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ABSTRACT

HOSSEIN ALISAFAEE. Management of optical absorption in plasmonic
metamaterials leads to more efficient devices at optical and infrared parts of
electromagnetic spectrum. (Under the direction of DR. MICHAEL A. FIDDY)

In this dissertation, the main focus has been on the manipulation of optical absorption.
That is to either decrease the unwanted losses or increase the desired absorption for
specific applications. The approaches have been chosen to provide insightful design of
metamaterial structures at optical and near infrared wavelengths. Modeling using
equivalent electric circuit theory and numerical simulation using fullwave and scattered
wave finite element method are the tools of calculations.

The main focus of low the loss part has been on highly interesting materials in the
near infrared such as plasmonic particles of aluminum doped zinc oxide. Solar cells and
plasmonic photovoltaics have also been the driving interest to design and optimize the
structures for higher efficiency in the next generation of devices.

Successful results have been achieved in the course of this research into plasmonics
nanoparticles and also composite nanoantenna-nanowire elements. The results are
presented in two different chapters and their sections within. The sections are written to
be standalone and provide the reader the flexibility to easily navigate through the basics,

methods and results. A list of related publications is available at the end of this document.
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CHAPTER 1: INTRODUCTION TO METAMATERIALS AND PLASMONICS

1.1. Metamaterials

1.1.1. Definition
Metamaterials are manmade artificial structures designed in order to achieve
properties not usually found in naturally occurring materials. ‘Meta’ means beyond, and
design and fabrication of metamaterials is aimed to obtain responses from the structures
which are beyond ordinary case. This response can be in the form of transverse or
longitudinal waves, which respectively, are electromagnetic and acoustic waves. In this
dissertation, the whole focus is on electromagnetic metamaterials, specifically, in the
optical and infrared parts of the spectrum. The response of metamaterials is not only from
the intrinsic properties of the materials involved, but also from the shape, size, geometry
and orientation of its elements.
1.1.2. History
The first appearance of extraordinary (or ‘meta’) response in the materials was the
pioneering work of Veselago [1] in 1967, in which he studied the electrodynamics of
materials with both permittivity and permeability being negative. He proved that this can
lead to propagating waves in a negative index material. Figure 1 shows a demonstration

of different properties based on the sign of permittivity and permeability.
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Figure 1: Material properties based on the sign of permittivity and permeability

1.1.3. Applications
There are several properties that can be exploited from the properties of

metamaterials. The negative index of refraction was already mentioned. Some of the

famous applications of this property include the possibility to achieve superresolution by

creating a super lens or a hyper lens.
Another part of the interesting application includes the region with both positive

permittivity and permeability but with values close to zero (See Figure 2). This class of

metamaterials can be used in many different applications such as ultra-narrow

waveguides, or cloaking (Figure 3).
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Figure 2: The region of effective cloaking is shown on the chart above with a section of both permittivity and
permeability less than unity.

Figure 3: Schematics of cloaking around the object of interest in two and three dimensions.

1.1.4. How Does Negative Index of Refraction Work?
The realization of a negative index requires that the material must exhibit both
negative permittivity and negative permeability. Negative permittivity can simply be

obtained by use of materials with free electrons at frequencies below their plasma



frequency (wp). This includes noble metals such as gold and silver. The plasma frequency

1s defined as:

2
2 nee
wp - ) (1)
me,

where n, is the number density of electrons, e is the electric charge, m is the effective
mass of the electron, and &, is the permittivity of free space. Then the permittivity of the
material can be obtained by generalized Drude theory:

2
Wp

e(w) +ic(w)" = € — a)(a)—-l—Ll“) )

@

where I' = 1/t, T is the mean relaxation time of conduction electrons, and &;,; is a
contribution due to interband transitions; it is unity for a perfectly free-electron gas. Some

plasma frequencies of various metals are shown in Table 1.



Figure 4: Schematic of Pendry’s split ring resonator.

Table 1: Plasma frequency of several metals

Eint wp (eV)

Aluminum | 0.7 12.7

Copper | 6.7 8.7

Gold 6.9 8.9

Silver 3.7 9.2

According to Table 1, the permittivity of most of those listed metals is negative in the
visible and infrared regions of the electromagnetic spectrum and also at longer
wavelengths such as microwave and radio frequencies. The next ingredient to obtain a
negative index of refraction is a negative permeability. This was the main requirement to
achieve a negative index of refractive until Pendry [2] demonstrated that “microstructures
built from nonmagnetic conducting sheets exhibit an effective magnetic permeability,
which can be tuned to values not accessible in naturally occurring materials”. This was
the beginning of the design and fabrication of metamaterials with negative index of
refraction. His design solution, called a split ring resonator (SRR), which achieves a

magnetic resonance is shown in Figure 4. This design made it possible to combine a wire



Figure 5: Comparison between a right-handed medium and left-handed medium.

and SRR to both have the permittivity and permeability negative at the same time. This
results in a medium with left handed properties in which the pointing vector (§) and
wavevectors (k) are anti-parallel.

When both the permittivity (€) and permeability () are negative, (for example equal
to -1) then the index of refraction can be calculated as shown in (3). Then, based on
Snell’s law, the refraction angle in such left-handed medium (LHM) will be negative,

hence negative refraction occurs (Figure 6).

n=pz =) = e =e T =1 ®
The first experimental verification of the negative index was demonstrated by Smith
in 2000 [3,4] at microwave frequency 10.5 GHz and with a refractive index of -2.7 using
an array of wires and square SRRs as shown in Figure 7. In each unit or so-called meta-
atoms, there is a wire and a SRR, and the whole array is considered the metamaterials

structure. The size of the unit cell is much smaller than the wavelength.



Negative refraction

Regular refraction

Figure 6: Schematic of positive (regular) and negative refraction in two materials with positive and negative index of
refraction.

1.1.5. Negative Index or Negative Refraction

As was shown previously, there have been efforts to achieve properties not ordinarily
found in nature. One of the properties that can lead to negative refraction is a negative
index. It should be emphasized that there is a difference between the two of them. That is,
there are other structures that can demonstrate negative refraction through anisotropy or
other means, but the structure of a double negative (DNG) metamaterial is such that it
provides a resonance point in which the permittivity and permeability are simultaneously
negative. It is true that this leads to a negative refraction, but the difference is that for
other structures, there could be no simultaneous negative signs for the constituent

properties. Actually, they have been also employed later for non-resonant metamaterials



Figure 7: Array of wires and SRRs for microwave frequencies for experimental verification of negative index.

designs, which have some benefits over resonant structures. They will be reviewed later
in this dissertation.
1.2.  Plasmonics
1.2.1. Introduction
Plasmonics is the study and application of plasmons. A plasmon is a quantum of
plasma oscillation and can be regarded as a quasi-particle since it arises from the
quantization of plasma oscillations. In other words, plasmons are collective oscillations
of the free electron gas density. When coupled with a photon, plasmons create another
quasi-particle called a plasma polariton. The optical properties of metals are affected by
plasmons, such that light having frequencies below the plasma frequency is reflected,
because the electrons in the metal screen the electric field of the light, and light of
frequencies above the plasma frequency is transmitted, because the electrons cannot
respond fast enough to screen it. The plasma frequency occurs in the ultraviolet for most
metals, which is the reason they shine in the visible range. Copper and gold are
exceptions for having electronic interband transitions in the visible range, therefore

specific light colors are absorbed, yielding their distinct color. In semiconductors, the
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Figure 8: Schematic of surface plasmon polariton excitation

valence electron plasma frequency is in the deep UV which is again why they are
reflective.

1.2.2. Types of Plasmons

1.2.2.1. Propagating Surface Plasmons

Two most interesting types of plasmons are surface plasmons and localized surface
plasmons. Surface plasmons exist at the boundary between two materials with different
dielectric function signs, e.g. the surface of a metal exposed to air (Figure 8). They have
lower energy than volume plasmons. Surface plasmons were predicted by Rufus Ritchie
[5]. These surface plasmons can be excited by photons, which then will be called surface
plasmon polaritons (SPP), by use of a prism or grating. To find the excitation condition
for SPPs, we consider the electric field of the incident light to be:
E = Eyexpli(kyx + k,z — wt)], (4)

where £ is the wave number and o is the frequency of the wave. The boundary condition

and continuity relation imply that:

—+—==0, )
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and
)
kg =a(0)?,  i=12 ©)
where c is the speed of light in a vacuum, and £ is same for both media at the interface

for a surface wave. The dispersion relation can then be found to be:

1
w E1E 2
kx=—( 172 )2 . )
c\g +¢g

At low k, the SPP behaves like a photon, but as k£ reaches an asymptotic limit called

the "surface plasma frequency", with a shorter wavelength than free-space radiation, then
the out-of-plane component of the SPP wavevector is evanescent. The surface plasma

frequency is given by:

Wp
Wsp = ——,
TV +e) ®
which for air (e=1) turns into:
Wp
Wsp = \/_2 . ©)

The SPP propagation length (L) is limited due to the absorption in metal and is given
by:

L = - .
2K (10)

where k, can be calculated from:

1 3
L w( &g | |of &a& \* &
ky =ky+iky =|— +i|— : 1
o Y o le\e + & c\& +&) 2(e1)? (an
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Figure 9: Excitation of localized surface plasmons

1.2.2.2. Localized surface plasmons
When instead of a flat surface, the boundary between the metal and the dielectric is of
limited length, such as in a nanoparticle, then the surface plasmons are localized (Figure
9). This is very important and interesting and can benefit from phenomenon since the
localization is a very sensitive function of shape, size, material, environment, etc. Surface
Enhanced Raman Scattering (SERS) for bio sensing is among the most popular

applications for such effect.



CHAPTER 2: LOW-LOSS LOW INDEX METAMATERIALS

2.1. Low-Index Low-Loss Metamaterials of Plasmonic Dimers

Transparent conducting oxides (TCO) are an interesting class of plasmonic materials,
which are under intensive study for their use in low-loss metamaterials and a range of
applications such as sensing, imaging and transformation optics. In this section, using
both the full-wave simulations and an equivalent circuit model for pairs of nanoparticles
of aluminum-doped zinc oxide (AZO), the plasmonic effects for low loss low index
metamaterials for infrared (IR) applications is studied. The behavior of localized surface
plasmon resonances (LSPR) of AZO nanoparticle dimers embedded in a host polymer
medium is investigated for different dimer orientations with respect to the incident
electromagnetic wave. In doing this, the role of dressed polarizability to enhance and
quench the plasmonic effects is also considered. The effects of the nanoparticles relative
size and the spacing between them are studied. Understanding these resonances and their
dependence on dimer orientations, provides a means to design metamaterials structures
for use in the near infrared (NIR) region with epsilon-near-zero (ENZ) properties leading
also to low index metamaterials.

In the following, we demonstrate how nanospheres with radii less than 100 nm that
are distributed with an average spacing less than their diameter, can result in an effective
medium with a refractive index less than one. A full-wave frequency domain finite

element method (FEM) in conjunction with an equivalent-circuit model for the nanoscale
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dimers in order to describe the spectral response of the bulk low index properties is
utilized.

As mentioned in Chapter 1, metamaterials are artificial structures designed and used
in various regions of the electromagnetic spectrum from microwave to optical
frequencies. Why they constitute an exciting area of research is their promising and
exotic list of applications such as negative index [14-17] for super- and hyper-lenses
[18,19], invisibility cloaking [20,21], giant chirality [22,23], etc.

A particular class of metamaterials we discuss here are structures with epsilon-near-
zero[24,25] (ENZ), or low refractive-index properties, which can squeeze
electromagnetic waves into ultra-narrow ENZ channels [26], shape the phase pattern of
radiation sources [27], control leaky wave radiation in ENZ waveguides [28], and etc. At
a desired wavelength in the optical or IR range, ENZ metamaterials can be synthesized
by embedding suitable inclusions, such as metals, in a host medium [29].

Metallic particles exhibit localized surface plasmon resonances (LSPR) [30] which
are dependent on size, shape, material and host medium of the particles [31]. At the high
frequencies of optical and infrared light, the interband electronic transitions of metals
cause attenuation of light [32], which degrades the performance of the plasmonic system
for application purposes. A method to compensate for this loss is the use of a gain
medium as a host material [33]. However, in the case of metals, the losses are large
compared to the available gain. Also for plasmonic applications of metals at infrared

frequencies, there is a need for host dielectric materials with high permittivity to satisty
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the requirement of the resonance condition. Therefore, alternative plasmonic materials
such as transparent conducting oxides have been proposed [34-36].

Transparent conducting oxides (TCO), such as aluminum doped zinc oxide (AZO) or
gallium zinc oxide (GZO), are an interesting class of plasmonic materials, as opposed to
metals, which are under intensive study for their use in low-loss metamaterials and a
range of applications such as sensing, imaging and transformation optics [37]. Due to
their content of free electrons, metallic and TCO nanoparticles can exhibit LSPR,
provided that the condition of the resonance is met. It is also demonstrated that the
doping of TCOs can be high enough to resemble a metal-like optical properties at NIR
frequencies [38]. Among TCOs, AZO is a material with low loss at NIR wavelengths.
Nanoparticles of AZO are commercially available and usually used in optoelectronics
applications such as in solar cell panels. It is possible to use nanospheres of AZO for
making a low-loss low-index metamaterial by embedding them in a suitable host medium
via a chemical or physical deposition method or also with self-assembly approaches. To
obtain the recipe for fabrication, i.e. the particle’s size and spacing, one needs to first
design and model the response of such structures.

