenna arms [3,4]. The local EM field production in a gap area is the
main reason to suggest PBNAs shape if the frequency of the incident EM
waves coincide the structural resonance peak so it is acting as a tunable hot
spot [5,6,7].

The nano-structures of metals with around area included in any design
of optimized parameters need mainly the optical properties of PNAs
especially in the medical field [8,9]. Among many metals, gold is a perfect
metal against high-temperature oxidation with the best plasmonic

characteristics and especially suitable for biocompatible applications.

1.1.1 Aim of the work

The main goal of the thesis is to design plasmonic nano-antennas
working at the optical frequency for tumor cells treatment. This work could
be accomplished through the following procedure:

1- Design a certain structure to be applied for the killing of tumor cells at
both resonance wavelengths.

2- The performance of the proposed design's structure will be examined
through the sweeping steps.

3- The optimization of all design structures will be carried out.

4- Design a virtual tumor in a skin tissue then will be subjected to various
designs of plasmonic antennas.

5- The time required to destroy tumor cells in the proposed tissue could be

estimated using a specific absorption rate.



1.1.2 Layout of the thesis
This thesis is divided into four chapters.

Chapter one introduces the basic concepts of the topics related to the
main aspects of the research work. They include the concept of plasmonics
involving the principle of structure, the optical characteristics, the generation
of the distinguished local electric field, its importance in subwavelength
applications, and the effective role in the medical treatment. In addition, the
optical nano-antenna is regarded too. The features, the dimensions, and the
shape are described in brief. The specifications of the skin tissue are
illustrated followed by the effect of the nano-antenna on the proposed tissue.

The literature survey of the updating published works is listed sequentially.

Chapter two shows the design of single and an array of nano-antenna
at two resonance wavelengths (532 and 1064) nm using a numerical method
via CST studio version ( 2017, 2018, and 2019). All designs are optimized
through the sweeping and optimization processes. Tumor tissue is proposed
and the design structure in certain skin tissue is also presented. The
temperature elevated in the tissue after exposure to the optical antenna is

estimated through its specific absorption rate.

Chapter three presents the obtained results for all the stages of the
work. The performance parameters are presented and discussed for both
single and array designs of nano-antennas. The near and far-field results of
all cases are given and discussed. Finally, after the subjecting of the tissues
to the design structures, the calculated specific absorption rate is introduced
and discussed followed by the estimation of time required for killing tumor

cells in tissues.

Chapter four lists the important conclusions of the obtained results

and some of the suggestions that could be done in the future are mentioned.



1.2 Plasmonics

The interaction of an intense electromagnetic field with electrons
ejected freely at the interface between dielectric/metal results in a quantum
electromagnetic phenomenon called surface plasmon resonance (SPR).
plasmonic is a field that deals with SPR. The energy transported by photons,
under certain conditions, is turned into a collection of excited electrons at the
interface namely surface plasmons (SPs). When the momentum of photon
matched that of the plasmon, the energy transferred could occur at a specific
wavelength [10]. The applications of plasmonics extend from UV to far IR
reaching to THz spectral region [11,12]. The intensity of the light, the
dimensions of the components, and the material used are the essential
parameters that produce plasmons excited by optical frequency [13]. The
suitable matters for this type of excitation are noble metals (i.e.gold (Au),
silver (Ag), copper (Cu), and aluminum (Al)) so result in an important
enhancement of the design and devices for twenty years ago [14,15]. The
interesting potential for engineering many devices and patterns involving
nano-photonic devices are based on plasmonic nano-structures [16]. Light-
harvesting of the light and [17], biomedical sensors [18], metamaterials [19],
tools used in advanced surgery [20], treatment of cancer tumor [21,22], heat
generated via photothermal mechanism [23], the detection of DNA [24], and
various applications of Surface-Enhanced Roman Spectroscopy (SERS) [24,
25].

1.2.1 Surface plasmon resonance

It is important to concentrate on the essential proportion of SPR in
different forms of structures at the subwavelength scale. The SPRs excited

are localized across the interface.
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A sharp end in the reflectivity behavior at a certain wavelength is due

to SPR, this resulted from the optical energy absorbed in the metal. SP waves
are strongly bonded to the interfaces between dielectric/metal that penetrate
10 nm approximately into the metal (the skin depth) while in the dielectric,
it could be more than 100 nm (corresponding to the applied wavelength). It
concentrates EM waves in an are smaller than its wavelength, this feature
suggests the fabrication of nano-scale photonic circuits operating at optical

frequencies is possible [26].

Extended and localized are the types of SPs related to the direction of
propagation. The engineering of the nano-structure became possible because
of the large development of nano-science, so the LSPR becomes an interest
during the last decade. The distance of microns to several microns is the
propagation of the Plasmon along with the interface between metal and
dielectric in the case of propagating SPR (PSPR). The degradation of SPR
in the direction normal to the interface with the length of about to a half of

the wavelength (200 nm in the visible spectrum) [27].

The resonance wavelength of the Plasmon could be shifted due to the

interaction between the metal confined waves and the molecular layer.

1.2.2 Localized surface plasmon resonance

The light interacts with particles much smaller than the incident
wavelength that leads to the oscillation of the plasmon surrounded the nano-
metals with the wavelength of LSPR. They are excited in metallic structures
with lateral dimensions less than half wavelength of the exciting wave. The
LSPR is to change in the dielectric environment variations affect directly on
LSPR. Most of the researches detected the wavelength shift of LSPR to

measure the variation of the dielectric environment. Fig 1.1 [27].
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Fig. 1.1 Free electron oscillation at the surface of a nano-sphere [27].

LSPR spectroscopy can provide the sensitivity less than that of
variations in the index of refraction for bulk material in PSPR. While in the
short scale measurement changes in the index of refraction corresponding to
the molecular layer absorption, the response of these two techniques
becomes comparable. LSPR sensors offer much smaller sensing volume as
the degradation length of EM, so it represents a range of (40-50) times
shorter than the sensors of PSPR. The new fabrication techniques allow
researchers to tune the localized resonance wavelength through the visible,
near-infrared and infrared regions of the EM spectrum, by varying size,

shape, and materials of nano-particle (NP) that support the LSPR [27].

1.2.3 Fundamental of plasmonics

The optical properties of SPRs in various subwavelength structures
could be understood through understanding the spectral response of noble

metals.

The plasma model explains the optical properties of metals in a wide

range of frequencies. In this model, a free electron travels toward positive
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ions. The optical properties of metals are described by the responsivity of

those electrons to the incident electric field.

Complex permittivity of metals as a function of frequency can be

obtained using the Drude model for metals in the following equation [28]:

2
(1). p

s(w)=1-

(1.1)

l
w? (w_-,_-+1)

Where 7 is mean free time of free electron and w,is the plasma frequency
of the corresponding bulk metals. The valence electrons are regarded to be
free in this model of metals considering free electrons are accelerated when
an electric field is applied then subject collisions with the characteristic
scattering time [29]. If the collision and scattering parameters are neglected

and supposing a loss-less medium, then:
c(lw)y=1--2 (1.2)
When the frequency is lower than w,, means the permittivity is negative.

A substance of a positive permittivity faces a metal with negative
permittivity, at their interface related to Maxwell’s equations the EM could
be restricted at the interface as (see Figl.2), [30].

VxE = iwB

VxH=—iwD

V.E=0

V.H=0 (1.3)

The identical TM equations are:

JdE, OJ0E, .
oz x| Ot
oH,, .
= —lweyeE,

-0z



oH _
—a—xy = —i we&yek, (1.4)

Where the corresponding TM wave equation is:

2
92H,

55 T (k§e —kZ)H, =0 (1.5)

Air T &

Fig. 1.2 The excitation of SPR. (a) Schematic, and (b) cross-sectional sketch for the
excitation[28].

So, the metallic surface when the electric field and magnetic field

components above (z > 0) and inside (z < 0) are:



( H,_ A exp(—k,z) exp(ik,x),

Ak,
{ E, = P exp( k,z) exp(ik,x), (z > 0) (1.6)
k E, = oo exp( k,z)exp (ik,x).

where ; k;=\kZ — ki &

And,
( H,= B exp(—k,z) exp(ik,x),
J E, = e gexp( k,z) exp(ik,x), (z < 0) (1.7)

le

where ; k,=\ k% — k¢,

LEZ = exp( k,z) exp(ik,x).

Regarding the boundary conditions:
D} = D}

Ej = Ef (1.8)

Then, we have:

A=B

oy (1.9)

€1 &2

By considering the expressions for k,and k,as above, the dispersion relation

equation is given by:

2
2 (2 w

k2c2 w_2<w__1> €,=1 2

LT AT By P (1.10)
- 2 ’ 2 .
Wp 291 k2 “’_( 81‘92)
@p X = 2
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The frequency-dependent complex permittivity could be written as

mentioned in equation (1.2).

In addition, the complex wave vector k = k, + ik, for the direction

of the propagation, considering aforementioned equations as:

| sl

!
c Lej+e;

) (1.11)
k! = 2( ey ) [ £1€2 ] /2
L X ¢ 2(51)2 el+e;

Where the complex permittivity of the dielectric medium is &; = & + i/

Now, the complex wave vector is:

1
by = K+ ik = 2| e 72 (1.12)

c Llegpm+eg

Where ¢, and ¢; are the permittivities of metal and dielectric media.
Noticing that for the Plasmon’s excitation, it isn't easy to create fluctuations
of the electron from the space of the beam due to the miscor rspondance of
the momentum. It is observed that the dispersion relation little bit
approaches the line field at (k,) as shown in Fig (1.2), which expresses the
transformation of nonradiative plasmon resonances into EM wave cannot

take place. at large (k,) and regarding &; — —¢, , it can write :

_ Wp

Wspr = (1.13)

1+€2

The SPR looks like a localized oscillation of electron plasma because
of the phase and group velocities decrease dramatically and approach to zero
[28].
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1.3 Nano-Antenna

Conventionally, the confinement of optical waves is represented by
the field of photonics. While the EM field controlling at different structures
especially in the subwavelength scale is performed via what so-called
antennas.

The links between an emitter and free-space propagation of light are
called Nano-antennas (NAs). Considerable attention is observed for these
structures over the past few years by reducing well-known concepts of the
high-frequency electromagnetic spectral region into the nano-scale optical
region. different designs including nano-rods, bowtie antenna, patch
antennas or planar Yagi—Uda antennas are investigated [31].

The NAs can control the light beam in a subwavelength scale.
Therefore its ability to transfer the propagating EM radiation into localized
energy has gotten numerous researches in various applications such as
sensing, photodetection, metasurfaces, medicine, photovoltaics, and energy
harvesting applications [32].

The essential parameter for those applications is the electric field
enhancement. It is influenced by the material quality and nano-structure
dimensions, including the non-ideality of both. A numerical method is done
to design these structures for a certain purpose, and for optimized fabrication
with supposed optical properties [33].

The aim of designs in Fig. 1.3 of both antennas is similar. This shows
the optimization of the energy convert between a receiver and the free- space
electric field [34].
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Antenna

Transmitter Q) = Radiation K
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Antenna
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> \ -~ ey () Receiver

Fig.1.3 Design of an antenna for both (transmittance, receiving) at (a) and (b) respectively
regarding the field direction [34].

1.4 Optical nano-antenna

The optical field could be transformed into localized energy via a
structure called optical nano-antennas (ONAs). Their structures have an
ability to control and manipulate the optical field at subwavelength scales.
ONA:s is the subject of the development of several numbers of research
fields, and the efficiency of spectroscopy can improve sensing and heat
transfer. Because of their small size, they became the first choice of new
technologies in spite of the wide use of radio wave and microwave antennas
[34].
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ONAs require engineering accuracies of the characteristic dimensions
down to a few nano-meters while about to the wavelength scale in other
antennas. ONAs are fabricated by what so-called top-down nano-fabrication
tools such as focused ion beam milling or electron-beam lithography [35, 36,
37, 38], and sometimes via bottom-up self-assembly technique [39, 40]. An
important property of ONAs is overcoming the diffraction limit down to the
nano-meter scale, which represents the distinguishing characteristics for
novel photonic applications. However, this downscaling holds the
technological challenges of nano-scale antenna engineering. The antenna
performance can be strongly enhanced by plasmon resonances that lead to
high and confined fields [34].

The optical excitation of ONAs with a suitable wavelength can
produce very high near-field because of their LSPR. The miscorresponding
between the diffraction-limited the exciting wavelength and molecules
fluorescence are enhanced due to existing of metallic nano-meter size in
ONAs. In addition, the excitation and emission rates of molecules could be
increased via ONAs [37].

Passive ONAs are observed in the first time in the microwave region
by Grober and coworkers. Also, mid-IR passive antennas and bowtie antenna
are built. Near-field improvement created by ONAs is important for SERS.
Metallic nano-structures are useful in biosensing, near-field probes, solar

applications, and cancer treatment [41].

1.5 Plasmonics nano-antenna

Plasmonic nano-antennas (PNAs), are able to controlling and
confining EM field at the nano-scale. The performance evaluation of PNAs
Is depending on two important parameters, the absorption of the light and

field improvement locally. A wide research areas invest the high light
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absorption, such as thermal emitters, solar thermal applications, thermal
photoluminescences, and sensors. The improved electric fields at resonance
wavelength can modulate the optical properties in the vicinity of molecules,
so that, enhancing their light-matter interactions [42].

The tuning of the plasmon resonance for both absorption and emission
to the excitation or the emission of species is the interesting research
recently. The exciting EM field is enhanced several order of magnitude due
to the production of what so-called hot spots when perfect nano-structures
are designed. The structures working at plasmonic resonances open the
ability to implement antennas working in the visible. The hot areas could be
used to excite the effects at nonlinear regime so to match the EM field
effectively. SERS and tip-enhanced Raman spectroscopy are the practical
techniques that show the influence of such hot areas to observe the emitters
with its sensitivity down to a single molecule [43].

The construction structure of PNAs is depending mainly on putting a
gap at the sub-wavelength scale between two metallic areas, are gained
distinguishable importance. This is mainly because of the hot spots in PNAs
produce intensive EM field in nano-size overcoming the restriction of the
diffraction. The confinement of the light field by BNAs is observed to be
several order of magnitudes in the nano-scale smaller than the incident
wavelength, as improved by the dimensions of the gap [44].

