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Abstract
Engineering Optical Antenna for Efficient Local Field Enhancement
by
Tae Joon Seok
Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Ming C. Wu, Chair

Optical antennas have been widely used for variety of applications such as
sensitive photodetection, efficient light emission, high-resolution imaging, heat-
assisted magnetic recording, and surface-enhanced Raman spectroscopy (SERS)
because they can capture and focus propagating electromagnetic energy into sub-
diffraction-limited areas and vice versa. However, widespread application of optical
antennas has been limited due to lack of appropriate methods for uniform and large
area fabrication of antennas, as well as difficulty in achieving an efficient design with
small mode volume (gap spacing < 10nm).

In this dissertation, we theoretically derived the local field enhancement of
the optical antenna and found that optimized radiation and small gap spacing are
required for maximum field enhancement of the antenna. To address these
parameters, we experimentally demonstrated three different designs of optical
antennas.

First, we report on applying a dipole antenna on a ground plane for radiation
engineering. The dipole antenna design can achieve the optimum radiation
condition by tuning the spacer thickness between the antenna array and the ground
plane; however, reducing the gap spacing below 10 nm is challenging if using typical
nanofabrication techniques such as e-beam lithography and focused ion beam
milling.

Secondly, we report on using a patch antenna on ground plane for the
uniform sub-5 nm gap spacing. The patch antenna design can be easily implemented
with extremely small gaps; however, the poor radiation efficiency of the patch
antenna with a nanometer-scale gap degrades the performance of the antenna.

Finally, we present a novel optical antenna design—the arch-dipole
antenna—which has optimal radiation efficiency and small gap spacing (5 nm)
fabricated by CMOS-compatible deep-UV spacer lithography. This antenna design
achieves a strong SERS signal with an enhancement factor exceeding 108 compared
to the arch-dipole antenna array; this is two orders of magnitude stronger than that
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obtained from the standard dipole antenna array fabricated by e-beam lithography.
Because the antenna gap spacing—a critical dimension of the antenna—can be
defined by deep-UV lithography, efficient optical antenna arrays with sub-10 nm gap
can be mass-produced using current CMOS technology.



To my wife, Jung Hwa
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CHAPTER 1

Introduction

When a charged particle is placed in external electric field, the accelerated
motion is induced. This remains true even if the charged particle scales down to an
electron and the external field oscillates at high frequencies up to hundreds THz.
This is a simplified explanation of what happens when light is illuminated on a
metallic structure. The incident electromagnetic wave excites the collective
oscillation of conduction electrons in the metal. The combined oscillation of
conduction electrons and photons is called surface plasmon polariton (SPP). In
general, the SPP is a propagating wave at the interface between metal and dielectric.
When the metallic structure has a bound geometry such as a metal nanoparticle,
however, the oscillating mode is localized and shows a resonant characteristic at a
certain frequency; this is known as localized surface plasmon resonance (LSPR). The
re-radiated (scattered) field from this LSPR interferes with the incident field, and
the total field results in efficient light coupling, which can capture the incident
power flux through a much greater cross section compared to the actual physical
size of the metallic nano-structure.

This light-matter interaction within the metallic nano-structure breaks one
of the main constraints of classical optics—the diffraction limit—and focuses light
energy into sub-wavelength region at the surface of metal. As a result, nanometer-
size regions with high local field enhancement are created (so-called hot spots). The
small mode volume of LSPR can also significantly enhance the emission rate of an
atom or a molecule placed at the high field region. Therefore, properly designed
metallic nano-structures can efficiently capture and focus the far-field wave into the
near field and vice versa. This is why they are called optical antennas.

Historically, the concept of the optical antenna was initiated from near-field
optics using metal nanoparticles. In 1928, Synge suggested a method to improve the
resolution of optical imaging using colloidal gold nanoparticles [1]. In 1985, Wessel
proposed to use the optical-field confinement of a metal particle for an optical probe
with spatial resolution unlimited by the diffraction [2]. He claimed for the first time
that metal nanoparticles can serve as an antenna in the receiving mode. In the
following years, many different ideas using metal nanoparticles or sharp metallic
tips were suggested or experimentally demonstrated in near-field optical
microscopy and spectroscopy [3]-[5].



The antenna theory at radio frequencies (RFs) had already been well-
established before 1940 and developed even further during World War II. The
optical antenna is just a counterpart of the radio frequency (RF) antenna at optical
frequencies, and subsequently useful analogies were taken from the success of RF
antenna theory. In 1968, whisker antennas were used in diodes for the detection of
frequency mixing at infrared frequencies [6]. In the following years, theoretical and
experimental research on analysis of the receiving properties of whisker antennas
were published by Schwarz et al [7]-[9]. In 1976, Wang reported research that
interpreted the metal-dielectric-metal bar as the dipole antenna at optical
frequencies [10]. From then until today, many different optical antenna geometries
that originated from RF antenna designs, such as dipole antennas [11]-[14],
monopole antennas [15], [16], patch antennas [17] and Yagi-Uda antennas [18]-[20],
have been reported.

Although these previous works established the foundation of this field and
the various possible applications, such as sensitive photodetection [12], [21],
efficient light emission [22]-[25], heat-assisted magnetic recording [26], high-
resolution imaging [27]-[29], and bio-chemical sensing, have been reported [30]-
[32], the practical use of optical antennas in real applications has not been realized
because of a requirement for an antenna whose dimensions are smaller than
currently available. A critical factor in the performance of an antenna is that it is
highly dependent on its gap spacing; therefore, a small gap spacing is required for
both a high local field enhancement and emission rate improvement of the emitter
source. For the extremely small gap spacing, an optical antenna often consists of two
metal nanoparticles with a nanometer-scale gap spacing. Therefore, optical
antennas are typically fabricated using nano-fabrication technology such as
electron-beam lithography and focused-ion beam milling.

However, the current resolution limit of these nano-fabrication techniques is
limited by poor uniformity and reproducibility when the dimension of the gap
spacing is reduced below 10 nm. Another critical obstacle preventing the practical
applications of an optical antenna is the fabrication cost. Electron-beam lithography
and focused-ion beam milling are slow and expensive serial writing processes,
which require huge amounts of time and money proportional to the fabricated area.
Therefore, mass-production capability by developing a new fabrication technique is
essential to make the optical antenna as widespread a technology as the RF antenna.

Now, our question is obvious. How can we design an efficient optical antenna
with a reliable fabrication method that also has the ability to “broadcast” to a
suitably large-area? Answering this question will be the main goal and direction of
this dissertation in the following pages.

At first, we will start with a review of the material properties of noble metals
at optical frequencies. With this background, we will study basics of Plasmonics
including surface plasmon polariton (SPP) mode at a planar metal-dielectric
boundary and localized surface plasmon resonance (LSPR) in a spherical metal
particle. Then, we will discuss the absorption and scattering by the metal
nanoparticle. In Chapter 3, we will review antenna fundamentals, taking advantage



of well-established RF antenna theory. Various antenna parameters and the antenna
circuit model will be introduced here, which are also useful for performing optical
antenna analysis. In Chapter 4, we will discuss the abilities of optical antennas to
concentrate the local field by capturing the propagating light wave and accelerate
the spontaneous decay rate of the emitter source placed at the high field region.
Then, we will derive the local field enhancement as the critical design parameter for
antenna performance and discuss the optimum conditions for the maximum field
enhancement. In Chapter 5, we will introduce the gold dipole antenna array on the
gold ground plane for radiation engineering. In this antenna design, the radiation of
the optical antenna is engineered to be matched with the antenna absorption for
optimized light coupling. In Chapter 6, we will discuss the patch antenna design for
uniform and reproducible sub-5 nm antenna gap, and the trade-off between the
radiation efficiency and small gap spacing. Finally, in Chapter 7, we will report a new
antenna design, called the “arch-dipole antenna,” which provides both decent
radiation efficiency and the uniform 5 nm gap spacing. We will present a reliable
method for fabricating the arch-dipole antenna by using deep-UV spacer lithography.
Surface-enhanced Raman scattering measurement from trans-1,2-bis (4-pyridyl)
ethylene (BPE) molecules will be chosen to verify experimentally the performance
specification of these novel antenna designs.



CHAPTER 2

Light-Matter Interaction by Metal Nanoparticles

When light illuminates on metal surface, it excites collective oscillations of
conduction electrons. If the metal structure has an unbounded planar boundary, the
excited mode propagates at the boundary of metal surface, which is known as
surface plasmon polariton (SPP). On the other hand, if the metal structure has a
certain shape and bound geometry such as a metal nanoparticle, the excited mode
shows the resonant characteristics known as localized surface plasmon resonances
(LSPRs). These surface modes have tightly confined field distributions near the
metal surface, which enables light focusing beyond its diffraction limit. In addition,
the induced current in the metallic particle results in the scattering (or re-radiation)
of light. This scattered field interferes with the incident field and the incident power,
and, as a result, is captured through the much greater cross section than the physical
size of the metal nanoparticle.

In this chapter, we will first review the material properties of noble metals at
optical frequencies. Then, we will discuss plasmonic modes at the metal surface and
its characteristics. Finally, we will review the light coupling mechanism of metal
nanoparticles by scattering and absorption.

2.1 Material Properties of Metals at Optical Frequencies

2.1.1 Drude-Sommerfeld Model

In order to investigate the optical properties of noble metals, we first
consider free electrons. The physical behavior of free-electron gas can be described
by Drude-Sommerfeld model, where the equation of motion for a free electron is
given by

%7 or 5
_— —_—= —lwt 21
me +mFat eEe (2.1)
where m, e, and I' represent the effective mass, the charge, and the damping
coefficient of the free electron, respectively, and E and w are the amplitude and the
frequency of the applied electric field. If we solve Eq. (2.1) using 7#(t) = #,e ¢, then
7y is given by
N eE
fp=———o— (2.2)
m(w? + il'w)



Then, the macroscopic polarization can be expressed as
ne’E

- m(w? + iTw) (23)

P = eyx E = net, =
where n is the number of electrons per unit volume. Finally, the dielectric constant

is given by
2

)
Eprude(@) =1+ xo =1— m (2.4)
where w, = \/ne?/(me,) is the plasma frequency. The dielectric constant can be
dived into the real and imaginary terms as
w2 - Tw?

P P (2.5)

foruae(®) = 1= T+ T

The dielectric constants of some noble metals at optical frequencies are
plotted in Fig. 2.1. We can see that the real part of the dielectric constant is negative,
which results in a small penetration depth of light into metal since the negative
dielectric constant provides the imaginary part of the refractive index. The
imaginary part of the dielectric constant contributes to the dissipation of the energy
in the metal.

~ ; . .

° ® Experimental
i 5+ ° Drude

Re(g)

60} ©® Experimental
Drude

0 " 1 1 1 0 1 1 1
400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Figure 2.1 Dielectric constant of gold from Drude Model. Experimental values
are taken from Ref. [33].

2.1.2 Lorentz-Drude Model

As shown in Fig. 2.1, the Drude-Sommerfeld model demonstrates the
discrepancy with the experimental data at visible frequencies, although it provides



accurate results at infrared frequencies. This is because the Drude-Sommerfeld
model is based on free electrons, ignoring the response of bound electrons. For the
case of gold, a significant jump of imaginary part of the dielectric constant exists at a
wavelength shorter than 550 nm. This is due to the interband transition, which is
the excitation of bound electrons to conduction electrons. Therefore, we need to
introduce a new model that includes the effect of bound electrons. In the Lorentz-
Drude model, the equation of motion for a bound electron is given by
0%7 or
M= + my——+ af = eEe~iot (2.6)
FIT:
where m is the effective mass of the bound electron, y is the damping constant, and a
is the spring constant of the bound electron. Here we find that the contribution of
bound electrons to the dielectric constant becomes
2
%
(w¢ — w?) — iyw

where Q,, = \/ne?/(me,) (with n being the number of bound electrons per unit

volume), and wo is the natural frequency of bound electrons (w, = /a/m). Then,
the entire dielectric function from Lorentz Drude model is expressed as

€Lorentz (a)) = (27)

gDrude((‘)) = & 2 + lFa) z (w _ wz) lij (28)

Here, the multiple interband transitions are added with the oscillator
strength f;, and the constant offset ¢« is introduced instead of 1 for better fit to the
experimental value. The dielectric constants of the Lorentz-Drude model are plotted
in Fig. 2.2 with the contribution of a single interband transition. We can see that the
Lorentz-Drude model gives more accurate results at the visible range for the real
and imaginary parts of the dielectric constants.
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Figure 2.2 Dielectric constant of gold from Lorentz-Drude Model. Experimental
values are taken from Ref. [33].



2.2 Surface Plasmon

2.2.1 Surface Plasmon Polariton at Planar Interface

When the electromagnetic wave is incident on the metal surface, collective
oscillations of conduction electrons are excited and travel through the boundary of
the metal surface. Because this propagating wave is coupled with the incident
electromagnetic wave, it is called surface plasmon polariton (SPP). For the simplest
geometry of surface plasmon, we consider a planar interface between the metal and
dielectric. Figure 2.3(a) shows the schematic of SPP.
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Figure 2.3 Surface plasmon polariton. a, Schematic of surface plasmon polariton.
b, Electric field mode profile. ¢, Dispersion relation of surface plasmon polariton
[34].

To find the eigenmode of the given structure, we need to solve Maxwell’s
equation, which for this system are given by

VD= (2.9)
V-B = (2.10)
. 0B
VXE = —— (2.11)
ot
_ aD
VxH = — (2.12)
at

Here, the oscillating current from conduction electrons is implied in the
complex value of dielectric constant. Applying a curl operator to Eq. (2.11) and
combining Egs. (2.11) and (2.12), we obtain the wave equation, which is expressed
as



d(VxB)  ped?E

Fo__\N'7P)_ _PET 2 (2.13)
VXVXE 7 7 3p2
- a) -
o VXVXE — C—zyeE =0 (2.14)

where E(7,t) = E(7, w)e~ ™! is used to simplify Eq. (2.13) to Eq, (2.14). Here, the
value of relative permeability u is assumed to be 1 at optical frequencies. The guided
mode at the boundary of two media propagates along the x-direction, and decays
evanescently in the z-direction. First, we consider transverse magnetic (TM) wave
for the solutions for the electric and magnetic fields. TM waves in half-spaces can be
expressed as

Ej'x
E — 0 eikxx—ia)teikj_zz (215)

EJ' Z

where the subscript j indicates the medium 1 or 2 (dielectric, z > 0 or metal, z < 0).
The wave vector components must follow the relation as
kZ + k]-z,z = gk§ (2.16)

where ko is the wave vector at free space (ko=2m/A). Then, we have to match the
fields at the interface using boundary conditions. The boundary conditions of
continuous tangential component of E and continuous perpendicular component of
D give the following relations

El,x - EZ,x =0 (217)
Ky Ky

ElELZ - ezEzlz = _81 El,x + 82 — EZ,.X = O (2.18)
kl,z kZ,z

To obtain non-trivial solutions from Egs. (2.17) and (2.18), the determinant
of coefficient matrix must vanish; the relation is then defined as

ki, k
=22 = (2.19)

&1 &

Combining Egs. (2.16) and (2.19), the dispersion relation between the
propagation wave vector ky and the frequency w is given by

k. =k, |22 2.20
x — 0 €1+€2 ( )

and we find the normal component of the wave vector k; as

e?

T 2.21
1z O le, + e, ( )

Therefore, the electromagnetic field is strongly confined in the z-direction as
shown in Fig. 2.3(b) if the normal component of the wave vector given in Eq. (2.21)



has a large imaginary value. A typical dispersion relation of surface plasmon is also
plotted in Fig. 2.3(c).

From Egs. (2.20) and (2.21) we can extract the conditions that must be
satisfied to have a guided mode at the interface. For simplicity, we assume that the
imaginary part of the dielectric constant is negligible compared to the real part. In
order to have a propagating mode along the interface, the propagation constant
must have a real component. This is achieved when the sum and the product of the
dielectric constants from Eq. (2.20) are either both positive or both negative. To
include a bound mode at the interface, the normal component of the wave vector
must be imaginary in both media. This requires that the sum of the dielectric
constants from Eq. (2.21) must be negative Therefore, we can conclude that the
conditions for surface plasmon mode are given by

&1(w) + &(w) <0 (2.22)
&(w) - &(w) <0 (2.23)

Note that the dielectric constants must be negative for one and positive for
the other one, and the magnitude of the negative one must be greater than that of
the other one. As shown in the previous section, the dielectric constants of noble
metals have large negative real parts. Consequently, SPP can exist at the interface
between a noble metal and a dielectric.

