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Engineering metallic nanogap apertures for enhanced optical transmission by 

Daehan Yoo 

 

  Abstract 

Physics and technology of metallic nanoapertures have been of great interest in nanophotonics. In 

particular, enhanced optical transmission mediated by surface plasmon waves in metallic 

nanoapertures has been widely studied and utilized in biochemical sensing, imaging, optical 

trapping, nonlinear optics, metamaterials, and optoelectronics. State-of-the-art nanotechnology 

enables researchers to explore optical physics in complex nanostructures. However, the high cost 

and tedium of conventional fabrication approaches such as photolithography, electron-beam 

lithography, or focused-ion-beam milling have limited the utilization of metallic nanoapertures for 

practical applications. This dissertation explores new approaches to enable high-throughput 

fabrication of sub-10-nm nanogaps and apertures in metal films. In particular, we focus on a new 

technique called atomic layer lithography, which turns atomic layer deposition into a lithographic 

patterning technique and can create ultra-small coaxial nanoapertures. The resulting nanostructures 

allowed us to observe extraordinary optical transmission in mid-infrared regime that originates 

from an intriguing physical phenomenon called the epsilon-near-zero (ENZ) condition. 

Subsequently, we turn this nanogap structure into a high-Q-factor plasmonic resonator, called a 

trench nanogap resonator, by combining a nanogap and sidewall mirrors. This structure is 

optimized for electrical trapping of biomolecules and concurrent optical detection, which is 

demonstrated experimentally via dielectrophoresis-enhanced plasmonic sensing. The fabrication 

technique and resulting structures demonstrated in this thesis work can facilitate practical 

engineering of metallic nanoapertures towards harnessing the potential of plasmonics. 
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 1 

Chapter 1 

Introduction 

1.1 Engineering optical metallic nanostructure 

In 1998, Thomas Ebbesen and his co-workers reported that light transmission can be dramatically 

enhanced through a metal film perforated with a periodic array of subwavelength holes, which is 

called extraordinary optical transmission (EOT).1 Surface plasmon polaritons (SPP) formed by 

coupling light with free electrons on the metal surface were suggested as the primary mechanism 

in EOT. The discovery of the EOT effect has triggered a great deal of research to understand the 

underlying physics as well as to harness the effect for practical applications. Various plasmonic 

metallic nanostructures have been designed and demonstrated to achieve light field enhancement. 

Among these, periodic metallic nanohole arrays have been studied extensively,2-4 due in part to 

their potential utility for surface-based biosensing applications.5 A bull’s eye structure with a single 

hole surrounded by circular gratings can enable directional out-coupling of light to further boost 

the EOT effect.6, 7 Sharp metallic tips have also been employed in near-field scanning optical 

microscopes (NSOM),8 enhancing nonlinear optical effects9, 10 with strong confinement of light at 

the tip.11-13 In the fields of plasmonics and nanophotonics, sharper and smaller metallic 

nanostructures have been required to achieve stronger field confinement. Along these lines, 

metallic nanogaps are one of the key building blocks for plasmonic devices. If two metal surfaces 

approach each other with nanometer-scale spacing, extremely strong field confinement of light into 

a nanometric volume is made possible through a gap plasmon mode induced by the coupling of two 

SPPs inside a metal-insulator-metal (MIM) structure.14 Indeed, gap plasmons have been harnessed 

for nonlinear optics,15 light trapping,14, 16 surface-enhanced Raman spectroscopy (SERS),17 and 

surface-enhanced IR absorption (SEIRA).18 In addition to the shape of plasmonic nanostructures, 

the way light behaves with metallic nanostructures can be engineered through the arrangement of 

plasmonic nanoparticles. Split-ring-type metamaterials have demonstrated a negative refractive 

index, which does not exist in nature.19, 20 Metallic nanorods can act as optical antennas and 

efficiently couple light from visible to mid-IR frequencies,21 and have been used for applications 

in SEIRA.22 As introduced above, the behavior of light at metallic structures has been engineered 

morphologically as well as structurally by state-of-the-art nanotechnology, allowing us to explore 

various new phenomena.    
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1.2 State-of-the-art nanotechnology 

The field of plasmonics has evolved along with advances in nanofabrication technology, because 

the subwavelength nature of plasmonic devices requires state-of-the-art nanotechnology to pattern 

nanometer-scale features. Focused-ion beam (FIB) milling has been widely used to carve various 

nanoscale patterns on metal surfaces.23, 24 However, such maskless-type lithography is less 

productive because it yields serial patterning rather than parallel patterning. Also, the 

contamination of Ga ions during ion milling may result in unwanted damping of SPP.25 Electron-

beam (e-beam) lithography is another powerful maskless-type technique.26 A combination of this 

technique with various types of e-beam resist has been widely implemented in plasmonic and 

nanophotonics research despite being a low throughput method.25 In the last decade, nanoimprint 

lithography has allowed researchers to produce metallic nanostructures with high throughput at a 

low cost.27 Such lithographic tools have proven to be powerful tools capable of accomplishing a 

wide variety of high-quality Si nanostructures with the help of dry and wet etching techniques like 

reactive-ion etching (RIE), ion milling, and crystal-orientation-dependent etching.25 However, 

because it is very difficult to pattern metals using the above mentioned techniques, they have been 

limited to Si substrate. More recently, template stripping, a novel technique of duplicating high-

quality metallic nanostructures from Si templates patterned using various Si semiconductor 

fabrication techniques, was successfully demonstrated to improve the lifetime of SPPs by reducing 

metallic loss.28 This versatile technique has paved the way for producing various high quality, low 

cost plasmonic metallic nanostructures with high throughput.  

Additionally, in the microelectronics industry, the atomic layer deposition (ALD) 

technique has been developed for the application of high-k dielectrics such as TiO2, HfO2, Al2O3, 

and ZrO2.29 ALD is a thin-film deposition technique performed by cyclic processes of two precursor 

exposures.30 The reaction of each precursor is self-saturated within atomic layer thickness, thus 

enabling the deposition rate to be controlled by the number of process cycles with atomic-scale 

resolution. ALD has recently been used in atomic layer lithography to pattern vertically-oriented 

metallic nanogaps via conformal coating on the sidewalls of metal patterns and following metal 

evaporation.31,  32 In this technique, the metallic nanogap size is controlled by the ALD-grown, thin-

film thickness. Such sub-10-nm metallic nanogap loops, produced by using atomic layer 

lithography, have demonstrated extremely high field enhancement, squeezing THz waves into a 

few nanometric metallic gaps.32  
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1.3 Limits of current technology 

Atomic layer lithography has opened the door to reliable experiments with sub-10-nm metallic 

apertures. Combined with conventional photolithography, the versatile technique creates very long 

and uniform sub-10-nm coaxial gaps, leading to strong resonance at THz.32, 33 In order to maintain 

the sub-10-nm gap sizes required for extreme field enhancements and enable operation at visible 

and infrared (IR) frequencies, the diameter of the coaxial resonator must be reduced by ~100-fold. 

However, tape-peeling-planarization-based atomic layer lithography was restricted to either 

reducing the loop size or increasing pattern density due to a reduction in the contact area where  

should be attached. Furthermore, simple single nanogap structures have broader and weaker 

resonance despite strong coupling of light. 

 

1.4 Scope of this dissertation 

This dissertation starts by reviewing the limitations of current technologies discussed above. The 

thesis consists of three main parts, divided according to the type of plasmonic structure. The first 

part of the dissertation presents a new approach to overcome the miniaturization challenge to 

construct ultra-compact, high-aspect-ratio coaxial nanocavities with nanogaps. Using the resulting 

large-area coaxial nanogap apertures, novel phenomena such as the epsilon-near-zero (ENZ) effect 

at the cutoff frequency, supercoupling of light, and the slow light effect are explored numerically 

and then experimentally. In the second part, I introduce the integration of  atomic layer lithography 

with the addition photolithography to create a novel trench resonator with a nanogap aperture, 

which can act as a high-quality plasmonic resonator. In addition, I investigate bright-mode and 

dark-mode plasmons in this resonator geometry. Then, I outline our efforts using a trench resonator 

with a nanogap aperture as a two-terminal device or electrodes to perform dielectrophoresis (DEP)-

enhanced plasmonic biosensing. The third portion presents additional work performed during the 

dissertation research, including work with stretchable plasmonic devices and three-dimensional 

integration of metallic nanostructures. The last chapter offers future research directions to integrate 

active media with metallic nanogap structures. 

 

1.4.1 Outline of chapters 

This dissertation is organized into the following chapters, each outlining a significant portion of 

the original research performed throughout the dissertation. 
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 Chapter 2 introduces the fundamental theory necessary for understanding the optical 

properties of metals and surface plasmons. It also summarizes the recent progress in EOT 

as well as ENZ metamaterials. 

 Chapter 3 describes enhanced optical transmission from coaxial nanoapertures via ENZ 

conditions at cutoff frequency. A novel approach to fabricating ultrasmall coaxial 

nanocavities is introduced and ENZ properties of coaxial nanocavities are demonstrated 

experimentally and numerically.  

 Chapter 4 presents an integration of atomic layer lithography with additional 

photolithography to create a novel trench resonator with a nanogap aperture. Fano 

resonances and a dark mode in the trench resonator structure are investigated numerically 

and experimentally.  

 Chapter 5 suggests a new platform for DEP-enhanced plasmonic biosensing. A trench 

resonator with a nanogap aperture can act as electrodes. SPR sensors detect active trapping 

or de-trapping of nanometer-scale particles or molecules via the DEP force generated from 

the nanogap. 

 Chapter 6 introduces other progress made during the duration of the dissertation research, 

such as work with stretchable plasmonic devices and three-dimensional integration of 

metallic nanostructures. 

 Chapter 7 summarizes all of the work presented throughout the dissertation and suggests 

future directions for nanogap-based plasmonic structures. 
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Chapter 2 

Theoretical background 

In this chapter, the fundamental understanding of light-matter interaction will be first described via 

Maxwell’s equations and the Lorentz and Drude models. Next, the special case of light-metal 

interactions such as surface plasmons will be discussed. Finally, the chapter will outline the 

theoretical basis for understanding the extraordinary optical transmission effect via nanoaperture 

array and supercoupling through the ENZ effect. 

 

2.1 The optical properties of materials 

 

2.1.1 Maxwell’s equations 

Maxwell's equations are a set of partial differential equations that describe the propagation of 

electromagnetic waves. These fundamental equations describe how electric and magnetic fields 

evolve over time, interact with each other, and are influenced by objects. In a medium with free 

charge and current, Maxwell’s equations take the following forms:  

 

∇ ∙ 𝐃 = ρf               (2.1) 

∇ ∙ 𝐁 = 0           (2.2) 

∇ × 𝐄 = −
∂𝐁

∂t
           (2.3) 

∇ × 𝐇 = Jf +
∂𝐃

∂t
          (2.4) 

 

where E (Volts per Meter) and H (Amperes per Meter) are the electric and the magnetic field 

intensities, respectively. In materials, the two Auxiliary fields, D (Coulombs per square Meter) and 

B (Teslas), are the electric flux density and the magnetic flux density, respectively, and are defined 

as 

𝐃 = ε𝐄                                     (2.5) 

𝐁 = μ𝐇                      (2.6) 

ε = εrε0                       (2.7)  

μ = μrμ0           (2.8) 
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where, ε0 and μ0 are the electric permittivity and the magnetic permeability of free space. εr and 

μr are the relative permittivity and permeability of materials. Since non-magnetic materials are only 

considered in this dissertation, we will set μr = 1. 

 

2.1.2 Light: the wave equation 

Maxwell’s equations are coupled, first-order, partial differential equations that can be decoupled 

by taking the curl (2.3), and generating the following wave equation: 

 

∇2𝐄 − ε0μ0
∂2𝐄

∂t2 = μ0
∂𝐉𝐟

∂t
+ μ0

∂2𝐏

∂t2 −
1

ε0
∇(∇ ∙ 𝐏)         (2.9) 

 

In this inhomogeneous wave equation, the source terms on the right-hand side (RHS) describe the 

origin of emitting light. The first term on the RHS depicts the currents of free charges, which are 

important for determining the reflection of light from a metallic surface or for determining the 

propagation of light in a plasma. The second term on the RHS means dipole oscillations, which 

behave similarly to currents. The final term on the RHS can be ignored in isotropic media because 

it is polarization. For an electromagnetic wave propagating in a vacuum, all of the terms on the 

RHS are zero, in which the wave equation can reduce to 

 

∇2𝐄 = ε0μ0
∂2𝐄

∂t2                                 (2.10) 

∇2𝐁 = ε0μ0
∂2𝐁

∂t2                                 (2.11) 

 

Magnetic field B is derived in equation 2.11 in the same manner as electric field E. In the simple 

homogeneous wave equation, plan wave solutions for electromagnetic waves are written simply as 

the complex sinusoidal wave form 

 

𝐄(r, t) = 𝐄𝟎ei(𝐤∙𝐫−ωt)                                    (2.12) 

𝐁(r, t) = 𝐁𝟎ei(𝐤∙𝐫−ωt)        (2.13) 

The resultant solution depicts waves with an angular frequency 𝜔 and a wavevector k propagating 

at speed 𝑐 = 1 √𝜀0𝜇0⁄ , the speed of light in vacuum. Here, the wave vector k is defined as 
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     𝐤 = k�̂� =
2π

λvac
�̂�           (2.14) 

 

The frequency (ω) of oscillation is related to the wavelength via  

 

ω =
2πc

λvac
                          (2.15) 

 

The wave equation requires them to be related through the dispersion relation, leading to  

 

k =
ω

c 
                      (2.16) 

 

It is important to note that 𝐄𝟎, 𝐁𝟎 and ω are not independently chosen in equations 2.12 and 2.13. 

In order to satisfy Faraday’s law (2.4), they must be identical. Therefore, in a vacuum, the electric 

and magnetic fields travel in phase and Faraday’s law requires  

 

𝐁0 =
𝐤×𝐄0

ω
                     (2.17) 

 

The above cross product means that 𝐁0 is perpendicular to both 𝐄0 and k. Meanwhile, Gauss law 

∇ ∙ 𝐄 = 0 requires k to be perpendicular to 𝐄0, which shows how electromagnetic waves propagate. 

That is, electromagnetic waves are transverse: the electric and magnetic fields are perpendicular to 

the direction of propagation.  

In a linear isotropic and homogeneous dielectric medium (i.e. Jfree =0), the second term in 

the RHS of equation 2.9 only plays a role as a source and equation 2.9 is reduced to  

 

∇2𝐄 − ε0μ0
∂2𝐄

∂t2 = μ0
∂2𝐏

∂t2                                 (2.18) 

In a linear medium under an applied electric field, the polarization amplitude (P) is proportional to 

the strength of the applied electric field. Proportionality factor χ is called the susceptibility, which 

depends on the frequency of the field as  

 

𝐏0 = χ(ω)ε0𝐄0                    (2.19) 
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By substituting 𝐏0 = χ(ω)ε0𝐄0 ,  𝐄 = 𝐄0ei(𝐤∙𝐫−ωt), and P= 𝐏0ei(𝐤∙𝐫−ωt)  into equation 2.18 and 

canceling the field term, we obtain the dispersion relation in dielectric: 

 

k =
ω

c
√1 + χ(ω)                       (2.20) 

 

Therefore, in general, a complex index of refraction is defined by  

 

𝒩(ω) ≡ 𝓃(ω) + iκ(ω) = √1 + χ(ω)                               (2.21) 

 

where 𝓃 and κ are the real and imaginary parts of the index respectively. The index of refraction 

(𝒩) describes the response of electrons in the material to the passing electric field wave. 𝓃 

determines the phase velocity (λv) and κ affects the absorption in medium. 

 

2.1.3 Lorentz model of dielectric 

In a medium, electrons excited by the electric field of light experience fluctuation with distance 

(xe) whose the electron charge depends on the local strength of the applied electric field. Such 

perturbation results in polarization, which can be expressed as 𝐏 = Nq𝐱𝐞. The behavior of electrons 

in a medium in relation to the electric field can be modeled and computed using Newton’s equation 

of motion as follows: 

 

me
d2𝐱𝐞

dt2 + meγ
d𝐱𝐞

dt
+ meω0

2𝐱𝐞 = q𝐄𝟎e(𝐤∙𝐫−iωt)                              (2.22) 

 

This harmonic oscillator equation includes three force terms. The second term on the LHS is the 

viscous drag force which is opposite to the electron motion and explains the absorption of energy 

due to collisions with electrons. The third term on the LHS is the restoring force which arises from 

the electrons bound to the nucleus. The RHS is the electric field that electrons experience. The 

inhomogeneous solution to equation 2.22 becomes:  

 

𝐱𝐞(t) = [

q

me

ω0
2−ω2−iωγ

] 𝐄𝟎e(𝐤∙𝐫−iωt)                  (2.23) 
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The electrons oscillate with the same frequency ω as the driving electric field. The imaginary part 

in the denominator implies that the electrons can oscillate with phases different from the electric 

field oscillations. The damping term γ causes the two to be out of phase. This shape is the complex 

Lorentzian. Therefore, it is possible to write the polarization in terms of the electric field such as 

𝐏 = ε0 [
ωp

2

ω0
2−ω2−iωγ

] 𝐄𝟎e(𝐤∙𝐫−iωt)                               (2.24) 

 

where the plasma frequency ωp is defined as ωp ≡ √
Nq2

e0me
. 