Here, the design of a low-loss low-index metamaterial structure made of dimers of
AZO for IR wavelengths is investigated. That is, a metamaterial structure made of
coupled nanospheres of AZO is considered. Then using the LCR method, the properties
of coupled AZO particles upon changes in orientation toward light polarization and also

interparticle spacing is studied. Further, a full-wave approach will be used to look into the



15

Polarization - i
7 T
t ¢ t ¢ | g

- =

Figure 10: A plasmonic nanosphere with € <0 , which is equivalent to a nanoinductor and a nanoresistor. Black
arrows are representative of fringe dipolar field, and the grey arrow is the polarization direction of incident light. On
the right is the equivalent nanocircuit of this plasmonic particle.

electromagnetic behavior of the system. Finally, the bulk properties of the designed
structure are retrieved and compared with that of usual effective medium approaches.
2.1.1. LCR Approach

In the quasi-static approximation, where the particle size is much smaller than the
wavelength of light, it is demonstrated that one can consider the interaction of
nanoparticles with light as the response of lumped circuit elements [7]. Depending on the
sign of the material’s permittivity, the response can be inductive (for negative sign), or
capacitive (for positive sign). In both cases, a resistive response can also be considered
for the imaginary part of the permittivity. There is then the displacement current that
takes the role of electric current in such equivalent circuits, having this unique property
that it is no longer confined to conducting wires, but, instead, it flows in the whole space.
Except in some specific cases [41], this results in simultaneous parallel and series
configurations [42,43], which can open new design approaches, or, in contrast, can limit
the prediction of usual designs [44].

The equivalent circuit of a conductive nanoparticle is shown in Figure 10. The circuit
is basically comprised of an impressed current generator (/imp, Eq.(12)), nanoparticle

impedance (Znano Eq. (13)), and a parallel fringe capacitance of impedance Zinge (Eq.
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(14)) due to the dipolar field, which are described in association with the particle
properties. We can find the equivalent voltage as in Eq. (15), which will be on resonance
when ¢ =-go. The resonance seems to be independent of particle radius (R), which is not
what happens in reality.

At resonance, the response can be considered to be independent of the particle’s
radius, too. Corresponding equivalent circuit elements including nanoinductor,
nanocapacitor, and nanoresistor can be obtained from Egs. (16) - (18), with equivalent

resistivity p=G.

Limp = —iw(e — £9)TR?|E,| (12)
Znano = (—iwemR)™! (13)
Ztringe = (—iweg2mR) ™! (14)
V= ;;;’O RIE,| (1)
Lopn = (—w?mR Rele|)7! (16)
Cspn = 2TReg (17)

Gspn = mwRIm[¢] (18)

When two nanoparticles are interacting, their overlapping fringe fields change and
there will be additional induced dipoles in each particle. The equivalent circuit then needs
modification, assuming no higher order resonances are present in the system. Here, we
just mention the final results, and the interested reader is referred to the original paper

[45] for a detailed discussion. To include the coupling effect between the particles, one
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needs to add dependent current sources in the circuit equivalent with a current expression
of:

Li2@21yaipotar = —i0T|E1zn | (€1 — €0)Ric2), (19)
E12(21) 1s the field originated from the second (first) sphere, evaluated at the center of the

first (second) sphere. They are defined as:

En\ _( AP —y,(3D -\ ( v.(3D - DE,
(52)=( ) ( )

- _ . 20
Eyn) = \y,30 -1 3T v — (3D = DE, G0
where:
E—d d 21
B 1 0 0
I=10 1 0], (22)
0 0 1
= S50 ps
Yi e +2¢0 L (23)

D is the vector that locates the generic position of the second sphere. This equation is
completely general for any arbitrary orientation of E, and d. There are, however, two
simplified cases as shown in Figure 11; 1) the axis of the dimer is parallel to the
polarization direction of the incident light Egs. (24), 2) the axis is perpendicular to the
polarization Egs. (25).

( E.. = 2y,(d® + 2y,)
! 2T dS—4y,y,

E.. = 2y,(d® + 2y,)
L LT dS — 4y,

24)

0
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Figure 11: Dimer system made of two spherical nanoparticles with center to center separation of 2R + d. The
orientation of dimer axis to the polarization of light is parallel (left), and perpendicular (right).

_ 2y,(y, — d*) E

E,., =21 =7
12 dé—vy1 v 0 25)
B = 2v1(y2 — d3)
k 2t dé —y, v, 0

In the next section, we begin the analysis of particles’ interactions and coupling in the

dimer structure by evaluating the last two equations.
2.1.2. Results and Discussion

As mentioned in previous section, the induced dipoles on each sphere are dependent
on the field passing through it. The coupling between the particles is dependent on the
separation (d), radius (R) and y parameter which includes the permittivity values of the
particle and the host medium. We studied the two cases of parallel and perpendicular
orientation of the dimer axis by evaluation of their corresponding secondary fields (£12
and E»1), which are related to the voltage controlled dependent source (see Eq. (20)). The
nanoparticles are considered with a spherical shape and identical radii in each dimer.
Their material is assumed to be AZO. The host medium is air. Since the frequency
dependence of the material’s permittivity is not included in Eq. (20), it is necessary to
study these changes directly by manually varying the value of €. Moreover, due to the
variation of the materials’ loss (ascribed to the imaginary part of &) over the frequency
range, different cases of loss are also considered in the calculations. We study the effects

of dimer separation on the secondary fields. The maximum separation is assumed to be as
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Figure 12: Contour plots of [E]? for parallel (left column) and perpendicular (right column) orientations of dimers. The
|E[? is calculated as the distance between two spheres is changing from 0, the touching limit, to 1, in units of R. The
vertical axis accounts for changes of real part of permittivity (&) due to spectral response of nanoparticles. Also, each
row from top to bottom adds to the loss term, represented by imaginary part of permittivity (&;).

large as a radius of the particle, and the minimum separation is zero. The results of our

study are shown in Figure 12.
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Having analyzed the behavior of contours shown in Figure 12, important aspects of
the results can be found as follows. Figure 12 (left/ right) shows the values |[E]* for
parallel/perpendicular orientation. The resonances in each orientation have different
magnitudes and also different properties along the vertical axis which is the real part of
the permittivity. That is, the parallel dimer has a pronounced resonance compared to the
perpendicular case, which, in general, is more than one order of magnitude. However, it
can be observed that for the case of perpendicular orientation, the resonance band is
extended to be almost constant over a wide range of separations, while the resonance
seems more localized at smaller separation values for the parallel case. But, it should be
noted that the resonance magnitude for the parallel case is larger than the case of
perpendicular one even when the dimer separation is very large. Another point to be
made is the location of the resonance in the parallel case, happens at € values smaller than
those of perpendicular case. We need to recall that the resonance for a lossless material
occurs when ¢ = -2¢y. These changes in the location of the resonances can be translated to
red-shift and blue-shift of LSPR due to coupling in parallel and perpendicular cases,
respectively. The last result from the plots in Figure 12 can be thought of as the obvious
broadening in the resonance with increase of the losses. It is also observable that as the
losses are higher, the peak value of the resonance degrades severely, hence the Q-factor
of the dimer structure decreases significantly.

These studies, which are based on classical electrodynamics, show enhanced field
localization as the separation approaches to zero. However, we need to point out that

there are other studies based on quantum approaches demonstrating different results
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when the separation is close to zero [46]. We have neglected the latter type of study
because the particle proximity we are going to study in this work is larger than the limits
of the mentioned quantum approach.

Comparing the magnitude of parallel and perpendicular resonances in Figure 12
implies that we can safely neglect the perpendicular orientation coupling and only
consider the parallel one for further calculation of bulk properties.

This occurs because of the role of dressed polarizability, which is defined as the ratio
between the enhanced dipole moment and the incident field. That is, for the parallel
orientation, we have an enhanced dipolar response, while for perpendicular orientation
the dipolar response is quenched (recent analytical treatment of dressed polarizability for
dimer structures can be found in the literature [47]). Thus, we can assume a bulk structure
composed of dimers with their axes parallel to the polarization of light. That is, we are
now able to decompose a structure made from random embedding of nanospheres into a
dimer based structure for computation of its bulk properties.

This follows because we can consider every two nanospheres with a separation less
than their diameter as a dimer parallel to the light’s linear polarization, which is

schematically illustrated in Figure 13.
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Figure 13: Decomposition of a random placement of nanoparticles into dimers with parallel axis to the polarization of
light. The dimers have various separations due to randomness of the structure. At the bottom, the randomly positioned
dimers are arranged into an ordered array structure for ease of computations.

To calculate of bulk properties, we need to consider arrays of such dimers and take
into account the interparticle coupling. However, since the adjacent spacings between
dimers are again somewhat random, it is then necessary to study each case separately and
then take the average of all the individual arrangements. Figure 14 (left panel) shows the
main framework to study different arrangements with a fixed radius of 50nm for AZO
nanospheres. It can be seen that as the lateral separation in the y direction (Ay) decreases,
there is a blueshift in the response of the metamaterial structure. This is consistent with
the results of LCR approach. Moreover, since we need to examine the effect of dispersion

in radius on the bulk optical constants, a similar study of arrays but with different radii
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Figure 14: (left) Plots of optical constants retrieved for array of dimers with fixed separation (d = 10 nm) but variable
inter-dimer distance in x and y directions. The radius of all nanospheres is R = 50 nm. (right) Retrieved n and k for
dimers with different radius and fixed separation.

has been carried out, with the results shown in the right panel of Figure 14. Furthermore,
we considered three different dimer separations (d) of Snm, 10nm and 25nm to take into
consideration most of the randomness in the final fabricated metamaterial layer. For each
case, the lateral spacing in x and y directions, Ax and Ay, respectively, are variables in the
range of 10nm to 250nm. The resulting plots (Figure 15) are representative averaged
optical constants for a random structure made from dimers having certain separations.
Regarding simple effective medium theories (EMT) to calculate the permittivity of
bulk structure, it is possible to use the Bruggeman mixing rule for getting an idea of what
could be predicted. The main factor in determining the effective permittivity of such
metamaterial structures is the filling factor (f). In our study, the maximum filling factor is
about 1/2 for Ax= 0and Ay = 0. If we use the Bruggeman mixing rule (Eq.(26)), with f1 =
f>=1/2, which is the maximum packing density, then the lowest ‘effective’ refractive

index would be #n=0.8, /= 0.65 at 2um.
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Figure 15: Retrieved optical constants (n,k) for the dimer arrays having three different separations Snm, 10nm, 25nm.
Each plot is obtained by averaging optical constants retrieved from an array of dimers with varying separation between
its dimers in x and y directions.
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(26)
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If we define the figure of merit (FOM) for low-index metamaterials as 1/nk, we find
FOM = 1.9 from Bruggeman EMT. However, as we have seen from rigorous full-wave
simulations, the optical constants of the dimer structure can provide much better FOM
such as a value of 4 for the case with Ax = 25nm, Ay = 25nm. This not only is more than
twice the value predicted from EMT, but also the occurrence of the lowest index
wavelength is blue-shifted. The reason behind such a difference is most likely due to the
plasmonic effects that are ignored in the Bruggeman formula. This means that the
approach we used for achieving the spectral response of such low-index metamaterial

structures is more accurate compared to conventional methods.
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For fabrication of such metamaterial structures, self-assembly approaches can be used
in which nanoparticles of AZO are coated with several types of organic ligands; oleic
acid, hexadecylamine (HDA), dodecanethiol (DDT) and octadecylamine (ODA). The -
SH,-NH2, and COOH functional groups of these ligands are expected to adsorb onto the
surface of the AZO nanoparticles. The ligands surrounding the nanoparticles would allow
for the adequate spacing between nanoparticles which would create the desired scattering
phenomenon.

In summary, a low-loss low-index metamaterial structure comprised of dimers of AZO
for use at NIR wavelengths has been studied. The effects of dimer separation, radius, and
dimer arrangement are studied with the help of equivalent circuit theory and also
fullwave simulations. We obtained an average low-index band with acceptable values of
figure of merit, defined in the paper. We demonstrated that the localized plasmonic
effects of AZO nanoparticles have important effects on determining and distinguishing
the effective bulk optical constants compared to conventional averaging methods.

