High-power infrared plasmonic nano-devices

Author:
Mironov, Evgeny

Publication Date:
2015

DOI:
https://doi.org/10.26190/unsworks/18156

License:
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
Link to license to see what you are allowed to do with this resource.

Downloaded from http://hdl.handle.net/1959.4/54342 in https://
unsworks.unsw.edu.au on 2024-04-27


http://dx.doi.org/https://doi.org/10.26190/unsworks/18156
https://creativecommons.org/licenses/by-nc-nd/3.0/au/
http://hdl.handle.net/1959.4/54342
https://unsworks.unsw.edu.au
https://unsworks.unsw.edu.au

High-power infrared plasmonic nano-devices

Evgeny G. Mironov

A thesis in fulfillment of the requirements for the degree of

Doctor of Philosophy

School of Engineering and Information Technology

University of New South Wales — Canberra

April 2015












Abstract

Many modern optical nano-devices rely on the excitation of surface plasmon polaritons
or localized surface plasmons at the metal-dielectric interfaces. The arising plasmonic
effects can then be used for sub-wavelength confinement of optical radiation,
production of negative refractive index material, and strong field enhancement of
particular components of the incident electric field. Due to the lossy nature of metal,
some portion of the electromagnetic energy inevitably converts into heat, which, in case
of plasmonic resonances, can thermally damage fragile nano-structures. This thesis
experimentally and theoretically investigates the optical properties and heat resistance
of infrared nano-antennas, metamaterial slot waveguides and fishnet metamaterials by
numerically analyzing or exposing them to incident laser light. More precisely, these

studies include:

1) Comparing the performance of titanium and gold dipole nano-antennas. It is shown
that titanium-based structures can handle more than 18 dB greater power densities,
thereby, being able to withstand 7 times higher electric fields than gold counterparts

of similar size.

2) Numerically investigating metamaterial-based silica-filled slot waveguides, whose
geometry and judicious choice of constituent materials enable both improvement of
their optical properties and operation in high-power regimes. It is found that the
proposed design also provides a balanced solution between strong electric field

confinement and reasonably low propagation losses.

3) Analysing light-medium interactions in fishnet metamaterial, which has an additional
absorbing titanium layer. The experiments demonstrate that the amount of incident
optical radiation required to damage these metamaterials reduces by nearly 50% and
the exposure leads to various thermal deformations of illuminated surfaces even at

moderate laser powers.

Thereby, it is shown that all considered devices are suitable for high-power operation by
either having high melting thresholds (nano-antenna and slot waveguide) to withstand
strong incident electromagnetic fields or, on contrary, being very temperature dependent

and, thus, having a potential to be used as thermal sensors (fishnet metamaterial).
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Chapter 1 - Introduction

1.1 Preface

Recently, a great deal of attention has been drawn to high-power optical applications,
including giant pulse generation using Q-switched and mode-locked lasers [1-3],
ablation in metals [4-7] and nonlinear effects in light-matter interactions [8-10].
Generally, high-power optics involves research on formation of an intense laser beam,
the plasmonics that addresses the excitation of electromagnetic resonances in exposed
structures, and thermodynamics, which focuses on the heat transfer and temperature
distribution in an illuminated material. While being a multidisciplinary topic, the further
discussion should start from description of high-power laser sources followed by the
outline of interactions between an incident light and medium. This will help to
understand the thermal effects arising in plasmonic devices and how the high-power
studies discussed in the present work could improve the performances of these

structures.

1.2 High-power lasers and thermal-based effects
The construction of high-power laser setups has remained a continuing interest in laser

research since their first demonstration in 1960 [11]. While the early prototypes were
relatively weak and had average powers below milliwatts, following developments
allowed increasing the laser output level on several orders [12]. Based on their
operational regimes, lasers can be classified into two categories: continuous wave (CW)
and pulsed lasers (that, in turn, can be either Q-switched or mode-locked). Besides the
operating frequency (which is a key parameter for any kind of a laser), the first type is
usually characterized by an average output power P, that ranges from several
microwatts [13] to thousands of watts [12, 14]. As for pulsed lasers, the concept of
average power doesn’t have much practical meaning and their performance is usually
assessed by the maximum peak power Ppea, duration of a single pulse tsingle puse,
repetition rate, number of peaks per single pulse, number of excited modes and other
important parameters. These characteristics may vary significantly depending on the
design of a given Q-switched laser. For example, Ppeax could be as high as 10 kW [15]
and Tsingle puise could be as short as 56 ps [16]. In turn, mode-locked lasers are capable of
producing even shorter pulses of 10'*~10™* seconds, with their maximum peak powers
exceeding tens of kilowatts [17]. In this situation, the term “high power” may seem to

be a relative concept, which depends on a particular laser design and intended
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application. Therefore, for the sake of simplicity, the term “high power” further implies
Class 3B and Class 4 lasers according to Australian and New Zealand Laser Safety

Standard as outlined in [18].

The interaction between a medium and high-power laser beam often leads to thermal-
based effects including extensive heating, melting and ablation of an exposed material.
From the laser point of view, the potential damage is generally assessed in terms of
fluence, which represents the amount of incident power distributed over a certain area
[19]. This treatment allows correct descriptions of situations, in which a weak, but
narrow beam, deals more damage, than a powerful laser with a large spot diameter.
From the material point of view, heating arises from the direct absorption of incoming
radiation by electrons with subsequent electron-phonon coupling [20]. Further material
deformation and heat transfer may be addressed by using a thermodynamics approach
that explicitly and rigidly deals with the phase transitions occurring in an exposed
medium [21-23]. However this is mostly left out of the scope of the present discussion,

which, instead, focuses on the impact of plasmonic-based thermal effects.

In plasmonic nano-devices, heating is not limited to that of material absorption, but also
involves heating resulting from the excitation of surface plasmon resonances [24].
These resonances, which occur at metal-dielectric interfaces under particular conditions
[25], are not explicitly taken into account in a thermodynamic treatment, but may play a
dominant role because of their localized highly intense fields, which lead to the

formation of so-called hot spots [26].

Generally, the interest in plasmonic heating is limited to the case of individual nano-
particles that are used for in vivo bio-imaging [27, 28] or utilized as therapeutic agents
for the thermal treatment of cancer cells [29, 30]. Since the near-infrared radiation can
be partially transmitted through the human tissues, an incident laser beam is capable of
reaching the nano-particles delivered by drugs. Depending on the particle scattering
parameters (calculated according to the Mie theory [31]), this light is partially scattered,
transmitted or absorbed (i.e., the optical energy is converted into heat). High scattering
and low absorption is preferable for imaging applications, while strong plasmonic
absorption is required for thermal therapy. The exact scattering coefficients are

determined by the particle’s geometry (single or multilayer) [32], morphology (for



example, spheres or cylinders) [33], and the materials used (typically, gold for

monolithic particles or combination of gold and quartz for nano-shells).

In most cases, nano-particles are homogeneous (except nano-shells) and have a very
simple geometry whereas plasmonic devices, on the contrary, are typically non-uniform
and are formed by several individual components of different sizes and shapes.
Therefore, nano-particles should be distinguished from plasmonic devices, and only the

latter are considered in the following discussion.

1.3 Plasmonic nano-devices

As most optical plasmonic nano-devices are intrinsically passive, to start operating,
they require a light source, which can be a local emission generated by a quantum dot
[34, 35] or quantum well [36, 37] micro-laser. However, a large portion of plasmonic
structures are simply driven by an external laser setup. As in all cases of medium-laser
interaction, the durability of nano-devices become influenced by several parameters,
such as the characteristics of the exposed material, increased absorption (which is
associated with the excitation of plasmonic resonances) and fluence. The combination
of these factors leads to the establishing a melting threshold, above which the
performances of structures quickly degrade and they eventually become thermally
damaged. Given the small sizes of plasmonic devices, they are quite fragile even for
moderate laser radiation levels. Such sensitivity to high temperatures may become
disadvantageous and limit the practical application of nano-structures to low-power

problems.

An example of a device that could benefit from an increase in its melting threshold and,
thereby, substantially expand its operational area, is a nano-antenna. This tiny structure
resembles a miniaturized version of a conventional microwave or radio antenna and is
usually utilized in photonics to locally enhance electromagnetic radiation. The obtained
strong electric fields then can be used for different applications, including sensing [40],
imaging [41] and nano-particle manipulation [26, 42]. Although, to date, the work on
thermal effects in optical antennas is very limited, the strong field enhancements in
sensors, based on surface enhanced Raman scattering (SERS), may lead to the creation
of hot spots, which, in turn, may negatively affect a device’s performance and distort its

recorded signal.



Nano-antennas can be directly excited by incident radiation or driven by a light coupled
from a waveguide [43]. While implementing tapers [44, 45] or directing light through a
focusing array [46] dramatically improves coupling efficiency, some portion of
electromagnetic energy is always lost due to scattering [47]. Also, the waveguide itself
can be lossy [48] and further limit the amount of radiation that eventually reaches a
nano-antenna. Although these losses can be compensated, for example, by adding
sections with a gain medium [49], the increased complexity of the final structure limits
such an approach in practice. The other solution implies pumping initially more power
into the waveguide, but at the potential risk of exceeding the melting threshold and
damaging the whole nano-device. High-power (i.e., heat-resistant) waveguides can
overcome this limitation and allow more flexibility in choosing the operating regimes of

light sources.

Nano-antennas are not the only plasmonic devices driven by external laser sources.
Metamaterials, artificial structures with unique optical properties, also rely on the
excitation of plasmonic resonances, which originate from coupling between the incident
radiation and metal-electron plasma [25, 50]. In such situation, the total absorption is
not limited only by the material absorption of the metamaterials’ media, but is also
supplemented with losses associated with the structures’ resonant behaviour. This
results in a reduction in durability and increased sensitivity to thermal effects, which
should be taken into account in any realistic design [51]. One of the important practical
applications of metamaterials is a metamaterial absorber, which utilizes the plasmonic
resonance to attenuate the incident electromagnetic waves [52, 53]. Another common
example is a thermal emitter in thermophotovoltaic systems [54, 55]. In these situations,

the importance of plasmonic heating cannot be underestimated.

The above mentioned shortcomings of existing devices have motivated the present
work to design plasmonic structures capable of withstanding high powers or, in
contrast, effectively exploiting their thermal vulnerabilities, either of which implies
addressing the role of plasmonics in producing heat effects on a nano-scale. This is
achieved by designing and numerically analyzing a fully operational dipole nano-
antenna, fishnet metamaterial and multilayered slot waveguide. The first two nano-
devices are fabricated and then experimentally tested by exposing them to varying

incident laser radiation. The last structure is studied only theoretically due to fabrication



difficulties, however its geometry is also made intrinsically heat resistant. Despite being
developed for high-power applications, the designed structures fully retain their

plasmonic capabilities and can still be used in low-power regimes.

The study of each plasmonic structure, presented in this thesis begins with a general
introduction followed by a literature review of the most recent advances in the
corresponding research sub-field. Then, the electromagnetic properties of the relevant
nano-device are modelled using a finite-difference time-domain (FDTD) method or
similar approach. The theoretical section ends with a brief heat analysis, which includes
a qualitative temperature distribution pattern. The next section, at first, describes the
measurement setup and experiment methodology, and then provides the information on
the exposure conditions. Each chapter ends with a conclusion based on the experimental
(or theoretical) results, which outlines the benefits of the proposed design and its

potential applications.

1.4 Brief outline of thesis content
While this introduction is limited to a general overview of the material presented in

thesis, further information on physics background, fabrication issues, nano-device
performances and obtained results are provided only in subsequent chapters. The first
four chapters present the theoretical and experimental frameworks that are useful for the
following discussion of nano-structures in Chapters 5 to 7. Chapter 8 summarizes the
performed studies, while Appendices A and B add some supplementary information

regarding sample fabrications. Details of the contents of these chapters are given below.

Chapter 2 provides information of the underlying physical mechanisms responsible for
interactions between incident electromagnetic waves and the considered nano-devices.
This is achieved by studying the properties and deriving the dispersion relations of
surface plasmon polaritons and localized surface plasmons. This chapter also concisely
addresses the issues of converting optical energy into thermal energy via the Poynting’s

theorem.

Chapter 3 introduces the numerical methods implemented in the current work. Firstly,
the FDTD method is discussed and the differential equations used in the Yee’s
algorithm are outlined. Then, the commercial software RSoft FullWAVE is in detail

described and some additional information regarding numerical simulations is provided.



Chapter 4 discusses the fabrication equipment utilized to create plasmonic devices,
including an Electron Beam Evaporator (EBE), Sputter system and Focused Ion Beam
(FIB) system, which are used for either the deposition or processing of nanometre thick
films. The chapter concludes with a description of the adopted fabrication

methodologies and addresses some patterning issues.

Chapter 5 focuses on titanium and dipole nano-antennas and compares them in terms of
field enhancement and high-power handling. The field enhancement factor is evaluated
based on numerical simulations with calculations performed for several gap widths. In
the experimental section, nano-antennas made of either metal are exposed to
nanosecond Q-switched pulses, and the power of incident laser radiation is gradually
increased in order to determine the damage threshold, at which the structures start
melting. It is shown that, while gold-based nano-antennas have a higher field
enhancement factor than their titanium counterparts, their melting threshold is much
lower. Therefore, it is possible to obtain higher electric fields in titanium devices by

simply increasing the input power of the incident pulses.

Chapter 6 theoretically investigates a silica-filled slot waveguide formed by two metal-
dielectric multilayer structures. The behaviour of the fundamental slot mode at infrared
frequencies is studied for different gap widths and various ratios of conductor-insulator
layer thicknesses. The coupling problem of a slot waveguide is also considered and its
transmission as a function of metal-dielectric layer thickness ratios is evaluated. It is
found that, at an optimum ratio, the transmission reaches a local maximum, which is
surpassed only by a lossless dielectric case. Calculations of the electric field
distributions inside a slot waveguide show an improvement in field confinement
compared with that of a pure insulator-based slot waveguide. This means that the
metamaterial slot waveguide has the potential to achieve a reasonable trade-off between
a high field confinement and long propagation distance. The thermal simulations show
that the greatest amount of power is localized inside the slot, but, due to the design of
the waveguide, even melting of its lateral regions does not considerably affect the

device’s performance.

Chapter 7 addresses the issues of electromagnetic radiation absorption in fishnet
metamaterials by depositing a thin titanium film on top of a multilayer sample, and then

studying the absorption of such a structure by varying the thickness of that film. The
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experiments, in which the samples are exposed to an infrared CW laser, confirm the
numerical estimations of significant changes in absorption behaviour. In addition, the
formation of a microbump and nanojet are experimentally observed. These results
clearly demonstrate the strong impact of an external material placed close to a
metamaterial’s surface, which leads to a substantial increase in structure’s total

absorption.

Chapter 8 summarizes the current thesis by presenting the conclusions drawn from this
study and providing comments on the potential for future work in the specified research

arca.

Appendix A provides supplementary information about the computer scripts used to
operate the FIB during the patterning of nano-devices by analysing a simple structure’s

code.

Appendix B presents some examples of advanced patterns made by utilizing the FIB

and, thereby, demonstrates the broad capabilities of the fabrication equipment.



Chapter 2 — Theoretical background

2.1 Introduction
Since the research presented in this thesis is focused on infrared plasmonic nano-

devices, it is crucial to have a fundamental understanding of the interactions between
electromagnetic waves and matter. Therefore, before moving to complex plasmonic
designs, a simple case of wave propagation inside a uniform and homogeneous medium

is considered.

This chapter begins with a review of the Maxwell’s and Helmholtz equations, which
form the basis of classical electrodynamics and optics. Then, the fundamental concepts
of plasmonics (surface plasmon polaritons (SPPs) and localized surface plasmons
(LSPs)) are explained and, finally, the dispersion relations are derived (in a similar
manner to the approach presented in [56]). The chapter ends with a brief discussion on a
conversion of optical radiation into thermal energy by using the Poynting’s theorem and

estimating the heat distribution in nano-structures.

It should be noted that all physical phenomena described in this and following chapters
are always established using classical approximations (i.e., without involving quantum
mechanics). Such treatment is valid since, even if the studied structures are as small as
tens of nanometres in size, they are still considered too large for quantum effects to

dominate.

2.2 Maxwell’s equations

2.2.1 Different notations
In the second part of the 19" century, rapid advances in experimental physics allowed

qualitative observations of the dependencies between electric and magnetic forces, such
as the generation of a magnetic field produced by an electric current (Biot—Savart law)
and the generation of an electric current in a conductor exposed to a varying external
magnetic field (Faraday’s law). The obtained data required researchers to establish a
new electromagnetic model capable of explaining all experimental material in a rigid
mathematical form. Such model was first demonstrated between 1861 and 1862 by the
Scottish physicist James Clerk Maxwell in the form of 4 macroscopic equations, which

later became widely known as the Maxwell’s equations.



In his work, Maxwell summarized everything known in the 19" century about the
nature of electromagnetic interactions and proposed a novel way of linking electric and
magnetic fields by introducing the displacement current. While some researchers
(including Weber and Helmbholtz) at first doubted this approach, Maxwell’s theory was
experimentally proven by Hertz and then expanded by Heaviside and Gibbs, who
rewrote the equations in their present form [57]. These equations played a crucial role
in the later development of the special theory of relativity (which was introduced by
Einstein) and, for the last 150 years, have remained the basis of modern

electromagnetics.

The Maxwell’s equations can be written using various notations depending on the:
a) system of units (i.e., Gaussian or International System of Units); b)scale of
description (i.e., microscopic or macroscopic); and c) type of equation (i.e., integral or
differential). Nevertheless, it should be noted that, despite different notations, all sets of

the equations remain equivalent.

In the literature, the Maxwell’s equations are typically written in either Gaussian units,
also known as symmetric CGS (centimeter-gram-second) or the International System of
Units (SI), also known as MKS (meter-kilogram-second). The system of units is usually
chosen to simplify the involved measurements and, therefore, depends on a particular
problem. In electromagnetics, preference is often given to CGS because the magnetic
permeability uo and dielectric permittivity gy of vacuum are dimensionless and both are
identical to unity. On the other hand, in MKS, po=1.25663706x10°N/A?
g = 8.854187817x10™2 F/m and the speed of light in vacuum ¢ is connected to 1o and &

as:

1

C=—F. 2.1)
80/’10

Since the research presented in this thesis involves not only electromagnetics but also

other fields of physics, SI units are preferred to Gaussian units in all further discussions,

unless specified otherwise.

The Maxwell’s equations can be also written in either microscopic or macroscopic

form. The first approach represents the fields in terms of total charge and current



densities (p and J), which include the charges and currents on an atomic scale, while, in
the second case, bound charges and currents are separated from free counterparts.
However, in this work, notations are always based on [56] and the total charge and
current densities are divided into an external set (which drives the system) and an

internal set (which responds to the excitation).

At last, the Maxwell’s equations in differential and integral forms can be found in most
physics textbooks. The latter form is obtained after applying the Gauss's or Stokes'
theorem to the set of original differential equations. While both describe the same
physical phenomena, the preference in the current chapter is given to the differential

form, because it simplifies the derivation of the SPP waves given in Section 2.3.2.

2.2.2 Maxwell’s equations
After taking into account the notations discussed above, the Maxwell’s equations can be

finally written in a vector form as [56]:

—

V-D= Plext (2221)
V-B=0 (2.2b)
- 0B
VXE =—— 2.2
ot (2.2¢)
- - oD
VxH=J,+—. 2.2d
- (2.2d)

Here D is the displacement field; B is the magnetic induction (magnetic flux density); E
is the electric field, and H is the magnetic field. pex: and Jex represent the total external
charge and current densities. Each of these equations rephrases one of the four

experimentally observed laws:

1) Eq. 2a states that electric induction originates from electric charges (Gauss’s law);

2) Eq. 2b states that no magnetic charges are experimentally observed (Gauss’s law of
magnetism);

3) Eq. 2c states that, for a closed loop, changes in the magnetic flux result in induction

of the electric field (Faraday’s law of induction);
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4) Eq. 2d states that the displacement current and changes in electromagnetic induction
lead to the formation of a magnetic field (Ampere’s circuital law modified by

Maxwell’s addition).

It should be noted that Maxwell assumed that free magnetic charges don’t exist
(Eq. 2.2b) and, even today, at the beginning of the 21% century, magnetic monopoles
still have not been experimentally observed. If, in future, such elementary charges
would be finally found, the Maxwell’s equations will be modified by adding free

magnetic charge and current densities.

The macroscopic fields in Eq. 2.2a-d can be also linked using magnetization M and
polarization P as:
1

D=¢gE+P (2.3a) = B-M (2.3b)
0

I

which, for linear, isotropic and nonmagnetic media, are simplified to:

D = g,¢E (2.4a) B = puH . (2.4b)
Here ¢ and u denote the relative permittivity and permeability with respect to a vacuum.