We derived the dispersion relation and the conditions for the mode existence
from TM wave. A similar approach can be done using a transverse electric (TE)
wave, however, the conditions for the bound mode cannot be satisfied since the
relative magnetic permeability has the value of 1 for both the metal and the
dielectric at optical frequencies. Therefore, the mode solution for the TE wave does
not exist.

Surface plasmon propagation can be also achieved from multi-layer systems
such as insulator-metal-insulator (IMI), metal-insulator-metal (MIM), and so on. The

discussion in detail for multi-layer surface plasmon mode can be found in Refs.
[35]-[37].

2.2.2 Localized Surface Plasmon Resonance of Spherical Particle

In the previous section, we discussed surface plasmon at the planar interface
between the metal and the dielectric where the electromagnetic field is strongly
confined in the direction normal to the boundary. In the real applications of nano-
optics such as optical antennas, however, the field confinement is achieved in two or
three dimensions by a metallic nanostructure. In this section, we will discuss the
localized surface plasmon resonance with an example of a spherical particle. Figure
2.4 shows the schematic of spherical particle of radius a and the electric field profile
of gold spherical particle with plane wave excitation.
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Figure 2.4 Localized surface plasmon of spherical particle. a, Schematic of
spherical particle with plane wave excitation. b, Magnitude distribution of confined
electric field.

In order to find the plasmon resonance for the spherical particle, we start
with the Laplace equation of potential in spherical coordinates.

1 _ 96 26 N 0 [ 96
r2sin @ s 6r<r 6r> 69<Sm 69)

52 (2.24)
+sin9W d(r,0,90) =0
The solutions are given by
O(r,0,9) = Z bym®ym (7,0, 9) (2.25)
ILm

where b;n are constant coefficients, and ®;, are of the form
(ot }{P{"(cos 9)}{ eime }
And where P/"(cos 0) and Q;"(cos @) are the Legendre functions of the first and

second order. For the boundary conditions, the continuity of tangential electric
fields and the normal electric displacements at the surface of the sphere require that

[ad>1 _ [66132 527
90 oo 190 |4 (227)

[66D1 _ [acbz 228
"% ), " %0 _, (2:28)
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where @1 is the potential inside the sphere, and ®; is the potential outside the
sphere. The outside potential consists of the potentials of the incident and scattered
fields (¢, = &y + P, ). Assuming the incident plane wave of electric field Eo and
applying the boundary conditions, the solutions for potentials are given by
3e
b, = —Eoﬁr cos 6 (2.29)
€& —& ,C0s0

&, = —Eyrcosf + E, e+ 2s, a 2 (2.30)
Then, the electric fields can be calculated from E = —V® to be
2 A~ . ~
E, = Eom(cosenr —sin @ fy) (2.31)
E;
~ . ~ & —& a’ ~
= E,(cos O, —sinBfy) + E, mﬁ (2cos @7, (2.32)

+ sin 0 fy)

We can see that the first term in Eq. (2.32) is the incident field Ey7,,and the
second term represents the scattered field. Note that this quasi-static approach is
valid only when the size of the particle is smaller than the skin depth of the metal.
The simulated field profile of the gold spherical particle in air is shown in Fig. 2.4(b),
which confirms that the strong electric field is confined at the surface of the gold
particle.

Once we know the scattered fields, we can calculate the scattered power and
the scattering cross section. By definition [38], the scattering cross section is given
by

4
foat _ < ja (233)

O-SCa =
I,  6mel

where a(w) is the polarizability of the sphere, and Iy is the power density of the
incident light, which is
&(w) — &

g (w) + 2¢, (2.34)

a(w) = 4meyal
The absorption cross section is calculated from the dissipated power by the

sphere and can be written as
Pabs k
Oaps = A = —Im[a(w)] (2.35)
0 €o
The extinction refers to the power removed from the incoming beam due to
the presence of a particle. The extinction cross section is the sum of the scattering
cross section and the absorption cross section, which is given by
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Oext = Osca + Oabs

|8 ka)* &(w) — &
B §( a) & (w) + 2¢,

’ g(w) — &

‘ma

N

Note that the scattering cross section is proportional to (ka)* whereas the
absorption cross section is proportional to ka. Therefore, extinction is dominated by
absorption if the particle size is much smaller than the wavelength (ka << 1), and
scattering contributes significantly to extinction for a large particle. The term ma? is
the physical cross section of the sphere with radius a. The extinction cross section of
the sphere can be much greater than its physical cross section when -¢1 approaches
to 2&2. This implies that the small scattering particle can interact with light very
efficiently at resonance. The detailed discussion about cross sections will follow in
the next section.

2.3 Interaction between Light and Metal Nanoparticle

At the end of the previous section, we discussed the scattering and the
absorption of small spherical particles. In general, metal nanoparticles of any shape
can also interact with light. In a physical picture, the scattering can be understood as
the re-radiation due to the induced current in the metal particle by incident light
and the scattered (or re-radiated) fields interfere with the incident fields. As a result,
some amount of power is removed from incident wave through scattering and
absorption; this is called extinction [39]. In this section, we discuss the general
relation of the scattering and the absorption from the electromagnetic field theory.
As a starting point, consider light scattering by a metal particle of an arbitrary
geometry as shown in Fig. 2.5.
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Figure 2.5 Scattering of light by a metal nanoparticle. a, Schematic of scattering
process by a metal nanoparticle. b-d, Simulated incident, scattered, and total
magnetic fields [40].

We assume that the plane wave of electromagnetic fields Ei,c and Hinc is
incident on the metal nanoparticle, and the scattered fields by the particle are
represented by Ess and Hs.. Then, we can find the total fields as the sum of the
incident and scattered fields, which are expressed as

Etor = Einc + Esca (2.37)

Hiot = Hine + Hyeq (2.38)

The power density flow of the electromagnetic wave can be obtained from
the Poynting vector of total fields, which is given by
- 1 - —
Stot = ERe{EtotXHt*ot}
1 (2.39)
= ERe{(Einc + Esca)X(Hine + Hgea)'}
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1 — =2, 1 = TTx
= E Re{EincXHinc} + E Re{ESCGXHSCG}
1 - g = =
+ E Re{EincXHs*ca + EscaXHinC
= Sinc + Ssca + Sext

where S, = 1/2 Re{Eyn.xH,} and S = 1/2 Re{Ey.xH,} are the time-
averaged Poynting vectors of the incident and scattered waves, and §ext =
1/2 Re{El-anITI);Ca + Escaxﬁfnc} corresponds to the electromagnetic power density
due to the interference of the incident and scattered fields.

In order to find the relation for the different energy channels, we integrate
Eq. (2.39) on any closed surface, I', which contains the metal nanoparticle.

# S,or - dS = # Sine - dS + # Secq - dS + # S -ds  (2.40)

In Eq. (2.40), the term on left-handed side becomes the dissipated power by

absorption (§f .S:)mt -d§ = —P,;,,), and the term ¢p §inc - dS becomes zero because the
incoming light is a plane wave. The power scattered by the particle is given by

i) §Sca - d§ = P,.q, and the interference term in the scattering process (¢p §ext -ds =
—P,,.). shows the power as extinct. Therefore, we rewrite Eq. (2.40) as

Pext = Psca + Pabs (241)

Again, we confirm that Pex corresponds to the total power extinct from the incident
wave by scattering and absorption.

The concept of effective cross sections is often used to consider the power
dissipations in different channels. An effective cross section is defined as the ratio of
the dissipated power to the power density of the incident wave. Therefore,

Osca = Psca/IO (242)
Oagps = Pabs/IO (243)
Oext = Pext/IO (244)

where [y is the power density of the incident wave (= |§inc|). Using Eq. (2.41), we
define the relation between effective cross sections as
Oext = Osca + Oabs (245)

In order to increase the coupling of light for a metal nanoparticle, large cross
sections are required. Because the interaction of light and a metal particle is
basically the result of interference phenomenon between the incident and scattered
wave, the large cross sections of a metal particle (or an optical antenna) must be
designed so that the radiation pattern to be spatially are well-matched with the
incident wave. In general, the spatial mode matching requires the expression of
electromagnetic fields and integration of two modes at the entire coupling region.
However, if the incident illumination is a plane wave, the effective cross section can
be introduced by incorporating the concept of directivity in antenna theory. As
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shown in the Chapter 3, the effective cross sections are proportional to the
directivity of the antenna.
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CHAPTER 3

Antenna Fundamentals

With the great success of (RF antennas, comprehensive antenna theory has
successfully explained both theoretically and experimentally how an antenna works
[41]-[43]. Although optical antennas have several distinctions, e.g., such as optical
material properties, types of attached loads or generators, their physical behavior
based on quantum electrodynamics (QED) regime, and so on, their light-matter
interaction still relies on the identical physical mechanism: antennas radiate (or
capture) electromagnetic wave from excited (or induced) current distribution.
Therefore, aspects of RF antenna theory can be used to understand radiation and
absorption characteristics of an optical antenna.

This chapter reviews the fundamentals of antenna theory. First, we will
briefly take a look at the overview of antennas. Secondly, we will introduce key
parameters that define the characteristics necessary for antenna. Finally, we will
discuss the antenna circuit models for transmitting and receiving modes.

3.1 Overviews of Antenna
3.1.1 Antenna Radiation and Retardation Effect

The physics of antenna radiation can be understood as the result of
retardation effect, which happens when the circuit elements have comparable sizes
with the wavelength [44]. When we consider low frequencies, the circuit elements
usually have much smaller dimensions than the wavelength. Then, the propagation
time from one part of the circuit element to another is negligible. Figure 3.1
illustrates an example of a loop antenna. At low frequencies, the distance between
point A and B is so small in comparison with wavelength, that the phase delay due to
the travelling for the magnetic field by current element at point A to point B is
insignificant. Then, the induced field from time-varying magnetic field is 90 degrees
out of phase with current in B, which results in the inductive effect without power
dissipation. At high frequencies, however, the loop dimension becomes comparable
to wavelength, and the phase delay due to the propagation of magnetic field from
point A to B cannot be ignored. The retarded magnetic field induces the electric field,
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which is not exactly 90 degrees out of phase with the current at B. This in-phase
component of the induced field contributes to the power dissipation, which
corresponds to the radiated power by the antenna.

B

Figure 3.6 Retardation effect in loop antenna. Phase retardation is occurred
between current at A and induced field at B when antenna size is comparable with
wavelength.

If the distribution of current in circuit is known, fields and power radiated by
the circuit can be calculated. From the relation between the radiated power and the
current at the terminals of radiating part (the antenna part), the power dissipation
by radiation can be expressed by a resistive term in the circuit. This is called
radiation resistance. (A detailed discussion about radiation resistance will be
addressed in a later section.) In reality, in order to obtain the actual current
distribution, calculation of the radiation resistance is required to solve the
boundary-value problem; it is sometimes difficult to obtain the exact analytical
solution. Therefore, reasonable assumptions for current distributions are often used
to calculate radiation characteristics. The assumed distribution depends on the
shape and relative size to wavelength of antennas. For examples, a triangular
current distribution is assumed for a small dipole antenna and a sinusoidal current
distribution for a half-wave dipole antenna.

3.1.2 Categories of Antennas

Essentially, an antenna is a device that transfers energy propagation between
guided waves and free-space waves. By reciprocity, an antenna can be used in both
the transmitting mode and receiving mode; however, it is usually required to
optimize antenna performance parameters. Unfortunately, the performance of
antenna cannot be significantly improved without sacrificing other performance
parameters. A detailed description of the antenna performance parameters will be
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discussed below. Here, we will introduce various types of antennas categorized by
specific characteristics. Though there are several ways to classify antennas, e.g.,
according to their applications and technologies, here we categorize antennas into
two separate classes.

The first classification is by spatial radiation characteristics of antennas.
According to their angular radiation pattern, antennas are generally in one of two
categories: omnidirectional and directional antennas. Omnidirectional antennas
radiate (or receive) more or less in all directions, whereas directional antenna
radiate (or receive) preferentially in a particular direction. Therefore, it is important
to know the radiation pattern of an antenna to distinguish how a specific antenna
operates. Omnidirectional antennas have merits for broadcasting systems that to
send signals through broadside directions at low frequencies since a directional
antenna at these frequencies would be too large and not cost effective. Directional
antennas, which usually have better gain and are preferred when transmitting (or
receiving) directions, are relatively preferred in applications for point-to-point
communications. Figure 3.2 shows some examples of omnidirectional and
directional antennas.

a. Omnidirectional Antennas

Ground Plane

Dipole Antenna Loop Antenna Monopole Antenna

b. Directional Antennas

Reflector Antenna Horn Antenna Vivaldi Antenna

Figure 3.7 Omnidirectional and directional antennas. a, Omnidirectional
antennas. b, Directional antennas.

Antennas also can be categorized by their spectral radiation characteristics.
The bandwidth of antenna is defined as the range of frequencies over which
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important performance parameters are acceptable. Resonant antennas have good
input impedance and radiation properties over a narrow band of frequencies. In
general, resonant antennas have low to moderate gains and broad radiation
patterns. In contrast, broadband antennas have acceptable radiation characteristics
over a 2:1 bandwidth ratio of upper to lower operating frequencies. Broadband
antennas are preferred when applications demand that they operate over a wide
range of frequencies. Various types of resonant and broadband antennas are shown
in Fig. 3.3.

a. Resonant Antennas

<—~N2 —> A
~N4
< ~\2 > : ‘l’
T Ground Plane
Dipole Antenna Microstrip Patch Antenna Monopole Antenna

b. Broadband Antennas

Spiral Antenna Biconical Antenna Vivaldi Antenna

Figure 3.8 Resonant and broadband antennas. a, Resonant antennas. b,
Broadband antennas.

Because there are trade-offs between antenna parameters, improving one
parameter, in general, requires sacrificing one or more other parameters. For
example, if one wants to increase the gain of antenna, it reduces the isotropy of
radiation pattern by enhanced directivity. For example, broadband antennas are
made with combined linear elements or continuously varying geometry to cover a
wide operating bandwidth. However, since only a portion of a broadband antenna
contributes for radiation at a given frequency, the efficiency of the antenna is low.
Therefore, these limitations are an important consideration when designing an
antenna for specific applications. Most applications of optical antennas are based on
their abilities to concentrated light into the nanoscale region and/or enhancing the
emission rate of the adjacent emitter. Therefore, the high gain and efficiency are, in

19



general, preferred key design parameters. In following sections, antenna
performance parameters will be discussed in detail.

3.2 Antenna Performance Parameters

3.2.1 Radiation Pattern

A radiation pattern refers to a directional dependence of the strength of the
radiated waves. Since radiation pattern is the far-field property of antenna, a
spherical coordinate is used to represent the angular distribution of the radiated
field or power. Because the radiated field is inversely proportional to the distance
(1/r), the field distribution at a constant distance must be considered when
determining the radiation pattern. Also, it is convenient to normalize the expression
for field distribution such that its maximum becomes unity. Then, the radiation
pattern can be expressed as

F(6,¢) = (3.46)

E (max)
where F(6, ¢) is the normalized field pattern, and E(max) is the maximum value of
the magnitude of E over a sphere of observation radius r. In general, F(6, ¢) can be
complex-valued.

The radiation pattern can be also described by the radiated power. The
power pattern gives the angular distribution of the power density and can be found
from the r-component of the Poynting vector at the considered direction. Since the
Poynting vector at far-field region is (1/2)EH'=|E|?/2n, the normalized power
pattern becomes

P(6,9) = |F(8,9)I? (3.47)

The typical radiation pattern of an antenna is illustrated in Fig. 3.4(a), which
has a single narrow main beam and minor side lobes. This pattern indicates that the
antenna is a directional antenna. Figure 3.4(b) shows the analytically calculated
radiation pattern of the ideal dipole radiator. The ideal dipole has a “doughnut”
shaped radiation pattern so that the pattern in phi plane is isotropic; the pattern in
theta plane is shown in Fig. 3.4(b).
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e
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a. Example of Radiation Pattern b. Radiation Pattern of Ideal Dipole

Figure 3.9 Examples of radiation pattern polar plots. a, Example of a radiation
pattern which has directional main beam. b, Radiation pattern polar plot of z-
aligned ideal dipole radiator in theta plane.