2.2.  Polarization Insensitivity in Epsilon-Near-Zero Metamaterial from
Plasmonic Aluminum-Doped Zinc Oxide Nanoparticles

In this section, we investigate the optical characteristics and polarization insensitivity
of an ENZ metamaterial structure comprising AZO nanoparticles (NPs) hosted by a
medium of ligands. By the use of an equivalent circuit model for the pairs of NPs, or
dimers, and also of fullwave simulations, we studied the response of this self-assembled
metamaterial for near-infrared applications. Considering the coupling of localized surface
plasmons, we demonstrated the dominance of a certain dimer configuration and then

applied this result to the whole medium as a simplifying approximation for a random
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structure. The subsequent results showed polarization insensitivity and also a general
redshift in the plasmon resonance of the structure.
2.2.1. Introduction

As previously discussed, metamaterials [14-19] are artificially designed structures
having their building blocks smaller, usually by a factor of 5 to 10, than the operational
wavelength (Ao). Therefore, the size dependence of the optical and spectral properties of
such structures are distant from those of the photonic crystals (size = A¢) or of the
effective media (size < Ao). Their properties can be engineered to differ from ordinary
materials found in nature. For example, a negative index of refraction [15,16] has been
predicted and demonstrated experimentally, with potential applications as super- and
hyper-lens [17-19]. Epsilon-near-zero (ENZ) [24,25] metamaterials are among the most
interesting classes of artificial structures which constitute an exciting area of research
with promising and exotic applications. They can be exploited to squeeze electromagnetic
waves into ultra-narrow ENZ channels [26], to shape the phase pattern of radiation
sources [27], to control leaky wave radiation in ENZ waveguides [28], etc. The majority
of the ENZ metamaterials are anisotropic and their response changes with polarization of
the incident light. This is mainly due to the physical and chemical fabrication methods for
highly ordered structures, and which are subject to our design approaches. Therefore, a
flexible design leading to a choice of simpler fabrication procedures is always preferable
since it will be cost effective. According to this, we investigate the design of self-
assembled ENZ metamaterials, and show theoretically that this method of fabrication can

provide interesting optical properties such as polarization insensitivity. The results could
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Figure 16: The mapped dielectric function (a) and the spectra (b) of an aluminum-doped zinc oxide (AZO) thin film
with 3.0 wt% Al (Ref. 37).

be significantly useful in deciding on the method of fabrication, and also to shed light on
the optical behavior of random plasmonic structures.

Since ENZ metamaterials can be synthesized by embedding suitable inclusions in a
host medium [29], we employ plasmonic NPs of AZO as a suitable candidate, for the
sake of many interesting applications at NIR wavelengths [34-36]. AZO NPs provide
localized surface plasmon resonances (LSPRs) that can be incorporated into the
metamaterial’s response to significantly increase the effectiveness of light-matter
interactions. For the self-assembly of such a metamaterial, NPs of AZO can be coated
with several types of organic ligands such as oleic acid, hexadecylamine, dodecanethiol,

and octadecylamine. The —SH, -NH2, and COOH functional groups of these ligands are

expected to adsorb onto the surface of the AZO NPs. The surrounding ligands ensure

adequate spacing between NPs, and form the host medium as well.
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2.2.2. Methods and Results

We use a lumped circuit model [7,45] to approximate the complex interactions of NPs
in a random self-assembled structure. Each plasmonic NP can then be modeled by an
inductor, a resistor, and a capacitor. We simplify the complicated structure into building
blocks made from particle pairs, or dimers. Each dimer is composed of two spherical NPs
of the same radius (R) and a center-to center spacing d. The axis connecting the centers of
two NPs in a dimer defines its orientation. The internal interactions with each NP of the
dimer are modeled by adding a voltage controlled current source to the circuit, which is
proportional to the induced field from the other NP. In the two extreme cases, where the
dimer is oriented parallel or perpendicular to the polarization of the incident light, the

induced fields are [45]:

PAZIE) (d3 + 2)’1(2)) E
d® —4y1 7>

E+ 12(21) = 0 @7

£l _rwne —d*)
12(21) —
@ d® =172

E, (28)

where E 15(21) is the field originated from the second (first) sphere, evaluated at the

€i—€0 p3

center of the first (second) sphere, y; = — e Rio
i 0

¢ and ¢, are the permittivity of the

inclusions (AZO here) and the host medium, respectively. We ignore the effects of
substrate, if one is present or required.

The model exploits a quasi-static approximation, assuming a particle size much smaller
than the wavelength. Thus, it ignores any retardation effects and frequency dependence.

To compensate for the latter, we have mapped the wavelength range onto the permittivity
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of the AZO (Figure 16), as there is a one to one equivalent value of permittivity for every
wavelength of interest. We calculate the fields using Eqs.(27)-(28) and vary the spacing
between the NPs, d, and show the mapped permittivity results in Figure 17, for both
parallel and perpendicular orientations. The plots show a few interesting facts. They show
the shifts of spectral features to the blue or red with respect to an isolated NP represented
by the horizontal line (also in Figure 18) when the dimer is oriented perpendicular or
parallel, respectively. One can also find the shift of spectral peak to the case of isolated
NPs (no coupling) when the spacing is increased enough to be off the dipolar field action
zone. The main result is that the parallel dimers have an enhanced induced field due to a
pronounced resonance which is larger about one order of magnitude compared to the
quenched fields in perpendicular dimers. Under such conditions, where the spacing
within the dimer is approximately less than half the radius (25nm here), the perpendicular
response can then safely be neglected. This fact is also demonstrated in the field pattern
shown as the inset of Figure 18, where we have obtained the scattering and absorption
cross sections of the two dimer orientations using fullwave computations. The
perpendicular dimer’s NPs can be reassigned to two new parallel dimers. Therefore, the
response of the random structure can be approximated with dimers all parallel to the
polarization of light, which is still a dipolar response as their radiation patterns (depicted
in Figure 19) show no significant difference in the dipolar field emission. This opens the
possibility to view the structure as a polarization insensitive ENZ metamaterial, since we
can reassign all NPs to the parallel dimers according to the polarization of light. In other

words, whenever a different polarization is incident on the structure, there will be parallel
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dimers exhibiting the majority of the response [Figure 20(a)], and we are justified in
decomposing the structure made from random embedding of nanospheres into parallel
dimers. This concept is illustrated in Figure 20(a).

The analysis stated above could be very useful in simplifying the study of plasmonic
random structures. As a matter of fact, it has been demonstrated [66] that random
aggregates of plasmonic particles show a red-shifted LSPR, and what we have just
provided is a proof of the physical mechanism associated with this effect. However, there

1s still a need to obtain the refractive index of such a random structure.
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Figure 17: Induced fields in dimer nanoparticles (NPs) for two different hosts: air (a, b), ligands (c, d). Left and right
panels show the parallel (a, c) and perpendicular (b, d) orientations, respectively. The horizontal line depicts the LSPR
condition & = -2gn.

In order to do this, the computational fullwave method is used to extract the S-
parameters of the structure and then a common index retrieval method [9,10] is applied to
find the real part and imaginary part of the permittivity, permeability, and refractive
index. Since, the complex interactions of the ENZ metamaterial are now greatly
simplified using dimer building blocks, it is then only necessary to study the interaction
between the dimers for obtaining the bulk properties. For this purpose, an infinite array of

dimers can be created in the computational environment by employing the Floquet
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Figure 18: Scattering (solid curves) and absorption (dotted curves) spectra of AZO nanoparticles (NPs); (a) for a single
spherical NP of radius 50 nm in the air (black) and in the ligand host (red), (b) for dimers oriented perpendicular
(black) and parallel (red) to the polarization of light in the ligand host. Inset shows the electric field distribution at peak
scattering frequency.

boundary condition onto a unit cell which is composed of only one dimer. This method
simulates a medium from a thin layer of dimers with the thickness equivalent to the
diameter of the NPs. Then the bulk properties are obtained by averaging the retrieved
refractive index over various dimer arrays with different spacing that will be limited to
the particle size [39].

As is obvious from the refractive index retrieved for the random plasmonic
metamaterials [Figure 20b], the ENZ band is located in the vicinity of 2.2 pm, which is
just at a shorter wavelength than the associated LSPR. This opens the opportunity to
artificially blueshift the ENZ band by increasing the doping of aluminum in AZO to
spectrally tune the optical properties to the telecommunication wavelengths at 1.5 pm
[AZO can be doped high enough to resemble metal-like optical properties in the NIR
(Ref. 38)]. Also, as the averaging procedure suggests, there is also a control mechanism

over the total loss of the ENZ metamaterial, which can be manipulated in favor of
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different applications. That is, we can simply increase or decrease the spacing between
the dimers for a tunable loss. This can be done by controlling the amount or the type of
ligands used for the self-assembly process. The loss is of main importance when dealing
with the applications and it is another reason why AZO is a better candidate over noble
metals. Metallic NPs also exhibit LSPR which are dependent on the size, shape, material,
and host medium of the particles [31]. But, at the high frequencies of optical and NIR, the
interband electronic transitions of metals cause a high attenuation for light [32],which
degrades the performance of the plasmonic system for application purposes. It is
inefficient, particularly at NIR frequencies, to compensate for this loss by the use of a
gain medium [33] since the losses are larger, comparatively, and also there is still a need
for high permittivity host dielectric materials to satisfy the plasmonic resonance
condition. AZO can be considered a diluted metal, and when it is used in the form of NPs
instead of a layer, its response is even more diluted because of the host medium

occupying the rest of the space.
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Figure 19: Radiation patterns of single AZO NP (a), parallel (c), and perpendicular (d) AZO dimer obtained by
fullwave computations. In (b), a three-dimensional radiation pattern is illustrated that much identically corresponds to
the dipole resonance emission of each of the cases (a),(c), and (d).

For a comparison with simple effective medium theories (EMTs) to calculate the
permittivity of the bulk structure, we use the symmetric Bruggeman mixing rule [Eq.
(29)]. Then, the sole factor in determining the effective permittivity of such metamaterial
structures will be the filling factor (f). In our study, the maximum filling factor is about
%, which is the touching limit. Then the effective permittivity of the structure can be

obtained by [40]:
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1
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(29)

+[(Bfi — De+ Bf, — Deol? + 8550}
with f1 and f; as the filling factors of AZO and the host, respectively. A quick calculation
based on increasing f; from 0.1 to about 0.5 is depicted in Figure 20c. It is obvious that
using the regular EMTs that are not adapted for plasmonic particles, these cannot provide
an accurate response of the structure. The EMT underestimates the losses, since the
enhanced light-matter interaction due to plasmonic resonance is simply ignored. For the
refractive index, the accuracy for the wavelength of the lowest value is not in agreement
with the fullwave simulations. It is also worth mentioning that one may use a recent, but
complicated, EMT approach adapted to plasmonic NPs (Ref. [47]), which includes the

effects of dressed polarizability due to the interparticle interactions.
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Figure 20: Demonstrations of polarization dependent orientation of dimers in three different configurations (a).
Retrieved refractive index of a random layer of epsilon-near-zero metamaterials comprised of 50 nm AZO spherical
NPs (b). Results of symmetric Bruggeman effective medium theory, with different filling factors for refractive index of
a similar layer (c).

2.2.3. Conclusion
We investigated the fabrication possibility and optical characteristics of a polarization
insensitive ENZ metamaterial composed of aluminum-doped zinc oxide NPs by the use

of an equivalent circuit model that simplifies the random self-assembled structure into
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collection of dimers. Considering the coupling of localized surface plasmons, we
demonstrated the dominance of parallel dimer orientation to the perpendicular one, and
we then applied this model to the whole medium. Subsequent results show polarization
insensitivity and also a general redshift in LSPR of the plasmonic ENZ medium. The
results could be of major significance for the future fabrication purposes of plasmonic
ENZ metamaterials and also for the study and prediction of plasmonic aggregates’
properties.

2.3. Polarization Dependent Bandwidth in Low-Index Plasmonic
Metamaterials

We investigate the visible range, less-than-one index bandwidth, nyisipie < 1, of an
optical metamaterials structure comprised of plasmonic gold nanoparticles, and show that
it is highly dependent on the polarization of incident light. Fullwave finite element
method is used to obtain the spectral characteristics of the structure. We have found
spectral bands over which the structure shows the desired low-index. Further, a possible
increase of the bandwidth as large as 270% is demonstrated by a change in the incident
polarization that extends the low-index bandwidth range (503nm to 600nm)
asymmetrically into a wider range (485nm to 750nm) covering longer wavelengths close
to near infrared. This asymmetric overlap might have the potential for new optical
applications.

2.3.1. Introduction

The exotic properties of metamaterials, such as negative permeability (MNG) or

simultaneous negative permittivity and permeability [51,52] (DNG), arise from

engineering the geometry of so-called meta-atoms to exhibit a desired response in
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interaction with light. Another important property of metamaterials is the capability to
provide an index of refraction smaller than unity for which the phase velocity of light
advances faster than that of the free space. This epsilon-near-zero (ENZ, € = 0), or low
refractive index (low-index, n < 1), property can be exploited in different applications
ranging from cloaking [59], ultra-narrow waveguiding [60], shaping the phase pattern of
radiation sources [61], etc.

RF and microwave metamaterials with ENZ property have been already realized. In
the optical and infrared (IR) spectral range, it is possible to fabricate such structures by
embedding suitable inclusions, such as nanoparticles, in a host medium. One can use a
self-assembly approach for the embedding purpose, in which appropriate ligands are used
to keep the nanoparticles in a desired proximity to each other [62-64]. Recently, a self-
assembled monolayer of thiolene-functionalized gold nanospheres has been demonstrated
to have near-zero index of refraction [65]. Interferometry can then be used for
measurement of the resulting optical properties, such as refractive index and extinction
coefficient.

