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CHAPTER 1

INTRODUCTION

It is well known that light is not easy to “squeeze” through a single hole with dimension

smaller than the wavelength. The transmission efficiency of such experiment predicted by
Bethe is as low as (r/4)', where r is the hole radius, A is the incident wavelength [1].

For a subwavelength hole array made from metal, however, extraordinary transmission of
orders of magnitude higher than the Bethe prediction was reported by Ebbesen et al. in
1998 [2]. It has been very interesting to explore what was happening to the transmission
when light pass through the array of subwavelength holes that result in such a large
discrepancy in transmission. Researchers have attributed such enhanced transmission to
the presence of a collection of electrons oscillating along the metal surface, known as
surface plasmons (SPs). Enhanced transmission through subwavelength holes promises a
wide range of applications in many important areas, such as biological sensors, near-field
microscopy, subwavelength photolithography, solar cells, and information display

devices [3-7].

Another type of fundamental excitation of plasmons is localized surface plasmons

(LSPs). Being associated with charge density oscillations contained around metallic



nanoparticles and resulted in strong light scattering and enhancement of the local
electromagnetic field, LSPs have also attracted extensive attention recently. Although this
effect has been applied in the staining of glass for many hundreds of years, a number of
novel applications, such as optical sensing and enhanced Raman Scattering is under

development based on the same principle [8,9].

Compared to numerous experimental and theoretical studies at visible frequencies, little
work on SPs, especially LSPs with subwavelength micro-particles, has been carried out
in the terahertz regime [10-14]. This dissertation focuses on the properties of SPs and
LSPs resonating at terahertz frequencies. Such plasmonic resonances would have
potential impacts on terahertz imaging, terahertz sensing, terahertz near field microscopy,

and terahertz photonic devices [15,16].

1.1 Introduction: Surface Plasmons

Plasmon is a collection of electrons that collectively oscillate in a piece of conducting
material. When electrons are displaced, the positive charge exerts an attractive force on
the electrons and tries to pull them back to their original positions. Such Coulomb
interactions make the plasmons oscillate once they are excited [17]. The oscillation
frequency of collective electrons in a volume metal is called plasma frequency,

2
ne

®, = |—— , where n is conduction electron density, e is elementary charge, m is
Eym

electron mass [17]. Compared to volume plasmons, which oscillate through the metal

volume, SPs are confined to surface and interact strongly with light, resulting in



polaritons, also called SP polaritons. Since Ritchie demonstrated theoretically the

existence of SPs at a metal surface in 1957 [18], it began to be widely recognized.

1.1.1 Drude model

SPs can be excited only along the interface between a dielectric and a metal, which is
correlated to the response of metal interacting with the incident electromagnetic wave.
Over a wide frequency range, the dielectric properties of metal can be depicted by Drude

model, which assumes metal as free electron gas [17],

2

1 p
e(o)=1 o’ +ioy’ (1-1)

Typical plasma frequencies, @, are comparable to the frequencies of visible light (i.e., ~
10" - 10'® Hz). In the Drude model, interactions between electrons are not taken into
account. The electrons oscillating in response to applied electromagnetic field are
damped via collisions with nucleus at a collision frequency y =1/7, 7 is known as the
average collision time of free electrons. At room temperature, the typical value of 7 is on
the order of 10 s, corresponding to y~ 10'* Hz. The real and imaginary parts of g(a))

can be expressed as [17]

€r :l_a)pz/(a)z +72)’
(1-2)

& = a)pzj//[a)(a)2 + 72)].



We will limit our discussion to frequencies @ < @,, where metals retain their metallic
characteristics. For high frequencies @ >>y, which correspond to optical frequencies,

damping can be ignored, &, can be approximated as l—a)p2 / o’ . Consequently, &, is
negative and ¢, = ya)p2 / o’ << |5R|. For low frequencies @ <<y, such as in the terahertz

regime, &, is still negative, whereas, &, >> |6‘R|.

The complex refractive index of metal can be defined as n = Je=n » +in,; [17], where

(1-3)

1 2 2
n, = E(\/E,‘R +é& —gRj

For w<w,, n, is larger than n,, the propagation of electromagnetic wave in metal is
dominated by absorption, leading to rapidly exponential decay of electric field that could
not penetrate through the metal. The distance through which the amplitude of a

electromagnetic wave decreases by a factor e is defined as skin depth &, which is

changed according to the frequency of applied electromagnetic waves.

1.1.2 Dispersion relation of SPs on smooth metal surface
The simple geometry (shown in Figure 1-1) that sustains SPs is a single, flat interface in
xy-plane between two half-infinite spaces 1 and 2, which are composed of a dielectric,

non-absorbing half space (z >0) with positive real dielectric constant ¢, and an adjacent



conducting half space (z <0) described via a dielectric function &, (@), which can be
depicted by the Drude model [19]. The magnetic response is ignored and taken as
M, = u, = t,. When an electromagnetic wave incidents from the dielectric space to the
metal space, the electric field with a component normal to the interface is the primary

condition of SP excitation, which induces surface charge density o, along interface as

o, Oc(nglz_g E ) As a result, SPs have p-wave-like characteristics on the flat

m—2z
interface and only TM polarized wave can excite it, no surface modes exist for the TE

polarization.



Space 1

g, Dielectric

Figure 1-1 Schematic of SPs propagating at a single interface between a metal and a

dielectric.



Considering a TM wave incident from dielectric space to metal space, the fields in two
media have the following expressions [19]:

For the dielectric medium where (z >0),

H (0 H O) ik, z z(kx wt)’

yl»

(1-4)
E (EXI,OE ) lklz l(k’c {Ut).
For the metal medium where (z < 0),
— (O, Hyz , O)eik_,zzei(kxx—a)t)’
(1-5)
E :(EXZ,OE ) lkzz z(kx a)t).
Fulfill the fields to Maxwell’s equations
vxi=£2F,
c ot
vxE=-194,
c ot
(1-6)
V-¢E =0
V-H=0
Together with the continuity relations
Exl = Ex2 H
H,=H,,
(1-7)
8dEzl ngZZ s



the dispersion relation of SPs in the system can be obtained:

kl k2
Sy fa g,
e (1-8)

m

This expression indicates that SPs can only be excited at the two-media-composed
interface of opposite signs in dielectric constant.

Finally, the total wavenumber of SPs in the two media can be shown as:

(1)
kx = ;[gdgm /(8d + gm )]1/2:

k=20, (e, + 6,017, (1-9)

c
w
k., = ?[81172/(‘9(1 + gm)]l/z-

The properties of SPs with electric field propagating along x direction (parallel to the
surface) and decaying along z direction (perpendicular to the surface) determine the
complex value of k_, as well as the purely imaginary values of £, and k_,. As a result,

the condition of ¢, >0, &, <0, and ¢, < |8m| should be satisfied for SPP propagating.

Also, the wavenumber of SPs indicates that SPs possess both transverse and longitudinal

electromagnetic field waves components.

Figure 1-2 shows the dispersion relation of SPs along the interface between the dielectric

medium ¢, and metal ¢,[19]. As o < a)p/Jl +¢&, , the propagation of SPs bound to the



surface, corresponding to non-radiative evanescent surface waves. As >, , both k,

and k, transform to real values, with SPs radiate out of surface, which is called radiative

SPs.



w=ck (e, +1)/¢g,

@ 5 ,
radiative /1
o=ck_/\&
SPs */ d
@, frrm— s
/
1
/
o, / VI+&, | e
/
/ non-radiative SPs
/ 1/2
/ a)ZCkx[(gd +gm)/gdgm]/
1
/
1
/
f/
k

Figure 1-2 Dispersion relation of SPs at interface between the dielectric &, and metal

g, [19].
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1.1.3 Propagation length and skin-depth of SPs on smooth surface
Since the dielectric constant of metal is complex, &, =¢,, +i&,,, k, is also complex, i.e.

k. =k,+ik,. As a consequence, SPs propagating along a dielectric/metal interface

exhibit a finite propagation length, L, given by [19]

2
3 2
Lx — I/kal — c(ng +gdj ng . (1_10)

[ Er€a &

ml

Also, as k_ is purely imaginary, the depths of SPs penetrate into dielectric J, and metal

0, can be expressed respectively as [19]:

(1-11)

, propagation length L ., and skin

ng

In the terahertz regime, ¢, >>¢&,, and ¢,, >>

depth J,,. of SPs can be approximated as [33]:

L _£ gm[
x THz ™ 32
w &y

c 2gm1
8, = —| X2 i
e w( J (1-12)

&g

11



Both the propagation length and skin depth show a strong dependence on frequency. As
shown in Figure 1-3, in the visible regime, SPs exhibit large field confinement to the
interface and a subsequent small propagation length due to increased damping. In the
terahertz regime, however, SPs fields extend more into dielectric space, which reveals
small localization and larger propagation length. In the terahertz and microwave regimes,
SPP waves, which distribute to the surface loosely, are also known as Zenneck waves
[20]. At 0.54 THz, the skin depths of SPs in the air and silicon are 0.14 and 0.012 m,

respectively, while, the skin depth of SPs in the Aluminum is 110 nm.

12



(a) Dielectric

JAVATATATATATAVAN
\NIAARRART

Metal

High frequencies

Dielectric

[\

\_/+\/ v\_/+ K x
Metal

v
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Figure 1-3 Schematic diagram of SPs propagating on a surface defined by x-y plane at z

= 0 along x direction at (a) high and (b) low frequencies. Exponentially decayed field E.

as a function of z shown in x-z coordinate for both low and high frequencies, where z >0

is inside dielectric and z <0 is inside metal.
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1.1.4 Resonant excitation of SPs

As seen from the dispersive relation of SPs shown in Figure 1-2, the wave vector of the
SP mode is always sitting on the right of the wave vector of incident electromagnetic
waves. This indicates that with the same frequency, the momentum of the SP mode is
always greater than that of the incident electromagnetic waves. With a mismatch
momentum, there are no SPs can be excited when electromagnetic wave is incident from
dielectric to a smooth metal surface. Therefore, several experimental approaches have
been developed to provide the necessary wave vector conservation, including attenuated
total internal reflection (ATIR) prisms, gratings, and waveguides. Here, we focus on the

coupling method by use of periodic array of subwavelength holes.

Subwavelength metallic hole array is a unique way to tailor the wave vector mismatch
between the incident photon and SPs by introducing a two-dimensional lattice wave

vector, as shown in Figure 1-4. The compensated wave vector can be expressed as [22]:

kg =2 e, sin0+mG, +nG (1-13)
; ,

where 0 is incident angle, m, n are integers, and G, and G, are the lattice vector. For a

hole array of square lattice, G, =G, =27 / P, where P is two-dimensional periodicity.

When the electromagnetic waves impinge on the metallic hole array, SPs can be excited
along the air/metal interface, tunnel through the subwavelength holes, couple with direct
transmission of incident photons, and propagate along the exit side (substrate/metal
interface), subsequently. Afterwards, the freely propagating photons will be reemitted by

reverse process of SP excitation at the substrate/metal interface with enhanced

14



transmission. The microscopic theory of the enhanced transmission is explained in Ref.
[21]. As subwavelength holes can accumulate electrons and generate surface charge
density oscillations to introduce longitudinal electron wave of SPs, both TM and TE-

polarization wave can excite SPs by using the subwavelength metallic hole array [22].

15
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Figure 1-4 Schematic of SP coupling by two-dimensional hole array
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By Combining Equation 1-9 with Equation 1-13, resonant frequency of SPs with normal
incident at air/metal interface (input side) can be approximately by [17]:

cNm®+n® g, +e,
2 .

60 gm

fSPair—metal -

(1-14)

Also, SP resonance frequency at the substrate/metal interface (output side) can be

obtained as:

_cvm?+n® g, +e,

SP substrate—metal ~— P

€6 (1-15)

As |8m| >>¢g, and ¢, in the terahertz regime, resonance frequencies reside in the input

and exit sides can be approximate as [17]:

f _ C\j”l’l2 +n2
SP air-metal — P\/g ’ (1-16)

and

2 2
cNm” +n ) (1_17)

Pyeg,

fSPair—metal =

It is well known that in the low-frequency domain, i.e. terahertz and microwave regimes,
localization of surface waves bound to flat interface breaks down. The transverse
component is dominant in the electric field of SPs at low frequencies due to significance

decrease of kg, , which is almost equal to the wave vector of incident photons. As a

SP >
result, SPs vanish in the limit of prefect electrical conductor. However, subwavelength
metallic hole array will introduce artificial plasmons, i.e. spoof plasmons, along the

interface, resulting in better confinement of surface waves in the terahertz regime [23].
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Such design could have a number of applications in highly sensitive biological sensing

and near-field imaging using terahertz waves.

1.2 Introduction: localized surface plasmons

In addition to the propagating SPs at the metal-dielectric interface, the geometries on the
metal film, such as particles or holes, will involve the LSPs, which are confined to the
boundary of the metal structures of subwavelength dimensions. LSPs, also called shape
resonance, are non-propagating excitations and characterized by discrete, complex
frequencies depending on the size and the shape of the objects and the dielectric constant
of the constituent materials. Different from the propagating SPs, LSPs only possess
longitudinal component. The transverse component, however, vanishes due to

localization of the electrons around the edge of particles.

1.2.1 Localized surface plasmons of metallic particles

For subwavelength metallic particles, the incident electromagnetic waves induce the
conduction electrons to oscillate coherently when the electrons resonant with the
frequency of incident wave, which is equivalent to a dipole resonance [41]. As a result,
LSPs induced by the metallic particles are also named as Dipole localized surface

plasmons (DLSPs).