2.2.3 Boundary conditions and continuity of components
While the Maxwell’s equations govern the propagation of electromagnetic waves, it is

important to understand what will happen with the field components on the boundary of
two adjacent media (for simplicity, media are denoted as 1 and 2). Changes in the
electric field components can be obtained by considering the electric flux across the
media interface and applying the Gauss’s law (in the integral form), which results in the

condition [57]:

D,,—D,, =o,, (2.5a) E,—E,=0. (2.5b)

n

This means that the difference between the normal components of the displacement
field Dy, is proportional to the surface charge density oex, and the tangential components
of the electric field E; are equal on both sides of the boundary (here, a normal

component implies the component perpendicular to the interface and the tangential
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component implies the one at a tangent to that boundary). After using a similar

approach for a magnetic field, the conditions become:

B,,—B,=0 (2.6a) H,—H, =J., (2.6b)

n

or, in other words, the normal component of magnetic induction remains continuous and
the difference in tangential components of the magnetic field is equal to the surface
current density Jex. It should be noted that, in the absence of free external charges or
currents (for example, in two adjacent dielectrics) all of the above mentioned

components (Dy, E;, By, Ht) become continuous.

2.2.4 Wave equation
If no external charges and currents are present, the wave equation can be derived from

the Maxwell’s equations by taking the time derivative in Eq. 2.2d and then substituting
Eq. 2.4a and Eq. 2.4b into it:

an—é —gg—azé 2.7
HoH at ¢ o2 (2.7)

After using Eq. 2.2¢, applying the properties of the curl operator, and also assuming a
media with a relative permittivity of u=1 (which is true for nonmagnetic materials),

Eq. 2.7 becomes:

—goga;[—lzg:,uo(VxVx E)zyO(V(V-E)—VZE), (2.8)

Since external charges are not taken into account, Eq. 2.2a may be rewritten as:

0=V-D=V-gg,E=¢65,V-E+5,EV-¢ (2.9a)

VE-—lEv.e (2.9b)
&

Then, Eq. 2.8 changes to:

=
—goggz,uo(V(—lEV-gj—VzE], (2.10)
ot £
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For small spatial variations in the dielectric permittivity, the first term on the right-hand

side becomes zero. After considering the harmonic time dependence

E(F,t) = E(F)e_i”t, the link between ¢, g and uo (Eq.2.1), and denoting the wave

0]
vector in vacuum to be K, = ? , Eq. 2.10 finally becomes:

VZE +ki¢E =0. (2.11)

This equation is known as the Helmholtz equation and describes the propagating wave

with amplitude E and wavenumber ko2e.

2.3 Surface plasmons

2.3.1 Introduction to plasmonics
Surface plasmon polaritons can be defined as electromagnetic excitations that propagate

along the interface between a metal and dielectric and are confined to that boundary.
SPPs were first mathematically predicted at the beginning of the 20" century during
studies of radio waves on the surface of an ideal conductor [58]. Simultaneously, Wood
observed a sharp drop in the intensity of a spectra produced by a visible light, which
illuminated a metal grating (Wood’s anomaly) [59]. However, it was not until the 1960s
that Ritchie et al. linked this drop to their own work on metallic surfaces [60]. Finally,
after Sommerfeld’s surface waves were experimentally demonstrated using a prism

coupler [61], researchers were able to provide a rigid description of SPP waves.

Fig. 2.1 — One-dimensional SPP propagation on metal-dielectric interface
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2.3.2 Defining transverse electric and transverse magnetic modes
The derivation of a SPP wave should start by defining the wave equations for transverse

electric (TE) and transverse magnetic (TM) modes. In a one-dimensional problem, they
can be obtained from Eq.2.11 by considering a plane wave propagating in the x-
direction along the flat interface between two media, as shown in Fig.2.1. In this
geometry, the boundary corresponds to the z =0 plane, while the dielectric permittivity
component in the y-direction &, doesn’t have any variation in value. If =Ky is the
ifxg-iot

propagation constant, the wave is described as E( X,Y,2,t) = E(z)e (note that in

electrical engineering textbooks the time term is typically written with an opposite sign,
ie., e ). Then the Helmholtz equation transforms to:
°E(2)

—otlkie—pE=0. 2.12)

For the x-component of the fields, the curl equation Eq. 2.2¢ becomes:

a(EZeiﬁ’xe—iwt)_ a(Eyeiﬂxe—iwt) B 8(H Xei[f’xe—iwt)
oy oz ot .

(2.13)

After taking a derivative on the right-hand side and cancelling the periodical time term

e™ Eq.2.13 is simplified to:

oE, OE,
oy oz

=iouH,. (2.14a)

Now, if the same procedure is repeated coordinate-wise with the other field components

in Eq. 2.2¢-2.2d, they become:

oH, JH, :

£— =—lwe,ek
Y o EE, (2.15a)
oE, OE, o H 5 14b oH, oJH, e 5 15h
oz Ox HoTly (2-14b) oz ox 0%y (2:13D)
oE, ©OE,6 . oH, oH .
— Y " —jouH y — X = —-lwe,cE
> o wH, (2.14c) > o E, . (2.15¢)
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it

For a considered wave E(X, y,z,t) = E(Z)ei'gX e ", which propagates in plane z=0

along the x-axis without any inhomogeneities in the y-direction, these equations reduce

to:
%, i, H 2.16 A, iwe, cE 2.17
-—=lw, , =lwe .
pe o Hy (2.16a) pe 06 (2.17a)
6 oH, . .
=iou,H (2.16b) —1pH, =—lwgeE,  (2.17b)
ipE, =iouH (2.16¢) ifH, =—lws ek, . (2.17¢)

Based on this set of equations, the TE and TM modes can be determined as waves with
only Hy, H; and Ey, and E,, E; and Hy non-zero components respectively [56]. Now, the

TE and TM sets of equations (Eq. 2.18a-c and Eq. 2.19a-c) can be rewritten as:

=5 2.1 g, = 2.1
- ou, 0z (2.182) - weye 02 (2.19a)
HZ=£Ey (2.18b) E, = —/ H, (2.19b)
oL, WEE
O, (> o OHy (2
+(kog—ﬁ )Ey =0 (2.18c) +(k08—,b’ )Hy =0.(2.19)

0z*

2.3.3 SPPs on single interface
Let the upper half-space (positive z-direction) in Fig. 2.1 corresponds to a dielectric

medium with & = gq(w) (which is real and positive) and the lower half-space (negative z-
direction) corresponds to a metallic medium with &=¢en(w) (which is complex and
Re (em(®)) <0 in the considered frequency region). A wave propagating along the x-axis
on the interface between the metal and dielectric will be confined from the bottom
because of the evanescent decay in the negative z-direction (metal is lossy). As is shown
later in this chapter, the surface wave also becomes confined from the dielectric side

because the wave vector in the insulator is smaller than the SPP propagation constant.
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The TE solution for a surface wave obtained from Eq. 2.18c¢ is defined by Eq. 2.20a-c in
the upper half-space (z> 0) and by Eq. 2.21a-c in the lower half-space (z <0):

E,(2)= Aje¥e™ (2.20a) E,(z)= A,e”e (2.21a)

H,(2) = Dok etes (2.20b) H,(2)= Do ge  (am)
WL, W,

H,(z)= AB gineg -t (2.20c) H,(z)= AP giegn . (2210
[0)IN W,

where subscripts m and d denote metal and dielectric media respectively. The continuity
of the electromagnetic components along the metal-dielectric interface (z=0) means
that Eq. 2.20a-c should be equal to the corresponding Eq. 2.21a-c, which (after dividing

both sides on the same terms) gives:

At = A e (2.22a)
~Ake ™ = A k e (2.22b)
Ajevt = A e’ (2.22¢)

As can be seen, Eq. 2.22a is identical to Eq. 2.22¢ and, after substituting either of them

in Eq. 2.22b, this equation transforms into:

- Akge ™ = Akt

which can be further simplified to:

A (k,+k,)=0. (2.23)

Since Re (kg) >0 and Re (k) >0 Eq.2.23 is valid only if A, =0 and, consequently,

Aq=0. Thus, TE polarization doesn’t support any surface modes.

The TM solution for Eq.2.19¢ can be found in a similar fashion. Eq. 2.24a-c and
Eq. 2.25a-c describe the field components in the upper half-space (z > 0) and lower half-

space (z < 0) respectively as:
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H,(z)= Aje¥e™ (2.24a) H,(z)=A,e"e’ (2.252)

i i —kqz —I i —kmz
E,(2) =~k e * (2.24b) E,(2)=— Dok e”e™ (2250)
WEE, weyéy,
Ez (Z) = ﬁeiﬁxe_kzz (2.24¢) Ez (Z) = Meiﬂxekmz . (2.25¢)
WEE, WE(&ry

Again, after using the conditions of continuity of D, and Hy along the interface of metal

and dielectric (z = 0), these equations are transformed to:

Ajet = A e (2.26a)
K, ., K\,
A e = —A, e o (2.26b)
d m
— At =—A e’ (2.26¢)

The substitution of Eq. 2.26a (or Eq. 2.26¢) in Eq. 2.26b results in the simple relation

between the wave vectors and dielectric permittivities of the media:

== (2.27)

The wave vectors kg and ky, must satisfy the wave equation (Eq. 2.19c), which means

that:
k: = B> —ke, (2.28a) k2 =p>-Kle,. (2.28b)

Combining these equations in Eq. 2.27 leads to:

—k [ &%
B =Kk, /g]+gz . (2.29)
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Eq. 2.29 describes the propagation of a surface electromagnetic wave on the interface
between metal and dielectric media. Since no modes exist in TE polarization, it could be
concluded that SPPs are only obtained for TM polarization. Depending on the value of
the SPP wave vector, surface plasmons at first behave similarly to photons (for
frequencies below mid-infrared), but then approach the surface plasma frequency given

by [25]:

0, = ——— 2.30
p m (2.30)

n 2
w, = ‘/e—qe, (2.31)
g,M

where wp is the plasma frequency of the free electron gas, m is an effective optical

electron mass, (e is an elementary electron charge and ne is the electron density.

The dispersion relations of SPP waves on silver/air (blue solid line) and silver/quartz
(black dashed line with dots) interfaces are shown in Fig. 2.2. The silver is modelled
using the experimentally measured optical constants taken from [62] and only the real
part of SPP wave vector is plotted. The abscissa axis in the figure is given in normalized
units of fc and the axis of ordinates in w. As can be seen from this plot, for small wave
vectors, the corresponding SPP acts similarly to a wave propagating in either air (cyan
dashed line) or quartz (grey line with dots). The large oscillations in the wave vector

profiles occur around a plasmon’s resonant frequency.

Fig. 2.2 — Dispersion relations of SPP waves
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As real materials are intrinsically lossy, surface plasmon waves inevitably decay as they
propagate along the surface of a conductor. The SPP propagation distance is calculated
as L=2Im (ﬂ))'1 and depends on the particular material combination. For example, at a
silver/air boundary, the propagation distance is only L = 16 um at 4o =450 nm and then

increases for longer wavelengths, becoming L~ 1080 um at Ao = 1500 nm [56].

The energy confinement of the plasmonic mode is characterized by the evanescent
attenuation lengths of the field components perpendicular to the interface between two
media (i.e., along the z-axis in Fig.2.1) that is equal to Z=1/|k,]. The attenuation
lengths also depend on the wavelength, which at Ag=450nm is Z~ 180 nm, but at
Ao =1500 nm already increases to Z~2600nm [56]. Thereby, a longer propagation

distance comes at a cost of a weaker field confinement.

2.3.4 SPPs on multiple interfaces
SPP modes can also exist in multilayer structures consisting of alternating metal and

dielectric films. In such geometry, each interface is capable of supporting an
independent SPP wave and, if the thicknesses of the layers are less than the attenuation
length Z, the interaction between individual plasmonic modes results in the formation of
a coupled mode, with its dispersion equation revealing the existence of two independent
solutions denoted as w. and w+. The first solution corresponds to an even vector parity
(Ex(z) 1s an even function, while Hy(z) and E,(z) are odd) and the second to an odd
vector parity (Ex(2) is an odd function, while Hy(z) and E,(z) are even) [56]. Assuming
lossless metal in a dielectric-metal-dielectric (DMD) geometry with a conductor

thickness of 2h and for large wave vectors, the coupled mode frequency is limited by:

2¢,7

a)P
o = 1 (2.32a)
NIE 1+¢,

w, 2,77
o, = 1+ _

(2.32b)

Such coupled modes are typically used in plasmonic metal-dielectric-metal (MDM)
waveguides [63] and are further discussed in Chapter 6 for a case of a metamaterial slot
waveguide. The other examples of SPP-based plasmonic devices include sensors [64],

gratings [65] and other sub-wavelength optic components [66-68].
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2.3.5 Localized surface plasmons
Localized surface plasmons are non-propagating excitations (in contrast to propagating

SPP) of the free electrons that occur in metallic nano-structures coupled to the external
electromagnetic field. Due to the small sizes of nano-particles, the curvatures of their
surfaces affect the generation of LSPs, and, thus, localized surface plasmon resonance

can be directly excited by incident radiation [56].

In the simplest case of quasi-static approximation, an illuminated spherical nano-
particle with dielectric permittivity ¢ and diameter d (d <<}, 4 is the wavelength of light
in the surrounding media) can be treated as an electric dipole. Then, the field potential

outside the particle @, and dipole moment p can be written as [56]:

- =

-
®,, =—-E,reosf+—P 1 (2.33)
4re e, ¥
. E—E =
p=057m¢,,d —2UE, . (2.34)
E+2e,,

Here ey 1s the dielectric permittivity of the surrounding medium and the polar
coordinates, r and 6, correspond to the radius vector and azimuthal angle (which is
calculated in respect to the direction of the external field Ep). The dipole moment and Eg

are also linked via:
p= gogmaEO,
which gives the following expression for a polarizability a:

—&

o= 05700 E@)=Fa (2.35)

g(w)+2e,,
The polarizability function exhibits resonance behaviour, which is associated with the
excitation of LSPs, and reaches its maximum, when the denominator becomes
minimum. Assuming a slowly varying or small Im (¢), this resonant condition can be

simplified to:

Re(s(w)) = —2¢ (2.36)

out »
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which is known as the Frohlich condition for a spherical metallic nano-particle in a
quasi-static approximation. In the literature, the corresponding excited mode is referred

to as a dipole surface plasmon [25].

A spherical nano-particle is a special case of a more general ellipsoid shape. Ellipsoid
with semi-axes a; >a,>as, which is placed in the origin of a Cartesian coordinate

system and is aligned with its axes, is defined by a standard equation as:

X’ y zz_1
Ztatz=1
a2 3

QJ

The polarizability in such geometry can be calculated as [69]:

8(0))_ Eout (2.37)
3L (6(@)~ £ )+ 380 |

o; = 4nmaa,a,

dq
L, =0.5 .
aan‘ a +q)\/a +ar +ar +q) (239)

Here index i represents the component along one of the main axes (i.e., X, y or Z) and the
geometrical factor L; is normalized so that X Lj=1. As, in the case of a sphere,
aj=ap=a3=0.5d and L;=L,=L3;=1/3, thereby, Eq.2.37 reduces to the earlier
obtained Eq.2.35. The other special case of an ellipsoid is a spheroid obtained by
rotating an ellipse along one of its principal axes. For example, a prolate spheroid with

a, = a3 has a polarizability a; along its X-axis (1= 1) equal to:

E\w)—&
a, = 4m,a; (@)= o (2.39)
3 Ll (8(60) — Eout )+ 3‘C"out
2
L = zalazz i+; arctan—_ " || (2.40)
a —a | & 8.22 —8.12 3.22 —8.12 2

The absolute value of polarizability as a function of frequency is shown in Fig. 2.3 for
spherical (d=10nm) and spheroid (a; =d/2, a, =a3; =d/16) shapes. The nano-particle
material is assumed to be silver modelled according to [62] and the ambient medium is

treated as air (g, = 1). As can be seen, for this geometry, the spheroid is excited at
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lower resonant frequencies than the spherical particle. It should be noted that the
magnitudes of the resonant polarizabilities are of the same order of 107* A%s*/kg for

both particles (which is reasonable because « is proportional to d*).

Fig. 2.3 — Polarizability magnitudes for spherical and spheroid (a, = a;) nano-particles

In practice, LSP excitation plays a crucial role in applications involving:

1) Nano-particles (bio-medical applications for imaging [27, 28] or cancer treatment
[29, 30], optical tweezers [26], solar cells [70, 71] and metallic nano-particle
waveguides [72]);

2) Nano-antennas (including dipole [73, 74], bow-tie [75], Yagi-Uda [76, 77] and other
antennas);

3) Metamaterials (fishnet [78] and split ring resonators [79]);

4) SERS-based sensors [80, 81].

Two of the plasmonic devices further considered in the present research are titanium

and gold dipole nano-antennas (Chapter 5) and a fishnet metamaterial (Chapter 7).

2.4 Plasmonic heating

2.4.1 Conversion of light into heat
The plasmonic heating could be approximated by applying the Poynting’s theorem,

which represents the conservation of electromagnetic energy in an absorptive medium.
According to it, the energy transmission rate per unit volume equals to the rate of work
done on a charge distribution plus the energy flux leaving the considered volume [82].
The Poynting’s theorem is derived from the Maxwell’s equations (Eq. 2.2a-2.2d) and

can be given in the following form:
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E.LLH. By (2.41a)
ot ot

S=ExH, (2.41b)

where 0V is the closed surface that surrounds the space region with volume V, and S is

the Poynting vector representing the energy flux. It should be noted that Eq. 2.41a is

typically written having a term — j J-EdV on the right-hand side, which corresponds
\%

to the contribution of conduction current J, however in the following discussion this

term is instead implicitly contained in the dielectric response [83].

For a lossy and dispersive material, the electric polarization P induced by an external
electric field can be found as [24]:

azls aﬁ 2 2 —

e e P=¢g0,E. (2.42)
Here y. is the electric damping constant, we and wep are the resonant and plasma
frequencies of electric oscillators. The similar expression can be also obtained for
magnetization M:

0’M oM )

atZ +7mﬁ+me :a)mpHa (243)

where magnetic components ym, @m and wmp have the same meaning as electric
counterparts and are used to describe the magnetic oscillators. Now, after rewriting
Eq.2.42 and Eq. 2.43 by using Eq. 2.4a and Eq. 2.4b, and substituting the results into
Eq. 2.41b, the latter, finally, becomes [24]:

_‘_éu = ' = . . Ve |6| |2 ,u}/m|6|:||2

] th = (EXH) d(é\/)+v ) e2p t‘ + ai;p ‘ " ‘ dv (2.44)

U——055|E|2+05u|H|2+ ! —42+ 2|P|2 +——L —ﬁ 2+co2|M|2 (2.45)
o e 2goa)e2p ¢ 2a)rip ot " ' '
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Here u is the total energy density, which takes into account both electric and magnetic
excitations. Eq. 2.44 means that the energy flux through the boundaries oV plus the total
absorption losses in the system (represented by both electric and magnetic components
in the second term of Eq.2.44) is equal to the negative time derivative of the

electromagnetic energy within considered volume [24].

Now, the time-averaged dissipative energy density q can be obtained from Eq. 2.44 as:

= 0.58060Im(g(a)))|E|2 +0.5u,0 Im(y(a))]H 2 (2.46)

where (e and gy correspond to electric and magnetic components of the dissipative

energy. For a nonmagnetic medium Eq. 2.46 simplifies to:
g=q. = 0.530w1m(3(w)XE‘2 . (2.47)

For a case of a plasmonic device the incident light always becomes scattered and/or
absorbed. Thereby, it could be concluded that the dissipated energy of the

electromagnetic wave eventually converts into heat Q:

A=Q= j qdV (2.48)
\%

Here A is the total absorption of the plasmonic structure, which could be found, for

example, from scattering matrix as is shown in Chapter 7.

2.4.2 Thermal modelling in plasmonic structures
The heat conduction in medium can be described by introducing a heat flux density

vector ¢, which corresponds to the rate of heat energy passing through a given surface
per unit area [23]. Assuming a one-dimensional problem, in which the heat propagates
along the X-axis in a symmetrical channel with length dx and cross-section area S

(Fig. 2.4), the total amount of heat transferred during the time interval dt becomes:
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q(x+dx)

X x+dx
Fig. 2.4 — Heat transfer in one-dimensional case

Q = (q(x)-q(x-+ dx))sdt = — X saxat. (2.49)

The same amount of heat can be also found by considering the temperature changes

inside the channel:
Q=pSc,dT, (2.50)

where p is the density of the channel material and cy is its volumetric heat capacity.

Combining Eq. 2.49 and Eq. 2.50 and cancelling the same terms gives:

or _ aq

T T (2.51)

The heat flux density is linked to the temperature difference by the Fourier’s law [23]:

gq= el 2.52
y4 X (2.52)
Here y is a positive material parameter called thermal conductivity. Inserting Eq. 2.52

into Eq. 2.51 leads to the heat conduction equation:

Vot ax\Fox ) 2.53)

In a uniform medium where y doesn’t depend on a spatial coordinate, it could be

factored outside the derivative sign:

oo
o P

(2.54)

For a more general case, when the heat propagates in the arbitrary direction and other

external heat sources exist, Eq. 2.54 should be rewritten as:
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pcv% = VT (r)+Q,(r), (2.55)

where Qs(r) represents the total source heat density, which becomes strongly non-
uniform for a plasmonic device (this happens because hot-spots may occur
simultaneously in multiple regions across the structure [84]). Assuming the steady state
regime [85] the time derivative turns zero and the heating in system becomes governed

by the Poisson’s equation:

VT (r)=-Q(r), (2.56)

The general solution to Eq.2.56 can be obtained by using the scalar thermal Green
functions as shown in [22], however a further detailed discussion on this topic will be
out of the scope of present work, since the heat propagation inside plasmonic devices

will be similar to that of the conventional bulk materials.