The resonance wavelength decisively depends on the shape,
dimensions, and material of the antenna, a numerous variation of plasmonic
antenna structures published proposed, such as bowties, nano-rings, nano-
rod, and Yagi-Uda antennae. The sharp resonance wavelengths with narrow-
band spectra with sharp are a major challenge for applications that require
devices operating over a wide range of frequencies. For example, antennas
used to improve energy harvesting efficiency of photovoltaic devices.

Broadband PNAs are also highly wanted for SERs, fluorescence
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enhancement, and higher harmonic generation, which are multi-wavelength
and broadband in nature [45].

1.5.1 Metal nano-antennas

Distinguished spectroscopic features (spatial, spectral) are observed in
noble metal nano-antennas (MNAS) such as Au NPs and Ag NPs. MNAs
have those features resulting from the oscillations of electrons collectively
in the conduction band, which is LSPR [42].

MNAs can confine and improve near IR and visible field in
superficially by the excitation of LSPR. The ‘EM hot region (spot)’ that
could be created on the nano-antennas has excessively utilized the absorption
of light locally leading to an increase the weak intensity in the nonlinear
optical process [46].

Au nano-particles (Au NPs) could effectively absorb IR and visible
field energy in quite concentrated sizes, getting them properly controllable
heat source in subwavelength size. In addition to the great importance the
mechanism of those phenomena to be investigated, the capability to generate
point like heat nano-heat encourage a broad area of research in physics,
chemistry, and biology. The aforementioned properties of Au NPs especially
as a nano-sources are promising researchers in the catalysis at nano-size,
photonics, and in the field of medicine for cancer cells destroying

photothermally [47].

1.6 Heat generation in nano-antenna

PNAs cause an exaggerated heat produced in the metal after the
excitation of the external light source, producing a side hot areas — i.e., the

elevation of the temperature in a restricted region which is a mainly
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undesirable effect in various research namely spectroscopy, sensing, and
optical signal processing. Localized heat of PNAs, in another hand, is very
useful in a group of applications such as nano-engineering, cancer treatment,
nano-manipulation, hot vapor generation, and catalysis [46].

The local temperature elevation of MNAs is quite low thermal
radiation in the mid-to-far IR wavelength spectral region. In addition, if (the
mean free path) of the substrate materials is larger than the nano-antenna
size, the heat converted the volume of metal volume may be reduced [48]. It
is well known that the metals in nano-size create regional temperature
gradients after external light exposure, quite enough to generate
subwavelength areas of super-heated water surrounding the species [49].

Photo-induced heating of nano-antennas can vary their geometry
because of the metal melting. The melting process can minimize the nano-
range properties so, directly nano-antennas becomes nano-spheres if
temperature increment is established. The variation of the morphology may
affect on the antennas’ spectral response and can decrease the near-field
generation. The melting temperature of metal can take place at higher surface
melting temperatures of nano-antennas [50, 51].

The pioneering author is previously shown that the structures of
hybrid plasmonic have good selectivity and huge improvement of the near-
field intensity due to effective trapping with re-cycling of photons in near IR
and visible in photonic modes [52, 53, 54].

The IR thermal radiation could be produced and enhanced by the
selection of the optimum parameters of materials and the dimensions
regarding the geometry on a range at or under the emitted thermal peak
resonance wavelength [46]. The convective and radiative cooling represent
other ways to diffuse heat intensity from nano-sizes, where became effective
if the thermal conductivity is disturbed because of the particles in the nano-
size [55].
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1.7 Numerical methods

This section presents in brief, a well-known and promising numerical
methods which support to understand the type of problem-related to sub-
wavelength systems. The design of different shapes and dimensions working
in various resonance frequencies especially the optical needs recommended
procedures. The Finite-Difference Time-Domain (FDTD) algorithm is
convenient for the modeling of structures including plasmon resonances with
nano-photonic characteristics due to supporting distinguished feasibility and
matrix free nature [56, 57]. The Finite Element Method (FEM) is a popular
tool to execute the numerical analysis in the domain of photonics, it provides
a precise calculation of EM field in Maxwell’s equations [56, 58]. Finite
Integration Technique (FIT) is the encouraged technique which is utilized
for investigating the different aspects of the proposed structures. It is worth
mentioned that the numerical methods are depending on the differential form

to solve Maxwell’s equations [59].

1.7.1 Finite integration technique

The Finite integration technique is developed by Weiland in 1977
which introduce a separate rewrite of Maxwell’s equations in the integral
form convenient for computers [59]. The real-word EM field problems with
sophisticated geometries. The finite volume-type discretization scheme for
Maxwell’s equations depends on the utilization of integral forms. So, the
stability and conservation features of the separate fields also before
numerical calculations are begun. Such features get the improvement of high
stability numerical time integration schemes or precise. The last researches
showed that, the language of differential forms and concepts of algebraic

topology are used to investigate Maxwell’s equations. They paraphrase close
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to those separate formulations of the FIT, regarding, it is found for more than
twenty years [60].

Algebraic analogs to Maxwell's equations could be exactly generated
by FIT, where the physical characteristics of fields that are confined in the
separate space could be conserved, and giving a single solution. Using
assigned voltages on the edges and fluxes in front of a grid (“primary grid”)
and magnetic voltages on the edges and magnetic fluxes in front of a second
grid (“dual grid”) enable Maxwell's equations and related equations of
materials could be converted from continuous to the separate space. It is
worth to mention that the use of voltages and fluxes (integral degree of
freedom), instead of field components (such as used in FDTD), presents not
only a quite convenient method of writing the matrix form of Maxwell's
equations but great significance algorithmic-theoretical and numerical
results [61].

1.8 Sweeping technique

The Parameter sweep technique introduces an easy and effective way
to accomplish several simulations with various structure parameter values.
For each simulation, previously specified results will be stored. After the
simulations have finished, these results could be plotted in relation to their
parameters.

By applying a sweeping technique using a certain algorithm to sweep
the geometric parameters over the supposed range the following steps are
done:-

(i)  Setthe initial values of the parameters unit over a range
(i)  Appling sweeping tool simulated.

(ili)  Record the properties of the performance.
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(iv) Select the values of geometric parameters that yield suitable at the
required wavelength.

(v)  Study the performance of geometric parameters.

1.9 Particle swarm optimization technique

Particle Swarm Optimization (PSO) is a population-based stochastic
optimization algorithm which is usually used in the specific problems,
application experience and numerous experiment tests [62].

PSO belongs to a range of evolutionary techniques developed solver
global optimization. The PSO algorithm has the appeal of simplicity and
evidence of good performance in a variety of application domains. It is more
computationally effective than the genetic algorithm [63]. A swarm is a
disorganized population of traveling singles that face to cluster together
while every single seem to traveling in an unlimited direction. Every particle
in the swarm has the ability of interaction with the other particles, in spite of
abilities of every particle are restricted by a group of rules.

The operation principle of the basic PSO technique can be described
as follows [64]. Consider files consist of individuals of during an N-
dimensional space to be searched, knowing that an effective solution of the
optimization is represented by the location of every individual. Each particle

a in the swarm,
& ={x1,.., x4 -.,%s}, IS represented be following characteristics

xq,j(t): jth-dimensional component of the position of particle a, at time t.
vq,j(£): jth-dimensional component of the velocity of particle a, at time t.
Yq,j(t): jth-dimensional component of the personal best (p best) position of

particle a, at time t.
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Yq,;(t): jth-dimensional component of the global best position of the swarm,

at time t.

Let F denotes the fitness function to be optimized. Then the personal

best of particle a can be updated in iteration t + 1 as,

ya,j(t) ifF(xa(t + 1)) > F(Ya(t))

Xqj(t+1) else }Vj € [1,N](1.14)

YVa,j (t + 1) = {

Since g best is the index of the global best (GB) particle, then y(t) =
Vgpest (£) = min(y,(t),..,ys(t)). Then for every repetition in a PSO,
updating the positions are accomplished for every particle, a € [1,S5] and

along with every dimensional component, j € [1, N], as follows

Vg, j(t + 1) = w(t)vgj(£) + c17,;(£) (Va,j () — x4, (0)) +
Co12,j (£) (g, j (1) — x4,; (1)) (1.15)

where w is the iteration weight, and ¢y, c, are the acceleration constants. r;
and r, ; are random variable lie between 0 and 1 with a uniform distribution.
The memory part is represented in the first term of the summation is , which
regards the participation of prior velocity, while the cognitive component is
written in the second term, where considers the experience of particle alone
and last the social component is represented in the third term during which
the particle is ‘guided’ by the g best particle against the GB solution so far

founded.

PSO could be summarized as a population-based optimization
technique where the swarm is a collection of particles. Each particle has both

positions (represents a candidate solution to the problem space) and velocity
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(which is used to move the particle from one position to another) [65]. The

basic algorithm of PSO can be listed as follows:-

(1)  Initialize the swarm from the solution space.
(i)  Evaluate the fitness of each particle.

(ili)  Update individual and global bests.

(iv)  Update velocity and position of each particle.

(v) Gotostep (ii), and repeat until termination condition.

PSO technique is applied to the designed of nano-antenna to enhance

the characteristics and performance.

1.10 Types of skin cancer

The abnormal cells are cancer, where the block is built by the body’s
basic. The human body normally creates new cells to support us grow,
compensate exhausted tissues. The cells usually die in an organized way.

In addition, the growth of cell could not occurred, where they are
splited and died in an ordinary way. This regards the main reason to find
lymph fluid or blood which is abnormal, or due to a lymph nominated a
tumor.

A tumor could be either malignant or benign.

e Benigntumor — Itisnotregarded as cancer. A group of cells concentrate
in a certain region and have not the ability to diffuse to another part of the
human body.

e Malignant tumor — This tumor makes up of cancerous cells, where the
ability of diffusion is the main feature of those cells by traveling through
the lymph fluid or blood stream [66]. See Fig 1.4.
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Fig. 1.4 The starting steps of cancer [66].

The primary cancer is considered that grows in an organ for the first
time. When any tissue or organ influenced, it is called a malignant tumor.
It is important to mention that there is another type of tumor called a

localized tumor which is not diffused to other parts.

The secondary cancer is the formation of another tumor during the
growth of the cancerous cells. One of the popular cases is skin cancer. The
metastatic skin cancer is a type that spreads to lymph nodes. Knowing that
the squamous cell carcinoma has the ability to diffuse, while there is a type

called basal cell carcinoma which rarely diffuses [66]. See Fig 1.5.

How cancer spreads / \
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Fig. 1.5 The stages of cancer spread [66].
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Skin cancer is the most commonly diagnosed cancer, and rates have

been rising for the past 30 years.

There are three main types of skin cancer [66, 67]:

1- Melanoma — begins in the melanocytes and is the deadliest form of skin
cancer.

2- Squamous cell cancers — starts in the squamous cells of the skin and
typically appear on sun-exposed areas.

3- Basal cell cancers — begins in the basal cell layer of the skin and its growth

seems slowly.

1.11 Treatment of tumors

The elevation temperature above its ordinary state in any part of the
human body due to an external effect for a limited time is regarded a thermal
treatment. An important role was observed for the temperature in the
thermodynamic of both cells and the complex one (organs, tissue) [68]. One
of the more essential indications for the existence of a certain disease is the
temperature elevation above the ordinary human body temperature (37° C)
which definitely causes fever and even the organs could be damaged
irreversibly [69]. In the similar time, if the elevation temperature is
controlled and confined, positive influences on the patient could be observed,
such as destroying cancer cells. Interested and enormous potentials are
performed, in last years, to develop new techniques for confinement and
locally controlling the heat diffusion. In addition, important efforts are done
to understand and analyze the mechanisms that depend on the principle of
photo-thermal induced cell damage and destroying [70]. It is concluded that
this concept of temperature-induced cause changes at the cellular level which

is affected by two factors the light intensity and the duration. Owing to the
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value of the temperature increment, thermal therapy and related influences
on tumors could be divided into several durations [71], as illustrated in Fig.
1.6.
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Fig. 1.6 Schematic diagram of various effects caused by the different thermal treatment
as classified by the corresponding operating temperature [72].

Irreversible damage therapy could take place if the temperature of the
tumor increased above (48° C) through a limited time. So that, a severe
activity of cell death is performed. Now, if the temperature rises above (60°
C), an irreversible protein denaturation will be occurred. Although those
therapies are regarded quite effective but the main drawback that is noticed
in the adjacent tissues is the collateral injury. Knowing that hyperthermia
therapy of the tumor would occur Within (41-48° C). A pertinent influences
at the cellular level are induced if the temperature becomes up to (41° C),
which is useful in the pain relief therapy and in physiotherapy that needs

relax of the muscle [73].
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1.11.1 Treatment by nano-particle

Great attention has attracted due to the unique properties of NPs which
have the ability to generate an effective heat via the laser exposure.
Interesting results are obtained in the treatment of cancer phoyothermally,
investing the plasmonic properties of Au nano-structure in near-IR region
through the mechanism of non- radiative effect. Different types of gold nano-
structures are studied using opto-thermal therapy. The main parameters that
should be considered when selecting a nano-structure for photothermal
therapy for cancer cells are the size of NPs, absorption cross-section, and
resonance wavelengths [74].

Tunable plasmonic nano-materials are interesting due to large optical
absorption coefficients and possibility as NAs that face tumors and transfer
EM energy into thermal state locally for the ablation process. Practically,
various methods were performed to conduct the ablation of the tumor, radio
wave, lasers, and the focusing of ultrasound. The main problem that faces all
those procedures is the capability to select the tumor cells from the
surrounding environment. Potential researches are concentrated to look for
an external source that could select tumors through its geometry, but they are
still a challenge [75].