A comparison of 2.19 and 2.24 reveals the susceptibility: 

χ(ω) =
ωp

2

ω0
2−ω2−iωγ

        (2.25) 

The index of refraction is then expressed as the following: 

ε(ω) = [𝓃(ω) + iκ(ω)]2 = 1 + χ(ω) = 1 +
ωp

2

ω0
2−ω2−iωγ

                              (2.26) 

 

2.1.4 Drude model of metals 

In a metal, conduction electrons are subject to a damping force due to collisions that remove energy 

and give rise to absorption of light while the outer electrons of atoms are free to move without 

being tethered to any particular atom. Movement of free electrons without the restoring force 

mimics the behavior of a free current Jfree. The dielectric function of metal can be derived from the 

context Jfree. In a conduction medium, equation 2.9 loses a polarization term and the wave equation 

is  

 

∇2𝐄 − ε0μ0
∂2𝐄

∂t2 = μ0
∂𝐉𝐟

∂t
                         (2.27) 

 

The assumption that the current arises from individual electrons traveling with velocity ve leads to 

𝐉𝐟 = Nq𝐯𝐞                        (2.28) 

The electrons satisfy Newton’s equation of motion without a restoring force: 

 

me
d2𝐱𝐞

dt2 + meγ
d𝐱𝐞

dt
= q𝐄𝟎e(𝐤∙𝐫−iωt)                   (2.29) 

 

The solution of equation 2.29 is 
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𝐯𝐞 =
d𝐱𝐞

dt
= (

q

me
)

1

γ−𝑖ω
𝐄𝟎e(𝐤∙𝐫−iωt)         (2.30) 

 

The current density in terms of the electric field is then 

 

𝐉𝐟 =e (
Nq2

me
)

1

γ−iω
𝐄𝟎e(𝐤∙𝐫−iωt)      (2.31) 

 

By substituting this and the electric field into the wave equation 2.27 and canceling the electric 

field term, the dispersion relation in metal is 

 

k2 =
ω2

c2 (1 −
ωp

2

ω2+iωγ
)             (2.32) 

 

Therefore, the dielectric function of metal is expressed as 

 

ε(ω) = ε1 + iε2 = 1 + χ(ω) = 1 −
ωp

2

ω2+iωγ
     (2.33) 

This is the Drude model to describe the dielectric function of metal.  

In the low frequency (ω ≪ γ), the current density (equation 2.31) reduces to Ohm’s law 𝐉 = σ𝐄, 

where σ =
𝑁𝑞2

𝑚𝑒𝛾
 is the DC conductivity. In the high frequency limit (ω ≫ γ), the behavior changes 

over to that of a free plasma, where collisions, which are responsible for resistance, become very 

small. The dielectric function of metal can be simplified to ε(ω) = 1 −
ωp

2

ω2, which is called a non-

lossy Drude model. The optical property has a transition at plasma frequency (ωp). For 𝜔 > ωp, 

the materials behave as dielectric media. For ω < ωp, however, the materials become metallic and 

have the real and imaginary parts of dielectric function as follows: 

 

ε1(ω) = 1 −
ωp

2 τ2

1+ω2τ2      (2.34) 

ε2(ω) =
ωp

2 τ

ω(1+ω2τ2)
       (2.35) 

 

where 𝜏 = 1 𝛾⁄ , which is defined as the average time between the collisions of free electrons. 
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2.2 Plasmonics 

Optical properties of metal can be described by the response of conduction electrons to the 

electromagnetic field. In the specific frequency regime (ω < ωp), the free electron gas in a metal 

behaves as plasma, a gas composed of charged particles that respond collectively to 

electromagnetic fields. Therefore, the study of optical phenomena related to the electromagnetic 

response of metals has been termed plasmonics. At optical frequencies, metals such as gold and 

silver have an imaginary index of refraction, which gives rise to non-radiative modes unlike light 

in a dielectric. The resulting highly confined waves at the subwavelength scale enable the study of 

the manipulation of light localization and propagation on the nanometer scale. 

 

2.2.1 Surface Plasmon Polaritons 

Surface plasmon polaritons (SPPs) are electromagnetic waves coupled to surface charge density 

oscillation and propagating at the interface between a dielectric and a metal, evanescently confined 

in the perpendicular direction.35, 36 Figure 2.1 shows the characteristics of SPPs, which we will 

discuss in this section.  

 

 

Figure 2.1 Characteristics of surface plasmon polaritons. (a) SPPs as a collective excitation at a 

metal–dielectric interface. The electromagnetic field (electric field, E, plotted in the z–x plane; 

magnetic field, Hy, sketched in the y direction) is drastically confined at the interface. (b) The 

perpendicular field Ez decays exponentially with a characteristic length of δd (of the order of the 

optical wavelength) in the dielectric and a characteristic length of δm (the skin depth) in the metal. 

Reprinted with permission from Barnes et al.36 Copyright 2003 Macmillan Publishers 
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In a classical picture, SPPs are a particular solution of Maxwell’s equations that appear for certain 

boundary conditions. Inserting 𝐄(𝐫, 𝐭) = 𝐄(𝐫)e−iωt into the wave equation with a condition of no 

free charge and current yields  

 

∇2𝐄 + k0
2ε𝐄 = 0           (2.36) 

 

Next, by considering a p-polarized plan wave form (TM wave) and boundary conditions such as 

conservation of the wavevector parallel to the surface, and continuity of the parallel component of 

E and the perpendicular component of D between the dielectric and metal, we obtain three relation 

equations as follows: 

kx
2 + kd,z

2 = εdk2                                   (2.37) 

kx
2 + km,z

2 = εmk2                      (2.38) 

εdkm,z − εmkd,z = 0                    (2.39) 

 

The combination of these three equations yields dispersion relations of the wavevector kx along the 

propagating direction and the normal component of the wavevector ky with the angular frequency 

ω, respectively: 

 

kx
2 =

εdεm

εd+εm

ω2

c2                       (2.40) 

kj,z
2 =

εj
2

εd+εm

ω2

c2           (j = d, m)                 (2.41) 

 

We define SPPs as surface waves propagating along the x direction, exponentially decaying to the 

z direction. To meet the characteristics of a propagating evanescent field, kx should be real and ky 

has to be purely imaginary. From this, the conditions for a surface mode to exist are as follows: 

 

εd(ω) ∙ εm(ω) < 0                    (2.42) 

εd(ω) + εm(ω) < 0                              (2.43) 

 

which results in  εm = εm
′ + iεm

" , εm
′ < 0, |εm

′ | > εm
" ,  |εm

′ | > εd.  

In particular, we can observe such conditions in novel metals such as gold and silver at optical 

frequencies, which is why they are popular and useful in plasmonics. The propagation constant 
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(kspp = kspp
′ + ikspp

" ) of SPPs includes much information about their optical properties. First is 

the surface plasmon wavelength. The SPP wavelength can be determined by the real component 

kspp
′ , while the imaginary part kspp

"  describes the damping (ohmic losses) of the SPP as it 

propagates along the interface. 

 

kspp
′ = (

εdεm
′

εd+εm
′ )

1/2
ω

c
                    (2.44) 

kspp
" = (

εdεm
′

εd+εm
′ )

3/2
εm

"

2εm
′ 2

ω

c
       (2.45) 

Thus, the SPP wavelength is obtained from kspp
′  as the following and the plasmon wavelength is 

always shorter than the wavelength in the dielectric medium:  

 

λspp =
2π

kx
′ = (

εd+εm
′

εdεm
′ )

1/2

λ                    (2.46) 

 

Next, we can calculate the surface plasmon evanescent field decay length using the normal 

component of wavevector (kz) shown in Figure 2.1b. Given equation 2.12, the distance at which 

the field falls to 1/e becomes 

 

δd = (
εd+εm

′

εd
2 )

1/2
ω

c
       (2.47) 

δm = (
εd+εm

′

εm
′ 2 )

1/2
ω

c
       (2.48) 

 

2.2.2 Excitation of surface plasmon polaritons 

In order to excite SPPs, we have to fulfill the conservation of both energy and momentum. Given 

the dispersion relation of SPPs (2.44), the wavevector kspp is always larger than that of light in free 

space. Therefore, light in free space cannot excite SPPs directly due to the mismatch of momentum. 

Figure 2.2 shows the dispersion curves of SPPs and free-space light.  
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Figure 2.2 Dispersion relation of surface plasmon polaritons at a dielectric-metal interface. 

 

There are many techniques to match the momentum between SPPs and light in free space. Here, I 

will introduce the two methods shown in Figure 2.3. The Kretschmann configuration37 is well 

known as the simple way to launch SPPs. In this setup, a metallic, thin-film-coated prism with high 

index of refraction is used to generate an evanescent field to the metal side through the total internal 

reflection condition. The resulting evanescent field with large wavevector due to high index can 

excite the SPPs at the interface between air and a metal. A grating coupler is an alternative way to 

launch SPPs.35 Grating with a period p0 gives a reciprocal lattice vector ( 𝐆 = 2π/p0)  to a 

wavevector of light in free space, yielding the increase of the wavevector required to match the 

momentum: 

 

𝐤spp = 𝐤𝟎 + m𝐆                       (2.49) 

 

where m is integers and G is the reciprocal lattice vector. This approach can give us a degree of 

freedom to study the behavior of light at nanometer scale by engineering the geometry of grating 

with advanced nanotechnology. This is crucial to this thesis in which a variety of nanoplasmonic 

structures are introduced and their characteristics explored. 
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Figure 2.3 Excitation of surface plasmon polaritons. (a) Schematic representation of SPP excitation 

(Kretschmann configuration) in which the plasmon mode propagates into a metal film adjacent to 

a prism. The incident angle should be accurately chosen so as to phase-match the momentums of 

the illuminated light and the SPP. (b) Excitation of an SPP can be coupled with the light diffraction 

on a grating.  

 

2.3 Gap plasmon 

SPPs propagating along two opposite interfaces of a metal-insulator-metal (MIM) structure can 

couple with each other and form a mode known as a gap plasmon, which can lead to strong field 

enhancement as the distance between the two interfaces decreases.38 As depicted in Figure 2.4, 

when two SPPs get closer than the decay length (around 100 nm), they start to couple with each 

other, diverging into two different modes such as symmetric and anti-symmetric modes. Such 

singular dispersive properties are analyzed with the dispersion relation in the MIM structure. The 

eigenmode of the planar MIM structure can be solved using the wave equation under the boundary 

condition of Hy and Ex field continuity.39 The dispersion relation in the MIM structure is defined 

as: 

 

e−2kda = ±
kd

d
⁄ +

km
εm

⁄

kd
εd

⁄ −
km

εm
⁄

                            (2.50) 

 

This branches off into two different modes like symmetric and anti-symmetric modes according to 

the sign as follows: 
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kmεd

kdεm
= − tanh(kda) : symmetric mode                      (2.51) 

kdεm

kmεd
= − tanh(kda) : anti-symmetric mode      (2.52) 

 

 

Figure 2.4 Two dispersion modes of gap plasmons in a metal-insulator-metal (MIM) waveguide. 

As the gap distance decreases, SPPs at the two interfaces couple with each other, generating gap 

plasmons with strong field enhancement. The type of dispersion mode depends on how the electric 

field is distributed inside the MIM waveguide such as (a) and (b). 

 

The deviation in the dispersion of SPPs in an MIM structure from that in a single metallic interface 

is shown in Figure 2.5. If the distance between the two interfaces is large enough, the coupling 

between SPP waves is weak and the dispersion curve is nearly identical to one of the SPPs at the 

single interface. As the distance becomes comparable to the perpendicular SPP decay length, 

however, two SPPs are coupled together and split into two modes. The symmetric mode can 

oscillate at a high frequency because the two SPPs are in-phase while two SPPs coupled out-of-

phase (anti-symmetric mode) can oscillate at a low frequency. Therefore, the symmetric mode with 

a high frequency goes close to the light line. On the other hand, the anti-symmetric mode with a 

low frequency becomes flat and increases wavevector k as the distance decreases. That is, strong 

field enhancement with a high effective index can be achieved in the anti-symmetric mode.40 Thus, 

this mode has attracted attention in terms of light-matter interactions such as absorption enhanced 

spectroscopy41 and nonlinear optics.17 But, the absence of reproducible fabrication techniques to 

make very small MIM gap structures has limited its applications. In this thesis, various methods to 

fabricate MIM nanogaps will be introduced. 
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Figure 2.5 Dispersion relations of MIM waveguides with different gap sizes like 100nm (purple), 

30nm (orange), 10nm (green), 3nm (red), and 1nm (blue). Black line shows dispersion of light in 

free space. 

 

2.4 Extraordinary optical transmission (EOT) 

 

2.4.1 EOT through a nanohole array 

Up to this point, we have concentrated on the discussion of surface plasmon polariton excitation 

and propagation along the planar surface. Now, I turn our attention to the perpendicular direction 

and take a look at the transmission of light through a metallic aperture. When light is passing 

through a single metallic aperture, diffraction arises due to the nature of light. For apertures larger 

than the wavelength of impinging light (r ≫ 𝜆0) , the Huygens-Fresnel principle takes the 

transmission coefficient into account. For subwavelength apertures (r ≪ 𝜆0), the diffraction of 

light through an aperture can be understood by Bethe’s aperture theory.42 The transmission 

coefficient for an incident plane wave is then given by 

 

T =
64

27π2 (kr)4 ∝ (
r

λ0
)

4
                       (2.53) 
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It is shown that transmission intensity via subwavelength aperture decreases at the fourth power of 

the aperture size (r). That is, this model is limited to apertures which only allow the decaying mode 

because Bethe’s description of transmission through a subwavelength aperture relies on two major 

assumptions such as infinitely thin, but perfectly opaque, metallic apertures due to infinite 

conductivity.   

In 1998, Ebbesen and his co-workers reported that light transmission can be dramatically 

enhanced through a periodically-perforated metallic thin film with finite conductivity, which they 

named extraordinary optical transmission (EOT).1 This observation was surprising because Bethe’s 

theory predicts very small optical transmission when the aperture size, r, is much smaller than the 

free-space wavelength (r ≪ 𝜆0). Since this discovery, EOT has triggered a great deal of research 

exploring the underlining physics as well as practical applications. In the initial understanding of 

EOT, an incident light can be converted into SPPs by periodic nanohole grating, leading to a 

strongly confined light field. SPPs, propagating along the top surface of the metallic nanohole array, 

then tunnel through the nanoholes, followed by out-coupling of light into the far field on the 

opposite side. The resulting transmission spectrum shows well-defined resonance at the wavelength 

where the excitation of SPPs takes place. At this wavelength, transmission normalized by aperture 

area exceeds unity (T>1). To confirm the assumption that SPPs play a critical role in enhancing 

light intensity, the dispersion relation of grating-coupled SPPs with different incident angles was 

investigated, which derived the phase matching condition2 

 

β = kx ± nGx ± mGy = k0 sin θ ± (n + m)
2π

a0
                      (2.54) 

 

where β is the SPP propagating constant, Gx,y is a reciprocal lattice given by 2/a0, and n and m are 

integers to account for the grating diffraction order. By combining equations 2.43 and 2.54, the 

wavelengths at which transmission maxima occur were approximated as follows:2 

 

λspp(n, m) =
a0

√n2+m2 √
𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
                    (2.55) 

 

Figure 2.6 shows a spectrum of multiple resonances via a silver metallic nanohole array with 

normal incident light. Each resonance mode can be identified using equation 2.55. After this first 

approximation, others interested in EOT effects have demonstrated that geometric factors such as 
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the periodicity of hole array,1, 4 hole size and shape,43, 44, 45 and the thickness of the metal film4 can 

play a critical role in EOT effects. In particular, some studies claim that hole cavity resonance can 

be mainly attributed to EOT rather than SPPs.46, 47 While many experiments and analytic modeling 

have supported the role of SPPs in the EOT effect, there have been trials to understand the EOT 

effect as purely geometric,48 without the possibility of SPP excitation. EOT has also been 

interpreted as the result of frequency selective surface (FSS) components in the spectral region 

from near-infrared to microwave frequencies, which is associated with the Rayleigh-Wood 

anomaly. 34, 49, 50 34, 49, 50 34, 49, 50 34, 49, 50 This states that a transmission minimum occurs at the 

wavelength where λmin = na0 , when incident light is diffracted parallel to a periodically-

corrugated surface with periodicity of a0. In spite of such controversy, it is generally accepted that 

the constructive interference between non-resonant directly-transmitted light and resonant grating-

coupled SPPs51 results in the transmission maximum and that they interfere destructively at the 

transmission minimum.52, 53 Furthermore, it has been reported that waveguide behavior can enhance 

the transmission of light without a grating-coupling mechanism such as a circular hole with a 

diameter above cutoff, one-dimensional slit without cutoff, or annular-shaped aperture.54 

Therefore, the term EOT is now considered broadly as exceptionally enhanced transmission light 

regardless of the grating-coupling mechanism.  