2.5 Summary
This chapter studies the foundations of plasmonics by deriving the Helmholtz and SPP

wave equations from the Maxwell’s equations. It is shown that the SPP mode can only
exist for TM polarization (Ey, E;, and Hy), which is important for further experiment
design. The dispersion relations are demonstrated for both single and double interfaces,
and the link between the energy confinement and propagation distance is discussed. The
excitation of LSPs for spherical and ellipsoid nano-particles is also addressed, with the
polarizability as a function of an external driving field provided for both cases. Finally,
the origin of plasmonic heating is explained and the thermal dissipative energy density

is linked with the amplitude and frequency of the incident light.

While the outlined equations provide a useful insight in the underlying physical
processes, in practice, the analysis of plasmon excitations and the calculation of
temperature distributions are typically performed by implementing specially designed
numerical software packages, which are discussed in the next chapter. Although the
presented material covers only the general issues in light-material interactions, the more
specified cases, such as slot waveguide operation or formation of microbumps, are not

discussed yet, and are to be considered in the following chapters.
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Chapter 3 — Numerical modelling

3.1 Introduction
This chapter describes the numerical algorithms used during the conducted research.

Firstly, the equations of finite-difference time-domain (FDTD) method are derived from
the Maxwell’s equations and the concept of Yee cell is explained. Secondly, the
commercial software RSoft FullWAVE is in details discussed and the material
dispersion model is provided. Thirdly, MATLAB codes for data processing are briefly
outlined and, finally, the information on thermal modelling by using COMSOL

software is described.

3.2 Numerical methods

3.2.1 Introduction to FDTD
The FDTD method is a popular computational approach in the electrodynamics of a

continuous medium, which relies on the numerical solutions to the differential
Maxwell’s equations. It was initially based on the Yee algorithm proposed in 1966 [86]
for linear and lossless media. Later, this method was generalized by Taflove for more

complex cases of anisotropic materials [87].

Originally, the necessity to find solutions to Maxwell’s equations was motivated by
military defence applications during World War II and the following Cold War. The
rapid advances in radar technologies aimed at early aircraft and missile recognition
required a fast and simple algorithm to interpret the acquired data. On the other hand,
low-detection and stealth technologies demanded an understanding of materials’
scattering properties, which, in turn, led to the need to solve the Maxwell’s equations.
Since the last decade of the 20™ century, the interest in computational electrodynamics
has shifted to civil and electrical engineering in commercial applications, with
particular importance placed on communications and computing areas. As for the
research field, FDTD has become widely used for studying photonic crystals,
metamaterials, waveguides, integrated optic devices, antennas and other plasmonics

structures [88].
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3.2.2 Derivation of FDTD equations
The FDTD method could be explained by using the approach discussed in [87].

Assuming the absence of external charges (pext = 0), the Maxwell’s equations Eq. 2.2a-

2.2d can be rewritten in the following form:

V-D=0 (3.1a) V-B=0 (3.1b)
— ~ _ 6 ~ N

B VYE_M (3.1¢) a—=V><H—J, (3.1d)
ot ot

where M is the equivalent magnetic current density, which is added to obtain symmetry
of the equations. The electric and equivalent magnetic current densities can be
interpreted as source-like functions (Jo and Mg respectively) with losses introduced

through electric conductivity ¢ and equivalent magnetic loss o* as:
J=17J,+0E (3.2a) M=M,+c"H. (3.2b)

Substituting Eq. 3.2a and Eq.3.2b in Eq.3.1c and Eq.3.1d, and assuming linear,

isotropic and non-dispersive media gives:

ﬁ:—leE—i(Mo+a*l:l) (3.3)
ot yz 7

a—E:leH—l(jo+oE). (3.4)
ot ¢ &

Now, if written in Cartesian coordinates, these equations become:

oE
H, _UE % (M, +0H,) (3.5a)
ot u| oz oy

ot 7]

oH, 1[éE, &E, .
t= BBy, oh,) (3.5b)

oH 1|6E, ©E
oy OXx

B, o) (350
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oE 1|0H, oH
E=— L — x_(JOZ+0Ez)
ot ¢g| ox |
3.2.3 Yee algorithm

(3.6a)

(3.6b)

(3.6¢)

The Yee algorithm, which lies at the basis of the FDTD method, has some distinctive

features that make its solution straightforward and robust. Firstly, the Maxwell’s

equations for both electric and magnetic fields are solved simultaneously rather than a

single electric (or magnetic) field equation being solved separately at a given moment

in time. Secondly, the Yee mesh cell is designed in such a way that each E (H)

component is connected to four H (E) components, as shown in Fig. 3.1. Thirdly, the

computation is performed using a “leapfrogging” time approach, i.e., at a fixed moment

in time, all E-components are calculated based on the H-data stored in memory, and, in

the next time step, all the H-components are computed from previously acquired E-data

and then the cycle is repeated again to calculate the E-field [87].

Fig. 3.1 — Three-dimensional Yee cell
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The Yee algorithm can be explained by taking an arbitrary function f at a discrete time

(nAt) and space (iAx, jAy, kAz) point as:
f(iAX, jAy,kAz,nAt)= £, (3.7)

where A symbol denotes the step in either of the coordinates or time, and i, j, k and n are

integers. Then, the first derivative in the X-direction is expressed as:

of . . filos.ix = filos.ix 2
—(iAX, jAY,kAZ,nAt) = —=L 2 Of(Ax)” . 3.8
~ (A%, jay ) - [(axy] (3.8)
Note that, although the increment in the X-direction is £0.5AX, the spacing between the
values of function f still remains AX. The reason for doing this is to rewrite the
derivative as a central difference. Similarly, the time derivative can be written as:

n+0.5 n-0.5

S, jay kaz,nat) =2y ofary ] (3.9)

Now, a same approach is used for Eq. 3.5a-3.6c. After substituting and regrouping, the
set of finite-difference equations obtained for the magnetic field components becomes
[87]:

*

1— O o5, juknAl At
H _ 2f“i—o.s,j+1,k+1 Ho — M ™05 Hios,j11 ke +
X,i=0.5, j+Lk+1 T O'* At X,i—=0.5, j+1k+1 0X,i—0.5, j+1,k+1 O'* At
i-0.5, j+1,k+1 i-0.5, j+1,k+1
14 02 14 02T
2/ui—045,j+1,k+1 2:ui—0.5,j+l,k+l
At
n+0.5 n+0.5 n+0.5 n+0.5
n Hios, 41k Ey,i—O.S,j+1,k+1.5 - Ey,i7045,j+1,k+145 _ Ez,ifo.s,j+15,k+1 - Ez,i7045,j+0.5,k+1 (3 10a)
- .
14+ Oi o5,k At Az Ay
2:ui—045,j+1,k+1
*
1— ai,j+0.5,k+1At At
H ! _ 21 105K Ho M O Hijro.5K+1 N
Vi, j+0.5,k+1 O'* At Y,i,j+0.5,k+1 0y,i,j+0.5.k+1 O'* At
i,j+0.5,k+1 i,j+0.5,k+1
14— ] 4 — A0S
2/ui,j+0.5,k+1 2/“i,j+0.5,k+1
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At

n+0.5 _ EM0S5 n+0.5 _ ENn+05
T /Ji,j+0.5,k+l 2,i+0.5,j+0.5,k+1 2,i—0.5,j+0.5,k+1 _ X0, j+0.5,k+1.5 X,i, j+0.5,k+0.5 (3 10b)
" .
o At AX AZ
i,j+0.5,k+1
] BAr0SkATE
2;”i,j+0.5,k+1
*
1— Gi,j+1,k+0.5At At
n+l _ 21 ks n VLK Hijrk+0s 4
z,i,j+L,k+0.5 — * z,i,j+1,k+0.5 0z,i,j+1,k+0.5 *
o’ At o At
i,j+1,k+0.5 i,j+1,k+0.5
1 — ] LALRE0ST
2:ui,j+1,k+0.5 2/ui,j+1,k+0.5
At
n+0.5 _ EMO0S5 n+0.5 _ n+0.5
+ /ui,j+l,k+0.5 X,i, j+1.5,k+0.5 X,i, j+0.5,k+0.5 y,i+0.5, j+1,k+0.5 y,i—0.5, j+1,k+0.5 (3 IOC)
* - > *
14 O k054t Ay AX
2/ui,j+1,k+0.5
and, for the electric field components:
1— O, j+0.5,k+0.5 At
n+0.5 _ 2€i,j+0.5,k+0.5 n-0.5 n &} j+0.5,k+0.5 N
X,i, j+0.5,k+0.5 — X,i,j+0.5,k+0.5 — Y 0x,i, j+0.5,k+0.5
1+ O jr05k:05At 1+ O jrosks05At
28 1 05x405 28, j105k+05
At
n _yn n _yn
+ gi,j+0.5,k+0.5 z,i,j+1,k+0.5 z,i,j,k+0.5 _ Y,i, j+0.5,k+1 y,i,j+0.5,k (3 lla)
1+ i jr05ks050L Ay Az
28i,j+0.5,k+0.5
1— O\ os.j+1ks05At At
En+045 _ 2“;i—o..'~5,j+l,k+0.5 En—O.S L gi—O.S,j+l,k+045 +
y,i—0.5, j+1,k+0.5 — o At y,i—0.5,j+1,k+0.5 0y,i—0.5, j+1,k+1 o At
1+ i-0.5,j+1,k+0.5 1+ i-0.5, j+1,k+0.5
26 45 j+1k+05 26 05 j11k+05
At
& n _yn n _yn
i-0.5, j+1,k+0.5 X,i=0.5, j+1,k+1 X,i—0.5, j+1,k Z,i,j+1,k+0.5 z,i-1,j+1,k+0.5
+ j i Bk _ ] i (3.11b)

1+ O-i—O.S,j+l,k+0.5At

2gi—0.5,j+l,k+0.5

AZ AX
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1— Oi 5,05k AL At

0.5 _ 28 45 105K 0.5 _gn €i20.5,j+0.5.k+1 N
2,i-0.5,j+0.5.k+1 — o At 2,i-0.5,j+0.5,k+1 02,i-0.5, j+0.5,k+1 o At
i-0.5,j+0.5, k+1 i-0.5,j+0.5,k+1
] 4 —OSIH0STT ] O IHOSTT
2gi—0.5wj+0.5»k+1 25i—o.5,j+o.5,k+1
At
n n n n
gi—O.S,j+0.5,k+1 H Vi, j+0.5k+1 H y,i-1, j+0.5 k+1 H X,i=0.5, j+1,k+1 H X,i—0.5, ] k+1
+ A - . (3.11¢)
1+ Oi_0.5,j+0.5,k+1 AX Ay

25i—0.5,j+0.5,k+1

These equations provide an important link between the field components calculated at
different time and space points. For example, Ex at a moment in time (n+0.5) depends

only on:

1) Its value in the previous time step (n-0.5);

2) The values of the magnetic field in the previous time step (n) at adjacent space
points;

3) The values of the electric current source in the previous time step (n) at adjacent

space points.

Fig. 3.2 illustrates a simple 1D space-time chart of the Yee algorithm [87]. As
previously discussed, in different time steps, the electric (magnetic) fields are calculated

from the values obtained in the previous time steps for the magnetic (electric) fields.
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Fig. 3.2 — One-dimensional space-time chart of Yee algorithm
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The stability of the FDTD method is determined by satisfying the Courant—Friedrichs—
Lewy (CFL) condition, which means not exceeding the value of the Courant number
Smax [89]. If this condition is not met the numerical scheme quickly diverges producing
the incorrect results of the fields’ values. For a n-dimensional problem with a spatial

step along each axis denoted Ax;, the CFL is condition is defined as:

noC
S=At)Y —<S§
; oS S (3.12)

3.2.4 RSoft FUllWAVE

There are many software packages that calculate the electromagnetic wave propagation
in a medium based on the FDTD method. Some were developed by companies as
commercial products (Lumerical, EEsof - FDTD element) while others were originally
designed as open-source tools (openEMS, WOLFSIM). In current research, the RSoft
FullWAVE [90] is widely used for field computations in nano-antenna geometry

(Chapter 5) and a multilayer metal-dielectric slot waveguide (Chapter 6).

FullWAVE is a typical computer-aided design (CAD) environment developed for
operating at micrometric wavelengths (0.2 um <A <6 um). It allows high flexibility for
studying arbitrary geometries, controlling numerical meshes, and adjusting source
parameters and boundary conditions according to problem requirements. The software
supports both graphical user interface (GUI) and command line operations, and can run

user-defined scripts written in Perl, Python, C or C++.

FullWAVE is normally used to study passive photonic structures, i.e., structures with
no explicit gain regions (i.e., quantum dots, quantum wells or any other active media).
The modelled geometries include waveguides, nano-antennas, photonic crystals, ring
resonators, metamaterials and other plasmonic devices. The software has large amounts
of inbuilt dispersive materials, which allow users to operate in a wide range of

frequencies. The incorporated dispersion model determines electric permittivity as [90]:

Ag,

2 R 5
- a'k (a)Fullwave) - bk (I a)FuIIwave) + Ck

6
g(wFullwave) =1+ Z (313)
k

where wpryiwave denotes the FullWAVE’s computational frequency (which is the

angular frequency normalized on the speed of light in a vacuum: @gruwave = ®o / Cyac;
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Cyac = 3x10™ um/s) and a, b, ¢ and Ae are the numerical coefficients from the software’s

material library (their exact values are given in respective chapters).

FullWAVE uses micrometres as standard units of length, with time also expressed in
microns (i.e., its units are given as CyacI). In all simulations, the boundaries are set as
perfectly matching layers (PML), which results in a complete absorption of the
electromagnetic radiation crossing them. From a physics point of view, this means that
the wave freely leaves the simulation area and then propagates to infinity without being

reflected back.

The spatial grid can be set to both uniform and non-uniform regimes. The first is used
to simulate dielectrics and the second is utilized to either model fine features or when
metal is involved. Usually, the spacing resolution should be at least several times
smaller than the tiniest presented feature. Typical mesh sizes for a device with
dimensions of approximately 1 micrometre are Ax = Ay = Az =20 nm for dielectric and
Ax = Ay = Az = 3 nm for metallic regions. The temporal grid is defined by the Courant
number [89] and FullWAVE uses the following stability criterion [90]:

1

CocAl < :
T JUAC 1Ay +1/ A2

(3.14)

It should be mentioned that, in particular situations, even satisfying the Courant
criterion does not prevent the simulation diverging (this could be attributed to the
possible accumulation of round-off errors in FDTD calculations). However, the
significant improvements obtained in both spatial and time resolutions normally solve

this problem.

The radiation source in simulations can operate in two regimes. The CW regime is used
to calculate the electric or magnetic field magnitude at a particular point or find the
average power transmitted through the selected area. The pulsed regime is utilized to
calculate the Q-factor for a set of wavelengths, for example, when modelling an

operation of a micro-laser.

During numerical calculations, field distributions are usually visualized as coloured
images and can be selected at any point inside the simulation area. The values of the

fields are normalized on the source values, with the colour bar ranging from -1 to 1. The
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exact magnitudes of the wave components can be recorded at any space point by
inserting a so-called field monitor there. Depending on the selected regime, it records
and averages over time either the field in the middle of the monitor, or the total amount
of power transmitted through the monitor area. The output data is saved as an ASCII
text file, which allows further processing, for example, using MATLAB. Typically, this
information is a simple 2D table with the first column representing time and others

corresponding to the field (or power) values recorded by the respective monitors.

3.2.5 MATLAB
Data processing is performed with the help of MATLAB, which is a high-level

programming language developed by MathWorks [91]. It is quite popular among
researchers due to its simple interface, large library of prescribed functions and wide
range of possible applications, including image and video recognition, signal processing

and numerical analysis. In the present research, MATLAB is used for:

1) Generating and visualizing patterns for AutoScript (Section 4.4.2);
2) Extracting the effective refractive index of the metamaterial (Section 7.3.2);

3) Plotting most of the figures and field distributions.

3.2.6 Thermal modelling with COMSOL

Temperature distributions are calculated using a Heat Transfer module of COMSOL
Multiphysics software [92]. This numerical package based on finite element method
(FEM) has the design capabilities similar to that of RSoft FullWAVE, which includes
creating arbitrary geometries, adjusting the boundaries (i.e., thermally conducting or
insulating), selecting the primary heat transfer mechanisms (conduction, convection or
radiation) and controlling nonlinear effects. The heat source could be selected as either
having given temperature or given heat flux enabling estimation of the absorbed power
using Eq. 2.48. The modelling is not limited only to heat transfer in solids, gas or
flowing liquids, but also includes bio-heating and allows to study complex designs by
incorporating effects from different COMSOL numerical packages (AC/DC, Acoustics,

Corrosion, Fatigue, and others).

However, it should be noted that the thermal distributions presented in the following
chapters should be treated rather qualitative than quantitative. This occurs for two

reasons:
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1) Despite having a large inbuilt material library, the provided thermal characteristics
are mostly given for bulk materials and do not take into account the materials’
fabrication methodology or surface morphology (which is especially important for
nano-scale plasmonic structures) [93, 94].

2) The lasers, utilized in the experiments, are operating close to their stability limit
meaning that the peak power may change with time. These power variations affect
the heat flux density and, consequently, the temperature of the considered nano-
structures. Thus, the laser parameters used in simulations represent an ideal
situation corresponding to some averaged values, which may significantly differ

from the instant values obtained during exposure.

In spite of these shortcomings, the calculated thermal profiles provide a general idea of
heat distribution inside plasmonic devices and correspond to thermal plots found in

literature [85, 95].

3.3 Summary
The numerical methods discussed here play a crucial role in a theoretical modelling of

plasmonic devices in Chapters 5-7. Without robust FDTD algorithm it would be nearly
impossible to calculate the field distributions in complex media, and draw any
conclusions on the wave propagation character. Additionally, the studies on light-matter
interactions can’t be complete without a discussion on thermal modelling, which

provides a qualitative insight on temperature profiles inside plasmonic devices.

While calculation algorithms are important for theoretical modelling in developing and
optimizing the designs of nano-structures, they represent an ideal situation and, thereby,
the numerical results may differ from that obtained in experiment. However, before
moving to experimental data, it is worth of describing the fabrication facilities and
patterning methodologies used to produce the plasmonic nano-devices as is outlined in

the next chapter.

36



Chapter 4 — Fabrication equipment and methodologies

4.1 Introduction
Chapter 4 describes the main operating principles of the Electron Beam Evaporator

(EBE), Sputter and Focused Ion Beam (FIB) systems. The first two are used for
material nano-deposition and the last — for surface milling. The present chapter also
addresses the sample preparation as well as some FIB fabrication issues, which include

using scripting language and material re-deposition.

While some of the above topics are briefly mentioned in later chapters, this is done
purely for reference purposes, since detailed descriptions of the utilized equipment are

given in the following sections.

4.2 Nano-fabrication setups

4.2.1 EBE/Thermal evaporator

Fig. 4.1 — EBE/Thermal evaporator

EBE/thermal evaporator (Fig. 4.1) is used to deposit metallic films with the thickness
typically ranging from several to hundreds of nanometres. These coatings are then
routinely utilized in the lift-off process [96] or are patterned by the FIB. The deposited
films are formed from the source material, which is heated to boiling temperature (or
directly sublimated) and then condensed on the sample surface. Any arbitrary solid
surface can be metalized in this fashion providing the deposited material doesn’t

chemically interact with its substrate.
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In the experiments, all depositions are performed using the Temescal BJD-2000 E-
beam/thermal evaporator system (BJD-2000), which allows utilization of up to 6
different materials within one fabrication cycle [97]. A deposition starts with loading
the crucibles with source metals (Al, Au, Cr, Ge, Ni, Pt or Ti) and mounting the
samples (usually quartz or GaAs substrates) on one of the five 6" wafers. Then, the
system is pumped by scroll and cryo pumps to a 5x10° Bar pressure. The selected
crucible is intensively heated by the electron gun and the metal inside it starts melting,
creating a flow of evaporated atoms towards the mounted sample. The wafers spin at a
speed of 25 rotations per minute, which makes the film deposition more uniform, with
the deposition rates varying from 1to 2 A per second depending on the desired final
thickness. A sufficient distance between the crucible and wafers helps to avoid

excessive heating during the metallization required for lift-off processes [97].

BJD-2000 is also capable of providing a thermal evaporation regime, whereby the
evaporation source is not a crucible with the selected material but a metallic wire,
which is heated via a current supplied by the system. However, this method is not used

in the described fabrications as all depositions are made only via e-beam evaporation.

It should be also mentioned that due to its lattice constant mismatch, gold does not stick
very well to a quartz substrate [98], thus, an additional thin titanium adhesion layer is
used in all devices containing gold. While this layer is of the order of several
nanometres, it still affects a micro-device’s performance [99], which is also taken into

account in numerical simulations.