While achieving the low-index property might be important, the spectral range over
which the optical properties remains less than unity is of importance, too. In addition,
some applications might require a wide bandwidth, while others should have a narrower
one. Moreover, there could be new applications if an active tuning of low-index
bandwidth could be realized. Here, we study the visible range, low-index bandwidth of
such structures to investigate the methods for achieving these properties. This sections is

aimed to investigate and study the bandwidth of ENZ structure.
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2.3.2. Approach

As mentioned earlier, utilizing suitable inclusions and host media, the real part of the
refractive index can be reduced to values less than 1. To find the size range of inclusions,
we note that the particles being included in the host should be subwavelength in size and
on the order of approximately A/10 to fit into the metamaterial definition range. Gold
particles with a strong plasmonic resonance in the visible range are suitable. The
absorption and scattering of these small particles can be calculated using Mie theory [66].
Assuming spherical NPs, their polarizability is:

_ —bmegenj  mp (mx) iy (x) — Py ()93 (mx)

CETINE T o E (0 — & O (mx) G0
Y1(p) = pj1(p) = Sing —cosp , 31)
& = phP(p) = (é - 1) e v, (32)

k &
m=-"_ ’_m‘km:w\/a/c, (33)
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where 1 and § are Ricatti-Bessel functions. To get an insight into the contributing effects
on the polarizability, a can be extended as a series with respect to the small parameter x:
a = 4meyepad X

m*+1 3m*-2 , j22 - G4
—— 2 J 43 0 4
mi—1 smz—1* T3~ TO&Y

The first term in Eq. 34 corresponds to the quasi-static polarizability (also Clausius-

Mossotti relation), the second term may be identified with a dynamic depolarization, and



40

the third term is the radiation damping. Then the scattering, absorption, and extinction

efficiencies are defined, respectively:

4
=—|a|? 35
QSCCl 6(80€hﬂa)2 |a| ( )
- ] ,
Qabs eoehnaz m{a} (36)
Qext = Qsca + Qavbs- (37

The host medium has a very important effect on the localized surface plasmon
resonances of these nanoparticles. For the host medium, air, water, and epoxy for
example can be used, which have refractive indices of, respectively, 1, 1.33 and 1.60 at
visible wavelengths.

In Figure 21, the extinction efficiencies of different gold nanoparticles are shown. The
redshift of the peak extinction with increasing the refractive index of the host medium,
and also increase of extinction with the particle size, are clearly seen. When such
plasmonic particles are brought together, they develop a collective response to the
electromagnetic interactions, as in the bulk. To find the effective refractive index of the
bulk structure, we assume a densely packed monolayer of gold nanoparticles. It should be
noted that at such close proximity, it is possible to simplify the study of the structure,
since a lattice like arrangement of the particles occurs. The spherical nanoparticles can
form a hexagonal lattice, shown in Figure 22a. Further, by analyzing the irreducible
Brillouin zone of such a lattice (Figure 22b), it is found that we can characterize the

structure through the optical responses in two distinct directions; 'K and I'M. For this
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Figure 21: Extinction spectra for nanoparticles of gold in different host media. Single isolated nanoparticles of sizes
(diameter) 10nm, 17nm, 25nm, and 50nm are assumed in hosts of air (n=1.00), water (n=1.33) and SUS8 epoxy

(n=1.66). The spectra are calculated using Mie theory.

purpose, we use a fullwave FEM electromagnetic simulation to study only the unit cell of
the lattice.
2.3.3. Computation

The three dimensional layout of the fullwave computations are shown in Figure 23.
The unit cell is a planar structure in the y-z plane, and can be extended infinitely into a
monolayer, using computational Floquet boundary conditions in both y and z directions,
which account for the periodicity. To explore the optical properties of this structure, we
scan over the wavelength range between 400 nm and1000 nm. In order to keep a low

computational cost, the step size for the wavelength scan is set for 25nm.
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Considering the irreducible Brillouin zone of a hexagonal lattice (Figure 22b), the
polarization of the incident light should be along the directions of 'K and I'M in order to
fully investigate the different responses of the structure. That is, we can distinguish two
possible interaction schemes: in one case, the electric field vector of linearly polarized
light effectively sees parallel chains of nanoparticles in the I'M direction, but the other
type of interaction happens for nanoparticles in the 'K direction. In each case, the
coupling of surface plasmonic waves would be different, leading to shifts in the spectral
response of the whole structure. Utilizing the rotational symmetry of the hexagonal
lattice, one can see that y and z directions can be used as substitutes for I'M and I'K,
respectively, with the propagation along the x-axis. To retrieve the wavelength dependent
refractive index, we employ the method that uses scattering (S) parameters [67, 68]. In
the method, the elements of the S-matrix are obtained from the computational

environment, and then used to calculate the material's properties. That is:
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where Si1 and Sy are the elements of the scattering matrix, & is the wavenumber, and d is
the thickness of the layer. Preferably, the condition kd <« 1 should be met to be assured
of an accurate estimation. This is a well-established method of retrieving the refractive
index, although there have been a few discussions on the physical meaningfulness of the
results [69-71].
2.3.4. Results and Discussions

On interaction of light with the nanoparticles in the structure depicted in Figure 22a,
their close proximity gives rise to coupling between localized surface plasmons which
exhibit behaviors unique to each polarization state. We can study the displacement
currents in the unit cell to examine the response of the medium and find the coupling
schemes (shown in Figure 23c,d). This also allows for analytical intuition when studying
the structure using an equivalent circuit model [72]. However, apart from dilute mixtures
of particles (e.g. analyzed in [73]), the numerous interactions and couplings between the
particles in such a dense structure make it tedious for a straightforward analysis using
circuit theory, and directly solving Maxwell's equations using computational methods,

although time consuming, has a great advantage.
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The details of interactions investigated using FEM are as follows. The electric field
amplitude in the particles for a frequency close to the resonance is shown in Figure 23c,d.
The “hot spots” (i.e. strong field enhancements due to coupling) where the neighboring
particles provide efficient coupling along the direction of the incident electric field of the
light are different in each polarization case. There is a weak side coupling in Figure 23c,
whereas almost no side coupling can be observed in Figure 23d. Also, for I'M input
polarization, there is a stronger coupling between nanoparticles that are ordered back to
back in a chain. For the 'K polarization, the coupling to the next particle is separated by
two particles (Figure 23d), resulting in a weaker response compared to the previous
situation.

In Figure 24, we illustrate the components of the electric field throughout the unit cell
to examine the nature of local interactions. Also, the x-component of magnetic field H is

shown in Figure 25. The multipole response of the particles is clearly depicted.
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(b)

Figure 23: (a,b) Geometry of the unit cell for the fullwave computatlons in the FEM environment. (c) Maps of electric
field amplitude on the nanoparticles of the unit cell together with vectors of displacement current in response to an
incident polarization along I'M, (d) ['K.
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Figure 24: Compot-l-e?sof electric field in the unit cell: (a) Ey, (b) Ez in response to input_polarization of I'M, and (c)
Ey, (d) Ez in response to input polarization of K. All plots are normalized the same.

(@) (b) [N .

Figure 25: The x component of magnetic field H in the unit cell for input polarization of (a) ['M, and (b) ['K.
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We then employ the retrieval steps in Eqs. (38) to (41) for calculation of the
characteristics of the structure in each polarization excitation. The results are shown in
Figure 26 for refractive index, impedance, permittivity and permeability. Insertion loss
and return loss of the structure can also be comprehended by use of S21 and Sii,
respectively. It is evident that such coupling of plasmons leads to a red-shift of the
resonance frequency compared to the isolated state. We found that polarizations along
I'M and I'K directions result in non-identical red-shifts; the former being larger since the
coupling of localized surface plasmon resonances is more effective and stronger in this
case. Based on the particle size and the gap size between the particles, the minimum
refractive index obtained using 17nm gold nanoparticles is approximately 0.8 for each
polarization. We observed that with controlling the gap size (here 4nm), the refractive
index can be tuned to lower or higher values, as well. Note that we have used the bulk
material's properties from Ref.[74], and also we see from Eqs. (38) to (41) that the
plasmonic effects are size-independent. One might consider the size-dependence plasmon
behavior which manifests itself as an increase in the plasmon bandwidth with decreasing
particle size (inversely proportional to the radius, »). To correct for this, it is possible to
include a size dependent damping constant (y) which equals the plasmon bandwidth in
the permittivity of the gold nanoparticles as [75]:

Avg
Yy =vo+ — (42)
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(43)
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In Eqgs.(42)-(43), yo is the bulk damping constant, vr is the velocity of electrons at the
Fermi energy, 4 is a theory-dependent parameter, g is the interband permittivity term,
and ®p is the bulk plasmon frequency. There have been experimental results on
determination of complex dielectric constant of a single gold nanoparticle [76]. Here, we
neglected those effects in order to investigate the overall effects of the particles in this
kind of optical metamaterial.

The spectral bands over which the index-less-than-one occurs are 485nm to 750nm
and 503nm to 600nm for I'M and I'K, respectively, and this translates to bandwidths of
265nm and 97nm for each polarization (Figure 27). That is a 270% increased band-width
just by changing the polarization of light. More interesting to note, is that there is an
asymmetric overlap of the low index bandwidth which extends to the longer wavelengths
as the polarization changes to I'M direction. This asymmetric overlap can be used in
applications, such as for modulators for which a polarization dependent low and high
refractive index can be introduced into the device.

In addition, it is also useful to obtain the material characteristics for unpolarized
incident light. For this purpose, we should average the two responses and weight them
based on their occurrence given the symmetry of the system. For the hexagonal lattice,
each of the 'M and T'K directions repeat 6 times, hence we can simply weight them 50%
and 50% when averaging. The result is shown in Figure 28 for the refractive index. Such
averaging might also be useful for practical situations in which some degree of disorder is
present in the position of the nanoparticles. The disorder can result in a limited bandwidth

as has been explored in Ref.[77].
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Figure 27: Comparison of index spectra and bandwidth for two input polarizations.
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Figure 28: Estimated response of the structure (only the refractive index) with unpolarized incident light.

2.3.5. Conclusion
We have investigated the visible spectral range, less-than-one index (n < 1)

bandwidth of an optical metamaterial comprised of plasmonic gold nanoparticles, using
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fullwave FEM and showed its high dependence on the polarization of incident light. We
have found spectral bands over which the structure shows the desired low-index and we
demonstrated an increased bandwidth of 270% resulting from a change in the incident
polarization. The extended low-index bandwidth is asymmetric for longer wavelengths

close to near infrared.



CHAPTER 3: HIGH ABSORPTION OPTICAL METAMATERIALS

In this chapter, in contrast to earlier results, our purpose is to maximize absorption in
the optical metamaterial system. This is a desired absorption which can be utilized in the
devices for detection and sensing. Again, according to the definition of metamaterials,
meta-atoms with sizes much smaller than the wavelength of the incident light are
considered. These meta-atoms are made of composite nanowires and plasmonic
nanoparticles. In the following sections, the investigation to obtain higher absorption in
such structures using subwavelength elements is carried out.

3.1.  Spectral Properties of Au-ZnTe Plasmonic Nanorods

Coupled plasmonic nanoparticles of Au and nanorods of ZnTe are considered here as
the meta-atom element. They are modeled and fabricated. Fullwave simulation is
performed to obtain an optimum design for enhanced light absorption and to explain
scattering properties of the structure. The fabrication method for such arrays is described.
Modeling the spectral properties using equivalent circuit theory is also implemented to
provide an intuitive approach regarding the design of optical metamaterials with
predetermined properties.

3.1.1. Introduction

ZnTe is an interesting II-VI semiconductor material used in optoelectronic devices,

such as in photovoltaic elements [78-79], green light-emitting diodes [80], broad

frequency field sensors [81-82], waveguides [83-84], and in gain media [85-86] — some
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of these devices take advantage of nanoscale effects [87]. ZnTe also has nonlinear optical
properties [88]. This material has been widely used because it is relatively easy to p-dope
compared to other II-VI materials [89-90].Two wide bandgap materials configured as a
type II heterojunction, such as a ZnTe/ZnO core-shell structure, could be used to achieve
an ideal effective bandgap for solar cells [91], thereby exploiting both the optical
coupling between the two components and unique electrical properties. Moreover, a
vertical nanorod array of such core-shell structure improves light trapping and potentially
reduces charge diffusion lengths, hence, further increasing photovoltaic efficiency [92-
94]. To grow such ZnTe nanorods, it is possible to utilize gold nanoparticles to catalyze
the growth via the vapor-liquid-solid (VLS) mechanism [95].