 

Figure 2.6 EOT through silver nanohole arrays. (a) Silver nanohole array with 600nm period and 

120nm diameter. (b) Transmission spectrum measured from silver nanohole array with 600nm 

period and 120nm diameter. 
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2.4.2 EOT through coaxial apertures  

For EOT mediated by a periodic subwavelength hole array, the peak transmission wavelength is 

determined by the array periodicity. Thus, a micrometer-scale periodic aperture array is necessary 

for enhancing transmission in near- or mid-infrared regimes. On the other hand, the guided mode 

has been used to improve EOT via a single aperture rather than periodic structure. Among various 

waveguide geometries, coaxial holes54, 55 have been of particular interest due to their resemblance 

to coaxial cables, which can sustain a transverse electromagnetic (TEM) waveguide mode with no 

cutoff.56 Even though a TEM mode can be excited under specific conditions,56 it has also been 

shown that subwavelength coaxial apertures with optimized parameters can transmit more light 

than circular apertures with the same open area.  

These intriguing behaviors of coaxial apertures can be understood by comparing cutoff 

wavelengths with different types of waveguide structures. Figure 2.7 compares the cutoff 

wavelengths of the first guided modes for three different kinds of waveguides made in perfectly 

electric conductor (PEC).  

 

Figure 2.7 The cutoff wavelengths of the first guided modes for three different kinds of waveguides 

made in a perfectly electric conductor (PEC). Reprinted with permission from Baida et al.57 

Copyright 2006 American Physical Society. 

 

Three different types of waveguides with the same outer dimension show different cutoff 

wavelengths depending on the geometrical shape of the waveguide. Among them, the coaxial 

waveguide supports the largest cutoff wavelength at TE11 waveguide mode. In TE11 mode, the 
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maximum of the cutoff wavelength can reach 2Ro, when the inner radius approaches very close to 

the outer radius, resulting in a very narrow coaxial gap aperture. As a result, the cutoff wavelength 

in TE11 mode is proportional to the sum of the inner and outer radii of a coaxial metallic waveguide 

with infinity conductivity. However, a real metallic coaxial waveguide with finite conductivity can 

show different behavior from a PEC one, as shown in Figure 2.8. Cutoff wavelengths from real 

metal (silver) and PEC coaxial waveguides are compared in Figure 2.8 as the outer radius 

approaches the fixed inner radius (50nm) of a coaxial waveguide.  

 

Figure 2.8 Cutoff wavelengths of the TE11 mode of both PEC and silver coaxial waveguides.  

denotes the red shift introduced by the metal nature in the case of a relatively large dielectric gap. 

Reprinted with permission from Baida et al.57 Copyright 2006 American Physical Society. 

 

A coaxial waveguide made with real metal has a larger cutoff wavelength than a PEC waveguide 

because real metal has a skin depth, which increases the effective aperture size a little bit. Then, as 

the outer radius decreases from 400nm to 50nm, the two cutoff wavelengths tend to decrease 

together due to the reduction in the sum of the two radii. However, at an outer radius of 80nm, the 

two cutoff wavelengths start to diverge from each other. While the cutoff wavelength in the PEC 

waveguide continues to decrease with the outer radius, the cutoff wavelength in the silver 

waveguide goes up to a longer wavelength. Such peculiar behavior in a real metal waveguide can 

explained by the presence of surface plasmons in real metal because a PEC cannot support surface 

plasmons. The role of the plasmonic guided mode (TE11) in a real metal coaxial waveguide has 

been demonstrated in many papers.57, 58 Haftel suggested cylindrical surface plasmons as a key 

concept to enhance optical transmission with increased transmission wavelength. Here, a 

cylindrical surface plasmon is considered a gap plasmon as discussed above. The inner and outer 
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interfaces of a coaxial waveguide support SPPs on two interfaces. When the gap distance between 

the two interfaces is sufficiently small compared to the decay length of the evanescent field, very 

strong field enhancement inside the gap can arise from the coupling of two opposite SPPs. Strong 

field enhancement enables the cutoff wavelength of TE11 to redshift.   

While an isolated circular hole in a metal film only shows a broad transmission peak,46 a 

coaxial aperture can exhibit a series of resonance peaks due to cutoff resonances along its perimeter 

as well as Fabry-Perot (FP) resonances of waveguide modes across the film as shown in Figure 2.9. 

At the cutoff wavelength, light waves cannot propagate through the waveguide. The resulting zero-

propagation constant causes the effective index of the guided mode to vanish at the cutoff 

wavelength. Therefore, the cutoff resonance or FP0 is independent of the waveguide length, since 

this is not a propagation mode unlike FP resonances traveling and built up along the waveguide 

cavity. Furthermore, the vanishing effective index (neff <<1) makes the wavelength of light inside 

the waveguide longer than in the air. Thus, the electric field distribution becomes uniform along 

the waveguide due to no phase shift between the two end faces of the waveguide as illustrated in 

Figure 2.9. As a result, at a cutoff wavelength, the reduced group velocity inside the coaxial 

waveguide generates a “slow light” mode, which can significantly enhance the field intensity inside 

the aperture. Without relying on periodic effects, this intrinsic mode of a single coaxial nano-

aperture can show EOT that can be tuned over a broad spectral range and accompanied by strong 

local fields.54, 55, 57 

 

Figure 2.9 Electric field intensity distribution along a longitudinal plane corresponding to the three 

transmissions peaks of one annular aperture array structure with h=300nm. Note that these three 

light distributions are separately normalized. Reprinted with permission from Biada et al.59 

Copyright 2012 Springer. 
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2.5 Epsilon-near-zero (ENZ) phenomenon 

Light in matter is affected by the medium in which the light propagates. While the refractive index 

determines the wavelength of light propagating inside the medium, the absorption of light inside 

the matter is described by an imaginary part of it. Therefore, the refractive index plays a key role 

in determining the scattering response of the light to the matter. Recently, metamaterials which can 

tune a material’s permittivity and permeability have attracted tremendous interest in nanophotonics 

because metamaterials can exhibit singular optical properties which do not exist in nature. A 

negative refractive index19, 20 is one of the most widely studied examples of unusual optical 

properties in metamaterials. In this thesis, I investigate another interesting metamaterial behavior 

known as the epsilon-near-zero (ENZ) effect. ENZ material manifests itself as medium having ε 

approaching zero.60 In general, dielectrics such as glass have higher permittivity than air, which 

allows light to be compressed in the medium as shown in Figure 2.10a. That is, the wavelength 

becomes shorter when light is impinging on the medium. A medium with a negative permittivity 

behaves as a metallic, reflecting incident light back so there is no propagating of light into the 

medium. The area of interest is a permittivity lower than 1, but positive. In this zone (ε → 0), light 

impinging on the medium can be stretched with lower permittivity as depicted in Figure 2.10a. 

Increasing the wavelength allows the phase velocity of the wave to increase, which might provide 

a relatively small phase variation over a physically long distance in these media.61         

 

Figure 2.10 (a) The wavelength can be “stretched” within materials with low permittivity, whereas 

for high permittivity it is compressed. (b) A judicious mixture of a permittivity-positive and a 

permittivity-negative constituent structure may provide an effectively ENZ metamaterial. (c) The 

supercoupling phenomenon in ENZ-filled ultranarrow channels between two similar, but arbitrarily 

oriented, waveguides, in which an efficient tunneling occurs regardless of the length, shape, 

bending, and twisting of the ultranarrow channel. Reprinted with permission from Engheta62 

Copyright 2013 American Association for the Advancement of Science. 
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2.5.1 ENZ materials 

Metamaterials with anomalous optical properties are hardly observable although they may exist in 

nature. All materials have a dispersive optical response depending on the frequencies. When the 

operating frequency is near the plasma frequency of materials (ωp), materials may experience an 

abrupt change in optical properties because the sign of permittivity can alter at this boundary.63 For 

transparent conducting oxides [e.g., indium-tin-oxide (ITO)], the real part of the permittivity is 

larger than one at a high frequency (visible regime) and tends to decrease as the frequency goes 

down. In near-infrared, it turns into negative permittivity as displayed in Figure 2.11.63  Therefore, 

at given frequency near the plasma frequency  (ωp) of ITO, ITO has the ENZ effect. Interestingly, 

electron density in a semiconductor such as ITO can be tuned via field effect, which in turn, enables 

the frequency at which the ENZ effect occurs to be modulated. This mechanism is very useful in 

manipulating light at the telecommunication wavelength of 1.55µm.64 Thus, many researchers have 

investigated electro-optical modulation of a silicon waveguide via the ENZ phenomenon.64-66  

 

Figure 2.11 Linear relative permittivity of the ITO film measured via spectroscopic ellipsometry 

(symbols) and estimated by the Drude model (lines). The condition Re(ε) = 0 occurs at λ = 1240 

nm. Reprinted with permission from Alam et al.67 Copyright 2016 American Association for the 

Advancement of Science.  

 

Alternatively, metamaterials can be designed to achieve effective permittivity near zero by mixing 

constituent materials with positive permittivity (oxide) and negative permittivity (metal) structures 

as shown in Figure 2.10b.68, 69 Metamaterial designs composed of alternating layers of Ag and SiN 

with subwavelength layer thickness enable effective permittivity to be modulated via geometrically 

averaged permittivity, like εavg = ρεm + (1 − ρ)εd  , where ρ  is the metal filling fraction. As 

shown in Figure 2.12, Ag metal has negative permittivity in the visible regime while the SiN 
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dielectric has positive permittivity at all visible frequencies. Therefore, by controlling the filling 

fraction of the metal film, the average effective permittivity of this metamaterial can be tunable, 

leading to ENZ materials in the visible frequencies.68 This ENZ metamaterial composed of 

alternating metallic and dielectric layers demonstrated unique optical properties such as strong light 

transmission with no phase variation.   

 

Figure 2.12 Permittivity of a metal-dielectric multilayered ENZ material. (a) Measured real (ε′, 

solid line) and imaginary (ε" , dashed line) permittivity of Ag (grey) and Si3N4 (blue). Inset: 

schematic of the multilayered metamaterial structure composed of Ag and SiN layers (a, d, and m 

are unit cell dimension and dielectric and metal layer thicknesses, respectively). Light is incident 

along the x-direction and polarized along the y-direction. The dashed lines for Ag and SiN coincide. 

(b) Effective permittivity of an Ag/SiN multilayered metamaterial with metal filling fraction 

ρ=20% (red), 30% (green) and 50% (blue), calculated using an effective medium approximation. 

The real (ε′, solid line) and imaginary (ε", dashed lines) parts of the permittivity are shown. The 

dashed lines for the three filling fractions coincide. Reprinted with permission from Maas et al.68 

Copyright 2013 Macmillan Publishers. 

 

Another way to imitate propagation in an ENZ medium is to exploit the structural dispersion of 

metal-clad waveguides near their cut-off frequencies.70 When operated near its cut-off frequency, 

such a waveguide can support a non-propagating mode with wavevector k approaching zero, 

resulting in a large phase velocity inside the waveguide, which is in many ways analogous to ENZ 

materials without any effort to employ complicated structures for realizing the ENZ material. 
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Studying modal dispersion of waveguides gives us the insight to understand optical behaviors at 

cut-off frequencies. Figure 2.13 shows the dispersion of a guided wavevector in a rectangular 

plasmonic channel. The cut-off mode is not seen in a planar MIM waveguide, whereas a 

rectangular-shaped waveguide shows that the propagation constant (β) drops off abruptly near the 

cut-off frequency (350 THz) and no longer allows the propagation of light whose frequency is over 

the cut-off frequency. K approaching zero at the cut-off frequency leads to a huge wavelength with 

very fast phase velocity inside the waveguide.70 At this cut-off frequency, the waveguide behaves 

as if it is filled with an ENZ medium, showing no phase delay between entrance and exit sides and 

high transmission owing to low reflection in spite of the large geometrical mismatch. The advantage 

of this approach to realizing ENZ materials is the tunability of the frequency at which ENZ 

conditions can operate by engineering the size and shape of the waveguide or aperture. 

 

Figure 2.13 Dispersion of the guided wave number (real and imaginary parts) in a rectangular 

plasmonic channel with ach=20nm and b=200nm (black), compared with the dispersion in a 

parallel-plate, metal-insulator-metal waveguide with ach=20nm (red). Reprinted with permission 

from Alu et al.70, Copyright 2008 American Physical Society. 
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2.5.2 Supercoupling effect 

When two waveguides are connected by an ENZ-filled tunnel, an exceptional optical property 

called supercoupling70 occurs regardless of the connecting channel’s length, shape, or bending as 

illustrated in Figure 2.10c. In an ENZ-filled channel, the wavelength of light becomes infinitely 

long due to the near-zero permittivity. The resulting reduced group velocity allows for the trapping 

of light in the narrow channel. Therefore, more optical energy can pile up inside the narrow 

waveguide, leading to enhanced tunneling. In addition, the enhanced intensity is uniform along the 

waveguide without phase delay because of infinitely long wavelength of light. Such enhanced 

optical transmission via the ENZ condition seems to be similar to the coaxial aperture discussed in 

2.4.2. They may be different approaches to or interpretations of the same phenomenon. In Chapter 

X of this thesis, this guided ENZ mode at the cut-off frequency will be demonstrated, 

experimentally and numerically showing the unusual tunneling effects mentioned above. 
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Chapter 3 

Extraordinary optical transmission through 

ultra-small coaxial apertures 

 

As described in chapter 2.5, epsilon-near-zero (ENZ) metamaterials can enable novel physical 

investigations (e.g., supercoupling and squeezing of mid-infrared light, slow light phenomena) and 

practical applications such as nonlinear optics, optical trapping, and graphene plasmonics. Among 

three types of ENZ metamaterials mentioned above, ITO-based ENZ materials and multi-layered 

ENZ materials consisting of alternating Ag and SiN thin layer have been demonstrated 

experimentally. However, the last structure such as extremely narrow metallic waveguide with the 

cutoff frequency has been very challenging to manufacture with reproducibility and high 

throughput. In this chapter, a practical platform to realize wafer-scale ENZ metamaterials is 

demonstrated by combination of atomic layer lithography and glancing-angle ion polishing to 

create wafer-scale metamaterials composed of dense arrays of ultrasmall coaxial nanocavities in 

gold films.71 Using this platform, we explored extraordinary optical transmission in MIR via 

supercoupling at ENZ condition, both numerically and experimentally. The results of fabrication 

method and optical measurement of coaxial nanogap aperture introduced in this chapter are mainly 

derived from the following publication: 

 

Daehan Yoo, Ngoc-Cuong Nguyen, Luis Martin-Moreno, Daniel A. Mohr, Sol Carretero-Palacios, 

Jonah Shaver, Jaime Peraire, Thomas W. Ebbesen, Sang-Hyun Oh, “High-throughput fabrication 

of resonant metamaterials with ultra-small coaxial apertures via atomic layer lithography”, Nano 

Lett., 2016, 16, pp 2040–2046 

 

3.1 EOT via ENZ at the cutoff frequency 

Engineered metallic apertures and resonant cavities that confine light into nanometric volumes are 

powerful tools for plasmonics, biochemical sensing, imaging, optical trapping, nonlinear optics, 

and nanophotonics.1, 3, 72-74 Coaxial nanoapertures54, 57, 75-78 have been of particular interest in this 

area due in part to their unique properties arising from the 0th-order Fabry-Pérot (FP0) mode, which 

occurs spectrally close to the cutoff frequency of the TE11 waveguide mode. At this cutoff 
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resonance, the propagation constant approaches zero, resulting in a model ENZ material.68, 70 As 

the phase velocity diverges and the group velocity is greatly diminished, extreme, uniform field 

enhancement is enabled by a “slow-light” effect caused by the trapping of light inside the aperture 

as well as other intriguing effects such as supercoupling and squeezing of light into ultra-narrow 

waveguides, and transmission that is nearly independent of the channel length.79 Since a normally 

incident plane wave is efficiently coupled to this resonant mode, EOT1 can readily be observed. In 

this coaxial metal-insulator-metal (MIM) geometry, the cutoff wavelength is governed by the gap 

size and diameter of the annular aperture.78 The highly tunable cutoff resonance available in this 

geometry can couple and store a significant amount of optical energy into ultra-compact ring-

shaped nanocavities. These structures exhibit higher order resonances at frequencies as high as the 

optical and FP0 resonances in the near-infrared (NIR). Using a dense array of these nanocavities, 

EOT mediated by cutoff resonances can be measured through sub-10-nm gaps, revealing ENZ-like 

properties – efficient coupling and channel-length-independent resonance – arising from the FP0 

mode. These properties can be harnessed for nonlinear optics,80, 81 metamaterials,82, 83 light 

trapping,84, 85  coaxial nanolasers,86 particle trapping,87 and spontaneous emission enhancement.88 

 

3.2 High-throughput fabrication of coaxial nanogap aperture array 

In spite of many advantages discussed above, the reproducible, high-throughput fabrication of 

compact coaxial structures – in particular with single-digit-nanometer gaps – has been very 

challenging. Typically coaxial-shaped apertures have been fabricated using focused-ion beam 

(FIB) milling over a small area, but the gap width is not constant throughout the film due to 

redeposition of metals, and it is difficult to achieve resolution below 50 nm using gallium-based 