3.2.2 Directivity

The previous section discussed the radiation pattern of the antenna. Once the
angular distribution of the radiated power is known, it is possible to calculate how
much power density is radiated in a certain direction. This characteristic of an
antenna is called its directivity. In order to define the directivity in an analytical
expression, it is convenient to introduce the concept of radiation intensity. Radiation
intensity is defined from

U, ) = %Re(ﬁxﬁ) 127 = S(0, p)r? (3.48)

Therefore, radiation intensity is the power radiated in a given direction per unit
solid angle. Since Poynting vector S of the antenna at the far-field region is inversely
proportion to the square of distance (1/r?), radiation intensity is independent of
distance r. Using the normalized field pattern, radiation intensity can be also
expressed as

U6, 9) = UnlF(6,)I? (3.49)

where Uy, is the maximum radiation intensity, and F(6, ¢) is the normalized field
pattern derived from Eq. (3.1). Radiation intensity was defined in Eq. (3.3),
therefore, the total radiated power can be calculated by integrating the radiation
intensity over entire solid angle around the antenna:

P= ﬂ U, $)da = Umf IF(8,¢)|2dQ (3.50)
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Then, directivity is defined as the ratio of the radiation intensity in a certain
direction to the average radiation intensity per unit solid angle:

u(@e,
D(6,9) =~ P

3.51
Uave ( )

where Uaqve is the average radiation intensity, which can be calculated as Uae=P/4r.
Although directivity D(6, ¢) is a function of the angular coordinate that specifies a
certain direction, directivity D is often used without any directional information. In
this case, D refers to maximum directivity. By introducing a beam solid angle
defined by Q, = [[|F(6, ¢)|*dQ, the maximum directivity can be expressed as:

4

D= 0, (3.52)
Directivity is determined by radiation pattern in the transmitting mode of the
antenna. However, directivity is also closely related to the receiving capability
related to the reciprocal property of antenna. In many cases, optical antennas are
used in the receiving mode to capture and focus light; therefore, it is important to
design optical antenna with good directivity, which results in an efficient reception
of light. The relationship between directivity and the receiving capability of antenna

will be addressed in the section that discussed the effective aperture of antenna.

3.2.3 Input Impedance, Radiation Resistance and Radiation Efficiency

The input impedance of an antenna is the equivalent impedance seen at its
terminal. Therefore, proper input terminals of an antenna must be defined before
discussing its input impedance. As usual, the input impedance of an antenna consists
of real and imaginary parts.

Zy =Ry +jXy (3.53)

The real part R4 (input resistance) contributes to the power dissipation of the
antenna, and the imaginary part X4 (input reactance) represents the power stored in
the near field of the antenna. The input resistance can be calculated from the
dissipated power of an antenna by:

2P

Ry=——
SENTAE

where P is the average power dissipated in an antenna, and I is the current at the
input terminals. In general, the dissipated power by an antenna consists of radiative
and ohmic losses. Then, the radiation resistance R;qq and the ohmic resistance Ronmic
of an antenna can be expressed as:

(3.54)

2P,
Ryqa = ﬁ (355)
2Ponmic Z(P B Prad)

Ronmic = E = TAE (3.56)
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where Prqq is the average radiation power, and Ponmic is the dissipated power due to
ohmic losses. Note that these resistances are defined using common currents Iy,
which implies series resistances in the circuit model.

Equation (3.10) defined radiation resistance using the input terminal current;
however, radiation resistance can be defined relative to the current at any point on
the antenna. In some cases, radiation resistance relative to the maximum current on
the antenna is also frequently used.

In terms of maximizing efficiency, radiated power is of interest whereas
ohmic losses need to be minimized. Radiation efficiency is defined by the ratio of the
radiated power to the total dissipated power by the antenna, which can be
expressed as:

_ Prad _ Prad Rrad

e, = = = 3.57
" p Prad + Pohmic Rrad + Rohmic ( )

At radio frequencies, ohmic losses can be ignored for many antennas since
metals have the material property of being good conductors at low frequencies and
radiation resistance is much greater than ohmic resistance. However, ohmic losses
are not negligible at optical frequencies and radiation efficiencies must be
considered.

This section has shown that the input impedance or the radiation resistance
of an antenna is usually determined at its input terminals, which do not exist for
optical antennas since optical antennas, in general, consist of isolated metal
nanoparticles. However, as described above, radiation resistance can be defined
relative to the current at any point of the antenna, and the connection between the
resistance and the dissipated power is still valid and useful for study of optical
antennas.

3.2.4 Antenna Effective Aperture

When an antenna is operating in receiving mode, the concept of effective
aperture is convenient to consider the power captured by the antenna. The
definition of the effective aperture (effective area) is expressed as:

A, = Ea (3.58)
Iy

where P4 is the power absorbed by the antenna, and I is the power density of the
incident wave. Effective aperture typically depends on the load resistance, and the
maximum power transfer occurs when the conjugate matching condition is achieved.
Here, we will derive the relationship between directivity and maximum effective
aperture. For the derivation, consider a system of transmitting and receiving
antennas shown in Fig. 3.5.
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Figure 3.10 Transmitting and receiving antennas. System of transmitting and
receiving antennas separated by a distance R.

In this system, maximum effective apertures and directivities of each antenna
are represented by Am, Arm, and Dy, Dy, respectively. The power density from the
transmitting antenna is defined at the receiving antenna as:

I P.D,
0™ 4mR2

where P; is the total radiated power by transmitting antenna. Assuming the case of
maximum power transfer, the power collected by receiving antenna becomes

(3.59)

P.D.A
P. = I,A, = ﬁ (3.60)
We can also express this equation as :
P
DA, = Frmz (3.61)
t

[f the receiving antenna is used as a transmitter and the transmitting antenna
is used as a receiver, then by virtue of reciprocity we can write
P
D, Ay, = %4711%2 = DAy (3.62)
t

Therefore, we can define the relationship for the ratio of directivity to

maximum effective aperture as:
D _ D (3.63)
Atm Arm .

Here, we chose arbitrary antennas for the transmitter and receiver; therefore, the
equation must be satisfactory for any antennas. This means that the ratio of
directivity to maximum effective antenna has a constant value regardless of the type
of an antenna. We can calculate this value from short dipole antenna, of which the
directivity (3/2) and the maximum effective aperture (342/8m) are already known.
D 3/2 4m 364
Ag  322/8m 22 (3-64)
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Therefore, the maximum effective aperture of any antenna becomes
AZ
Agmy = yp D (3.65)

Note that the maximum effective aperture is dependent only on the
directivity. This means that the maximum effective aperture is determined solely by
the spatial mode matching between incident plane wave and radiation pattern of the
antenna regardless of the load. Unmatched load decreases the transferred power,
which is reflected on the reduced effective aperture.

3.3 Equivalent Circuit Model for Antenna
3.3.1 Circuit Model for Transmitting Antenna

For transmitting mode, assume that the antenna is attached to a generator
with internal impedance Z;, which consists of resistance Ry and reactance X;. Then,
the equivalent circuit of this system can be represented as shown in Fig. 3.6.

R rad

' R

ohmic

Figure 3.11 Equivalent circuit for transmitting antenna. Antenna in transmitting
mode driven by a generator.

In order to find the power radiated by the antenna, the power dissipated in
the radiation resistance must be calculated. As a first step, we find the circuit

current given by

Y Y

1= = -
Zg + ZA Rg + Rrad + Rohmic +](Xg + XA)

(3.66)

and its magnitude by
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A

[(Rg + Rrad + Rohmic)2 + (Xg + XA)Z

1] = ]1/2 (3.67)

where Vj is the voltage of the generator. Then, the power dissipated by radiation is
given by
2
V.| R
Proy = %] e - (3.68)
2[(Rg + Rrad + Rohmic) + (Xg + XA) ]

and the power dissipated by ohmic loss due to antenna and generator internal
resistance is given by

2
p e = |Vg| Rohmic (3 69)
ohmic :
2[(Rg + Rrad + Rohmic)2 + (Xg + XA)Z]
2
V.| R
| g| 9 (3_70)

P =
7 2[(Rg + Rrad + Rohmic)2 + (Xg + XA)Z]

[t can be easily shown that the maximum power transfer to antenna occurs
when the conjugate matching is achieved, which is

Rg = Rrad + Rohmic (371)
Xg=—X4 (3.72)

3.3.2 Circuit Model for Receiving Antenna

The previous section discussed the equivalent circuit of transmitting
antennas. However, the case of the receiving antenna is more complicated due to the
absence of an explicit voltage source. Instead, the receiving antenna circuit is
actually driven by induced current due to the incident wave. For the discussion of
equivalent circuit of receiving antenna, consider once more the transmitting and
receiving antennas illustrated in Fig. 3.5. For convenience, denote the transmitting
and receiving antennas as antenna 1 and 2, respectively. Then, the system can be
represented as consisting of two ports, as indicated Fig. 3.7; this satisfies

Vi =211y + Zy50, (3.73)
Vo = Zoilh + Z321, (3.74)
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4@ 2

Figure 3.12 Equivalent representation for transmitting and receiving
antennas.

Consider the case of a large distance between the transmitting and receiving
antennas where Z12 in Eq. (3.28) is very small and negligible. Then, Eq. (3.28) can be
expressed as:

Vi = Z11 (3.75)

where Z11 is the input impedance of the transmitting antenna. However, the term
Z21l1 in Eq. (3.29) cannot be ignored. Instead, Eq. (2.29) is now represented by
Thévenin’s equivalent circuit, as shown in Fig. 3.8. Thus, Z21/1 is the induced voltage
source in the receiving antenna circuit.

12
<—

le Zzz

O A w0 |-

INE

Figure 3.13 Approximate equivalent circuit for transmitting and receiving
antennas.

The receiving antenna is typically connected to a load with internal
impedance Z;, which consists of resistance R; and reactance X;. The detailed
equivalent circuit for the receiving antenna is shown in Fig. 3.9.
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ohmic
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Figure 3.14 Equivalent circuit for receiving antenna. Antenna in receiving mode
connected to a load.

From the equivalent circuit, we first find the current, which is given by

Va Va
I= = , (3.76)
ZA + ZL Rrad + Rohmic + RL +](XA + XL)

where V4 (=Z2111) is the voltage induced by the antenna. Then, the power delivered
to the load can be calculated to be

[Val?R
b= iR ¥R R 57 X, + X,)2 (3.77)
( L rad ohmic) + ( L + A) ]
and the power dissipated in the antenna is given by
|VA|2Rohmic
P, . = (3.78)
onmic 2[(RL + Rrad + Rohmic)2 + (XL + XA)Z]

P =
rad 2[(RL + Rrad + Rohmic)2 + (XL + XA)Z]

Note that P is the scattered (or re-radiated) power by antenna. This
scattered power does not exist as a separate measurable independent quantity of
real power that enters into any statement of power conservation. However, the
scattered wave determines the amount of captured power by the antenna through
interference with the incident wave.

Again, the maximum power transfer to the attached load occurs when the conjugate
matching condition is achieved, which is

RL = Rrad + Rohmic (380)
X, ==Xy (3.81)
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Now, let us assume that the receiving antenna is attached to a conjugate
matched load and the antenna has negligible ohmic losses. Then, the power
delivered to the load is
Ak

8Rrad

P, (3.82)
The absorbed power under this condition can be also expressed from the
definition of maximum effective aperture; therefore

PL = AemIo (383)

where Aem is the maximum effective aperture, and I, is the power density of incident
wave. A comparison of Egs. (2.37) and (2.38) demonstrates that

Vi = 2J2Ryaqdomly (3.84)

Therefore, the induced voltage in the equivalent circuit is proportional to the
square root of the radiation resistance and the maximum effective aperture. The
equivalent circuit is useful in computing the power transfer and the condition for its
optimum case. In many cases, the optical antenna is operating in the receiving mode,
and the equivalent circuit of the receiving antenna can be used to derive the local
field enhancement of the antenna. The derivation of the local field enhancement of
the optical antenna will be discussed in the following chapter.
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CHAPTER 4

Optical Antennas and Field Enhancement

Optical antennas are nanoscale structures consisting of metallic particles that
interact with electromagnetic waves at optical frequencies. Optical antennas, similar
to RF antennas, can operate as both receiving and transmitting modes. In receiving
mode, optical antennas capture free-space electromagnetic wave and focus light
energy into their high field region beyond their diffraction limit. In transmitting
mode, optical antennas accelerate the spontaneous emission of a quantum emitter
and radiate electromagnetic wave in preferred direction when the emitter is placed
in the vicinity of high field region of optical antennas.

This chapter will discuss the optical antenna’s distinctive receiving and
transmitting properties. Then, the local field enhancement of optical antenna will be
derived as a critical design parameter for the performance of optical antenna,
followed by the discussion of how to optimize the field enhancement. Finally,
possible applications of optical antennas and challenges for current optical antenna
technology will be reviewed.

4.1 Coupling and Focusing Light by Optical Antenna

4.1.1 Coupled-Mode Theory for Antenna and Effective Cross Sections

In receiving mode, an optical antenna captures electromagnetic waves
propagating in free space and stores the electromagnetic energy in its near fields
oscillating between the electric and magnetic fields. The capacitive or inductive
reactance of optical antenna corresponds to the energy stored in the electric or
magnetic field, and the resistance contributes to the power dissipation by radiation
and absorption (ohmic loss) of metal. Therefore, an optical antenna acts as a RLC
resonator with the resonance frequency w, = 1/VLC, as shown in Fig. 4.1(a). This
section applies coupled-mode theory to investigate the coupling of light by optical
antennas. The coupled mode theory is a useful technique to analyze the coupling
between resonators and propagating waves [45].
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Figure 4.15 Equivalent circuit and schematic of optical antenna for coupled-
mode theory. a, Simplified circuit model for optical antenna. b, Schematic and
modeling of optical antenna using coupled-mode theory.

Figure 4.1(b) illustrates the schematic and modeling of an optical antenna
using coupled-mode theory. The mode amplitude of an optical antenna with the
maximum effective aperture Aenm, illuminated by an excitation beam of spot size 4;, is
given by coupled-mode theory as

(4.85)

S+

da 1,1 1 A A;
Y (B S P (Y71

dt 2 Trad Tabs Trad

where a and s. are the mode amplitude in the cavity and the wave amplitude
traveling toward the resonator, respectively, wo is the resonance frequency of the
cavity, and 1/tr¢ and 1/7aps express the rate of decay due to radiation and
absorption, respectively. With the excitation source of frequency w, we have:

Aem/Ai
N Trad (4.86)

j(@ = wp) +5 (7= +—)

Trad Tabs

a=

Then, the energy stored in the cavity on resonance can be calculated:
4 Aem/Ai 2
|51

la|* = % (4.87)
+
(Trad Tabs)
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From the stored mode energy, the power dissipated by scattering and

absorption is determined thus:
Aem/Ai
la)z 4 ?2"/ sy |?
= e > (4.88)
Trad 1 1
Trad Tabs
Aem/Aj
gtenliiyg 2

sca —

_ |a|2 _ TradTabs
Pabs - - 2 (489)
Tabs ( 1 + 1 )

Trad Tabs

Using the definition of effective cross sections ¢ = P/I, with the relations
Iy = |s4|?/A; and 1/t = w/Q, the effective cross sections are given by

Psca (1/Trad)2 QZ
_bBea_,, = 4d,m—— (490
Tsca IO em (1/Trad + 1/Tabs)2 e Ead ( )
S Paps — a4 (1/7rqa) (1/Taps)
abs = (1) Trqq + 1/Taps)? 0? (4.91)
=44, ———
/ Qraanbs
1 Trad
_ — 44 — 44— (4.92
Oext = Osca t Oaps em 1/Trad + 1/Tabs e Qraa ( )

where Q is the total quality factor that is given by Q = (1/Qrqq + 1/Qups)~ . The
maximum power transfer to absorption occurs when there is no reflection to the
resonator. This happens when Qs is equal to the Qaps, which is the condition for
critical coupling. Under the condition for critical coupling (Qraa = Qa»s), it can be
easily seen from Eq. (4.7) that the absorption cross section oups is recovered by the
maximum effective aperture Aem. The additional discussion about general free-space
resonant scattering using coupled-mode theory can be found in Ref. [46].