38



4.2.2 Sputter system

Fig. 4.2 — Sputter system

The Sputter system presented in Fig. 4.2 is another device commonly used for thin film
depositions. During this process, material atoms are expelled from a solid target
bombarded by a particle source. The interaction between the target’s surface and
bombarding particles exhibits a collision cascade character: if the incoming particles
have higher energy levels than the target atoms’ binding energy, these atoms will likely
gain sufficient momentum to leave the surface, i.e., will be sputtered. Then, they will be
re-deposited on the internal surface of the chamber, including that of the prepared
sample. The amount of sputtered atoms per single bombarding particle (sputter yield)
depends on different aspects, such as the incident angle, original bombardment energy
and target’s binding energy. The bombarding particles can be produced by plasma, an

ion source, an accelerator or even radioactive material.

Film depositions are performed with the help of an ATC 2000 UHV [100], which uses
DC or microwave sputtering, and the setup has six available guns, with the maximum
wafer size of 100 mm. A wide range of materials available for deposition include Au,
Co, Cu, Er, Fe, Ge, ITO, Mo, Nb, Ni, Pd, Pt, Si02, SnO,, Si3Ny4, TeO,, Al,O3 and TiO».
The ATC 2000 UHV can be adjusted for confocal, direct and off-axis operations, which
determines the mutual orientation of the source and sample. Although the advantages of
particular settings depend greatly on the desired application, typically, direct deposition

is the fastest, while confocal provides the best film uniformity [100].

In the present research, the sputter system is used only for TiO, deposition in confocal

geometry. It takes about 33 minutes to deposit 50 nm of material, which is a rate of

0.25 A/sec.
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4.2.3 FIB system

Fig. 4.3 — FIB system

The FIB system shown in Fig. 4.3 is a type of multi-purpose research and industrial
equipment used for surface analysis, milling and deposition of materials. It is similar to
the scanning electron microscope (SEM) in the sense that it also uses a beam of charged
particles, but, instead of electrons, FIB operates with ions (primary Ga+). Due to the
heavier mass of Ga+ ions (114000 of electron mass), they have less velocity than
electrons accelerated with the same voltage. Also, as they are significantly larger, ions
only interact with the outer shells of the scanned material, and not with the atomic
nuclei. However, the FIB system should not been mistaken for direct-write lithography,
which also utilizes a focused flow of charged particles (for example, proton beam

writing [101, 102]), since these setups use different operational mechanisms.

Fig. 4.4 — FIB column

In FIB system, the ion source is incorporated in the ion beam’s column (Fig. 4.4) and
operates by gallium being placed close to the tungsten needle and then heated until it

wets the metal. Then the melted material flows to the needle’s tip, where it forms a
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micro-cone. Due to the high electric field applied to the needle’s end, the gallium is
ionized and emitted from the cone in the direction of the sample. The electrostatic lens
focuses gallium particles into a beam and a set of different apertures helps to determine
its spot size [103]. After collision with the sample, gallium effectively mills a nano-hole
by removing some of the material from the target’s surface. The acceleration voltage
determines the momentum of Ga+ ions: small values result in exact patterning, but
require longer exposures in order to achieve the desired depth, while higher voltages
lead to faster, but less accurate outcomes. However, in both cases, precision remains at

the submicron scale providing the system is correctly focused [104].

All millings described further are conducted using the FEI Helios 600 NanoLab FIB
system [105]. It incorporates a 30 kV e-beam SEM capable of resolutions up to 0.9 nm
and can perform all standard tasks, such as simple milling, 3D reconstruction (slicing
and SEM) and transmission electron microscopy (TEM) lamellae preparation (also
available in the automatic mode). In addition, this setup is able to deposit Au, Pt and

Si0,, and perform an etching with XeF, (for Si0O,) or I, (for III-V group material) gases
[97].

During fabrication, the sample is placed on the sample stage inside the FIB chamber,
which is then pumped to a vacuum (107 Pa), and after this the ion and electron beams

can be activated. The flexible sample stage allows the following degrees of freedom:

1) £20 cm in the horizontal x-y plane;
2) 0-10 mm in the vertical z-direction;
3) 0-360° rotation in the X-Y plane;

4) 0-90° tilting of the X-y plane with respect to the vertical z-axis.

For standard 2D milling, the work distance is 4 mm from the ion source and the tilt
angle is 52°. The milling current varies between 9.7 pA and 21 nA depending on the
scale of the pattern, but, typically, is set to 28 pA for the fabrication of most near-
infrared devices. While specific details regarding the pattern geometries are given in
respective chapters, the generic milling and most common troubleshooting approaches

are described in the next section.
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4.3 Fabrication methodologies

4.3.1 Sample preparation
Sample preparation starts by cutting a small piece of the required size and shape from a

larger sample lamina using a diamond cutting tool, carefully cleaning it with acetone
and isopropanol (IPA), and manually removing any visible grease and dust using a wet
cotton swab. Then, the sample is placed in an ultrasonic bath for several minutes for
further cleaning and, finally, is dried by an air gun, which typically uses compressed
nitrogen gas. To keep the samples clean, they are handled only while wearing latex
gloves and are stored in a closed sample box. Immediately before material deposition or
surface milling, the samples are cleaned again by the air gun to eliminate any possible

dust.

4.3.2 Patterning with FIB
As previously mentioned, the primary task of the FIB system is milling arbitrary 2D

patterns on the prepared sample surfaces. From a software point of view, this could be

achieved in two ways:

1) Directly drawing the pattern in a CAD type of environment;
2) Using AutoScript and AutoFIB to create and manage the script, which controls the

Ga+ ion source.

The first approach is quite simple and perfectly suits to small patterns, such as a single
dipole nano-antenna or a set of gratings. However, with an increase in the number of
elements, their mutual alignment becomes more complicated. For extremely complex
patterns, such as that consisting of several non-periodic blocks or more than 50

elements, this approach is no longer viable and one should use the second method.

AutoScript is a Basic-like programming language capable of performing simple
operations, such as introducing loops and using condition operators. A user can utilize
AutoScript to define the structure’s geometry, depth of milling, ion source current,
position of the sample stage and other important patterning settings [106]. During
fabrication, the prepared script is automatically executed by the AutoFIB environment
[107] and requires no further actions by the user. A detailed description of a simple
patterning code is presented in Appendix A, and advanced patterning methods and

some complex micro-scale structures are discussed in Appendix B.
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As would be expected, the focusing issue is very important during FIB milling. Since
the micro-controller operating the ion source uses the distance between the source and
sample surface as the crucial input information, poor focusing can result in patterns
milled with incorrect dimensions (especially, when there is a problem with stigmation,
1.e., beam stretching in either horizontal direction). This leads to scaling inaccuracies in
the desired geometry that could be as large as nearly double for nano-size patterns and
often become different in the X- and y-directions, thereby causing even more confusion.
Improving focusing using an ion beam may be very challenging because its gallium
atoms inevitably damage a sample surface. This makes it nearly impossible to obtain
the surface’s fine features at large magnifications, since they gradually decay with each
subsequent scan. Such problem could be overcome by first patterning a dummy
rectangular and then calculating the scaling coefficients to modify the desired pattern

later.

Fig. 4.5a — Material re-deposition Fig. 4.5b — Patterning with activated gas needle

Finally, there is always an issue with gallium implantation and material re-deposition
[109, 110], when Ga+ ions are not scattered away, but, instead, form agglomerations on
the sample surface, as clearly observed around the patterned area in Fig 4.5a. This can
happen during long exposures or for narrow and deep patterns, when the gallium
becomes trapped inside the milled hole. Any subsequent milling of such a region results
in only replacing re-deposited Ga+ ions with a new portion of sputtered material. This
situation greatly reduces the removing rate, but, fortunately, it can be solved by
injecting a gas needle. A flow of XeF, for SiO, substrates and I, for III-V group
compounds effectively prevents Ga+ ions from re-deposition (Fig. 4.5b). It should be
noted that small currents also reduce re-deposition and, furthermore, improve the

quality of the sidewalls during milling [110].
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4.4 Summary
The present chapter fully describes the fabrication facilities (EBE, Sputter system and

FIB system) utilized during the candidature. This research equipment is used for precise
nano-scale patterning of plasmonic devices, which are discussed in Chapter 5 and
Chapter 7. Additionally, the issues on FIB milling are briefly outlined, while the

samples of scripting code can be found further in Appendices A and B.
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Chapter 5 — Titanium nano-antenna for high-power pulsed
operation

5.1 Introduction
Plasmonic nano-antennas are generally used to produce intense electric fields in a very

small area and are typically driven by external light sources. In a case of a Q-switched
laser, the strong incident electric fields become further enhanced reaching very high
values, and the heat, generated from plasmonic excitation and material absorption, may
thermally damage these delicate nano-structures, thereby limiting their operational

fluence range.

In order to increase the maximum peak power, which these devices can withstand, they
can be fabricated from a durable material such as titanium instead of fragile gold. While
this slightly reduces the field enhancement capabilities of nano-antennas, it greatly
improves their overall heat resistivity, which enables exposure to larger incident

fluences and, thus, boosts the structure’s capacity to produce even higher electric fields.

This chapter begins the study of high-power plasmonic devices by first comparing the
performances of dipole nano-antennas, one made from gold and another from titanium.
For this comparison, the structures’ field enhancement factors are calculated as a
function of the gap width. Then, the electric field and temperature distributions are
analyzed based on the numerical methods discussed in Chapter 3. Finally, the nano-
antennas are fabricated and exposed to a 1053 nm Q-switched laser in order to
determine their melting threshold fluence values and, thereby, find the maximum

magnitudes of the incident electric fields that these structures can withstand.

It is shown that titanium-based nano-antennas can handle a more than 18 dB greater
power density than their gold counterparts, which makes them useful in different high-
power applications, including SERS and nano-imaging. The studies of nano-antennas
outlined in this chapter are also published in [111] and were presented at OSA Advanced
Photonics 2013 (Rio Grande, Puerto Rico, USA) [112].
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5.2 General introduction to nano-antennas
The advent of plasmonic nano-antennas has brought a new era into the nano-world

whereby freely propagating light can be converted into localized optical fields and vice
versa [113]. These structures can confine an incident wave well below its diffraction
limit [114] and generate highly intense electric fields that can be used in a multitude of

applications, such as nonlinear optics, imaging, sensing and photovoltaics [113].

The simplest nano-antenna device is a dipole antenna [114, 115], which is constructed
by separating two metallic regions with a dielectric gap. The excitation of such a
structure by a light source may result in a strong electric field enhancement of more
than 50 times. Besides dipole antennas, more complex designs have also been studied,
such as Yagi-Uda [116, 117], spiral [118-120], phased-array [121], bow-tie [75, 115,
122], staircase [123] and Charnia-like [81] nano-antennas, which either provide better

directivity or operate over larger bandwidths.

Although most nano-antennas are made from metal, dielectric and semi-conductor
devices have also been demonstrated recently [124-126]. Nano-antennas can be grouped

in the following categories depending on their properties.

1) Directional nano-antennas are small replicas of radio-frequency Yagi-Uda antennas.
They possess the properties of their larger counterparts [127, 128] and also consist of
a reflector, feed and several directors. The incident light becomes coupled to the feed
and the directors guide the optical radiation forward, while the reflector prevents it

from traveling back.

2) Broadband nano-antennas are utilized in applications that are required to operate
over a wide range of wavelengths. Typical examples are solar cell devices, in which

antennas are used to improve conversion of the sun’s energy over the broad spectrum

of the incident light [129-131].

3) Plasmonic nano-antennas are a type of integrated devices, which can be excited by a
tiny external light source, such as a quantum cascade laser [132, 133] or polygonal
micro-laser [44]. These nano-antennas help to characterize an excitation signal or are

used to trap nano-particles.
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4) Sensing nano-antennas are used in applications, such as SERS, since they provide
strong field localization and high field enhancement, which are crucial for detecting

separate molecules and chemical compounds [134-136].

Nano-antennas can be fabricated using different types of equipment, such as electron
beam lithography (EBL) followed by a lift-off process, FIB milling [123] and nano-
stencil lithography [137]. Regardless of the technique chosen, gold is generally
deposited on top of a thin titanium film [99] to provide better adhesion between the gold
layer and substrate. However, as mentioned by Lahiri and co-workers [99], the presence
of titanium changes the performance of a plasmonic device and results in the shifting of
its resonant frequency, which is caused by different material properties, i.e., increased

absorption and modification of the plasma frequency.

5.3 Theoretical analysis of dipole nano-antenna

5.3.1 Nano-antenna design

Fig. 5.1 — Schematic of nano-antenna structure

The considered dipole nano-antenna is shown in Fig. 5.1. It consists of two metallic
regions (orange areas in Fig. 5.1) placed on top of a quartz substrate and separated by an
air gap. The metallic material is either gold (with a very thin 2 nm titanium adhesion
layer) or titanium and has a metallization thickness of 300 nm and length L; =100 nm.
The studied structures have air gap widths Lgqp ranging from 30 to 120 nm and the width
of each metallic region L, (the nano-antenna arms have equal dimensions) is such that

The optical properties of the nano-antenna are numerically analyzed using the
commercial FDTD software FullWAVE [90] discussed in Chapter 3. The light is
modelled as incident normal to the nano-antenna, with the orientation of a wave vector
Kinc parallel to the y-axis and the main electric field component E;nc directed across the

air gap (x-axis), as shown in Fig. 5.1. The computational region is terminated by PMLs.
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The grid is non-uniform, being refined at the boundaries between the metal and
dielectric.c. The mesh sizes for the dielectric and metallic regions are
Ax=Ay=Az=20nm and Ax =Ay=Az=3nm respectively. Although insulator grid
sizes for cases of narrower gaps have been reduced to Ay = Az =20 nm and Ax =5 nm,
the results showed only a 1% variation from those for coarser meshes. To satisfy the
CFL condition, the time step is chosen to be 8x10'® s, which corresponds to less than

half of the stabilization limit determined by FullWAVE.

The dispersive model for metals is defined by Eq. 3.13 in Chapter 3 as:

6 Ag
g(a)Fullwave) = l + Z £

2 - b
k9 (a)FuIIwave) - bk (I a)FuIIwave) +Cy

and the numerical coefficients for titanium and gold are given in Table 5.1 below.

Table 5.1 — Dispersion coefficients from FullWAVE material database [90]

Titanium Gold

Ag a b c Ag a b c
201.7403 1 0.41529 0 1589.516 1 0.268419 0
1225.436 1 11.52684 15.48524 50.19525 1 1.220548 4.417455
535.7023 1 12.75245 61.22558 20.91469 1 1.747258 17.66982
2549016 1 8.42229 161.4646 148.4943 1 4.406129 226.0978
1.36311 1 8.923677 9683.258 1256.973 1 12.63 475.1387

0 0 0 0 9169 1 11.21284 4550.765

In this simulation, the incident wave is considered to be plane, which is a good
approximation because the actual spot diameter of the source is much larger than the
computational area (the latter is 10 pm by 10 um, while the laser beam is several
millimetres in diameter). When the structure is aligned to the position of the maximum

peak power, the magnitude of the incident electric field |Einc, peak| can be estimated as:

SZair P eak
e (5.1)
ﬂ(pspot

|E

inc, peak |E

where Zjir is the intrinsic impedance of air (~ 377 Q), Ppeak 1s the peak power of the
wave (its value can be controlled by an attenuator in experiments) and @spot is the spot
diameter of the pulse, which is defined by containing 95% of the total incident power.
For example, the peak power of Ppeac=15puW, spot diameter of 1cm and total

attenuation of 0.4 dB (1.097 times) result in [Einc, peak| = 11.5 V/m.
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5.3.2 Electric field enhancement in nano-antennas
The space between the metallic regions in a nano-antenna generates a higher electric

field than incident field due to the excitation of a plasmonic wave. The relationship

between the magnitudes of the electric fields is the field enhancement factor Fyqp, which

is given by:
| Egap peak |
= (5.2)
”» | Einc,peak |

where |Egap peak| 1S the magnitude of the electric field measured in the middle of a nano-
antenna gap. The obtained electric field enhancement can be quite high and makes these
structures attractive in a variety of applications, including nano-imaging, detection of
nano-particles, sensing and harnessing nonlinear effects. For example, in SERS devices,
the enhancement factor is proportional to the fourth power, i.e., Fgap4, which offers huge

potential for using nano-antennas there [123].
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Fig. 5.2 — Electric field enhancement factors as a function of gap width. Inset — electric field strength
profile for L,,, =120 nm

Based on FDTD simulations, the electric field enhancement factor as a function of the
gap width is plotted for both the gold and titanium nano-antennas in Fig.5.2 at a
wavelength of 1053 nm. This factor changes very little with the spot size of the source
given that it is much larger than the area occupied by nano-antennas. It can be seen that,
on average, the field enhancement factor for gold is about 19% higher than that for
titanium mainly because the latter has larger absorption losses. The inset demonstrates
the Ex-field strength profile in the X-z plane for a gap width of 120 nm. The values of the

field enhancement factors for both materials are presented in Table 5.2.
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Table 5.2 — Electric field enhancement factors as a function of gap width

Lgap, N Foqp (gold) Fgqp (titanium)
120 2.84 2.39
105 3.15 2.59
90 3.54 2.85
75 4.01 3.21
60 4.39 3.56
45 4.74 4.09
30 5.14 4.86
15 6.67 6.29

It should be noted that the electric field strength can be higher at the edges of a nano-
antenna (i.e., on the interface between the metal and air gap). For example, a gold nano-
antenna with a gap width of 60 nm has Fgap in the middle equal to 4.39, while the field
enhancement at the side walls can reach values as high as 7.3. However, the higher
electric fields at the edges are not achieved in practice because of fabrication

imperfections, which inevitably make the side walls tilt angle smooth rather than abrupt.

To obtain a more precise comparison of gap widths, the total length of a nano-antenna
should be optimized to produce the highest field enhancement. The optimization process
(for gold and titanium) is conducted for two gaps — 60 nm and 120 nm — which results in
a field enhancement change of less than 6%. Therefore, in the experiments, it is decided

to vary only the gap width, while keeping the total length of the nano-antennas constant.

5.3.3 Electric field distributions in nano-antennas
In order to obtain sufficient data on Ey-field distribution from the simulations, an

extensive number of electric field monitors (marked in red in Fig. 5.3) is placed in the
region surrounding the nano-antenna. The values in the intermediate spatial points
(marked in grey in Fig.5.3) are approximated using cubic Hermit splines and the
recorded |Ey| values are then normalized with respect to the magnitude of the incident
electric field. Note that the electric field does not penetrate the metallic parts of nano-

antenna outlined by black lines in Fig. 5.3. Thereby, no monitors are placed there.
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Fig. 5.3 — Spatial positions of points for recorded (red) and interpolated (grey) electric field values in
nano-antenna with 60 nm gap width

2D plots of the normalized electric field profiles for the gold and titanium nano-
antennas with 60 nm gap width are presented in Figs. 5.4a-d. Fig. 5.4a and Fig. 5.4b
show the field distributions along the X-y plane (z = 0 nm, a slice taken in the middle of
the gap) and Fig. 5.4c and Fig. 5.4d demonstrate those along the x-z plane (y = 150 nm,
a slice taken at the half-height of the structure) for the gold and titanium nano-antennas

respectively.

Fig. 5.4a — Normalized electric field strength (x-y ~ Fig. 5.4b — Normalized electric field strength (X-y
plane) for gold nano-antenna with 60 nm gap plane) for titanium nano-antenna with 60 nm gap
width width

Fig. 5.4c — Normalized electric field strength (x-z ~ Fig. 5.4d — Normalized electric field strength (X-z
plane) for gold nano-antenna with 60 nm gap plane) for titanium nano-antenna with 60 nm gap
width width
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Figs. 5.5a-5.6d show the normalized |E4| distributions as 3D wire-frame plots (note that
the vertical axis in each plot always represents the normalized electric field strength not
the spatial coordinate). As can be seen from these figures, for both metals, the wider gap
of 120 nm has a smaller |Eyx| component than the 60 nm gap counterpart. While the x-y
cross-sections of the gold nano-antenna have significantly higher magnitudes of the
electric field than those of the titanium device (Figs. 5.5a-d), in the X-z plane, the results
for both structures are very close (Figs. 5.6a-d). The simulations for other gap width
demonstrate similar field distributions for the considered materials with the highest field

values localized inside the gaps and close to the nano-antennas’ corners.

Fig. 5.5a — Normalized electric field strength (x-y ~ Fig. 5.5b — Normalized electric field strength (X-y
plane) for gold nano-antenna with 60 nm gap width plane) for titanium nano-antenna with 60 nm gap
width

Fig. 5.5c —Normalized electric field strength (x-y ~ Fig. 5.5d — Normalized electric field strength (X-y
plane) for gold nano-antenna with 120 nm gap plane) for titanium nano-antenna with 120 nm gap
width width
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Fig. 5.6a — Normalized electric field strength (x-z ~ Fig. 5.6b —Normalized electric field strength (x-z
plane) for gold nano-antenna with 60 nm gap width plane) for titanium nano-antenna with 60 nm gap
width

Fig. 5.6c — Normalized electric field strength (x-z ~ Fig. 5.6d — Normalized electric field strength (X-z
plane) for gold nano-antenna with 120 nm gap plane) for titanium nano-antenna with 120 nm gap
width width

It can be also observed that the electric field is larger at the edges of a nano-antenna, but
only over a very limited region. More importantly, the electric field distribution is more
uniform in the titanium nano-antenna, which provides a lower power density than the
gold one. This result can partially explain why the titanium-based nano-antennas are

capable of handling more power than their gold counterparts.