NAs is another and recommended choice for because they represent a
specific heat external source has an ability to select tumor tissue leaving the
healthy ones unaffected, knowing that this technique still needs more
researches yo be practical. It is useful to mention that the external pulse light
source may present a theoretical case to perform tumor-targeted nano-
antennas for select single cell accurately. It could be deduced that this
procedure opens up a precision operation rather than that of conventional
technique which means that the complex tumor in sensitive tissues may be
the next goal [76].
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1.12 Effects of tissue on nano-antenna

The passing of the electromagnetic field through the human body is
depending on the thickness and the real structure of biological tissues. The
human body is a multilayer medium. Each layer has its own dielectric
characteristics. These properties are important to conduct an interaction
between NAs and tissues. The characterization of the tissue response to
electromagnetic waves, the permittivity €,. and the conductivity ¢ should be
well-known. It is worth to mention that the absorption of the skin is
depending on the depth of those layers from the surface (i.e. not all layers
absorb similar wavelength), as illustrated in Fig 1.7. Essential characteristics
of the dielectric properties are significant variations in permittivity and
conductivity of around some frequencies because of dielectric relaxation
phenomena, high permittivity values at lower frequencies and large

variations in optical properties between the tissues [77].
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Fig 1.7 Absorption spectrum of the skin [78].
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Mathematical modeling of the interaction of electromagnetic fields
with various tissues requires the information of the properties of the radiation
source. In addition, the geometry of the body exposed as well as its electrical
properties should be taken into account like conductivity, permittivity, and
permeability which is equal to that of vacuum for biological tissues. The
electrical permittivity and electrical conductivity are specific to each tissue
and depend on many factors such as the frequency and the temperature. The
behavior of the electromagnetic field created by an excitation source and
propagating towards a biological medium can be described by the Maxwell
equations using simple geometric configurations. The wave vector is equal
to:-[79].
k=2n+jk =p+ja (1.17)

Where: n and k represent the real part and the imaginary part of the

complex index N of a medium, such as:
N= n+jk = /er(l -2 (1.18)

Where n is the index of refraction characterizing the propagation of
the wave and « represents the extinction index that characterizes the damping

of the wave in the direction of propagation due to energy losses in the

medium. While: a = x% is the linear attenuation and B = n% is the linear

phase shift (rad/m).
Phase and group velocities are depending on  while the signal
attenuation in the medium considered depends on a. The values of o and 3

are calculated from the complex expression of the wave vector and become:

g2w?2

o« = w\/%[ 1+-2 —1] (1.19)
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B = wj%[ 1+ +1] (1.20)

So, the wavelength of signal in the medium is given by:

A= %” = 2 (1.21)

2
’s_r/ g
AL AL

With: 1, = jé

The penetration depth of electromagnetic fields in the tissues is limited
because of the skin effect and the diffusion of energy in the media. The skin
effect produces a reduction of the field E (z) at a distance z from the
interface according to the relation: E (z) = Eye”*? with E, is the
amplitude of the field at the interface level.

The penetration depth (or skin depth) corresponds to the distance at
the end of which the amplitude of the wave is decreased to 1/e of its initial

value, whether:

1

s=21=

a
2
EUQ o
® JT[,/1+gzwz-1]

(1.22)

The incident light passing through the skin is presented in Figure 1.8.
The light passes the epidermis where the melanin pigment either absorb or
scatter the incident light. The direction propagation of the light is varied
whenever a variation in the refractive index takes place in its traveling path.
The direction of light through the skin is changed slightly because there is a
difference in the refractive indices of organelles and cell membrane resulting
in the scattering by the layers of the epidermis. It is targeted toward the
dermis. A fraction of incident light is absorbed by melanin, corresponding to
the size of tissues occupied by melanosomes. The light could be scattered

when entering the dermis tissue because of Rayleigh scattering in a small



29
region of collagen fibrils, the light may be back scattered toward epidermis
again, so the scattering occurs towards the skin surface and out of it. The
light is scattered after penetrating reticular dermis in a wide area of collagen
fibers (Mie scattering) directed toward the deep layers. A fraction of incident
light is absorbed by hemoglobin in the dermis, related to its volume of the
tissues. Regarding Mie scattering, the penetrated light in the reticular dermis
Is reaching subcutis and is emitted again backward and crosses two parts of
fibers (hemoglobin, melanin) then it is again reflected and suffer from
scattering by the air in the interface region. The detected light passes two

times through the filters of melanin and hemoglobin [80].
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Fig. 1.8 The optical track of visible light through the skin [80].
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When the human tissues are irradiated by the electromagnetic fields,
the energy generated by the EM wave is mainly absorbed by the biological
tissues. The expected reaction of the biological tissue that exposed to the EM
field is of quite an importance in the design or develop a certain system. The
extension result of the EM field is the elevation temperature of the tissue in
a limited region caused by the generated heat which could affect on the
biological system. The heat diffusion and its influence on the tissue are
specified by the Specific Absorption Rate (SAR). SAR magnitude can not
increase above the level of irradiation which becomes harmful. SAR
magnitude is depending mainly on various factors such as the position of the
antenna related the human tissue, the intensity field of the antenna, and the
power [81].
Tissues optical properties namely; Permittivity, Permeability (which
Is equal to 1 because the tissue is non-magnetic), Electrical Conductivity,
Absorption, Scattering, Anisotropy, and real refractive index should be taken
into account. The thermal properties that are used in the mathematical model
might be selected from the database related to the selected tissue. Some of
these thermal properties are density, heat capacity at constant pressure,

thermal conductivity, and the heat source [82].

1.13 Specific absorption rate

The specific absorption rate (SAR) is an indication tool of absorption
where the EM field exposure in the human body could estimated. SAR is
mainly used to measure the absorbed power in the tissues after irradiation by
external field so that it gets the heat of tissue to be increased. The biological
tissue heat could be checked via a safe method which is mainly depending
on measuring the temperature elevation in tissues. It is mentioned that the

temperature and SAR are evaluated in the human tissues so the precaution
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measures are verified. SAR is a function of many factors. Those factors
affect on the absorption of EM field. SAR variations are depending on the
properties of the wave, properties of the body and environment properties.
Regarding the properties of the wave, the extent of SAR changes is
depending directly on the features of the signal, such as frequency and
polarization. In another side the dependence with the tissue human body, the
SAR value depends on the type of tissue (e.g., geometry, size, age, and
dielectric properties) and tissue orientation/exact location (e.qg., the situation
of the body; front or back incidence). SAR, in addition, depends on the
exposure states, e.g., environmental exposure (indoor and outdoor) and
influences of other objects in the field near the exposed body [83].

It is important to understand SAR calculation with respect to
averaging design. There are two procedures to accomplish SAR calculations:
first is point SAR, and second is averaging SAR (i.e mass or volume). Point
SAR is the value regardless of the averaging of the mass and the maximum
SAR of all the grid cells is provided. When the absorbed power in each grid
divided by grid mass, the point SAR is evaluated. While in the averaged
SAR, a cube of known mass, e.g., 1 g or 10 g, is utilized for every point, then
the loss of the power density is integrated on this region. Then, the power
loss in the integral form is divided by the mass cube [83, 84].

The absorption of EM field that is transferred to heat in the human
body depending on the incident EM power density is measured via SAR. It
Is written as Eq. (1.23) [84].

SAR = ol|E|*/2p (Kg/w) (1.23)

Where:-

o = conductivity of the tissue-simulating material (S/m)
E = total Root Mean Square (RMS) field strength (\V/m)

p = mass density of tissue-simulating material (kg/mq)
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Because the electric field is usually not spatially uniform, SAR is
averaged over a volume of tissue regarding the type of the source. It is useful
to mention that the electric field is not fixed in time, so that, the probe is used

for short-term time-averaging [84].

1.14 Time period estimation

The temperature is elevated in human tissues due to the absorption of
power from EM fields. An irreversible damage of the tissue can take place
due to the absorption of high power. The dielectric and thermal features of
the proposed tissue model are used to evaluate the relationship between the
temperature and the point SAR, it could be estimated considering the
equation of heat (1.24) [85].

dQ =pV CdT (1.24)

Where:-
Q = the thermal energy (J)

V = the volume (m?3)
C =the specific heat (J /K. kg)
T = the temperature in Kelvin (K)
Both sides in (1.24) could be divided by (o V dt), then the terms are

rearranged, so the following equation could be written as:

(dQ/dt) p V= C. dT/dt (1.25)

The SAR value is represented in the left side, so that the thermal

distribution in tissues for a period of (4¢) can be determined.

It can rewrite Eq. (1.25) [85] as:

AT= (SARxAt)/ C (1.26)
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1.15 Literature survey

In 2008, H. Fischer and O. J. F. Martin [86] designed two types of
plasmonic NAs (dipole and bowtie) using a numerical method. The optical
properties are regarded, in addition to the design parameters namely bowtie
angles, length, gap, substrate thickness, and background indices are studied.
The results revealed that the calculated bowtie structures have a sharper tip
(20 nm) than the calculated dipole structures (40 nm). Despite the stronger
field enhancement of the dipole antenna, the bowtie structures showed

stronger sensitivity to environmental index changes.

In 2009, D. D. Gupta et al. [87] proposed a mathematical model for
laser-induced NAs was developed to destroy the tumor cells regarding the
rise temperature estimation in comparison to in vivo experiments. The
principal properties of photo-energy transport in addition to heat diffusion
for plasmonic NAs through live tissues were considered. A simulation
program was built to analyze the practical results to be reproduced precisely.
A clear understanding of the thermodynamic phenomenon is expected. The
model provided a primary step against the expression of the multistage
processes of the mechanism that depends on photothermal ablation. The
model of “nano-surgeries” becomes possible where the using a pulsed laser
source and NAs have the ability to create thermal gradients in nano-scale
volume spectacularly that could provide the specification of single-cell

treatment.

In 2010, S. V. Boriskina and L. D. Negro [88] investigated grating-
assisted nano-antennas that give multiwavelength focusing in a single
subwavelength spot. The concentration of the light in spot area in the range
of subwavelength is the main purpose of this type of NAs, which are

structured via implementing conventional bowtie NAs into repetitive
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gratings. A new implementation was added which is the combination
between LSPRs of a couple of antennas and the gratings of periodic mode,

involving the operation several wavelengths with the field enhancement.

In 2011, J. Chen et al. [89] demonstrated directly the experimental
findings that various shapes and sizes of pure ferromagnetic nickel NAs
proved the existence of dipolar plasmonic mode, which opened up important
trends for new possibilities. The calculations via numerical method revealed
that the comparison between the images of near field wavelength and the
spectrum of the far-field indicated a significant difference between far and
near fields spectra nickel NAs.The results revealed that a clear red shift was
observed in the resonance of near field in comparison to that of far-field, this
influence does not appear before so it indicates obviously the role of nobel

metal antenna.

In 2012, M. Mivelle et al. [90] successful engineering of nano-
aperture BNAs at the end of tapered optical fiber was performed practically.
Using a single molecule as an optical nano-sensor connected to antennas, the
three-dimensional near field regenerating from those nano-structures was
measured. The results demonstrated that the field could be confined to the
dimensions scale smaller than 80 nm in the area of the gap by BNAs while
the total enhancement in throughput rather than the old subwavelength is
about to ~103x that could be allowed by the whole probe. This is because of
the precise location of the BNAs near the cutoff fiber cutoff area guiding to
an increment of the value of the electric field matching the BNAs, in another
side, the field generated by the tapering area of popular probes suffers from

great reduction.

In 2013, J. M. Jornet et al. [91] a new design of graphene-based

plasmonic NAs is presented and investigated that could be used in the



35
communication. The supposed NAs is composed of a nano-ribbon from thin
graphene and reconstruction a strip of NAs. It is regarded as a plasmonic
resonant cavity and founded its wavelength response. The conductivity of
graphene nano-ribbon of semi finite size as a function of its width was
analyzed and computed for the first time. The results showed the graphen
based NAs could work at quite low frequency rather than the same volume
of the conventional antenna if the compression of a high wave of SPP waves

IS invested.

In 2013, Z. J. Coppens et al. [92] described new methods for designing
and thermally probing thermo-plasmonic structures. A general design
rationale, based on Babinet’s principle, is developed for understanding how
the complementary version of ideal electromagnetic antennae can yield
efficient nano-scale heat sources with maximized current density. Using this
methodology, they demonstrated that highly localized and enhanced thermal
hot spots can be realized by incorporating the diabolo antenna into a

plasmonic lens using FDTD numerical method.

In 2014, J. Calderon et al. [93] described on the first polarimetric
plasmonic biosensor based on arrays of bowtie nano-antennas. Using the
Finite Element Method (FEM) to study the phase retardation between the
axis of the nano-antennas. After optimized them for high volumetric

sensitivity at a wavelength of 780 nm, sensitivities ~5 rad/RIU are obtained.

In 2015, Q. Wang et al [94] studied a temperature-responsive BNAS
device by coating the plasmonic dimers with a submicron-thick
thermoresponsive hydrogel. The index of refraction variations could be
detected from shift in the resonance spectrum due to high field improvement
of the modes in the BNAs. The obtained findings proved that a resonance

shift at 16.2 nm was noticed when hydrogels coated BNAs are used,
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uncoated bare one while a shift of 3 nm is observed. The results suggested
the ability of fabrication a plasmonic device that is sensitive to the
environment out of the coupling between the materials which are sensitive

to an environment with plasmonic nano-structures.

In 2016, Y. F. C. Chau et al. [95] a general analysis of the proposed
structure of a two-dimensional repetitive couple of array (Au CRBPNAS)
was done. The study included geometry and material factors that strengthen
the intensity of near-field in addition to resonances mode in the optical
spectral region using the 3D FEM of Maxwell’s equations. The wanted
resonance wavelength could be precisely tuned by changing the filling
dielectric media and thickness inside the CRBPNAs regarding the range of
300-1800 nm in EM spectra. It is found that sensitivity increment is
depending mainly on the intensity of the hot spot due to the existence of hot
spots in CRBPNAs to sensitized molecules in nano-scale size. The proposed
CRBPNAs showed spectral response showed a good coincidence with the

‘optical window’ of biomaterial.

In 2016, Y. F. C. Chau et al. [1] analyzed numerically and
quantitatively compared the near-field intensities and absorption spectra of
SPR modes on a periodic array of BNAs performed by finite element method
tuned regarding the range of 400—-3000 nm of the optical EM spectrum. They
obtained that increasing the number of hollows in BNAs affect on the
reduction of the resonance width because the fact that enhancement of the
resonance in cavity plasmon is produced from hollow regions. It is worth to
mention that the main benefit is the independence of polarization in
comparison to the less number of hollows. It is concluded that the main factor
for the improvement of the resonance in the Plasmon cavity related to the
hotspot region in BNAs is the hollow number. The study of the proposed

structure was focused on the shift in the working wavelength, in addition, the
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improvement of the local fields via the variations in the filling dielectric

medium, the thickness of the film, and the number of hollows in BNAs.