FIB77, 89. Optical interference lithography has been used to produce coaxial apertures over a large 

area, but the gap size was larger than 60 nm.90, 91 Recent work employing helium-FIB lithography 

created isolated 8-nm-wide single coaxial apertures and studied resonances only in the visible 

regime, but cut-off resonance mode was not observed.89 In this chapter, a new approach to make a 

large array of ultra-small coaxial apertures will be demonstrated. Experiments combine atomic 

layer lithography, which turns atomic layer deposition (ALD)25, 92 into an Angstrom-resolution gap-

forming method,32 with a wafer-scale glancing-angle ion polishing technique. The combination of 

these two powerful methods can create ultrasmall coaxial nanocavities at extreme densities over an 

entire wafer, opening up the door to devices with sub-10-nm gaps and FP0 resonances in the NIR 

and potentially even in the visible.  
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Before introducing a new fabrication scheme employed for this work, I will briefly 

summarize how ALD-based nanogap fabrication schemes have evolved, as illustrated in Figure 

3.1. The idea of using ALD for lithographic patterning was first demonstrated by H. Im et al. to 

make vertically oriented nanogaps with 5 nm gap patterning resolution (Figure 3.1a). However, 

resulting nanogap structures had an opening area at the center of the nanogap loop, which made it 

difficult to observe the resonance arising from the nanogap loop due to strong background signal, 

even though the vertically-oriented nanogap loops achieved the strong enhancement of Raman 

signal through the nanogap loops. To remove such hollow structures and study optical transmission 

and resonant effects, tape-peeling-based planarization technique was developed by Chen et al., as 

shown in Figure 3.1b. In this approach, the metal layer on top of alumina ALD layer was removed 

using Scotch Tape simply owing to poor adhesion between gold and alumina, thereby leaving 

alumina nanogap loop only to be inserted to metal without any hollow structures. This technique32, 

33 addressed the challenge of mass-producing long and uniform annular gaps down to 1 nm in width, 

but was limited by photolithography and our tape-peeling method in resonator diameter and array 

periodicity, leading to THz regime FP0-mediated enhanced transmission. In order to maintain the 

1-2 nm gap sizes required for extreme field enhancements and enable operation at visible and 

infrared (IR) frequencies, the diameter of the coaxial resonator must be reduced by ~100 fold. Thus, 

a new approach should be introduced to overcome this miniaturization challenge for atomic layer 

lithography and construct ultra-compact, high-aspect-ratio coaxial nanocavities with gaps as small 

as 2 nm and diameters as small as 100 nm, as shown in Figure 3.1c.    
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Figure 3.1 Variations of atomic layer lithography technique. (a) Process flow of making vertically 

oriented nanogap structure by anisotropic ion milling. Minimum gap size of 5 nm was 

demonstrated, but the resulting hollow structures prevented optical transmission measurements. (b) 

To solve this problem, Chen et al. used adhesive tape-based planarization to form nanogaps in 

otherwise opaque metal films. (c) Schematic flow of our new fabrication process used for the 

coaxial nanocavity array using glancing-angle ion polishing. Figure is adapted from Yoo et al.71 

 

As shown in Figure 3.1, atomic layer lithography, which we define as a fabrication scheme 

to control critical gap dimensions using ALD, can be implemented via different approaches to 

planarize and expose vertical nanogap structures. Previous work33 demonstrated the unique 

possibility of fabricating arrays containing very long nanogap loops (perimeter of up to ~1 cm) as 

illustrated in Figure 3.1b. To push FP0 resonances to NIR and visible, the diameter of each coaxial 

gap should be in the deep-sub-micron regime. The critical challenge in making high-aspect-ratio 

coaxial nano-waveguides via tape-peeling-based nanogap fabrication is filling the sub-micron core 

region with metals. To solve this problem, the process sequence is inverted by first forming high-
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aspect-ratio metal pillars, i.e. the core region, followed by ALD coating to define the gap size and 

then a conformal metal cladding deposition. After this step, the entrance of coaxial nanocavities is 

exposed by glancing-angle ion polishing to shave off residual metals on the surface (Figure 3.1c). 

Tape-peeling-based planarization is suitable for manufacturing large nanogap loops (from tens of 

micrometers to a few centimeters in perimeter), whereas glancing-angle ion polishing is optimized 

for the fabrication of large-area sub-micron coaxial nano-aperture arrays. 

 

 

Figure 3.2 Series of SEM images corresponding to process steps. (a) First, the Au pillar arrays are 

patterned on a sapphire wafer using e-beam lithography, metal evaporation, and lift-off. An ALD 

Al2O3 film is then conformally coated on the patterned Au pillar array. The array periodicity is 500 

nm, and the pillar diameter is 250 nm. (b) Second Au film is conformally deposited atop of the Au 

pillar array. (c) Decorated second Au film is then selectively etched away through glancing-angle 

ion polishing. (d) Patterned Au surface is planarized by glancing-angle ion polishing, which 

exposes vertically oriented Al2O3 gaps. Scale bars: (a), (b), (c), (d) 150 nm. Figure is adapted from 

Yoo et al.71 

 

Our new fabrication method is illustrated in Figure 3.1c with corresponding scanning 

electron micrographs (SEMs in Figures 3.2a-d). In this exemplary structure, first, a square array of 

200 nm-tall gold pillars (diameter: 250 nm; period: 500 nm; array size: 200 µm by 200 µm) is 

patterned on a sapphire substrate using electron-beam lithography. For large-area fabrication after 

optimal parameters are chosen, nanoimprint or photolithography can be used. Next, the critical 

dimension (gap width) is defined via an ALD-grown alumina (Al2O3) film, which conformally 

covers the exposed gold surfaces (Figure 3.2a). A second layer of gold (400 nm) is then deposited 

to form the metal-insulator-metal (MIM) structures (Figure 3.2b). Finally, the top surface is 

planarized via glancing-angle ion milling (10° from surface) to expose the Al2O3-filled coaxial 

apertures. During this process, the bumps in the second gold layer are shaved off by Ar ion 

bombardment whereas flat regions are shadowed and protected (Figure 3.2c). As the planarization 
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process continues, this shadowing effect gradually dissipates, and the entire film is polished 

uniformly. A top view SEM (Figure 3.2d) shows an array of coaxial apertures with a 250-nm 

diameter and 10-nm Al2O3 gap formed through the entire thickness of a 150-nm gold film. The 

sample before the planarization by glancing-angle ion milling shows the height difference of 200 

nm (Figure 3.3), which corresponds to the core metal thickness. After ion milling, the height 

difference was reduced to below 20 nm, as confirmed by atomic force microscopy (AFM) (Figure 

3.3). In this process, the flatness after polishing is controlled by the incidence angle of the ion beam. 

Using an ion beam with a glancing angle lower than 10 can further reduce the height difference. 

Since ductile metals such as gold are not amenable to standard polishing methods, this new 

technique could also find applications in eliminating topographic variations in other metallic 

nanostructures. 

 

 

Figure 3.3 Atomic force microscope (AFM) characterization. (a) AFM 2-D image from a coaxial 

aperture array with 7 nm gap width, 150 nm diameter, and 500 nm period before glancing-angle 

ion milling. (b) The same sample after glancing-angle ion milling. (c) The comparison of 1-D height 

profiles over a dashed line in AFM images before and after glancing-angle ion milling. All AFM 

images were obtained with a Veeco Nanoscope V multimode system. The samples were scanned 

using tapping mode, typically over a 2 x 2 μm area at a scan rate of 1 Hz. Nanoscope software was 

utilized to analyze the images and extract topographical information. Figure is adapted from Yoo 

et al.71 
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3.3 Optical measurement setup 

 

3.3.1 Visible and NIR spectroscopic measurements 

For transmission measurements in the visible and NIR wavelengths, coaxial apertures were 

illuminated with a broadband fiber-coupled, laser driven light source (Energetiq, EQ-99FC) 

through a condenser on an inverted microscope (Nikon, Ti-S), and the transmitted light was 

collected with an objective and imaged onto the entrance slit of a 300 mm focal length imaging 

spectrometer (Acton SP2300i) equipped with a CCD camera (Princeton, Pixis 400) for the visible 

and a thermoelectrically cooled, 256-element InGaAs diode array (BaySpec Nunavut) for the NIR. 

Spectra were background subtracted and normalized using the spectrum for direct transmission 

through the sapphire substrate. 

 

 

Figure 3.4 Schematic of optical measurement setup for visible and near-IR. 
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3.3.2 FTIR instrument and measurement for mid-IR 

The transmission spectra of coaxial apertures were measured in the MIR using Fourier transform 

infrared spectroscopy (Thermo Scientific, Nicolet Magna IR 750) with a transmission mode 

microscope. All of the data from coaxial aperture arrays were taken using the microscope with an 

unpolarized IR light source, a liquid-N2-cooled MCT-A (Mercury ZincTelluride Alloy) detector, 

and an aperture size of 100 µm by 100 µm. The signals that were averaged for 256 times with a 

resolution of 4 cm-1 were normalized to the background signal taken from a bare sapphire wafer. 

The sapphire wafer was transparent up to 6.5 µm with measured transmittance of 80%. 

 

 

Figure 3.5 Schematic of optical measurement setup for mid-IR. 
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3.4 Transmission spectra measured from visible to IR  

 

Figure 3.6 Measured extraordinary transmission through the coaxial aperture array. (a) Schematic 

of a coaxial aperture array. Illumination is through a sapphire substrate with unpolarized light, and 

transmission spectrum is measured using three different spectroscopic systems covering over 3 full 

octaves from 400 nm to 5000 nm in wavelength. (b-c) Schematics of coaxial waveguides with the 

cutoff resonance and the FP resonance. (d) Measured spectra of light transmitted from the coaxial 

aperture array with a 250 nm diameter and four different gap widths (2, 4, 7, 10 nm). Figure is 

adapted from Yoo et al.71 

 

The geometry of the coaxial nanocavity array is determined by the metal film thickness (T), inner 

diameter of the annular gap (D), gap width (G), and array periodicity (P), as illustrated in Figure 

3.6a. The cutoff wavelength of a coaxial aperture made with a perfect electrical conductor is given 

by c = n(Ro + Ri), where n is the refractive index of the insulator and Ro and Ri are the radius of 

the outer and inner surfaces of the gap, respectively.57 For coaxial apertures made with a real metal, 

however, the cutoff wavelength can differ dramatically from this PEC approximation, especially as 

the gap size is reduced.57 To prove our coaxial waveguides exhibit singular optical behavior, we 

experimentally measured the optical transmission spectra through coaxial aperture arrays with a 

250 nm inner diameter and four different gap widths (2, 4, 7, 10 nm). Spectra were collected using 
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a Si CCD, InGaAs photodiode array, and FTIR spectrometer, respectively in the visible, NIR, and 

mid-infrared (MIR) regions (Figure 3.6d). Multiple peaks for a given gap size are observed 

throughout the entire spectrum. The most notable feature of the measured spectra is the presence 

of intense MIR EOT peaks. For a 10 nm gap size and inner diameter of 250 nm, the strongest 

resonance peak occurs at the free-space wavelength of 2800 nm with an aperture-normalized 

transmission of 1170%. Table 3.1 shows the aperture-normalized and absolute transmission from 

different gap sizes. Interestingly, as the gap size shrinks, the resonance wavelength of the EOT 

increases dramatically (Figures 3.6d). 

When first described, EOT initially referred to transmission greater than unity through 

periodic metallic apertures in cutoff, i.e. the field inside the aperture is evanescent. In that case, the 

incoming electromagnetic field couples to surface plasmons of the corrugated surface of a metal 

film, trapping energy in the system for an extended time leading to increased tunneling through the 

apertures. This definition has since been expanded to include optical resonances that lead to 

enhanced transmission in general, irrespective of whether the individual apertures are in cutoff, and 

a non-exhaustive list now includes cut-off resonances, Brewster-like resonances, and absorption-

induced transparency.93 In our coaxial aperture array, the periodicity of 500 nm was chosen to 

confine surface resonance effects to the NIR (900 nm), thereby ensuring the observed MIR peaks 

are not due to surface resonances or a periodic effect. Instead, enhanced transmission in our coaxial 

waveguides is induced by Fabry-Pérot (FP) type resonances that propagate along the length of the 

aperture. Notably, there is a special 0th-order FP case, which occurs spectrally close to the cutoff 

frequency of the TE11 waveguide mode, where EOT can arise as well. 

The multiple peaks for a given gap size in our devices emerge from these series of FP 

modes, including the 0th-order cutoff resonance, and span over a full octave in frequency. The 

lowest-frequency peak we observe in the MIR should correspond to the 0th-order cutoff resonance, 

and the next resonance peak in the NIR corresponds to a first-order FP mode. In the first-order FP 

mode, light traveling in the Al2O3-filled coaxial MIM waveguide is partially reflected at the upper 

and lower surfaces of the metal film, forming a resonator whose cavity length (L) is equal to the 

film thickness, provided that the following condition is satisfied:  

    |2Lβ+∆∅1+∆∅2 |=2πm             (3.1) 

 

Where  is the propagation constant in the MIM coaxial waveguide, m≥0 is the integer representing 

the mode number (m=1 in this case), and ∆∅1,2 are the phase shifts due to reflection.77 As alluded 
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to earlier, m=0 is a valid solution to the FP condition as well, so long as X→0, which explains why 

the cutoff resonance can be described using FP nomenclature. 

 

Table 1. The EOT calculated from the measured transmission with different gap widths. 

Gap width  

(nm) 

Measured transmission 

(%) 

Open area 

fraction (%) 

Area-normalized transmission 

(%) 

10 36 3.06 1,170 

7 25 2.28 1,090 

4 15 1.35 1,120 

2 12 0.69 1,740 
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3.5 FEM modeling results 

The physical origin of the observed peaks is further analyzed by comparing the measured data to 

computer simulations. Because of the large-scale mismatch in the wavelength (up to 6 µm) and gap 

size (<10 nm), we chose an advanced finite-element method based on a Hybridizable Discontinuous 

Galerkin (HDG) scheme, which is optimized to handle such multi-scale problems.33 The HDG 

scheme was developed by our collaborator, Jaime Peraire and N.C. Nguyen, and they performed 

simulations for this publication, which I summarize in this section. In this work, the HDG method 

is used to solve the time-harmonic Maxwell’s equations on an anisotropic unstructured mesh of 

21384 quartic hexagonal elements. The accuracy of these results is verified by performing a grid 

convergence study in which we carry out the simulations on three consecutively refined meshes 

and observe that the difference in the maximum EOT between the medium mesh and the fine mesh 

is less than 0.25% for all cases. The calculated EOT spectra (Figure 3.7a) agree well with the 

measured spectra for a 10-nm-gap coaxial aperture array. For gap sizes below 4 nm, the mismatch 

increases likely due to fabrication imperfection such as roughness of the interior metal surfaces. In 

the size regime presented, even sub-nm changes in the gap width can have large effects on the 

position of resonant peaks. Additionally, the realistic bulk dielectric constant values for an ALD-

grown Al2O3 thin film used in simulation can diverge from experimental values for narrower gaps 

(below 4 nm). The calculated electric field maps for two observed peaks are plotted in Figure 3.7d. 

For illumination at normal incidence using linearly polarized light, the fundamental TEM mode of 

a coaxial waveguide cannot be excited due to the mismatch in mode symmetry, but higher-order 

modes with non-zero angular momentum can. The field profiles of the cross-section atop the 

coaxial aperture show that the transmission resonances arise from TE11 modes (the lowest order 

mode with non-zero angular momentum). At the ENZ condition, the phase velocity is so large that 

the phase shift between the entrance and exit sides of the coaxial waveguide becomes very small, 

leading to uniform electric fields inside the nanogap as shown in the vertically cross-cut field map 

corresponding to the MIR resonance. The simulation results also indicate that this is indeed a cut-

off resonance (FP0 mode). The resulting slow light effect can enable extremely strong field 

intensity enhancements (over 6,000 observed in simulation) inside the ultrasmall coaxial 

nanocavities as the gap size narrows to only 2 nm (Figure 3.7c). 
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Figure 3.7 Simulated extraordinary transmission through the coaxial aperture array. (a) Simulated 

spectra of light transmitted from the coaxial aperture array with a 250 nm diameter and four 

different gap widths (2, 4, 7, 10 nm). (b) Variation of transmission peak wavelength of the FP0 

(m=0) resonance as a function of gap width in the coaxial aperture array. (c) Intensity enhancement 

for the FP0 resonance as a function of gap width. (d) Calculated electric field distributions of 250 

nm diameter coaxial aperture with a 10 nm gap at the resonance wavelengths of 1200 and 2700 nm. 

Figure is adapted from Yoo et al.71 
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3.6 ENZ property of coaxial nanogap aperture 

 

 

Figure 3.8 Experimental verification of the FP0 cut-off resonance mode by the ENZ properties of 

the resonant peaks. (a) Schematic of glancing-angle ion polishing to reduce the cavity length. (b) 

and (c) The change in the transmitted spectra as glancing-angle ion polishing time increases and 

film thickness decreases from a coaxial aperture array with a 10 nm gap width and diameters of 

100 nm and 250 nm, respectively. Figure is adapted from Yoo et al.71 

 

I studied the dispersion properties of these peaks experimentally by shortening the FP cavity length. 