Noble metals such as gold and silver, or transparent conductive oxides, e.g. ITO and
AZO, are known to exhibit plasmon oscillations when illuminated by light. During these
oscillations, confined conduction electrons can be driven by the electric field of light into
a resonant condition that is dependent on different parameters such as material, size,
shape, and the host medium properties [96]. In the case of spherical nanoparticles of size
a and permittivity € in a host medium with permittivityey, light scattering and absorption

cross sections are defined by [97]:
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where k is the wavenumber of light. At the plasmon resonance condition (& = —2¢p),

scattering and absorption maxima occur, assuming the imaginary parts of the

permittivities are small. In the case of small particles with a loss term in their
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permittivity, the absorption dominates over scattering. A discrete dipole approximation
may also be applied to study the interactions in the quasi-static regime, that is, when the
wavelength of light is much larger than the size of nanoparticles [98].

The composite plasmonic structures investigated here are ideally vertical arrays of
gold nanospheres sitting on top of ZnTe nanorods. We numerically investigate the
spectral response of these plasmonic Au-ZnTe nanostructures and find the effects of array
structure parameters on the extinction of light. FEM is used to explore the best design for
such nanostructure array. This composite structure can also be modeled as a metamaterial
comprised of distinct nanocircuit elements [99,100]; which means that each nanostructure
element can be represented by a nanoresistor, nanocapacitor or nanoinductor, or also
combinations of them. Therefore, one can intuitively study the effect of design
parameters, simply by studying the circuit elements. Finally, we explain the method of
fabrication of such composite plasmonic structures.

3.1.2. Modeling

Using COMSOL as the FEM modeling tool, we designed a unit cell of coupled
plasmonic Au-ZnTe structure, where a gold nanosphere sits upon a ZnTe nanorod (see
Figure 29 inset). The unit cell includes a gold nanosphere of size 100nm and a nanorod of
diameter and length 60nm and 500nm, respectively. A linearly polarized light is assumed
incident from above the unit cell. Parallel to the axis of the nanorod shown in Figure 29,
and in both directions, we employed Floquet boundary conditions to account for
neighboring nanorod structures that can contribute to coupling effects in computation

process. In this way, we can simulate an infinite 2-dimensional array of nanostructure
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elements which are replicas of the unit cell. Material properties of ZnTe and Au can be
found everywhere, e.g. Ref [88] and [101], respectively.

We investigate the spectral properties of this initial design upon change of different
parameters to find a suitable set of final parameters in order to guide the fabrication and
predict the results of optical experiments. Two of the main parameters that can be
controlled in the fabrication process are (1) the spacing between the adjacent plasmonic
nanorods and (2) the length of ZnTe rods. The extinction spectra for a variety of
reasonable spacing values are calculated and shown in Figure 29. It can be seen that the
optical response of the structure is fairly sensitive to the spatial distribution of the
nanostructure array, and there is an enhanced extinction in the wavelength range 550nm-
700nm at 60nm spacing. Since the extinction is defined as the sum of absorption and
scattering, one can expect an enhanced absorption or scattering or even both. Enhanced
scattering, when directed toward the absorptive material, can help to increase light-matter
interaction, which would eventually lead to an increase in the total absorption. This is a
significantly important feature of this structure for use in applications such as solar

harvesting or detectors.
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Figure 29: Extinction spectra of incident light as functions of spacing between nanorod structures. Au diameter is
100nm, ZnTe diameter and length are 60nm, and 500nm, respectively. The inset shows the unit cell of simulation.

Regarding the extinction peaks of Figure 29, it can be speculated that one of the main
reasons for such an increase of the extinction is due to a reduction in the reflectivity of
the structure. Therefore, light scattering and absorption occurs more at some spatial
separations. Further, to explain other origins of these peaks at these optimal parameters,
different processes could be taken into account. A mechanism that is common in all of
the situations and is considerable at wavelengths in the range 550nm - 650nm rather than
longer wavelength is the pronounced localized surface plasmon resonance (LSPR) of the
gold nanospheres. The LSPR can result in enhanced light-matter interaction through two
methods; the first one is the increased forward scattering from the gold sphere to the
single nanorod that is attached to it, and the second method is the increased side
scattering that adds to the amount of forward scattered light in the adjacent nanorods.
This LSPR mechanism is also dependent on the spacing between nanoelements. Another
mechanism that affects absorption and dependents on the length of the nanorods is the

dielectric resonance due to interference. That is, when the optical length of the nanorod
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approximately matches odd multiples of a quarter wavelength (mA/4ny, m=1, 3, 5 ...),
then one can expect increased field in the structure, and vice versa. For example, with
m=8 at A=600nm, the optical thickness is 493.5nm, hence a destructive interference is
expected resulting in a lower absorption, as can be seen in Figure 29. However, the peak
for 60nm spacing is not obeying this rule, which suggests the existence of another
dominant mechanism. The last mechanism for such extinction peaks includes both the
effects of length and spacing such that the overlap between the scattered light and the
neighboring nanorods is effectively higher at some conditions, resulting in an efficient
secondary absorption. This could be the main reason behind the large peak at 60nm
spacing, after ruling out the forward scattering. Therefore, it is the competition and
collaboration between these mechanisms that lead to such different peaks as the length
and the spacing parameters of the structure change. Also, as is obvious from
extrapolation of all the curves to wavelengths shorter than 550 nm, a high extinction

regime exists due to natural absorption in the materials.
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Figure 30: Power dissipation in plasmonic nanorod structure as function of light wavelengths of (a) 1000 nm, (b) 750
nm, (¢) 600 nm, (d) 550 nm. The neighboring nanorods are placed with a spacing of 60 nm. Scattering profile of the
Au-ZnTe element at A=600nm for directions perpendicular (e) and parallel (f) to the polarization plane of light.

Figure 30 demonstrates the power dissipation of light in the nanorod structures. Here,
the spacing is 60 nm and length is 500 nm. The different spectral response of light
absorption both in a gold nanosphere and a ZnTe nanorod is observable from this figure.
One can easily spot the high absorption localizations in the ZnTe rods (Figure 30c,d).
There is also a high absorption region close to the top of the ZnTe rod. This is from the
resonant forward scattering of the gold due to the LSPR effect, which, as mentioned
earlier, directly helps the absorption. To confirm this, we computed the scattering profile
of nanocomposite element (Figure 30e-f). The forward scattering into the nanorod and
also side scattering to the neighboring nanorods can be verified. Also, the effects of
coupling between nanostructures in the directions parallel and perpendicular to the

polarization plane of light is observable in these patterns. Therefore, it is now clear that
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the gold nanospheres can be utilized in a multi-purpose procedure; one is to help the
growth of ZnTe nanorods through catalyzing the fabrication process, the second is to
control the diameter of nanorods, and the third is to facilitate absorption through forward
and side scatterings.

We also considered the effects of nanorod length on the spectral response of our
plasmonic structure (Figure 31). The spacing is 60nm. For comparison purposes, since
the lengths are different, the extinction values are normalized by dividing them by the
volume of the nanorod in order to obtain a measure of effective extinction. The results
show spectral sensitivity depending on the length of ZnTe nanorod. The majority of these
variations can be due to spatial overlap with the side lobes of the LSPR scattering. It can
be seen that the length of 250nm provides the best extinction over the spectral region
where the absorption of ZnTe is relatively higher. To investigate the absorption inside the
nanorod, we separate the contribution of the gold from the extinction spectra, and study
the two main wavelengths where the absorption coefficient of the ZnTe is larger. The
results are shown in Figure 32. We have found that a huge increase in the amount of
absorption at wavelengths of 550nm and 600nm occurs when the nanorod length is
around 250nm. This can be considered the optimal length for our structure. The insets of
Figure 32 show the distribution of absorption throughout the nanorods. We can see that
an effective absorption can be achieved in all the nanorods by carefully designing the
spacing and length of the array structure. We also studied another case, when no gold was
attached on top of the ZnTe nanorod. This study helps us understand the important role of

gold in the enhancement of absorption. The results for the same two wavelengths are
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Figure 31: The normalized extinction spectra as a function of nanorod length with constant 60 nm spacing between
structures.

plotted in Figure 32. The enhancement factor, which we define as the ratio of the
absorption with gold nanosphere present to the absorption without it, rises to 8 for the
optimal length we found earlier.
3.1.3. LCR Circuit Model

At our wavelength range of interest, the real parts of permittivity of Au and ZnTe are,
respectively, negative and positive. They can be modeled as lumped circuit elements
having an inductance (Ls) and a capacitance (C;) response, respectively. Therefore, we
can use an equivalent circuit to model the response of not only a single nanostructure, but
also an array of such nanostructures. Figure 33 shows such circuit model. The resistors
represent the materials’ losses. We assume a square lattice of such structures and add
capacitors Css and Cy to account for the spacing between the spheres and rods,
respectively. Since the spacing between the spheres is on the order of their radii, they can
be coupled together. But for nanorods, the spacing is about 3 times larger than the radius.

Thus, we neglect the coupling between them.
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Applying the approach of Ref. [100] to obtain the equivalent values of circuit
elements, we find Ls=10.1 femtoH (inductance of sphere), Cr=2.78 attoF (fringe
capacitance of sphere), Cr=293.6 femtoF  (capacitance of rod), Cs=6.67 attoF (fringe
capacitance of rod), and the total values for LCR circuit would be L~10.1femtoH, C~11.1
attoF, R~233.4 Q. This is a band-pass filter with a Q factor of 7.78 and fractional
bandwidth of 0.1288, centered at the frequency corresponding to light of 630nm. The
bandwidth of the resonance is about 80 nm. These characteristics approximately match
the spectral properties of Figure 29 (60nm spacing). The plot of such a response is shown
in Figure 33 together with simulation points of Figure 29. For comparing the results of
LCR and FEM, it should be noted that the LCR approach is a quasi-static approximation
which is independent of the wavelength. We used the optical properties of the materials
at 630nm. Any deviations in the optical properties results in changes in the spectrum,
particularly, at longer wavelengths. Another source of error in the use of the LCR method
arises from neglecting the retardation effects. The structure we are using here is
comparable to the wavelength of the incident light, which dictates that retardation effects

should be taken into account.
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Figure 32: Power dissipation (filled) and enhancement factor (empty) versus ZnTe length at wavelengths of 600nm
(diamonds) and 550 nm (circles).Insets: Absorption distribution at 550 nm (left) and 600 nm (right).

We have investigated the coupling of gold spheres using this LCR method, and
concluded that only those spheres aligned parallel to the polarization of light can be
coupled. The coupling induces a dipole in each sphere whose magnitude is dependent on
the distance between the spheres. In Figure 33, we have calculated this dipole moment
compared to the local dipole response of the sphere in response to the incident light. As is
obvious, the coupling is strong only at close proximity and it can shift the resonance of
the LSPR to the red. However, with the geometrical parameters we used for the
simulation, it is unlikely to have a red-shift from LSPR coupling, when referring to these
calculations. Nevertheless, one can easily and intuitively figure out that both the circuits
of the sphere and rod are coupled together and the capacitor response of the rod affects
the resonance frequency of the sphere (such that the total capacitance is increased), which

turns out to be a red-shift in the resonance of the structure.
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3.1.4. Fabrication

Here we only report the fabrication procedure and the resulting structures. Au-ZnTe
nanostructures have been fabricated in several steps. First, a thin film of gold was
sputtered onto Si(111) wafer. Following this, the wafer was thermally annealed to create
Au islands. The Au thin films on Si(111) wafers were heated to 600°, 625°, 650°, or
700°C over 30 minutes, for one hour and then allowed to cool naturally. Sputtering
thicknesses from 1-10 nm were investigated but only thicknesses above 5 nm resulted in
measurable Au islands. Based on these capabilities, we were able to create Au islands
with a size range of about 100nm that consequently resulted in a narrower diameter for
the ZnTe nanorods. We note that the Au dimensions directly control the ZnTe nanorod
diameter in the growth. Finally, the Au islands were used to catalyze ZnTe growth in a
chemical vapor deposition (CVD) process to create the Au-ZnTe structures. To
investigate the sample, we used dark field microscopy to observe the LSPR and spacing
between the composite elements, respectively (Figure 34). Characterization of electrical

and optical properties of this structure is beyond the scope of this dissertation.
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Figure 33: (a) Schematic of Au-ZnTe array with equivalent circuit model elements. (b) Calculation of induced relative
dipole moment in gold spheres. The white line is the LSPR in air for an isolated sphere. (¢c) Comparison of LCR circuit
response and simulation data points for 60 nm separated array of Figure 29.

3.1.5. Conclusions

We have studied the spectral properties of a composite plasmonic array structure
made from gold nanospheres and ZnTe nanorods. For applications in solar harvesting and
detectors, we investigated the effects of structural parameters on light absorption and
scattering. We found an optimum design for nanorod length and array spacing which can
provide enhanced extinction. Moreover, we used an LCR equivalent circuit model to
intuitively study the response of our proposed structure. One of the main conclusions of
our work is the role of plasmonic gold spheres incorporated into our design. We found
that the presence of gold particle can have a few benefits: one is to help in fabrication for

the growth of ZnTe nanorods, and another is to provide more absorption in ZnTe nanorod
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through LSPR. The results of these studies are of significant importance toward novel

devices for solar harvesting and detectors.

Figure 34: The SEM image of the lage scale fabricated composite nanostructure. The scale bar is 10um. Insets show
(left) a dark field image of the Au islands, (right) selected nanostructure elements at 200nm scale.