In 2017, P. B. Savaliya et al. [96] demonstrated a structure design of
vanadium dioxide embedded in Au nano-material to be used as switchable
plasmonic NAs working at near-IR optical spectrum. These nano-antennas
demonstrate switching the intensity of the electric field improvement
between an On and Off states, considering that electrical, thermal, and
optical induction could be used. They employed the FDTD numerical
method. The findings revealed that the maximum intensity switching ratio at
the peak represents the occurring of the tunning (resonance peaks). Knowing,
the model investigated a limited range of wavelengths 900-1300 nm was in

the near IR spectral region by manipulation of the parameters geometry.

In 2018, V. F. Gili et al. [97] used a structure of single AlIGaAs nano-
pillar as a hybrid NAs, characterizing a resonant of an apole mode
considering the pumping wavelength, surrounded by the designed a ring of
Au to enhance the coupling of the light to the nano-structure. Second and
third-order harmonic nonlinear efficiency could be enhanced. The
enhancement factors were measured to be about to 30 for the second
harmonic process while for the third harmonic process is 15. Results
revealed that the possibility to achieve tunable metamixers via enhancing the
emission efficiency and pump coupling because of the apole mode

excitation.

In 2018, E. Sakat et al. [98] demonstrated that a thermal emission
enhancement for a SiNx nano-emitter is higher than four orders of
magnitude, designed dimer nano-antenna. This result opened the way to the

realization of arrays of nano-emitters that could be heated locally and
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inserted in the gap of resonant nano-antennas, allowing a high modulation

rate together with an enhanced thermal emission.

In 2019, M. Hren et al. [99] investigated the optimization steps within
the nano-antenna’s design used CST studio to perform electromagnetic
simulations by modeling various bowtie nano-antenna geometries to obtain
an optimized structure based on varying gap distances, side lengths, and
layer thicknesses. Their findings are the side lengths of the nano-antennas
ranging from 80-110 nano-meters, the gap distances between the nano-
antenna pairs ranging from 20-40 nm, and the gold thickness layer ranging
from 15-45 nm. The optimized design was found of a 90 nm side dimension
followed by a 20 nm gap distance with a 15 nm gold thickness and it is used

to aid in biochemical reaction detection.

In 2019, S. V. Gaponenko et al. [100] investigated the possibility of
controlling of the excited state decay rate of chlorophyl utilizing the structure
design of NAs composed of a single metal and semiconductor NP. It is worth
mentioned that the used metal and semiconductor NPs have the ability of
suppression reaching to one order of magnitude for radiative decay rate by
one order of the magnitude in comparison to that in a vacuum. Considering
that the overall suppression decay could not be performed via a metal nano-
sphere cannot be performed since the radiative decay slowing down takes
place along the similar growth of its nonradiative counterpart only. An
improvement of one order of magnitude of radiative decay during the visible
range by Si NPs at the normal direction of the emitter dipole moment to the

surface of NPs.


https://www.spiedigitallibrary.org/profile/Matthew.Hren-4153794

CHAPTER TWO

Design Methodology of a Proposed
Nano-Antenna and Skin Tissue Model
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A numerical method to design a bowtie shaped plasmonic nano-
antenna is presented using CST studio suite versions (2017, 2018 and 2019)
assisted by Matlab version (9.1.0.441655-R2016b). The first part consists of
the suggested design of nano-antennas in two forms single and an array (2x2,
3x3, and 4x4) at two different resonance wavelengths (532 and 1064) nm.
The sweeping process was done for all designs to select the best one for
tumor cell treatment. The final step is the optimization of the structure
dimensions to get the optimum designed nano-antenna for the proposed
tumor tissue. The performance of every design is investigated. The second
part is to design a proposed tumor in the skin tissue model with certain
dimensions regarding the environment (air). This structure is exposed to the
plasmonic nano-antenna structure to show the mutual influence for all
designs. The third part is to calculate the generated temperature inside the
tumor through the estimation of the specific absorption rate and the time

required for killing tumor cells.

2.1 Design of nano-antenna

From the various type of optical nano-antenna, the bowtie shape is the
preferred choice in this study, as compared with a dipole [86]. Plasmonic
BNAs is usually designed due to the confinement of the electric field in the
gap region, working at higher frequencies, and keeping the whole size much
smaller (nano-meter) [41]. Regarding the sharp tips of the two arms of the
bowtie antenna, the group and phase velocities of surface plasmonic waves
decrease with the distance of propagation and finally become zero [101].
BNAs are expected to possess a relatively broad bandwidth because they
represent the two-dimensional analogue of a biconical antenna [93]. The

localized plasmonic near-field, which is highly sensitive to the refractive
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index of its surrounding medium can be tuned by adapting the nano-structure
shape. Geometrical parameters such as size, gap distance, height, and bowtie
apex angle have a direct effect in the LSPR [102].

2.1.1 Single unit plasmonic bowtie nano-antenna

First of all, initial dimensions are selected to design primary bowtie
shape nano-antenna by sitting the length of nano-antenna is (L), the width is
(W), the thickness is (T), the apex width is (A), the gap width is (G) and the
bowtie apex angle is (®°) [103], as shown in Figure. 2.1.a.

The bowtie structure is normally illuminated by linearly polarized
waveguide excitation source along the x-axis (x-polarization). The
surrounding environment of the design structure is assumed to be air. as

shown in Figure 2.1.b.

(@)
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(b) I sio:
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Fig. 2.1 (a): Schematic diagram of single 3D plasmonic nano-antenna with dimensions of
the length of nano-antenna is (L), the width is (W), the thickness is (T), the apex width is
(A), the gap width is (G) for the Gold and the length (1), width (w), thickness (t) for the
SiOz. (b): The direction of excitation.

2.1.2 Material specification

The gold metal is regarded the suitable choice in the plasmonic
structure for the medical applications because of different reasons, non-toxic
material, anti oxidized and working at a resonance wavelength of 530 nm.
The optical wavelength gives a higher intensity field which represents a good
nano-source to treat the tumor cells. The SiO, material is selected as a

substrate in the designed structure.

The designed nano-antenna (metal/dielectric) consists of the metal
Gold (Au) on a substrate of silicon dioxide (SiO). The real and imaginary

parts of the Au dielectric function with respect to different incident
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wavelengths are used from experimental data as illustrated in Table (2.1). The

refractive index of SiO, is 1.5.

Table 2.1. The dielectric constant of Gold at incident wavelengths [104].

) The real part of The imaginary part
Material Wavelength (nm) ) ] ) )
dielectric constant of dielectric constant

532 -4.68 242

Gold
1064 -48.45 3.60

2.2 Numerical method

CST studio is allocated to fast and accurate 3D EM simulation of high-
frequency problems. The module includes a variety of solvers operating in
time and frequency domains.

The time-domain (transient) solver in CST is based on the so-called
finite integration technique (FIT). The sequence of the simulation process in
CST is illustrated in Figure 2.2.
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Fig. 2.2 The steps followed during design and simulation in the CST program.
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2.3 Sweeping process of plasmonic bowtie nano-antenna

The designed nano-antenna was swept in the CST program for the
resonance wavelengths (532 and 1064) nm as shown in Figure 2.3. For each
designed nano-antenna unit (i.e., single-nano-antenna), five geometrical
parameters are varied over a certain range during the sweeping process.
These parameters are (L, G, T, A and ®°). The sweeping process is applied
for all designed NAs (single and an array) for the resonance wavelengths (532

and 1064) nm. The results of this process will be presented in chapter three.
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wavelength
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Fig. 2.3 The steps followed to swept the nano-antenna single unit using the CST
program.
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2.4 Particle swarm optimization of plasmonic bowtie nano-

antenna

Particle swarm optimization technique is applied to the designed nano-
antenna to optimize the supposed dimensions. For each designed nano-
antenna unit (i.e., single-nano-antenna and an array), five geometric
parameters are regarded in the PSO process. These parameters are (L, G, T,
A and @°). The PSO is applied at two resonance wavelengths (532 and 1064

nm).

The following steps are done to optimize the nano-antenna:-

(1) Each nano-antenna is optimized over five-dimensional space
representing its geometric parameters using PSO algorithm. The
initial values used to run the algorithm are taken from the design
based on the parametric study given in section 2.3.

(i)  The results obtained in step (i) initiate the PSO algorithm used to
optimize the designed nano-antenna. The PSO trys to get the
optimized performance over ten-dimensional space corresponding to

the given parameters for two wavelengths (532 and 1064) nm.

The PSO process is applied for the single and an array units of the designed
structures for two resonance wavelengths (532 and 1064) nm. The simulation
results are obtained using CST packaged will be shown in chapter three (see
Figure 2.4). The objective function used in the optimization process is to
minimize the reflection coefficient (S;;) at the resonance wavelengths.

F = Min 511 |resonancewave1ength

The simulation results are obtained using CST packaged and take

about 24 hours for single design nano-antenna and about 72 hours for array
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design nano-antennas. Personal computer DELL (INSPIRON 15-5000
series) having RAM 16 GB and processor Intel Core i7, CPU 2.40 GHz, is

used to perform the PSO simulation.

-

\ 4

Set the initial values of geometric
parameters of the nano-antenna unit

A\ 4
Applying PSO technique to optimize the
goal function according to CST
simulation

y
Stored the optimized values of the
geometric parameters to be used later to
initial the optimization process of the
whole nano-antenna

A\ 4

Fig. 2.4 The steps followed to optimize the nano-antenna units using the CST program.
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2.5 Initial design of nano-antenna

Based on the single unit of the designed plasmonic nano-antenna, the
initial structure of bowtie nano-antenna will be done in both single and an

array design working at resonance wavelength (532 and 1064) nm using CST.

2.5.1 Design of single plasmonic bowtie nano-antenna

The designed of plasmonic nano-antenna working in the visible range
is directly influenced by different parameters namely (the shape, the length,
and the gap dimensions). The more effective parameter in the design of nano-
antenna is the gap width. It is useful to mention that the variation of every
parameter affects directly on the others so, the comparison between those

parameters should be regarded.

2.5.1.1 Single plasmonic nano-antenna working at 532 nm

The dimensions of the designed structure that verifies the resonance
wavelength of 532 nm is shown in Figure 2.1 (a). The length of nano-antenna
is (L=75 nm), the width is (W=72.13 nm), the thickness is (T=50 nm), the
apex width is (A=10 nm), the gap width is (G=5 nm) and the bowtie apex
angle is (©=35°) and the length (1), the width (w), and the thickness (t) of the
SiO; substrate was set as (300, 300, and100) nm respectively.

2.5.1.2 Single plasmonic nano-antenna working at 1064 nm

Figure 2.1 (a) used to indicate the geometry of designed nano-antenna

working at resonance wavelength 1064 nm with the length (L=137 nm),
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width (W=294 nm), thickness (T=60 nm), the apex width (A=20 nm), the
gap width (G=20 nm) and the bowtie apex angle (®=90°), and the length (1),
the width (w), and the thickness (t) of the SiO, substrate was set as (700, 700,

and 200) nm respectively.

2.5.2 Array design of plasmonic bowtie nano-antenna

To study the array shape of a nano-antenna, different structures are
performed including (2x2, 3x3, and 4x4) arrays. The effect of shape and the
behavior are regarded for different resonance wavelengths (532 and 1064)

nm. The designed structures are based on the shape of a single unit.

2.5.2.1 Array of bowtie nano-antenna working at 532 nm

The design reported in sections 2.5.1.1 is used as a guideline to design
an array of bowtie nano-antenna (2x2), (3x3) and (4x4) structures. See
Figure (2.5: a, b, and c) respectively.

The spacing distance between the elements in the designed an array
structure is considered to be 300 nm equal to the length of the substrate of

the designed nano-antenna working at 532 nm.
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(b)

(©)

Fig. 2.5 An array of BNAs (a)- (2x2), (b)- (3x3) and (c)- (4x4) structures based on the
single unit of the initial design of nano-antenna working at wavelength 532 nm.
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Now, the array design with the spacing distance between the gap
elements is as the half of the wavelength of 532. The spacing distance
becomes 266 nm, so for sure the behavior and the performance of the new

design are varied as will be presented in chapter three.

2.5.2.2 Array nano-antenna working at 1064 nm

For array nano-antenna working at 1064 nm the spacing distance
between the elements is set at 700 nm similar to the length of the substrate
of the single unit structure related to the design reported in section 2.5.1.2 of
resonance wavelength 1064 nm. And the spacing distance becomes 532 nm
for the half-wavelength distance between each two-gap antennas. The
obtained performance of these array structures will be shown in chapter

three.

2.6 Final design of nano-antennas

The final design is the obtained optimum design of plasmonic BNAs
based on PSO method to new dimensions of the designed structure at a
resonance wavelength (532 and 1064) nm for both single and an array

structure nano-antenna.

2.6.1 Optimum design of single bowtie nano-antenna

The resonance wavelength is obtained after applied the PSO on the
single structure nano-antenna in section 2.5. for both resonance wavelength
(532 and 1064) nm.
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2.6.1.1 Single design at resonance wavelength 532 nm

The optimum dimensions of the designed structure at a resonance
wavelength of 532 nm are illustrated with the dimensions as mention in
Fig.2.1 (a) as the length of nano-antenna is (L=80.015 nm), the width is
(W=61.22 nm), the thickness is (T=54.13 nm), the apex width is (A=9.74
nm), the gap width is (G=4.65 nm) and the bowtie apex angle is (0=35.667°)
considering the length (1), the width (w), and the thickness (t) of the SiO,
substrate are set as (300, 300, and 100) nm respectively.

In the case when the substrate dimension becomes half of the
resonance wavelength 532 nm, so for sure the behavior and the performance
of the new design single structure will vary as will be presented in chapter

three.