Using coupled-mode theory, we derived that the mode energy stored in
optical antenna and the effective cross sections of the antenna is a function of the
maximum effective aperture and the relative loss rate between the radiation and the
absorption. Therefore, it is important to design an optical antenna with a large
effective aperture and critically matched quality factors in order to optimize the
light coupling. As shown in Chapter 3, the maximum effective aperture is
proportional to the directivity; therefore, it can be improved by directivity
engineering, such as applying the array factor or using external guide to capture
more light. For the critically coupled condition, the radiation engineering of an
optical antenna is required since the absorption is typically limited by material’s
inherent loss [47]. The antenna designs to achieve radiation engineering will be
discussed in later chapters.
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4.1.2 Light Focusing beyond Diffraction Limit

The wave vector of surface plasmon propagating at the metal boundary was
derived in Chapter 2. From Eq. (2.21), the normal component of wave vector in the
dielectric medium is given by

2

kqi = ko (4.93)

€m+£d

where ko is the wave vector at free-space, and €4 and &5, are the dielectric constants
of the dielectric and metallic media, respectively. The electromagnetic field decays
exponentially since the normal wave vector has imaginary value. It can be inferred
from Eq. (4.9) that the fields decay even faster when — Re{¢,,,} approaches to &4. This
phenomenon overcomes the diffraction limit and results in the concentration of
electromagnetic energy into the sub-wavelength region. Figure 4.2 illustrates the
coupling and focusing light of an optical antenna. An optical antenna efficiently
captures free-space propagating electromagnetic wave on resonance, as shown in
Fig. 4.2(a), and concentrates the electromagnetic fields at the metal surface [Fig.
4.2(b)].

a —- effective ‘absorption diameter b

Figure 4.16 Light focusing of optical antenna on resonance. a, Power streamline
on resonance. b, Electric field distribution.

As a result, the local field at high field region of the optical antenna is
significantly enhanced. The enhancement of the local field depends on how
efficiently the optical antenna captures the electromagnetic wave and how tightly it
confines the energy in the modal volume. There properties are determined by
material and geometry of optical antenna. As discussed in previous sections, the
coupling of the incident wave is determined by the radiation pattern and the quality
factors of optical antenna. The near-field confinement depends on the excited
resonant mode and the modal volume of the optical antenna. Since the strong local
field can be used for various areas such as sensitive bio-chemical sensing and
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sensitive photo-detection, it is important to design efficient optical antenna with
high field enhancement. The derivation of local field enhancement will be shown in
detail later in this section.

4.2 Enhanced Spontaneous Emission by Optical Antenna
4.2.1 Spontaneous Emission in Free Space

Spontaneous emission is the process whereby an atom or molecule in an
excited state undergoes a transition to a lower state and emits a photon. The
spontaneous emission can be explained by quantum electrodynamics (QED), in
which not only atomic levels but also the electromagnetic field is quantized in space.
The quantization of the electromagnetic field is called second quantization. In
quantum electrodynamics, the electromagnetic field in space is described in terms
of an infinite set of harmonic oscillators and each level of this harmonic oscillator
corresponds to a state of number (n) of photons of energy hw. In the ground state
(n=0), each oscillator still has zero-point energy of hw/2 and the vacuum field Evqc is
regarded to contribute to the zero-point energy. Spontaneous emission can be
understood as the downward transition of an atom (or molecule) induced by the
vacuum field.

a b

Figure 4.17 Two level system in free space and a cavity. a, In free space. b, In a
cavity.

Consider an atom of a simple two-level system as shown in Fig. 4.3(a). Then,
using Fermi’s golden rule, the probability of spontaneous emission can be expressed
as

2T
Ih= 7 |D21Evac|2p (4.94)

where D71 is the matrix element of the electric dipole of the atom between two
levels, Evac is the vacuum electric field, and p is the mode density per unit energy.
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Using the vacuum energy relation &o|Evac|?V=hw/2 and the mode density expression
p=w?V/m?hc3, the spontaneous emission probability can be calculated as
w*  |Dyy]?
7 3mhe3 g,

(4.95)

Here, the factor of 3 in denominator comes from the average of the arbitrary
polarizations.

4.2.2 Spontaneous Emission in a Cavity: Purcell Effect

The mode profile of the vacuum field is significantly altered in a cavity whose
size is comparable to the wavelength, and it also causes the dramatic change of
spontaneous emission rate. The research on the atom-field interaction in a cavity
resulted in the development of a new field in atomic physics and quantum optics
called cavity quantum electrodynamics.

One of the principle ideas underlying cavity quantum electrodynamics
appeared in 1946 [48]. E. Purcell suggested that the rate of spontaneous emission in
a system that is coupled to a resonant electrical circuit can be increased by a factor

F= % <§> (4.96)

where A is the wavelength of the transition, Q is the quality factor of the resonator,
and V is the volume of the resonator. Therefore, the emission rate is enhanced by
the ratio QA3/V, which can be very large with small mode volume. This enhanced
spontaneous emission has been experimentally observed in the millimeter wave
regime for Rydberg atoms of sodium coupled to a Febry-Perot cavity [49]. Here, we
prove this factor by comparing the spontaneous emission rate in free space and in a
resonator.
In the previous section, we calculated the probability of spontaneous
emission in free space, which is given by
. w®  |Dyy)?
7 3mwhe3 g,

(4.97)

Now, let us consider the spontaneous emission of an atom in a cavity [Fig.
4.3(b)]. The mode structure of the vacuum field is changed in the cavity. Therefore,
we need to use the different vacuum field, which is given from &o|Evqc|?Ve=hw /2
where Vs is the effective mode volume of the cavity. And also, the mode density
seen by the atom in the cavity becomes 1/hAw, where Aw is the bandwidth of the
cavity. Then, using Fermi’s golden rule, the spontaneous emission probability is
given from by:

T D21 > w/Aw T 1D11? Q

r
h & Vesy h & Vs

(4.98)

Finally, the enhancement of spontaneous emission rate is expressed as
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Lo 87 Vo,

(4.99)

This result shows the factor of /2 difference compared to Eq. (4.12), which
is probably due to the normalization of the vacuum field. However, the essential
trend of the spontaneous emission rate enhancement is identical. The enhancement
factor is proportional to the quality factor of the cavity and inversely proportional to
the cavity mode volume. Therefore, the spontaneous emission rate can be
significantly increased if the size of the cavity scales down more and more.

It is possible to create high-quality optical cavities using micro-disks [50] and
photonic crystals [51][52]. Unfortunately, because of the diffraction limit of light,
these approaches are not an efficient means of enhancing the spontaneous emission
and result in a large mode volume of the cavity. Since optical antennas are capable
of confining the light in a narrow region much smaller than the wavelength scale,
they offer great opportunities to enhance significantly the spontaneous emission
rate.

4.3 Field Enhancement of Optical Antenna

In the previous sections, we have demonstrated that optical antennas have
great advantages in receiving and concentrating free-space electromagnetic wave,
and in improving emission property of quantum emitter placed in the high field
region. To design an efficient optical antenna, the local field enhancement at the
high field region of the optical antenna needs to be optimized since the field
enhancement is the direct indication of focused light energy from captured
electromagnetic wave. The vacuum field is also enhanced similar to the mode profile
of the local field, resulting in the enhanced spontaneous decay rate of an emitter. In
this section, we will derive the field enhancement of the optical antenna using the
coupled-mode theory and the antenna circuit model, and we will also discuss
strategies to maximize the field enhancement of optical antenna.

4.3.1 Field Enhancement Derivation from Coupled-Mode Theory

Section 4.1.1 demonstrated that the mode energy stored by optical antenna
on resonance can be expressed using coupled-mode theory where
4Aem/Ai |S+|2
| |2 — Trad

2
1 1
( + )
Trad Tabs

Substituting the incident power |s,|? = %eolEilchi in Eq. (4.16), the mode

(4.100)

energy can be written as
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2 2
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( + ) ( + )
Trad Tabs Trad Tabs

Using the effective mode volume Veg, the mode energy can be rewritten as

1
|la|? :EgolEloclzveff (4.102)

(4.101)

where Ej, is the local field at the high field region of optical antenna. Equating Eqgs.
(4.17) and (4.18), local field enhancement on resonance can be given by

1
|Eloc|2 — 4Aem (‘rmd) ¢ — ZAemArest
|Ei|2 (L-l- 1 )2 Veff nQradVeff

Trad Tabs

(4.103)

where Ay is the resonance wavelength and the relation 1/7=w/Q.

: 22 ) . .
Using A.p, :ED' the field enhancement can be rewritten in a more

|Eocl® 2 Q ( 32°Q )
= —D< > 4.104
|Ei|2 3 Qrad 4'T"-ZVeff ( )

Therefore, the local field enhancement of optical antenna is proportional to
the directivity D, the radiation efficiency Q/Qraq, and the Purcell factor, 3A3Q/4mw? Ve

comprehensive form as

4.3.2 Field Enhancement Derivation from Circuit Model

The local field enhancement of optical antenna can be also derived from the
antenna circuit model, as shown in Fig. 4.4, where the voltage source in the circuit

model of receiving antenna is given by |V,| = 2/2R,.q4Aeml, in Section 3.3.2.

Rrad R

20 L

ohmic

A
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Figure 4.18 Circuit model for optical antenna in receiving mode.

From the circuit model, the current in the loop is given by
Va

Rrad + Rohmic + ](wl‘ - E) ( )

On resonance (w = 1/VLC), the magnitude of current is rewritten as
%
11| = _ (4.106)
Rrad + Rohmic
Chapter 3 discussed using the power dissipated by resistive parts to calculate
scattered and absorbed power. Next, we turn to the near field stored by the reactive
parts of the circuit. The electric field energy is stored in the capacitance and the
magnetic field energy in the inductance. Therefore, the time-averaged energy stored
by antenna is calculated thus:
|11

2w2C
where V is the voltage applied only on capacitance, and C|V|? = L|I|? was obtained
from the resonance condition. By definition of effective mode volume, the mode
energy can be also expressed as

1
U= §€O|Eloc|2Veff (4.108)

(4.107)

1 1
U=Z@WV+HH5=§CWV=

Equating Eqgs. (4.23) and (4.24) and using |V,| = 2{/2R;qqAeml, and

1 . . .
Iy = > & |E;|?c, we obtain the following expression

o |Val?
2(1)26 szc(Rrad + Rohmic‘)2
1
4R, qaAemlo _ 4RyqqAem 'EeolEilzc (4.109)

B wZC(Rrad + Rohmic)2 B (‘)ZC(Rrad + Rohmic)2
= EeolEloclzveff

Therefore, the field enhancement is given by
|Eloc|2 — 4AemRradC
|Ei|2 wz(Rrad + Rohmic)ZCVeff

(4.110)

Using the relation Q=1/wRC, the field enhancement can be expressed as
|Eloc|2 _ 2AemlresQ2

|Ei|2 B 7TQ?"(uiVeff

Note that this result is identical to Equation (4.19), which is derived from
coupled-mode theory.

(4.111)
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4.3.3 Conditions for Maximum Field Enhancement

Using the equation derived for the field enhancement, there are five
parameters that can be optimized to achieve maximum field enhancement:

1. The antenna needs to be excited on resonance (Ars) [53], which can be
achieved by tuning the antenna dimensions [54] or loading the antenna gap with
appropriate materials [55], [56].

2. The effective mode volume of the antenna (V.5) needs to be reduced, which
can be achieved by shrinking the size of antenna gap [57]-[59].

3. The maximum effective aperture (4em) needs to be optimized through
matching the antenna’s radiation pattern with the excitation signal. For example, the
radiation pattern can be engineered for good directivity since the effective aperture
is proportional to the directivity of the antenna [60], [61].

4. Determine the optimum condition for an antenna’s relevant loss rates (i.e.
Q, Qraa, Qaps) by taking the derivative of Eq. (4.27) with respect to Q¢ and equate it
to 0. Assuming that the maximum effective aperture (Aem), effective mode volume
(Veg), and the Qups vary slowly compared to Qrqq, the maximum field enhancement
condition is achieved when Qr.s becomes equal to Qups:

Qrad = Qabs (4112)

This is the identical condition for critical coupling from coupled-mode theory.
From the circuit model, it can be found that the current in the circuit is maximized
when this condition is achieved. This is also analogous to the impedance matching
concept in antenna theory [62]-[64].
5. At the optimum Q condition (Qrea = Qurs = 2Q), the expression for the field
enhancement reduces to:
|Eloc|2 _ AemlresQ _ Aem/lresQabs

|Ei|2 - T[Veff N ZT[Veff

(4.113)

Therefore, the optimized field enhancement for given material is directly
proportional to absorption quality factor (Qass), which is supported by previously
reported [65] research on high field enhancement with low loss materials (such as
silver).

In following chapters, 5, 6 and 7, antenna designs that achieve these
conditions and can be readily fabricated using s will be discussed.

4.4 Applications and Challenges of Optical Antennas

In this section, we discuss various possible applications using optical
antennas. As a nanoscale receiver and/or transmitter, optical antennas have been
widely used in sensitive photodetection, high-resolution imaging, heat-assisted
magnetic recording, efficient light emission, and bio-chemical sensing. Here, we
briefly review some of promising potential uses for optical antennas.
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The optical antenna is a useful tool for photodetection due to its receiving
capability (Fig. 4.5) [12]. Optical antenna efficiently captures light and focuses it into
sub-wavelength region, which enables shrinking dramatically the size of
photodetector. With the reduced size, the signal-to-noise ratio of the photodetector
is improved, thus improving the performance, power consumption, and speed. The
nanoscale size of the nano-photodetector makes possible the integration in photonic

circuits.
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Figure 4.19 Photodetector using optical antenna. a, SEM image of Ge
photodetector with optical antenna. b, Measured photocurrent responses for light
polarization in the y and x directions [12].

High-resolution imaging is another potential area where optical antennas
could be applied. The resolution of optical microscopy using a far-field lens-based
technique is limited by constraints of the diffraction limit. The optical antenna
breaks this barrier by focusing light into the sub-diffraction-limited area. It has been
recently reported that a monopole antenna assembled in a scanning probe
microscope can improve the spatial resolution up to ~30 nm (Fig. 4.6) [66].
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Figure 4.20 High resolution bio-imaging with optical antenna. a, Schematic
illustration. b, Fluorescently labeled antibodies imaged by the antenna probe. Inset
shows the SEM image of the monopole antenna probe. Two right plots show cross-
sections of the two circled spots [66].

Improved spatial resolution by optical antennas can be also applied to
magnetic recording. In order to increase the storage density of hard disk drives,
recordings with extremely high spatial resolution is required. Using an optical
antenna, optical energy can be delivered and confined to a small spot that is much
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smaller than the diffraction limit. This has been demonstrated in heat-assisted
magnetic recording (HAMR) with a data areal density of ~375 Tb/m? (Fig. 4.7) [26].

a NET
Recording layer
Heat sink
2 e
I: 5 - J -
2 < N h-%
N A . -
P # C .
5 S o -7
P ” -~
N L TR -~ A
ra oA w
N . N -~
2 P L
G AN 2 7
- ~ S
N A 4 -
2 ~ ~
l\ b -~
c S \.’
-
N—
—> -«

<

Figure 4.21 Heat-assisted magnetic recording with optical antenna. a, b,
Schematic illustration. ¢, SEM image of fabricated device. The distance between
dashed lines is 50 nm. d, SEM of the cross sectional view of fabricated device (small
rectangle). Scale bar, 300 nm [26].

The transmitting feature of optical antennas holds promise in applications
for efficient light emitting. As discussed in Section 4.2, the rate of spontaneous
emission is significantly altered with optical antennas. With its extremely small
mode volume, the rate of spontaneous emission of the optical antenna can exceed
that of stimulated emission, which is limited by nonlinear gain saturation. Therefore,
the modulation speed of nanoscale light emitting device (nanoLED) using an optical
antenna can be faster than that of conventional lasers [67]. Since nanoLEDs do not
require a certain bias above threshold, nanoLEDs are more energy-efficient than
lasers.
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Some applications gain benefits from both the receiving and transmitting
capability of optical antennas. One example is fluorescence detection. The focused
light in the high field region of an optical antenna can excite with improved
efficiency a fluorescent molecule. The optical antenna also enhances the emission
rate of the molecule. As reported by Kinkhabwala et al., the detection of single
molecule fluorescence experiences 1340-fold enhancement using gold bowtie
antenna (Fig. 4.8) [68].
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Figure 4.22 Single-molecule fluorescence detection using optical antenna. a,
Schematic, SEM, and simulated field intensity distribution of gold bowtie antenna.
Scalebar, 100 nm. b, Confocal scan of 16 bowtie antennas. EM image of fabricated
device. The distance between dashed lines is 50 nm. ¢, Flourescence time trace of
the TPQDI/PMMA-coated bowtie antenna circled in (b). d, Plots of single-molecule
fluorescence enhancement as a function of the bowtie gap size [68].
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Another potential application using both the receiving and transmitting
capability of an optical antenna is SERS. Raman scattering is often called the
fingerprint of a molecule since it provides unique spectra of the target molecule.
However, the cross section of Raman scattering is so much smaller than that of
fluorescence that large enhancement of Raman signals from metallic surface is
required for sensitive detection, which is called surface-enhanced Raman scattering.
The optical antenna is a powerful tool for application in SERS because it improves
both the pump and the emission efficiency. In following chapters, the SERS
measurement will be used to verify experimentally the performance of different
optical antenna designs.
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Figure 4.23 Surface-enhanced Raman scattering detection using optical
antenna. a, SEM of fabricated gold dipole antenna array. b, Simulated electric field
intensity distribution of dipole antenna of 3 nm gap. ¢, Benzen-thiol Raman signal
measured from fabricated dipole antenna array [59].