In the experiments, a 2 nm thick titanium film is deposited as the adhesion layer prior to
gold deposition. In order to study the impact of this film on the electric field
enhancement of the nano-antenna, the thickness of the titanium/gold bi-layer is varied
from 0 to 300 nm, with the total height fixed at 300 nm. The results are presented in
Fig. 5.7 for 120 nm (o — magenta) and 60 nm (0 — blue) gap widths. The maximum
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value of Fgqp 1s reached when the thickness of the titanium in the nano-antenna becomes
50% resulting in an increase in Fgap of about 15% over its value for pure gold structure.
This can be partially explained by the stronger field localization close to the interface

between the gold and titanium, as shown in the inset in Fig. 5.7.

Fig. 5.7 — E-field enhancement for different thicknesses of titanium. Inset — E-field profile in x-y plane
for 50% titanium ratio

5.3.4 Laser-material interactions
The physical parameter generally associated with laser damage of a material is fluence

[19]. In the case of a Q-switched laser, the single pulse energy Ws and fluence Fs are

calculated as:

t
W, = [P(t)dt = Py, 7y (5.3)
14
F-w, 2 (5.4)
ﬂ'-(ospot

where P(t) is the envelope of the power as a function of time, t; and t; are the arbitrary
instants when the pulse power is not negligible (t; <t<t;) and 7z is the effective
duration of the pulse. In a given exposure interval Ty and repetition rate frep, the number
of pulses in that time period Npuse iS Npuse = Tref - frep. Then, the exposure Fey and

effective Fe fluences can be found as:

4
Fex =N pulseWs 2 (55)
7T¢spot
4
Feff =N ;?ulsews 5 - (56)
ﬁ(pspot
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Calculations of the effective pulse energy during a fixed exposure time follow the
procedures provided in the Australian/New Zealand laser safety standards [18].
Parameter p is a variable with values between 0 and 1, which takes into account the fact
that the structures can cool in the interval between two consecutive pulses. If, during
this time, the devices return to the ambient temperature, p =0 and the effect of each
pulse on a nano-antenna will be independent. On the other hand, if thermal effects are
very slow, exposure to successive pulses will have a cumulative effect and p=1. An
example of an intermediate situation (0 <p <1) is the human eye, for which p=0.25

[18] at low repetition rates (frep below 10 kHz).

Both Chang et al. [138] and Link et al. [139] have studied the melting of gold nano-
particles using nano-second [138] and femto-second [139] lasers. Chang observed that
different laser fluences can lead to different phase transitions and shapes of nano-rods.
In another experiment, Link found that it takes tens of pico-seconds for nano-rods to
melt, which seems to imply that a small volume of nano-particles results in rapid
heating and cooling effects. In the case of a nano-second laser, a longer pulse duration
leads to cumulative temperature effects [138], but the nano-antennas may cool down
more quickly because of their small footprint, which suggests that each pulse is
independent in the heating of these structures (p = 0). However, it should be mentioned
that it takes a much longer time for the substrate to completely return to room

temperature because of its considerably larger volume.

Rigorous modelling of melting effects in plasmonic nano-antennas is generally hard to
achieve. For nano-second pulses, the duration of each pulse is significantly longer than
the lattice heating time, which results in thermalization between the electron subsystem
and the lattice [138], whereby the system can be studied by solving the heat diffusion

equation.

5.3.5 Heat distribution modelling
The temperature distribution in the structures illuminated by a laser is analyzed by

solving a heat equation using COMSOL software [92]. Generally, the heat transfer in

the system can be written as:

Q=Cv%+V(—ZVT), (5.7)
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where Q is the heat source term proportional to the laser intensity, C,=p - Cp is the
volumetric heat capacity (p is the material density and cj, is the specific heat capacity), T
is the temperature and y is the thermal conductivity. In the first approximation, it is
assumed that the studied structures are considerably smaller than the laser spot area,
which is true for nano-antennas and mm-sized beam diameters, thus, the laser intensity
can be treated as a constant for the examined space. Also, the adduced calculations
imply nano-second pulses that are significantly longer than the lattice heating time
(0.01-0.1 ns). This means that, at each given moment, the system will remain in thermal
equilibrium (0T / 0t =0) and both electrons and lattice can be described as having the
same temperature T [140]. The heat coefficients used in Eq. 5.7 are summarized in

Table 5.3.

Table 5.3 — Heat coefficients for gold, air, titanium and quartz

Material Volumetric heat,capacity, Thermal conductivity,
J.em®- K W-m'-K!
Gold 2.492 318
Air 0.00121 0.0257
Titanium 2.359 22
Quartz 1.661 1.3

There are two main mechanisms that can cause thermal damage to the considered

structures:
1) Direct laser heating of the exposed material;

2) Heating due to the enhanced localized electric field (plasmonic heating) that arises

in the region around the nano-antenna gap.

Fig. 5.8 — Qualitative temperature distribution in titanium nano-antenna (temperature is given in °C)

Fig. 5.8 shows the qualitative temperature profile inside the titanium nano-antenna
when the laser light reaches its surface. It is clear that the metallic and air gap regions
have higher temperatures than the surrounding air and quartz substrate. This thermal
distribution indicates that the heat generated by the nano-antenna is not efficiently

dissipated, which leads to a formation of hot spots in the metallic areas.
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5.4 Experimental Results

5.4.1 Experimental setup overview

Fig. 5.9 — Q-switch laser setup Fig. 5.10 — Experimental setup. Inset — single-
pulse profile

The experimental setup is presented in Fig. 5.9 (photo) and Fig.5.10 (sketch). A
commercial Q-switched laser operating at 1053 nm with a single-pulse energy of 15 pJ
is used in the experiments (the single pulse profile is shown in the inset in Fig. 5.10).
The duration of each pulse is 10 ns, the total exposure time is 300s and standard
repetition rate is 5 kHz. Although, in some experiments, the repetition rate is varied
from 2 to 10 kHz and the exposure time is changed from 300 to 1000 s, no significant
differences in the results are observed. A variable metallic-film neutral density filter that
allows the attenuation to be altered from 0.4 to 60 dB is used to control the incident
fluence. The original spot size of the laser beam @gpot is 2 mm in diameter, but it can be
expanded to larger values using a divergent lens with a focal length of 25 mm. On the
whole, it is possible to change the laser fluence over a wide range of values (by more
than 80 dB). Also, to ensure that the main electric field is along the X-axis, as in Fig. 5.1,

a polarizer is placed between the Q-switched laser and lens.

Sample positioning is performed at the maximum attenuation of 60 dB and the invisible
radiation of 1053 nm is visualized using a fluorescent laser viewing card. During the
experiments, the laser is enclosed in a laser safety box and is externally modulated by a

signal generator with the On-Off shift keying.
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5.4.2 Nano-antenna fabrication
As previously mentioned, the thickness of the metal (gold or titanium) is 300 nm and

the materials are deposited using EBE. In the case of the gold nano-antennas, a 2 nm
thick titanium layer is added on top of the quartz to improve adhesion. Then, the
structures are milled using a FEI Helios NanoLab 600 dual-beam FIB system, as
discussed in Chapter 4. The area occupied by the patterns is about 100 pm by 100 um
and the total sample area is 1cm?” The refractive indices of gold and titanium at
1053 nm are na, = 0.23 - 7.10i and nt; = 3.453 - 4.004i, and their reflectivities are about
98% and 62% respectively.

5.4.3 Assessment of thermal damage using SEM
Figs. 5.11a-5.14b show SEM images of the fabricated gold and titanium nano-antennas

before and after the experiments. They are grouped in pairs, which consist of the
original (left, with index a) and melted (right, with index b) structures. It can be seen
that, even for the intact nano-antennas (Figs. 5.11a-5.14a), the walls are not perfectly
vertical and, therefore, the gap widths are always estimated at the mid-height of the gold
(or titanium) region. In Fig. 5.11a and Fig. 5.12a, the gap width is about 60 nm and, in
Fig. 5.13a and Fig. 5.14a, it is 120 nm.

After exposure to the laser light at a given fluence, the potential damage to the nano-
antennas is assessed by taking more SEM images (Figs. 5.11b-5.14b). The experiments
are primarily focused on two samples with gap widths of 60 nm and 120 nm, while
structures with other gap widths are also fabricated. The damage fluence thresholds are
measured mainly for the 60 nm gap nano-antennas and, for the gold one, the single-
pulse damage fluence is Fs = 0.059 J/m? and total exposure fluence is Fex = 88.5 kJ/m?
(Trer=300s, fre, =5 kHz). Note that the main damage to the gold nano-antenna occurs
around its central gap region, where the field enhancement value is the highest
(Fig. 5.11b and Fig. 5.13b). In fact, the melting of the metallic regions fills this space
with gold. The 120 nm gap gold nano-antenna becomes thermally damaged at a higher
fluence, but it is difficult to determine its exact threshold fluence because of the discrete
attenuation steps of the variable metallic-film neutral density filter. However, based on

the experimental results, it is approximately less than double the fluence of the 60 nm

gap.
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Fig. 5.11a — SEM image of original 60 nm gap
gold nano-antenna

Fig. 5.12a — SEM image of original 60 nm gap
titanium nano-antenna

Fig. 5.13a — SEM image of original 120 nm gap
gold nano-antenna

Fig. 5.14a — SEM image of original 120 nm gap
titanium nano-antenna

Fig. 5.11b — SEM image of melted 60 nm gap
gold nano-antenna

Fig. 5.12b — SEM image of melted 60 nm gap
titanium nano-antenna

Fig. 5.13b — SEM image of melted 120 nm gap
gold nano-antenna

Fig. 5.14b — SEM image of melted 120 nm gap
titanium nano-antenna
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As expected, the titanium nano-antennas prove to be more resistant. After exposing the
60 nm gap titanium structure (Fig. 5.12a) to laser light for a period of 5 minutes, the
damage single-pulse fluence is estimated to be 4.35J/m” while the total exposure
fluence is 6525kJ/m®. The 120nm gap titanium nano-antenna (Fig. 5.14a) also
eventually melts, but, like for its gold counterpart, it is difficult to determine the exact

damage fluence.

The damaged titanium nano-antennas are shown in Fig.5.12b and Fig. 5.14b. In
comparison with the gold structure, for a 60 nm gap, the damage threshold fluence
increases by a factor of 74, although the electric field enhancement reduces by 19% (see
the data presented in Table 5.2). Thus, the titanium-based structures can withstand and
create about 7times higher electric fields than the gold nano-antennas and are

considerably more power resistant.

Possible explanations for the better performance of the titanium devices over their gold
counterparts include: 1) higher melting temperature (1668°C compared with 1064°C);
2) greater mechanical strength; and 3) increased penetration depth, which means that the
electric fields permeate deeper into metal and the power density is less localized on the

surface of a device.

5.4.4 Thermal damage in nano-antennas with different gap widths
While exact measurements are only performed for structures with 60 nm gap, other

nano-antennas are also fabricated and qualitatively studied. These gold structures with
gap widths varying from 30 to 120 nm are presented in Figs. 5.15a-5.18c. The figures
with index a correspond to the original intact nano-antennas and those with indices b
and c — to the exposed structures. For figures with index c, the stage is tilted at 45° to
show additional features of the thermal damage. As can be seen from adduced SEM
images, although all the samples melt, the structures with narrow gaps experience more
damage, which supports the idea of plasmonic heating playing the major role in this

process.
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Fig. 5.15a — Original 30 nm gap
gold nano-antenna

Fig. 5.16a — Original 60 nm gap
gold nano-antenna

Fig. 5.17a — Original 90 nm gap
gold nano-antenna

Fig. 5.18a — Original 120 nm
gap gold nano-antenna

Fig. 5.15b — Melted 30 nm gap
gold nano-antenna

Fig. 5.16b — Melted 60 nm gap
gold nano-antenna

Fig. 5.17b — Melted 90 nm gap
gold nano-antenna

Fig. 5.18b — Melted 120 nm gap
gold nano-antenna

Fig. 5.15¢ — Melted 30 nm gap
gold nano-antenna (tilt 45°)

Fig. 5.16¢c — Melted 60 nm gap
gold nano-antenna (tilt 45°)

Fig. 5.17c — Melted 90 nm gap
gold nano-antenna (tilt 45°)

Fig. 5.18c — Melted 120 nm gap
gold nano-antenna (tilt 45°)
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5.5 Summary
High-power nano-antennas made of gold or titanium are compared in this chapter. They

are excited by nano-second pulses coming from a large spot-size Q-switched laser and
are studied both theoretically and experimentally. Firstly, the considered structures are
numerically analyzed and the electric field enhancement factor is calculated for gap
widths ranging from 15 to 120 nm. This factor varies from 6.67 to 2.84 for gold and
from 6.29 to 2.39 for titanium, being on average 19% larger for gold nano-antennas.
Secondly, the electric field profiles are considered and it is shown that the highest
magnitudes of the field are inside the air gap between the two nano-antenna arms. Also,
it can be seen that the field distributions of both nano-antennas are very similar for the
X-z cross-section (the plane perpendicular to the incident radiation) and different for the
X-y cross-section (the plane parallel to the incident radiation). Thirdly, interactions
between the laser pulses and nano-antennas are reviewed. It is assumed that, for a nano-
second pulse, temperature equilibrium is reached during a single-pulse exposure and
then the qualitative heat distribution is calculated. Fourthly, an experiment is conducted,
in which the nano-antennas are exposed to laser radiation in order to obtain their
threshold damage fluences. The potential thermal damage is later assessed by studying
SEM images of the irradiated surfaces and it is shown that titanium-based devices can

withstand about 74 times higher fluence than their gold counterparts.

Such combination of a higher damage threshold, but slightly lower field enhancement
factor for a titanium nano-structure results in it being capable of producing an almost
7 times higher magnitude of the electric field than a gold nano-antenna. Such titanium-
based nano-antennas have potential applications for SERS, nano-imaging, nano-particle

detection, nonlinear optics and other high-power designs.

While the nano-antennas considered here are simply excited by an external laser, the
light can also be coupled into them using different approaches, as discussed in the
introductory chapter. One such possible design is a slot waveguide, which is studied in

detail in Chapter 6.
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Chapter 6 — Analysis of silica-filled slot waveguides based on
hyperbolic metamaterials

6.1 Introduction

While many plasmonic devices can be studied independently, in many applications it is
necessary to couple different structures together to form a plasmonic circuit. Typically,
the incident light drives only a single element of such a circuit and then the signal is
carried to other parts of the circuit through a set of waveguides. Due to their lossy
nature, the stable operation of plasmonic circuits requires much larger powers to be
pumped into them to ensure that the signal reaches its destination. The strict size
requirements for plasmonic circuits always imply a sub-wavelength confinement of
light, which, in the case of a nanometre-scale plasmonic waveguide connected to a large
high-power source (for example, an optical fiber), results in a substantial increase in
power density around the coupling region and makes the temperature handling of a

waveguide to be an important issue.

This chapter focuses on such a plasmonic structure, in particular, a silica-filled slot
metamaterial waveguide, which is chosen because of the strong field localization inside
its gap. Firstly, different methods for light confinement on a nano-scale are discussed
and the concept of a slot waveguide is introduced. Secondly, the slot waveguide’s
geometry and the formation of its fundamental mode are addressed. Thirdly, qualitative
temperature distributions are found and the performance of the structure is analyzed
over a broad range of wavelengths (1.39-1.7 um). Fourthly, the problem of power
coupling from a wider slab waveguide is considered and the electric field confinements

of different slot waveguide configurations are compared.

The obtained data shows that the multilayer structure of the lateral regions provides a
reasonable balance between the electric field confinement and propagation losses inside
the considered slot waveguide. The proposed device geometry also demonstrates a
capability to operate in high power regime and the studies on its optical properties were

published in [141] and presented at CLEO 2014 (San Jose, California, USA) [142].

It should be also noted that the material discussed in present chapter is only theoretical
due to fabrication difficulties. Although the slot can be milled using FIB, the desired

gap is too narrow and its side walls will become significantly tilted during the
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fabrication process (similar to the nano-antennas discussed in Chapter 5 (Section 5.4)).
Alternatively, the slot could be etched with acid, but, this approach doesn’t allow the
precise control of the gap width, as in the studied multilayer structure the amount of the
removed matter could vary between different material layers (the acid will likely

considerably corrode the metallic parts of the lateral regions).

6.2 Background information

6.2.1 Light confinement on nano-scale
A general trend in integrated circuit technology is the reduction in sizes of optical

components and the increase in their speeds. In this sense, photonics can provide an
ideal platform in achieving very high signal transmission rates [143], however its
components have to be miniaturized to match the dimensions of current nanometric
electronic elements and simple scaling is ultimately limited by the light diffraction. In
recent years, many different physical phenomena have been proposed to further reduce
the size of current optical components, such as the photonic bandgap effect [144-149],
total internal reflection in large-index contrast structures [150-153] and excitation of
plasmonic waves [154-159]. Compared with the other two, plasmonics offers the most
promising technology for creating ultra-compact devices, but at the cost of higher

propagation losses in metals.

After light is generated and eventually processed inside an optical chip, it must be
transported to different regions of that chip by optical waveguides. In contrast to
electrical wires, optical waveguides can transmit information at very high rates [162]. In
general, photonic crystal [163] and total internal reflection [164] waveguides can reach
distances of greater than 100 um with acceptably small propagation losses. If light is
required to be transmitted over longer distances, it can be coupled to optical fibers by
using, for example, grating couplers [165]. If electro-magnetic radiation needs to be
confined in tighter spaces, plasmonic waveguides can be used despite their considerably
higher losses [166-169]. Slot waveguides are particularly attractive because they can
confine light in very small spaces, which is useful for a wide range of applications in

nonlinear optics [160, 161, 170].
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6.2.2 Introduction to slot waveguides
Dielectric slot waveguides were first demonstrated by Almeida et al. [170] and were

used to guide infrared radiation in areas tens of nanometres in width. Their operating
principle is based on the behaviours of the vectors of the electric field E and electric
flux density D at the interface of two media. At the boundary, the normal component of
D depends only on the free charge density and, for dielectrics, always remains constant,
as discussed in Chapter 2 (Section 2.2.3). This, in turn, results in the E-field exhibiting a
strong discontinuity, as demonstrated in Section 6.3.2. For a symmetric geometry, in
which a narrow low-index “slot” is sandwiched between wide high-index “claddings”,
such discontinuity leads to strong electric field localization in the former region.
Therefore, the slot acts as a guiding medium for modes with their main electric field
components directed across it. Simultaneously, the high-index lateral regions on either

side of the slot act as a cladding similar to that of a conventional waveguide.

Another important feature of a slot waveguide is its capability to bend without reducing
power transmission [171]. For example, the silicon on insulator (SOI) slot waveguide
(gap width — 50 nm, lateral slab regions — 180 nm wide and 300 nm high, bending
radius — 5 um) embedded in SiO, has a transmission in a 360° loop of more than 99%,

which is equal to 11 dB/cm bending losses [170].

While slot waveguides do offer a tight light confinement, if made only of dielectric
materials, they still have some mode leakage, particularly, when the light becomes
coupled into them from a conventional stripe waveguide. On the other hand, the
presence of metal (as in a MDM waveguide) can considerably increase absorption
losses, thereby reducing the transmitted power. In the latter case, the optical radiation is
transferred by SPPs propagating along the metal-dielectric interface. It is also possible
to guide light by exciting long-range SPPs with typical propagation losses of a 6 dB/cm
at infrared frequencies [68]. However, this requires the construction of a symmetric
geometry, in which a nanometre-thick metallic film is placed between two adjacent

cladding dielectric layers [172, 173].
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6.3 Theoretical analysis of device

6.3.1 Modelling of lateral slab regions using Maxwell-Garnett theory

Fig. 6.1 — Cross-section of slot waveguide

A typical slot waveguide is formed by a narrow, low-index slot placed between two
high-index slab regions. In the proposed geometry (Fig. 6.1), these slab regions are
constructed from hyperbolic metal-dielectric metamaterials capable of supporting large
wave vectors (i.e., they exhibit large modal effective refractive index values). Each
metamaterial region consists of ten alternating silver-silicon pairs with a period of
P=25nm [166]. The surrounding medium (including the slot) is filled with silica
(nsioz = 1.444) and the waveguide is designed to operate at 1550 nm. A practical benefit
of embedding the structure in silica is that this protects the silver inclusions from
oxidizing, and filling the slot also prevents the cladding from thermally expanding into
it. According to the Maxwell-Garnett theory, the components of the anisotropic
homogeneous permittivity tensor can be calculated as [174, 175]:

g, =&, = nggAg +(1— ng)gSi (6.1)
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where the directions of the axes are shown in Fig. 6.1, faq is the metal filling factor (i.e.,
the ratio of the silver volume to the volume of the whole lateral slab region) and
€si = 12.447 is the permittivity of silicon. The Maxwell-Garnett theory is valid when:
a) the thickness of the metal-dielectric pairs is significantly smaller than the wavelength
of interest (each material layer has nanometre-scale dimensions that are considerably
smaller than the optical wavelength); and b) the scattering from the incursions is low

(which implies a low density of the conducting domains) [176]. Although the given
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formulae have their limitations, they provide a useful physical insight into the results,
but, nevertheless, the model discussed here still remains only a mathematical

approximation used to calculate complex permittivity.