3.2.  Nanowire with Nanoantennas

In this section, we develop the previous results further with and an insight on the role
of the plasmonic particles. In addition, we consider a more specific form of the input
excitation to be the solar spectrum. We investigate a novel light conversion scheme in
nanostructures for the highly demanding field of plasmonic solar cells. In our study, we
incorporate vertical nanorods made of semiconductor materials, which are coupled
optically to plasmonic nanoantennas for optimal absorption of sunlight. Utilizing the
unique properties of localized surface plasmon resonances, we create dedicated
nanoantenna elements such that the emission pattern is effectively directed toward the

absorber material.
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As a review, plasmonic nanoparticles [102-104] (NPs) provide an impressive way of
light-matter interaction through localized surface plasmon resonances (LSPR) that can be
excited, providing new means to manipulate light at scales much smaller than its
wavelength. The applications of plasmonic NPs are numerous, including high-resolution
microscopy [105], optical nanocircuits [106], nanoscale light transport [107], nonlinear
optics [108], optical metamaterials [109,110], metasurfaces [111], electromagnetically
induced transparency [112,113], spectroscopy and sensing [114], e.g. surface-enhanced
Raman spectroscopy (SERS) [115], and plasmonic solar cells [116-119].

In photovoltaics, particularly, plasmonic NPs have opened a new way to obtain
improved performance and achieve cost efficiency by introducing plasmonic mechanisms
for enhancing the absorption of light [120-125].The third generation of photovoltaic
device design could also benefit from these NPs, as they are being investigated in
ultrathin solar cells [126], and microwire arrays [127]. The latter design has demonstrated
promising potential to high performance devices, exploiting the increased surface-to-
volume ratio of micro-wires and enhanced scattering of plasmonic NPs. Introduced most
recently, excellent candidates for high efficiency solar devices are similar single and

dual-junction semiconductor wires, but at nanoscales [128].
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Figure 35: The standard AM1.5G irradiance spectrum of sunlight is plotted along with the absorption spectrum of a
2um film of silicon with anti-reflection coating (the shaded area). On the bottom, the optical constants of gold (left) and
silicon (right) is shown.

Nanowires (NW) provide the highest surface-to-volume ratio for interaction with
light, and the minimum of the amount of material used in the device. With incorporation
of engineered radial junctions [129], a near unity internal quantum yield can be achieved
[128]. Utilizing a proper surface passivation, their performance can be improved since the
surface recombination decreases [ 130]. The crystal phase can be tuned along the length of
nanowires, giving the possibility of tuning the electronic properties [131]. When grown
as nanowires, lattice mismatched materials can be integrated, enabling strain-free multi-
junction solar cells and the utilization of cheap substrates [132,133]. The common
method of NW growth is the vapor-liquid-solid (VLS) [134], which uses gold as a stable

and non-oxidine catalyst. However, gold-free methods such as Ga-assisted selective area
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epitaxy could be employed [135], assuming gold is an unwanted impurity with negative
effects on the physical properties of NWs.

Coupling of the incident light in the NW is an important issue and it has been
suggested that by effective collecting of light, NWs have the potential to overcome
Shockley-Queisser limit [136]. In this regard, we show how to exploit the plasmonic
properties of the gold catalyst to fold light into NWs. We investigate the different shapes
of such NPs and find their role as dedicated nanoantenna elements serving each NW.

3.2.1. Approach

In the progress of studying the interactions and the effects of gold nanoparticles and
their LSPR, the electrical and optical properties of the semiconducting nanowire should
be taken into account, but for the sake of simplicity, we neglect to study the different
materials of interest, and we concentrate more on the fundamentals of such studies.

Therefore, we assume the nanowire to be simply made of silicon. Other materials can
of course be considered, as we have studied ZnTe in another work [137].The optical
properties of both silicon and gold are shown in Figure 35. The potential candidates for
use as the nanoantenna elements are as follows:

1. Sphere, which is the simplest form of nanoparticles. A sphere, however, is
restricted by its shape and radius, which means that to tune the frequency of LSPR, it is
required to change the radius of the sphere. This will provide limited functionality, yet

the simplest and cheapest nanoantenna element.
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2. Hemisphere, which has the same limitations of the sphere but with the positive
feature that less metal will be used and the unwanted losses of energy due to the antenna
material will be reduced.

3. Cylinder is a tunable nanoantenna which provides two parameters to tune; its radius
and height. Thus a cylinder will be one of the best choices to be the attached to nanorods.
The trade-off, however, is that the fabrication and growth of the nanorods with cylinders
on top is more complicated, and costly.

4. Core/shell structure, which can be in the form of a spherical silicon core with gold
shell. This nanoantenna can provide excellent tunability and flexibility by providing two
radial parameters by which one can determine the size of the nanorod element as well as
tune the resonant frequency of the system.

5. Non-plasmonic antenna, in the form of silicon or germanium nanospheres. The
nanoantennas of this group can eliminate the attenuation effects present in the use of
metallic nanoparticles and also improve the final electrical characteristics of nanorods
after using growth methods such as VLS. The scattering of light in this case is caused by
magnetic dipoles instead of electric dipoles of plasmonic nanoparticles and takes the form

of Kerker scattering. As a reference to all of these nanoantenna elements, refer to Figure

36.
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Figure 36: Schematics of single nanorod elements attached to nanoantennas (a) sphere, (b) hemisphere, (c) cylinder, (d)
spherical core/shell, (e) non-plasmonic sphere. On the bottom, a drawing of the collection of nanorod elements is
shown representing the surface of solar panel. Here the nanoantenna elements are not shown.

3.2.2. Results and Discussions
To obtain a measure of the energy absorbed in the semiconductor nanorods, we use
frequency domain FEM to compute absorption and scattering cross-sections of
nanoparticles as well as the energy lost in the nanorods. For future comparison, we
compare the results of the computations of the above parameters with those of exact
analytical approaches such as Mie theory for a spherical nanoparticle. That is, we
compute the scattering efficiency and absorption efficiency for different sizes of gold

nanospheres with both methods (Figure 37).
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Figure 37: Spectra of scattering and absorption of light by spherical nanoparticles of gold: (top) calculation based on
exact analytical Mie theory for 6 different sizes on spheres. The legend shows the radius in the units of nanometers.
(bottom) same as (top) but using FEM.

A reasonable range for the size of nanorod elements is around 100nm. We investigate
the smaller and larger values as well, limiting the study to the radii of 25nm to 150nm.
The results of computations with exact analytical Mie theory and FEM show very good
agreement (Figure 37). There is, however, a very slight shift in the peak of FEM
computed spectra, which is negligible. But it can be assigned to the meshing of the sphere

in the FEM environment, which is not as perfect as a complete sphere. Also, some of the
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Figure 38: Spectra of scattering and absorption of light by hemispherical nanoparticles of gold using FEM. The legend
shows the radius in the units of nanometers.

small features emerging from Mie theory could be missed in the FEM approach, since the
frequency step size is larger in comparison to the analytical approach. An example of
such issue can be found in the absorption spectrum of 25nm sphere (blue solid curve) as a
little bump around 400nm (Figure 37).

In this work, we study the cases of hemisphere and cylinder. We obtain the antenna
radiation pattern in both geometrical shapes and investigate its modification when
attached to the nanorod structures. We then compute and compare the loss of sunlight in
the nanorod prior and after the installation of nanoantenna elements. The optical
properties of core/shell nanostructures and non-plasmonic antennas need more detailed
studies and will be researched in another work. Further, it should be emphasized that here
we only assume single nanorod elements and the interaction and the coupling between
them is neglected. The interested reader can refer to our work on the ZnTe nanorods as an

example of such studies [137].
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For comparison of spectral and radiation characteristics of nanoantenna elements, we
start with computing the scattering and absorption efficiencies of them based on different
size and shape parameters. We start by studying the case of hemisphere. The hemisphere
can be thought of as providing us with reduced attenuation. The results of computing
scattering and absorption efficiency are plotted in Figure 38. It is immediately observable
that the scattering is reduced at wavelengths shorter than about 500nm. Further, the peaks
are slightly narrower, compared to the ones of spheres. Three other differences can be
spotted compared to the spheres:

1. The efficiencies of both absorption and scattering are slightly increased.

2. There is also a slight blue-shift in the peak scattering resonance.

3. The secondary scattering resonance of larger spheres is absent in the spectrum of
hemispheres with the same size (see the curve for 150nm in Figure 38). This can be the
reason why the peaks of hemisphere are larger, since more energy couples only into one
scattering mode in the dipole interaction.

Next, in the case of nanocylinder nanoantennas (Figure 36c), the study is more
complicated since there is another free parameter in determining the geometrical shape.
We have computed the spectral responses in a similar way as to the spheres and
hemispheres, and the results are shown in Figure 39. The radii are 50nm, 75nm, and
150nm.

In each case, the height was tuned from 20nm to 100nm. The roles of radius and
height of the cylinder in the optical features can be understood by analyzing the

properties of each spectrum. One of the results is that the radius of the cylinder is the
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main parameter determining the scattering peaks. The polarization of the incident light is
along the diameter of cylinder; therefore, it is not surprising that the radius is playing the
main role. Also, similar to spheres and hemispheres, a cylinder has the symmetry in its
cross-section, but the interaction with light takes places at all the surface at the same
time, and this distinguishes the cylinder from the other two. The height of cylinder is
helping to fine tune the resonant frequency of the scattering and can be exploited for
specific purposes in different applications. It is also found that the cylinder has a larger
scattering efficiency compared to hemisphere, hence, larger than the sphere. It is also
usual that by increasing the size of these nanoparticles, the absorption efficiency reduces.

This can also be observed in all the curves plotted in Figure 39.
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Figure 39: Spectra of scattering and absorption of light by cylindrical nanoparticles of gold using FEM. The radius of
the particle is (top) 50nm, (middle) 75nm, (bottom) 150nm. The legend shows the height in units of nanometers.

Now, we attach these nanoantenna elements to Si-nanorods. The rod diameter is
identical to the diameter of hemisphere or cylinder. The length of the rod is the same
through all the studies and we have found that the effects of rod’s length are not
significant on the radiated pattern of the nanoantennas, unless the length is too short. We

study the pattern radiated around the peak wavelength of scattering and absorption as
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well as at the long and the short end of the spectrum. The obtained radiation patterns for a
hemisphere of radius 50nm and a cylinder of radius and height 50nm are shown in Figure
40, Figure 41 and Figure 42, respectively. The patterns are plotted assuming the sunlight
incident from the top on the nanoantenna element attached to a Si-nanorod underneath.
Thus, the more radiation into the downward direction, the better the coupling and
interaction of light with semiconductor material, hence leading to a more efficient
absorption and performance of the solar cell. Studying all the radiation patterns from
these nanoantennas at different wavelengths can help to find the more efficient designs
when planning to plant groups of nanorods in the proximity of each other. That is, we can
see that at some wavelengths the radiation pattern is not only downward, but also scatters
strongly in directions that can be absorbed by another neighbor of the current element;
examples of such patterns can be found in Figure 41(f,g), and Figure 42(f,g). The
behavior of short wavelength response, which is similar in all two cases studied here is
also interesting. At wavelengths shorter than the resonance, the scattered light tends to
spread downward and along the polarization of light, but with some small portion of it
being back-scattered. Figure 40b is a good example of such behavior.

The next step is to measure the absorption of light in the semiconductor nanorod. This
can provide a point of reference to find the coupling effects of nanoantenna elements
leading to enhanced near-field or resonant forward scattering. Also, as we have
mentioned in the introduction, because of the geometrical shape and size of the nanorod,
the absorbed light can be assumed to be converted completely to charge carriers.

Therefore, the electrical parameters of a solar cell can be calculated at each frequency. It
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should be noted that the total spectral response of the nanorod to the sunlight can also be
studied with the use of finite different time domain (FDTD) approaches, in which a
broadband incident light will be assumed and the electrical response includes the
contribution of all the wavelengths. We will suggest a method to make similar
measurements using FEM.