2.6.1.2 Single design at resonance wavelength 1064 nm

The optimum dimensions of designed nano-antenna working at 1064
nm with length (L=135.985 nm), the width (W=290.46nm), thickness
(T=65.28 nm), the apex width (A=18.62 nm), the gap width (G=20.20 nm)
and the bowtie apex angle (=89.97°), regarding the length, the width, and
the thickness of the SiO, substrate are set as (700, 700, and 200) nm
respectively.

As the dimension of the substrate become half of the resonance
wavelength 1064 nm the structure of single NA will be change and the

performance will be show in chapter three.
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2.6.2. Optimum of array design for plasmonic bowtie nano-

antenna

The PSO is applied to the array structure of nano-antenna, different
structures are performed including (2x2, 3x3, and 4x4) arrays for two
resonance wavelengths (532 and 1064) nm. The designed structures are
based on the structure of a single unit design in section 2.6, and the

performance of these array structures will be presented in chapter three.

2.6.2.1 Array of nano-antenna at resonance wavelength 532 nm

The PSO of an array of BNAs (2x2), (3x3) and (4x4) structures as in
the section 2.5.2.1 with the spacing distance between gap elements 300 and
266 nm for the wavelength of 532 nm was designed and the performance of

this array NA will be presented in chapter three.

2.6.2.2 Array of nano-antennas at resonance wavelength 1064

nm

The optimum array BNAs (2x2), (3x3) and (4x4) structures as in
section 2.5.2.2 with the spacing distance between the gap elements 700 and
532 nm based on PSO for 1064 resonance wavelength was built and the

characteristic will show in chapter three.

2.7 The proposed tumor tissue model

The proposed tumor represents cancer cells in the skin tissue located

in the center of the skin structure as shown in Figure 2.6.
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Fig. 2.6 3D Schematic view of the tumor embedded in the skin tissue. The dimensions
are (L=wW=600 nm and T= 300 nm).

The thermal properties of the tissue are listed in Table 2.2. In addition,
the dielectric properties of the tissue play an important role in the
investigation of the propagation characteristic of the plasmonic optical nano-
antenna. These properties are mainly depending on tissue type and the

wavelength of interest.

Table 2.2. The properties of the tissues [105].

Thermal Conductivity Specific Heat Mass Density
Tissue
K (W/m) C (kJ/K/kg) p (kg/m3)
Skin 0.2 3.6 1200

Tumor 0.5 3.6 1050
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2.7.1 Exposing the tumor to the designed nano-antenna

The designed tissue is subjected to the plasmonic nano-antenna (single
and an array) radiation at different distances, the resulted pattern is shown in
Figure 2.7.

SiO2
I Gold

Skin
I Tumor

Fig. 2.7 The final pattern of bowtie nano-antenna in front of the designed tissue.

The designed structure was illuminated normally by a waveguide
source linearly polarized along the x-axis as shown in Fig. 2.7. The proposed
tissue is located in the upper edge of the antenna and centered in front of the

gap of the nano-antenna. The structure is surrounded by the air.

2.8 Specific absorption rate

The absorption power from electromagnetic fields causes a

temperature rise in tissues. The high levels of absorbed power can cause
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irreversible tissue damage. The temperature could be calculated from the

SAR according to the equations in section 1.14.

For the wavelengths and half wavelengths of (532 and 1064) nm of
the optimum designed nano-antenna (single and an array), the SAR and time
required for killing tumor cells could be estimated in the proposed design
tissue. The result for each case will be presented in chapter three. The point
SAR inside the proposed tissue could be estimated at distances (100, 200,
300, and 400) nm respectively. Then, the temperature distribution in the

tumor could be calculated.

The side views of proposed tissue model exposed to the designed nano-
antenna in case of single unit (and so on in case of an array) to calculate the
maximum point SAR of a proposed tissue model for different distances (d=
100, 200, 300, and 400) nm is shown in Fig. 2.8.

Si02
Gold
Skin

. Bl Tumor

(] Air

d (nm)

v

B

L

Fig. 2.8 Side view of the proposed tissue exposed to BNAs at distances (d) 100 - 400 nm.
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Results and Discussion



56

This chapter presents the obtained results for the optimized designed
symbols for both single and an array structures using PSO process. The
parameters that affect on the performance of the structures NAs are studied
through the sweeping process. The results of the performance for all
structures including the reflectivity, the near-field intensity and far-field
behavior are presented and discussed. Then the effect of the proposed tumor
tissue at different distance and types of NAs are investigated. The final step
is to calculate the specific absorption rate and hence the temperature

estimation is calculated and discussed.

3.1 Optimization design of nano-antennas

It is well known that the supposed dimensions for each design do not
represent the perfect case, so, we could not investigate them unless we
provide the optimized results. The current research work selects the bowtie
shape NAs in different structures (single, an array, and half wavelength
array). Thisdesign is regarded due to the gap region is a hot spot point source
in addition, the group and phase velocities of surface plasmonic waves
decreases with the distance of propagation become zero at the sharp tips [72].
The optimization process using the PSO technique was done to find the
modified and optimized dimensions for all designs to be recommended in
the study.
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3.1.1 Optimization of single nano-antennas

The optimum geometrical parameters that obtained via the PSO
process in comparison to that supposed initially are listed in Table 3.1. Two
wavelengths are investigated (532 and 1064) nm, which represent the
wavelength of Nd: YAG laser and its second harmonic, where the two-photo
absorption could be taken place. The selection wavelengths attributed to the
higher intensity field of optical frequency which could be used to treat the

tumor cells.

Table 3.1 The optimum geometrical parameters using PSO technique.

Wavelength Geometric Value (nm)
(nm) parameter  gefore PSO (Initial)  After PSO (Final)
L 75 80.015
G 5 4.65
532 T 50 54.13
A 10 9.74
@° 35 35.667
137 135.985
20 20.20
1064 T 60 65.28
20 18.62

e° 90 89.972




3.1.2 Optimization of an array nano-antennas

The initial of the parameters are used to estimate the optimum
parameters for arrays NAs and for half wavelength arrays. Tables 3.2 and
3.3 illustrates the calculated parameters for both cases. It is well observed
that all parameters are varied, so the array structure is built based on these
parameters. Regarding the distance between two single NAs, also new

parameters are appeared which indicates that very parameters. It is shown

that the variation is not equaled owing to its effect.

Table 3.2 The optimum geometrical parameters of an array NAs using PSO technique.

Value (nm)
Wavelength - Geometric —gog o™ After PSO  After PSO  After PSO
(hm)  parameter  pgq  (Final) (Final) (Final)
(Initial) ~ 2x2 3x3 ax4
L 75 80.013 80.015 80.013
G 5 4.65 4.65 4.65
532 T 50 54.129 54.13 54.129
A 10 9.735 9.74 9.735
@° 35 35.667 35.667 35.667
137 126386 124.99 125611
20 21.829 18.461 18.505
1064 T 60 60.026 60.236 60.421
20 20.155 20.634 18.370
@° 90 85.638 82.200 81.171
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Table 3.3 The optimum geometrical parameters of half wavelength array NAs using
PSO technique.

Value (nm)

Wavelength - Geometric —gegore™ After PSO  After PSO After PSO

(hm)  parameter  pgq  (Final) (Final) (Final)
(Initial) 2%2 3x3 4x4
L 75 82.146 82.431 82.325
G 5 530 4.7 4.73
half 532 T 50 53.826 54.262 53.237
A 10 10.159 10.925 10.490
@° 35 38.41 38.4 36.623
137 126386 124.99 125611
20 21.829 18.461 18.505
half 1064 T 60 60.026 60.236 60.421
20 20.155 20.634 18370
@° 90 85.638 82.200 81.171

3.2 Parametric study

The influence of geometrical parameters on the performance of the
design structures should be considered. The effect of each parameter on the

resonance wavelength and the reflectivity is investigated in details.

3.2.1 Single nano-antenna

The optimized parameters effect for both single designs (532 and

1064) nm on the resonance wavelength and reflectivity (Si1) are presented.
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3.2.1.1 Resonance wavelength 532 nm

Figure 3.1 shows the influence of five parameters on the resonance

wavelength of 532 nm.
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500 520 540 560
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Fig. 3.1 Effect of the geometrical parameters (a) Length L, (b) Gap width G, (c) Thickness
T, (d) Apex width A, and (e) Apex angel ®@° on the wavelength.
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The behavior of the length as a function of the resonance wavelength
is shown in Figure 3.1 (a). It seems that the increment of the length above the
resonance rely to a blue shift in the wavelength while the decrease to red shift.

Figure 3.1 (b) shows the effect of the gap as a function of the
wavelength. Clear variation was observed in the wavelength due to the
changes in the gap or maybe regarded similar to that of the length of NA
effect on the resonance wavelength.

The thickness of the gold as a function of the wavelength is also
presented in Figure 3.1 (c). Opposite effect is noticed where the increment
in the thickness produces red shift while the reduction in it goes to blue shift.

The bowtie apex width also investigated as a function of the
wavelength. Obvious influence is noticed where the increase in the apex
width above the resonance causes a blue shift while the decrease causes red
shift as illustrated in Figure 3.1 (d).

Figure 3.1 (e) presents the behavior of the apex angle as a function of
the wavelength. Similar effect was shown to that for apex width which means
that the two parameters are related to each other.

The influence of the mentioned parameters on the reflectivity of NAs

is considered too.

Figure 3.2 presents the effect of different parameters on the reflectivity
at the resonance wavelength of 532 nm. The maximum reflectivity is (-50.57
dB) at the following parameters, L= 80.015 nm, G= 4.65 nm, T=54.13 nm,
A=9.74 nm and the apex angle is 35.6670.
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Fig. 3.2 Effect of the geometrical parameters on the reflectivity in dB at the resonance
wavelength of 532 nm. (a) Length L, (b) Gap width G, (c) Thickness T, (d) Apex width
A, and (e) Apex angel ®°.
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In general, the influence of various parameters on the reflectivity is
different but the more effective parameters is the length where the variation
Is about to 35 dB. Other parameters show that the changes in the reflectivity
is about to 15 dB. The dip of all behavior curves is clear which represents

the resonance.

3.2.1.2 Resonance wavelength 1064 nm

The second choice of the resonance wavelength is 1064 nm because it
represents the half frequency of 532 nm and deeply absorbed by the skin.
Similar steps were applied for this wavelength to observe the influence of

the geometrical parameters on the resonance wavelength.

Figure 3.3 (a, b, ¢, d and e) generally presents the behavior of all
investigated parameters on the reflectivity of NAs at the resonance

wavelength 1064 nm.
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Fig. 3.3 Effect of the geometrical parameters on the resonance wavelength: (a) Length L,
(b) Gap width G, (c) Thickness T, (d) Apex width A and (e) apex angel ©°.

The effect of the length as a function of the resonance wavelength is
shown in Figure 3.3 (a). It is mainly observed that the influence is sharp in
both sides (red and blue) where the wavelength is red shifted when the length
Is increased above the resonance while blue shifted in the case of reduction
in the wavelength. So this parameter represents the more effective one due
to the clear effect.

Figure 3.3 (b) illustrates the manner of the gap as a function of the
resonance wavelength. It is clearly observed the gap width is little bit blue
shift then abruptly red shifted in the reduction of the gap width while no
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important variation in the case of increment in the gap width toward shorter
wavelength.

The thickness of the gold seems to be influenced as a function of the
wavelength as observed in Figure 3.3 (c). Clear linear behavior is detected
where red shift is noticed in the decrease of the thickness below the
resonance while the opposite effect in increase of the thickness.

Now the apex width and angle are investigated in Figure3.3 (d). The
increment in the apex width causes red shift while blue shift is observed in
the decrease of apex width. Figure 3.3 (e) represents the effect of the apex
angle on the resonance wavelength. Distinguished behavior is shown where
the blue shift takes place when the angle is reduced to 85 degree then no
variation is observed till 70 degree then goes down again toward lower
degrees (60) degree.

The absorption behavior represented by the reflectivity is regarded.
Figure 3.4 (a, b, ¢, d and e) is the studied parameters as a function of the
reflectivity at the resonance wavelength 1064 nm.

The maximum reflectivity is (-35.79 dB) at L=135.985, G=20.20, T=
65.28 nm, A= 18.62 nm and the apex angle is 89.972°. The reflectivity value
is less than that detected for 532 nm which was expected due to less
absorption in that wavelength.

It is well noticed that all parameters affect on the reflectivity in

different rates but the length is more effective.
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Fig. 3.4 Effect of the geometrical parameters on the reflectivity in dB at the resonance
wavelength of 1064 nm. (a) Length L, (b) Gap width G, (c) Thickness T, (d) Apex
width A, and (e) Apex angel @°.
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It is observed clearly from the results of optimization that the
difference between two values (before and after) the optimization seems little
for all parameters but it indicates the accuracy of results and how much

affects on the performance of the designs later.

3.3 Performance of nano-antennas

The performance of every design should be investigated well because
its importance in each system. So that all design structures are studied in

details regarding the reflectivity, near-field and far-field.

3.3.1 Reflectivity of nano-antennas

The reflectivity (Si11) behavior of optimized designs including single
unite of NA, an array structures (2x2, 3x3 and 4x4) and the array in the half-

wavelength distance between two adjacent gaps were investigated.

3.3.1.1 Single unit at two wavelengths (532 and 1064 ) nm

Figure (3.5) shows the maximum reflectivity at the resonance
wavelength of 532 nm for the optimized design. The value of the reflectivity
is (-50.57 dB).

The reflectivity behavior of the optimized design at the resonance
wavelength 1064 nm is shown in Figure 3.6. The maximum value of the
reflectivity at the resonance wavelength is (-35.79 dB). It is clearly observed
that there a decrease in the reflectivity which means less absorption because

the resonance of the gold is located at about to 530 nm.
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Fig. 3.5 The reflectivity of single NA at the resonance wavelength of 532 nm.
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3.3.1.2 An Array nano-antenna (2x2, 3x3 and 4x4) at 532 nm

Regarding the optimized design of the single unit a pair of arrays (2x2,
3x3 and 4x4) NAs structures were built as shown in Figure (3.7). It is
observed in the arrangement of (2x2) an array that the reflectivity is blue
shifted but the behavior is not similar to the single design (see Figure 3.7).