Although various optical antenna geometries and applications have been
intensively studied over the past few years with many of them seemingly ideal for
applications using optical antennas, several challenges remain; (1) there is the
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reliability issue of reproducible nanoscale dimensions below 10 nm; (2) high
production costs must be solved before optical antennas can be employed in real-
world applications. These challenges mainly stem from the fabrication method
currently used for optical antennas. Because their dimensions are scaled down to a
few nanometers (Fig. 4.10), optical antennas are typically fabricated using nano-
fabrication techniques such as electron-beam (e-beam) lithography and focused ion
beam (FIB) milling. The inherent technical limits in nano-fabrication techniques
have, until now, been a serious stumbling block in widespread application of optical
antennas.

c‘
d
g
| — o
Pr— —

Figure 4.24 SEM images of optical antennas fabricated by nano-fabrication
technologies. a-d, Optical antennas fabricated by focused-ion beam milling. e-g,
Optical antennas fabricated by electron-beam lithography and subsequent lift-off
[69].

The first issue to solve is the resolution limit of nano-fabrication techniques.
The local field enhancement of an optical antenna is critically dependent on its mode
volume. To achieve an extremely small mode volume, optical antennae are usually
made with two or more metal particles of nanometer-scale gap between them. In
order to improve the performance of an antenna, the gap of the antenna must be
reduced further. Fabrication of sub-10 nm gap with good uniformity and
reproducibility by e-beam lithography or focused ion beam milling is still a
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challenge. Innovative fabrication methods to solve this issue are necessary before
widespread application of optical antennas can occur.

Another challenge is the fabrication cost for optical antennas. Electron-beam
lithography and focused ion beam milling are serial writing processes, which
require huge amounts of time and money, and mass production is almost impossible.
Although alternative nano-fabrication techniques, such as nanoimprint lithography,
have been developed to achieve high-throughput nano-patterning, in general their
resolution limit is inferior to e-beam lithography or focused ion beam milling.

Chapter 7 will introduce a novel design and fabrication technique that
addresses these challenges.
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CHAPTER 5

Optical Dipole Antenna on Ground Plane

The dipole antenna is one of the most common types of antennas, which
typically consists of two metal bars with a feed gap between them. Dipole antennas
have resonant spectral characteristic and broadside radiation patterns. Due to their
relatively simple structure and current distribution, behaviors of dipole antennas
have been well understood analytically and practically in radio frequencies.
Characteristics of dipole antennas at optical frequencies have been also explored in
many materials by changing the antenna dimensions [54], [70], loading the antenna
gap with appropriate materials [55], [56], shrinking the size of antenna feed gap
[57], [59] and so on. As a result, it has been shown that optical dipole antennas have
resonant characteristic similar to their radio frequency counterpart, and strong
capability of local field enhancement as a distinct antenna property at optical
frequencies.

In this chapter, we report a method for radiation engineering of optical
antennas to maximize the local field enhancement. As described in Section 4.3.3, the
power dissipated by radiation needs to be matched to the power absorbed by
material loss for the maximum field enhancement. To achieve this condition, we
must be able to control the radiated power of optical antenna since the absorption is
relatively fixed to the material loss of the metal. Here, we show that this can be
demonstrated by gold dipole antenna arrays on ground plane. In this structure, the
radiation of dipole antenna is controlled by the thickness of the spacer between the
antenna array and the ground plane. As an experimental verification of maximum
field enhancement, measurements of reflectance and surface-enhanced Raman
scattering will be discussed.

5.1 Radiation Engineering Using Ground Plane

From Eq. (4.19), the local field enhancement of optical antenna is given by
|Eloc|2 _ 2Aem/1resQ2

|Ei|2 B 7-’--QradVeff
In order to maximize the field enhancement shown in (5.1), it has been

shown that we have to achieve the matching condition between radiation and
absorption (Qra¢=Qabs) assuming slowly varying Aem, Ves, and Quss. Here, we introduce

(5.114)
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a ground plane to control the radiation of optical antennas to be matched with the
absorption.

As a starting point, we will study the radiation characteristics of a typical
optical antenna fabricated on a glass substrate. To estimate the amount of mismatch
between Qrqss and Qups for a gold dipole antenna (with 260nm length, 40nm width,
25nm thickness, and 15nm gap) on a quartz glass substrate, we have used time
domain simulations based on finite integration technique (CST Microwave Studio)
to calculate Q, Qrad, and Qaps as shown in (Fig. 5.1). The total quality factor of the
antenna (Q) and the radiation Q of the antenna are calculated to be Q = 10.7 and Qraa
= 18.3, respectively. The total quality factor of the antenna, Q, consists of the
radiation (Qr«q) and absorption (Qass) with the relation Q! = Qraa’! + Quns’1. Therefore,
the absorption Q of the antenna can be calculated as: Qas! = Q! - Qraa* = 10.71 -
18.31 = 25.81. This mismatch between the radiation Q and absorption Q reduces the
energy coupling into optical antennas, leading to smaller field enhancements.

Figure 5.25 Simulation of gold dipole antenna on glass substrate.
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To improve the antenna efficiency through @ matching, we need to
controllably tune either the radiation Q or absorption @ of the antenna. Since
absorption Q of the antenna is dictated by the metal loss (gold or silver) [47], the
radiation Q of the antenna needs to be tuned. We achieve this radiation engineering
of optical antennas using dielectric spacer coated metal ground planes (Fig. 5.2(a)).
Metallic ground planes have been used previously to enhance the fluorescence or
SERS of molecules placed a distance of quarter-wavelength (1/4) away from the
ground plane using a dielectric spacer [71], [72]. The A/4 distance results in
constructive interference between the top and bottom reflected emissions of the
molecule and increases the effective aperture Aen. However, in addition to reflecting
the bottom radiation, the ground plane can be used to control the radiation Q of the
antenna and tune it to match the absorption Q of antenna. For example, as the
dielectric spacer thickness is reduced beyond the quarter-wavelength (1/4)
thickness, the antenna dipole and the antenna image dipole radiation cancel each
other more and more (Fig. 5.2(b)). Therefore, as the dielectric spacer thickness is
reduced, the radiation Q of the antenna is increased and at the optimum dielectric
spacer thickness, the radiation and absorption Q of the antenna would be matched,
which leads to the maximum field enhancement condition.

Radiation Engineering!

Figure 5.26 Dipole antenna on ground plane. a, Schematic of gold dipole antenna
on silicon dioxide coated gold ground plane. b, Conceptual picture of radiation
engineering.
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5.2 Numerical Simulation of Dipole Antenna on Ground Plane

We have used numerical simulation to verify this idea for a gold dipole
antenna array on dielectric (SiOz) coated gold ground plane. Gold dipole antenna
arrays with 260nm length, 40nm width, 25nm thickness, 15nm gap, and 600nm
pitch as shown in Fig. 5.3(a) were simulated using a finite integration technique
based software (CST Microwave Studio). The dipole antenna array is excited by a
plane wave from the top which is polarized along with dipole antenna’s long axis. As
indicated in Fig. 5.3(b), the electric field is mainly confined at the antenna feed gap
on resonance.
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Figure 5.27 Simulation of dipole antenna on ground plane. a, The schematic
picture of simulated structure. The260nm long, 45 nm wide, and 25 nm thick gold
dipole antennas with 15 nm gap on gold ground plane were simulated using a time
domain solver based software. Periodic boundary condition was used to calculate an
antenna array with 600 nm pitch. b, Electric field magnitude distribution of
simulated dipole antennas.
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The total Q, radiation Q, and absorption Q of the antenna array are calculated
as the thickness of SiOz spacer layer is varied from 20nm to 150nm. As shown in Fig.
5.4(a), the radiation Q increases as the thickness of spacer decreases which is
expected from the radiation cancellation between the real and the image dipole
antenna. The radiation Q@ matches with the absorption Q at the spacer layer
thickness of 60nm. The field intensity enhancement is also maximized at this
optimum spacer thickness (60nm) which agrees well with the theory (Fig. 5.4(b)). It
is important to note that the optimum dielectric spacer thickness (60nm) is less
than half of the quarter-wavelength thickness of 150nm.
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Figure 5.28 Numerical calculation of quality factors and field intensity
enhancement. a, Quality factor plot as a function of SiO; dielectric spacer thickness.
b, Field intensity enhancement plot as a function of SiO> dielectric spacer thickness.
Electric field is measured at the center of dipole antenna gap. The field intensity
enhancement has a maximum peak at the optimum spacer thickness for Q-matching

(Qrad = Qabs) condition.
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Before moving to the experimental demonstration of this structure, let us
check the validity of the assumption we made when the Q-matching condition was
extracted for maximum field enhancement at this point. The assumption we used is
that Qups, Aem, and Ve are constants or slowly varying relative to Qra. At first, it can
be confirmed from Fig. 5.4(a) that the variation of Qu»s is much smaller than that of
Qrad-

For the maximum effective aperture Aem, we consider the directivity since the
effective aperture is proportional to the directivity. It has been shown that the
complete (normalized) pattern of an array antenna is

F(6,9) = g4.(0,9)f (6, ) (5.115)

where gq(60, @) is the normalized pattern of a single element antenna of the array
(the element pattern) and f(6, ¢) is the normalized array factor [43]. The total
pattern is dominated by the array factor if the element pattern is much broader than
the array factor and the main beams are aligned. Increasing the array size by adding
antenna elements narrows the beamwidth of the array factor and increases the
directivity (D = 47/ [[|F (6, 9)|>dQ). If the antenna array is close to infinite, the
beamwidth of the array factor becomes extremely narrow and the total radiation
pattern becomes approximately a plane wave. Therefore, the antenna arrays with
different dielectric spacer layer thicknesses have approximately the same radiation
patterns and effective apertures.

Figure 5.5 shows the simulation results (using CST Microwave Studio) for the
effective mode volume of an infinite antenna array as a function of various dielectric
spacer thicknesses. Even though there is a slight increase in the mode volume as the
spacer thicknesses increase (due to the increase in the energy stored in the spacer
layer), the mode volume varies slowly over a large range of dielectric spacer
thicknesses (20nm to 150nm) which is expected since the majority of the energy is
stored in the antenna gap spacing.
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Figure 5.29 Effective mode volume simulations of infinite antenna arrays as a
function of dielectric spacer thickness. Gold dipole antenna arrays on gold
ground plane were simulated using a time domain solver based software (CST
Microwave Studio). Periodic boundary condition was used to calculate an antenna
array with 600 nm pitch. The plotted mode volume is calculated for one antenna
element in the array.

5.3 Fabrication of Dipole Antenna on Ground Plane

To experimentally verify the Q-matching condition, gold optical dipole
antenna arrays were fabricated on SiO; spacer coated gold ground planes using high
resolution e-beam lithography and a lift-off process. For the ground plane, a 100nm
thick gold layer was evaporated on a Si wafer, and SiO; layers of various thicknesses
(20, 60, 100, and 150nm) were deposited using plasma-enhanced chemical vapor
deposition (PECVD). We patterned 260nm long and 45nm wide optical dipole
antennas using e-beam lithography followed by evaporation of 3nm thick
germanium and 25 nm thick gold. Germanium adhesion layers reduce the roughness
of gold surface [73] as shown in Fig. 5.6. The total size of the optical antenna array
field is 300pmx300um and identical dipole antennas were distributed with a 600nm
pitch (square array). Fig. 3a shows the SEM picture of fabricated optical dipole
antenna array and the typical dimensions of a single antenna are shown in the inset.
Each antenna has a length of 260nm, width of 45nm, and gap of 15nm.

(a) Ti/Au "~ (b)Ge/Au

rms roughness : 2.903nm rms roughness : 0.956nm

Figure 5.30 Comparison of the gold smoothness for titanium versus
germanium adhesion layers. a, AFM measurement of 3 nm Ti and 30 nm Au
evaporation on Si substrate. b, AFM measurement of 3 nm Ge and 30 nm Au
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evaporation on Si substrate. Ge adhesion layer reduces the root-mean-square (rms)
surface roughness of the Au layer by 3x compared to Ti adhesion layer.

Figure 5.31 SEM image of fabricated dipole antenna array. SEM image of
fabricated gold antenna array on a dielectric (SiOz) coated gold ground plane. The
zoomed-in image shows a typical dipole antenna with 260 nm length, 45 nm width,
and 15 nm gap.

5.4 Experimental Measurement
5.4.1 Reflectance Measurement

We use reflectance measurements to characterize the optical antennas and
the effect of @Q-matching since this measurement method is less sensitive to
variations in parameters such as gap spacing caused by non-uniformities in e-beam
lithography exposure. The illumination from a halogen lamp was focused on the
antenna array using a 5x, NA=0.13 objective lens and the reflection from the
antenna array was collected through the same objective lens and sent to the
spectrometer using a multi-core optical fiber. Fig. 5.8 shows the normalized
reflection spectrum (reflectance) of the antenna arrays for various dielectric spacer
thicknesses, each spectrum is calculated by dividing the reflection from the antenna
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arrays with the reflection from an area on the dielectric coated ground plane
without any antennas. Reflectance spectra show two major dips for each array. The
larger dip position at longer wavelength corresponds to the antenna resonance and
smaller dip corresponds to surface plasmon resonance supported by the periodic
array.
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Figure 5.32 Reflectance spectra of dipole antenna arrays for various dielectric
(Si02) spacer thicknesses. The 60 nm and 100 nm SiO; thicknesses display the
largest reflection dip, corresponding to the strongest field enhancement as
predicted by the theory. Reflectance spectra show two major dips for each array.
The larger dip position at longer wavelength corresponds to the antenna resonance
and smaller dip corresponds to surface plasmon resonance supported by the
periodic array.

Reflectance
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5.4.2 Extraction of Quality Factors from Reflectance Measurement

Various parameters such as resonance wavelength, total Q, radiation Q, and
absorption Q of the antenna can be extracted from the reflectance measurements.
The resonance wavelength and total Q are extracted directly by fitting a Lorentzian
curve to the reflectance spectrum. Radiation @ is calculated using reflectance
equation from modified coupled-mode theory as the following.
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Only a certain portion of the plane wave excitation can couple to the optical
antenna array, therefore, we will use the mode that is spatially matched to the
antenna radiation pattern, denoted by s.rqq, as the input port of our coupled-mode
theory framework. The other part of excitation is denoted by Siuncoupied, and the
modes through the ports s.raq and Siuncoupled are orthogonal since they are not
interacting each other. Due to the orthogonality between these modes, the total
incident power (|s.|?) is the sum of the powers from each mode (|s,|? = |S;yqq]* +

|S+uncoupzed|2) and the relation between spatially matched input s.rsq, and total
excitation s. is given by |s,,q4|?/15+|?> = Aem/A; Where Aem and A; are the maximum
effective aperture of the antenna and the area of the excitation beam, respectively.
The uncoupled mode (S+uncouptea) is assumed to be reflected from the ground plane of
the system (S-uncoupled = -S+uncoupled). It has been already shown in coupled-mode
theory that reflected wave can be expressed as [45]:

1

S—rad = ~S+rad + T da =
ra

1 (5.116)

Trad
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—Strad +

1 1 ) S+rad

Trad Tabs

where a is the mode amplitude in the cavity and 1/tq and 1/7ass are the rates of
decay due to antenna radiation and absorption, respectively. These modes s.rqs and
S-uncoupled Of Teflected waves are also orthogonal due to the orthogonality between
S+rad  and Siuncoupled, and the total reflected power becomes the sum of the powers
from each reflected mode. Then, we can calculate the reflectance as:

2 2
|S—uncoupled | + |S—rad |

R(w) =

|5 12
1 2
Aem em Trad
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Therefore, the magnitude of reflectance dip (1-R) has the form of a quadratic
equation of Q. This quadratic equation has a maximum peak at Qre¢ =2Q and the
maximum peak value is Aem/Ai. This condition of maximum peak is exactly identical
to the Q matching condition for the maximum field enhancement (Qrad = Qaps). With
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known parameters Q, R, and Aem/Ai, we can extract Qr.q from this quadratic equation.
In fact, two solutions of the quadratic equation represent Qr.s and Qups due to
mathematical symmetry of these two quality factors. The larger solution is Q4 for
the undercoupled case, and the smaller solution is Qr« for the overcoupled case.
Total quality factor Q and reflectance R can be extracted from a Lorentzian fit of the
measured reflectance spectrum. Coupling ratio Aem/Ai cannot reach 1 since there
exists spatial mismatch between excitation light and antenna radiation pattern due
to finite size of antenna array and fabrication variations from individual antennas.
We assume that Aem/A; has the value of 0.65 from the maximum peak of Fig. 5.9(b).
Using the equation (5.1), we find that

1-R=4

Aem Q (1- Q >:4Aem Q 0
Ai Qrad Qrad Ai Qrad Qabs

_ ZnVeff |ElOC|2
Ai/lresQabs |Ei|2

Therefore, the magnitude of reflectance dip is linearly proportional to field
intensity enhancement. Consequently, we can assume that the field enhancement is
also maximized when the size of the reflectance dip is maximized.