When incident electromagnetic waves interact with subwavelength metallic particles,
conduction electrons absorb energy from the incident wave to oscillate and transfer to

radiative photons subsequently. Therefore, the resonance of metallic particles can be
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characterized by scattering properties. The analyses of particle scattering can be classified
in terms of particle size L compared with incident wavelength A, as denoted by a size

parameter x =27L/A, and dielectric properties of metallic particles &, , as shown in
Figure 1-5(a) [24]. With a relatively small ¢, at optical frequencies, when the particle

size is much smaller than the incident wavelength, i.e. 0 <x<<1, the phase of the
harmonically oscillating electromagnetic field is constant over the particle volume, and
the interaction of a particle with the electromagnetic field can be analyzed using the
quasi-static approximation. The scattering of particles can be approximated by Rayleigh

scattering, in which the intensity of scattering is reversely proportional to incident

wavelength, i. e. 1, oc 7*[24]. When x ~1, the particle size is comparable with the

incident wavelength, the special retardation effects that due to phase-changes of the
driving field over the particle volume could not be neglected. Consequently, the Mie’s
scattering should be employed in such situation by accounting into the influence of

particle size. In the terahertz regime, however, ¢, 1s so large that metal can be

approximated as perfect conductor, leading to negligible influence of particle size to
resonance. The incident electric field will not penetrate into the particle at all, and can be

treated as totally reflecting particles as shown in Figure 1-5(b).
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Figure 1-5 (a) Light scattering regimes [24]. (b) Light scattering at optical frequencies

and total reflection in the terahertz regime in which edge effect is neglected.
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When the particles are in an aggregation, the interactions between the particles could not
be neglected and introduce an extra frequency-shift compared to the single particle
resonance. The particle array in the terahertz regime is similar to the frequency selective
surface at microwave frequencies, which introduces surface current for the resonance

analysis.

The metallic particle arrays resonating at terahertz frequencies studied in the dissertation
may be potentially used in the phased array receivers and transmitters. The phased arrays
used in communications and military radars are group of radiating antennas each with a
phase shifter. The effective radiation of the arrays is constructive in desired direction and
suppressed in undesired directions [25]. The radiation of the phased array is also steered

by varying the phase of each antenna for both transmission and detection.

1.2.2 Localized surface plasmons of metallic holes

When electromagnetic waves impinge on subwavelength holes, electrons accumulating
around the edge of the holes enable excitation of LSPs. In order to distinguish the LSPs
resulted from particles and holes, we named the particle LSPs as DLSPs, and those in
holes as LSPs during the following Sections. Recently, theoretical and experimental
studies show that LSPs, which is dependent on the dimensions and geometry of the holes,
also contribute to the enhanced transmission through subwavelength metallic hole array

in addition to SPs [26,27].
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In order to exclude the effect of SPs excited in the periodic hole arrays, single hole and
random hole array were used to study the transmission properties of LSPs [28,29]. In
Figure 1-6(a), plane wave normally incidents to a single subwavelength rectangular hole
with E|| y (long axis) and H || x (short axis). Surface current /s is induced along the
surface of the metal. In the vicinity of the hole, /; distorts the current distribution to avoid
the hole. Also, the induced charges accumulated at the opposite of hole length along y
axis. In Figure 1-6(b), the magnetic field above the hole, without the support of
underlying surface current, drop into the hole on one side and raise from the other side.
The hole can be regarded as an equivalent magnetic dipole that oscillate along x axis.
Equivalent electric dipole of hole is shown in Figure 1-6(c), which is induced by the
accumulated charges confining at the edges of the hole. As parallel component of electric
field cannot exist on conducting surface, the E fields in the vicinity of the hole originate
and terminate at the edge of the hole. In the far field of the hole, the E fields along z axis
play an important role and can be regarded as equivalent electric dipole along z axis.
With incident plane waves impinge to the hole, the incident magnetic field along x axis
excites the magnetic dipole resonance. The electric dipole resonance, however, cannot be
occurred due to the perpendicular incident electric field. As a result, the single
subwavelength hole can be regarded as magnetic dipole resonance normal to the incident

electric field direction [28,30].
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(a)

(b)

—_— TN

Figure 1-6 (a) Schematic of the surface current /; and accumulated charges along edge of
the hole induced by normally incident plane wave. (b) The equivalent magnetic dipole of

the hole. (c¢) The equivalent electric dipole of the hole.
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The transmission through the subwavelength hole is dependent on its dimension; the
transmission can further decreased with an exponential dependence by larger hole depth.
Such tunneling transmission would be increased and exhibit a transmission peak at the
wavelength where LSPs is excited [30,31]. As for the periodic hole array, the excitation
of SPs can provide an additional coupling between the LSPs of adjacent holes, leading to
a spectral shift in the LSP response [32]. In the terahertz domain, as excitation of SPs is
insignificant, LSPs induced around subwavelength holes can produce mimic SPs to
approach the enhanced transmission. Compared to SPs and DLSPs discussed above, the

characteristics of LSPs still need further investigation.

1.3 Dissertation OQutline

The objective of this work is to explore the physical origin of extraordinary transmission
through subwavelength metallic hole array, as well as the resonant properties of the
complementary structure, subwavelength metallic particle array at terahertz frequencies.

The outline of this report is as follows.

Chapter 1 generalized the introduction of SPs and LSPs.

Chapter 2 presents experimental demonstrations of extraordinary transmission through
subwavelength random and periodic hole arrays. By varying the hole width and
orientation, the coupling effect between LSPs and direct transmission is proven to induce
the extraordinary transmission through the random hole array. The hole width,

orientation, incident polarization, and angle-dependent transmission measurements of
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periodic hole array indicate a more complicated coupling mechanism, involving SPs,
LSP, and direct transmission. The Fano line shape fitting, coupling coefficient

calculation, and electric field simulations provide a good fit to the experimental results.

Chapter 3 illuminates the resonance of subwavelength metallic particle arrays, the DLSPs
in the terahertz regime. The measured frequency-dependent reflection/transmission by
THz-TDS demonstrates various factors that influence the DLSP resonance, such as
particle shape, surrounding substrate, and periodicity. Detailed study of resonance of ring
and coaxial particle arrays, which deliver larger electromagnetic field enhancement,
narrower linewidth, and improved tunability is carried out theoretically and

experimentally to understand the physics origins.

Chapter 4 demonstrates the extraordinary transmission through subwavelength
rectangular hole arrays, hybridized with either solid or ring particles, that possess a
stronger enhanced transmission compared to the hole-only array conterpart. By changing
the inner particle dimension, hole orientation and incident angle, the measured frequency-
dependent transmission reveals that such strengthened resonance is characterized by the
coupling between DLSPs, LSPs, and SPs. This is further confirmed by numerical analysis

using the Fano model and electric field simulations.

Chapter 5 investigates the terahertz resonance through multilayer plasmonic crystals.

Enhanced transmission can be obtained in multilayer complementary structures through
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the out-plane coupling between DLSPs, LSPs, and SPs. Numerical simulation provides

further verification.
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CHAPTER I

ENHANCED TERAHERTZ TRANSMISSION IN SUBWAVELENGTH HOLE

ARRAY

Recent studies have shown that the enhanced transmission in the array of subwavelength
holes primarily introduced by SPs also related to the shape of the holes, as referred to as
LSPs or shape resonance. How the coupling between LSPs and SPs leads to the enhanced
transmission remains interesting for the plasmonics community. In this Chapter, the
physical mechanism of the enhanced transmission through metallic subwavelength hole
arrays is investigated in the terahertz regime. By varying the geometrical parameters,
such as hole width and orientation, and the incident angle of terahertz radiation on to the
random hole array, LSPs are demonstrated to clearly affect the enhanced transmission
behaviors. Based on the results on LSPs of holes, enhanced transmission through periodic
hole arrays is studied by changing the hole width, hole orientation, as well as the incident
polarization and angle. The measured spectra are fit by the Fano model, and it manifests
that the resonant properties of periodic hole arrays can be attributed to the a combined
contribution of SPs, LSPs and the direct transmission of terahertz pulses. The coupling

coefficient between these effects is calculated by using Hamiltonian Matrices.
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2.1 Sample fabrication

All metallic subwavelength hole arrays are processed by conventional photolithography
and thermal metallization on silicon substrate (0.64-mm-thick, P-type silicon, resistivity
p =20 Q cm) [33]. First, HMDS, a photoresist-adhesive primer, was spin-coated on the
wafer at 3000 rpm for 30 seconds. Then a positive photoresist S-1813 from Shipley Inc.
was spun with speed of 3000 rpm for another 30 seconds. The thickness of the photoresist
layer at this speed was approximately 1.5 pm. After softbake in thermal oven at 115 °C
for 15 minutes, the wafer was exposed with a contact mode mask aligner using the G line
blue light for 30 seconds. The subsequent development for 30 seconds will leave a
structured photoresist layer on the wafer. In the metallization process, a 190-nm-thick
Allunimum film was thermal evaporated on the patterned photoresist using a thermal
evaporator (BOC Edward 306) at vacuum pressure of 2.5x10” mB and a deposition rate
of ~10 nm/s [33]. After the lift-off process in acetone, a pattern of rectangular metal hole
array is formed on the silicon substrate. A microscopy image of the Al arrays are shown

in Figure 2-1.
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Figure 2-1 Microscopy images of (a) 120 x 40 um? hole array with 160 pm period and
(b) 125 x 155 um® random hole array.
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2.2 Experimental method

We employed a terahertz time-domain spectroscopy (THz-TDS) transmission system
(shown in Figure 2-2) [33] to characterize the resonant properties of the metallic
subwavelength hole arrays. The parabolic mirrors are arranged in a confocal geometry
with a distance between the transmitter and receiver equal to twice of the summation of
the focal length of all the parabolic mirrors. It therefore delivers excellent beam coupling
between the transmitter and receiver modules. The Gaussian-type beam of the terahertz
pulses is focused to a frequency-independent beam waist of 3.5 mm at the center between
M, and M3 mirrors, which are identical with a focal length of 50 mm. With femtosecond
pulses of average power 10 mW and repetition rate 88 MHz incident onto both
transmitter and receiver, the system is capable of generating terahertz radiation of 4.5
THz useful bandwidth. Such 8-F system thus enables spectroscopy characterization of

samples with comparatively small dimension [33].
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Figure 2-2 Experimental diagram of the 8-F THz-TDS setup [33].
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2.3 Data acquisition

A blank silicon slab identical to the array substrate is used to obtain the reference
terahertz pulses. The arrays are characterized by the broadband THz-TDS system
depicted above, in which the sample is placed midway between the photoconductive
transmitter and receiver (in the far field) [11,34]. The polarization of the terahertz electric

field is parallel to the x axis shown in Figure 2-1. The absolute transmittance is defined as

T (a)):|t(a))|2: ? , where |t(a))| is the amplitude transmission, £ ,(®) and

Eaut /Ein

E, () are the amplitudes of the terahertz pulses through the sample and reference,

respectively. Figure 2-3(a) illustrates the measured transmitted terahertz pulses through

the reference and an triangular lattice array with hole dimensions of 120 x 40 pm” and a

periodicity of 160 um. The extracted frequency-dependent amplitude transmission |t(a))|

and phase ¢(w) = arg(7 (w)) are illustrated in Figure 2-3(b) [35].
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Figure 2-3 (a) Measured transmitted terahertz pulse through the reference and a 120 x 40
um’ hole array with periodicity 160 pum. (b) Corresponding frequency-dependent

amplitude transmission and the phase change.
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2.4 Enhanced transmission through random array of subwavelength

holes

It is well known that the momentum introduced by periodicity in the hole array
contributes substantially to the excitation of SPs [2]. If the holes were not organized in
periodicity, however, the SPs may not be excited and only the LSPs exist [29]. In order to
study the contribution of the LSPs, random hole arrays on the Si substrate are fabricated
by conventional photolithography and metallization processes described in Section 2.1. A

microscopy image of the random hole array is shown in Figure 2-1(b).

2.4.1 Dependence of transmission on hole width in random arrays

The characterized random hole array has the same filling factor as the periodic array of a
260 pum periodicity. The hole length is fixed as 155 pm and the width varies from 65 to
165 um with a 20 um interval. As shown in Figure 2-4(a), when terahertz radiation is

normally incident onto the sample at £ || x, with increasing hole width, the amplitude

transmission is enhanced from 0.38 to 0.57. This can be understood as the increase of the
contributions of direct terahertz transmission with increasing hole areas. The normalized
amplitude transmission to the area of the holes is shown in Figure 2-4(b). For resonance
frequency located at 0.32 THz, however, no frequency shift is observed with increasing
hole width along x axis. As mentioned in Section 1.2.2, LSPs of a single hole can be
regarded as a magnetic dipole which resonates along the axis perpendicular to the E-field
[30]. The resonance frequency of the single holes in all the random hole arrays is
calculated to be 0.28 THz. As a result, varying the hole width only along the direction

perpendicular to the E-field, which related to the LSP resonance, will modify the
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resonance frequency. The discrepancy between experiment and calculated resonance
frequency is caused by the interactions between LSPs and the incident waves, which will
be discussed in Section 2.5.2. Also, the broadened linewidth can be observed from Figure

2-4(a), due to increased damping with increasing hole width.
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Figure 2-4 (a) Measured frequency dependent amplitude transmission of the random hole
arrays with fixed hole length of 155 pum, various hole widths from 65 to 165 pm with an
interval of 20 pum, and an effective periodicity 260 um, E || x . (b) Normalized peak
transmission (black squares) and resonance frequency (blue circles) as a function of hole

width. The dotted line is to guide the eye.
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2.4.2 Dependence of transmission on hole orientation in random arrays
In Figure 2-5(a), by changing the hole orientation from E||x to E || y, different resonant
properties of the random hole array are revealed. When E || y with normal incidence, the

hole width along x axis increased with an interval of 20 um, which induces different
level of magnetic dipole resonance along x axis that results in resonance frequency blue-
shift. According to the duality principle, the magnetic dipole of hole along x axis is
equivalent to the electric dipole of the complementary particle resonant at the same
direction. The resonance frequencies of different hole widths along x axis are calculated
by electric dipole resonance along x axis in Figure 2-5(b), which show agreement with
the experiment. Also, the increased amplitude transmission with increasing hole width
along x is observed in Figure 2-5(a). When the hole width along x is 65 um, both LSPs
resonance and direct transmission are too small to induce a obvious resonance. With
increasing hole width along x, the coupling between LSPs and the direct transmission is

strong enough to sustain a resonance.
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Figure 2-5 (a) Measured frequency dependent amplitude transmission of the random hole
arrays with fixed hole length of 155 pm and various hole widths from 65 to 165 pm with

an interval of 20 um, an effective periodicity 260 um, E || y. (b) Calculated resonance

frequency (black squares) as a function of hole width. The dotted line is to guide the eye.