This was accomplished by continuing the glancing-angle ion polishing past planarization (Figure 

3.8a). As the cavity length is reduced, the resonance wavelength of the FP0 mode, which is 

determined by the cutoff frequency and has a propagation constant of practically zero, does not 

change appreciably while the FP1 peak blue-shifts (Figures 3.8b-c). We note that there is a small 

reflection phase which, at resonance, has to be cancelled with an “optical path” phase, slightly 

shifting the resonance away from the cutoff frequency. This is important for very thin metal films,94 

but not for the thicknesses considered in this work. The film-thickness-independent property of the 

FP0 mode also explains the nature of previously observed THz resonances alongside millimeter-

scale loops in earlier work,32 which was not explicitly mentioned. In that case, the film thickness 
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was only 150 nm whereas the resonance wavelength was in the millimeter-scale, thus FP1 or 

higher-order modes could not be sustained in the thin film, while FP0 resonances were still present. 

This property of the FP0 “slow light” mode, which is independent of the length of the waveguide, 

exhibits ENZ behavior. In addition, the resonator periodicity can be much smaller than the 

resonance wavelength as demonstrated, and thus our coaxial resonator array can be a practical 

platform to construct large-area ENZ metamaterials. 

 

3.7 Dispersion of coaxial nanogap aperture 

 

Figure 3.9 The effect of diameter on the transmission resonances excited in a coaxial aperture 

array. (a-d) SEM images of coaxial aperture arrays with 100, 150, 200, 250 nm diameters, 

respectively. (e) The transmitted spectra from the coaxial 10-nm gap with 100, 150, 200, 250 nm 

diameters. (f) The dispersion curve of the plasmonic coaxial aperture. FP0 (m=0), FP1 (m=1), FP2 

(m=2) resonances (experimental data) are fitted with the analytical dispersion curve. Figure is 

adapted from Yoo et al.71 

 

The TE11 resonances of our devices can be tuned by changing the aperture diameter. The 

propagation constant β , transverse wavevector kθ of a coaxial aperture waveguide, and the 

propagation constant βMIM of a planar MIM waveguide, should satisfy the following condition76:  
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     β2 + kθ
2 = βMIM

2           (3.2) 

2πR ∙ kθ = 2πν          (3.3) 

 

where 𝜈 is an integer and R is the average radius. The cutoff frequency is thus influenced by the 

diameter of the coaxial aperture. To investigate this effect, coaxial apertures with a 10 nm gap were 

fabricated with ring diameters of 100, 150, 200, and 250 nm (Figures 3.9a-d). As shown in Figure 

3.9e, the FP0 resonance peak blue-shifts with a decreasing diameter, as expected. These properties 

of FP resonances as a function of the aperture diameter can be explained by the theoretical 

dispersion calculated from eq. (3).76 The dispersions of coaxial MIM structure are plotted using 

eqs. (2) and (3) and compared with experimental data in Figure 3.9f. A unique feature of coaxial 

apertures is that this cutoff wavelength decreases along with the aperture diameter while 

maintaining the gap size and hence the field confinement. Thus a simple coaxial aperture geometry 

can be used to create extreme-subwavelength resonators covering visible, IR, and THz frequencies. 

These effects are characteristic of an individual coaxial waveguide, rather than a periodic effect, as 

the change in the periodicity does not shift FP0 frequencies (Figure 3.10). Furthermore, the cutoff 

resonance frequencies for these FP0 modes do not change with the incident angle of illumination, 

as confirmed by theoretical modeling (Figure 3.11), making these structures ideal for applications 

where angle independence is important.56, 95  
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Figure 3.10 The effect of period on the transmission resonances excited from coaxial aperture 

arrays: (a), (b) 3D HDG FEM simulation of light transmitted from a coaxial aperture with a 10-nm-

wide gap, 250 nm diameter and 500, 600, 700 nm periods. Zeroth-order mode (FP0), FP1, and FP2 

show no dependence on the array period. As the period increases, Wood’s anomaly redshifts and 

leads to a Fano resonance when it overlaps with the FP1 mode. Figure is adapted from Yoo et al.71 

 

 

Figure 3.11 The angular dependence on the transmission resonances excited from the coaxial 

aperture array. CMM modeling of light transmitted from the coaxial 10-nm-wide gap with 250 nm 

diameter by different incident angles of light. Zeroth-order mode (FP0), FP1, and FP2 show no 

dependence on the incident angles. This modeling was fulfilled by Carretero-Palacios. Figure is 

adapted from Yoo et al.71 
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3.8 Conclusion 

 

In summary, we have combined atomic layer lithography and wafer-scale glancing-angle ion 

polishing to manufacture ENZ metamaterials consisting of single-digit-nanometer-gap coaxial 

resonators and investigated their characteristic EOT and slow-light properties. These results 

demonstrate a 100-fold improvement in device characteristics over our previous work by 

decreasing the individual resonator footprint from tens of µm to ~100 nm, enabling the exploration 

of EOT as well as ENZ properties in the infrared regimes. Unlike multi-layer film stacks for ENZ, 

our coaxial aperture array can be made at wafer scale, and readily couple normally incident light 

independent of polarization, making this a practical ENZ platform utilizing EOT. Our choice of 

500 nm array periodicity confines periodic coupling effects to the NIR regime while sub-10-nm 

gap widths push the FP1 and FP0 resonances of an individual coaxial aperture toward the MIR, 

allowing unambiguous observations of these properties and proving that the observed resonances 

arise from the properties of individual apertures. The gap width is as small as /1900 at MIR 

resonances, and the cutoff resonance wavelength of each resonator (2~4 µm) is much larger than 

its unit cell size (cavity diameter of ~250 nm). Additionally, the volume of the Al2O3–filled gap is 

as small as 3/106 for MIR operation, making these structures one of the smallest nanophotonic 

resonators to date. Our high-throughput fabrication technique can be applied to a wide range of 

metals and gap-filling insulators as well as for resonators in the visible regime and with different 

shapes. The metal pillars and surrounding film can be addressed as electrodes, potentially allowing 

for the electrical generation of plasmons by tunneling directly in the waveguides.96-99 Furthermore, 

the intense fields of this extremely confined slow-light mode at ENZ condition can be accessed 

from the flat top surface and coupled with other materials for applications in biosensing,100, 101 

surface-enhanced spectroscopies,18, 31, 41, 102, 103 optical trapping,87, 104 and nonlinear optics.80, 105, 106 

Our work demonstrates that metamaterials with extreme sub-wavelength features such as single-

digit-nanometer gaps can now be manufactured for practical applications.  
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Chapter 4 

Optically active trench nanogap resonators  

 

4.1 High Q factor and Fano resonance 

Quality factor (Q factor) is a standard to measure how long a resonator can store energy inside 

itself, and is defined by Q = 2πfresonance ×
Energy strored

Power loss
. It can be described simply as Q =

λresonance

FWHM
, where FWHM is the full width at half the maximum. That is, as the loss of the resonator 

is reduced, the quality factor becomes larger with sharp resonance peaks. Optical microcavities 

such as micropost cavities,107-109 microtoroid resonators,110 and photonic crystals111 have high Q 

factors because dielectric components have less losses compared to metals. However, dielectric 

cavities cannot confine light into small mode volumes below the sub-diffraction limit.112 Therefore, 

surface plasmons (SPs) have been considered as an alternative. But, utilization of SPs for 

applications with high Q factors has been restricted by intrinsic losses associated with either 

dissipation to metal or radiation to air.113-115 To compensate for small modal volume and intrinsic 

high losses in metallic cavities, various designs have been explored, such as plasmonic wedge 

waveguides,116, 117 nanowires,118, 119 metallic whispering galleries.120, 121   

In a plasmonic system, high Q factor can be achieved by either reducing intrinsic losses or 

the abnormal interference of two resonances.122 Asymmetric resonance established by Ugo Fano51 

is known to arise from the interference between a discrete state and broad continuum as described 

in Figure 4.1. This abnormal resonance shape has been observed in many classical optic 

experiments. Wood’s anomaly was also understood by the interference between excited leaky 

surface waves and incoming radiation.50 Many plasmonic structures have demonstrated Fano 

resonance by inducing the superposition of two different types of resonance modes.122, 123 Fano 

resonance can give rise to sharp resonance by splitting the resonance shape in half, leading to high 

Q factors in plasmonic devices. 
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Figure 4.1 Illustration of the Fano resonance formula as a superposition of the Lorentzian lineshape 

of the discrete level with a flat continuous background. Reprinted with permission from 

Miroshnichenko et al.123 Copyright 2010 American Physical Society. 

 

4.2 Surface plasmon excitation and resonance in a trench resonator 

The design of the trench resonator is derived from a similar structure called a cup resonator, which 

was initially suggested by our collaborator Henri Lezec.124 Similar structures (i.e. a sub-wavelength 

slit inside a metallic microcavity) were also demonstrated by other groups.125, 126 The unique 

contribution of this thesis work is the development of a high-throughput fabrication process by 

combining atomic layer lithography and sidewall metal deposition, which has enabled fabrication 

of a trench resonator structure with a sub-10 nm slit. A schematic of the excitation of SPPs in the 

trench resonator structure is illustrated in Figure 4.2. The trench structure is defined by the trench 

height (H) and width (w). The nanogap (width: G) is placed at the center of the trench. Normal 

incident light illuminates the gap from below, through the glass substrate, launching surface 

plasmon polaritons (SPPs) inside the trench. SPPs propagate toward two metallic sidewalls, bounce 

back to the nanogap, and interfere with light directly transmitted through the nanogap. Under a 

constructive interference condition, light is scattered (radiating) into the far field, leading to 

resonance peaks in optical transmission spectra. On the other hand, transmission dips are observed 

in the case of destructive interference. In this system, the coherent interference between discrete 

resonant modes (plasmonic cavity resonances) and broad non-resonant modes (light transmitted 

from the nanogap) generate asymmetric Fano resonance, as described above.  

  

Figure 4.2 A schematic of optical interference in the trench nanogap structure with geometric 

parameters (H=1 um, W=3.4 um, G=30-2000 nm, T=150 nm). 
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4.3 Optical properties of a trench resonator 

 

4.3.1 Fano resonance of a trench resonator 

 

Figure 4.3 Fano resonance with high Q induced by a nanogap. (a-b) Spatial field distributions of 

Ey at the transmission peak and dip (crossed with gray dash lines) in a trench structure with 200nm 

and 30nm gap size, respectively. (c) FDTD-simulated transmission spectra from trench resonators 

with different gap sizes. 

 

Figure 4.3a shows the spatial distributions of the Ey field at =684nm (peak) and =715nm (dip) 

in the trench resonator with a 200nm gap. SPPs excited from the gap travel back and forth at the 

bottom of the trench resonator, building up a standing wave. Subsequently, it interferes 

constructively with light coming in from the gap at the anti-node of the standing wave, scattering 

to the far-field, while the destructive interference between two waves at the node results in a 

transmission dip. The interference in this structure can be interpreted using simple approximation. 
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Light waves making a single round trip from the nanogap to the sidewall and back to the nanogap 

experience phase delay with respect to light transmitted directly from the nanogap: 

 

θ = 2 ×
2π

λspp
L + ϕr                       (4.1) 

 

where θ is the total phase delay, ϕr is the phase shift from plasmon reflection, λspp = 𝜆0√
𝜀𝑑+𝜀𝑚

𝜀𝑑𝜀𝑚
 

is the wavelength of the SPP, and L is the distance between the nanogap and the sidewall. Assuming 

the phase shift of π on reflection from the sidewall, the constructive and destructive interferences 

can be determined as follows. When the total phase delay is an odd integer multiple of 𝜋, the 

destructive interference occurs: 

 

𝐿 =
𝜆𝑠𝑝𝑝

2
(𝑚 − 1)                          𝑚 = 1,2,3 ∙∙∙∙∙∙∙                       (4.2) 

 

When the total phase shift is an even integer multiple of 𝜋, the constructive interference appears:  

 

𝐿 =
𝜆𝑠𝑝𝑝

2
(𝑚 −

1

2
)                           𝑚 = 1,2,3 ∙∙∙∙∙∙∙                       (4.3) 

 

Based on this simple analysis, the transmission peak and dip seen in Figure 4.3a arise from 

constructive and destructive interferences with m = 6, respectively. Many other works124, 126  have 

demonstrated similar results with this simple approximation. As the aperture size decreases to tens 

of nanometers, however, we observe that this approximation is no longer valid for interpreting the 

interference modes in a trench resonator with a very narrow aperture. Figure 4.3b shows two spatial 

distributions of the Ey field at the transmission peak (=709 nm) and the transmission dip (=715 

nm) in a trench resonator with a 30nm gap aperture. Interestingly, not only the transmission dip, 

but also the transmission peak arises out of the destructive interference at the node, unlike a trench 

resonator with a 200nm wide aperture. This singular optical behavior is induced by Fano resonance, 

in which scattering waves experience sharp phase shifts of 127 Thus, it results in that constructive 

and destructive interferences take place very close to each other spectrally, which allows 

constructive interference to be destructive interference. Thus, the transmission peak is governed by 

destructive conditions due to the phase shift of  occurred during the scattering event. Figure 4.3c 
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shows a waterfall set of spectra calculated by reducing an aperture size from 200nm to 30nm. At 

the 200nm aperture size, multiple peaks and dips are created by the interference. As the aperture 

size narrows to 30nm, transmission peaks start to approach the transmission dips, while the 

transmission dips do not shift. This can make resonance peaks sharper, thereby leading to Fano 

resonance with a high Q factor, as shown in Figure 4.3c. Over all, transmission peaks observed 

with a 200nm gap aperture experienced a phase shift of  from constructive to destructive with 

decreasing aperture size.  

 

Figure 4.4 Q factor and FWHM calculated from FDTD modeling as a function of gap size. 

 

Given that Q factor is defined by the ratio of stored energy and dissipated energy loss, the Q factor 

will be improved by reducing the leakage of energy. In a trench resonator, energy is stored as a 

standing wave form inside the trench. The aperture at the center of the trench then acts as leakage 

point, dissipating the stored energy and degrading the Q factor. Therefore, by shrinking the gap 

size, it is possible to reduce the energy dissipation via radiation. Q factor and FWHM as a function 

of the gap size are plotted in Figure 4.4. FWHM is linearly proportional to the gap size, while Q 

factor increases exponentially as the gap size decreases. In the end, a trench resonator with a 30nm 

gap size shows very sharp Fano resonance with a Q factor of 130. 

Comparing field maps of 200nm and 30nm gap apertures described in Figure 4.3a and b, 

the 200nm-sized slit is as large as the wavelength of the SPPs. So, when SPPs and light transmitted 

from the aperture interfere atop the nanogap, light can scatter to the far-field as well as to the 

200nm-wide aperture. On the other hand, a 30nm gap aperture is too small compared to the 

wavelength of the SPPs to dissipate stored energy. Such a structure can act as a high-Q-factor 

plasmonic resonator.112  
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4.3.2 Dispersion of Fano resonance  
 

 

Figure 4.5 Dispersion of destructive mode with trench width. (a) FDTD-simulated transmission 

spectra through trench resonators with varying trench width (W), (b) spatial distributions of the Ey 

field in a trench resonator corresponding to destructive modes 2, 3, 4, 5 with W=1, 2, 3, 4𝜇m, 

respectively.    

 

Now, I will investigate how Fano resonance is determined by trench width. As described above, 

Fano resonance occurs when the destructive condition (equation 4.2) is satisfied. Therefore, 

resonance red-shifts with increasing trench width (W=2L) as shown in Figure 4.5(a). At W=1um, 

the 2nd resonance mode occurs at the wavelength of 1064nm. Then, it red-shifts as trench width 

(W) increases. The 3rd resonance mode appearing at the wavelength 643nm for W=1.2um is 

approaching the IR regime. As the trench width continues to increase, lower resonance modes 

(m=2, 3) go beyond a window displayed in Figure 4.5a, followed by higher resonance modes (m=4, 

5, 6). Figure 4.5b shows the spatial distributions of the Ey field around 1064nm for each mode 

(pointed out with arrows in Figure 4.5a). The 2nd mode shows a single SPP wavelength in the trench 

resonator, the 3rd mode has two, the 4th mode has three, and the 5th mode has four wavelengths of 

SPP in the trench resonator.   
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4.3.3 Asymmetric geometric effect 
  

 

Figure 4.6 Excitation of a dark mode by breaking geometric symmetry. (a) FDTD-simulated 

transmission spectra from a trench resonator with varying offset at the position of the nanogap from 

0nm to 400nm. (b-c) Spatial distributions of the Ey field at the wavelength of 709nm and 782nm, 

respectively, in the trench resonator with different offsets of 0, 50, 100, 150, and 200nm; (b) shows 

the extinction of the bright mode at resonance (m=6) when breaking geometrical symmetry; (c) 

depicts the appearance of a dark mode, which is suppressed by Fano interference in the asymmetric 

trench resonator. 