Note that the reflectance dip can be also rewritten using the absorption cross
section ogps as

(5.120)

Aem Q Q :O_abs
Ai Qrad Qabs Ai

The extracted radiation @Q, absorption @, and total Q of the antenna arrays are
shown in Fig. 5.9(a) as a function of dielectric spacer thickness. The optimum
dielectric spacer thickness at which the antenna array’s radiation @ and the
absorption Q are matched is approximately 80nm. The size of dip in the reflectance
measurements is proportional to the maximum field enhancement, as shown in Fig.
5.9(b), the maximum dip in reflectance measurement is also achieved for a dielectric
spacer close to 80nm which is consistent with the @Q-matching condition. It is
important to note that this optimum thickness (~80nm) is roughly half of the
quarter-wavelength thickness and results in approximately 20% larger field
enhancement.

1-R=4

(5.121)
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Figure 5.33 Experimental values of quality factors and reflectance dip. a,
Experimental values of radiation, absorption, and total quality factors as a function
of the dielectric spacer thickness. The trend follows closely the simulation with the
Q-matching (Qrae = Qaps) condition achieved at ~80 nm dielectric thickness. b,
Reflectance dip of optical antennas as a function of the dielectric spacer. The
maximum reflectance dip, corresponding to maximum field enhancement, is
achieved for the Q-matched dielectric thickness.

5.4.3 SERS Measurement

For additional experimental verification of antenna performance, surface-
enhanced Raman scattering (SERS) was measured from fabricated optical antenna
arrays. SERS has been known as a powerful technique to detect biological and
chemical molecule as Raman spectrum provides a unique fingerprint of the target
molecule. In order to enhance the sensitivity of SERS, various approaches such as
rough surface of metal layer [74], [75], metal nanoparticle aggregates [76], [77], and
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DNA-tailored nanoparticle synthesis [58], [78] have been previously studied.
Though these methods could promise high SERS enhancement enabling single
molecule detection, the controllability of hot spot locations still remains challenging
[79]. To address this challenge, top-down fabrication of optical antennas has been
used to generate SERS hotspots with the engineered spatial arrangement and the
reproducible enhancement factors [59]-[61], [65], [32].

We used trans-1,2-bis (4-pyridyl) ethylene (BPE) as the target molecule of
SERS measurement. For the sample preparation, fabricated antenna arrays were
immersed in a 6 mM solution of BPE in methanol for 2 hours. After 2 hours
incubation, the samples were rinsed using methanol, and then blow-dried with
nitrogen gun. The excitation from 785 nm laser was focused on the antenna array
using a 10x objective and the Raman signal was collected through the same
objective lens for 10 sec for SERS measurement. Measured SERS signals from dipole
antenna arrays with different spacer thicknesses are plotted in Fig. 5.10(a). The
strongest SERS signal is measured from the dipole antenna array on 100 nm thick
spacer layer (Fig. 5.10(b)). This is because the radiation quality factor becomes
equal to the absorption quality factor around this spacer thickness, which agrees
well with the tendency of reflectance measurement.
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Figure 5.34 SERS measurement from dipole antenna arrays. a, Measured BPE
SERS spectra from fabricated gold dipole antenna arrays with various spacer
thicknesses. b, 1200 cm! peak SERS intensity as a function of the spacer thickness.
The SERS signal is maximized when the spacer thickness becomes around 100 nm,
which achieves matched quality factors of radiation and absorption.

From the measured SERS spectra, SERS enhancement factor has been
calculated using the following equation,

I N,
EF = SERS x neat (5122)

Ineat NSERS
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where Isgrs and Ineqr are the Raman intensities of the SERS and neat signals of the
1200 cm! peak, and Nsgrs and Npea: are the numbers of BPE molecules contributing
to the SERS and neat Raman signals. For Nsgrs, the monolayer coating of BPE
molecules was assumed with the packing density of 3.30 x 10® um2 [80]. The
number of molecules on entire antenna surfaces was taken account to calculate
average SERS enhancement factor. The calculated SERS enhancement factors are
plotted as a function of dielectric thickness in Fig. 5.11. The best SERS enhancement
factor is observed to be 3.4x10° from the dipole antenna array of the 100 nm thick
spacer.

20 60 100 150
Spacer Thickness (nm)

Figure 5.35 Measured SERS enhancement factor of dipole antenna arrays. The
SERS enhancement factors are calculated using Raman signal intensity of 1200 cm-!
peak.

5.5 Summary

In summary, a new condition to achieve maximum field enhancement for
optical antennae through matching the radiation Q and absorption Q of the antenna
has been introduced. This matching is achieved experimentally by fabricating an
array of dipole antennas on a dielectric coated ground plane and tuning the
thickness of the dielectric spacer to control the antenna’s radiation Q. For the
experimental characterization, reflectance and the SERS signal obtained from the
BPE molecule are measured from the fabricated dipole antenna arrays with various
spacer thicknesses. A comparison of the reflectance dip and 1200 cm-! Raman peak
intensity are plotted in Fig. 5.12. In this plot, the square of the reflectance dip is
taken into the account since the reflectance dip is proportional to field intensity
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enhancement, whereas the SERS signal is proportional to the square of field
intensity enhancement. Both measurements show similar trends in the spacer
thickness variation, which indicates that the maximum field enhancement is
achieved at the optimum dielectric thickness of ~80nm with the @Q-matching
condition Qraa = Qupbs. This is slightly higher than the optimum thickness obtained
from the simulation and is probably due to the loss of fabricated metal, which was
greater in the simulation compared to the theoretical value. In general, however, the
trends showed good agreement between the theory and simulated values. The
optimum spacer thickness is ~50% smaller than the quarter-wavelength thickness.

0.40 ———————————v——7—+—1——7—— —_
@ 4140000 &
s 035} c
= 435000 g
0. L
# 30 {30000 L
20.25¢ 125000 2
Q420 ' L
8 “Er 420000 ch
£0.151 115000 €
‘g0-10- {10000 £
— —i— Reflectance Dip Square
“6 0.05 =@— Raman Intensity 15000 g
m 000 [ 1 N 1 N 1 N 1 1 1 1 1 ] m

. S T ———
0 20 40 60 80 100 120 140 160
Spacer Thickness (nm)

Figure 5.36 Comparison between reflectance and SERS enhancement.
Reflectance and SERS measurements show similar trends in the spacer thickness
variation, which indicates that the maximum field enhancement is achieved at the
optimum dielectric thickness of ~80nm with the Q-matching condition Qrad = Qaps.
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CHAPTER 6

Optical Patch Antenna

In the previous chapter, the field enhancement of an optical antenna was
optimized when the amount of radiation was matched to that of absorption. In order
to control the radiation property of an optical antenna, dipole antenna arrays were
implemented on a ground plane and tuned the thickness of the spacer layer between
the antenna array and the ground plane. From the experimental study of reflectance
and the SERS measurements, we demonstrated that the enhancement is maximized
at the optimum thickness of dielectric spacer layer.

Although the local field enhancement for the given dipole antenna design is
achieved by engineering radiation of the antenna, the measured SERS enhancement
factor (~10°) is still inferior to SERS substrates despite having been assembled
using nanoparticles with nanometer-scale gaps. This is because the enhancement is
critically dependent on the gap spacing of the dipole antenna. The gap spacing of the
fabricated dipole antennas was chosen to have dimensions of ~15 nm, which is
relatively reproducible using electron-beam lithography. To approach the
enhancement level of single molecule detection, however, the gap spacing of the
optical antenna must be reduced further. Current nano-fabrication techniques such
as electron-lithography and focused ion beam milling, cannot readily reduce the gap
spacing and achieving uniformity for sub-10 nm dimensions is limited

In this chapter, we discuss a method to resolve this fabrication issue by
introducing a different design: the optical patch antenna where the gap spacing is
defined by the dielectric spacer layer.

6.1 Optical Patch Antenna for Uniform Sub-5 nm Gap Spacing

To demonstrate the efficacy of a uniform and reproducible antenna gap, we
investigate an optical patch antenna that consists of a nanopatch on top of a ground
plane (Fig. 6.1). The gap spacing of the patch antenna is defined vertically by the
thickness of dielectric layer between the patch and the ground plane. Although
similar designs of nanodisk arrays on dielectric coated ground planes have been
reported by Chu et al. [65], [81], the physical approach to achieve high field
enhancement is different. The patch antenna design investigated here aims to
improve the field enhancement by realizing sub-5 nm gap spacing for the antenna
resonance mode. Chu et al. used double resonances by interaction between antenna
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resonance mode and surface plasmon mode, and their structures have relatively
thick dielectric spacer layers (~30 nm).

For the patch antenna design investigated here, it was essential to reproduce
the uniform and reproducible formation of gap spacing with the precise control over
the dimensions of the gap spacing. Since the gap dielectric layer is deposited by
atomic layer deposition (ALD), which has sub-nm accuracy of the thickness control,
optical antennas with a uniform sub-5 nm gap can be easily reproduced.

Au

Dielectric Spacer

Figure 6.37 Schematic of optical patch antenna. The vertical gap spacing of the
patch antenna is defined by the thickness of the dielectric spacer layer.

6.2 Numerical Simulation of Patch Antenna

In order to investigate the field enhancement of the patch antenna, numerical
simulations of patch antenna array with various gap spacings (1, 2, 5, 10, and 20 nm)
were studied, using the time domain simulation tool based on finite integration
technique (CST Microwave Studio). A gold square patch of 60 nm x 60 nm area and
25 nm thickness was placed on top of the dielectric spacer layer coated gold ground
plane, as shown in Fig. 6.1. The dielectric spacer material was chosen to be
aluminum oxide with a refractive index of 1.76, which can be deposited by atomic
layer deposition. The material property of the gold was modeled from experimental
value [33]. The periodic boundary condition was used to simulate an infinite
antenna array with a period of 300 nm.

Figure 6.2 shows the simulation result of patch antenna array, where the
electric field of a patch antenna is well confined in the vertical gap between the
patch antenna and the ground plane on resonance. However, the radiation efficiency
of patch antenna is very poor and deteriorates even further when the gap spacing is
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reduced. This can be explained as follows: the image current in the bottom ground
plane causes a destructive interference with the radiation of patch antenna, which is
similar to the case of a dipole antenna array on ground plane. As a result, the
mismatch between radiation and absorption quality factors increases as the gap
spacing is reduced below 2 nm; this suppresses the increasing ratio of the field
enhancement, as shown in Fig. 6.2(b) and 6.2(c).
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Figure 6.38 Simulation of patch antenna. a, Electric field profile of Au patch
antenna. Patch antennas with dimensions of 50 nm square size, 25 nm thickness,
and 5 nm Al>03 gap were simulated with periodic boundary condition of 300 nm
pitch. b, Plot of calculated radiation and absorption quality factors as a function of
gap spacing. c, Plot of electric field enhancement as a function of gap spacing. Patch
antenna arrays with various gap spacings (1, 2, 5, 10, and 20 nm) were simulated.
Due to the growing mismatch between radiation and absorption quality factors, the
increasing ratio of the field enhancement is suppressed as the gap is reduced below
2 nm.
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6.3 Fabrication of Patch Antenna

Optical patch antenna arrays were fabricated using typical high-resolution
electron-beam lithography and a subsequent lift-off process. For preparation of gold
ground plane, a 100-nm-thick layer of thermal oxide was grown on top of a bare
silicon wafer. A 10-nm-thick titanium layer was deposited as the adhesion layer by
an electron-beam evaporator, which was followed by the evaporation of a 100 nm
thick gold layer with the evaporation rate of ~2 A/s. The thermal oxide layer
between the silicon wafer and the ground plane was introduced to prevent the
formation of eutectic bonding between the silicon and gold during the subsequent
deposition step at the elevated temperature, which might have roughen the surface
of gold ground plane.

The aluminum oxide spacer layer on top of the gold ground plane was
deposited by atomic layer deposition (ALD). In ALD process, the thickness of
deposited layer is determined by the number of reaction pulse cycles. The ALD
recipe of deposition rate 0.1 nm/cycle at 300°C was used for to deposit the
aluminum oxide layers. At this step, samples with different aluminum oxide
thicknesses of 1, 2, and 5 nm were prepared to investigate the antenna performance
as a function of gap spacing.

Figure 6.39 SEM image of fabricated patch antenna array.

On top of these substrates, patch antenna arrays were patterned by e-beam
lithography. A 70-nm-thick PMMA layer was spun on the substrate for the
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lithography and patch antenna arrays with a 300-nm period, and various square
patch sizes. Then, 2 nm germanium and 25 nm gold layers ware evaporated with the
deposition rate of ~1 A/s and ~2 A/s, respectively, followed by lift-off step in
acetone. A representative SEM image of a fabricated patch antenna array is shown in
Fig. 6.3.

6.4 Experimental Measurement
6.4.1 Reflectance Measurement

Reflectance spectra from fabricated patch antenna arrays were measured to
characterize antenna resonance. For the white light illumination, light from a
halogen lamp was focused using a 50x objective lens and illuminated on a patch
antenna array. The reflected light from the sample was collected through the same
lens and guided using a multi-core optical fiber to a spectrometer with liquid
nitrogen-cooled CCD camera. The reflectance was calculated by dividing the
reflection spectrum from the antenna array with the reflection spectrum from the
area without antenna arrays.
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Figure 6.40 Reflectance measurement of patch antenna arrays. a, Reflectance
spectra from patch antenna arrays with various patch antenna sizes. b, Plot of
resonance wavelength as a function of patch antenna size. These spectra were
measured from patch antenna arrays on top of 5 nm thick dielectric spacer coated
ground plane.

Reflectance spectra measured from patch antenna arrays on the 5-nm-thick
spacer-coated ground plane are shown in Fig. 6.4(a). Patch antenna arrays show
apparent resonant characteristics; as expected, the resonance wavelength is red-
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shifted with increasing the patch size. Figure 6.4(b) shows that the resonance
wavelength depends linearly on the size of patch antenna.
As shown in Section 5.3.2, the magnitude of the reflectance dip is closely
related to quality factors, which is given by
p_ghen Q@
Ai Qrad Qabs

This quantity is maximized when the @-matching condition is achieved.
However, the patch antenna exhibited poor radiation efficiency upon reduction of
the gap to the nanometer-scale; this results in a huge mismatch between radiation
and absorption Q, degrading the magnitude of reflectance dip. Figure 6.5 = compares
the reflectance spectra obtained from 1- and 5-nm patch antenna arrays. The 5-nm
gap patch antenna has a reflectance dip ~3.6 times larger than that of the 1-nm gap
patch antenna. To compare this experimental result with previous simulations, we
calculated the term Q?/QraaQaps in Eq. (6.1) using the quality factors obtained from
the numerical simulation [see Fig. 6.2(b)]. We find that Q?/Qr4aQuss is calculated to be
11.72/(729%x11.9) = 0.0158 and 19.8%2/(355x21.0) = 0.0526 for 1- and 5-nm gap
patch antenna, respectively. Therefore, the theoretical calculation predicts that the
ratio of reflectance dip is 0.0526/0.0158 = 3.33, which agrees well with the
experimental result (~3.6).
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Figure 6.41 Comparison of reflectance spectra measured from 1 and 5 nm gap
patch antenna arrays.