2.4.3 Dependence of transmission on incident angle in random arrays

The effect of transmission of the random hole array on the incident angle of terahertz
pulses is characterized. The effective periodicity of the random hole array is 260 pm, and
the hole dimension is 155X 125 um®. As shown in Figure 2-6, by changing the incident
angle from 0° to 40° with interval of 10°, both the amplitude transmission and the
resonance frequency, which is almost fixed at 0.355 THz has shown no obvious change.
This indicates that the LSP resonance is independent of the incident angle, which is

consistent with shape resonance.
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Figure 2-6 Angle-independent amplitude transmission of random hole array with hole
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2.5 Enhanced transmission through periodic subwavelength hole array

Based on the results of LSPs in the random hole array, enhanced transmission resulted
from the SPs introduced by periodic hole array is studied. By changing the hole width,
hole orientation, incident polarization, and incident angle of terahertz radiation to the hole
array, properties of enhanced transmission due to coupling between resonance of SPs and
LSPs are investigated. Also, by using Fano model and Hamiltonian Matrices, the

coupling strength between SPs and LSPs is demonstrated.

2.5.1 Dependence of transmission on hole width of periodic arrays

The measured amplitude transmission of triangle lattice arrays with a fixed length 120
um and various widths from 40 to 140 um with a 20 pm interval, periodicity of 160 um is
shown in Figure 2-7 [13]. The transmission reveals an interesting characteristic evolution
with increasing hole width. The amplitude transmission (squares) is enhanced with
increasing hole width of up to 80 um, however, the further increase in hole width beyond
80 wm gives rise to a monotonic decay in amplitude transmission, as depicted in Figure
2-8(a). At hole width of 40 um, amplitude transmission has a value of 0.95, whereafter it
is enhanced to ~1.0 at 80 um, and then is reduced to 0.91 at 140 um. This suggests that
there exists an optimal hole width, at which amplitude transmission approaches a
maximum value. When the amplitude transmission is normalized by the area of the holes
to normalized amplitude transmission, as shown by the circles in Figure 2-8(a),
normalized amplitude transmission exhibits monotonic decrease with increasing hole
width. Meanwhile, the resonance frequency and the corresponding linewidth exhibit

monotonic changes. As the hole width increases from 40 to 140 pum, the resonance
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frequency is shifted from 0.49 to 0.62 THz, as shown in Figure 2-8(b), while the
corresponding linewidth is broadened from 0.20 to 0.66 THz. As mentioned in Section
2.4.1, the LSP resonance of single hole will not change by increasing the hole width
along x axis with E| x. Also, the SP resonance will not alter as well because of the
same periodicity of all hole arrays. What causes the frequency shift of periodic hole array
with increasing the holes width? When the holes width increases, the coupling strength
between the resonances of SPs and LSPs will decrease, which will be illustrated in
Section 2.5.3, leading to the resonance frequency shift. Meanwhile, the competition
between coupling of SPs and LSPs as well as direct transmission generates the maximum
transmission value at 80 um hole width. Although the contribution of direct transmission
will decrease as the hole width enlarges, the normalized amplitude transmission will

diminish.
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Figure 2-7 Measured frequency dependent amplitude transmission of the triangle lattice
hole arrays with fixed hole length of 120 um and various hole widths from 40 to 140 um

with an interval of 20 um, and periodicity 160 pum, £ || x .
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2.5.2 Fano model

In 1961, U. Fano addressed that when a discrete state interacts with a continuum state, an
asymmetric peak in the excitation spectrum will occur [36]. In this case, the Fano line
shape instead of Lorentzian can be applied. As shown in Figure 2-9, the Fano model

involves two types of scattering states: one refers to the continuum state ‘¥,, which is
also called non-resonant state, and the other is the discrete resonant state ‘¥, [37]. The

total transition probability from the input state to the output state is calculated by solving

the Haniltonian [37],

H=H +H,+V. (2-1)

The eigenmodes of ILAI1 are y,, which corresponds to the state ‘|, as [:Ill//l =Ey,; and
ﬁz has the eigenmofrs of state ¥,, corresponding to the state vy, , I—Allt//2 =Ey,. The
two states are coupled via term vV, which corresponds to the eigenmodes V . y , the

eigenmodes of Has H v =FEy can derive the transition probability. The coupling

between the continuum state y, and resonant state y, is assumed as Hamiltonian ,

v

which introduces resonance shift A and modified the linewidth 6 . The transmission

A

4

va) =V, (2-2)

amplitude is defined as:

= (Tl (2-3)
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Input state

Figure 2-9 Schematic of coupled states in the Fano model [37], where ‘¥, corresponds to

the continuum state, ‘¥, corresponds to the discrete state, V is the coupling term

between ¥, and ¥,.
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with |z> being the input state, 7" is a suitable transition operator between initial state i

and the state v . Then the transition probability follows [37]

[E—(E, + hA)+ 16T (2-4)

T= =T ,
=1, [E—(E, +rA)} +(rT/2)

where £ =hw, 6 defines the ratio between the resonant transition amplitude and the

background transition amplitude, and 7, is the contribution of a continuum state that

couples with the discrete resonant state.

E—(E, +hA)

With ¢=
h/2

,and g = %, Equation (2-1) is simplified as

T=T, (e +9)*/(1+"). )

The dimensionless parameter g determines the asymmetry of the lineshape. Fano model

provides physical understanding to the coupling between the continuum state and discrete

resonant states.

2.5.3 Fano fitting to the measured transmittance

The process of transmission through metallic hole array can be described by the Fano
model to address the characteristics of the spectrum line shape [36-38]. The Fano model
can be understood physically as illustrated in Figure 2-10. When an electromagnetic
wave propagate through hole array, the incident wave divides into two parts. One part
transmitted directly without any interactions is called direct transmitted continuum,; this is

presented as 7, in Equation (2-3). 7, is not mentioned in Fano model in Section 2.5.2
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because it is due to the direct transmission through the hole. The other incidence part is
called non-resonant continuum, it couples with the discrete resonant state, which is
characterize as resonance of SPs and LSP of holes, and then integrate with the direct
transmission part, subsequently. Thereby, the transmitted waves through the system
possess asymmetric line shape. For an isolated resonance, the Fano model can be written

as

Tfimo =|t(a))|2 =T +T, (&, +qv)2/(1+gvz), (2-3)
where ¢, =(w—®,)/(T,/2), T, is a slowly varying transmittance which corresponds to
the background transmittance, and |Tb| is the contribution of a zero-order continuum state

that couples with the discrete resonance state. The resonance state is characterized by the

resonance frequency @, /27, the linewidth T, /27, and the Breit-Wigner-Fano coupling
coefficient g, [36-38]. During the fitting process, 7,, w, /27 ,and T, /27 can be figured

out from the measurement, only |Tb| and g, are floats.
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The measured transmittance of the random hole array with dimension 155X 65 pm?,
E || x, is fitted by the Fano model. Figure 2-11(a) shows the fano fitting (solid curve) to

the transmittance of the random hole array. The fitting parameters are w, /27 = 0.317

THz, linewidth T, /27 = 0.127 THz, T, = 0.025,

T,| = 1.18x10” and g, = 9.95. The

resonance of the random hole array can be regarded as a result of coupling between the

continuum incidence state and the discrete resonance state, i.e. the resonance of LSPs.

The measured transmittance of the 120 X 40 pm?, periodicity 160 um hole array is also
analyzed by the Fano model that involves the coupled resonance of Al-Si SP [£1,0]
modes and LSPs as the discrete resonant state [13]. The Fano model provides a consistent
fit (solid curve) to the measured transmittance, as shown in Figure 2-11(b), with a single

resonance at @, /27 = 0.49 THz, linewidth T, /27 = 0.16 THz, T, = 0,

T, = 1.28x10”
and g, = 26.5. The contributions of direct transmission of terahertz pulses could vary

with various hole width (or aspect ratio) and filling factor of metal.

50



0.20

i (a) o THz-TDs
0.15 Fano fitting
g
g
= 0.10
z
g
= 0.05¢
000 1 R 1 R 1 R 1 R
0.4 0.8 1.2 1.6 2.0
Frequency (THz)
1.0
| (b)
© THz-TDs
0.8 Fano fitting
v I
g 06}
%
S 04}
=
0.2¢
0.0 ' '

04 08 12 16 20
Frequency (THz)

Figure 2-11 Measured (open circles) and theoretical fit by the Fano model (solid curve)

of the frequency-dependent transmittance with (a) 155 X 65 um?, random hole array and

(b) 120 X 40 pm?, periodic triangle lattice hole array with periodicity 160 pm.
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2.5.4 Coupling coefficient

Although the Fano model provides a good physical understanding of the characteristics of
enhanced transmission in the hole arrays, the resonance coupling strength between SPs,
LSPs and coupled continuum will be evaluated in this chapter by use of the Hamiltonian
Matrices. In order to simplify the problem, the coupled continuum state is included in the
LSP resonance, and will be used in the following Sections. In Figure 2-12, considering

the uncoupled SPs and LSPs as two unperturbed states with corresponding eigenmodes,
E, and E,,,, respectively, the Hamiltonian can be defined as H o and H .sp- For the

coupled resonances with two eigenmodes E, and E,, the Hamiltonian can be written as

A

H=H st H sp T V , where VV stands for the coupling term. Thus [13,38]

~ (E, O E, «
H = = (2-4)
0 E, k E, o

where x and " are the coupling coefficients between E, and E,, and conjugate with

each other.
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Figure 2-12 Schematic of coupling between SP and LSP in Hamiltonian

53



When the hole width increase from 40 to 140 um, for each hole width, we have

2
(Ea —Eg )(Ea - ELSP)_|K| =0 (2-5)
2
(Eb —Eg )(Eh - ELSP)_ |K| =0 (2-6)
. 2meAm® +n’ .
The uncoupled state E, can be obtained from o, = Y for square lattice and
&4

_ 2meAl m* + mn + n?

Wgp = for triangle lattice. E, and E, can be retrieved from angle-
Pe,

dependent transmission measurement (Table 2-1). Thus, we have two unknowns E,
and |K| The calculated coupling coefficients |K|2 based on the experimental data by
changing hole width with £ || x are shown in Figure 2-13. By increasing the hole width
from 40 to 140 pm, 10g(|/c|2) decreases from -2.3 to -7.4. Let us recur to Section 2.5.1,

where an optimum hole width approached the maximum transmission at 80 pm. When
the hole width increases from 40 to 140 pum, coupling between SPs and LSPs decreases.
Although the direct transmitted continuum increases, the transmission achieves maximum

at 80 um, and decreases with further increasing hole width.
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E, (0°) E, (10°) Eg (0°) Eg (10°)

(meV) (meV) (meV) (meV)
120 x 40 pm 2.017 2.030 2.592 2.711
120 x 60 um 2.172 2.182 2.592 2.711
120 x 80 um 2.327 2.333 2.592 2.711
120 x 100 pm 2.444 2.500 2.592 2.711
120 x 120 pum 2.560 2.576 2.592 2.711
120 x 140 pm 2.591 2.591 2.592 2.711

Table 2-1 SP modes of triangle lattice arrays at the Al-Si interface with 0° (£, ) and 10°

(E,) TM polarization incidence, respectively.
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Figure 2-13 Calculated coupling coefficient of the resonant excitation of Al-Si SP [£1,0]
modes with LSPs for different hole widths at normal incidence with hole length fixed to

120 um and periodicity 160 um. The dotted line is a guide to the eye.
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2.5.5 Dependence of transmission on hole orientation

The orientations of asymmetric holes such as rectangular holes also influence the
enhanced transmission properties, due to the alteration of the LSP resonance [10]. The
amplitude transmission of different hole orientations of 100 X 80 um?, periodicity 160
pum square lattice hole array is shown in Figure 2-14, which manifests significant
difference. When the hole orientation changes from E| x to E| y, the amplitude

transmission of the Al-Si SP [£1,0] mode decreases from 0.86 to 0.47, with a resonance
frequency shifting from 0.51 THz to 0.55 THz. The LSP resonance experiences a
weakened strength and blue-shift resonance frequency with hole orientation varying from