The maximum reflectivity is (-17.39 dB).

The second arrangement is composed of (3x3) an array NAs. The
maximum reflectivity is (-37.08 dB). It is obvious that the resonance is red
shifted to be 661.76 nm but the behavior is well defined. Again, the

reflectivity still below the value of the single unit

The third structure is the array of (4x4) NAs. The detected reflectivity
is (-33.82 dB). The resonance is red shifted from the resonance of the
incident light 669.6 nm but little bit red shifted from the the (3%3) an array.

A (nm)

300 500 700 900
-5 2X2

3x3
4x4

-40

Fig. 3.7 The reflectivity of different NAs array structures (2x2, 3x3 and 4x4) as a function

of the wavelength for 532 nm.
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3.3.1.3 Half wavelength array (2x2, 3x3 and 4x4) at 532 nm

The other designs of an array NAs consider the distance between two
single units of optimized NA equal to half wavelength of the resonance

wavelength, so, the reflectivity is definitely varied.

Figure 3.8 shows the behavior of the reflectivity as a function of
wavelength for (2x2, 3x3 and 4x4) an array NAs at 532 nm. It is well clear
that the behavior and the value of the reflectivity are enhanced in comparison
to the previous case where it becomes (-54.73 dB) as observed in Figure (3.8)
which means that the distance between single NAs plays an important role
in the light absorption in the array structure. It is also observed that resonance
wavelength is red shifted to be 853.89 nm while it was blue shifted in the

distance larger than the half wavelength.

The reflectivity of other arrays of NAs (3x3 and 4x4) are regarded too.
It is shown that the reflectivity is about (-39.59 dB) and (-58.39 dB) for both
cases . The resonance wavelength is red shifted similar to the previous case
where the shift is 556.93 nm and 690.18 nm for the array NAs (3x3) and
(4x4) respectively.
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Fig. 3.8 The reflectivity of (2x2, 3x3 and 4x4) an array NAs at the half wavelength as a
function of the wavelength for 532 nm.
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From the three NAs arrays (2x2, 3x3 and 4x4) at a distance of half
wavelength, we can notice obviously that the new PSO structure improves
the array with a good reflectivity performance compare to the three NAs
arrays (2x2, 3x3 and 4x4). The highest reflectivity is detected at the
resonance wavelength (690.18 nm) which represents the larger red shift but
still in the visible spectral range. The nature of the spectral shifts in
plasmonic nano-structures is still a widely unexplored , with only a few

studies aiming at acceptable describing the underlying mechanism.

3.3.1.4 An array nano-antenna (2x2, 3x3 and 4x4) at 1064 nm

Similar steps are done at wavelength 1064 nm to observe the
variations that occur for different structures of arrays (2x2, 3x3 and 4x4) in

comparison to the single unit.

Figure 3.9 shows the behavior of the reflectivity at three structures of
NAs array (2x2, 3x3 and 4x4). Regarding the array of (2x2) arrangement, it
seems that the reflectivity is reduced clearly, in addition, no sharp tip is
observed may be due to low absorption in this resonance wavelength,
however the resonance is little red shifted 1139 nm. The maximum
reflectivity is (-13.11 dB).

The array of (3x3) NAs is built and its performance of the reflectivity
is detected. It is observed that the resonance is 1151.5 nm red shifted also
but less than that of (2x2) an array. The maximum reflectivity is (-9.32 dB).

The array of (4x4) NAs is also presented to show the difference in
both the reflectivity and the shifted resonance wavelength. The minimum
reflectivity is (-8.52 dB) as illustrated in Figure 3.9 while the resonance is
red shifted 1172.4 nm.
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It is worth mentioned that all the reflectivity values are less than that
for a single design Which means the array designs do not improve the

performance.
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Fig. 3.9 The reflectivity of three NAs arrays (2x2, 3x3 and 4x4) as a function of the
wavelength at 1064 nm.

3.3.1.5 Half wavelength array (2x2, 3x3 and 4x4) at 1064 nm

Similar steps were done for the array NAs (2x2, 3x3 and 4x4) at the
resonance wavelength 1064 nm regarding the distance between two adjacent

single NAs is half of the resonance wavelength.

Figure 3.10 demonstrates the behavior of the reflectivity of those
arrays. Considering the array (2x2) NAs at the half resonance wavelength
of 1064 nm. Good profile of the reflectivity is noticed while its value (-34.26
dB) is improved related to the array structures at the substrate length of the
single unite but it is little bit decreased in comparison to single. The

resonance is also low shifted 1058.6 nm.
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Now, it should observe the behavior of the reflectivity as a function of
wavelengths for two other structure arrays NAs (3x3 and 4x4) respectively.
The enhancement for both the behavior and the value of the reflectivity are
observed in comparison to the (2x2) an array for the previous case. The
resonance wavelength is short range shifted in comparison to the cases that
is regarded the distance between two single NAs in one unit. The detected
shift is about 1061.3 nm and 1061.9 nm, with reflectivity about (-33.84 dB)
and (-33.75 dB) respectively.
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Fig. 3.10 The reflectivity profile of three arrays NAs (2x2, 3x3 and 4x4) as a function of
the wavelength at the half wavelength 1064 nm.

The last Figure showed that the arrays (2x2, 3x3 and 4x4) NAs are
affected clearly by the variation of changing the distance between two single
unit of NAs and that may be where the the reflectivity for all are improved
and the observed shift in the resonance wavelength is appeared arround 1064
nm. Those results indicate that the influence of the substrate wavelength
(SiOy) is clear which can be regarded a tunning factor with good profile and

value of the reflectivity.
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3.3.2 Near-Field of the designed nano-antennas

The intensity of the near-field represents one of the important
indications for the performance of every NAs. All structures are subjected to

the investigation for both resonance wavelengths.

3.3.2.1 Single unit at resonance wavelengths (532 and 1064) nm

Figure 3.11 shows the distribution of the near-field for single
design at resonance wavelength 532 nm. The calculated field is 3.52x108

V/m. It seems that the field is concentrated in the gap region.
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Fig. 3.11 The near-field distribution in the gap NA at 532 nm.

At the resonance wavelength 1064 nm, the field distribution of single
NA is shown in Figure 3.12.The intensity field value is 2.77x108 \V/m which
is less than that of 532 nm due to less absorption. The field is also
concentrated in the gap area in addition to a little bit extension to the

substrate which indicates the role of the substrate material.
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Fig. 3.12 The near-field distribution in the gap of optimum NA at 1064 nm.

3.3.2.2 An array (2%x2, 3x3 and 4x4) nano-antennas at 532 nm

To study the effects of the near- field intensity for an array NAs,
different structures (2x2, 3x3 and 4x4) are investigated. Figure 3.13 (a, b
and c) shows the intensity distribution of the array (2x2, 3x3 and 4x4) NAs
at resonance wavelength of 532 nm. It is well observed that the near-field
increases at the array of (3x3 and 4x4) in comparison to the single design
while it decreases at the array of (2x2). The highest value is for the array
(3x3) where intensity field is (1.14x108, 6.49x108 and 4.77x108) VV/m for the
arrays of (2x2, 3x3 and 4x4) respectively.
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Fig. 3.13 (a)- (2x2), (b)- (3x3) and (c)- (4x4) an array near-field distribution at 532 nm.

3.3.2.3 Half wavelength array (2x2, 3x3 and 4x4) at 532 nm

The near-field distribution of the half wavelength resonance
structures including an array of (2x2, 3x3 and 4x4) NAs are taken into
account. Figure 3.14 (a, b and c) illustrates the intensity distribution of the
array (2x2, 3x3 and 4x4) NAs at half resonance wavelength of 532 nm. The
detected field is about (3.68x108, 2.01x10® and 4.87x108) V/m for arrays
(2x2, 3%x3 and 4x4) respectively. The near-field is enhanced for the array

(4x4) while it is about to similar for other arrays (2x2 and 3x3).
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Fig. 3.14 (a)- (2x2), (b)- (3%3), and (c)- (4x4) an array near-field distribution at half
resonance wavelength of 532 nm.

3.3.2.4 An array (2x2, 3x3 and 4x4) nano-antennas at 1064 nm

The intensity of near-field for different NAs structures at resonance
wavelength 1064 is also presented. The calculated field is (3.27x108,
3.61x10% and 3.08x10%) VV/m for the array structures of (2x2, 3x3 and 4x4)
respectively as illustrated in Figure 3.15. It is well observed that all detected
fields are higher than the single unit but still the field of the array (3%3) is
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the highest which indicate clearly the improvement of the near-field at those

arrays.
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Fig. 3.15 Near-field distribution for an array (a)- (2x2), (b)- (3x3), and (c)- (4x4) at 1064

nm.

3.3.2.5 Half wavelength array (2x2, 3x3 and 4x4) at 1064 nm

The detected near field distribution for the array structures of (2x2,
3x3 and 4x4) at the half resonance wavelength is (7.28x108, 7.47x108 and
5.39x108) V/m respectively as shown in Figure 3.16 (a, b and c).
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Fig. 3.16 Near-field distribution for an array (a)- (2x2), (b)- (3%3), and (c)- (4x4) at half
resonance half wavelength of 1064 nm.

The detected field is similar for the array (2x2 and 3x3) while simple
variation is noticed for other an array (4x4) which means that the new
structure that regards the distance between two single ANs equal to the half
of the resonance wavelength does not affect clearly. In general, the near-field
distribution is improved clearly, in addition, it depends mainly on the
absorption which is indicated by the reflectivity.
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3.3.3 Far-Field of nano-antenna

The far-field intensity is considered one of the effective parameters to
determine the effectiveness of the NA to be used in medical applications, so
they are investigated for all designs.

3.3.3.1 Single design (532 and 1064) nm

The far-field of 3D optimum design of single NA is regarded for two

resonance wavelengths (532 and 1064) nm.

Figure 3.17 shows the far-field distribution in 3D for the resonance
wavelength 532 nm regarding the reference plane 1 um. It is observed the
regular distribution in front of the gap region. The calculated field is
7.79x10° V/m.
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7.79e+6
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Fig. 3.17 3D far-field of the optimum design of single NA at 532 nm with a reference

plane 1um.



81

The second far-field 3D distribution is for the single design of NA at
1064 nm.lIt is shown that the field is reduced to be 5.93x10° V/m and the
field is extended toward the substrate with similar reference plane as shown
in Figure 3.18.
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5.93e+6
5.03e+6
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Fig. 3.18 3D far-field of the optimum design of single NA at 1064 nm with reference
plane 1 pm.

3.3.3.2 An array (2x2, 3x3 and 4x4) nano-antennas at (532 and
1064) nm

The far-field behavior for an array NAs (2x2, 3x3 and 4x4) should be
regarded and demonstrated.

Figure 3.19 (a, b and c) presents the 3D distribution of far-field for an
array NAs (2x2, 3x3 and 4x4) patterns at 532 nm.
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It is clear that the field is concentrated in the center of all patterns but
with different values. The far-field intensity is (2.22x107, 2.03x10" and
2.67x107) V/m for the array designs (2x2, 3x3 and 4x4) respectively where
the higher value is detected for the array of (4x4) unit. The field intensity for
(3x3) does not represent an increase rather than the pattern (2x2) which
means the increment in the far-field does not depend on the number of arrays

which affects clearly on the far-field increase in all cases.

V/m
2.03e+7
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1.42e+7
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4.93e+6

Fig. 3.19 3D far-field of the array NAs (a)- (2x2), (b)- (3x3), and (c)- (4x4) at 532 nm
with reference plane 1 um.
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The 3D far-field pattern for arrays (2x2, 3x3 and 4x4) NAs at 1064
nm is shown in Figure 3.20 (a,b and c). It seems that the field is concentrated
in the center of patters except the distribution of (2x2). The field intensities
are (1.3x107, 2.23x10" and 9.7x10°) VV/m for the distribution pattern of (2x2,
3x3 and 4x4) respectively. In comparison to the resonance 532 nm, a clear
difference is observed and proved again that the far-field intensity does not

depend on the number of arrays.

(@)

Fig. 3.20 3D far-field of the optimum an array (a)-(2x2), (b)- (3%3) and (c)- (4x4) NAs
at 1064 nm with reference plane 1 pum.
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3.3.3.3 Half wavelength array (2x2, 3x3 and 4x4) at (532 and

1064) nm

The far-field intensities at the resonance wavelength 532 nm are
(9.76x108, 2.2x107 and 2.25x107) V/m for the distribution pattern of (2x2,
3x3 and 4x4) as illustrated in Figure 3.21 (a, b and c). It is observed that the
far-field intensity increased as the number of an array increased although the
field in general less than that detected in the structures do not depend on the
distance between two adjacent single units . Linear increment is observed
related to the number of arrays. The distribution field of all arrays are
centered for all arrays (2x2, 3x3 and 4x4) which does not observed in the

previous cases.
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Fig. 3.21 3D far-field of the (a)- (2x2), (b)- (3x3) and (c)- (4x4) an array at the half
wavelength of 532 nm with reference plane 1 pum.
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The far-field intensities at the resonance wavelength (1064) nm are
(1.2x107, 1.9x107 and 2.54x107) V/m as shown in Figure 3.22 (a, b and c)
respectively. Again, the far-field intensity increases related to the number of
arrays (i.e. the field increases as the number of arrays increases). The
detected value of the field do not varied clearly except the far-field an array
for (4x4) NAs where it becomes 2.54x107 VV/m. The dependence of the far-
field values on the number of arrays is more clear. The field distribution

seems well concentrated in the center of the array structures.
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Fig. 3.22 3D far-field of the (a)- (2x2), (b)- (3x3) and (c)- (4x4) an array at half
wavelength of 1064 nm with reference plane 1 pm.
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From the previous results, it is well observed that the far-field
distribution does not depend on the single or arrays structures for both
wavelengths (532 and 1064) nm where the maximum far-field detected is
2.67x107 V/m for an array NAs (4x4) at 532 nm while it is 2.23x10” VV/m for
an array NAs (3x3) at 1064 nm. Regarding the half wavelength array, linear
behavior is shown for 1064 nm while higher far-field for higher an array
structure is observed for 532 nm which means that the far-field could be

controlled by the arrays, as shown in Figure 3.23.
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Fig. 3.23 The far-field as a function of single and three arrays (2%X2, 3X3 and 4x4) for
two wavelengths (532 and 1064) nm.