The permittivity of silver is found using the Drude model as:

2
w

Epg(@) =&, P ;’WC ; (6.3)
where €, =5 is the background dielectric constant, w, = 1.38%10' rad/s is the plasma
resonant frequency, and y.=5.07x10" rad/s is the collision frequency [62]. The

effective permittivity components &, ¢, and & as a function of the wavelength for

fag = 0.6, calculated using the Maxwell-Garnett theory, are presented in Fig. 6.2.

Fig. 6.2 — Effective dielectric permittivities of slab’s metal-dielectric regions (fo, = 0.6) calculated
using the Maxwell-Garnet theory [174, 175]

6.3.2 Formation of slot mode
The slot waveguide can be considered as being the result of interaction between two

separate slab waveguides placed close to each other. Each adjacent slab metal-dielectric
region can support an eigenmode and, their coupling leads to the formation of either
symmetric or anti-symmetric modal profiles in the slot waveguide [170]. If the modal
profile is symmetric, the electric field strength inside the slot is enhanced and the wave
is strongly confined (Fig. 6.3a), while, if it is anti-symmetric, the opposite electric fields
cancel each other out and the optical confinement becomes relatively weak (Fig. 6.3b).
As previously mentioned, in the considered geometry only modes with their main
electric field component directed across the gap (the x-axis in Fig. 6.1) are strongly
confined inside the slot, whereas those that have their main electric field component
parallel to the faces of the gap (the y-axis in Fig. 6.1) leak away and rapidly decay
[166]. Therefore, only the quasi-TMgy modes (with, primarily, field components E,, Hy,
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E,) are considered in this discussion. Although a quasi-TMy, mode may contain a
residual longitudinal mode component of the electric field, its magnitude is
considerably weaker than that of the transverse field (in the mode notations, the first
and second sub-indices refer to the numbers of nodes along the X- and y-directions

respectively).

Fig. 6.3 — Electric field profiles for (a) symmetric and (b) anti-symmetric modes (note that the field
inside the slot is only amplified for the symmetric case)

For the quasi-TMyy coupled mode of a slot waveguide with the width of its lateral slab
metal-dielectric regions denoted by Lijawera and that of the slot by wgjer, the main electric

field component inside the gap can be written as [177]:

neff .z COS(_ 05kx Llateral + (p)@(X), 0<x< 0'5W5|OI
E. = EO (neff ,z /gx )COS(kX (X - O'S(Llateral + Wslot ))+ (P)> 0'SWsIoI <X< O'SWSIOI + I-Ialeral (64)
et 2 COS(O'Sk Lyige + q))exp(_ 7/(X - O'SWslot - Llateral ))’ X> 0'SWsIot + Llateral

x —side

where ¢ is the phase shift at the middle of each metal-dielectric region that arises from
the mode coupling, y = (ko - k;)°° is the field decay rate in the silica (k; is the wave
vector in the propagation direction and ko is the wave vector for the free space), and

O(x) is:

)= {cosh(;&() / cosh(0.5m,,) 65)

sinh(yx) /sinh(0.5w,, ) ’

where the first line corresponds to symmetric and the second — to anti-symmetric
modes. The values of the electric fields on opposite sides of the slot (i.e., in the negative
X-direction) are exactly the same for symmetric and have opposite signs for anti-
symmetric modes. As can be seen in Eq. 6.4, at the slot-cladding interface, Ey exhibits a
strong jump in magnitude, changing from higher values inside the slot to lower values

inside the lateral slab regions.
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The electric field confinement in the vertical direction (i.e., along the y-axis) is
provided by the lateral high-index regions. Since these regions (which form a cladding
of the slot) are sufficiently large to confine the propagating modes vertically, the slot

mode originating from their interaction also becomes confined.

Fig. 6.4a — E, profile Fig. 6.4b — E, profile Fig. 6.4c — E, profile Fig. 6.4d — E, profile
for quasi-TMy, for quasi-TMy; slot for quasi-TMy, slot for quasi-TMy; slot
fundamental slot mode mode mode mode

6.4 Analysis of slot waveguide

6.4.1 Optical properties of slot waveguide
The optical properties of the layered slot waveguide are studied by calculating the

modal effective refractive index Nesr; = K, / ko of the symmetric quasi-TMg, mode using
the COMSOL Multiphysics software [92]. The waveguide’s geometry is simulated as
an X-y profile, which is semi-infinite in the z-direction and each slab metal-dielectric
region has a height of Hiyy = 250 nm and width of Ljgera; = 320 nm (refer to Fig. 6.1 for
details). The structure is embedded in a background silica medium with dimensions of
1.5 um by 1.5 um, and is surrounded by PMLs. This waveguide geometry is capable of
supporting different mode orders: quasi-TMyg, quasi-TMy;, quasi-TMg, and quasi-

TMys, which are plotted in Figs. 6.4a-d respectively.

Firstly, the propagation problem is studied by considering the fundamental quasi-TMy,
mode (Fig. 6.4a) and varying the metal-layer/dielectric-layer thickness ratio for a fixed
gap width of 20 nm and wavelengths ranging from 1.39 to 1.7 pm. The calculated
effective mode indices are plotted in Fig. 6.5 (real parts) and Fig. 6.6 (imaginary parts)
using the following notation: no additional symbol — 25 nm/0 nm (only silver), * —
20 nm/5 nm, © — 15 nm/10 nm, x — 10 nm/15 nm, A — 7.5 nm/17.5 nm, V — 5 nm/20 nm
and 0 — 0 nm/25 nm (only silicon). The modal effective refractive index gradually

increases as the volume fraction of the dielectric material (i.e., silicon) becomes larger,
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which may be attributed to the slot waveguide’s resonance that arises from the
enhanced field coupling between its lateral slab regions. On the other hand, Nef;
decreases with an increasing metallic fraction and demonstrates a tendency to match the
properties of a purely silver plasmonic slot waveguide. It is possible to achieve even
higher values of the modal effective refractive index by using very thin silver films but,
as a trade-off, the imaginary part of Nes, will also become larger, thereby increasing

propagation losses.

Fig. 6.5 — Real parts of modal effective refractive indices

Fig. 6.6 — Imaginary parts of modal effective refractive indices

Now, the slot waveguide’s effective indices are examined for several different gap
widths. The Ag/Si ratio is selected to be 15 nm/10 nm and the distance between the two
metal-dielectric slab regions is increased progressively from 10 to 300 nm, as shown in
Fig. 6.7. As expected, the narrow gap of 10 nm has the highest modal effective
refractive index of neg, =4 due to the strong field localization inside the slot region
while gaps wider than 140 nm show poor confinement since the structure effectively
transforms into two weakly coupled, finite-width slab waveguides. For this case, the
further reduction in the modal effective refractive index of the silica-filled slot is
explained by its gradual approach to the refractive index of a bulk silica region, i.e.,

ngio2 = 1.444.
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The variations of the external dimensions of the metamaterial cladding do not
considerably affect Nefr, (~5% magnitude changes), while gap width and silver filling
factor are kept constant, allowing a reasonable structure scaling to fit the geometry
requirements of a particular application. In addition to that, the modal effective
refractive index is neither influenced by the partial silica removal from outer sides of
the lateral slab regions as long as this material is still filling the slot, which enables even
more flexibility in an integration of the proposed waveguide into existing plasmonic

devices.

Fig. 6.7 — Waveguide modal effective indices for different slot widths

Fig. 6.8 — Dispersion properties of waveguide with 20 nm slot width

The slot waveguide is also studied for its dispersion properties, which are calculated via

the dispersion coefficient defined by:

A 07Ny
o= 75z
0

(6.6)

The dispersion coefficients, expressed in units of ps/(nmxkm), for a 20 nm wide silica-
filled slot are shown in Fig. 6.8. All the silver/silicon thickness ratios have negative
dispersions with magnitudes in the order of 10* ps/(nmxkm) or lower. As previously

mentioned, larger values of the silicon fraction (such as the Ag/Si ratio of 5 nm/20 nm)
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allow stronger coupling between the modal electric field and highly dispersive metallic
regions, which results in higher magnitudes for the slot waveguide’s dispersion. The
oscillations in the dispersion curves are attributed to round-off errors and the precision
of the numerical calculation of Nes, is accurate to 4 significant digits after the decimal
point. Since no smoothing is performed for the effective refractive index data, possible
numerical and round-off errors can accumulate and lead to random fluctuations in the
calculation of the second derivative. Although high dispersion magnitudes can be
disadvantageous for some devices, the wave will decay to virtually zero before the

group delay will affect the guided mode significantly.

Finally, for the slot waveguide with a gap width of 20 nm, a metal/dielectric ratio of
15 nm/10 nm and wavelength of 1550 nm, the ratio of the group delay Az to the spectral
line width A/, calculated as At/ AL =D X Lyropag, 1s found to be -3.5% 10” s/nm. In many
applications, variations in the group delay are not crucial, but could become a problem

in high-speed or broadband systems.

6.4.2 Thermal modelling of slot waveguide
The slot waveguide’s temperature profile is calculated by assuming plasmonic heating

originating from SPP excitation on the interface between the silver and silica inside the
gap region. Calculations are performed for the Ag/Si thickness ratio of 15 nm/10 nm

and gap width of 20 nm, with the heat coefficients presented in Table 6.1.

Table 6.1 — Heat coefficients for silver, silicon and silica

Material Heat capacity at constant Thermal conductivity,
pressure, J-kg! K W-m! K"
Silver 230 429
Silicon 700 130
Silica 703 1.38

As could be expected, the heat is mostly localized inside the slot and does not penetrate
deep into the surrounding silica region because of the material’s low thermal
conductivity (Fig. 6.9). Both silica and silicon have melting points significantly higher
than that of silver (~1900°K and ~1700°K compared with ~1240°K). This means that, if
the silver film melts, it still remains locked by the surrounding medium; however, the
differences between the volumetric heat expansion coefficients of the constituent
materials may negatively affect the device’s solidity. Such issue can be overcome by
partially removing silica from the outer sides of the lateral slab regions to provide

sufficient space for material expansion (note that the field confinement won’t change
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since the silica remaining in the slot will prevent these regions from changing their
dimensions). Additionally, even if both the silicon and silver layers melt and become
intermixed, after cooling, the optical properties of the slot waveguide won’t change
since the numerical simulations in Section 6.4.1 assume an effective medium approach,
1.e., they are already not constrained by the explicit geometry of the silver/silicon

layers.

Fig. 6.9 — Qualitative temperature distribution in metamaterial slot waveguide
(temperature is given in °C)

Finally, it should be noted that multilayer geometries similar to that of the considered
metamaterial lateral regions, can be used as thermal emitters or absorbers for
photovoltaics [50, 54, 55]. However, in these applications, the thermal energy

propagates perpendicular rather than parallel to the structure’s layers.

6.5 Coupling stripe and slot waveguides

6.5.1 Analysis of power transmission

Fig. 6.10 — Slot waveguide coupled with stripe waveguide

Although a slot waveguide can be coupled directly to a conventional stripe waveguide,
this may be very inefficient at infrared frequencies for nanometre-scale slots because of
the large differences among the distributions of the optical modes [178, 179]. One way
to improve the coupling efficiency between two butted waveguides is to combine
mutually complementary tapers [180]: the end of the input stripe waveguide is tapered

and then inserted into the slot; the lateral regions of the slot waveguide are also tapered
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and are formed into a Y-shaped channel to fit the tapered end of the stripe waveguide
(as shown schematically in Fig. 6.10). With a reduction in the taper width, the light
emitted by the stripe waveguide leaks into the two adjacent gaps between the
complementary tapers. As the wave propagates further, these gaps also become

narrower and eventually merge to form a single slot.

The coupled waveguide is further studied using the commercial FDTD software [90].
The quasi-TMy, wave originates at the beginning of the taper and propagates in the z-
direction, as shown in Fig. 6.10. The source is positioned in the middle of the stripe
waveguide’s cross-section (in the x-y plane) and has a mode-field profile. The
computational region is terminated by PMLs and the numerical mesh is set to be non-
uniform, becoming denser close to the metal-dielectric interfaces. The grid sizes chosen
for the silver regions are Ax=Ay=Az=2.5nm and for the silicon regions are
Ay=2.5nm, Az=100nm and Ax=5nm. The results obtained for finer meshes
(Ay = 1.25 nm) are only 2% different from those for coarser ones, but the simulation
memory requirements increase by a factor of 2. The calculation time-step used in the
simulations is 51078 s, which is below the stability limit, and the material dispersion

data is loaded from the software’s inbuilt library [90].

The input/output coupling efficiency is determined by the amount of transmitted power
measured at several points along the waveguide’s axis: a)before the source;
b) immediately after the source; c) at the end of the taper; and d) equidistantly inside the
slot waveguide. The calculated power levels are then normalized with respect to the
power recorded next to the source and the geometrical dimensions of the structure are
varied in order to find the maximum transmission. For a purely dielectric structure,
almost 98% of the incident light is coupled into the slot waveguide, with most of the
remaining light scattering back towards the source, and the normalized reflection level
not exceeding approximately 1%. The transmitted power levels calculated as a function
of the distance travelled are shown on common logarithmic scales in Fig. 6.11a and
Fig. 6.11b for 20 nm and 60 nm slot widths respectively. The following notations are
applied in the plots: no additional symbol — 25 nm/0 nm (only silver), * — 20 nm/5 nm,
o — 15nm/10 nm, X — 10 nm/15 nm, 0 — 0 nm/25 nm (only silicon). For both slot
widths, the highest power transmission is obtained for the purely silicon slot waveguide

and the lowest for the MDM waveguide. For slot waveguides with lateral slab regions
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formed by the hyperbolic metamaterial, the power is transmitted by both SPP
propagation at the metamaterial/silica interfaces and the fundamental slot-confined
quasi-TMgy mode that originates from the lateral coupling between the silicon layers.
Because of their high propagation losses, the SPP transmission components decay
rapidly for all samples (except for an Ag/Si ratio of 15 nm/10 nm), which results in the
slot-confined mode being the primary mechanism for power transmission for distances
greater than 1.5 pm. The Ag/Si ratio of 15 nm/10 nm provides the smallest power
attenuations of -13.85dB (20 nm gap) and -8.56 dB (60 nm gap), which may be
attributed to the partial excitation of long-range SPPs that can propagate for distances of
tens of micrometres before fading. The lower input values for the slot waveguides with
silver inclusions (i.e., the insertion losses) are explained by the weaker coupling of light
into them as infrared radiation scatters more intensively from the metal-dielectric
interface in the tapered region. The differences in the slopes of the curves for the
considered silver/silicon ratios may be attributed to the simultaneous excitation of
higher-order modes in addition to the fundamental quasi-TMy, slot mode. However,
these modes decay swiftly due to the large imaginary parts of the modal effective
refractive indices and their impact on power transmission at distances greater than 1 um

becomes negligible.

Fig. 6.11a — Normalized transmission for the 20 nm Fig. 6.11b — Normalized transmission for the 60 nm
gap width gap width

As can be seen in the plots, both gaps demonstrate similar behaviour of the normalized
transmission. Generally, the wider gap is capable of transmitting more power, since the
effective volume, in which the wave propagates, increases (the silica-filled slot is
modelled as lossless), while the volume, where absorption takes place, doesn’t change
(the lateral slab regions have the constant outer dimensions of 320 nm by 250 nm).
However, the improved transmission results in the reduction in E-field confinement as

is discussed in Section 6.5.2.
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6.5.2 Field confinement inside slot waveguide
To estimate the wave confinement inside the silica-filled slot waveguide, the electric

field strength is compared for different silver/silicon layer thickness ratios. The modal
Ex component is recorded at equidistantly spaced points (monitors) over the X-y cross-
section at the slot waveguide’s end. The distance between these monitors (marked in
red in Fig. 6.12) is 20 nm in the lateral and 75 nm in the vertical directions. The field
values in the vertical intermediate points (shown in grey in Fig. 6.12) are interpolated
using cubic Hermite splines similar to the calculations performed in Chapter 5
(Section 5.3.3) with the spacing between interpolated points being equal to 18.75 nm.
The positions of the lateral slab regions for a 60 nm gap width are schematically

indicated by solid black lines.
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Fig. 6.12 — Spatial positions of points for recorded (red) and interpolated (grey) electric field values

The electric field distributions expressed on a base-10 logarithmic scale are shown in
Figs. 6.13a-c for a 20 nm slot width and in Figs. 6.14a-c for a 60 nm slot width. The
logarithmic values of Ey are normalized with respect to the highest logarithmic value in
the middle of the slot. This means that the normalized values may vary between unity
(the highest Ex magnitudes) and negative infinity (the lowest Ex magnitudes expressed
in dB).

In the following discussion, the wave confinement is quantitatively evaluated as the
ratio of the |Ey| value in the middle of the slot to the |E,| value inside the lateral slab

regions. Thus, higher ratios correspond to better confinement and vice versa.
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The confinement for the purely dielectric waveguide (Fig. 6.13a/Fig. 6.14a) is not very
strong as the electric field maximum is localized not only inside the slot, but also extend
considerably into the adjacent lateral regions, as demonstrated by Almeida et al. in
[170]. For a 20 nm gap width, the magnitudes of the modal electric field strengths in
adjacent regions are approximately 20 times (in terms of absolute values) lower than the
Ex magnitude for the field maximum inside the slot. The field distribution for a slot
waveguide with a silver/silicon layer thickness ratio of 15 nm/10 nm shows better
confinement (Fig. 6.13b/Fig. 6.14b). Although E, is non-zero in the hyperbolic
metamaterial lateral regions, it is less than 0.01% of the field maximum value inside the
slot. Finally, for the MDM waveguide, the electric field is strongly confined inside the
slot and no light significantly penetrates into the lateral slab regions

(Fig. 6.13c/Fig. 6.14c).

Fig. 6.13a — Normalized E, profile on base-10 log  Fig. 6.14a — Normalized E, profile on base-10 log
scale for the 20 nm gap and Ag/ Si=0nm/25 nm scale for the 60 nm gap and Ag/ Si =0 nm/25 nm

Fig. 6.13b — Normalized E, profile on base-10 log  Fig. 6.14b — Normalized E, profile on base-10 log
scale for the 20 nm gap and Ag/ Si= 15 nm/10 nm scale for the 60 nm gap and Ag/ Si= 15 nm/10 nm

Fig. 6.13c — Normalized E, profile on base-10 log  Fig. 6.14c — Normalized E, profile on base-10 log
scale for the 20 nm gap and Ag/ Si =25 nm/0 nm scale for the 60 nm gap and Ag/ Si =25 nm/0 nm
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As mentioned in the previous section, a wider slot results in a weaker field confinement
in terms of Ex magnitude ratios. It is clear from the field profiles that the amount of
radiation, which remains in the lateral slab regions, is much higher for 60 nm than for
20 nm gaps. It is most evident for a pure dielectric slot waveguide, as can be seen by

comparing Fig. 6.13a and Fig. 6.14a.

6.6 Summary

This chapter discusses the silica-filled slot waveguide with lateral slab regions formed
by alternating metal-dielectric multilayers. This structure is used for the sub-wavelength
confinement of light in the silica-filled slot in the short-wavelength infrared region.
Numerical simulations show that high modal effective indices can be obtained for

propagating waves that have their main electric field component directed across the

gap.

Initially, the performance of the slot waveguide is analyzed for different metal-
dielectric ratios. It is found that nes;, decreases as the amount of metal becomes higher,
which is attributed to the progressive transformation of the considered structure into a
purely silver plasmonic waveguide. The slot width variations demonstrate the increase
of Ner; in narrower gaps because of the tighter field confinement, and the calculations of
waveguide’s dispersion properties show that samples with smaller volumes of metal

tend to be more dispersive.

The qualitative thermal simulation demonstrates heat localization inside the gap region,
and, due to the structure’s geometry, its optical properties shouldn’t be greatly affected

by a temperature rise, as long as the silica-filled slot does not change in width.

Chapter 6 also studies the light coupling from a conventional stripe waveguide. The
highest transmitted power level is obtained for a coupled geometry with an Ag/Si ratio
of 15 nm/10 nm, which is 3.5 times higher than that for the MDM structure of the same
dimensions and is attributed to lower insertion losses. Finally, it is found that using
hyperbolic metamaterials as a lateral cladding region for the silica-filled slot waveguide
results in significant enhancement of the sub-wavelength confinement of light being
99% greater than for a silicon-only waveguide (in terms of the normalized electric field

values inside the slot).
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While guiding light over long distances (more than several micrometres) could be an
important issue because of intrinsic metallic propagation losses, the proposed slot
waveguide design has significant potential for the construction of photonic circuits and
integrated devices such as micro-lasers or nano-antennas. These miniature waveguides
can confine light in a very small transversal region (less than 100 nm) and may be used
in the fabrication of very compact devices (with typical lengths of less than 1 um), such
as short-distance optical interconnects, modulators, switches and couplers. Other
possible applications include optical trapping, nonlinear optical devices and dispersion

compensation for sufficiently high-power modes.