E|x to E||ly, leading to decreased coupling between LSPs and the Al-Si SP [+1,0]

modes, subsequently. By using Hamiltonian Matrix in Section 2.5.3, the coupling

coefficient of the Al-Si SP [+1,0] modes and LSP resonance is calculated as |K|2 =09X

10° with E||x, and [x]" = 037 X 107 with E|y, which agrees well with the

experimental results.
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Figure 2-14 Measured amplitude transmission of the hole array with 100 X 80 pm?,
periodicity 160 um, with different holes orientation E || x (solid curve) and E || y (dash-

dotted curve).
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Also, the electric field of different hole orientations is simulated by using CST
Microwave Studio. This simulation tool is based on the finite integration technique (FIT),
which represents a consistent transformation of the analytical Maxwell equations into a
set of matrix equations. Within the frame of FIT, advanced meshing techniques such as
the Perfect Boundary Approximation (PBA) and Thin Sheet Techniques (TST) can be
implemented in both time and frequency domain solver. Also, FIT can be extended to
consider the frequency dependence for permeability, permittivity and conductivity in one
broadband simulation [38]. The simulated electric field of different hole orientations is

shown in Figure 2-15, with E || x, enhanced electric field is shown along the edge of
holes compared to that of E|| y, which indicates strengthened coupling between LSPs

and SPs.
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1.0

0.5

Figure 2-15 Simulated electric field distributions of hole array (a) E || x, Al-Si SPP
[£1,0] mode resonating at 0.51 THz, (b) E|| y, Al-Si SPP [£1,0] mode resonating at 0.55

THz. Dimension of holes is fixed as 100 x 80 pm?, with periodicity 160 pm.
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2.5.6 Dependence of transmission on incident polarization and angle of

terahertz waves

As most enhanced transmission is observed at E || x, our study on the dependence of

transmission on different incident polarizations and angles is carried out at this particular
orientation as well. Figure 2-16 shows the angle-dependent measurements on the array of
hole dimensions 100 x 180 pum?, periodicity 160 um, with TM-polarization incidence. It
clearly reveals both the Al-Si SP [+1,0] mode located at 0.51 THz and Al-Si SP [£1,£1]
mode at 0.72 THz, experiencing split in the spectra with increasing incident angles. As

introduced in Section 1.1.4:

1) .
kgp == & sin@tmG, £nG,. (1-13)

Taking the contribution of in-plane wave vector £k, =(a)/c)sin6’ into account, the

resonance frequency of SPs is dependent on the incidence angle 6. The degenerated Al-
Si SP [£1,0] mode at 0.51 THz splits into Al-Si SP [+1,0] and [-1,0] modes, and the Al-

Si SP [£1,+1] mode at 0.72 THz is divided into Al-Si SP [+1,+1] and [-1,£1] modes.
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Figure 2-16 Measured angle-resolved transmission for hole array 100 X 80 pm?
periodicity 160 um, TM polarization, and E || x . The dotted lines manifest the resonance

modes.
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When terahertz waves incident onto the same array under TE-polarization with different
angles, different mode splitting is observed, as shown in Figure 2-17. Although the
degenerated Al-Si SP [£1,+£1] mode splits into Al-Si SP [£1,+1] and [£1,—1] modes, the
Al-Si SP [£1,0] mode remains unchanged. This is because under TE-polarization,
k, = (a)/c)siné’, has no projection along [£1,0] direction, so the Al-Si SP [£1,0] mode
remains degenerate and experiences no split. However, for the Al-Si SP [+1,£1] mode
propagating along [£1,+1] direction, k, has a 45° angle with respect to the SP

propagating direction, which will be added or subtracted from reciprocal vectors, thus
splitting is observed in the measured angle dependent spectra. The schematic of SP

scattering on perforated metal film is shown in Figure 2-18.
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Figure 2-17 Measured angle-resolved transmission for hole array 100 X 80 pm?,
periodicity 160 um, TE polarization, and E || x . The dotted lines manifest the resonance

modes.
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Figure 2-18 Schematic of the SP scattering on the metal film perforated with hole array,
which corresponds to different SP modes. (a) SP [£1,0] mode, (b) SP [+1,£1] mode. The
dotted lines and arrows manifest the propagation direction of SPs on the metal surface. £

is the incident wave vector.
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2.6 Conclusion

Resonant transmission of periodic and random subwavelength metal hole arrays is
studied by THz-TDS. Enhanced transmission through random hole array indicates that
the LSP resonance primarily contributes to enhanced transmission. Based on the results
on LSPs, investigation of periodic hole array indicates that the enhanced transmission is
due to the combination of SPs, LSPs and direct transmission. Coupling between SPs and
LSPs is the key to obtain further enhanced transmission. Theoretical analysis by using the
Fano model, Hamiltonian Matrix, and CST software simulation agrees well with the

experiment results.
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CHAPTER III

RESONANT PROPERTIES OF SUBWAVELENGTH METALLIC PARTICLES

When an electromagnetic wave impinges upon the surface of isolated subwavelength
metallic particles, resonant reflection can be established due to excitation of DLSPs [40].
Under the influence of electric field, free electrons in metallic particles can be polarized
and dipoles are induced consequently, thus leading to DLSPs. When the metallic particles
are organized in a periodic array, the interaction between the DLSPs of adjacent particles

becomes essential and makes a substantial contribution to the resonant reflection.

3.1 Experimental method

Square arrays of subwavelength metal structures are made from 190 nm-thick Al film by
conventional photolithography, metallization, and lift-off processes on substrates of
either silicon (0.64 mm thick, n-type resistivity p = 12 Q cm) or fused quartz (1.03 mm

thick). Microscopy images of the metallic particle arrays are shown in Figure 3-1.

67



000
000

s 100 1M

Figure 3-1 Microscopy images of the metallic (a) rectangle, (b) ring, and (c) coaxial

particle array.
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Resonant properties of the arrays are measured by use of photoconductive switch-based
THz-TDS configured in a reflection geometry, as shown in Figure 3-2, where M, M, are
parabolic mirrors that collimate the terahertz beam to be approximately parallel between
M; and M,. A beam-splitter (BS) is used together with M3, M4 and Ms to guide the
reflected terahertz beam from the sample to the receiver. The array sample, with
dimensions of 25 x 25 mm?, is positioned at the 1/e amplitude terahertz beam waist with
radius of 8 mm at 0.5 THz [11]. An unpatterned 190 nm-thick Al film processed on an

identical substrate is used as the reference in the THz-TDS characterization.
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Figure 3-2 Experiment setup of the reflection THz-TDS system.
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3.2 Data acquisition

The measured time-domain terahertz pulses reflected by an array of 80 um (x axis) x
100 um (y axis) Al rectangles patterned on silicon and the reference are illustrated in
Figure 3-3(a) [14]. An unpatterned 190 nm-thick Al film processed on identical
substrates is used as the reference in the THz-TDS characterization. The linearly
polarized terahertz electric field is parallel to the long axis ()) of the rectangles, E || y .
The periodicity of the array is 160 pum along both x and y directions, giving the filling
fraction of metal 31.25%. The absolute amplitude reflection is defined as

, Where FE

out

()=

Eout (a))/Eln (a))

(w) and E, (w) are the Fourier-transformed

frequency dependent amplitudes of the measured terahertz pulses reflected by the array

and the reference, respectively. The frequency-dependent reflectance can be extracted

with the relation R(w) = |r(a))|2 . Figure 3-3(b) shows the frequency-dependent reflection

|r(a))| and the phase from the Fourier-transformed terahertz pulses.
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Figure 3-3 (a) Measured terahertz pulses reflected by the 80 x 100 pm? rectangle array

patterned on silicon (periodicity 160 um and E || y, solid curve) and the reference (dotted

curve), respectively. For clarity, the sample terahertz pulse is moved 2 ps horizontally.

(b) Frequency-dependent reflection and the corresponding phase change.
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3.3 Resonant properties of rectangular particle arrays
Under the condition of DLSPs induced by incident electromagnetic field, the single
metallic subwavelength rectangle can be considered as a dipole antenna. The resonance

frequency due to DLSPs excited at the rectangle can be approximately described by [41]

a),/27Z=(c/2L)€d_1/2, (3-1)

where L is the length of the rectangle parallel to the polarization of the incident electric

field, ¢, 1s the dielectric constant of the substrate.

3.3.1 Dependence of reflection properties on the substrate media

Reflection properties of the array patterned on both silicon and quartz substrates are
compared. As shown in Figure 3-4(a), a giant frequency shift of 0.30 THz is observed in
the measured reflection for rectangles of dimensions 40 x 80 pm® as the boarding
medium is changed from silicon to quartz. This result is considerably consistent with the
dependence of resonance frequency on the dielectric function of substrates,
w, /27 c g,”"? [41], here &, = 3.82 for the fused quartz. There is no clear difference in
peak reflection; however, the background reflection shown at the non-resonant
frequencies with the quartz substrate is significantly reduced. This is mainly due to the

lower dielectric constant of quartz than that of silicon, giving rise to a reduced

background reflection by the non-metal sites of the array.
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Figure 3-4 Measured frequency-dependent reflection of the Al rectangles with
dimensions of 40 pum (x axis) x 80 um (y axis) and periodicity 160 um on silicon and

quartz substrates with terahertz electric field £ || y .
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3.3.2 Effect of particle orientation and shape
In Figure 3-5 we show the dependence of resonant reflection on particle orientation. With

the 80 um (x axis) x 100 um ( y axis) rectangles arranged in a square lattice of

periodicity 160 um, both the resonance frequency and the reflection exhibit particle
orientation dependent behavior. The resonance frequency shifts from 0.55 to 0.52 THz as
the particle orientation rotates from E || x to E|| y, while the peak reflection is enhanced
from 0.85 to 0.95. This can be explained when the terahertz pulses are incident upon the
array, the polarized electric field induces opposite signs of charges at the edge of the
isolated rectangle along the polarization of electric field. As such, particles can be treated
as electric dipoles, which resonant along the direction of applied electric field, thus
giving rise to DLSPs [42]. When the particle orientation rotates from E || x to £ || y, the
particle length along the electric field increases, resulting in strengthened dipole

resonance and red-shift frequency, as shown in Figure 3-5.

To explore the shape dependent reflection properties, a square array of circular structures
with a diameter of 100 um is patterned on silicon, while the other parameters remain the
same as those of the 80 x 100 um” rectangles. As shown in Figure 3-5, the peak reflection
of the circular structures approaches 0.89, which sits right between that of the rectangle
with two different orientations. This result indicates that the resonant reflection of
subwavelength metallic particles with similar filling fractions indeed exhibits shape

dependent behavior.
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Figure 3-5 Comparison of measured reflection of the 80 x 100 pm® rectangles with
different polarizations of incident terahertz field and the circular structures of a diameter
@ = 100 um. These metal structures are patterned on silicon with the same periodicity

160 pm.
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3.3.3 Dependence of reflection on periodicity of the particle array

When the single particles are organized in an array, coupling between the particles also
influence the DLSP resonance. The effect of periodicity of metal rectangles on resonant
reflection is also characterized. A set of square arrays of 80 x 100 pm? rectangles with
various periodicities are processed on silicon substrates. When the periodicity varies from
160 to 280 pm, as shown in Figure 3-6, both the measured peak reflection and resonance
frequency exhibit a characteristic evolution. The peak reflection decreases with
increasing periodicity due to reduced density of rectangles, as well as the degraded
interaction between DLSPs of the adjacent rectangles. This periodicity dependent
resonance shift is primarily due to the interaction between DLSPs of the adjacent
rectangles and can be explained in terms of effective circuits, i.e. RC resonance, which
treats the Al rectangles as resistors and the gaps between rectangles as capacitors. When
the periodicity increases, the attraction of the charges distributed along the gap decreases.
As a result, much less charges are accumulated at the opposite ends of rectangles, and the
capacitance in the gap diminishes, resulting in red-shift of resonance frequency.
However, when the periodicity is beyond 240 um, the resonance frequency does not
show further shift because the interaction between the DLSPs of adjacent rectangles

becomes negligible.
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Figure 3-6 Measured dependence of resonance frequency and peak reflection on
periodicity of the rectangle array on n-type silicon. The periodicities are 280, 240, 200,
and 160 pum, respectively. The dimensions of the rectangles are 80 x 100 um?’, E || y.
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3.3.4 Numerical simulations
The resonant reflection of the rectangle particle arrays is simulated using CST
Microwave Studio. The solid curve in Figure 3-7 shows a simulated resonant reflection of

the 100 X 80 um?® rectangles with a 160 um periodicity and E || y. It shows a good

agreement with the experimental data and captures most of the observed behavior, such
as the resonance frequency, amplitude, and line shape. The simulated reflection
linewidth, however, appears slightly broader due to possible experimental variations in
the Al thin-film conductivity and patterned structures. The conductivity of metal thin
films may vary remarkably from the bulk conductivity used in the simulation due to

complex deposition process [43,44].
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Figure 3-7 Measured (open circles) and CST Microwave Studio simulated (solid curve)
frequency-dependent reflection of the 80 um (x axis) x 100 um (y axis) Al rectangles

patterned on silicon with a period of 160 ym and E || y.
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Figures 3-8(a) and (b) illustrate the simulated electric field distributions of the arrays with
two different periodicities, 160 and 240 um, respectively. In Figure 3-8(a), electric field
coupling is clearly revealed at the gaps along the incident terahertz electric filed due to
interactions of DLSPs between the adjacent rectangles. When the periodicity is increased
from 160 to 240 um, however, this interaction is extensively degraded, as shown in
Figure 3-8(b), confirming the contributions of DLSP interactions to the observed

periodicity dependent characteristic reflection [31].