67



6.4.2 SERS Measurement

Surface-enhanced Raman signal of a trans-1,2-bis (4-pyridyl) ethylene (BPE)
molecule was measured from patch antenna arrays. For the sample treatment,
fabricated patch antenna arrays were incubated for two hours in a 6=mM BPE
solution. After having been rinsed by methanol for one minute, samples were dried
using a nitrogen gun. For the SERS measurement, a 785-nm laser was focused on the
samples using 10x objective lens. The SERS signal obtained from the antenna arrays
was collected by the same objective lens and sent to the spectrometer for a 10-sec
integration.
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Figure 6.42 SERS measurement from patch antenna arrays. a, Measured BPE
SERS spectra from fabricated gold patch antenna arrays with various gap spacings. b,
1200 cm-! peak SERS intensity as a function of the gap spacing. The SERS signal is
enhanced as the gap spacing is reduced.

Figure 6.6(a) shows the SERS spectra measured from the patch antenna
arrays of 1-, 2-, and 5-nm gap spacings. Since a patch antenna experiences
resonance-shift with varying gap size, we selected the best SERS signal from the
optimum patch size for each gap spacing. The 1200 cm'! Raman peak was chosen to
compare the SERS intensity measured from the patch antenna arrays with different
gaps. As shown in Fig. 6.6(b), the SERS signal was measured to be five times
stronger as the gap spacing was reduced from 5 nm to 2 nm. However, the only a 10%
increase of the SERS signal was observed when the gap spacing was reduced to 1 nm
from 2 nm. This trend is expected given the poor radiation efficiency of the patch
antenna with the nanometer-scale gap. The SERS enhancement factor from the 1-nm
gap patch antenna was calculated to be 1.5x107, which is about an order of
magnitude improved compared to the dipole antenna presented in Chapter 5. This
implies that the extremely small gap (1 nm) overcomes the poor radiation efficiency

68



of the patch antenna and contributes to the improvement provided by the SERS
enhancement.
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Figure 6.43 Measured SERS intensity as a function of antenna resonance. a,
BPE SERS signal of 1000 cm! Stokes shift peak. b, 1200 cm-! Stokes shift peak. c,
1600 cm-! Stokes shift peak. SERS signal counts were normalized by the number of
molecule on the patch antenna surface assuming monolayer-coating.

The patch antenna design can be also useful in investigating the correlation
between the SERS enhancement and antenna resonance. The spectral response of an
optical antenna array is often broadened by dimensional variation of individual
antennas in the array. For example, the resonance of a dipole antenna is critically
dependent on the dimensions of its length and gap. The resonances of individual
antennas vary depending on variations in fabrication. This dimensional variation is
more significant for the antenna gap, which usually requires being fabricated at the
technical resolution limit. The patch antenna design is limited by this fact because
the formation of extremely uniform gap is possible by atomic layer deposition.
Therefore, a patch antenna array can exhibit a well-defined single resonance
without the serious fabrication challenges, as shown in Fig. 6.4(a). Using this factor
unique to the patch antenna array, next we discuss the effect of antenna resonance
on the SERS enhancement.

It is clear from Fig. 6.5 that the resonance of patch antenna can be tuned by
changing their lateral dimension. Here, we investigated SERS signals measured from
patch antenna arrays as a function of antenna resonance. The BPE molecule has
three main Stokes shift peaks at 1000 cm-1, 1200 cm-1, and 1600 cm! wavenumbers.
As shown in Fig. 6.7, the SERS intensities of these peaks measured from the patch
antenna arrays were plotted as a function of antenna resonance. The positions of the
excitation laser wavelength and Stokes shift peaks are marked with dashed lines in
the plots. Here, the SERS signal intensity was normalized by the number of BPE
molecules assuming monolayer coating for fair comparison between patch antennas
of different sizes. As expected, a weak SERS signal is observed when the resonance
of antenna is far from both the excitation and emission wavelengths. The SERS
intensity was optimized when the antenna resonance was placed close to the middle
of the excitation and emission wavelengths, indicating that the resonance of an
optical antenna must be carefully tuned for SERS applications.

6.5 Optical Patch Antenna for Colorimetric Biochemical Sensor
6.5.1 Nanoparticles for Biochemical Sensing

Metal nanoparticles have been studied as an application for the optical
detection of sensitive biochemical sensing as they can efficiently scatters and
absorbs light at a certain wavelength depending on the materials and dimensions of
the nanoparticles [Fig. 6.8(a)]. For sensing applications, the spectral response of
nanoparticles is analyzed with the change of their environment. The shift of
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nanoparticle resonance provides the information of sensing specimen [82], [31]. In
a number of cases using of this approach, equipment for spectral analysis such as a
spectrometer is required for the precise detection of the resonance shift. For real-
life applications [such as point-of-care testing (POCT)], the potential impact would
be much strong if the detection scheme did not require specialized measurements
like spectrum analysis. One of the methods to address this issue is colorimetric
sensing from a nanoparticle. Even though the scattering cross section of single
particle is too tiny to represent a certain color detectable by the human eye, a large
number of nanoparticles in solution can represent their characteristic colors [Fig.
6.8(b)].

Recently, sensitive ELISA sensing by gold nanoparticles has been reported
using this approach [83]. However, the solution phase of nanoparticles can cause
technical difficulties when the sensor is integrated in the on-chip microfluidic device.
To address this challenge, a spatially arranged nanoparticle array as shown in Fig.
6.8(c) was considered. To realize this idea, the scattering and absorption cross
sections of an individual particle must be optimized since the number of
nanoparticles in 2D array is much smaller compared to that of nanoparticle
solutions. Here, we employed the patch antennas to demonstrate efficient color
representation of 2D optical antenna array by optimizing light coupling. A similar

methodology has been reported to represent colors at the optical diffraction limit
[84].
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Figure 6.44 Schematic of metal nanoparticles. a, Single metal nanoparticle. b,
Metal nanoparticles in solution. ¢, Metal nanoparticle array.
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In the previous sections, we focused on the developed a patch antenna with high
field enhancement by exploiting nanometric-scale gap. However, the extremely
small gap spacing results in the poor coupling of light due the huge mismatch
between radiation and absorption quality factors. In the next section, we optimized
the coupling of light by tuning the spacer thickness for Q-matching condition, which
is similar to the approach presented in Chapter 5.

6.5.2 Simulation of Patch Antenna for Optimized Light Coupling

For clear color representation, the light coupling of the optical antenna must
be optimized. The patch antenna array on ground plane was used to achieve this
goal. The gold ground plane increased the antenna cross section by improving the
radiation directivity. Note that scattering and absorption cross sections of patch
antenna array without the ground plane are too small to emit strong color [see the
inset in Fig. 6.9(a)]. In addition, the coupling of the antenna was maximized by
engineering the radiation of optical antennas, which can be achieved by tuning the
thickness of the dielectric layer. In order to find the optimum thickness of the
dielectric spacer layer, numerical simulations of the patch antenna arrays have been
investigated. Figure 6.9(a) shows the simulated reflectance spectra with various
thicknesses of dielectric spacer layers. The reflectance dip of the antenna array was
maximized when the thickness of aluminum oxide spacer was around 55 nm, as
shown in Fig. 6.9(a) and Fig. 6.9(b).
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Figure 6.45 Schematic and reflectance simulation of patch antenna at visible
frequencies. a, Simulated reflectance spectra from patch antenna arrays with
various spacer thicknesses. b, Plot of the reflectance dip as a function of the spacer
thickness. The inset in (a) shows the transmittance and reflectance of patch antenna
array on dielectric substrate without ground plane for comparison. The reflectance
dip is maximized when the spacer thickness is 55 nm.
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6.5.3 Fabrication and Experimental Measurement

Optical patch antenna arrays were fabricated using the same fabrication
process as described in Section 6.3. The only difference was the spacer thickness,
which was chosen to be 55 nm as was done for the simulation for the optimized
light coupling. Circular patch antennas of various sizes (36, 48, 60, 72, and 84 nm)
and three different pitch distances (200, 300, and 400 nm) were fabricated to
investigate the color representation of patch antenna arrays. The schematic of patch
antenna arrays and the representative SEM image are shown in Fig. 6.10(a).
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Figure 6.46 Optical patch antenna array for colorimetric sensing. a, Schematic
picture of the gold patch antenna array and SEM picture of a fabricated antenna
array. b, Optical image of fabricated antenna arrays with various antenna sizes and
array pitches. ¢, Reflectance spectra measured from fabricated antenna arrays. The
scale bar in the SEM image represents 200 nm.

Figure 6.10(b) shows the optical image of fabricated antenna arrays. Each
antenna array has a field size of 30 um x 30 um. The antenna arrays of the same size
patch antenna generally show similar colors, though the smaller pitch array has the
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stronger contrast. However, 200-nm pitch antenna arrays of 72- and 78-nm patch
show different color trends from 300 and 400 nm pitch antenna arrays of the same
size. This is probably because the inter-space for the large size antennas (72 and 78
nm) in the 200-nm pitch array is small enough to induce the interaction between
individual antennas.

To study the spectral response, we measured the reflectance spectra from
these antenna arrays. Figure 6.10(c) shows the measured spectra from the
fabricated antenna arrays. Comparing the reflectance of same-sized antenna arrays
but with different array pitches, the reflectance dip increases when the pitch
dimensions decreases, whereas the antenna resonance does not significantly shift.
However, the reflectance spectrum does not show a well-defined single resonance
and exhibits broad dips when the antenna size becomes larger than 70 nm in a 200-
nm array pitch. Therefore, the 300-nm array pitch is preferred for the colorimetric
sensing application since it has a moderate strength of the color contrast and the
expected resonance shift behavior with changes in the size of the antenna.

It has been recently reported that the resonance shift of metal nanoparticles
by enzyme-guided crystal growth can be used as a plasmonic nanosensor with
extremely high sensitivity [82]. A similar approach can be applied to the patch
antenna design investigated here for the resonance shift by changing the antenna
dimension [85]; this results in a color change of the antenna array. The simple shape
and arrangement of the suggested patch antenna design raises the possibility of
providing a large area fabrication using specialized nano-fabrication techniques
such as nanoimprint lithography [86].

6.6 Summary

In this chapter, we discussed optical patch antennas to demonstrate that
uniform and reproducible nanometer-scale gap spacing is critical for achieving
efficient local field enhancement. The gap of a patch antenna is defined vertically by
the thickness of the dielectric spacer layer. The dielectric spacer is deposited by
atomic layer deposition, hence, the formation of sub-5nm gap is possible with the
sub-nm accuracy in thickness control and with perfect uniformity. Strong SERS
signals from BPE molecules have been measured from fabricated patch antenna
arrays, with an enhancement factor of 1.5x107, which is about an order of
magnitude improved than that measured from the dipole antenna array discussed in
Chapter 5. The correlation between antenna resonance and SERS intensity was also
investigated using patch antenna arrays, confirming that SERS signal can be
maximized when the antenna resonance is positioned at the middle of excitation
and emission wavelength, which agrees well with the previously reported result
[87]. However, it should be noted that there exists a trade-off between mode volume
and radiation efficiency when considering the patch antenna design. As the gap
spacing is reduced to the nanometric scale, the radiation efficiency is dramatically
decreased. This results in the huge mismatch between the radiation and absorption
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quality factors, and prevents improvement of local field enhancement even if the
gap spacing is reduced even further.

75



CHAPTER 7

Optical Arch-Dipole Antenna

In Chapter 5 and 6, the dipole antenna and the patch antenna were
introduced and demonstrated that both designs were capable of achieving efficient
local field enhancement. The dipole antenna design offers a relatively simple way to
engineer the radiation of the antenna by tuning the spacer thickness between the
antenna and the ground plane. At the optimum spacer thickness, the amount of the
antenna radiation is matched to the absorption, thus maximizing the local field
enhancement of the antenna. However, field enhancement is critically dependent on
the gap dimension of the antenna, and it is challenging to scale down the dipole
antenna gap below 10 nm due to the technical limit of the fabrication resolution.
The patch antenna design in Chapter 6 resolved this fabrication issue by defining the
vertical gap with a thin spacer layer between the patch and the ground plane.
However, as demonstrated, the radiation efficiency of the patch antenna is poor,
because when the gap spacing is reduced to nanometer scale, it degrades the light
coupling of the antenna.

In this chapter, we introduce a novel optical antenna design—the arch-
dipole antenna—with 5-nm gap spacing fabricated using the CMOS process. In this
process, the gap spacing of the arch-dipole antenna is determined by the thickness
of a thin dielectric fin using deep-UV spacer lithography [88], [89]. Since the fin
layer is deposited by atomic layer deposition (ALD), the thickness of the fin can be
precisely controlled with sub-nm accuracy and good reproducibility. In this design,
the optimum fin height is chosen to control the radiation of the arch-dipole antenna,
which enables matched radiation and absorption quality factors for maximum field
enhancement.

7.1 Arch-Dipole Antenna to Overcome Trade-off between Radiation
Efficiency and Small Gap Spacing

In Chapter 5, the radiation characteristic of an optical dipole antenna was
controlled by tuning the thickness of the dielectric spacer layer, and the field
enhancement of the antenna was maximized using the optimum spacer thickness
with matched quality factors (Qr«a=Qabs)- However, it is challenging to reduce the gap
spacing of dipole antennas below 10 nm since optical antennas are typically
fabricated by nanofabrication techniques such as e-beam lithography or focused ion
beam (FIB) milling; these techniques have poor uniformity and reproducibility

76



below 10 nm dimension. To address this fabrication issue, optical patch antennas,
discussed in Chapter 6, were developed, which can be easily fabricated with uniform
sub-5 nm gap. Since the dielectric spacer layer between the top nanopatch and the
ground plane defines the antenna gap spacing, it can be easily reduced below 5 nm
with sub-nm accuracy by atomic layer deposition (ALD). Unfortunately, although it
is possible to reduce the gap of the patch antenna to nanometer scale, it results in
poor radiation efficiency, which then results in the huge mismatch between Qrqss and
Qabs- Therefore, the field enhancement does not increase significantly despite the
reduction in the gap spacing.

To overcome the trade-off between radiation efficiency versus the small gap
spacing, a new antenna design “arch-dipole antenna” was developed, the primary
focus of this paper. In the arch-dipole antenna, the two arms of a dipole antenna are
connected by a tall narrow arch, as shown in Fig. 7.1. The antenna gap inside the
arch can be defined by the thickness of a sacrificial dielectric layer using spacer
lithography. The arch-dipole antenna design offers a robust method for uniform and
reproducible fabrication of sub-5 nm gap spacing without sacrificing radiation
efficiency.

The radiation efficiency of the arch-dipole antenna was controlled by the
dimension of the arch height (gap height). By tuning the arch height dimension, the
radiation was able to be matched to the absorption of the antenna. The numerical
analysis will be discussed next.

Au Arch-Dipole Antenna

Figure 7.47 Schematic of optical arch-dipole antenna. The gap spacing of the
arch-dipole antenna is defined by the thickness of a sacrificial dielectric layer.
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7.2 Numerical Simulation of Arch-Dipole Antenna

To understand the characteristics of the arch-dipole antenna, the time
domain simulations of a gold arch-dipole antenna array was investigated, with the
following dimensions: 210 nm length, 50 nm width, 40 nm thickness, and 5 nm gap
as shown in Fig. 7.2(a). A dipole antenna array with same length, width, thickness
and gap dimensions was also simulated for comparison. The field enhancement plot
shown in Fig. 7.2(b) shows that the arch-dipole antenna had two resonant modes
dependent on the current direction in the arch, whereas a normal dipole antenna
had a single fundamental mode. The field enhancements of the two arch-dipole
antenna modes were higher than the normal dipole antenna with the same gap
spacing since the Q matching condition was achieved for the arch-dipole antenna by
tuning the arch height. Here, the higher frequency mode was selected (the arch
current in the opposite direction relative to the antenna arm current) because the
antenna dimensions were easier to fabricate (they were longer in length for the
desired resonance). The field distribution of two modes is shown in Fig. 7.2(c). Note
that the current distribution (represented by white arrows) around the arch is
different in two modes.
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Figure 7.48 Numerical simulation of gold arch-dipole antenna array. a,
Schematic of the simulated structure. 210 nm long, 50 nm wide, and 40 nm thick
gold arch-dipole antennas with 5 nm gap and 30 nm arch height were simulated.
Periodic boundary condition was used to calculate an antenna array with 600 nm
pitch. b, Electric field enhancement of arch-dipole antenna (red curve). Standard
dipole antenna with same gap and length was also simulated for comparison (blue
curve). Arch-dipole antenna has two modes depending on the current direction in
the arch. ¢, Electric field magnitude profile of simulated arch-dipole antennas. White
arrows in antennas represent the current distribution.
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Figure 7.49 Numerical simulation of arch-dipole antenna array with arch
height variations. a, Field enhancement spectra of arch-dipole antenna arrays with
arch height variations. b, Radiation and absorption quality factors as a function of
arch height. ¢, Electric field enhancement as a function of arch height. profile of
simulated arch-dipole antennas. White arrows in antennas represent the current
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distribution. The field enhancement has a maximum peak at the optimum arch
height (30 nm) for Q-matching condition (Qrad=Qabs)-

The arch-dipole antennas with various arch heights were simulated to
estimate the effect of the arch height dimension for the antenna characteristics.
Figure 7.3(a) shows the field enhancement of arch-dipole antenna with various arch
heights. Radiation and absorption quality factors (Qr«s and Qass) were also calculated
from the simulations. As shown in Fig. 7.3(b), the radiation of the antenna improved
as the arch height increased. As a result, the field enhancement is maximized when
Qraa is matched to Qups at the arch height of 30 nm [Fig. 7.3 (c)].