 

In a geometrically symmetric trench resonator with a 30nm gap, transmission peaks appear with 

destructive interference due to Fano resonance, as shown in offset 0nm of Figure 4.6a. On the other 

hand, no transmission peak is observed with constructive interference, even though transmission 

should arise from the constructive interference. The suppressed constructive mode is called the 

dark mode. However, a dark mode can be excited by breaking structural symmetry in the trench 

resonator. Figures 4.6b and c describe how bright and dark modes evolve as the nanogap position 

shifts inside the trench. For Figure 4.6b, transmission occurs at the wavelength of 709nm where the 
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destructive condition is satisfied. On the contrary, Figure 4.6c shows that at the wavelength of 

782nm, the constructive interference is suppressed, resulting in a dark mode with no transmission. 

Interestingly, however, this suppressed dark mode can be excited by offsetting the nanogap from 

the center position and breaking the structural symmetry. Going back to Figure 4.6a, the plasmonic 

bright mode, with a transmission peak at 709nm, starts to decrease as the nanogap position shifts 

to the right. It almost disappears at the offset between 150nm and 200nm. Then it increases again 

up to offset 350nm. The intensity of this resonance peak oscillates with a period of about 350nm, 

which corresponds well to approximately half of the wavelength of the SPP at 709nm as depicted 

in Figure 4.6b. In contrast, the depressed dark mode, where there is no transmission peak at 782nm, 

begins to evolve to a bright mode showing a transmission peak. Its intensity maximizes at the offset 

of about 200nm and goes back to zero at the offset of 400nm. This dark mode also seems to oscillate 

with a period of about 400nm. The periods shown in Figure 4.6a may not be precise because the 

offset interval (50nm) used for FDTD modeling is not small enough to resolve the periods exactly. 

Nevertheless, the two field maps for bright and dark modes shown in Figures 4.6b and c, 

respectively, depict how they evolve into opposite modes. For the bright mode, once the nanogap 

shifts, light transmitted directly from the nanogap starts to cancel the SPPs propagating at the trench 

resonator, being out-of-phase with the anti-node of the SPPs. For the dark mode, when the nanogap 

position shifts by half the wavelength of the SPPs, the light is in-phase at the node. Breaking 

symmetry allows the dark mode to be excited.126, 128, 129 This phenomenon can benefit various fields 

such as plasmonic biosensing128 and opto-electronic modulation130, 131 due to sharp resonance. 
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4.3.4 Design of sidewall mirrors  

 

Figure 4.7 The effect of geometrical difference in the sidewall mirrors on resonance. (a) The effect 

of sidewall height (H) on resonance. As the height of the sidewall is reduced from 1000nm to 

100nm, the resonances begin to broaden, and eventually, they disappear.  (b) The effect of sidewall 

angle (𝛼) on resonance. The vertical sidewall (𝛼 = 90°) shows a sharp Fano resonance. The Q 

factor decreases with the sidewall angle (𝛼). 

 

Sidewalls in a trench resonator act as the reflection mirrors and thus create sharp resonance peaks. 

If the reflection of SPPs from the sidewalls is not perfect, then the trench resonator cannot store 

strong optical energy without a dissipation of energy. Therefore, it is important to study the effect 

of geometrical differences in the sidewall mirrors on the resonance shape. First, as the height of 

sidewall decreases from 1000nm to 100nm, the multiple sharp resonance peaks begin to broaden, 

and eventually, they disappear as plotted in Figure 4.7a. Given FDTD modeling of a trench 

resonator, the evanescent field of SPPsis as tall as the trench height, although the SPPs are decaying 

perpendicular to the propagating direction. Therefore, the shorter the sidewall, the smaller the 

reflection. For example, a 1µm-high sidewall has a reflectance of 99%, while a 500nm-high 

sidewall reflects only 45% of incoming SPPs. Therefore, a 1m-high sidewall was implemented in 

this device. Figure 4.7b shows the effect of the sidewall angle (𝛼) on the resonance. A vertical 

sidewall (𝛼 = 90°) shows a sharp resonance peak. However, a tilted sidewall can scatter light 

partially to the far-field, reducing the light reflecting back to the trench. As a result, its Q factor 

decreases with a decreasing sidewall angle (𝛼).  
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4.4 Fabrication of trench nanogap resonators 

 

 

Figure 4.8 (a) Fabrication of long single nanogap via atomic-layer lithography. (b) Patterning a 

single nanogap structure and integration of trench sidewalls on the patterned nanogap. (c) Image of 

chip including multiple trench resonators. (d) Enlarged SEM image of trench resonator. (e) Cross-

sectional SEM image of trench resonator. 

 

As illustrated in Figure 4.8a, I employed atomic layer lithography32 to produce a metallic, sub-

10nm nanogap for trench resonators combined with sidewall mirrors. First, a 150nm-thick Au film 

with 5nm Cr adhesion was patterned using conventional photolithography and the liftoff process. 

After creating a 30nm thick alumina using the ALD technique, a 120nm-thick Au with 5nm Cr 

adhesion was evaporated on the alumina-coated Au patterns. Using directional metal evaporation, 

I filled the empty patterned area with metal. The Au layer placed on top of the Au patterns was then 

peeled off using adhesive tape.32 Tape-based planarization allowed me to reproduce the centimeter-

long, sub-10-nm nanogap. The nanogap was then divided into multiple line patterns using 

photolithography and ion milling as shown in Figure 4.8b, followed by additional photolithography 

on top of the multiple line patterns to make sidewalls. Subsequently, I created metallic sidewalls 
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on the left and right wings of the nanogap using 1µm-thick Ag deposition and liftoff as illustrated 

in Figure 4.8b. The offset between the nanogap and the surrounding trench can be manipulated by 

carefully aligning a Cr photomask during a second round of photolithography. Figure 4.8c shows 

the chip image including multiple trench resonators. Zoomed-in SEM images in Figures 4.8d and 

e show the shape of the trench resonator in detail. The width and height of the trench are 3.4m 

and 1µm, respectively. A 30nm-wide alumina-filled nanogap is at the center of the trench width. 

The cross-section of this device in Figure 4.8e discloses that its sidewalls are angled owing to the 

shadowing effect during metal evaporation. Despite this fabrication imperfection, multiple 

centimeter-scale trench resonators were successfully fabricated on a 4-inch glass wafer.  

 

4.5 Experimental characterization of trench nanogap resonators 

For transmission measurements in the visible wavelengths, the trench resonator was illuminated 

with a halogen thermal lamp through a condenser on an inverted microscope (Nikon, Ti-S), and the 

light transmitted was collected with a 10X objective and imaged onto the entrance slit of a 300mm 

focal length imaging spectrometer (Acton SP2300i) equipped with a CCD camera (Princeton, Pixis 

400). Spectra were background subtracted and normalized using the spectrum for direct 

transmission through the glass substrate. 

 

Figure 4.9 Optical measurement setup for trench resonator.  
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Figure 4.10 Experimental measurements of optical transmission through trench nanogap 

resonators. (a) SEM image of a trench resonator with a 30nm gap (1450nm off center). Trench 

width and height are 3450nm and 1000nm, respectively. (b) Measured (blue) and simulated spectra 

(red) from an asymmetric trench resonator shown in Figure 4.10a are compared. (c-e) Spatial 

distributions of the Ey field for transmission peak wavelengths of 790nm, 730nm, and 670nm, 

respectively.  

 

As shown in Figure 4.10a, I fabricated an asymmetric trench resonator with a 30nm 

nanogap aligned at 1450nm-left-shifted from the center of the trench. The optical transmission 

spectrum through this structure was measured using an image spectrometer integrated with a CCD 

camera. The detailed optical setup is illustrated in Figure 4.9. In Figure 4.10b, the measured 

spectrum from the asymmetric trench resonator exhibits four sharp Fano-type resonances in the 

visible regime. The transmission peak at the wavelength of 670nm has a maximum Q factor of 50, 
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which is lower than the Q factor of 130 calculated from  FDTD modeling, even though 50 is still 

high quality in terms of a plasmonic resonator. A  reason for the degradation in Q factor is the loss 

from the tilted sidewalls as mentioned in Figure 4.7b. Tilted sidewalls can affect the Q factor of 

resonance by scattering light into the far-field, decreasing stored optical energy inside the trench 

resonator. Also, the roughness of the trench surface may increase metallic losses. The sidewall 

angle measured from the SEM image was approximately 84 degrees, which was used for FDTD 

simulations. The FDTD-calculated spectrum from an asymmetric trench resonator was plotted in 

Figure 4.10b for comparison. The measured and modeled transmission peaks and dips matched. 

However, there is a discrepancy between the measured and modeled intensities, which may be a 

result of the normalization process. This device is a single aperture-type structure, not an array or 

periodic structure. In the FDTD simulation, therefore, the beam of light sent through the glass 

substrate is as large as the model window size, in this case, 10µm. In the experiment, however, the 

beam size of the incident light via 10× object is much larger than in FDTD modeling, which makes 

it difficult to get the exact normalization from single-type aperture.  

Next, the resonance mode for each peak was investigated using the spatial distribution of 

the Ey field at the wavelength corresponding to the transmission peaks marked with a square, circle, 

and triangle. The field map at 790nm shows nine half wavelengths of SPPs inside the trench 

resonator. Odd integers of 
λspp

2
 can be sustained by a dark mode arising from broken symmetry. 

Therefore, the transmission peak at 790nm  results from the excitation of a dark mode. The 

transmission at 730nm corresponds to a bright mode with 10 half wavelengths of SPPs. At the 

wavelength of 690nm, a higher dark mode with eleven half wavelengths of SPPs occurs again. As 

seen in the experiment and modeling, if the nanogap is positioned between in-phase and out-of-

phase, then two modes can be excited at the same time, leading to multiple transmission peaks. 
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4.6 Refractive index sensitivity 

 
 

 

Figure 4.11 Bulk sensitivity of an asymmetric trench resonator. (a) FDTD-simulated transmission 

intensity from an asymmetric trench resonator with 1450nm offset in water environment. (b) Spatial 

distributions of the Ey field in an asymmetric trench nanogap with 1450nm offset in a water 

environment at the peak and dip (marked as a square and circle). (c) Measured optical transmission 

spectra from the asymmetric trench resonator (1450nm offset) with varying refractive index in the 

surrounding medium. (d) Measured bulk index sensitivities from multiple peaks and dips of (c) 

marked as a square, triangle, diamond, and circle. Overall, high sensitivities are observed in an 

asymmetric trench resonator, compared to the sensitivity in the nanohole array. 

 

Multiple resonances with high Q factors are very useful in biosensing applications because 

sensitivity is proportional to the Q factor of resonance. In this section, the sensitivity of an 

asymmetric trench resonator is investigated using the bulk refractive index changing method. 

Figure 4.11a shows the FDTD-simulated transmission intensity of an asymmetric trench resonator 

with 1450nm offset in a water environment, followed by analysis of Ey field profiles with 
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corresponding peaks and dips (squares and circles) in Figure 4.11b. When the trench is filled with 

water (RI=1.33), the resonance wavelengths red-shift. The selected resonance for field mapping is 

the excited dark mode, which shows different field profiles for peaks and dips. At the peak 

wavelength, Ey fields tend to radiate to the far-field, while at the wavelength of a dip, the Ey field 

is confined to the trench bottom surface with high field amplitude. Refractive index sensing was 

performed using mixtures of water and IPA in Figure 4.11c. Four transmission spectra were 

measured with mediums having four different refractive indexes. Solutions were prepared by 

adding IPA (0, 10, 20, and 30%) to DI water. A refractometer was then employed to get accurate 

refractive indexes from the prepared solutions. Bulk refractive index sensitivities from multiple 

peaks and dips were extracted as shown in Figure 4.11d. Overall, 600nm/RIU was observed in the 

asymmetric trench resonator.  

 

4.7 Conclusion 

To summarize, we have developed atomic layer lithography further by adding metal patterning and 

evaporation to build up trench nanogap resonators and investigate their optical characteristics. 

These results demonstrate a high Q factor of 50 by reducing the gap width to 30nm and find that 

transmission peaks occur in the destructive interference condition due to Fano resonance with a 

sharp phase shift of , not at the constructive interference condition. Furthermore, asymmetric 

nanogap apertures enable suppressed dark modes to be excited, resulting in multiple resonances. 

Trench nanogap resonators with multiple transmission peaks and dips demonstrate the potential for 

biochemical plasmonic sensing by showing high refractive index sensitivities of around 

600nm/RIU. The combination of atomic layer lithography with additional processes such as ion-

milling and metal evaporation allows us to engineer metallic nanogap apertures, thus leading to 

novel optical properties. High-Q-factor plasmon resonances created in a trench resonator can be 

harnessed for biosensing,101, 102 surface-enhanced spectroscopies,87, 104 and plasmonic lasers.115 
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Chapter 5  

Electrically-active trench nanogap resonators 

 

Surface plasmon resonance (SPR), the collective charge oscillation of conduction electrons on 

metal surfaces,39 has opened the door for refractometric sensors,5 which have been widely used for 

measuring molecular binding kinetics and affinity5, 132, 133. SPR-based biosensors are founded on 

the change in the surface refractive index (RI) caused by the adsorption of analytes to the metal 

sensing surface.133 Therefore, the performance of surface-based biosensors is governed by the rate 

of surface reactions and mass-transport limitations due to diffusion.134, 135 The surface-reaction limit 

is associated with the binding interaction at the surface and the sensitivity of the device. Diffusion-

limited transport depends on the concentration of analytes in the bulk solution. So, low 

concentration detection is limited by the diffusion rate of analytes. It is known that it could take 

many hours to detect analytes from picomolar (pM)-level concentration.136  

To overcome the diffusion limit in surface-based biosensors, various strategies have been 

explored to concentrate sparse analytes on the sensing surface by using evaporation-driven 

concentration of sample droplets137 or by applying convection to push molecules through 

nanoholes.138-140 Such approaches have been demonstrated successfully, but also have a drawback 

in that they are passive delivery mechanisms that can only push analytes toward the sensing surface, 

but cannot fully manipulate them. On the other hand, dielectrophoresis (DEP) has been widely 

employed for actively manipulating particles in a surrounding medium via the interfacial charge 

distribution induced in a spatially non-uniform electric field.141 Recently, various SPR 

nanostructures, which can tailor local electric fields using their sharp geometries, have been 

explored to integrate SPR biosensing with DEP force.142-144  

In this chapter, I introduce a novel, DEP-enhanced SPR biosensor using a trench resonator. In the 

trench resonator, the metal film at the bottom of the trench is separated electrically by a thin alumina 

layer, which enables the device to operate as a two-terminal electrical device. Specifically, the 

optical “hot spot,” which is sensitive to the refractive index change, also corresponds to the 

strongest field intensity that can thereby boost DEP force. 
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5.1 Dielectrophoresis 

Dielectrophoresis (DEP) is the movement (translation or rotation) of a polarizable particle 

originating from its induced charge in a spatially non-uniform electric field.141 The direction of 

motion induced by DEP is determined by the charge distribution at the interface between  a particle 

and its surrounding medium. As shown in Figure 5.1, the direction of the net dipole depends on the 

interfacial charge distribution. For example, if a particle is more polarizable than a medium so that 

it has more interfacial charges, then the net dipole is generated in parallel to the applied electric 

field. On the contrary, relatively more interfacial charges in a medium due to high polarizability 

induce a net dipole with an opposite direction to the applied electric field. The direction of the net 

dipole can be manipulated by the frequency of the applied electric field because polarizability in 

materials is frequency-dependent.  

 

 

Figure 5.1 Schematic diagrams of three different cases in the polarization of a dielectric particle in 

a surrounding medium. (a) A particle more polarizable than the surrounding medium produces 

more charges inside the particle inducing net dipole in parallel to the applied electric field. (b) A 

particle in a more polarizable medium yields a net dipole in the opposite direction to applied field. 

(c) There is no net dipole when the charges on either side are equivalent. 

 

In a uniform electric field, no net force is induced on a particle, because the net interfacial 

positive and negative charges on either side are the same. On the other hand, in a non-uniform 

electric field, the balance between positive and negative charges on either side is broken, thus 

enabling net force to apply to a particle body as depicted in Figure 5.2. The net force generated can 

move a particle according to the direction of the net dipole determined by the frequency of the 

applied electric field.145 Figure 5.2b shows a positive DEP force at low frequency while the negative 

DEP force is seen in Figure 5.2c.  
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Figure 5.2 Schematic diagram of how different DEP forces occur. (a) In a uniform field, two forces 

with the same strength but opposite directions are canceled out as there is no net force. (b) A highly-

polarizable particle in a non-uniform field has a large attractive force where the electric field is 

localized. The net force generated pushes the particle toward the high electric field. (c) In a highly-

polarizable medium, a particle experiences a larger repulsive force, moving it in the opposite 

direction, against the electric field.  

 

 The behavior of DEP force can be described by the effective polarizability calculated from 

the effective dipole moment of a spherical particle. The potential of a dipole and the boundary 

condition for the potential at the surface of the sphere give the effective dipole moment:141, 145 

 

𝐩 = 4πεm (
ε̃p−ε̃m

ε̃p+2ε̃m
) a3𝐄             (5.1) 

 

where, ε̃p is the complex permittivity of the particle and ε̃𝑚 is the complex permittivity of the 

medium, and a is the radius of the spherical particle.  