In order to clarify the shape dependent behavior of DLSPs, we simulated the electric field
distributions in the arrays of the circular disk of 100 um diameter, periodicity of 160 pum.
As shown in Figure 3-8(c), with different particle shapes, the edge profile leads to
different coupling status between the DLSPs. As a result, the electric field distributions

and the DLSP resonant properties become different, consequently.
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Figure 3-8 Comparison between the simulated electric field distributions of (a) rectangle
(100 X 80 pum?, periodicity 160 pm), (b) rectangle (100 X 80 pum?, periodicity 240 um),
and (c) circular disk (D = 100 pum, periodicity 160 um) metallic particle arrays.
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3.3.5 Comparison between reflection and transmission properties of the

rectangular particle array

When metallic particle is irradiated by incident electromagnetic wave, the conduction
electrons in metal absorb the energy from incident wave to make oscillation and radiate
back to electromagnetic wave, which is called scattering. In the terahertz domain, the
metal dielectric constant is so large that the scattering can be treated as total reflection.
The resonance of metallic particles in the terahertz domain can be characterized by either
reflection maximum or transmission minimum. The measured reflection and transmission
of a rectangle array are shown in Figure 3-9(a). The reflection maximum corresponds
well to the transmission minimum, the larger reflection maximum, which manifests the

stronger resonance intensity, is consistent with the smaller transmission minimum.

Compared to reflection measured with the same sample, the transmission possesses
narrower linewidth, and experiences a slight frequency shift. For subwavelength
particles, the incident wave may creep around the particle edge and approach un-
illuminated region of the particle, which is called “edge effect” [24]. The incident wave
caused by the “edge effect”, which makes conduction electrons resonate at the un-
illuminated side of particles, will not influence reflection spectrum but will bring sharper
resonance and frequency-shift in transmission, as shown in Figure 3-9(b). As sharper line
shape in the transmission spectrum is more sensitive to the resonance, transmission

spectrum is characterized for DLSP resonances in the following Sections.
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Figure 3-9 (a) Measured frequency-dependent reflection (solid curve) and transmission

(dash dotted curve) of the 100 X 80 pum’ Al rectangles patterned on silicon with a
periodicity of 160 um, and £ || y. (b) Schematic of electric field distribution caused by

“edge effect”. The arrows denote electric fluxlines.
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3.3.6 Dependence of transmission on incident polarization and angle of

terahertz wave

Measured transmission of Al rectangles with TM polarization incidence wave is shown in
Figure 3-10(a). No frequency shift is observed when the incident angle is changed, which
manifests the dipole properties of the particle resonance. The diminished transmission
minimum with varying incident angle is due to the decreasing of effective dipole moment
parallel to incident electric field caused by angle rotation. The TE polarization incidence
transmission in Figure 3-10(b) also shows similar characteristics but much less difference

in resonant transmission due to unaltered dipole moment with different angles.
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Figure 3-10 angle-independent transmission of (a) 80 X 40 pum’ rectangles array E || y,
TM polarization, and (b) 100 X 80 pum® rectangles array E || x, TE polarization, both

with periodicity 160 pm.
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3.4 Resonant properties of ring particle arrays

Compared to the disk counterparts, the ring shape particles deliver larger electromagnetic
field enhancement, narrower linewidth, and improved tunability at the plasmonic
resonance. Such characteristics make the ring particles preferable in diverse applications
such as sensors, waveguides, and frequency selective surfaces [45-48]. In particular,
close-ring resonators have also been used as a functional element in metamaterials

towards negative index of refraction in the visible spectral regime [49].

3.4.1 Dependence of transmission on periodicity and shape of the rings
The effect of periodicity and shape of metal ring particles is studied by THz-TDS

transmission measurements. The transmission of ring arrays of ®,, = 75 pm, @, =

100 um with various periodicities from 120 to 240 um is shown in Figure 3-11. Both the
measured transmission and resonance frequency exhibit similar characteristic evolution
with that of rectangular particle array studied in Section 3.3.3. The transmission minima
increase with increasing periodicity due to the degraded interaction between DLSPs of
the adjacent rings, corresponding to the decreased resonance intensity. Also, periodicity
dependent resonance is observed, showing red-shifted resonance frequency with
increasing periodicity. However, when the periodicity is increased beyond 200 um, the
resonance frequency reveals a slightly blue-shift, which is believed as a result of
frequency identification error. In addition, the resonant transmission is found to depend
on the ring shapes, as shown in Figure 3-12. Clearly, the subwavelength square rings

(inner length = 50 um, outer length = 100 pm) present much enhanced resonance
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behavior compared to that of the circular rings of ®@,,= 50 um and ®,,= 100 um. The

stronger resonance of the square rings is due to higher charge density around sharper

edges compared to the circular rings.
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Figure 3-11 Dependence of resonance frequencies and peak reflection on periodicity.

The dimensions of the rings are @, =75 pm and ®,,= 100 um.
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Figure 3-12 Comparison of measured transmission of the ring arrays with different
shapes. Circular ring: @, = 50 um, ®,,= 100 um (solid curve), square ring: inner

length = 50 pum, outer length = 100 um (dash-dotted curve). The metal structures are

patterned on silicon with the same periodicity of 160 pum.
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3.4.2 Effect of the inner diameter of the rings

Transmission resonance with different inner diameters of the ring particles is shown in
Figure 3-13(a) [50]. With a fixed @, as 100 pum, the increase of ®,, from 0 to 75 pm
enables the transmission minimum to be monotonously strengthened from 0.287 to 0.107.
However, it becomes weaker when @, increases further up to 90 pm. Meanwhile, the
resonance shifts from 0.56 to 0.45 THz with increasing @, , as summarized in Figure 3-
13(b). Since the strength of DLSPs is closely related to the particle dipole moment, which
is determined by the amount of induced charges and the separation between the charges
of opposite signs. When @, increases from 25 to 75 pum, the dipole moment resulted
from the charges and the mean separation of the charges increases, thus enhancing the
DLSP resonance. When @, is greater than 75 pum, the induced charges that decrease
with diminished areas of the ring walls are no longer strong enough to compensate the
increased separation between the charges. Therefore, the degraded dipole moment results

in decreased peak resonance at @ ,, = 90 um. As a whole, there exists an optimum ring

wall thickness at which the strongest resonance is approached.

As mentioned above, the increased @, enlarges the separation between the charges at

the opposite sides of the rings, thus degrading the force between the intraring charges and
consequently leading to a red-shift in resonance. In addition, the resonance linewidth is
observed to narrow down with increasing @, due to reduced damping of the DLSPs

resulted from less radiative decay as the particle volume decreases [51,52]. There is no
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obvious resonance difference as @, increases from 0 to 25 pm due to negligible

variation of charges and the separation between them.
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Figure 3-13 (a) Measured frequency-dependent amplitude transmission of the rings with

various @, , as shown in the legend. (b) Resonance frequencies (squares) and

transmission minima (circles) as functions of @, .
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At visible frequencies, although two resonances, the symmetric and antisymmetric

modes, were theoretically characterized in the rings, only the symmetric mode was yet

observed [47]. Here, besides the strong and sharp symmetric mode,

_ R> that induces

same signs of charges at the inner and outer ring walls, a weak and broad asymmetric

mode,

a)+‘R> around 1.8 THz is also experimentally observed with @, = 50 um.

Different from the symmetric mode, the charge distribution of the asymmetric branches
corresponds to the patterns of opposite signs along both ring walls. Schematic charge
distribution of the symmetric and antisymmetric modes of the rings is illustrated in
Figure 3-15(b). When the inner diameter is in the range from 0 to 25 um, it appears so
small that the resonance reveals only minor difference. When the inner diameter is further
increased, however, intensified oscillation occurs between the inner and outer walls, thus

leading to resonance blue-shift. With @, > 75 pm, the asymmetric resonance shifts

further to higher frequencies.

3.4.3 Numerical simulations

The electric field of the symmetric mode resonance for two different inner diameters @;,
= 25 and 75 pum is further examined by using CST Microwave Studio simulation. It
reveals in Figures 3-14(a) and (b) that the electric field distribution at the surface of the

rings is clearly enhanced at the resonance frequencies as @, increases from 25 (0.55

THz) to 75 (0.50 THz) pum. This can be further confirmed by the electric field distribution
at the cross section cutting along the ring axis, as illustrated in Figures 3-14(c) and (d).

With @, = 75 um, it shows stronger coupling of DLSPs along the thinner ring wall as
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compared to that of the @, =25 um rings, which only bear DLSPs along the outer edge

of the ring. Figures 3-14(e) and () illustrate the current density distribution of these rings.

Being consistent with the electric filed distribution, the ring of ®, = 75 um exhibits
stronger current density than that of the ring of ®,,= 25 pum. This indicates that the

induced charge density is higher along the thinner ring wall.
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(d)

®

Figure 3-14 Simulation results: (a), (b) electric field distributions on the surface of the
rings; (c), (d) electric field distributions at cross section cutting along the ring axis; (e),

(f) current density. Two ring arrays of fixed ®,,= 100 um and (a), (c), (¢) ®,,= 25 um,

resonating at 0.55 THz; (b), (d), (f) ®,, =75 pm, resonating at 0.50 THz.
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3.5 Resonant properties of coaxial particles

For comparison purpose, resonant properties of subwavelength coaxial structures
composed of a ring and an inner disk are also investigated. The coaxial particles deliver
even larger electromagnetic field enhancement, and narrower linewidth at the plasmonic
resonance compared to the rings. Also, according to the plasmon hybridization theory
[53], based on the gap between ring and inner disk as well as the energy difference
between their plasmon modes, the intensity of interaction between the ring and inner disk

can be adjusted, which bears flexible design to coaxial particle structures.

3.5.1 Plasmon hybridization theory

The definition of hybridization was first originated from chemistry, which described that
the mixing of atomic orbitals forms new orbitals suitable for stable bonding [54].
Hybridization is analogous to coupling, but possesses its own properties: the number of
participant atomic orbitals does not change, but the stretching direction and shape of
atomic orbitals change after hybridization. E. Prodan and his co-workers introduce the
chemistry term into plasmon hybridization theory to describe the plasmon resonance
behavior of composite metallic nanostructures of greater geometrical complexity [53].
This is an unique model that provides in-depth understanding and guidance in the design

of metallic nanostructures and predict their resonant properties.

Here, the plasmon hybridization theory is used to analyze the resonant behaviors of the
coaxial particle structures [50]. As shown in Figure 3-15(a), a coaxial structure can be

regarded as a combination of ring and inner disk particles. Based on the gap between the
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ring and inner disk as well as the energy difference between their plasmon modes, the
resonance of the coaxial structures can be understood through the plasmon hybridization

theory. The energy-level diagram depicting the interaction between the outer ring and

inner disk is shown in Figure 3-15(b). As the antisymmetric mode,

0]

+,R> of the outer

ring is very weak and is nearly undetected by THz-TDS only the high-frequency bonding,

‘a):,c> and low-frequency antibonding, ‘a)fgc> plasmons in the coaxial structure are

resulted in hybridized resonances.
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Figure 3-15 (a) Sketch map of plasmon hybridization theory in the coaxial structures. (b)

An energy-level diagram depicting the interaction between the outer ring symmetric

a)f,R> and the inner disk, resulting in hybridized resonances of high-frequency

mode,

bonding, |@~ C> and low-frequency antibonding, |@"* C> plasmons in the coaxial structure.

Inset: the antisymmetric mode, a)+,R> of the outer ring. Its contribution is neglected

because it is very weak and is nearly undetected by THz-TDS.
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3.5.2 Dependence of transmission on the inner disk of the coaxial particles

Figure 3-16(a) illustrates frequency-dependent amplitude transmission of a set of coaxial
structures with fixed dimensions in the outer rings and various diameters in the inner disk
from 0 to 80 um. There are two resonances observed, with one being sharp and strong
resonance near 0.49 THz, and the other is a broad resonance located at a higher

frequency. We choose an outer ring of ®,, = 100 um and ®,, = 90 pm such that it

takes no account of the influence of its asymmetric mode,

a)+,R> for simplification.

According to the plasmon hybridization theory depicted in Section 3.5.1, the interaction

between the ring and disk results in two prominent resonances: the low-frequency coaxial

antibonding ‘a)f’c> and the high-frequency coaxial bonding ‘a)j’c> plasmons. Therefore,

the coaxial structure can be approximately described as a simple two-level system. With
increasing disk diameter, the strength of the low-frequency resonance becomes weaker
and the linewidth being narrower. Meanwhile, the high-frequency resonance is enhanced
with a narrower linewidth and both resonances are red-shifted. Also, the high-frequency
non-resonant background decreases with increasing metal filling factor as the dimension

of the disk increases [14].