For the last remark of this section, we should emphasize that the absorbed spectra
shown here assume a flat spectral input as the incident light. It is more insightful to apply
the spectrum corresponding to AM1.5G and observe the results. Also, to better
understand the spectral response of the nanoantenna elements to the sunlight, a weighted
average over the scattering and absorption spectra is needed. In this way, the dominant
antenna pattern, or the averaged equivalent of scattering pattern in response to sunlight

will be achieved.
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Figure 40: Radiation pattern of hemisphere of 50nm radius at different wavelengths (a) 300nm, (b) 325nm, (c) 350nm,
(d) 375nm, (e) 400nm, (f) 425nm, (g) 450nm, (h) 475nm, (i) 500nm, (j) 525nm, (k) 550nm, (1) 575nm, (m) 600nm (n)

700nm, (o) 800nm, (p) 900nm. The axis along the length of the nanorods is parallel to x, and the polarization of light is
along z direction.
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Figure 41: Radiation pattern of hemisphere of 100nm radius at different wavelengths (a) 300nm, (b) 325nm, (c) 350nm,
(d) 375nm, (e) 400nm, (f) 425nm, (g) 450nm, (h) 475nm, (i) 500nm, (j) 525nm, (k) 550nm, (1) 575nm, (m) 600nm (n)
700nm, (o) 800nm, (p) 900nm. The axis along the length of the nanorods is parallel to x, and the polarization of light is
along z direction.
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Figure 42: Radiation pattern of cylinder of 50nm radius and SOnm height at different wavelengths (a) 300nm, (b)
325nm, (c) 350nm, (d) 375nm, (e) 400nm, (f) 425nm, (g) 450nm, (h) 475nm, (i) 500nm, (j) 525nm, (k) 550nm, (1)
575nm, (m) 600nm (n) 625nm, (o) 650nm, (p) 700nm. The axis along the length of the nanorods is parallel to x, and
the polarization of light is along z direction.
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3.3. Radiation of Nanoantennas for Nanowire Photovoltaics

In this section, we only consider the use of plasmonic nanoantenna elements,
hemispherical and cylindrical, for application in semiconductor nanowire (NW) vertical
arrays. Using Mie theory and a finite element method, scattering and absorption
efficiencies are obtained for the desired enhancement of interaction with light in the
NWs. We find an optimal mixture of nanoantennae for efficient scattering of solar
spectrum in the NW array. Spectral radiation patterns of scattered light are computed,
and, for representing the total response of the nanoantenna-equipped NWs to the solar
AMI.5G spectrum, the weighted average of scattering patterns for unpolarized normal
incidence is obtained showing an advantageous overall directivity toward the NWs

As a quick reminder, plasmonic nanoparticles [138,139] (NPs) utilize localized
surface plasmon resonances (LSPRs), providing the means to manage the light at scales
much smaller than its wavelength. This is why there are many applications for plasmonic
NPs, including optical nanocircuits [140], metasurfaces [141], high-resolution
microscopy [142], optical metamaterials [143,144], electromagnetically induced
transparency [145], surface-enhanced Raman spectroscopy [146], and plasmonic solar
cells [147-150].

In the realm of thin-film photovoltaics, these NPs have revealed novel ways for cost
efficiency and improved performance through plasmonic mechanisms enhancing the light
absorption [151-154]. The design of next generation photovoltaic devices, e.g., ultrathin
solar cells [155] and microwire arrays [156], also benefit from NPs. The latter design has

a promising potential for higher performances, exploiting, in addition, the increased
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surface-area-to-volume ratio (SA:V) of microwires. Very recently, excellent candidates
have been introduced for high efficiency photovoltaic devices, which are still wires of
semiconductor materials but at nanoscale dimension [157].

Nanowires (NWs) provide a higher SA:V (compared to microwires) for interaction
with light, and when grown from semiconductors, lattice mismatched materials can be
integrated, enabling strain-free multi-junction solar cells and the utilization of low cost
substrates [158]. Other possible advantages of NWs include: control of crystal phase
along their length for tuning the electronic properties [158], decreased surface
recombination through a proper surface passivation [159], and near unity internal
quantum yield by incorporation of engineered radial junctions [160]. Offering advanced
light trapping, higher quality and defect-free material, NWs are shown to have the
potential to overcome the Shockley-Queisser limit. [161]

In this section, we investigate the use of plasmonic NPs, as nanoantennas, attached to
semiconductor NW arrays for application in photovoltaics. General considerations of

nanoantennas, regarding their shape, are as follows (see Figure 43):
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Figure 43: (a) Schematic of a solar device comprised of atrays of vertical NWs. (b)—(f) nanoantenna elements with
different shapes and materials attached on top of NWs.

A sphere is probably the easiest to study and fabricate, with its radius as the only
control parameter to tune the frequency of LSPR. A hemisphere has the same limitations
of the sphere, while less metal is involved to cause losses. A cylinder is a more tunable
nanoantenna, providing two control parameters (radius and height), however, the

fabrication and growth of the nanorods with cylinders on top might be harder. Core/shell
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spherical nanoantennae, e.g., silicon core with gold shell can comparatively provide more
tunability with two radial control parameters determining the strength of plasmon
coupling and LSPR wavelength. Non-plasmonic nanoantenna equivalents of mentioned
geometries are also applicable, with the advantage that absorption losses reduce
significantly. Kerker scattering and magnetic dipoles in this case can lead to
superdirective nanoantennas [162]. We use exact analytical expressions of Mie theory
[163] for calculation of scattering and absorption efficiencies of a spherical plasmonic
NP. This provides two advantages. First is to elucidate the different phenomena in the
interaction of light with the nanoantenna element with the polarizability o described
earlier in the chapter.

The second advantage is the use it as the benchmark for computational purposes of
other complex shapes in a fullwave FEM simulation environment. Compared to the
analytical solution for the spheres, there is a slight shift in the FEM computed spectra,
which might be due to the meshing of the curved surfaces in the FEM environment. The
computed scattering and absorption efficiency for different sizes of hemispherical
nanoantenna (Figure 43(c)) are plotted in Figure 44. It is immediately evident that the
scattering is reduced at wavelengths shorter than about 500 nm. The behavior of these
computed plots are in good agreement with our expectation when increasing the size of
the NPs.

3.3.1. An Effective Mixture
To effectively interact with the solar spectrum, a mixture of nanoantennas can be used

such that the total scattering spectrum fits well to the incoming sunlight. For simplicity,
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we only consider a mixture of three sizes of hemispherical antennas with radii of 50 nm,
100 nm, and 150 nm, having the mixing percentages of 52.86%, 15.71%, and 31.43%,
respectively, and surface coverage of 70%. The resulting spectral coverage is shown in
Figure 44(c). This simple mixture leads to an accumulative coverage of 78%, which,
from a total sunlight flux of 891 W/m?, results in an availability of 692 W/m?2. Yet better
mixtures with multiple nanoantennas of different sizes and shapes can be obtained using
Brent’s method [164] or by global optimization methods such as the Genetic Algorithm.
For such a purpose, the optical properties of other nanoantennas introduced here should
be obtained. Nanoantennas of cylindrical shape (Figure 43(d)) provide more spectral
tunability. However, we limit the study to the spectral responses for radii of 50 nm, 100
nm, and 150 nm, shown in Figure 45. In each case, the height is tuned from 10 nm to 100
nm. The radius and height of the cylinder have different effects on the optical features;
the former is the main parameter determining the scattering peaks, while the latter acts as
a fine tuning control. The underlying reason is that the polarization of incident light is
along the diameter of cylinder; therefore, the radius is playing the main role. Also, similar
to hemispheres, a cylinder has symmetry in its cross-section, but the interaction with light
takes place on the entire surface at the same time, and this distinguishes the cylinder from
the other two (hemisphere and sphere), providing reduced retardation effects at larger
sizes. The cylinder can offer a larger scattering efficiency compared to a hemisphere
which is larger than the sphere too. The scattering bandwidth is increased with the radius
of the hemisphere and cylinder, making them fit better to cover the solar spectrum. One

example of such fitting is shown in Figure 44(c), for the hemispherical nanoantennas.
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The emission patterns of nanoantennas when attached to Si-NW are investigated in the
following. The diameter of the NW is identical to the diameter of the attached
hemisphere or cylinder. Also, the length of the NW is the same through all the studies,
and we have found that the effect of this parameter is not significant on the radiated
pattern of the nanoantennas unless it is shorter than half a wavelength. The treatment here
obtains the radiation patterns over the solar spectrum; a wavelength range from 250 nm to
1400 nm. In Figure 46a-d, the radiation patterns for a cylindrical nanoantenna of a height
25 nm and radius of 50 nm are shown at four different wavelengths. The patterns are
plotted assuming the sunlight incident from the top on the nanoantenna element attached
to a Si-nanorod underneath. The difference in the radiated features as the wavelength

varies is obvious.
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Figure 44: Scattering (a) and absorption (b) efficiency of hemispherical nanoantennas of different radii (in nm scale). (c) Solar
spectral irradiance (AM1.5G), and coverage of solar spectrum scattered by mixing three sizes of hemispherical nanoantennas each
obtained after multiplying with the NP efficiency.

3.3.2. Radiation Pattern Averaging
To be more realistic, one should note that all the wavelengths in the solar spectrum
arrive at the nanoantenna simultaneously. An approximate response of the system can be
obtained by taking the average over the wavelengths. However, for more accuracy, it
should be considered that the wavelengths have different intensities and also the response

to each wavelength in the nanoantenna is different.
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Figure 45: Scattering (a)—(c) and absorption (d)—(f) of cylindrical nanoantenna elements with different radii and height.
Scattering plots have been shown scaled identically, and absorption plots are scaled to one-third of scattering scale.

Therefore, the total response is an integration of all responses weighted by the photon

flux of sunlight:

47'[,12
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where Wnp represents the antenna pattern of the NP, and ®awmi 56 is the normalized photon
flux of the solar spectrum at AMI1.5G. We have multiplied the photon flux by the
scattering efficiency of the nanoantenna to obtain a good measure of the increased photon
flux due to the presence of the NP. This is the number of photons “efficiently” incident

on an attached NW. Besides, note that the emission patterns could be different in the
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directions parallel and perpendicular to the plane of polarization, as we have depicted in
Figure 46(a) and (c) (for parallel) and Figure 46(b) and (d) (for perpendicular).

Furthermore, since sunlight is generally unpolarized, we should also take the average
of both polarizations for a more accurate estimation. We observed that when averaging
over the responses using Eq. (44), the final pattern smoothes out in favor of a dominant
pattern, which is the pattern with the most overlap between the LSPR and the photon flux
spectrum. The results are shown in Figure 46(c) for 100 nm, 75 nm, and 50 nm radii of
the cylinder at the height of 25 nm. The inset of Figure 46(c), illustrates the 3-
dimensional (3D) averaged pattern for the cylinder of radius 50 nm and height 25 nm. It
can be inferred that (i) the smaller cylinder shows more directionality toward the NW, (ii)
the larger the cylinder size, the larger its radiation pattern in terms of intensity and
angular spread, and (iii) also, the weighted average of the radiation patterns is quite
similar to the pattern of the LSPR wavelength.

According to this, it is then straightforward to predict the 3D averaged patterns for
other nanoantennas. As two other examples, we have depicted the patterns for a
cylindrical nanoantenna (r = 50 nm, height = 50 nm) and a hemispherical nanoantenna (r
= 50 nm) in Figure 47(a) and (b), respectively. Comparing the patterns to each other
suggests that the radiation patterns of these small nanoantenna elements are similar when
averaged over the solar spectrum and their differences lie in their LSPR frequencies,
which are dependent on the shape, size, and other parameters. The resulting averaged
pattern could be very useful in the design of NW elements when choosing the length of

NWs and the spacing in-between.



90

One might also consider the electrical and optical properties of the semiconducting
NWs in Eq. (44), but for the sake of phenomenological study only Si-NWs have been
assumed throughout this work. However, note that the absorption coefficients of common
semiconductors are similar in the spectral region of interest. As a related remark, it is also
worth mentioning NWs of ZnTe (Eg=2.24 eV) attached with spherical gold nanoantennas
have been studied in another work [165]. The absorption of light in the NWs has been
studied theoretically [166] and experimentally [167], to which the interested reader is
referred for further details. Investigations on core/shell NPs for use in absorption and
emission of light are also available [168].

On fabrication, vapor-liquid-solid (VLS) deposition[ 169], which uses gold as a stable
catalyst, is commonly used to grow NWs. Gold-free methods, such as Ga-assisted growth
[170], for higher quality of material, assuming gold is an unwanted impurity degrading
the electrical performance of NWs by creating deep-level traps have been suggested.
Selective-area growth method has also been demonstrated for synthesis of GaAs, GaP,

InP, and InAs NWs without the use of Au or Ga catalysts [157].
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A=550

A=308

Figure 46: The radiation patterns for a cylindrical nanoantenna of a height 25 nm and radius of 50 nm at four different
wavelengths. (a) and (c) Radiation along the polarization of incident light, (b) and (d) radiation perpendicular to the
polarization of incident light. (¢) Averaged radiation pattern for different sizes (r = 50 nm, 75 m, 100 nm; height = 25
nm) of cylindrical nanoantennas. Solid lines and markers (circles) show the two polarization dependent responses.
(inset) 3D illustration of the radiation.
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Figure 47: The predicted 3D radiation patterns for (a) cylindrical nanoantenna (r = 50 nm, height = 50 nm), and (b)
hemispherical nanoantenna (r = 50 nm).