The effective dipole moment of the sphere can be expressed in the volume of the sphere (𝜐) and 

the complex effective polarizability (�̃�) as 

 

𝐩 = υα̃𝐄                   (5.2) 

 

From equations 5.1 and 5.2, the effective polarizability can be derived as the follow: 

α̃ = 3𝜀𝑚𝑓CM,           where 𝑓CM = (
ε̃p−ε̃m

ε̃p+2ε̃m
)         (5.3) 
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This is referred to as the Clausius-Mossotti (CM) factor, which is the complex function that governs 

the behavior of the DEP force according to the frequency of the applied electric field. Figure 5.3 

shows the frequency variation of the real (solid line) and imaginary (dotted line) parts of the 

Clausius-Mossotti factor for a latex sphere, with σp ≫ σm and εp ≪ εm. At low frequencies, the 

real part of 𝑓CM approaches 1 while it approaches -0.5 as the frequency increases.  

The force on the induced dipole in non-uniform (𝐅 = (p ∙ ∇)𝐄) and dipole momentum (5.2) 

give the time-average DEP force as the following: 

 

𝐅DEP = πεma3Re[f̃CM]∇|𝐄|2          (5.4) 

 

As described in equation 5.4, DEP force is proportional to the electric field intensity gradient and 

its direction is determined by the CM factor. However, DEP force decreases with the volume of a 

particle ( a3). Therefore, a very high electric field intensity gradient is required in order to trap 

nanometer-scale particles such as viruses and biomolecules. A high electric field gradient can be 

generated in miniaturized geometries such as sharp electrode edges,142 metallic tips,144 and 

nanoscale gap electrodes.146, 147 Since DEP is a scalable technique, sub-10nm metallic nanogaps 

fabricated using atomic layer lithography,32 as introduced in the previous chapter, can boost DEP 

forces. Furthermore, a trench resonator with a 10nm metallic nanogap has an optical “hot spot” 

near the nanogap which is very sensitive to the changing surface index, thereby making the trench 

resonator a promising structure for DEP-enhanced SPR sensing.  
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Figure 5.3 Plot of the normalized CM factor as a function of frequency for two different particles. 

In the shaded area, one particle experiences positive dielectrophoresis and the other negative 

dielectrophoresis, enabling separation in this frequency window. Reprinted with permission from 

Morgan et al.145, Copyright 2003 Research Studies Press. 
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5.2 On-chip biosensor: DEP trapping in a trench resonator  

 

 

Figure 5.4 Dielectrophoresis (DEP) in a trench resonator. (a) Image of an on-chip multiple trench 

resonator with biosensor-integrated electrode pads. Six trench resonators are placed on one chip 

with one shared electrode and an electrode connected to each device, which allows each device to 

be activated individually and electrically. (b) Illustration of the trapping of biomolecules via DEP 

force in the electrically-activated trench resonator. The high electric field gradient induced by the 

10nm gap generates a strong DEP force, which enables sub-micron-sized particles or biomolecules 

to be trapped at the nanogap. (c-d) SEM images of the asymmetric trench resonator from the side 

and from above, respectively. 

 

First, I built trench resonator biosensors with multi-electrodes on a glass wafer using a combination 

of atomic layer lithography and additional patterning processes. This chip was then integrated with 

a PDMS microfluidic channel and inlet-outlet metallic tubes. The 15nm alumina and 5nm silica 

films were sequentially coated on the trench resonator using the ALD technique. After the silica 
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and PDMS surfaces were exposed to oxygen plasma for ten seconds using reactive ion etching 

(STS), I connected the two surfaces to create a strong dangling bond between the activated Si and 

O. Then, I connected the metallic inlet and outlet tubes through the PDMS microfluidic channels. 

Finally, I created the 1-inch-by-1-inch, on-chip, trench resonator biosensor with multi-channels and 

multi-electrodes as shown in Figure 5.4a. Each trench resonator has one shared electrode and its 

own electrode, which allows each device to work individually. The trench resonator was designed 

for the left and right side trench wings to be separated by a 10nm alumina layer, which allowed the 

resonator to act as DEP-enhanced plasmonic biosensor. Figure 5.4b shows how sub-micron-sized 

particles and biomolecules were trapped at the nanogap by the strong DEP force generated by the 

high electric field and detected by SPPs in the trench resonator. 

Even very low voltages below 1V can induce a very strong electric field at the nanogap, 

since the electric field generated is inversely proportional to the space between the two metallic 

electrodes. 2D finite element method (FEM) modeling was used to investigate the electric field 

intensity induced across the 10nm alumina gap as depicted in Figure 5.5a. The dimensions from an 

actual asymmetric trench resonator were used for this modeling. Figure 5.5a shows the spatial 

distribution of the electrostatic field intensity in an asymmetric trench resonator when applying 1V. 

A strong electrostatic field was built up at the 10nm nanogap and produced a huge electric field 

intensity gradient. In Figure 5.5b, the gradient is extracted along the white dashed line extending 

vertically from the nanogap of Figure 5.5a and plotted with the distance from the nanogap. The 

gradient of electric field intensity increases exponentially as it approaches to the nanogap. The huge 

field gradient enabled the trapping of sub-micron-sized particles and biomolecules near the 

nanogap under low operating voltages. 
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Figure 5.5 FEM modeling of the electric field intensity in the 10nm gap electrode of the trench 

resonator structure. (a) Spatial distribution of the static electric field intensity in the trench resonator 

electrode when 1V was applied to two electrodes. Strong static electric field intensity is 

accumulated near the nanogap inside the trench channel. (b) The gradient of the static electric field 

intensity extracted along the white dashed line extending vertically from the nanogap and plotted 

with the distance from the nanogap. The huge field gradient inside the trench channel was very 

useful for trapping particles via DEP. 
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5.3 Transmission measurement of trench resonator in water 

 

Figure 5.6 Optical transmission spectrum from an asymmetric trench resonator biosensor 

immersed in water. (a) A 2D, FDTD-modeled spectrum was compared with the experimentally-

measured one. The blue solid line is the FDTD-simulated one and the red solid line is the measured 

one. (b) Bulk index sensitivity was measured experimentally by varying the refractive index in the 

medium. The green squares were tracked at the transmission minimum at the wavelength of 775nm. 

The blue triangles were measured at the transmission maximum at the wavelength of 750nm. (c-d) 

The electric field distributions of the asymmetric trench resonator in water at the wavelengths of 

766nm and 772nm, respectively. 

 

The transmission spectrum from an asymmetric trench resonator with a 10nm gap in water was 

investigated numerically and experimentally. Multiple transmission peaks and dips were observed 

through an image spectrometer with an inverted microscope. 2D FDTD modeling was simulated to 

identify the resonance mode corresponding to each peak. As seen in Figure 5.6a, dip positions in 

the measured and calculated spectra matched while the peak positions showed more discrepancies. 

The shape of the resonance for the 10nm gap was broad compared to the 30nm gap. The increased 

gap may affect peaks to blue-shift. In Figures 5.6c and d, the field distribution of the trench 

resonator in water was carried out to identify the resonance mode. It can be seen that the trench 

resonator in water has an odd number of lobes, and positioning the nanogap at the left side disturbs 

the interference with propagating SPPs, leading to excitation of the dark mode. The refractive index 
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sensitivity was also measured by varying the refractive index in the solution as shown in Figure 

5.6b. Green squares were tracked at the transmission minimum at the wavelength of 775nm. Blue 

triangles were measured at the transmission maximum at the wavelength of 750nm. High sensitivity 

of about 690 nm/RIU was calculated in both peaks and valleys.  

 

5.4 Experiment of dielectrophoretic-enhanced plasmonic sensing 

 

Figure 5.7 Dielectrophoretic manipulation of 190nm fluorescent polystyrene (PS) beads. (a) 

Schematic of the experimental setup for dielectrophoretic concentration of analyte molecules. The 

AC electric field is applied to left and right side wings, generating a strong field intensity gradient 

across a 10nm gap. The strong DEP force generated from the nanogap pulls dielectric particles at 

a low frequency, and pushes them at a high frequency. (b) Frequency dependence of the real 

component of the CM factor for solid polystyrene beads suspended in a surrounding medium of 

conductivity 0.28 Ms/m. (c) Resonance shift as a function of time by increasing applied voltage 

(Vpp) from 0 to 1V and then repeating positive and negative DEP by altering the frequency from 

1MHz to 10MHz. (d) Optical fluorescence images through a green filter when PS beads are trapped 

and de-trapped at the nanogap at 1MHz (low frequency) and 10MHz (high frequency), respectively.  

 

I demonstrated the manipulation of dielectric particles via DEP by monitoringresonance shift as 

well as fluorescence image. Figure 5.7a provides a schematic of the DEP setup in a trench resonator. 

The left and right sides of the trench resonator were connected with an AC voltage supply. 
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Fluorescent polystyrene beads (190nm diameter, center emission wavelength of 600nm, Bangs 

Laboratories, Fishers, IN) were diluted 100 times with DI water, then applied to the trench resonator 

with a PDMS chamber and sealed in with a cover glass. Optical measurement (exposure time: 0.5s, 

10x objective) was carried out in the same manner described in Chapter 4. The DEP-based SPR 

sensing was performed with an AC electric field from 0 to 1V, and a frequency range from 1MHz 

to 10MHz. Based on the calculated CM factor in this system, 1MHz and 10MHz were selected as 

operating frequencies for positive DEP and negative DEP, respectively. Figure 5.7c shows time-

resolved SPR sensing as a function of the applied voltages. The transmission minimum at the 

wavelength of 774nm was monitored and tracked using a polynomial fitting equation in Matlab. 

During the first 50 seconds, no voltage was applied, then voltage increments of 0.1V were applied 

every 50 seconds with a frequency of 1MHz. No resonance shift was observed up to 0.3V, but 

spectral shift appeared at 0.4V and increased with the voltage up to 1V as the positive DEP force 

increasingly attracted the PS beads into the sensing volume close to the nanogap. Next, the 

frequency was switched to 10MHz at 1V. This resulted in an abrupt drop in spectral shift owing to 

a strong repulsive force known as negative DEP. One more cycle of positive and negative DEP was 

repeated before the voltage was turned off at 700 seconds, and a steady baseline was observed for 

50 seconds.  

In a separate experiment, fluorescent images were recorded at regular time intervals of 10 

seconds using a Photometrics CoolSNAP HQ2 CCD camera and Mirco-Manager software in order 

to confirm whether or not the trapping and releasing of the PS beads occurred as a function of the 

AC bias. The fluorescent PS beads were trapped along the nanogap during the positive DEP 

operation and pushed away from the nanogap by the negative DEP force as shown in Figure 5.7d. 

The spectral shift behavior with varying voltage was clearly understood to be a result of DEP force 

acting on this device. The electrically active trench resonator successfully demonstrated positive 

DEP trapping of nanoscale particles (190nm PS beads) at a very low voltage of 0.4V. In 

experiments with biomolecules, low operating voltages are desired to avoid practical problems such 

as high voltage-induced thermal convection and damage. To my knowledge, DEP trapping of 

nanoscale particles at 0.4V is a record in terms of DEP-implemented SPR biosensing. Furthermore, 

the clear dependence of applied voltage on resonance shift allows us to study DEP force on 

nanoscale objects qualitatively and quantitatively. In addition, the strong DEP force arising from 

the high electric field at a 10nm gap enables a very fast response time compared to previously 

reported results.  
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5.5 Limits of detection: size and concentration  
 

 

 

Figure 5.8 Experiments for limits of detection. (a) Trapping of 30nm-sized PSB. Resonance shift 

as a function of time by increasing applied voltage (Vpp) from 0 to 1V and then repeating positive 

and negative DEP by altering the frequency from 1MHz to 10MHz. (b) Trapping of biomolecules 

of BSA with 10pM. BSA was injected into the PDMS channel using a syringe pump with a flow 

rate of 50µl/hr. After 1000 seconds, positive DEP appeared with 5V and 1kHz, and turned to 

negative DEP (10MHz) at 5000s. 

 

The limits of detection for DEP-enhanced plasmonic biosensing are demonstrated in terms of 

detectable size and concentration. First, the trapping of 30nm-sized PSBs was carried out with an 

applied voltage of 1V. Figure 5.8a shows resonance shift as a function of time by increasing applied 

voltage (Vpp) from 0 to 1V and then repeating positive and negative DEP by altering the frequency 

from 1MHz to 10MHz. For 30nm beads, the resonance shift did not increase until 0.8V, and the 

signal started to go up at 0.8V. At 1V, changing the frequency from 1MHz to 10MHz caused a 

negative DEP and dropped signal. One more cycle of positive and negative DEP was monitored by 

tracking resonance shift. Comparing the resonance shifts of 190nm and 30nm beads, the 190nm 

PSBs had a much stronger signal. According to equation 5.4, DEP force decreases with the volume 

of particles. Therefore, the decrease in detection signal can also be explained by the size effect. 

Nevertheless, the trench nanogap resonator successfully trapped 30nm PSBs under very low 

voltage like 0.8V. This can be attributed to the very high electric field generated across the nanogap.  

 Furthermore, a highly-diluted BSA (molecular weight: 65 kDa, Sigma-Aldrich) was 

employed to demonstrate the potential of DEP-enhanced plasmonic sensing for detecting protein 
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molecules at low concentrations. BSA was dissolved in a water medium of conductivity = 0.28 

mS/m until its concentration met 10pM. In the experiment on low concentration, PDMS 

microfluidic channels were integrated with trench nanogap resonators. BSA was injected into the 

PDMS channels using a syringe pump with a flow rate of 50µl/hr and the trapping of BSA near the 

nanogap was monitored by recording the resonance spectra every 2s. After 1000s, positive DEP 

appeared at 5V and a frequency of 1kHz and switched to negative DEP at 5V and a frequency of 

10MHz at 5000s. During the 500s after the positive DEP turn-on at 1000s, the signal did not shift, 

but started to increase at 1500s. It then got saturated over 2500s and lost signal intensity when 

negative DEP turned back on at 5000s. In this experiment, the signal delay for detection is observed 

due to low concentration. Also, the signal did not return to the baseline when negative DEP turned 

on. This may be because the BSA molecule is known as a sticky molecule and it could be difficult 

for a negative DEP force to push them away from sensing spots. Overall, the DEP-enhanced 

plasmonic sensor successfully demonstrated the trapping of protein molecules with a low 

concentration of 10pM within 1500s. The time of detection is defined as the time it takes to 

accomplish the concentration of the analyte molecule that generates a signal three times higher than 

the noise level of the sensor.133 The trapping of protein molecules with 10pM was performed within 

20min. Compared to the diffusion-transport limit, the DEP force accelerated the time of detection 

by 23 times.142  

 

5.6 Conclusion 

In this chapter, I demonstrated DEP-enhanced plasmonic biosensing using electrically-active 

trench nanogap resonators. The combination of a strong electric field intensity gradient created 

across a 10nm nanogap aperture and the high sensitivity of a trench resonator enables active DEP-

trapping of nanoscale particles and biomolecules to be monitored via a conventional SPR-

biosensing setup. Using this powerful platform, I investigated DEP force on nanoscale particles 

with a 190nm diameter qualitatively and quantitatively, demonstrating DEP-trapping at 0.4V. 

Furthermore, this device manifests active plasmonic nanotweezers by demonstrating the active 

trapping of 30nm particles under 1V. Also, a DEP-enhanced plasmonic sensor overcomes 

diffusion-based limitations by largely reducing the time of detection at low concentrations like 

10pM, and thus proving its potential as a powerful platform for biomolecular sensing.  
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Chapter 6  

Other research results: Template-stripped 

tunable plasmonic devices on stretchable and 

rollable substrates 

 
In this chapter, other recent research output will be presented. Template stripping is known as a 

versatile fabrication technology to manufacture high quality metallic nanostructures with high-

throughput manner. This novel technique has been successfully demonstrated on the planar 

substrates like a Si wafer or a glass. In this work, I extend the versatility of this technique into the 

non-conventional substrate like stretchable and curved ones. Template stripping is employed to 

integrate metallic nanostructures onto flexible, stretchable, and rollable substrates. Using this 

approach, high-quality patterned metals that are replicated from reusable silicon templates can be 

directly transferred to polydimethylsiloxane (PDMS) substrates. First we produce stretchable gold 

nanohole arrays and show that their optical transmission spectra can be modulated by mechanical 

stretching. Next we fabricate stretchable arrays of gold pyramids and demonstrate a modulation of 

the wavelength of light resonantly scattered from the tip of the pyramid by stretching the underlying 

PDMS film. The use of a flexible transfer layer also enables template stripping using a cylindrical 

roller as a substrate. As an example, we demonstrate roller template stripping of metallic nanoholes, 

nanodisks, wires, and pyramids onto the cylindrical surface of a glass rod lens. These non-planar 

metallic structures produced via template stripping with flexible and stretchable films can facilitate 

many applications in sensing, display, plasmonics, metasurfaces, and roll-to-roll fabrication. The 

work presented in this chapter is mainly derived from the following publication: 

 

Daehan Yoo, Timothy W. Johnson, Sudhir Cherukulappurath, David J. Norris, and Sang-Hyun 

Oh, “Template-Stripped Tunable Plasmonic Devices on Stretchable and Rollable Substrates”, 

ACS Nano, 2015, 9 (11), pp 10647–10654 
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6.1 Motivation of flexible optical and electrical devices 

Metallic nanostructures such as nanoholes,1 nanoparticles,41, 148, 149 and sharp tips150 are key 

elements for plasmonics,130 metamaterials,82, 151 and near-field optics.150 Advanced top-down 

fabrication methods can produce precision-patterned metallic nanostructures on solid substrates 

such as silicon wafers.25 Placing these metal nanostructures on stretchable substrates can add a new 

degree of freedom to plasmonic devices and metamaterials to mechanically tune their optical 

properties. These functional films can also wrap around non-planar surfaces for applications such 

as strain sensors,152, 153 touch panels,154 curved displays,155 and metasurfaces.156-158 To these ends, 

researchers have employed various methods such as transfer on polydimethylsiloxane (PDMS) 

films,159 stencil lithography,160 resist evaporation,161 transfer printing,162 and nanoskiving163 to 

demonstrate metal nanostructures on unconventional substrates.  