Figures 3-16(b) and (c) illustrate the simulated electric field distribution of the coaxial
structure with @, = 70 um at both resonances, respectively. The electric field at the low-
frequency mode, as shown in Figure 3-16(b), exhibits strong coupling in the gap between
the ring and disk and between the adjacent rings. The near-field local electric field in the

gap is nearly two times of that in the ring-only array. As for the electric field at the high-
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frequency resonance shown in Figure 3-16(c), contributions are mainly drawn from the

DLSPs of the disk and their coupling between the adjacent structures.
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Figure 3-16 (a) Measured frequency-dependent amplitude transmission of the coaxial

structures with fixed ®,, = 100 pm, @, =90 um, and various @, . Simulated electric

field distributions of (b) low-frequency antibonding resonance at 0.41 THz, and (c) high-

frequency bonding resonance at 0.76 THz of the coaxial structure of ®@,, = 100 um,

®,, =90 um, and @, =70 pm.
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3.5.3 Interactions between the inner disk and outer ring

Based on the gap dimensions between the ring and disk as well as the energy difference
between their plasmon modes, such resonant properties are a result of three interaction
modes, including strong, weak, and anomalous interactions, as illustrated in Figures 3-
17(a)-(c). The strong interaction occurs when the coaxial resonator has a gap size in the
range of 3-20 um. As shown in Figure 3-17(a), with the gap being 5 um, the energy
difference between the coupled resonances is indeed increased compared to that in the
ring and disk-only structures. This is consistent with the basic two-level system theory
that the coupling increases the separation between the two levels [53]. The inset of Figure
3-17(d) illustrates the measured increase in resonance separation compared to that of the
ring and disk-only structures. Clearly, the resonance tunability is not as prominent as that
in the visible regime due to relatively weak coupling at terahertz frequencies. When the
gap increases to greater than 20 pm, we observe the week interaction where the
resonances are getting less to non-affected. In Figure 3-17(b), with a 35 um gap, the
resonances appear nearly identical to the ring and disk-only structures. It is noted that the
raised transmission around 2.0 THz is due to spectrum superposition of the ring and the

high-frequency resonance of the disk and is not an indication of resonance red-shift.

The resonance coupling strength between the ring and disk is evaluated by use of the
Hamiltonian Matrices as depicted in Section 2.5.3 [50]. Considering the uncoupled ring

and disk as two unperturbed states with corresponding eigenvalues, E, and E, ,

respectively, the Hamiltonian can be defined as 1’:10 . For the hybridized coaxial
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resonances with two eigenvalues £, and E,, their Hamiltonian can be written as

H=H ot V , where V stands for the coupling term. Thus,

gofB O (B F (3-2)
0 E) |\« E

where x and x are the coupling coefficients between E, and E, and conjugate with

each other. The calculated coupling coefficients, K‘|2 based on the experimental data are

shown in Figure 3-17(d). With the gap between the ring and disk increased greater than
20 um, a significant reduction in the |/c|2 value is revealed, further indicating the

occurrence of weak interaction.

The anomalous interaction occurs when the gap between the ring and disk is further
reduced to less than 3 um. With such a small dimension, the charges aggregated along the
gap interact so strong that tunnel the gap through and shorted the ring and disk. As shown
in Figure 3-17(c), with a gap being 2.5 um, only one resonance is observed that nearly

overlaps with the DLSP resonance of the disk having same @, of the outer ring. This

interesting anomalous interaction has not been reported in the visible regime [53,55].
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Figure 3-17. Measured transmission of the ring only (R, red), disk only (D, green), and

coaxial (C, black) resonators, respectively, with fixed ®,, = 100 pm for (a) strong
interaction, (b) weak interaction, and (c) anomalous interaction. (d) Calculated resonance
coupling strength, log(|lc|2) at various gaps between the ring and disk. Inset: measured

increase in resonance separation in the coaxials compared to that of the ring and disk-

only structures.
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3.6 Conclusion

In conclusion, we present THz-TDS studies of reflection/transmission properties of
periodic subwavelength metallic particles. The surrounding substrate, shape, and
periodicity are proven to influence the resonance characteristics of the metallic particle
arrays. Also, an optimum ring wall dimension is observed with which the symmetric
resonance approaches a maximum strength at the ring particle resonance. In the coaxial
structures, strong, weak, and anomalous resonance interactions are experimentally
observed. The strong and weak interactions are well characterized by the plasmon
hybridization theory based on a simple two-level system. The anomalous interaction,
however, occurs when the gap between the ring and disk is less than 3 um and exhibits
resonant properties similar to those of a disk of same outer diameter. Such subwavelength
structures manifest less frequency tunability and plasmonic coupling strength compared
to the nanostructured counterparts at visible frequencies due to significant increase in the
values of dielectric function of metals in the terahertz regime. The resonant properties of
plasmonic structures are promising in subwavelength terahertz spectroscopy and terahertz

biomedical sensing.
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CHAPTER IV

COUPLING BETWEEN SUBWAVELENGTH METALLIC HOLES AND

PARTICLES IN COAXIAL STRUCTURES

Based on the enhanced transmission through the periodic hole array, it has been reported
that further enhancement can be achieved by employing complex plasmonic structures,
such as corrugating metallic periodic grooves surrounding a single hole [56], placing
metamaterial structures at the near field of the hole [57,58], or using circular coaxial
structures [38,59-65]. In these complex structures, stronger resonant process coupling
with incident radiation leads to improved transmission enhancement compared to that in

the hole-only array.

4.1 Enhanced transmission through rectangular coaxial hole array

Here, we study the transmission properties of hybrid structures made from rectangular
hole-particle coaxial composites. Significant transmission enhancement is observed when
compared to the hole-only array counterpart due to coupling between metallic holes and
particles in the composite structure. By changing the polarization of incident radiation,
1sotropically enhanced transmission is also obtained. Based on numerical fitting by the

Fano model and angle-resolved transmission measurement, the coupling mechanism for
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different structure orientations is analyzed. The high enhanced transmission and
frequency shift are the result of coupling between DLSPs of the inner particle, SPs and

LSPs of the holes, and the direct scattering.

4.1.1 Effect of the inner particle in coaxial structures

The coaxial hole array, as shown in Figure 4-1, was fabricated using the process

described in Section 2.1.

s 160 pum

Figure 4-1 Microscopy image of a coaxial hole array with hole dimension of 100 x 80

um?, inner particle dimension of 80 x 40 um?, and a periodicity 160 pm.
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In Figure 4-2(a), the amplitude transmission of the coaxial hole arrays with different

particle lengths at £'|| y is measured by THz-TDS. With inner particle length along y

axis increased from 60 to 80 pum, the amplitude transmission of the Si-Al SP [£1,0] mode
is enhanced from 0.82 to 0.92, and the resonance frequency is red-shifted from 0.55 to
0.46 THz as shown in Figure 4-2(b). Compared to the resonance of the coaxial Si-Al SP
[£1,0] modes, the hole-only Si-Al SP [£1,0] mode showed only a 0.47 peak transmission
resonating at 0.55 THz. The normalized amplitude transmission, which is defined as the
peak transmission normalized by the area of the hole is about 1.5. With the inner particle
80 x 60 um” integrated in the hole, the normalized amplitude transmission is increased
from 1.5 to 6.72, showing more than four times increase than that of the hole-only array.
As for the particle-only array, the increased dimension along the electric field leads to a
strengthened resonance and frequency red-shift [14]. By increasing the inner particle

length along y axis in the composite structure, the coupling between DLSPs of the inner

particle, SPs and LSPs of the outer hole becomes stronger, resulting in more enhanced

transmission and resonance red-shift compared to the hole-only array.
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Figure 4-2 (a) Measured frequency-dependent amplitude transmission of hole array (dot
curve) and coaxial array with different inner particle dimension of 80 x 60 um?® (solid
curve), 80 x 40 um* (dash curve), 60 x 60 um® (dash-dotted curve) with E || y. The
dimension of the holes is fixed as 100 x 80 pm?, with a periodicity 160 pum. (b)
Resonance frequency (circles) and amplitude transmission (squares) as a function of

inner particle length. The color corresponds to different inner particle dimensions in fig.



When the inner particle length along the y axis is fixed, the length along the x axis also

influences the transmission, while the frequency shift is not observed. The change of
length along x axis modifies the direct transmission, and alters the coupling between
SPs, LSPs and direct transmission. As a result, the enhanced transmission of the coaxial
array is attributed to the coupling between DLSPs of the inner particles, SPs, LSPs of the
outer holes, and direct scattering. In addition, the non-resonant background at higher
frequencies of the coaxial array is much lower than that of the hole-only array, leading to
the increase in resonance contrast. Moreover, a weaker resonance is observed around
0.82 THz in the coaxial arrays, which is induced by coupling with the Si-Al SP [+1,+1]

mode.

4.1.2 Effect of the structure orientation
Figure 4-3(a) shows the enhanced transmission spectra at £ || x, with various lengths of

the shorter side of the inner particle from 40 to 60 um. For the hole-only array, we

observe a higher amplitude transmission 0.85 at E || x than that of E ||y . For the

coaxials, when the shorter length of the particle is 40 pm, the DLSPs of the particle is
too weak to induce a strong coupling with SPs. Thus, the transmission spectrum of the
coaxial array is similar to that of the hole-only array. With increasing shorter length to 60
um, however, the enhanced DLSPs of the inner particle couple with SPs, leading to an
extraordinary enhanced transmission of 0.99, as shown in Figure 4-3(b). As for the
coaxial array with inner particle 80 x 60 pm?®, the normalized amplitude transmission
approaches 7.04 at 0.47 THz, which is almost three times higher than that of the hole-

only array of 2.72 resonating at 0.51 THz.
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Figure 4-3 (a) Measured frequency-dependent amplitude transmission of hole array (dot
curve) and coaxial array with different inner particle dimension of 80 x 60 um?® (solid
curve), 80 x 40 pm’ (dash curve), 60 x 60 um® (dash-dotted curve) with E|/x .
Dimension of holes is fixed as 100 x 80 pm?, periodicity is 160 um. (b) Resonance
frequency (circles) and amplitude transmission (squares) as a function of the inner
particle length. The color corresponds to different inner particle dimensions in (a). The

dotted lines are to guide the eye.
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When the dimension of the inner particle is 60 x 60 um? the orientation of the electric
field will not influence the DLSPs of the particle, the SPs excited by the 100 x 80 pum?
outer holes, however, altered the transmission properties a lot. If one compares between

Figures 4-2 and 4-3 with the sample orientation switched from E || y to E || x, it is seen

that the amplitude transmission increases from 0.82 to 0.99 and the resonant frequency
red-shifts simultaneously, which manifest that SPs of the holes also influence the

transmission characteristics of the coaxial array.

4.1.3 Dependence on incident angle

Angle-resolved transmission spectra of the coaxial structure with an 80 x 40 um® inner

particle at E || y, are measured under TM polarization. As shown in Figure 4-4, two

resonance modes are observed in the spectra. By changing the incident angle, a strong Si-
Al SP [+1,0] mode at 0.46 THz exhibits angle-independent behavior. A weak Si-Al SP
[£1,£1] mode near 0.8 THz, however, experiences frequency shift as well as mode
splitting when the incident angle is greater than 10 degrees. Due to the electric dipole
characteristics, the DLSP resonance couples with the Si-Al SP [+1,0] mode stronger than
that with the Si-Al SP [£1,£1] mode; this results in the angle-independent enhanced

transmission centered at 0.46 THz.
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Figure 4-4 Measured angle-resolved transmission for coaxial array with inner particle 80
x 40 pm’, periodicity 160 pum and E| y for TM polarization. The dots manifest

resonance modes.
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4.1.4 The Fano model

Due to the asymmetric line shape of the resonance profiles of the coaxial structures, the
measured transmittance can be analyzed by the Fano model, which describes the
interactions between direct scattering and discrete states coupled by DLSPs, SPs, as well
as LSPs of the holes. The Fano line shape, which includes the higher order SP modes, is

expressed as [38]

Truo =T, +T{l+2§;] /[H[ZALJ ] (4-1)

where Ag, =(w—-w, )/(T,/2), T, is a slowly varing transmittance, 7, is the non-resonant
transmission coefficient that couples with discrete resonance states, @,/27z is the
resonance state frequency, I',/27z is the linewidth, and ¢, is the Breit-Wigner-Fano

coupling coefficient for the vth discrete state [13,37,38]. As shown in Figure 4-5, the
Fano model shows an excellent fit to the measure resonance spectrum of the coaxial array

with an 80 x 40 pm? inner particle at E|| y.
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Figure 4-5 (a) Measured (circles) and Fano fitted (solid curve) transmittance of the

coaxial array with an inner particle 80 x 40 pum?, periodicity 160 um and E|| y. The
fitting parameters are 7, = 0; 7, = 0.0013; ¢, = 24.5; I, /27 = 0.11; o, /27 = 0.4485;

g, = 1.35; T, /27 = 0.07; w,/27 = 0.7680; ¢, = 1.8323; [, /27 = 0.25; and , /27 =
1.1852.
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4.1.5 Coupling coefficient
In order to understand the coupling mechanism of the coaxial arrays, a complex

Hamiltonian [38], H = H T+ H ,+ I-AI3 +V, is defined. The eigenmodes of I-?l corresponds
to the resonant state, i.e. DLSPs of the inner particle, H , stands for the Al-Si SP [+1,0]
mode of the outer hole, Ii is the LSPs of the hole and the direct scattering. The three

channels are coupled via the coupling term V . Thus, the effective eigenmode matrix can

be written as

w, 0 0 @ K, Kk

a

0 w O |=diaglcn @, Ky (4-2)

0 0 o K13 K3 w,

where @,,  are the measured resonant states of the coaxial structures, @, /27 is the

DLSP mode, which can be calculated by @, /27 =(c/2L)s, " with L being the length
of the particle parallel to the polarization of the incident electric field, ¢, is the dielectric

constant of the substrate [14]. @, /27 is the SPs mode of hole array, which can be given

approximately at terahertz frequencies as [38].