Generally, the spectral difference between far-field and near-field
spectra is an interesting and fundamental property of plasmonic antennas.
On the other hand, it needs to be taken into account when designing nano-

photonic devices regarding its application.
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3.4 Field distribution in proposed tumor tissue

The main purpose of the present work is to investigate the influence
of different structures on a proposed skin tissue through the study of the far-
field distribution in the tissue that is received from NAs after subjecting to
the tissues. The tumor tissue dimensions are designed related to three
parameters, the position of the tumor inside the skin, the location in the body
(skin), and the distance between the NAs and the tumor cells. This part
includes investigation the influence of the far-field pattern created by the
designed NAs working at two resonance wavelengths (532 and 1064) nm for
different distances (100, 200, 300, and 400) nm on the proposed tissues.

3.4.1 Single nano-antenna at 532 nm

The proposed tissue is subjected to the single NA for different
distances at the resonance wavelength 532 nm as shown in Figure 3.24. The
maximum far-field calculated is (1.3x10% 7.18x10°, 4.71x107, and
3.29x107) V/m in the proposed tumor for the distances (100, 200, 300, and
400) nm respectively. It seems that the better field is detected at the distance
100 nm which represents the suitable distance where the field is concentrated
in the tumor. It is well observed that the far-field strength increases for the

closest distance from the NA.
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Fig. 3.24 The far-field pattern of 532 nm in the proposed tissue at different distances. (a)
100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

3.4.2 Single nano-antenna at 1064 nm

Figure 3.25 shows the far-field distribution in the tumor embedded in
the skin tissue for various distances at the resonance wavelength 1064 nm.
The maximum far-field calculated is (8.02x107, 3.74x107, 2.487x107, and
2.49x107) V/m in the proposed tumor for the distances (100, 200, 300, and
400) nm respectively. Two notes were detected, first, the far-field for all
distances is less than the field calculated at 532 nm, second, the far-field is
reduced with increasing the distance where the maximum field is calculated
for 100 nm.
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Fig. 3.25 The far-field pattern of 1064 nm in the proposed tissue at different distances.
(@) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

Figures 3.24 and 3.25 illustrate clearly that tissue is affected strongly
on the field. The distribution of the intensity field in the skin tissues is
directly influenced by the resonance wavelength and hence its strength. The
pattern of the field in the case of resonance wavelength 532 nm is much
sharper than in 1064 nm. It is worth noticed that is the field in the tissue is
larger, in general, than the incident far-field on the tissues which could be
attributed as the reflectivity is varied due to the absorption of the tissues is

different than that of the antennas used.
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3.4.3 An array nano-antenna (2x2, 3x3 and 4x4) at 532 nm

The maximum far-field calculated is (3.46x108, 2.13x108, 1.19x108,
and 1.12x10%) V/m in the proposed tumor subjected to an array (2x2) NAs

for the distances (100, 200, 300, and 400) nm respectively, as shown in
Figure 3.26 (a, b, ¢, and d).
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Fig. 3.26 Side view of the far-field pattern for (2x2) an array NAs in the proposed tissue
at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

It is observed that the field is enhanced in the tissue which could be

interpreted as the collection effect of NAs in an array structures.

An array (3x3) NAs is located beyond the tumor tissue for the

distances (100, 200, 300, and 400) nm respectively as shown in Figure 3.27
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(a, b, ¢, and d). The maximum far-field calculated is (1.3x108, 7.83x107,
5.92x107, and 4.17x107) V/m. There is not clear enhancement in comparison
to the array of (2x2) NAs.
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Fig. 3.27 Side view of the far-field pattern for (3x3) an array NAs in the proposed tissue
at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

Figure 3.28 (a, b, c and d) illustrates the maximum far-field distributed
in the tumor tissue (1.76x108, 9.49x107, 5.69x10, and 4.61x107) VV/m after
exposed to the array NAs (4x4) for the distances (100, 200, 300, and 400)

nm respectively.
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Fig. 3.28 Side view of the far-field pattern for (4x4) an array NAs in the proposed tissue
at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.
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It is noticed that the field is enhanced again in the tissue which
improves the effect of number of arrays on the field intensity. As a result, it
is shown clearly that the field in an array structures does not depend on the

number of arrays although the detected field in the array (2x2) is the highest.

3.4.4 An array nano-antenna (2x2, 3x3 and 4x4) at 1064 nm

Figure 3.29 shows the far-field distribution in the tumor for an array
of (2x2) NAs. The maximum far-field calculated is (1.7x108, 7.5x107,
4.53x107, and 3.49x107) V/m for the distances (100, 200, 300, and 400) nm
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respectively. It is observed the reduction in the field little bit in comparison

to that detected in the normal case of NAs.
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Fig. 3.29 Side view of the far-field pattern for (2x2) an array NAs in the proposed tissue
at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

The field distribution in the tumor tissue irradiated by an array NAs
(3x3) for the distances (100, 200, 300, and 400) nm respectively is shown in
Figure 3.30 (a, b, ¢, and d). The maximum far-field calculated is (1.5%108,
7.84x107, 5.65%107, and 4.76x10") V/m. No clear variation is observed in
the field intensity but still the closest one is the highest value of field (100)

nm similar to the previous one.
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Fig. 3.30 Side view of the far-field pattern for (3x3) an array NAs in the proposed tissue
at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

Figure 3.31 (a, b, c and d) illustrates the maximum far-field distributed
in the tumor tissue subjected to an array of (4x4) NAs. The intensity field is
(1.76x108, 9.49x107, 5.69x107, and 4.61x107) V/m for the distances (100,
200, 300, and 400) nm respectively. It is observed a small increment in the

field intensity and the highest wvalue is detected at 100 nm.
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Fig. 3.31 Side view of the far-field pattern for (4x4) an array NAs in the proposed tissue
at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

3.4.5 Half wavelength array nano-antenna (2x2, 3x3 and 4x4)
at 532 nm

The next step is to investigate the effect of the field pattern interaction

with the proposed tumor tissue as indicated in the Figures 3.32, 3.33, 3.34.

From the optimal design for (2x2) an array NA at (100, 200, 300, and
400) nm distances as shown in Figure 3.32, it seems that the field was sharp
and varied in the case of (2x2) an array NA. The field decreased as the
distance increased it is about (1.28x108, 5x107, 3.08x10” and 2.53x107) V/m
for distance 100, 200, 300, and 400 nm respectively.
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Fig. 3.32 Side view of the far-field pattern for (2x2) half wavelength array NAs in the
proposed tissue at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400

nm.

Bhat

Bhi

The effect of field from (3%3) half wavelength array NAs on the tumor
of the tissue is also investigated and the results are depicted in Fig. 3.33 for
different distances (100, 200, 300 and 400) nm. The field distribution is
varied in the tumor and decreased as the distance increased, it is about
(1.3x108, 8.19x107, 5.78x10" and 3.49x107) V/m.
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Fig. 3.33 Side view of the far-field pattern for (3%3) half wavelength array NAs in the
proposed tissue at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400

nm.

Figure 3.34 shows the field interaction in the proposed tumor
corresponding to the (4x4) half wavelength array NAs. The pattern of the
field is observed in the tumor (1.63x108, 9.5x107, 7.16x10" and 4.64x107)
V/m for the distances (100, 200, 300 and 400) nm respectively.
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Fig. 3.34 Side view of the far-field pattern for (4x4) half wavelength array NAs in the
proposed tissue at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400

nm.

In the three cases of the half wavelength array NAs (2x2, 3x3 and

4x4) at 532 nm, the results highlight the linear variation of the field with

distance, the field decreased as the distance from the tumor increase but the

pattern is different and varied for each case according to the number of the

array. It observed also that higher arrays produce higher field in the tissue.
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3.4.6 Half wavelength array nano-antenna (2x2, 3x3 and 4x4)
at 1064 nm

To further demonstrate the interaction of the field with the proposed
tumor in the half wavelength array NAs (2x2, 3x3 and 4x4) at 1064 nm as
shown in Figures 3.35, 3.36, and 3.37.

Figure 3.35 shows the effect of an array NAs (2x2) on the field
produced in the tumor at distances (100, 200, 300 and 400) nm where the
maximum detected fields are (1.3x108, 6.9x107, 4.85x107 and 3.6x107) V/m
respectively. It seems clearly that the field decreases as the higher distances.

Also, no big difference is observed between 300 and 400 nm.
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Fig. 3.35 Side view of the far-field pattern for (2x2) half wavelength array NAs in the
proposed tissue at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400

nm.
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In order to understand the optical behavior of the proposed tumor, it
is useful to display the electrical field distributions of an array NA (3%3 and
4x4) at half wavelength as shown in Figures 3.36 and 3.37.
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Fig. 3.36 Side view of the far-field pattern for (3x3) half wavelength array NAs in the

proposed tissue at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400
nm.
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The maximum detected fields are (1.3x108, 5.9x107, 4.86x10’ and
4.24x107) V/mfor the distances (100, 200, 300 and 400) nm which indicates
that no effective difference in comparison to the array (2x2) is appeared, may

be due to the distribution of the field is not concentrated in the center.
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Fig. 3.37 Side view of the far-field pattern for (4x4) half wavelength array NAs in the
proposed tissue at different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400

nm.

Now, the far-field of the array (4x4) are (1.62x108, 9.26x107, 6.6x10’
and 5.42x107) V/m for distances (100, 200, 300 and 400) nm respectively.
The increment in the field is limited which shows the small effect of an array
(4x4) in comparison to other arrays.
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The pattern of the field was different and varied with distance and this
dependent on the number of an array NA used with the proposed tissue, but
it is well observed that the variations between the number of arrays are quite
limited. This may be attributed to the absorption of the light field is different

from that detected at the resonance wavelength 532.

3.5 Specific absorption rate calculations

The estimation of the temperature distribution of any tumor embedded
in a tissue exposed to a light source is quite complicated due to the nature
and the location of tissues. In the present study, the time of reaching the
temperature to be fair enough for destroying the diseased cells is estimated
through the calculation of SAR.

3.5.1 Specific absorption rate at 532 nm for single nano-

antenna

The optimized single NA working at resonance wavelength 532 nm is
located at different distances from the tissue (100, 200, 300 and 400) nm to
calculate the SAR for each as illustrated in Figure 3.38 (a, b, ¢, and d). The
point SAR inside the proposed tissue are (1.83x10'!, 1.19x10%, 8.22x10%°
and 4.72x10%) W/kg for distances (100, 200, 300 and 400) nm respectively.
It is observed clearly that the SAR reduces with increases the distance
because the reduction of the strength of the receiving far-field. The field is
concentrated in the center of the tumor which means that the surrounding

tissues are not affected by the field.
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Fig. 3.38 The calculated SAR in the proposed tumor tissue exposed to a single NA at 532
nm for different distances. (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

The behavior of SAR related to the distance from the proposed tissue
at the wavelength of 532 nm for single NAs is shown in Figure 3.39. The
SAR is increased with closer distance and the maximum value of SAR is

detected for single unit.
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Fig 3.39 Specific absorption rate as a function of the distance from the tissue at single

unit for 532 nm.

3.5.2 Specific absorption rate calculations at 1064 nm single

nano-antenna

Figure 3.40 (a, b, c and d) shows the distribution of the field in the
tissue after subjecting to single NA at 1064 nm for various distances (100,
200, 300 and 400) nm. The point SAR inside the proposed tissue could be
calculated. The maximum values of SAR are (2.28x10%, 1.17x10%,
8.49x10%° and 8.11x10%%) Wr/kg for distances (100, 200, 300, and 400) nm
respectively. It is noticed that the point SAR value is not varied clearly at

this wavelength.
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Fig. 3.40 The calculated SAR in the proposed tumor tissue subjected to single NA at 1064
nm at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.
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Figure 3.41 shows the behavior of SAR as a function of different
distances at the wavelength of 1064 for single NAs. Similar behavior is
detected for both wavelengths but it is noticed that sharp reduction from

single to an array structures.
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Fig 3.41 The specific absorption rate as a function of the distance from the proposed

tissue at 1064 nm for single unit.

It is obvious that the distribution of the far-field in the tumor is varied
for two resonance wavelengths (532 and1064) nm where the field is
appeared out the tumor in the case of 1064 nm. This distribution may affect
on the healthy surrounding tissues which are not preferred in this type of
application although the strength of the field is suitable. In addition, it is well

observed that the SAR increases with the closest distance.

3.5.3 Specific Absorption Rate calculations for (2x2, 3x3 and

4x4) an array nano-antennas at 532 nm

The point SAR inside the proposed tissue could be calculated for (2x2)
an array NAs where the maximum values of SAR are (8.44x10"!, 8.27x10,
7.55x10* and 4.19x10*!) W/kg for distances (100, 200, 300, and 400) nm
respectively, as shown in Figure 3.42 (a, b, ¢, and c).
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Fig. 3.42 The calculated SAR in the proposed tumor tissue subjected to (2x2) an array
NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

The point SAR value seems large than that calculated for single one.

The distribution of the field is accepted.

If the array of (3%x3) NAs is investigated, the field distribution is not
concentrated on the tumor in spite of the increment in the SAR due to the
large area of the array structure as shown in Figure 3.43. The maximum
values of SAR are (5.13x10%,4.11x10"*, 3.93x10* and 3.39x10"') W/kg for
distances (100, 200, 300, and 400) nm respectively.
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Fig. 3.43 The calculated SAR in the proposed tumor tissue subjected to (3x3) an array
NAs for different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

Figure 3.44 shows the distribution of the field in the tissue that
exposed to an array of (4x4) NAs at different distances. The maximum
values of the SAR are (8.15x10%, 6.25x10%, 5.15x10* and 4.67x10%) W/kg
for distances (100, 200, 300, and 400) nm respectively. The field is almost
distributed in all area of the tissue which is not desired due to the field effect
may be transferred to the healthy tissue. The main reason of the un
concentrated field in the tumor is the coming field from number of NAs.
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Fig. 3.44 The calculated SAR in the proposed tumor tissue subjected to (4x4) an array
NAs for different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

Figure 3.45 represents the single and three arrays as a function of
different distances for 532 nm. It is clear that the distance plays an important
role of the distance to increase the SAR. The minimum value is calculated

for single unit while the maximum for the array (2x2) NAs.
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Fig.3.45 The SAR as a function for all design structures at four distances for 532 nm.