In conclusion, we have investigated the use of plasmonic hemispherical and
cylindrical nanoantennae for vertical arrays of NW, using Mie theory and FEM. We have
found an optimal mixture of nanoantennae for efficient scattering of the solar spectrum in
the NW array. Other possible mixtures can be obtained from the results presented here.
Spectral radiation patterns of scattered light are computed. The total response of the
nanoantenna-equipped NWs to the solar AM1.5G spectrum is obtained by the weighted
average of scattering patterns for unpolarized light. We observed that the final averaged
pattern is smoothed in favor of a dominant pattern, which is the pattern with the most
overlap between the LSPR and the photon flux incident spectrum. The result could be
very useful in the design of NW elements when choosing the length of NWs and the

spacing in-between.
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3.4. Dielectric Nanoantennas

Next, we are going to find the absorption increase using nanoantennas. Here we only
look at the dielectric structure as an example. We investigate photovoltaics incorporating
standing nanowire arrays of silicon using a full wave FEM computational approach. The
interaction of sunlight with bare nanowires and also with nanowires attached to dielectric
nanoantennas is studied. We compute the absorption spectra in each case and compare
the results to determine a possible optimal mixture of nanowire-nanoantenna elements for
solar applications. We also investigate further the enhancement of absorption by
exploiting field intensity patterns within the nanowire arrays. The results illustrate the
benefits of using dielectric nanoantennas for applications in nanowire solar cells.

3.4.1. Introduction

For conversion of sunlight, there are two important steps to be performed efficiently;
absorption of photons and extraction of photocurrent. There have been numerous studies
on increasing the effectiveness of these mechanisms. Semiconductors are used
extensively as the one type of material for this conversion procedure, among them
silicon, being plentiful on earth and also cheap, is the favorite material. We consider how
to maximize the aforementioned efficiencies.

The simplest design of a solar cell can be assumed to be a micron-sized silicon layer
for which an anti-reflection coating is included to help trap light inside the layer thereby
enhancing the absorption. More advanced light trapping techniques can be included to
facilitate multi-wavelength light trapping, such as surface patterning. The ideal case is a

broadband absorber for wavelengths in the range 250nm to 1500nm, consistent with the
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black body emission of 5800K of the solar spectrum at Air Mass 1.5 Global (See Figure
48.a). This design could have a better electrical performance as well if the silicon layer
was thinner in order to avoid recombination of generated electrons within the material.
But there will be then a trade-off with the light absorption, according to Beer’s law, as the
thickness decreases. Therefore, other light trapping schemes have been suggested for use
with thin-film solar cells, including plasmonic-assisted light trapping for folding light
into the semiconductor layer through localized surface plasmon resonances [171-176].
There is however a fundamental barrier in increasing the efficiency of the light
conversion. The Shockley-Queisser limit is defined as the maximum theoretical
efficiency of a single junction solar cell. It is dictated by the thermodynamics of the solar
energy conversion into electrical work and defines a limitation on the open-circuit

voltage (Voc) of the device:

Voe = —2(1 -—1l +1 —InQE
e p anun n C nQ (45)

E T kT Qemie 4n?

( - Tsun)

where E; is the bandgap energy, ¢ is the unit charge, 7" and Tsun are the temperatures of
the cell and of the sun respectively, k is Boltzmann's constant, Qemit and Qgun correspond
to the solid angle of emission and collection, # the refractive index of the material, C is
the light concentration factor, and QF is the emission quantum efficiency. The first term
on the right is related to the Carnot efficiency, which reduces V,. by ~ 5%. Three
entropy-related terms are in the brackets. The first term represents the entropy increase
through spontaneous emission. Thus, limiting the angle of radiative emission into a solid

angle approaching Qsun avoids a large fraction of this entropic energy loss. The second
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term describes the effect of incomplete light trapping, with C=1 for no light trapping and
C=4n? as the classical ray optical limit. The last term is the loss due to non-radiative
exciton recombination, which occurs because of crystallographic defects, impurities and
other carrier traps in the bulk, at interfaces and at the surface.

Two of the approaches to overcome this fundamental restriction include 1) tandem solar
cells [177], in which multi-junctions of various materials are incorporated into the solar
cell, and ii) non-planar solar cells [178,179], which is a form of wire array for the solar
material. Tandem solar cells have shown good conversion efficiencies but their cost and
fabrication are the current challenges in commercializing them. On the other hand,
nanowire arrays have demonstrated promising potential for high-performance devices,
exploiting the increased surface-to-volume ratio of micro-wires and enhanced scattering
when coupled with plasmonic nanoparticles. More recently, nanowires (NW) have
attracted much attention by providing a higher surface-to-volume ratio for interaction
with light, while minimizing the amount of material used in the device. With the
incorporation of engineered radial junctions, a near unity internal quantum yield can be
achieved, therefore their electrical performance is enhanced. Also utilizing a proper
surface passivation, their performance can be improved since the surface recombination
decreases. The crystal phase can be tuned along the length of nanowires, giving the
possibility of tuning the electronic properties. When grown as nanowires, lattice
mismatched materials can be integrated, enabling strain-free solar cells and the utilization

of cheap substrates. Therefore, using NWs for advanced light trapping, higher quality and
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defect-free material will be required. A schematic of such a NW array is shown in Figure
48.b.

Plasmonic [180] nanoparticles have been widely used as the nanoantenna elements
for such a NW array. That is, they can be used in conjunction with each NW in order to
provide enhanced light-matter interaction with the NW through increased scattering
efficiency. The scattering properties of small particles have been studied in detail in the
literature. The nature of scattering from plasmonic particles results from their electric
dipole moment when illuminated by light. Apart from plasmonic particles, dielectric
particles also show resonances in their scattering behavior which is recognized as Kerker
scattering. This type of scattering is due to the magnetic dipole in the dielectric
nanostructure, which here, in our context, is a dielectric nanoantenna. We now study the
effects of such spherical dielectric nanoantennas when attached on top of silicon NW
arrays.

We employ a fullwave finite element method to design the geometry of the solar
structure. First we design one of the NWs in the design environment and then, after
assignment of material properties, we impose the Floquet periodic boundary conditions
on the walls of unit cell to mimic an infinite surface filled with NWs (Figure 49b). Light
is incident from the top of the unit cell, simulating the sunlight. Here we only consider a
flat intensity spectrum as opposed to the real irradiance of the sun (refer to Figure 48a) to
be able to observe if there is any interesting phenomenon in the interaction of different

wavelengths of light with the nanocomposite structure (i.e. NW + nanoantenna).
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Figure 48: (a) Solar spectrum, (b) nanowire standing array, (c) a single NW with a spherical dielectric nanoantenna on
top.
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Figure 49: (a) Plots of absorption in the NW arrays with and without nanoantennas (NA) and a mix of both; (b) ratio of
the absorptions in (a). The horizontal axis is wavelength in nm.

First to obtain a reference point to quantify the enhancement, we obtain the absorption
in the nanowires without nanoantennas attached. It should be noted that the spacing and
the length of the NWs will have an effect on the light coupling into the array structure, as
we have shown in another publication [182]. Here we consider silicon NWs having a
diameter of 130 nm and center-to-center spacing of 260 nm. After computation of this
baseline for NW array absorption, spherical dielectric nanoantennas of silicon are
considered on top of the NWs. We performed the computation under these new

conditions. The results are shown in Fig 2a. Clearly, after attachment of the dielectric
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nanoantennas, the absorption of bare NWs is enhanced in the wavelength range 500nm to
700nm, which from the solar spectrum is the peak incident intensity, and because of
being in a longer wavelength range more material would be required in the planar solar
cell. Therefore, one can see the benefit of using the nanoantenna elements. We have also
depicted the absorption ratio of the two cases in Figure 49b. This is useful to find the
spectral regions where the dielectric nanoantenna is more efficient than the bare NW.
One can use this information for optimizing the mixture of NWs and nanoantennas to be
able to have an overall increased absorption in the total structure. The mixture plotted in
Figure 49b is 50-50. It should be noted that the short wavelength absorption in the NW
array with attached nanoantennas is reduced compared to the bare case. The reason for
this could be an enhanced resonant absorption in the nanoantenna itself, or its scattering
properties such that the light is scattered off the NW instead of being coupled into.

To better understand the increase in the overall absorption, the absorption maps
within the nanowires in each of the two cases are obtained, as shown in Figure 50, for the
wavelengths of enhanced absorption. Light is incident from the left side of the NW with
vertical polarization, that is to rotate the standing geometry for 90°. The bare NW are on
the left panel and those with attached antennas in the right (nanoantennas are not shown
here) Increased field intensities inside the NW are clearly observed after attachment of
the nanoantennas. The field intensity patterns inside the NW are being effectively fed

with the incident light through the nanoantenna element.
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Figure 50: The absorption maps in the nanowire with (right) and without (left) nanoantenna elements at three different
wavelengths (a,d) 550nm, (b,e) 600nm, (c,f) 650 nm.

3.4.2. Conclusion

Previously [182], we have studied the spectral properties of a nanoantenna array
structure made from gold nanospheres and NWs. We found an optimum design for
nanorod length and array spacing that can provide enhanced extinction. One of the main
conclusions of that work was indicating how the plasmonic gold spheres lead to more
absorption in the NWs due to localized surface plasmon resonances. Here, we have
studied the role of dielectric elements used as nanoantenna elements and have found
similar improvements. The increased absorption is due to the enhanced field intensity
within the NW structure that is facilitated by the coupling properties of nanoantenna
element. The advantage of using dielectric nanoantenna over plasmonic ones is the

reduced material loss.



CHAPTER 4: CONCLUDING REMARKS

4.1.  Summary of the Dissertation

Thorough this dissertation, we have been focused on the use of sub-wavelength
designs for efficient light-matter interaction in order to manipulate absorption and loss to
our benefits, e.g. in applications such as telecom or photovoltaics. In addition, keeping in
mind the possible properties of such artificial structures for new applications was a guide
to look for exotic properties such as ENZ. We used plasmonic materials in the form of
nanoparticles to excite the localized resonances and with that in hand we have been
looking for the desired electromagnetic properties.

Most of the successful results have been published in the literature and also some of
them are being considered for publication. As a summary, the list below enumerates the
results of this work that are new:

1. Modeling the plasmonic response of AZO nanoparticles using equivalent
circuit theory for a polarization insensitive low-loss structures at near infrared.
This work is published in Journal of Nanophotonics (2014).

2. Bandwidth tuning of a dense gold nanoparticle system based on polarization
of incident light at visible wavelength. This work is published in Applied

Optics (2014).
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3. Modeling and numerical study of optical absorption in composite arrays of
Au-ZnTe nanoparticle-nanowire for finding optical length and spacing. This
work is published in Photonics Research Journal (2014).
4. Investigation of optical response and radiation characteristics of single silicon
nanowire attached to plasmonic gold nanoparticles with different geometries.
This work is published in Applied Physics Letters (2014).
5. Study of enhanced absorption in arrays of nanowire and dielectric
nanoantennas for solar cell applications. This work is being published in IEEE
Xplore (2014).
4.2.  Future Work
4.2.1. Hyperbolic Metamaterials
The metamaterial structures we have been working on by now can be classified as
resonant systems. Working on or close to the resonance limits the control over optical
properties or the resultant behavior of the system. Therefore, an approach having non-
resonant design will be greatly beneficial. Regarding this, hyperbolic metamaterials
(HMMs) have been suggested. As in our previous cases, it is also possible to model them
with LCR circuits. Moreover, we have been working on optimization of such structures
using Genetic Algorithm, which is a global optimization method for problems having
many parameters in the design space. Fabrication of such HMMs have been also part of
the activities of the group and in the near future the results will be released. The

applications of the group have been on thermal management with HMMs.
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4.2.2. Metasurfaces
Another very interesting category of metamaterials falls into the domain of surfaces.
These exotic surfaces are called metasurfaces which can generalize the Snell’s law for
arbitrary refraction. The loss and absorption of such metasurfaces can also be
investigated with the methods we used in this dissertation. In particular, we have
suggested the use of metasurfaces for flat-optics elements as in free-form optics
applications. Currently, generation of optical beam vortices is one of the main focuses of
metasurfaces.
4.2.3. 3D Printing Devices
Based on what we investigated in the low-index low-loss section of this dissertation,
it is possible to develop a plasmonic ink for use with high quality 3D printers such as
Nanoscribe. With that in mind, the fabrication step is tremendously improved and one
can rapidly prototype the devices based on plasmonic ink properties, specially the optical
components in telecommunication industry can be 3D printed with the use of our AZO-
plasmonic ink.
4.2.4. Polarization Splitter
One application which can be very interesting regarding the results of our polarization
dependent bandwidth structures is the possible polarization splitting for digital signal
processing. Currently, for some of the applications such as dispersion compensators in
telecommunication networks, use of digital signal processing is the fastest and lowest
cost method. However, they require methods of splitting the polarization and with the

approach we studied the polarization dependence of bandwidth, it is possible to look for
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solutions regarding a sub-wavelength polarization splitter that can be also integrated for
photonic circuits.
4.2.5. High Sensitive Broadband Sensors

For further developing the concept of our nanoantenna nanowire structure, one can
employ the design method in order to extend the frequency domain of by a proper
adjustment of plasmonic particles and shapes to cover more than just the solar spectrum.
Thus, a broadband highly sensitive sensor, e.g. for infrared applications 2-10 um, can be
designed with high quantum efficiency that can be developed in low-light conditions as
well. The nanoantenna structures can also be used in a segmented hyperspectral designs
or also with combination of regular sensors in order to increase the light absorption onto
the pixels. Furthermore, one can design three pixels of RGB and form a sub-wavelength

color pixel for application in CCD cameras.
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