The dipole nano-antenna and multilayer slot waveguide discussed in Chapters 5 and 6
are aimed at withstanding large fluences to allow these devices to operate in high-power
regimes. Although, in both cases, the structures’ designs and constituent materials are
adjusted to prevent thermal damage, it would be interesting to exploit the thermal
vulnerability of a plasmonic device instead of preserving it. A study of a thermal
deformation that accompanies the melting process may provide useful insights into the
underlying physical mechanisms triggered by light absorption and plasmonic heating.
Such a study can be conducted by, for example, observing microbump and nanojet
formations on the surface of a fishnet metamaterial exposed to high-power laser

radiation, as discussed in the next chapter.
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Chapter 7 - Fishnet metamaterials with incorporated
titanium absorption layer

7.1 Introduction

The devices discussed in the two previous chapters were developed to operate stably
even in a high-power regime. This was achieved by combining resilient materials with
suitable structure designs, which made them mostly tolerant to heat effects. However,
this does not mean that in high-power applications the exposed surfaces always remain
intact. In some cases (such as thermal fuses), the melting process becomes an integral
part of the device’s performance [181]. In these situations, the structure’s thermal
resistivity usually turns out to be an obstacle and the sensitivity of its durability to a
temperature rise is actively exploited. For plasmonic devices, such sensitivity can be
easily observed in resonant structures, the temperatures of which may rise dramatically
because of increased absorption around their resonant frequencies, for example, as it

occurs in metamaterials [182].

The present chapter focuses on thermal deformations in a fishnet metamaterial induced
by intensive near-infrared laser radiation. As in all cases of laser-medium interactions,
the heating in the exposed structure arises from both the absorption of light by the
material itself and the excitation of plasmonic effects. The material component of
absorption is further enhanced by depositing an additional titanium layer on top of a
fishnet structure and the plasmonic heating is supplemented by the resonant behaviour
of the effective refractive index (which becomes negative over a narrow band of
wavelengths). The combination of these two factors reduces the damage threshold of
the fishnet metamaterial by nearly 50% and leads to thermal deformation of the exposed

arcas.

This chapter begins by providing an overview of the metamaterial research field and
different types of these structures. Then, details of the fishnet design and calculations of
the effective refractive index are presented. Next, the absorption spectra of structures
are found for different volume fractions of the titanium absorptive layer. In the
experimental sections, the fabricated patterns are exposed to a 1064 nm CW Nd:YAG
laser in order to determine their damaging power thresholds, and the process of thermal

deformation is shown as a function of the incident laser fluence.
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The results reveal that total absorption initially rises as the thickness of the top titanium
layer increases, but then starts to drop, as the plasmonic resonance becomes weaker.
The formation of microbumps and nanojets is also observed and is attributed to the net
force of the surface tension, plastic deformation and thermal expansion of the melted
material. The obtained data is published in [183] and was presented at ANZCOP 2013
(Perth, Western Australia, Australia) [184].

7.2 General introduction to metamaterials

7.2.1 Overview of different types of metamaterials
In general, the concept of metamaterials implies artificial micro- and nano-structures

that allow the control of light propagation in a certain medium. Since the dimensions of
metamaterials are significantly smaller than the wavelength of light, the incoming
radiation does not distinguish among individual cells, but, instead, treats the whole
array as a homogeneous medium. The most important feature of a metamaterial is that
its geometry uniquely determines the effective refractive index of the medium and, as
such, it is possible to tailor a metamaterial’s macroscopic electromagnetic response and
bend incident light in any prescribed direction. The strong dependence of the
electromagnetic parameters on structure’s geometry also provides the capability to
change the operating frequency by simply scaling the dimensions of the device: the
underlying physical mechanisms won’t change as long as metamaterial size remains

much smaller than the wavelength of interest.

Nearly all metamaterials rely on the excitation of their electromagnetic resonances,
which means that they typically operate in a very narrow band of frequencies; however
the broadband regime still can be achieved by making metamaterial tunable [185-187]
or overlapping several of their resonant peaks [188, 189]. Nevertheless, the resonance’s
position always remains in the same frequency range, for example, ultraviolet, optical,
or infrared. From the electromagnetic point of view, a metamaterial can be interpreted
as a RLC circuit consisting of a resistor, inductor and capacitor connected in series.
Often a structure’s geometry is designed in such a way that the electric field is oriented
across the capacitor element and the main magnetic field component penetrates the

plane of the circuit [49, 190].
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Thus far, many different metamaterials operating from ultraviolet to radio frequencies
have been experimentally reported. While these structures can have very exotic shapes,

most of their geometries fall into one of the following categories:

1) Split-ring resonators (SRRs) are 2D structures, which resemble a letter C in the
simplest case. They can be fabricated using FIB for infrared wavelengths [191] and
optical lithography for terahertz frequencies [185], and can be used to study optical
magnetism [192] or transformation optics at microwaves [193]. Other uncommon
geometries, such as electric SRRs (ESSRs), H-shaped patterns, tilted crosses and
structures based on various planar wallpaper groups [194] also correspond to the
SRR type.

2) Arrays of cut wires or pairs of nanorods are used to create negative-index materials
(NIMs), which simultaneously have negative permittivity and negative permeability
[195, 196]. The electric field in such systems is directed parallel to the rods, while
the magnetic field is directed perpendicular to the rods’ plane. This results in the
formation of symmetric and anti-symmetric currents, which leads to resonant
behaviour of the metamaterial’s effective refractive index at particular frequencies.

3) Fishnet metamaterials are a further evolution of nanorods concept. These multilayer
structures are discussed in more detail in later sections of the present chapter.

4) 3D chiral metamaterials are asymmetric micro- and nano-devices with strong
nonlinear properties, with examples of their application including NIM [197] and
polarization control of a propagating beam [198].

5) Complementary shapes of the aforementioned structures utilize the Babinet’s
principle by, for example, replacing opaque bodies with holes of identical shapes
[199, 200]. In this situation, the diffraction pattern remains the same except that the
complementary transmission T, becomes T.=1-T, where T is an original
transmission of an opaque body, which is often realized to simplify the fabrication

process.

Despite being a recently emerged concept, applications of metamaterials already vary
from constructing NIM structures and observing the nonlinear effects in them [201-203]
to achieving super resolution in meta-lenses and creating cloaking devices [204-206].
Indeed, metamaterial research has truly blossomed, with more than 2000 papers being

published each year on various topics in optics, photonics and other related fields [207].
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7.2.2 Heating effects in metamaterials
Similar to nano-antennas, many optical metamaterials use gold as their metal

component since it has relatively low losses in the optical frequency region. While it
has a melting point of only 1064°C under normal conditions, gold is highly reflective
and absorbs only a small fraction of the incoming radiation (~3%). On the other hand,
materials such as titanium, which is commonly used in plasmonic devices for adhesion
purposes [99, 137], have higher absorption rates that can result in quick temperature
rise of the surrounding media. While titanium has a higher melting point of 1660°C
under normal conditions and remains mostly unaffected during exposure, it can induce
deformations in the adjacent gold layers because of the elasto-plastic flow, which lead
to microbump and nanojet formations [208]. Of all the different negative-index
metamaterials microbumps and nanojets are most clearly observed in a fishnet type
because of its flat and uniform surface, which makes the latter structure a good

candidate for studying these thermal effects.

The impact of temperature-based deformations can play a crucial role in a
metamaterial’s performance, especially when it is expected to operate under high
fluences. In this respect, the thermal damage threshold can be treated as either the
maximum amount of power that could be handled by the device before melting (which
i1s important for most optical applications) or the minimum amount of power required
by the device to start working (for example, some sensors or thermal fuses in optical
circuits). For the sake of clarity, in the following discussion, the damage threshold
always implies the minimum power of the incident laser beam sufficient for
deformations of the fishnet’s surface to become visible. It should be noted that,
although the melting process may start at slightly lower power levels, when the
liquefied material initially flows inside the fishnet holes, due to their tiny sizes, such
deformations are hardly observable without considering cross-sectional slices of the

exposed regions.
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7.3 Theoretical analysis of device

7.3.1 Fishnet design

Fig. 7.1 — Fishnet metamaterial cell

As previously noted, the fishnet structure originated from the concept of combined
nanorod pairs. In this metamaterial, the space between each metallic pair is first filled
with a dielectric, and then the obtained multilayer structures are overlapped to form a
double-grating pattern similar to a fisherman’s fishing net. The negative refractive
index is obtained by the combination of a permeability resonance (which arises from
the excitation of anti-symmetric currents in wider metal pairs) and a background

negative permittivity provided by shorter metal pairs (that act as a dilute metal) [49].

The fishnet cell considered here consists of three alternating metal-dielectric layers
separated by 2 nm-thick adhesive titanium layers, as shown in Fig. 7.1. This
metamaterial array has periodical rectangular holes and is placed on top of a quartz
substrate. Its upper metallic layer consists of a combination of a gold film and
absorptive titanium layer, while its lower metallic layer is made from gold only. The
titanium in the upper layer is selected because of its extensive use in plasmonic
structures (as mentioned in the previous section) and the presence of this metal is
expected to decrease the high reflectivity of the purely gold surface, thereby increasing
total absorption. In this case, the titanium can be seen as an extrinsic material placed in
immediate proximity to the metamaterial, thus representing either a contamination on
the surface of the fishnet structure (that can occur in a non-cleanroom environment) or

an unknown substance detected by the fishnet-based sensor.

The proposed geometry is studied using the numerical commercial software CST
Microwave Studio 2012 to produce a negative refractive index at 1064 nm (which

corresponds to the operating wavelength of the laser in the experiments) and is
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simulated using a frequency domain solver [209]. The metals are modelled as
dispersive materials with multiple resonant frequencies according to a multi-resonance
Lorentzian model. Due to the design of the measurement setup, the samples are placed
in water during the experiments, thus, the superstratum is considered to have a
refractive index of Ny,er = 1.325. The Floquet ports along the k-vector direction (input
and output) are terminated by PMLs, while the boundary conditions in the x- and y-
directions are periodical to represent a grating structure. The wave is normally incident
on the structure and its mode is assumed to be TM (with the main electric field
component directed as shown in Fig. 7.1). The dielectric media, titanium dioxide (TiO,)
and quartz, are assumed to be lossless with refractive indices of 2.7 and 1.53

respectively.

The numerical simulations provide the scattering parameters, which form the scattering
matrix (S-matrix) of the considered system. This matrix gives the relationship between
the incident and reflection amplitudes of the electro-magnetic waves in a n-port network
[210]. Each scattering element Sj, is calculated as a ratio of the reflected wave
amplitude coming out of port i to the incident wave amplitude coming out of port j (all
incident waves on all ports except port j are set to zero). This means that S;; should be
understood as the reflection coefficient from port i, when all other ports are terminated
in matched loads (i.e., they have no reflection) and Sjj should be seen as the
transmission coefficient from port j to port i, when all other ports are terminated in
matched loads [210]. For a 2-port network problem schematically shown in Fig. 7.2, the
transmission and reflectance spectra are calculated from numerically obtained S-
parameters as T =1S,[* and R=|S;[>, where index 1 corresponds to the input port
(wave incident from the superstratum) and index 2 corresponds to the output port (wave

propagating to the substrate).

Fig. 7.2 — S-parameters in a 2-port network problem
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7.3.2 Extraction of effective refractive index
In order to observe the resonant behaviour of the refractive index n, the latter should be

first extracted from the calculated S-parameters. Note that for a metamaterial, only the
macroscopic effective refractive index nes and impedance Zes have any physical
meaning. The term “effective” implies that these are averaged values, which make
sense only at distances much longer than the wavelength of interest, when the whole

structure can be treated as a homogeneous medium [49].

As both the impedance and refractive index are complex values, they should be written

as:
n=n"+in" (7.1) Z=7"+iZ". (7.2)

where ' and " denote their real and imaginary parts respectively (the subscript eff is
further omitted for the text simplicity). The refractive index and impedance are

connected to the dielectric permittivity and magnetic permeability as:
e=n/Z (7.3) u=nZ. (7.4)

According to the Fresnel formulas for a homogeneous slab of thickness h placed in a
vacuum under normal incident radiation, the complex transmission coefficient S;; and

complex reflection S;; are [211]:

S,, = (cos(nkh)—0.5i(Z +1/Z )sin(nkh))" e ™" (7.5a)
S,, =—0.5i(Z —1/Z)sin(nkh)S,,e™". (7.5b)
The phase shift ek may be eliminated by assuming the normalization notation:

S° =8,,e"" = (cos(nkh)—0.5i(Z +1/Z )sin(nkd )" (7.6a)
S,, =-0.5i(Z —1/Z )sin(nkh)s’ . (7.6b)

Now, Eq.7.6a and Eq.7.6b can be explicitly rewritten for the refractive index and

impedance as:
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2 0\
cos(nkh)= 1=(5.,) :(82‘) (7.7)
2S,,

J (7.8)

The obtained equations are ambiguous because of the trigonometric function and the
sign in front of the square root. The ambiguity in Eq. 7.7 can be resolved by taking into
account that, generally, for a passive material, n”>0, ¢”">0, "> 0 and Z'> 0, while the

imaginary part n"” in Eq. 7.8 can be found using a similar condition as:

nn:iilm[cos—l(l_(sn)z +(S§1)2 JJ (7_93)

287

However, in this situation, the real part n’ gives:

2 0 \2
n'+%Re(cos{l(S”) +(S”) N+ 2ﬂm, (7.9b)

283, kh

where m is an arbitrary integer. The sign in Eq. 7.9b is chosen so that it is the same as in
Eq. 7.9a. Finally, the integer m for cases of very thin slabs (h <<}) is assumed to be
zero [211], thus eliminating any remaining ambiguity. Then, the effective permittivity

and permeability can be found from Eq. 7.3 and Eq. 7.4 respectively.

For a more general case, in which a slab is surrounded by a material other than a

vacuum, Eq. 7.8, Eq. 7.9a and Eq. 7.9b are modified to [212]:

2 2
Zzi\/ 2(1+S“)2—(52§1)0 : (7.10)
nl (1_811) _n3(321)
nd=(S, P)+n.(s® )
.. :iLcos—l LO 1-(s,)) 3( 21) (7.11)
kh S;, n+n,+S,,(n,—n)

where N is the refractive index of the superstratum (the region from which the light is
coming) and N3 is the refractive index of the substrate (the region to which the light is
transmitted through the slab). For the considered fishnet metamaterial, h becomes its

total thickness, nj = nyawer = 1.325 and n3 = nguar, = 1.53.
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7.3.3 Effective refractive index of fishnet
Plots of the real and imaginary parts of the effective refractive index as a function of

frequency are shown in Fig. 7.3. Variations in the gold/titanium thickness ratio in the

upper layer are described by a filling factor G that changes from 0 to 1 as:

by

G=—t1m=—,
hTi-i_hAu

(7.12)

where hri is the thickness of the titanium absorptive layer and hp, is that of the gold
remaining in the top layer of the fishnet (which is the only layer with titanium in it as
the other metallic layer is made of gold only). Note that the total thickness of the top
metallic layer is kept constant at 50 nm and that the thicknesses of the bottom Au and
dielectric TiO; layers are not changed (refer to Fig. 7.1 for details). The different filling
factors in Fig. 7.3 are represented in the following way: o — G=0 (50 nm of Au), o —
G=0.35(32.5nm of Au, 17.5 nm of Ti), x — G=0.7 (15 nm of Au, 35 nm of Ti) and +
— G=1 (50 nm of Ti), with only the points for the real parts of the refractive indices
connected by continuous lines. As expected, due to weaker plasmonic excitation, the
resonance gaps become shallower with increases in the titanium fraction and eventually
disappear. The values of the effective refractive indices for low filling factors G =0 and
G=0.35 are -0.6125 and -0.0854 respectively. As can be observed in Fig. 7.3 for
G=0.7 and G=1, ne is positive for all wavelengths in the region of interest. The
simulations show that the effective refractive indices become positive for G>0.42,
although those for G=0.7 and G=1 are not negative, they are used to illustrate the

impact of higher contents of titanium on absorption.

Fig. 7.3 — Extracted effective refractive indices
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The fishnet structure is optimized to be a NIM at 1064 nm and to simultaneously have
titanium in its upper absorptive layer. The dimensions of the metamaterial cell are

summarized in Table 7.1 below.

Table 7.1 — Geometrical dimensions of metamaterial cell

Variable Description Value, nm

a Length of cell 350
b Width of cell 240
a; Length of gap 225
b; Width of gap 113
h, Thickness of upper Au layer 0-50
h, Thickness of TiO, layer 50

hy Thickness of lower Au layer 50

hy Total thickness 156

7.3.4 Absorption, transmission and reflection of fishnet
The fishnet’s absorption A can be obtained from its transmission T and reflection R as

A=1-T-R, with the frequency responses for absorption and reflection for the selected
filling factors shown in Fig. 7.4a and Fig. 7.4b respectively. The resonant behaviour of
the refractive indices results in the rise of absorption (Fig. 7.4a) as well as in the drop of
reflectivity (Fig. 7.4b). For pure gold (G = 0), the absorption mainly occurs because of
the NIM resonance, while the metamaterial with an incorporated titanium layer has a
weaker electromagnetic resonance, and higher absorption is achieved because of the
titanium itself (G=1). Combinations of the metamaterial’s resonance and material
losses due to the titanium layer result in even higher absorption (G=0.35, G=0.7), as
presented in Fig. 7.4a. It is also noted that, due to the differences in plasma frequencies
of titanium and gold, the absorptive resonances red-shift and smooth with increasing

filling factors.

Fig. 7.4a — Absorption spectra for fishnet structure Fig. 7.4b — Reflection spectra for fishnet structure
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Fig. 7.5 — Layered metal-dielectric structure

The material’s absorption can be studied by simulating a layered metal-dielectric
structure that lacks a hole, but, otherwise, is identical to the considered metamaterial
cell (Fig. 7.5). In such geometry, there is no resonance of the refractive index and all
losses are caused by only the dispersive properties of the constituent materials. The
absorption and reflection spectra for this case are plotted in Fig. 7.6a and Fig. 7.6b
respectively, in which it can be seen that the absorption around 1064 nm gradually

increases with higher filling factors and eventually reaches almost 52%.

Fig. 7.6a — Absorption spectra for layered metal- Fig. 7.6b — Reflection spectra for layered metal-
dielectric structure dielectric structure

The calculated values of reflection, transmission and absorption (at 1064 nm) are
presented in Table 7.2 for both the fishnet cells and layered metal-dielectric structures.
For the metamaterial, the addition of titanium effectively increases the global
absorption of the structure, but weakens its resonance. For the non-patterned multilayer
structure, gold, as expected, acts as a good mirror, while titanium partially absorbs the

incident radiation.
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Table 7.2 — Simulated values of reflection, transmission and absorption at 1064 nm

Fishnet structure Layered metal-dielectric structure
Filling | Reflection | Transmission | Absorption | Reflection | Transmission Absorption
factor

0 0.3345 0.1186 0.5469 0.9682 0 0.0318
0.35 0.0700 0.1166 0.8134 0.6738 0 0.3262
0.7 0.0689 0.1109 0.8202 0.4987 0 0.5013

1 0.1167 0.1114 0.7719 0.4775 0 0.5225

7.3.5 Thermal damage in metamaterials
In general, the damage of a material is associated with the absorbed fluence F of an

incident light field [19]. For a CW laser with a spot-size d, exposure time T, incident

power P and absorption A, the fluence is approximately equal to:

_ 4TPA

e

(7.13)

Because of the limitations of the experimental setup, the measurements are restricted to
exposing the samples to a fixed time of 2 minutes. Therefore, although real-time
thermal damage assessment is not possible due to the constrained capabilities of the
imaging system, it is feasible to make a brief qualitative estimation of the dealt damage

after each subsequent exposure.

The underlying physics of material deformation resulting from laser-metal interactions
can be explained using a combination of the elasto-plastic flow and two-temperature
model (TTM) in a 2D approximation [208]. The elasto-plastic flow depicts the
mechanical lattice deformation of the exposed surface, while the TTM describes the
melting of the metal due to the incoming radiation being absorbed by electrons with the

subsequent electron-phonon coupling.

Assuming a circular profile of the beam’s spot, the coordinate system could be selected
as cylindrical with a radial coordinate r, polar angle ®, and axial coordinate z (along
which the light is propagating). Then, according to TTM, the laser radiation absorption
is written as [208]:

(€ +AH, O -T,)) 2t =g(T,-T) (7.14)

or, o or, 10 orT,
E=—K, —+——rK,—%— -T,))+Z(z,r,t), 7.15
e at 82 e 82 rar e 8r g(Te I) ( ) ( )
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where the subscripts | and e correspond to the lattice and electrons respectively; Cj and
C. are the lattice and electron heat capacities; the term with the J-function takes into
account interactions on the solid-liquid interface; g is the electron-lattice coupling

coefficient; and K is the electron thermal conductivity [213-215].