\/( (@, /27)sin 0 JﬂT . (ﬁf _(@/21)8," )
c P P c

where m, n are integer mode indices, P is periodicity, and @ is incident angle. @, /27
is the LSP mode of the hole and the direct scattering as well, x,,, x;; and x,, are
coupling coefficients among the three resonant states. x,, *, x;*, and «,; * are the

conjugates of «,,, k5, and x,; .
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For each incident angle, we have

(a) — @ )(a) — W, )(a) - a’3)+ USPLSELIE * Tk, * K3 * K3 (4_4)

_|K13|2(a)_a)z)_|’(23|2(a)_a)l)_|K12|2(a)_a)3): 0,

where @ corresponds to @

ab,c?

as the coupled state of SP, LSP, and DLSP degenerate to

one state, w, =w, =w,. The variables, i.e. o, , k,,, k;;, and «,; are obtained by

Equation (4-4) using the angle-resolved transmission data in Fig. 4-4.

Based on the angle-dependent transmission of the coaxial array with an 80 x 40 pum®

inner particle and periodicity 160 pm, the coupling coefficient is calculated. At E || x, the

calculated results are |K‘12| =8.03x107°,

K| =0.103, and |x,;|=9.70x107 , indicating

that the coupling between DLSPs and LSPs primarily contributes to the field
enhancement, which further explains the angel-independent behavior of the Al-Si [£1,0]
mode observed in Fig. 4-4. This behavior is also evidenced from the computed electric
field distribution of the coaxials, as illustrated in Fig. 4-6(a), where strong field

enhancement is observed in the particle and the open area of the coaxial. At £ y, the

calculated coefficients are |K'12|=0.151 ,

K| =5.00x10" | and |i,5|=2.35%x107,

manifesting the dominant role of the coupling between DLSPs and SPs. This is also
consistent with the electric field distribution shown in Fig. 4-6(c), in particular, the
electric field along the surface of metal in the vicinity of the coaxials is much enhanced

than that at £|| x.
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4.1.6 Electric field simulation

As shown in Figure 4-6, the electric field distributions of the coaxial array with an inner
particle 80x40 pm* and periodicity 160 pm and hole-only array is simulated by CST
Microwave Studio Software, respectively. With E'|| y, as shown in Figures 4-6(a) and
(b), a strong coupling between LSPs and SPs is revealed in the hole-only array. In the
coaxial array, however, intensified electric field is distributed at the gap between the
inner particle and the hole along the incident electric field due to coupling between
DLSPs and LSPs. Also, weak electric field is shown along the surface of the coaxial
array which manifests a weak coupling between SPs and LSPs. Figures 4-6(c) and (d)

illustrate the electric field distributions of the coaxial and hole-only arrays with E || x.
Coupling between LSPs and SPs in the hole-only arrays is similar to that of £ || y except

that stronger LSPs resonance is presented at the edge of the holes due to the change of
hole orientation. As a result, stronger coupling between LSPs and SPs is induced.
Similarly, strong coupling between SPs and LSPs is shown along the surface of the

coaxial array, confirming their dominant contribution to the transmission resonance.
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Figure 4-6 Simulated electric field distributions of the coaxial array with an 80 x 40 um®
inner particle and periodicity 160 pm, (a) E ||y, resonating at 0.48 THz, (c) E| x,

resonating at 0.51 THz, and hole-only array (b) E|| y, resonating at 0.54 THz, (d) £|| x,

resonating at 0.51 THz. The dimension of holes is fixed as 100 x 80 pm?” and periodicity
160 pm.
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4.2 Enhanced transmission through array of rectangular holes
hybridized with ring shape particle

It was proved that the hybridized structures of holes and solid particles array can produce
more enhanced transmission than that of the hole-only array [39,51,62,63,65]. Also,
compared to the solid particles, the ring shape particles exhibit larger frequency tunability
and stronger electric field enhancement [15]. It thus is intriguing to investigate the

resonant properties of the hybridized structures of hole and ring particles.

The hybridized coaxial structures are fabricated by conventional lithography and
metallization processes on a silicon substrate (0.64 mm thick, n-type resistivity p = 12 Q

cm), as shown in Figure 4-7.
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Figure 4-7 Microscopy image of a hole-ring coaxial array with hole dimension of 100 x

80 um?, inner ring dimension of 80 x 60 / 60 x 40 um?, and a periodicity 160 pum.
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4.2.1 Transmission comparison between the hybridized coaxial and the hole-

only array

Figure 4-8(a) shows the frequency-dependent amplitude transmissions of the hole arrays
hybridized either with solid particles or ring particles, and the counterpart hole-only array
as well. Compared to the hole-only array, the hole-rectangle coaxials manifest nearly two
times of amplitude transmission as well as more than four times of normalized amplitude
transmission, as shown in Figure 4-8(b). As discussed in Chap. 4.1.5, such significant
increase is due to the coupling between the resonance of holes and DLSPs of the particles
[15]. Although the ring particle exhibits stronger DLSP resonance than the solid particle
array because of the additional DLSP resonance of inner edge [15], the hole-ring
coaxials, however, show the diminished amplitude transmission of 0.76 compared to 0.84
of the hole-rectangle coaxials. The outer edge of ring particle couples with the holes,
leading to enhanced transmission. The inner edge, however, retains the transmission
minimum of DLSP resonance, thus diminishing the enhanced transmission. Also, by
coupling with the hole array, the hole-ring coaxials show a further red-shifted resonance
frequency. As a result, the transmission of hole-ring coaxials is determined by both
coupling effects between hole and ring particle outer edge and DLSP resonance of the

inner edge.
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Figure 4-8 (a) Measured frequency-dependent spectra of hybridized structures with 80 x
60 um” solid particles (dash-dotted curve), 80 x 60 / 60 x 40 um” ring particles (dotted
curve), and the hole-only counterpart (solid curve), with periodicity 160 um and E || y,
the holes are fixed as 100 x 80 um® (b) Amplitude transmission (squares) and

normalized amplitude transmission (circles) of the hole-rectangle coaxials (HRE), hole-

ring coaxial (HRI), and

Resonance Frequency (THz)

the hole-only counterpart (H).
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4.2.2 Dependence of transmission properties on dimensions of the inner

particles

When the hole dimension is fixed as 80 x 100 um?, the dimension of the ring particles is
observed to alter the transmission characteristics of hybridized coaxial structures. The
inset of Figure 4-9(a) shows the transmission properties of the ring only array by fixing
the outer dimension as 80 x 60 um” and inner length as 60 um. With E || x (short axis)
which is shown in Figure 4-7 and the inner width along E field increases from 20 to 40
um, the transmission minimum decreases and the resonance frequency exhibits a red-
shift. The electric dipole moment of the ring particle is modified by the inner width along
E field, leading to the alteration of the DLSP resonance. Figure 4-9(a) shows the
transmission properties of the coaxial structure with the same ring particles integrated in
the holes with £ || x. When the inner width along E field increases from 20 to 40 um, the
amplitude transmission decreases from 0.85 to 0.82, and the resonance frequency
experiences a little red-shift. The similar resonance properties between the ring-only
structure and their coaxial conterpart manifest that the resonance difference with

changing inner width of the rings mainly due to the electric DLSP resonance of rings.
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Figure 4-9 Peak amplitude transmission as a function of the dimension of ring particle,
the holes are fixed as 100 x 80 um* with periodicity 160 um. Fix the outer dimension as
80 x 60 pum’, inner dimension is 60 x 20 (solid curve) and 60 x 40 um” (dash dotted
curve), respectively. (a) E|lx. (b) E|| y. Inset: peak amplitude transmission of ring
particles only array. (c) Fix the inner dimension as 40 x 20 pm?, outer dimensions are 60
x 40 (solid curve), 80 x 60 (dash dotted curve), and 80 x 40 um’ (dotted curve)
respectively, with £|| y. (d) Fix the ring width as 10 pm, the dimension of ring particles
are 60 x 40 / 40 x 20 pm? (solid curve), 70 x 50 / 50 x 30 um? (dash dotted curve), and
80 x 60 / 60 x 40 um” (dotted curve), respectively, with E|| y.
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With E || y, when the inner dimension perpendicular to £ field is altered from 20 to 40
um, the resonance possesses a decreased amplitude transmission and red-shifted
frequency, showing similar phenomena as those of inner dimension parallel to £ field, as
shown in Figure 4-9(b). Beneath the similar phenomena, different resonance principle is
revealed with alteration of the inner dimension perpendicular to E field. Even the single
hole, which eliminates the SP resonance has enhanced transmission, due to its LSP [29-
31]. The LSP resonance is referred to the magnetic dipole moment resonance which is
related to the dimension perpendicular to the E field. In the inset of Figure 4-9(b), when
the inner dimension of the ring-only array is increased from 20 to 40 um perpendicular to
E field, it enhances the magnetic dipole moment and therefore strengthens DLSP
resonance of the ring particle, leading to an increased transmission minimum and red-
shifted frequency. By altering the inner dimension of the ring perpendicular to £ field, the
transmission is found to be attributed to the magnetic resonance of the inner edge of the

ring particle.

By fixing the inner edge, the outer dimension of the rings also modify the resonance of
the coaxial structures. In Figure 4-9(c), the inner dimension of ring particle is fixed as 40
x 20 um?, the outer dimension along E field increase from 60 to 80 um, the resonance
frequency experiences red-shift from 0.55 to 0.46 THz. The frequency shift manifests the
change of coupling strength due to the alteration of the gap between the ring and the hole.
One the other hand, with the outer edge along E field fixed to 80 um, the dimension
perpendicular to E field set to 60 and 40 um, respectively, the amplitude transmission

increases from 0.82 to 0.89, and no resonance frequency shift is observed. This indicates
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that the coupling between the hole and ring particles is invariable, the change of direct

scattering makes the variety of the amplitude transmission [51].

Then, changing both the inner and outer edge of the ring particle so that it has a width of
10 pum, the transmission spectra of the resulted coaxials 80 x 60 / 60 x 40 pm?, 70 x 50 /
50 x 30 um?, and 60 x 40 / 40 x 20 um’ (outer / inner dimension) are shown in Figure 4-
9(d). The resonance frequencies exhibit red-shift with increased overall ring dimensions.
The maximum amplitude transmission 0.83, however, is observed with a ring sized 70 x
50/ 50 x 30 um®. The resonance frequency is dominated by the coupling effect between
the hole and ring particles. The gap between hole and ring is smaller, the coupling
between them is stronger. Besides, the DLSP resonance of ring inner edge shows a
negative effect on the amplitude transmission, i.e. it diminishes. As a result, the optimum
amplitude transmission is due to the contribution from both the coupling between the

hole and ring particles and the DLSP resonance of ring inner edge.

4.2.3 Coupling coefficient

In order to understand the coupling mechanism of the hole and ring particles, we
introduce the Hamiltonian, / = H, + H, +V , where the eigenstates H , and H , stand
for the DLSP resonance of the ring particles and the lowest order resonance of the

periodic hole array, respectively, and V is the coupling term between these eigenstates

represented by coupling coefficients «,,. The corresponding eigen frequencies, @, /27

and w, /27 are the frequencies of the ring DLSPs and lowest order resonance of the hole
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array, respectively, given by their measured data. The coupling coefficient x,, can be
obtained by solving the Hamiltonian Matrix. The calculated x,, with various ring
dimensions is shown in Fig. 4-10. The gap between the hole and ring dominates the direct
coupling between them. By changing the outer dimension of the ring particle, the
coupling strength changes a lot. The inner dimension of the ring particle, however, also
influences the coupling strength but with a small quantity due to the alteration of induced

charges distributed along the outer edge of the ring.
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Figure 4-10 Calculated coupling coefficient as a function of different ring particle

dimension, E ||y . Inset: the zoom out of the coupling coefficient with a fixed outer

length of ring particle at 80 um.
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4.2 .4 Electric field simulation

The field distribution of the hole-ring coaxials is simulated, as shown in Figure 4-11. By
setting the ring particle dimensions as 80 x 60 / 60 x 40 pm? and 60 x 40 / 40 x 20 pm?,
the ring width is fixed at 10 um. Both the electric and magnetic field distributions of the
coaxial structures are illustrated. The electric field is mainly distributed within the gap
along the £ field, as shown in Figures 4-11(a) and (b). The larger gap possesses stronger
electric field due to the coupling effect between resonance and direct scattering [14]. The
magnetic field indicated in Figures 4-11(c) and (d) manifests that the magnetic response
is distributed within the inner hole of the ring as well as along the gap perpendicular to £
field. With larger dimension of inner hole perpendicular to £ field, the magnetic field is
strengthened within the inner hole area. Meanwhile, stronger magnetic field is distributed
along corresponding smaller gap due to the intensified coupling effect. As a result, both
the electric and magnetic responses dominate the coupling between the hole and ring

particles.
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Figure 4-11 Simulated electric and magnetic field distributions of the coaxial structures
with different ring particles. The holes are fixed at 100 x 80 um” with periodicity 160 pm
and E || y. (a) Electric field distribution, (c¢) magnetic field distribution of the rings with
60 x 40 / 40 x 20 um” resonating at 0.54 THz. (b) Electric field distribution, (d) magnetic
field distribution of the rings with 80 x 60 / 60 x 40 um” resonating at 0.45 THz.
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4.3 Conclusion