7.3 Fabrication of Arch-Dipole Antenna

A deep-UV spacer lithography was used to define the gap spacing and the
arch height of the antenna. The fabrication process flow of arch-dipole antenna

array is illustrated in Fig. 7.4.

Si Substrate Thermal Oxidation a-Si LPCVD
-
AlLLO; RIE AlLO; ALD DUV Litho & RIE
-

Etching a-Si Patterning Antennas Etching Al,O,

Figure 7.50 Fabrication process flow for arch-dipole antenna array.
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[nitially, a 100 nm layer of wet thermal oxide was grown at 1000 °C on top of
a silicon wafer. A 30-nm-thick amorphous silicon layer was deposited by the LPCVD
as a sacrificial layer. The thickness of this a-Si layer determines the arch height of
the antenna. For deep UV (DUV) optical lithography, a 390 nm thick Rohm Hass
positive UV210-0.6 (DUV resist) layer was spin-coated on top of the wafer, followed
by DUV exposure of 600 nm period grating ridge patterns (300 nm line width) using
ASML DUV 5500/300 stepper. Then, the a-Si layer is etched by a Lam Research 9400
TCP (Transformer Coupled Plasma) etcher to the following specifications: 50 sccm
Clz, 150 sccm HBr, 15 mTorr, 300 W TCP RF power, and 120 W Bias RF power for
the main etch step, and 100 sccm HBr, 1 sccm Oz, 100 sccm He, 80 mTorr, 200 W
TCP RF power, and 150 W Bias RF power for the over etch step. After stripping the
photoresist by oxygen plasma, the wafer was cleaned in piranha and RCA1 to
remove the etching by-product. These anisotropic etching step and post-etch
cleaning step are very important because the vertical and clean sidewall profile of a-
Si grating ridge is critical for the free-standing nano-fin process. The comparison of
nano-fins fabricated with and without the post-etch cleaning step is shown in Fig.
7.5.

V1=1017 nm
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Figure 7.51 SEM images of fabricated nano-fins with and without the post-etch
cleaning step. a, Nano-fin fabricated without the post-etch cleaning step. b, Nano-
fin fabricated with the post-etch cleaning step.

After cleaning, a 5 nm thick aluminum oxide layer was deposited by a
Picosun Sunale R150 atomic layer deposition (ALD) tool. Since the atomic layer
deposition guarantees conformal and uniform dielectric layer with sub-nm
thickness control, sub-10 nm Al;03 layers are easily reproduced using this technique.
Then, the Al;03 layer is etched away from the top using a Lam Research 9600 TCP
etcher with the condition of 45 sccm Clz, 60 sccm BCls, 8 mTorr, 700 W TCP RF
power, and 100 W Bias RF power. This anisotropic etching removes the horizontal
parts of Al;03 layer and leaves only the vertical parts on the sidewall of a-Si
sacrificial ridges. Subsequent selective etching of a-Si sacrificial ridges by xenon
difluoride (XeF2) resulted in 5 nm wide and 30 nm tall nano-fins standing on top of
the wafer.

A 70 nm thick layer of PMMA was spin-coated on top of the wafer, and the
array of rectangular antenna patterns (~ 200 nm length and ~ 50 nm width) was
aligned on nano-fins using Crestec CABL-9510CC high-resolution electron beam
lithography system. After developing, a 40 nm thick gold layer was deposited by e-
beam evaporator, followed by standard lift-off process using acetone. This antenna-
patterning step is replaceable with photolithography for wafer-scale fabrication
since the dimensions of antenna rectangles (150 ~ 300nm length and 50 ~ 100 nm
width) are feasible size by lithography using current CMOS technology.

Finally, Al,03 fins were etched away to open air-gaps in the arch-dipole
antennas. For the selective etching of Al;03, the sample was immersed in 67 °C
phosphoric acid for five minutes.
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Figure 7.52 SEM images of fabricated arch-dipole antenna arrays. a, Fabricated
arch-dipole antenna array before etching Al;03 fins. b,c, SEM images of an arch-
dipole antennas after etching Al>03 fins with top view (b) and perspective view (c).

7.4 Experimental Measurement

7.4.1 Reflectance Measurement

The antenna resonances were characterized by reflectance measurements.
Figure 7.7(a) shows the reflectance spectrum from the arch-dipole antenna array
with 210 nm length, 50 nm width, 40 nm thickness, and 5 nm gap, which are
comparable dimensions to the simulated antenna array. For the reflectance
measurement, white light from a halogen lamp was focused by 50x objective lens
and illuminated on an arch-dipole antenna array. The reflected light was collected
through the same objective lens and then sent to the spectrometer. Two kinds of
CCD cameras were used to obtain an improved spectral response for the wide
wavelength range. A Si CCD camera was used to measure reflectance for the
wavelength range from 500 nm to 950 nm, and an InGaAs CCD camera was used for
the range from 950 nm to 1500 nm. The reflectance measurement clearly shows two
main antenna modes of the arch-dipole antenna around 800 nm and 1300 nm, as
predicted from the simulation [Fig. 7.2(b)].
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Figure 7.53 Reflectance measured from arch-dipole antenna arrays. a,
Reflectance measured from 210 nm length arch-dipole antenna array. Si CCD
camera was used for the wavelength range from 500 to 950 nm, and InGaAs CCD
camera for the range from 950 to 1500 nm. b, Reflectance spectra for the higher
frequency mode (using Si CCD camera) from arch-dipole antenna arrays with
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various lengths. The resonance dip exhibits a red-shift with increasing antenna
length.

For the resonance tuning, antenna arrays with various antenna lengths (150,
180, 210, and 240 nm) were fabricated, and the reflectance spectra were measured
to characterize the resonance shift of the higher frequency mode. The measured
reflectance spectra are plotted in Fig. 7.7(b). A red-shift of the antenna resonance
can be clearly seen with increasing antenna length.

7.4.2 SERS Measurement

For SERS measurements, trans-1,2-bis (4-pyridyl) ethylene (BPE) was again
used as the target molecule. As discussed in the previous chapters, the samples were
subjected to a similar procedures, with the arch-dipole antennas coated in BPE
molecules. Figure 7.8(a) shows the measured SERS spectra from antenna arrays
with various antenna lengths. The antenna arrays with short lengths (150 nm and
180 nm) exhibited weak SERS signals since the resonance wavelengths were far
from the excitation laser wavelength. The measured SERS signals increased as the
resonance of the antenna arrays moved close to the excitation wavelength and
Stokes shifted wavelength with longer antenna lengths (210 nm and 240 nm). The
best SERS enhancement of 1200 cm'! Raman peak was measured to be 1.8x108,
which is two orders of magnitude better than the dipole antenna discussed in
Chapter 5.
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Figure 7.54 SERS spectra measured from arch-dipole antenna arrays. a, BPE
SERS spectra measured from arch-dipole antenna arrays with various antenna
lengths. b, 1200 cm ! peak SERS intensity plot as a function of antenna length. The
strongest SERS signals were observed from antenna arrays (210 nm and 240 nm
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long antenna arrays) of which resonances were close to excitation laser wavelength
and Stokes shifted wavelength.

The effect of the excitation polarization was also investigated with various
angles of polarized excitation, as shown in Fig. 7.9. The strongest SERS signal was
observed when the polarization of the excitation was parallel to the antenna arms;
the signal deceased as the excitation polarization became more perpendicular to the
antenna arm axis. The strong dependence on the antenna length and the excitation
polarization confirm that the SERS signals resulted from the optical antennas.
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Figure 7.55 SERS comparison with different excitation polarization. a, BPE
SERS spectra measured with various excitation polarizations. b, 1200 cm! peak
SERS intensity plot as a function of excitation polarization angle respect to the
antenna arms.
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7.4.3 Effect of Arch Position on Arch-Dipole Antenna

The effect of the arch position on the arch-dipole antenna is investigated next.
Position variations of the arch can be demonstrated by intentional alignment offset
during the antenna patterning step. Figure 7.10(a) shows three different arch-dipole
antenna arrays with identical dimensions (210 nm length, 50 nm width, and 40 nm
thickness) except for the arch position. These arrays have different positions on the
arches, which are located at the center, 40 nm off from center, and 80 nm off from
the center of the antenna. Reflectance measurement was used to characterize the
resonances of the arch-dipole antenna arrays. The primary focus was on the higher
frequency mode between the two main modes of arch-dipole antenna since the
higher mode has a resonance close to the Raman excitation and emission
wavelength. The antenna array with the centered arch has a single resonance with a
big reflectance dip. However, the resonance splits into two separate modes as the
arch position starts to diverge from the center due to the asymmetric antenna arm
length [Fig. 7.10(b)]. The strongest SERS signal was observed from the arch-dipole
antenna array with the centered arch because of the tuned resonance for exaction of
the laser wavelength. The SERS signals from antenna arrays with the off-centered
arch degraded as the antenna resonances moved away from the excitation and
emission of wavelengths, as shown in Fig. 7.10(c).
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Figure 7.56 Effect of arch position variations on arch-dipole antenna. a,
Schematics of arch-dipole antennas with arch position variations: centered arch,
arch of 40 nm off from center, and arch of 80 nm off from center. Insets show SEM
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images of corresponding arch-dipole antennas. b, Reflectance measurements of
arch-dipole antenna arrays with arch position variations. ¢, SERS measurements of
arch-dipole antenna arrays with arch position variations.

7.5 Summary

This chapter introduced a new antenna design—the arch-dipole antenna—
which can be readily fabricated with a uniform gap spacing below 5 nm. Since the
critical dimensions of arch-dipole antennas can be precisely controlled with sub-nm
accuracy, the arch-dipole antenna can be physically realized with a small gap (sub-5
nm) and Q matching condition. The dipole antenna design (see Chapter 5) achieves
the Q matching condition by optimizing the spacer thickness between the antenna
array and the ground plane; however, reducing the gap spacing below 10 nm is
challenging using typical nanofabrication techniques such as e-beam lithography
and focused ion beam milling. In contrast, the patch antenna can be easily
implemented with extremely small gaps; however, the poor radiation efficiency and
the mismatched Q factors degrade the antenna performance. The arch-dipole
antenna offers an efficient way to achieve small mode volume and @ matching
condition without trade-off in performance. As a result, the SERS enhancement
factor from the arch-dipole antenna is up to two orders of magnitude stronger
compared to the other two antenna designs. The gap spacing is the most critical
dimension for the enhancement and can be defined by deep UV spacer lithography;
therefore, wafer-scale SERS substrate with sub-5 nm gap optical antennas can be
mass-produced in current CMOS foundries.
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CHAPTER 8

Conclusion

This dissertation first discussed the basic theories underlying radio
frequency antenna and how these theories might be applied to optical antenna. This
necessitated a review the material property of metal at optical frequencies and why
metal can confine the electromagnetic fields on their surface. Then, we saw how
metallic nanoparticles interact with a light by scattering. Next we found that the
interference between incident wave fields and re-radiated (scattered) wave fields
results in the light-matter interaction. Then we devised and fabricated three
antenna and subjected them to experimentation to evaluate their efficient local field
enhancement.

However, the interaction between the electromagnetic wave and a conductor
is not only applied at optical frequencies. Actually, people have been using devices
to transduce propagating electromagnetic waves into the electric signals or vice
versa at radio frequencies for broadcasting or communication. These devices are
called antennas. The theory for RF antennas is of long standing and continues to be
improved upon. The success of the theory has made it possible to take advantage of
well-established antenna theory and extend this theory to optical antennas.
Although there remain serious difference in terms of materials properties and the
change of operating frequencies, but there are also some similarities that we should
exploit. With this in mind, a review of the fundamentals of the theories
underpinning antenna has revealed that several of these basic concepts can also be
applied to optical antennas, such as radiation pattern, directivity, antenna effective
aperture, antenna circuit model, and so on.

Next, we explored the distinctive features of optical antennas in receiving
and transmitting operations. In receiving mode, an optical antenna captures a
propagating electromagnetic wave and focuses the energy with strong local fields
into a sub-wavelength region beyond the diffraction limit of light. In transmitting
mode, an optical antenna increases the local density of states of photons and
enhances the vacuum field. As a result, the spontaneous emission rate of an emitter
placed at the high field region of the antenna is significantly enhanced. Therefore,
local field enhancement of an optical antenna is an important design parameter for
the optimum performance for both receiving and transmitting. The comprehensive
design strategy of efficient optical antennas required deriving theoretically the field
enhancement in terms of two frameworks: the coupled-mode theory and the
antenna circuit model; these two approaches converged to an identical result.
Successful derivation of the equation for field enhancement demonstrated that the
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marching of radiation and absorption quality factors and the small gap spacing were
critical parameters

a. Dipole Antenna b. Patch Antenna c. Arch-Dipole Antenna

Al,0, ALD

Figure 8.57 Schematics of optical antenna designs. a, Dipole antenna on ground
plane for matched quality factors. b, Patch antenna for sub-5 nm gap spacing. c,
Arch-dipole antenna for matched quality factors and 5 nm gap spacing.

To demonstrate experimentally the efficient field enhancement of optical
antennas, three different designs of optical antennas were fabricated and are shown
in Fig. 8.1. For the experimental verification of field enhancement, SERS experiments
from these antenna designs were compared after being subjected to identical
conditions, such as the target molecule, the coating method for molecules, the
measurement set up, and the enhancement calculation. The dipole antenna design
can achieve the Q matching condition by optimizing the spacer thickness between
the antenna array and the ground plane; however, reducing the gap spacing below
10 nm is challenging when using typical nanofabrication techniques such as e-beam
lithography and focused ion beam milling. In contrast, the patch antenna can be
easily implemented with extremely small gaps; however, the poor radiation
efficiency and the mismatched Q factors degrade the antenna performance. The
arch-dipole antenna offers an efficient way to achieve small gap spacing and Q
matching condition without any trade-offs in performance. Since the critical
dimensions of arch-dipole antennas can be precisely controlled with sub-nm
accuracy, fabrication of the arch-dipole antenna is possible, with both a small gap
(sub-5 nm) and Q matching condition. As a result, the SERS enhancement factor
from the arch-dipole antenna is two orders of magnitude stronger compared to the
other two antenna designs. Since the gap spacing is the most critical dimension for
the enhancement, it can be defined by deep UV spacer lithography, and wafer-scale
SERS substrate with sub-5 nm gap optical antennas can be mass-produced in
current CMOS foundries.
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Figure 8.58 Comparison of measured SERS signals and calculated
enhancement factors from dipole antenna, patch antenna, and arch-dipole
antenna. a, SERS signals measured from different optical antenna designs. SERS
spectra from dipole antenna array and patch antenna array were multiplied by 10 to
make it more visible. b, Calculated SERS enhancement factors. Average
enhancement factors were calculated assuming monolayer coating of BPE molecules
on entire antenna surface. Hotspot enhancement factors were calculated from
molecules coated on the sidewalls of antenna gap.

The last few years has seen the publication of many articles on the subject of
optical antenna. Although these studies have achieved significant gains in
broadening the understanding of optical antennas and the range of possible
applications, designing efficient optical antennas with extremely small gap spacings
and large area fabrication capabilities has remained a challenge, thereby limiting
their practical application. The research presented herein has successfully outlined
a strategy that conquers the previous issues that limited the widespread application
of optical antenna. Although issues still remain to be resolved, such as impedance
mismatching between the antenna and the target analyte or the quantum emitter
source (atom or molecule), we are convinced that these issues will be solved in the
near term as the field continues to attract bright researchers, and the expectation
that new developments in this field are eminent is a realistic expectation.
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