The dynamic elasticity for a cylindrical symmetry along the z-axis is expressed as [21,
216]:

oo, 0o, 0,-0 o’u
p» - pe + - 88 =P (7.16)
do, 0o, O o’w
rz z  Zr 7.17
o o P (7.17)
o, = /Idiv(D)+2yg—a\;v (7.18)
. ou
o, = /IdIV(D)+2,u§ (7.19)
Gy = /Idiv(D)+2y% (7.20)
o, :’U(Z_LZJ_F%\:V) , (7.21)

where oy, 012, o and oge are the components of the stress tensor; p is the medium’s
mass density; and D is the displacement vector with components U and w. The Young’s

modulus E and Poisson ratio v are connected to the Lamé parameters 4 and u as:

_ Ev (7.22)
(1+v)1-2v)
E
U= R (7.23)

Finally, the plastic yielding can be found from Eq. 7.16-7.23 by taking into account the

von Mises yield criterion in terms of the stress deviator [208, 217] as:
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K =2J —g(\ﬂ’)2 (7.24)

23 =(S2 +S, +S,,)+20. . (7.25)

Here Y is the yield stress and Sy, S;; and Sgge are the components of the stress deviator
tensor. Further details of thermal modelling as well as a discussion of the types of

materials best suited for microbump and nanojet formation can be found in [218].

The deformation process is schematically visualized in Figs. 7.7a-7.7c. During
exposure, the laser radiation impinges at a normal incidence to the studied sample
(Fig. 7.7a) and, as a result of electron-phonon coupling, the metallic layer exhibits
momentum normal to the surface. While at least some part of the layer remains solid,
this momentum is compensated by the work of plastic deformations, which lead to the
formation of a microbump or nanojet on top of the samples (Fig. 7.7b and Fig. 7.7¢c
respectively). Eventually, with increases in the fluence, the metallic layer’s momentum
exceeds the surface tension forces (for the liquid phase), as well as the work of plastic

deformations (for the solid phase), and produces nanojet burst.

Laser radiation

. . Stress
Metallic ' Metallic Metallic
layer layer layer
_

(a) (b) (c)

Fig. 7.7 — (a) Unexposed structure. (b) Microbump formation. (c) Nanojet formation
Qualitatively, the temperature distribution inside a metamaterial cell is shown in
Fig. 7.8 for incident laser powers not reaching the threshold melting value (i.e., while
no thermal damage occurs). It is seen that most of the heat accumulates in the top
metallic layer, and, similar to a nano-antenna (considered in Chapter 5), is not

efficiently dissipated by the surrounding air or quartz substrate.
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Fig. 7.8 — Qualitative temperature distribution in fishnet metamaterial for non-destructive power
regime (temperature is given in °C)

Several factors influence the formation of microbumps, such as the melting
temperature, Young’s modulus and coefficient of linear thermal expansion [218]. As
low values of these parameters correspond to small potential mechanical energy, lesser
amounts of laser radiation are required to overcome the work of plastic deformations
[208]. On the other hand, the material’s plasticity should remain high to prevent
premature bursts. Based on the material properties given in [219], titanium can
potentially form microbumps during irradiation and gold nanojets have been already

experimentally demonstrated in [219, 220].

7.4 Experimental results

7.4.1 Fishnet fabrication
All samples are fabricated on top of standard quartz substrates, with their metallic and

dielectric parts deposited using EBE and Sputter systems respectively. The thicknesses
of the materials are given in Table 7.1 and the selected filling factors are G=0,
G=0.35,G=0.7 and G = 1. The fishnet holes are milled using the FEI Helios NanoLab
600 dual-beam FIB system at a low current of 9.7 pA to prevent any undesirable

damage to the structure (see Chapter 4 (Section 4.3.2) for more details).

Each sample has 3 fishnet arrays patterned on it, with every array occupying an area of
300 umz. SEM images of the metamaterial’s surface at different magnifications are
shown in Fig. 7.9a and Fig. 7.9b. The patterns are placed 100 um away from each other
allowing them to be exposed individually during the experiments. Every metamaterial
array consists of 3920 elements, which prevents any local inhomogeneities or

fabrication flaws affecting the overall performance of the structure.
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Fig. 7.9a — Fabricated fishnet Flg. 7.9b — Fabricated fishnet
(magnification 10000x%) (magnification 80000x%)

7.4.2 Overview of experimental setup
A schematic of the experimental setup is shown in Fig. 7.10. The 1064 nm CW

Nd:YAG (Laser Quantum, IR Ventus) laser is focused down to a diffraction-limited
spot using a microscope’s objective lens (Nikon CFI Plan Achromat 100x), which is
achieved by expanding the laser to slightly over-fill the back aperture of the lens. A
spatial light modulator (SLM) (Hamamatsu, LCOS) is also pre-configured to minimize
aberrations at the laser’s focus. With these arrangements, a spot size of 0.8 um is
achieved at the laser’s focus (it is assumed that the laser has a Gaussian profile and the
spot’s diameter is defined by containing 95% of the total beam power). The power at
the laser’s focus is controlled using a polarizing beam splitter together with a half-wave
plate and, taking all optical losses into account, a maximum incident power of 140 mW

is achieved.

Fig. 7.10 — Experimental setup. Inset — laser spot profile
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The substrates with nanostructure arrays are mounted on top of a glass slide and
covered with Type-0 cover slips, with a thin film of water (20 um) between them for
refractive index matching. A CCD camera is used to image the surface of the substrate
and locate the nanostructure arrays which, once found, are illuminated at a fixed laser
power for 2 minutes. In subsequent experiments, the laser’s power is gradually
increased in steps of 15 mW. After each exposure, the laser spot is moved to a new
position of the patterned area to ensure that damage won’t accumulate in one point.
Between experiments, the structures are first visually inspected via the CCD camera for

macroscopic signs of microbump or nanojet formations.

7.4.3 Assessing thermal damage using SEM
The conducted experiments are focused on studying the dependence of damaging laser

power on the Au/Ti ratio in the top layer (i.e., on sample absorption). It is observed that
thermal damage of metamaterials occurs at the incident powers of: Py=88 mW,
Po3s=53mW, Py7=45mW and P; =60 mW, where the index corresponds to the
filling factor G. Based on this data, the absorbed damaging power is determined by
multiplying the incident damaging power (given in mW) by the absorption (calculated
from numerical simulations). The final results for the considered filling factors are

summarized in Table 7.3.

Table 7.3 — Summarized results

Filling factor | Calculated Calculated | Calculated | Incident damaging | Absorbed damaging
Reflection | Transmission | Absorption power, mW power, mW
0 0.3345 0.1186 0.5469 88 48.1272
0.35 0.0700 0.1166 0.8134 53 43.1102
0.7 0.0689 0.1109 0.8202 45 36.9090
1 0.1167 0.1114 0.7719 60 46.3140

All samples show good agreement with our expectations as SEM images of the exposed
surface demonstrate significant thermal damage proportional to the illumination power,
with a microbump’s formation process clearly observed in Figs. 7.11a-d. When the laser
power exceeds the threshold value, the underlying gold layer starts melting and
deforming the titanium film above (Fig. 7.11a). As the power is increased from 60 mW
to 90 mW, the affected area grows nearly 6 times (Fig. 7.11b). The laser exposure to the
maximum power of 140 mW results in the formation of a microbump with a diameter of
1.5 um (Fig. 7.11c), the burst of which is presented in Fig. 7.11d. During illumination,
the underlying gold layer forms an unstable microbump and eventually blows the

titanium film above, warping both materials and leaving traces of the melted metals
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around the exposed spot. The high-magnification SEM images of the exposed surface
also show rectangular holes tending to form more rounded shapes close to the melting

regions, which can be attributed to surface tension effects.

Fig. 7.11a—Microbump formation, power 60 mW, Fig. 7.11b — Microbump formation, power 90 mW,
G=0.35 G=0.35

Fig. 7.11c — Microbump formation, power Fig.7.11d— Microbump burst, power 140 mW,
140 mW, G=0.35 G=0.7

As an additional reference, an unpatterned area away from the metamaterial array is
exposed using the same illumination conditions, which also results in similar surface
deformations, with a microbump with a nanojet on top clearly observed in Fig. 7.12. Due
to lower absorption of the metallic layers, the incident power has to be increased above
90 mW, but as, in this region, the laser does not operate stably, and it is very difficult to
find the exact damaging thresholds. However, the order, in which the samples melt,
remains correct and specimens with higher fractions of gold require significantly larger
incident powers. With a maximum possible incident power of 140 mW, all samples
eventually display signs of thermal damage (Fig. 7.12). It is estimated that the absorbed
damaging power for titanium is more than 70 mW and that for gold is greater than

4 mW.
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Fig. 7.12 — Microbump with nanojet formation

7.5 Summary

In this chapter, the impact of a titanium layer on the absorption of a conventional
fishnet structure is analyzed. Initially, NIM metamaterials are theoretically modelled
and their absorption spectra are calculated for samples with different titanium filling
factors for both fishnet and multilayer MDM structures. From qualitative thermal
simulations, it is found that heat mainly accumulates in the top fishnet layer and is not
dissipated into the ambient area. During the experiments, each fishnet metamaterial is
exposed to a 1064 nm CW Nd:YAG laser for a duration of 2 minutes and then thermal
damage is assessed from SEM images. It is shown that the combination of titanium and
gold increases the total absorption of the metamaterials to nearly 82% and leads to a
reduction in the damage threshold power to 45 mW (51% of the original incident
damaging power and 77% of the original absorbed damage threshold power). It is also
found that the melting process results in the formation of microbumps in the top fishnet
layer, which arise because the gold underlayer melts and leads to a mechanical

deformation of the solid titanium film above.

Possible applications of such metamaterials with enhanced absorption could be as
sensors or thermal fuses in optical circuits. While being transparent around the resonant
frequency at low powers, they melt and block the light’s path after the laser radiation
exceeds a certain threshold. Although the fishnet metamaterial considered here is not a
thermally resistive structure as are those discussed in previous chapters, it still can be
seen as a high-power device assuming that it is deliberately fabricated to melt under
intense laser radiation in order to act as a fuse (however this could be an expensive

solution, which strongly depends on a particular application).
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This section concludes the study of high-power plasmonic devices, which covered
nano-antennas (Chapter 5), metamaterial slot waveguides (Chapter 6) and fishnet
metamaterials (Chapter 7). A summary of all the obtained results as well as suggestions

for future work are given further in Chapter 8.
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Chapter 8 — Summary of the conducted research

8.1 Introduction
The final chapter summarizes all the research activities undertaken during my PhD. The

discussion begins by briefly outlining the high-power plasmonic devices described in
previous sections (i.e., dipole nano-antenna, metamaterial slot waveguide and fishnet

metamaterial) and then provides some suggestions for future work.

8.2 Summary of research results
The interaction between electromagnetic radiation and an exposed nano-structure is a

complex problem, which often results in the incident light properties (polarization,
phase, wave vector, etc.) being modified through excitations of SPPs and LSPs. These
resonant plasmonic quasi-particles arise at the conductor-insulator interfaces and,
because of the metal’s lossy nature, their electromagnetic energy becomes transformed
into heat over time, which can lead to thermal deformations of the illuminated nano-

patterns.

The present work studies the performances of plasmonic devices (dipole nano-antennas,
metamaterial-based slot waveguides and fishnet metamaterials) that are driven by
infrared radiation. Their optical properties are numerically analyzed using the FDTD
software and the heat distributions are estimated by the FEM package. Also, some of
structures are fabricated using EBE and FIB systems, and their thermal resistances are
experimentally tested through exposure to powerful laser sources. The obtained results
demonstrate the capability of the proposed designs to operate in high-power regimes,
which implies that they have either high thermal damage thresholds (i.e., expanded
operating ranges) or strong temperature sensitivity (that is useful for sensing

applications). More explicitly, the following conclusions are drawn:

1) Dipole titanium nano-antennas are able to withstand considerably higher incident
fluences and, thereby, support stronger electric fields than their gold counterparts.
While plasmonic losses in a titanium-based structure lower its electric field
enhancement factor by, on average, 19%, this is compensated by the higher melting
temperature of titanium, which means that there is a possibility of achieving even
stronger electric fields by simply increasing the intensity of the driving laser

radiation. Quantitatively, the experiments show that titanium nano-antennas are able
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to endure 18 dB greater incident power densities and, thus, handle 7 times higher
electric fields than gold structures of the same dimensions, which makes the
proposed design suitable for many applications, including SERS, nano-particle

detection and nonlinear optics.

2) The silica-filled slot waveguide with lateral slab regions formed by multilayered
metamaterials is not only capable of operating in a high-power regime, but also has
optical properties superior to those of conventional pure dielectric or metallic slot
waveguides. If the silver/silicon thickness ratio in these lateral regions is equal to
15 nm/10 nm, the electric field confinement improves dramatically, becoming 99%
tighter (in terms of the normalized field values inside the slot) than that in an
insulator-only device. Simultaneously, propagation losses are also reduced by
3.5 times compared with those of a pure metallic slot waveguide of similar size. The
proposed geometry can find further application as an integrated component in short-
distance infrared interconnects, modulators, switches, couplers and other plasmonic

devices.

3) The additional titanium layer placed on top of a conventional Au-TiO,-Au fishnet
structure significantly increases the total absorption of the metamaterial because of
the combination of losses introduced by its constituent materials and LSP excitations
around its resonant frequency. The higher fractions of titanium enhance only the
material absorption but, at the same time, weaken the impact of NIM resonance. For
a metamaterial with a Ti/Au ratio in the upper layer of 35 nm/15 nm, the overall
absorption rises to nearly 82%, which leads to a reduction in the incident damaging
power of almost 49% (from 88 mW to 45 mW). The experimental measurements
verify the simulation predictions and also show the distinctive thermal deformations
of the exposed surfaces, which are attributed to the ablation processes in the gold
underlayers. Such metamaterials with enhanced absorption may find application in

temperature sensors or thermal fuses integrated in optical circuits.
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8.3 Suggestions for future work
While a significant amount of research was performed to characterize the high-power

plasmonic devices described in this thesis, some parts of the presented work could be

further improved as follows:

1) Fabricating a metamaterial silica-filled slot waveguide and subsequently studying it
using a near-field scanning optical microscope (NSOM) in order to experimentally
measure the field confinement inside the slot (realistically, this will imply selecting
wider slots than ones considered in the theoretical work). Another experiment could
involve coupling a proposed waveguide to a high-power source and measuring its
thermal resistance.

2) Performing thermal simulations in a more rigid form by utilizing the heat
coefficients corresponding to the nano-scale material (rather than implementing bulk
values) and using the characteristics of the more stable laser sources (i.e., those
which have a reasonably low jitter of the generated light parameters). This will help
to find a quantitative temperature distribution inside exposed nano-devices.

3) Applying TTM and elasto-plastic flow approaches to nano-antennas and slot
waveguides to explicitly model their processes of thermal deformation; however this
will require a major study in mechanical engineering.

4) Investigating other plasmonic devices, such as metamaterial absorbers or heat
emitters, and studying the heat dissipation processes in a plasmonic circuit consisting
of multiple high-power elements coupled together in order to gain a better insight

into the underlying physical mechanisms.
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Appendix A — Simple FIB scripting

This appendix explains the AutoScript patterning code [106] by providing an example
of a simple rectangular geometry. As a general overview of the patterning process can

be found in Chapter 4 (Section 4.3.2), it is not described here.

AutoScript is a scripting language used by FEI research equipment to automate the
patterning process in a FIB [105]. The code is written as a plain text file with an
extension, .psc, which can be created through Windows Notepad [221] or similar
software and is executed by AutoFiB [107]. AutoScript explicitly defines a pattern’s
geometry as well as its fabrication conditions and imaging settings. Its main commands

can be grouped in the following categories:

1) Patterning and milling (designing shape, adjusting milling depth);

2) Imaging the sample surface (grabbing frames and saving them);

3) Exercising beam control of the electron and ion columns (focusing, stigmation,
aperture);

4) Determining detector settings (brightness and contrast);

5) Defining logical operators (condition statements, loops, timer);

6) Conducting miscellaneous activities (stage positioning, pressure control, dialog
commands, etc.).

The analysis of an AutoScript code for milling a simple rectangular hole centered in the

coordinate origin with dimensions of 2x2x0.2 pm is presented in Fig. 9.1. The left

column represents the code itself and the right comments on the corresponding portions

of the script (the variables are given in italics). In fact, the presented code is routinely

used as a template for all fabrications conducted during this candidature with the only

difference being the pattern details (i.e., milling depth and X-, y-coordinates).
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clear

setctrlbeam 0 ] Selects ion column

setheamshift 0, 0 ] Sets beam shift to zero in both x- and y-axis

dialog 3, "Str file", "Box tool", Creates a dialog window titled “Milling” with description
"Cancel", "Milling", "Choose milling “Choose milling method” and 3 available options: Str file,
method" Box tool and Cancel

if ( dresult = 1) goto strfile

if ( dresult = 2 ) goto millboxes
if ( dresult = 3 ) goto end
strfile:

dialog 1, "OK", "Stream file", "Load str | Creates a dialog window titled “Steam file” with description
file" “Load str file” and single available option: Ok

goto millboxes

millboxes:

#all values are given in um

depth =0.2

setpatinfo depth, Si ] Sets the milling conditions to depth and application to Si
#-—————-pattern--———--———-—-—
x1=-1

yi=1

X2=1 Creates a rectangular pattern with coordinates x;,v:.x2,v2

y2=1

box x1,y1,X2,Y2

# i}
mill | ] Mills the defined pattern (in this case, rectangular)
waitformill ] Pauses the script

sleep 100 ] Pauses the script on 100 milliseconds

clear

dialog 1, "OK", "Success", "Pattern Creates a dialog window titled “Success”™ with description
complete" “Pattern complete” and single available option: Ok
goto end

end:

Creates a dialog window titled “End” with description

dialog 1, "OK", "End", "Finished “Finished™ and single available option: Ok

Fig. 9.1 — Analysis of AutoScript code
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Appendix B — Advanced FIB scripting

While Appendix A discusses a very simple geometry, this one focuses on advanced
designs to demonstrate the FIB’s patterning capabilities. Therefore, the structures are
deliberately chosen to have non-periodic complex shapes with multiple vertices (note
that the patterns described further are not related in any way to high-power plasmonic
devices other than being fabricated using the same equipment).

A perfect example of such a complex design is the symbol of the Royal Australian Air
Force (RAAF), which is drawn as a red kangaroo hopping inside a blue ring (Fig. 9.2)
[222]. This logo consists of three primary elements: a kangaroo; text; and ring. While
the third element is easy to mill since AutoScript has an inbuilt command for creating
rings, the first two require determinations of their spatial coordinates before inserting

these data into the AutoScript template.

Fig. 9.2 — Royal Australian Air Force logo

The patterning process can be performed in the following steps:

1) Finding the figure’s edges via image processing (Sobel operator [223]) and
vectorization of a bitmap figure (alternatively, the figure’s vertices can be found
manually by estimating their positions);

2) Generating a MATLAB shape by breaking the image into several segments
(Fig. 9.3a and Fig. 9.4a);

3) Extracting the spline coordinates;

4) Modifying the AutoScript file;

5) Patterning a kangaroo (Fig. 9.3b);

6) Patterning a ring (simple shape);

7) Patterning “RAAF” (Fig. 9.4b).
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Fig. 9.3a — Vectorized kangaroo Fig. 9.3b — Patterned kangaroo

Fig. 9.4a — Vectorized RAAF Fig. 9.4b — Patterned RAAF

The vectorized profile of the RAAF figure allows it to be easily scaled, as shown in
Figs. 9.5a-9.6c. Here the scaling factor is chosen to be x12.5, which results in a large

kangaroo being visible even through a simple optical microscope.

Fig. 9.5a — Large RAAF logo Fig. 9.5b — Large RAAF logo  Fig. 9.5¢c — Two large RAAF logos
(with scale bar)

RAAF RAAF" mAAF RAAF RAAF

Fig. 9.6a— Small RAAF logo  Fig. 9.6b — Small RAAF logo  Fig. 9.6¢ — Five small RAAF
(with scale bar) logos
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Other examples of advanced nano-patterns are presented in Fig. 9.7 and Fig. 9.8. Both
are fabricated in a gold film deposited on a quartz substrate, with their large features
milled at 9.7 nA and small ones at 28 pA. The typical milling time varies between
15 minutes and half an hour and the structures have an average depth of 200 nm.
Fig. 9.7 represents a rosebud fabricated for the celebration of International Women’s
Day [224] (8th March). Note that the charging of the isolated metallic regions in the
rosebud and letters P, R, O and D results in a visual effect of glowing, because electrons
become scattered more intensively from the sample’s surface. The image in Fig. 9.8,
which is devoted to ANZAC Day [225] (25" April), consists of about 300 individual
milled segments. Since this pattern is considerably larger than the rosebud (~4 times),
the charging effects are not so clearly observed. The letters in both figures are generated
by a separate script, which converts symbols into polygonal patterns and effectively

allows the milling of any arbitrary text.

Fig. 9.7 — International Women’s Day pattern Fig. 9.8 — ANZAC Day pattern

121



	Title page - High-power infrared plasmonic nano-devices
	Abstract
	Keywords
	Acknowledgements
	List of publications
	Table of contents
	List of Abbreviations
	List of Figures
	List of Tables

	Chapter 1 – Introduction
	Chapter 2 – Theoretical background
	Chapter 3 – Numerical modelling
	Chapter 4 – Fabrication equipment and methodologies
	Chapter 5 – Titanium nano-antenna for high-power pulsedoperation
	Chapter 6 – Analysis of silica-filled slot waveguides based onhyperbolic metamaterials
	Chapter 7 – Fishnet metamaterials with incorporatedtitanium absorption layer
	Chapter 8 – Summary of the conducted research
	Bibliography
	Appendix A – Simple FIB scripting
	Appendix B – Advanced FIB scripting