The enhanced terahertz transmission through the array of various rectangular coaxial
structures is investigated. Being hybridized with solid particles, the normalized peak
amplitude transmission of the hole-rectangle coaxial structures approaches more than
four times higher than that in the hole-only array counterpart. Meanwhile, the resonance
can be adjusted by the gap between the solid particle and hole. Being hybridized with the
ring shape particles, the resonance of the hole-ring coaxial structures also can be
modified by the dimension of the rings. Such transmission resonance is characterized by
the coupling between DLSPs, SPs, LSPs and direct scattering. This is confirmed by
numerical analysis using the Fano model and electric field simulation. The enhanced
transmission of the coaxial structures is promising in subwavelength terahertz

spectroscopy and biomedical sensing.
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CHAPTER V

MULTILAYER PLASMONIC STRUCTURES

We have studied the enhanced transmission through single layer perforated periodic
metallic subwavelength hole array in details. The multilayer subwavelength metallic
structures can also introduce the resonance and bring both of the enhanced local field and
the enhanced transmission which can be applied in sensors and absorbers. Researchers
have shown that the unpatterned planar metallic film with closely coupled periodic
subwavelength structures that have a surface modulation to the planar metallic film can
excites SP-like resonance [66-68]. Meanwhile, two layers of coupled periodic
subwavelength structures can introduce extraordinary transmission. Two types of coupled
layer structures are investigated: one is the structures with two layers of the same
structures which is due to the coupling between the same patterns [69]; the other structure
is composed by two layers of complementary patterns, whose resonance is explained as
Fabry-Pérot resonance [70]. In this Chapter, we will focus on the multilayer structures
with complementary patterns. Compared to the structures characterized in Section IV,
which is comprised of holes and inner particles in one plane regarded as in-plane
coupling between SPs, LSPs and DLSPs, the multilayer structure that separate two
complementary pattern, i.e. holes and particles, by a dielectric spacer is designed and the

out-plane coupling between SPs, LSPs and DLSPs is investigated.
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5.1 Sample fabrication

The schematic structure of the multilayer sample is shown in Figure 5-1. At first, one
layer of 200 nm thickness aluminum hole array is fabricated on the Si substrate by
traditional photolithography. Then, 4 pum thickness dielectric particles (positive
photoresist PRA-4000) functioned as dielectric spacer between complementary structures
are coated on the hole area by using the alignment technique. After evaporating another
layer of 200 nm aluminum on the rugged surface, the multilayer complementary sample

is obtained. The dimension of hole array is 100 x 80 um?* with 160 pm periodicity.
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Figure 5-1 Schematic view of multilayer complementary structure. 1. Si substrate; 2.

Aluminum hole array; 3. Dielectric spacer; 4. Aluminum particle.
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5.2 Dependence of orientation on complementary structure

The measured transmission spectra of the complementary structure are shown in Figure
5-2. Theoretically, very little direct scattering can penetrate the 3D complementary
structure unless the light diffracting through the sample from the side faces of the 3D
structure. Surprisingly, Enhanced amplitude transmission is observed. With E||y, the
amplitude transmission approaches (.71 resonating at 0.54 THz. With E||x , the
amplitude transmission increase to 0.76 with resonant frequency red-shift to 0.48 THz.
Meanwhile, the secondary resonances located at 0.6 THz with £ || x and 0.82 THz with
E || y manifest the influence by SP [£1, 1] mode. Low background transmission around
0.1 exhibits the low value of direct scattering through the structure. Compared to the
large transmission discrepancy of hole-only array, the complementary structure manifests

similar amplitude transmission without dependence on the structure orientation.
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Figure 5-2 Measured transmission spectra of complementary structure with £ || x (dotted
curve) and £ || y (solid curve), respectively.
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5.3 Dependence on incident polarization and angle of the

complementary structure

In order to investigate the resonance properties of the complementary structure, we
measured the angle-dependent transmission spectra with TM and TE incidence
polarization, respectively, as shown in Figure 5-3. With TM polarization incidence,

E| y, an angle-independent resonance at 0.54 THz is observed with incident angle
varying from 0 to 40 degree. With E|| x, the transmission spectra split to two modes
when the incident angle increases up to 10 degree. The different behaviors with different
orientations are due to coupling between the DLSP resonance of top layer particles and
the SP, LSP resonances of hole array at the bottom layer. With E || y, the resonance is
mainly due to coupling between the DLSP resonance of particles and the LSP resonance
of the hole array, which manifests the angle-independent behavior. With £ || x , however,
the coupling between SP and DLSP resonances are contribute to the resonance, and the

resonance splits into two modes.
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Figure 5-3 Measured angle-resolved transmission with TM polarization incidence for
complementary structure with hole and Aluminum particle separated by dielectric particle

array, the hole and particle dimension is 100 x 80 pm?, periodicity is 160 um, (a) E || y,

(b) Eflx.
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In Figure 5-4, when the incidence wave switches to TE polarization, with E || x, the
resonance is located at 0.54 THz, and shifts to 0.48 THz with E | y. Both of the
orientations possess angle-independent transmission spectra. As mentioned in Chapter
2.5.5, with TE polarization incidence, the incident angle will not influence the resonance
frequency of the SP [£1,0] mode, because the wave vector has no projection on the
direction of SP propagating. When the SP [£1,0] mode couples with the DLSP resonance

of particles, the resonance exhibits angle-independent behavior.
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Figure 5-4 Measured angle-resolved transmission with TE polarization for
complementary array with hole at bottom layer and Aluminum particle on top layer
separated by dielectric particle, the hole and particle dimension is 100 x 80 pm?
periodicity is 160 um, (a) E|| v, (b) E|| x.
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5.4 Coupling coefficient

In order to understand the coupling mechanism between the DLSP resonance of particles

and the SP, LSP resonances of the hole array, the coupled problem can be defined as
Hamiltonian [38], H = IEI1 + ﬁz + [;Q +V, as mentioned in Chapter 4.1.5. The eigenstate
of ﬁl corresponds to the resonant state in DLSPs of the particles on the top layer, H , 1S
the state in Al-Si SP [£1,0] mode of the hole array at the bottom layer, IEI3 is the LSPs of
the holes including the direct scattering. The three channels are coupled via the coupling

term V . The effective eigenmode matrix can be written as

o, 0 0 @ K, Ky
0 o O0|=diaglcs o, K, (5-1)
0 0 w K Kn o

where @, , . are the resonant states of complementary structures, /27 is the DLSPs

"2 where L is the length of the

mode, which can be calculated by ®,/27 =(c/2L)¢,”
particle parallel to the polarization of the incident electric field, ¢, is the dielectric

constant of the dielectric spacer [15]. @,/27z is the SPs mode of hole array, which can be

given approximately in terahertz frequency as [38].

\/((a)z/Zﬂ) sin & +ﬂj2 +(£j2 _ (w2/27[)gd1/2 (5-2)

c P P c

where m , n are integer mode indices, P is periodicity, and @ is incident angle. @, /27

is the LSPs in the hole as well as the direct scattering, x,,, k;; and x,;, are coupling
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coefficients among the three resonant states. The variables, i.e. @,, k,,, k;, and x,; are

obtained by diagonalizing H using the angle-resolved transmission data.

Based on the angle-dependent transmission of the complementary structure the coupling

coefficient is calculated. With TM polarization incidence, at E ||y, the calculated

coefficients are |x;,|=1.5x107,

k3| =0.107, and |x,;|=4.3x107, indicating that the
coupling between DLSPs and LSPs primarily contributes to the field enhancement, which
further explains the angel-independent behavior observed in Fig. 5-3 (a). At E || x, the

calculated coefficients are |K12|=0.192 , |K13|=7.00X10_4 , and |K23|=3><10_4 ,

manifesting the dominant role of the coupling between DLSPs and SPs, which due to the

angle-dependent resonance. With TE polarization, at £ || y, the calculated coefficients

are |K12| =0.109 ,

K13|=0.106 , and |K23|=8.48><10_2. At E|lx , the calculated

coefficients are |K‘12| =0.108,

K13| =0.103, and |/<23| =4.5x107. Both of the coefficients

manifest the strong coupling between DLSP and LSP as well as DLSP and SPP.

5.5 Electric field simulation

The electric field distribution of the complementary structure under normal wave
incidence is simulated, as shown in Figure 5-5. With E || y, as shown in Figures 5-5(a),
intensified electric field is distributed at the edge of the particle along the direction of £
field as a dipole resonance. Different from the DLSP resonance of particles, the electric
field of the complementary structure also distributed along the SP propagating direction

on metallic surface, indicating that there exit a coupling between the SP resonance of the
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hole array and the DLSP resonance of particles. Figure 5-5(b) illustrates the electric field

distribution with E||x. The DLSP resonance of particles is similar to that of £ y

except that stronger SP resonance is presented at the metal surface due to the variation in
hole orientation. As a result, stronger coupling between DLSPs and SPs is induced. This
is also consistent with the coupling coefficient calculated shown in Chap. 5.1.4, in
particular, the electric field along the surface of metal in the vicinity of the

complementary structure is enhanced than that of £ || x.
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Figure 5-5 Simulated electric field distributions of the complementary array with 100 x
80 um”hole, 100 x 80 pm?* Aluminum particle, as well as 100 x 80 pum? dielectric spacer,

periodicity 160 um, (a) E|| y, resonant at 0.58 THz, (b) E || x, resonant at 0.51 THz.
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As introduced in Section 1.1.3, in the visible regime, SPs exhibit large field confinement
at the interface and have a small propagation length. In the terahertz regime, however,
SPs reveals small localization and larger propagation length which is not fitted to the
waveguide application. With the hole array patterned on metal surface, the artificial
plasmons along the interface result in better confinement of surface waves in the terahertz
regime. Figure 5-6 exhibits the simulated electric field distribution at the cross section
cutting along the y axis of the complementary and hole-only array, respectively. The
localization of electric field at the metal surface of the hole-only array is several orders of
magnitude higher than that of the complementary array. It is not easy to measure the
localization of electric field, but we have the evidence from the simulation to believe that
the complementary structure can improve the electric field localization, which can be

applied in waveguide and communications.
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Figure 5-6 Simulated electric field distributions at the cross section cutting along y axis
of the complementary array with 100 x 80 um? holes, 100 x 80 um* Aluminum particles,
as well as a 100 x 80 pm’ dielectric spacer, periodicity 160 pm, and the corresponding
hole-only array (a) complementary array resonanting at 0.58 THz, (b) hole-only array

resonanting at 0.51 THz,
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5.6 Conclusion

Enhanced transmission through multilayer complementary structures is investigated. By
measuring the angle-resolved spectra, the coupling mechanism showing the interaction
between resonance of particles and holes is manifested. Although the direct scattering is
very low, the enhanced transmission is due to the out-plane coupling between DLSP
resonance of particles on top layer and the resonance of SPs and LSPs of the holes at the
bottom layer. Meanwhile, the numerical simulation shows good agreement with the
measurements. The resonance of the multilayer structures is promising in biomedical

sensing.
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CHAPTER VI

CONCLUSION

In conclusion, the resonant properties of subwavelength plasmonic structures are
investigated in the terahertz regime. The coupling between SPs and LSPs is proven to
contribute substantially to the enhanced transmission in the subwavelength hole array.
The DLSPs are demonstrated to induce the resonance in the metallic particle array. Also,
the enhanced transmission through the rectangular coaxial array is investigated
experimentally and theoretically, which is originated from the coupling between SPs,
LSPs and DLSPs. The resonance of multilayer complementary structure is explored,
which is due to the out-plane couling between SPs, LSPs and DLSPs. At last, the
plasmonic cavity with nearly perfect absorption is investigated as the resonance of F-P

cavity.

We present THz-TDS studies of transmission properties of random and periodic
subwavelength hole arrays. Even in subwavelength random hole array, extraordinary
transmission can be observed through the coupling between LSPs and direct
transmission. The polarization and angle-dependent transmission through the periodic
hole array reveal the physical origin of the enhanced transmission, i.e. the coupling

between SPs, LSPs and direct scattering. The theoretical analysis by the Fano model,

150



coupling coefficient calculation, electric field simulation provides a good agreement with

the experimental results.

Also, terahertz properties of periodic arrays of subwavelength metallic particles are
investigated. The factors, such as particles shape, surrounding substrate, and periodicity
are found to influence the resonance of DLSPs. The ring particle resonance, which
provides larger electromagnetic field enhancement and improved tunability, is analyzed
by varying the width of the ring wall. The plasmon hybridization theory is employed to
explain the resonance behavior of the coaxial particle arrays. The electric field of
different particle shapes is modeled by CST Microwave Studio simulations in order to

reveal the insight of resonant properties of DLSPs.

Improved transmission enhancement in the rectangular coaxial array is observed in the
THz-TDS measurement when compared with the hole-only array. By changing the
dimension of solid particles or ring particles, it is indicated that both DLSPs of the
particles, SPs and LSPs of the holes influence the resonance of the coaxial structures. The
coupling between SPs, LSPs, and DLSPs is demonstrated to introduce the enhanced
transmission by using the Fano model fitting, coupling coefficient calculation, and

electric field distribution simulation.

At last, the multilayer complementary structure is investigated by measurement and

numerical simulation. The enhanced transmission is due to the out-plane coupling

between DLSP resonance of particle on top layer and the resonance of SP and LSP of the
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holes at the bottom layer. Such multilayer complementary structures can be potentially

applied in terahertz sensing, and spectroscopy.

The extraordinary enhanced transmission of hybridized structures due to either in-plane
or out-of-plane coupling between SPs, LSPs and DLSPs demonstrated in this dissertation
provides an improvement to the sensors and frequency selective filters by having
narrower linewidth and larger frequency tunability. Such plasmonic structures can have
further explored by optimizing the structures and stacking more layers to strengthen the

coupling resonance.
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