3.5.4 Specific absorption rate calculations (2x2, 3x3 and 4x4)

an array nano-antennas at 1064 nm

Figure 3.46 (a, b, c, and c) illustrates the SAR inside the proposed
tissue irradiated by (2x2) an array NAs. The maximum SAR values are
(1.87x10%, 1.16x10", 8.91x10% and 8.56x10%) W/kg for distances (100,
200, 300, and 400) nm respectively. It is observed that there is a reduction in
the field intensity in comparison to the single antenna because of less

absorption.
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Fig. 3.46 The calculated SAR in the proposed tumor tissue subjected to (2x2) an array
NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

The distribution of the field is irregular inside the tissue although the

received field is high for the shorter distance.

Regarding the array of (3x3) NAs, the distribution field is clearly
diffused in all region of the tissue as illustrated in Figure 3.47. The maximum
values of SAR are (1.31x10%!, 8.2x10%°, 7.54x10% and 7.26x10%°) W/kg for
distances (100, 200, 300, and 400) nm respectively.
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Fig. 3.47 The calculated SAR in the proposed tumor tissue subjected to (3x3) an array
NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

If the number of arrays is increased to be (4x4), the maximum SAR
values of the SAR are (1.16x10*, 5.4x10%°, 5.24x10%° and 5.16x10%%) W/kg
for distances (100, 200, 300, and 400) nm respectively, as shown in Figure
3.48 (a, b, ¢, and c). Here the distribution of the field not clear at all due to
the irradiated field is coming from the number of NAs which could not be
collimated in the tumor tissue. These type of distribution is not convenient
for the treatment of single tumor tissue because of the effect on the un

diseased tissue.
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Fig. 3.48 The calculated SAR in the proposed tumor tissue subjected to (4x4) an array
NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d) 400 nm.

Similar behavior is observed for the array structures in comparison to
the array NAs at the wavelength of 1064 nm with different values but it
seems the SAR independent on the number of an array.
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Fig .3.49 The SAR as a function of the distance from the proposed tissue for 1064 nm.

3.5.5 Specific absorption rate calculations for (2x2, 3x3 and

4x4) half wavelength array nano-antennas at 532 nm

Moreover, a variant of the SAR in the proposed tissue using half
wavelength array NAs, as shown in Figs. 3.50, 3.51, and 3.52, were studied.

In case of (2x2) half wavelength array NAs the maximum point SAR
in the tumor is about (4.18x10%, 2.89x10%°, 2.83x10%°, and 2.73x10%°) W/kg
for the distance (100, 200, 300 and 400) nm respectively.
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Fig. 3.50 The calculated SAR in the proposed tumor tissue subjected to (2x2) half
wavelength array NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d)
400 nm.

The value of the point SAR for an array (3x3) at half wavelength is
shown in Fig. 3.46 was different in value when increased the distance from
the tissue. It is about (4.78x10"%, 4.27x10, 3.06x10*, and 2.66x10'!) W/Kg
for distance (100, 200, 300 and 400) nm respectively.
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Fig. 3.51 The calculated SAR in the proposed tumor tissue subjected to (3x3) half
wavelength array NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d)
400 nm.

The increasing number of an array to (4x4) as shown in Fig 3.52
indicated the value of the point SAR was different (5.31x10%!, 3.6x10%,
2.81x10%" and 2.75x10*) W/Kg with increasing the distances (100, 200, 300,
and 400) nm.
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Fig. 3.52 The calculated SAR in the proposed tumor tissue subjected to (4x4) half
wavelength array NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d)
400 nm.

The SAR observed in the three cases (2x2, 3x3, 4x4) half wavelength
array NAs is varied and dependent on the number of the array used and the
type of the tissue proposed with distance separation.

Figure 3,53 illustrates the SAR behavior at different distances at half
wavelength of 532 nm. Although the SAR decreases as the distances
increases but it is clear that , it is independent neither on the distance nor on

the number of arrays.
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3.5.6 Specific absorption rate calculations for (2x2, 3x3 and

4x4) half wavelength array nano-antennas at 1064 nm

The second resonance wavelength (1064 nm) is also investigated, we

observe from Figs. 3.54, 3.55, and 3.56 the maximum point SAR in the tumor

exposed to the half wavelength array NAs (2x2, 3x3 and 4x4).

The calculation value in Fig 3.54 of the point SAR in the case (2x2)

was decreased as the distance from tissue increased the maximum value of
point SAR are (2.42x10%, 1.82x10%, 1.55x10*, and 1.48x10'!) W/Kg for

distances (100, 200, 300 and 400) nm respectively.
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Fig. 3.54 The calculated SAR in the proposed tumor tissue subjected to (2x2) half
wavelength array NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d)
400 nm.

Figure 3.55 illustrates the maximum point SAR in the proposed tumor
tissue for different distances, it showed that SAR value in case of (3%3) was
decreased (4.47x10%, 2.34x10%, 1.65x10, and 1.5x10) W/Kg with

increased the distance from 100 to 400 nm.
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Fig. 3.55 The calculated SAR in the proposed tumor tissue subjected to (3x3) half
wavelength array NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d)
400 nm.

Figure 3.56 shows the point SAR when increased the number of the
array to (4x4) in the proposed tumor (1.8x10%, 1.19x10**, 1.11x10", and
1x10*) W/Kg for distances (100, 200, 300 and 400) nm respectively.
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Fig. 3.56 The calculated SAR in the proposed tumor tissue subjected to (4x4) half
wavelength array NAs at different distances (a) 100 nm, (b) 200 nm, (c) 300 nm and (d)

400 nm.

The calculation point SAR in the case of half wavelength array NA

(2x2, 3x3 and 4x4) improved the SAR in the proposed tissue was dependent

on the number of an array and distance separation from the tissue.

In the case of an array that used with a single tumor cell as illustrated

previously showed the variation in the value and the distribution of the SAR

in the proposed tissue which gives an indication for the variation in the

temperature of the tumor.
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To compare the array structures with single unit at half wavelength of
1064 nm, the behavior is not far from that detected at half wavelength of 532

nm.

5.00E+11 single
4.50E+11 0
4.00E+11 3x3
350811 "
¥ 3.00E+11
S 250E+11
% 2.00E+11 \
? 150E+11
1.00E+11
5.00E+10
0.00E+00
0 100 200 300 400 500
D (nm)

Fig. 3.57 The SAR calculations as a function of the distance for all design arrays for

1064 nm at half wavelength.

The results of SAR calculation proved that the recent results are more
than that published by [83] where they stated that the NIR resonance

wavelength is better than mm-wave region that generates less SAR.
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3.6 Time period estimation

The temperature elevation in the irradiated tissues could be estimated
easily related to the SAR calculations owing to equation (1.24). It is noticed
from this equation that the temperature elevation in the tissue is depending
mainly on the time period of exposing to NAs for a certain SAR, so the time
period should be selected carefully to verify the wanted temperature for tumor

cells killing.

3.6.1 Time period estimation in tumor tissue at single nano-

antenna

The main goal of the treatment of the tumors is the temperature rise
over the normal level to cause cells damage which could be estimated by (60°
C). Table (3.4) represents the time period estimation to attain the required
temperature in the proposed tumor tissue for single NA at two wavelengths
(532 and 1064) nm for different distances (100, 200, 300 and 400) nm from
the tissue. It is clear that the time period is shorter for closer distance from
the tissue for both wavelengths while it shortest for longer wavelength (1064
nm). It is observed from the results that the time period is varied related to
the field distribution in the tissue and how much regular and hence for SAR

calculation.

Table 3.4 The calculation of the time period in the proposed for distances (100, 200, 300
and 400) at two wavelengths (532 and 1064) nm for single nano-antenna.

Time period (us)

Distance D (nm)

532 nm 1064 nm
100 6.55 5.26
200 10.1 10.2
300 14.6 141
400

25.4 14.8
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3.6.2 Time period in proposed tumor for an array nano-

antenna

The next step is to investigate the effect of the (2x2, 3x3 and 4x4) an
array NAs in the two wavelengths (532, and 1064) nm on the tumor. The
time period is calculated for three arrays (2x2, 3x3 and 4x4) regarding their
SAR calculation as illustrated in Table (3.5). The obtain results showed that
the time period is increased as the distance of NAS from the tissue which
expected due to the reduction in the power intensity field. It is worth to
mention that the main issue of an array NAs is the resonance wavelength
shift which affects directly on the absorption and as a result on the impinging
field in the tissue and hence the variation in the time period while in single

NA the resonance wavelength is similar to the incident.

Table 3.5 The calculation of the time period in the proposed for distances (100, 200, 300
and 400) at two wavelengths (532 and 1064) nm for an array nano-antenna.

No. of an Distance D Time period (us)
array (nm) 532 nm 1064 nm

100 1.42 6.41
200 1.45 10.3

2x2
300 1.59 13.5
400 1.67 14.0
100 2.34 9.15
200 2.92 14.6

3x3
300 3.05 15.9
400 3.54 16.5
100 1.47 10.3
200 1.92 22.2

4x4
300 2.33 22.9

400 2.58 23.2
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Number of arrays does not affect on the calculated time period where
the longer is detected for the array (3x3) while the shorter time was for an
array (2x2) which gives an indication that the important role is for the
distance and the SAR value. Also, it is observed that the time period is shorter
for (532 nm) than (1064 nm) which ensures the role of the resonance
wavelength and the absorption. In comparison to single NA, the calculated
time period is much shorter in the array structure which could be attributed
to the accumulation field of more than one unit in addition to the distribution
of their field in the tissue. It is important to mention that the time period (in
the case of 1064 nm) is increased as the number of an array increased where
the low number of an array (2x2) needs shortest time to reach the temperature

that destroys the tumor cells.

3.6.3 Time period in proposed tissue for half wavelength array

nano-antenna

The time period behavior for the structure of half wavelength array
NAs is considered also. Table (3.6) illustrates the calculation time period at
half wavelength array NAs (2x2, 3x3 and 4x4) of two wavelengths (532 and
1064) nm at distances (100, 200, 300 and 400) nm. It is well observed that
the time period is varied at all where it is much longer for an array (2x2) in
532 nm while shorter for 1064 nm, in addition, no clear variation for other

arrays (3x3 and 4x4).
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Table 3.6 The calculation of the time period in the proposed for distances (100, 200,
300 and 400) at two wavelengths (532 and 1064) nm for half wavelength an array nano-

antenna.
No. of an Distance D Time period (ps)
array (nm) half 532 nm half 1064 nm
100 28.7 4.95
200 415 6.59
2%X2
300 42 .4 7.73
400
43.9 8.10
100 251 268
200 2.81 512
3x3
300 3.92 727
400 451 7.99
100 2.35 6.66
200 3.33 10.1
4x4
300 4.27 10.8
400 4.36 12.0

In general, the shortest period is detected for the array (3x3) at 1064
nm which means clearly again that the array number does not the main
effective parameter due these results are related to the calculated SAR. In
comparison for the used structures (single, an array, half wavelength array)
ANs the time period is shorter for an array (2x2) NAs at 532 nm for all
structures while the shorter is for half wavelength array (3x3) NAs at 1064
nm which mean the half wavelength structure does not improve the time at

532 nm while it is enhanced for 1064 nm.
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It is worth to mention that the short time period is quite important in
the treatment of the diseased tumor cells because of the generated heat does
not dissipated to the surrounding healthy tissues, for this reason the
calculated time period in this study does not possible unless using the laser

either in pule mode or in chopped mode.



CHAPTER FOUR

Conclusions and Suggestions for Future
Works
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4.1 Conclusions

Plasmonic Bowtie nanoantennas are designed for both single and array
structures at two resonance wavelengths (532, 1064) nm then applied to a
proposed skin tissue with a certain environment. The temperature elevation
in the tissues is evaluated to estimate its ability to use it as an effective tool
for destroying the cancer cells. From the extracted results, it could be

concluded:-

e The design parameters have a mutual effect on each other at various
rates but the length of antennas seems the higher influence.

e The design of the single antenna showed higher reflectivity at the
resonance wavelength 532 nm because it matches the peak absorption
of the gold.

e The reflectivity is varied for array designs for both wavelengths at
similar antennas dimensions depending on the number of arrays but
when the half wavelength distance between two gap antennas is
regarded, the resonance is shifted in spite of the enhancement of the
reflectivity profile.

e Higher near field intensity is detected for single NA at 532 nm than
for 1064 nm while the near-field is improved for the resonance
wavelength 1064 nm more than 532 nm using pair of array antennas
regarding the variation of the antennas dimensions toward half
wavelength distance between two adjacent antennas.

e Array and half wavelength array structures produced higher near field
intensity that that of a single unit.

e The detected far-field intensity is higher for 532 nm in single NA and
a clear improvement for array NAs even using half wavelength

considering the resonance wavelength shift.
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e The distribution of the intensity field in the skin tissues is directly
influenced by the resonance wavelength and hence its strength.

e The closest distance of different structures to the treated tissue the
better field distribution that raises the temperature.

e The SAR results are higher for short distance (100 nm) according to
the field intensity distribution in the tissue.

e The required time period is depending on the SAR taken into account
the required temperature for killing tumor cells.

e Shorter time period is found for both array and half wavelength array
than for single unit at two wavelengths but at different rates.

e |t is finally concluded that this technique is encouraged to be an

effective therapy for destroying the cancer cells.

4.2 Suggestions for future work

The recent subject is interested in the medical field so that to be
practical and available for users, it needs so many steps, we can mention

some of them:-

e The recommended structure of single or array antennas should be
fabricated.

e This technique needs the application for a live case.

e Other resonance wavelengths could be investigated related to the
absorption depth of tissues.

e The heat transfer process needs further investigation due to its
importance to estimate the temperature elevation.

e The distribution of the field in the live tissue should be considered
during the growth of the cancer cells.

e The shape design of the proposed tissue could taken into account to be

close to the real tumor tissue.
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