In this work, we demonstrate the potential of template stripping to produce stretchable 

metallic films. Template stripping has emerged as a versatile technique to produce smooth 

patterned metals with high throughput for plasmonics, metamaterials, and near-field optics.28, 164-

170 Instead of directly patterning the metal films, here an inverse pattern is created in a reusable 

silicon template, replicated by a deposited metal film, and the patterned metal is removed from the 

silicon template. The use of crystalline silicon wafers for templates opens up many processing 

options such as plasma etching and crystal-orientation-dependent wet etching and enables films to 

be produced with much smoother surfaces than as-deposited metals. Previous work on template 

stripping demonstrated pattern transfers using optical adhesive, polyethylene films,168 or as free-

standing metal foils after electroplating.28 Because this technique is based on transferring metals 

from a silicon wafer to a backing layer, it is possible to template-strip metals with stretchable films 

such as PDMS. Template stripping can produce planar films as well as 3D structures such as sharp 

metallic pyramids for imaging and spectroscopy applications.169 

We report detailed methods to transfer patterned metal films from a silicon wafer to PDMS and 

show examples of mechanically tunable plasmonic resonances using periodic gold nanohole arrays 

and pyramidal tips.  We also show that template stripping can be performed using a roller to transfer 

the patterned metals on cylindrical surfaces. 
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6.2 Stretchable plasmonic nanohole device 

Previous work on stretchable plasmonic devices focused on changing the distance between metal 

nanoparticles on a PDMS surface. Here we template-strip continuous patterned metal films using 

a PDMS backing layer and mechanically modulate their optical transmission spectra. After 

characterization of planar structures, we extend our method to gold pyramids.  

 

6.2.1 Fabrication of stretchable gold nanohole arrays 

Since the report of extraordinary optical transmission (EOT) in subwavelength hole arrays,1 

nanohole arrays patterned in metals have become one of the most extensively studied plasmonic 

structures for fundamental optical physics3, 44, 78, 171 as well as applications in spectroscopy,72, 93, 172 

biosensing,173-175 and color filters.176, 177 High-throughput patterning of periodic nanohole arrays 

has been accomplished by techniques such as optical interference lithography,178,179 colloidal 

lithography,180 and template stripping.28, 167 Here we perform template stripping of large-area gold 

nanohole arrays with a stretchable PDMS film. 

Our fabrication scheme is illustrated in Figure 6.1. First, a Si template is produced by 

creating a 2D array of deep circular holes (180 nm diameter and 500 nm periodicity) in a Si wafer 

using nanoimprint lithography (Nanonex, NX-B200) and reactive ion etching (STS-320). Then a 

200-nm-thick Au film is deposited on the Si template through a shadow mask with an open area of 

10 mm × 10 mm. During the metal evaporation process, nanoholes are naturally formed in the 

deposited Au film.  

 

 

Figure 6.1. Stretchable gold nanohole arrays on a PDMS film.  Schematic of the fabrication 

process. Figure is adapted from Yoo et al.181 

 

Gold or silver films deposited on the oxidized surface of the Si template can readily be stripped 

using optical adhesive or sticky tape, but not with PDMS due to poor adhesion. Therefore we used 
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a self-assembled monolayer of 3-Mercaptopropyltrimethoxysilane (MPT) as an adhesion layer 

between the metal film and PDMS. The use of a Ti or Cr adhesion layer is not desirable because it 

can increase unwanted plasmon damping in the nanohole arrays. MPT is vaporized and 

immobilized on the exposed Au surface of the nanohole array film and also on the Si surface that 

is not covered by the gold film. Then PDMS is spin-coated on the gold film over the Si template. 

The MPT layer formed on the gold surface acts as an adhesion promoter for PDMS while the MPT 

layer formed on the Si surface prevents PDMS from sticking there.182 After curing the PDMS at 60 

ºC for 12 h, the perforated Au film, which is now adhered to the PDMS substrate, is template-

stripped. A scanning electron micrograph (SEM) of a template-stripped periodic Au nanohole array 

(150 nm hole diameter) on the PDMS substrate is shown in Figure 6.2a. After template stripping, 

the top surface of the Au nanohole array is spin-coated again with PDMS for double-sided 

encapsulation during stretching experiments. This step also merges EOT peaks from both the top 

and bottom surfaces, simplifying the analysis of the EOT spectra. 

 

6.2.2 Characterization of stretchable gold nanohole arrays 

 

Figure 6.2 Stretchable gold nanohole arrays on a PDMS film.  (a) Scanning electron micrograph 

(SEM) of a gold nanohole array template-stripped using a PDMS backing layer. Scale bar: 1 m. 

Inset: Zoomed-in SEM of the nanohole array (150 nm hole diameter and 500 nm period). (b) 

Measured optical transmission spectra from a nanohole array stretched along the x axis and 

illuminated with x-polarized light. The unstretched nanohole array exhibits two main resonance 

peaks: the (1,1) Bragg resonance at 635 nm and the (1,0) resonance at 777 nm. After stretching in 

the x direction, the (1,0) resonance in the x-polarization red-shifts while its intensity decreases. (c) 

Transmission spectra for the nanohole array on PDMS stretched along the x axis with illumination 

with y-polarized light. In this case, the (0,1) peak shifts to shorter wavelengths and its intensity 

increases. Figure is adapted from Yoo et al.181 
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The fabricated Au nanohole array is stretched using a home-built tool. The optical transmission 

spectra of the nanohole arrays were measured with incident light that is polarized parallel (Figure 

6.2b) or orthogonal (Figure 6.2c) to the stretching direction (x-axis) with a gradually increasing 

strain level. Before stretching, the nanohole array exhibits two main EOT peaks with wavelengths 

of 635 nm (FWHM=56 nm) and 790 nm (FWHM=16 nm). These peaks are the (1,1) and (1,0) 

Bragg resonances, respectively, using the following equation to approximate the peak position:4  

𝜆𝑠𝑝𝑝 =
𝑎0

√𝑖2+𝑗2 √
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
                        (6.1) 

Here the integers (i, j) represent the Bragg resonance orders along the x- and y-axis, respectively, 

and εd and εm are the dielectric constants of the dielectric and metal, respectively.  

As the nanohole array is stretched along the x-axis, parallel to the polarization of the 

incident beam, the corresponding (1,0) resonance peak red-shifts due to the increasing periodicity 

of the hole array (Figure 6.2b). As the circular holes are elongated in the x-direction with stretching, 

the electric field induced by surface charges becomes weaker and reduces the transmitted light 

intensity.183 When the polarization of input beam is perpendicular (i.e. along the y-axis) to the 

stretching direction (x-axis), opposite trends are observed: here the (0,1) resonance peak [before 

stretching, the (1,0) and (0,1) resonances are degenerate and in the same position] blue-shifts while 

the intensity of the peak increases (Figure 6.2c).  The observed blue shift can be explained by the 

contraction of the film along the y-axis when it is stretched along the x-axis, a relationship that is 

determined by the Poisson’s ratios of the PDMS/Au composite film. The reduced array periodicity 

in the y-direction blue-shifts the peak wavelength. The peak intensity increases because of 

enhanced coupling of localized charges on the opposing edges of y-axial nanoholes.  

The maximum spectral shift of the (1,0) or (0,1) resonance peak after stretching the PDMS 

substrate by 10% was about 7 nm and its measured linewidth (FWHM) was 20 nm. On the other 

hand, the (1,1) resonance peak does not move, as the change in length along the (1,1) direction is 

relatively small compared to change in the (1,0) and (0,1) directions. Our results indicate that the 

geometrical deformation of a nanohole array can induce polarization anisotropy in EOT. The 

changes in measured transmission spectra of nanohole arrays with stretching were compared with 

3D finite-difference time-domain (FDTD) simulations (FullwaveTM, RSoft) as in Figure 6.3a and 

b. The measured spectral shift of 7 nm corresponds to only a 1% change in the length of the hole 

and periodicity while the entire substrate was stretched by 10%. The reason that the nanohole array 

only stretches by 1% is that cracks form in the surrounding substrate. Although the spectra were 
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measured from a large 200 μm × 200 μm area of the nanohole array containing no cracks or 

wrinkles, the surrounding area of the full 8 mm × 8 mm template-stripped sample had random 

cracking which accounts for the increased stretching of the total film.  

 

Figure 6.3 Finite difference time domain (FDTD) modeled transmission spectra from a nanohole 

array stretched along the x axis and illuminated with x-polarized light. (b) FDTD modeled 

transmission spectra for a nanohole array on PDMS stretched in the x axis with illumination with 

y-polarized light. To consider the deformation of shape in nanohole arrays we assumed that 

Poisson’s ratio of composite layer consisting of a 200 nm-thick Au layer and a 1 mm-thick PDMS 

layer is about 0.5 which is Poisson’s ratio of PDMS because PDMS is much thicker than the Au 

thin film. Thus, we expected the deformed shape of the nanhole arrays when stretched to follow 

the Poisson’s ratio of 0.5. Figure is adapted from Yoo et al.181 

 

6.3 Stretchable plasmonic gold pyramids 

Non-planar 3D structures can also be transferred onto PDMS. For example, below we use our 

approach to fabricate arrays of Au pyramids.  Because our pyramids were constructed from a gold 

layer that is intentionally thinner on one facet, SPPs can be launched with internal (i.e. backside) 

illumination, leading to nanofocusing of SPPs at the pyramid tip.184 The wavelength of the light 

scattered at the tip can then be modulated by regulating the angle of the pyramid facets with respect 

to the incident light via stretching.  

 

6.3.1 Fabrication of stretchable gold pyramids  

The fabrication process for asymmetric metallic pyramid arrays on a PDMS substrate is depicted 

in Figure 6.4. First, an array of circular patterns is made in a silicon nitride (Si3N4) film on a silicon 

wafer via photolithography (Karl Suss, MA-6) and dry etching (STS-320). Second, anisotropic Si 
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etching in a KOH solution165, 185, 186 creates inverted pyramidal pits in the exposed regions and the 

silicon nitride mask is removed (Figure 6.4a). Next, circular photoresist patterns that reveal 

individual openings of pyramids are made to isolate each pyramid (Figure 6.4b). Then a 135 nm-

thick Au film and a 10 nm Ti adhesion layer are deposited at an incidence angle of 10º from normal 

by directional electron-beam evaporation (CHA, SEC 600), resulting in asymmetric Au pyramids 

with different Au thicknesses (45 and 120 nm) on opposing facets. After metal lift-off, an array of 

isolated, inverted Au pyramids is obtained (Figure 6.4c). Following O2 plasma exposure to break 

bridging oxygen bonds on the Ti surface, PDMS (10:1 weight ratio mixture of base resin and curing 

agent) is spin-coated onto the Si template with the Au pyramidal pit array. After curing for 12 h at 

60 ºC, the PDMS layer is peeled off of the Si template (Figure 6.4d). SEMs of stretchable gold 

pyramids on PDMS are shown in Figures 6.4 e and f. The array of smooth and sharp Au pyramids 

can be fabricated over a large-area on PDMS as shown in Figure 6.4g.  

 

Figure 6.4 Fabrication of isolated gold pyramids template-stripped onto PDMS. (a) An array of 

pyramidal pits is formed by anisotropic etching in KOH through circular openings in a Si3N4 etch 

mask which is subsequently removed. (b) An array of 8 m diameter circles in photoresist is 

patterned on top of the etched inverted pyramid array. (c) 135 nm of Au followed by 10 nm of Ti 

are deposited at 10° from normal using a directional e-beam evaporator. After lift-off, an array of 

disconnected, inverted Au pyramids is generated. (d) After oxygen plasma exposure to break 

bridging oxygen bonds, PDMS is spin-coated over the Au pyramidal pit array and cured at 60 °C 

for 12 h. The PDMS layer is then peeled off of the Si wafer. (e) Top-view and (f) bird’s eye view 

SEMs of an Au pyramid array on a PDMS substrate. Scale bar: (e), (f) 20 m. (g) Photograph of 1 

inch x 1 inch flexible PDMS film fully covered with gold pyramids. Figure is adapted from Yoo et 

al.181 
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6.3.2 Characterization of stretchable gold pyramids  

Optical property of gold pyramids transferred to PDMS substrate is investigated with stretching 

PDMS substrate. The base width of an unstretched pyramid as seen in Figure 6.5a is 7 μm. When 

the PDMS substrate is stretched by 10% and 20%, the base width of the pyramid increases by about 

5% and 10%, respectively, because the region consisting of only PDMS is stretched more than the 

area covered with gold. Angled electron-beam evaporation of Au simultaneously creates a large 

array of pyramids with two different thicknesses on opposing sides (45 and 120 nm). Verification 

of this through cross-sectional imaging has been shown in a previous paper.45 A 120-nm-thick Au 

film is optically opaque and hence blocks the incident light from the backside of the pyramid, 

whereas a 45-nm-thick Au film is optimal in exciting SPPs using a Kretschmann-like configuration. 

As illustrated in Figure 6.5d, stretching the Au pyramid changes the angle between the pyramid 

face and the incident light, which in turn changes the SPP coupling condition. Scattered light 

spectra from the pyramidal tip and spectral shifts caused by stretching the pyramid are shown in 

Figure 6.5e. All spectra were measured with white light polarized parallel to the stretching 

direction. The resonance peak wavelength, initially located at 545 nm without an applied force, 

gradually increases up to 682 nm as the applied force increases. The decreased incident angle of 

light as the pyramid stretches with the applied force causes the wavelength shift.150 Assuming a 

conventional Kretschmann-like coupling mechanism,187 the incident light with Ɵin reflects at the 

interface between Au and PDMS, resulting in an evanescent field with in-plane momentum kx =

√ε sin θin  propagating along the Au and PDMS interface, which excites SPPs at the interface 

between the Au and air. Thus, a reduced incident angle increases the wavelength of SPPs excited 

on the Au surface. The color green was observed at the tip when the resonance wavelength was 

located at 545 nm (Figure 6.5f) and the color red at 682 nm was seen for 9% strain. The wavelength 

of light scattered at the tip linearly increases with the mechanical strain, as shown in Figure 6.5g, 

demonstrating the tunability of the resonance by stretching a pyramid on the PDMS substrate. The 

pyramidal tips show a large resonance shift due to the strain, so large that the percentage change in 

wavelength is even larger than the percentage change in stretching. This high sensitivity to 

stretching likely originates from the high angular sensitivity of Kretschmann-like coupling of 

SPPs187 on the pyramidal facets.   
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Figure 6.5 Tunable resonances of stretched metallic pyramids on PDMS. (a) The base width of the 

initial pyramid is 7 µm. (b) When the film is stretched to 10% of its initial length, the observed 

width increase of the pyramid’s base is about 5%. (c) When stretched to 20%, a 10% increase in 

the pyramid base width is observed. Scale bar: (a)-(c) 10 μm. (d) Cross-sectional schematic 

illustrating SPPs being generated on the thin Au face of the pyramid.  (e) The measured spectra of 

scattered light at the pyramidal tip. As the applied force increases, the peak position of the spectra 

red-shifts from 545 to 682 nm. (f) CCD image of an asymmetric pyramidal tip that is internally 

illuminated with a white light source. The approximate position of the pyramidal tip is represented 

by dotted white lines. Green light (545 nm) is observed from the tip for no strain. (g) Spectral tuning 

of the light scattering at the tip by changing the incident angle via applied strain. Figure is adapted 

from Yoo et al.181 

 

6.4 Roller template stripping  

Metal structures on PDMS films can be placed conformally on non-planar surfaces for various 

applications in optics, electronics, plasmonics, as well as metasurfaces. With template stripping, 

this transfer process can be made ever simpler and more controllable, because a cylindrical roller 

can be used to strip and transfer the patterned metal film onto a curved surface in a one-step rolling 

process, as illustrated in Figure 6.6. During the peel-off process, a sticky transferring layer is 

attached to the supporting substrate, which in this case is the curved surface of glass rod lens. Here, 

a Kapton® tape, a special type of polyimide, is used as the sticky transferring layer. By performing 

template stripping using a cylindrical roller, it is possible to control the bending angle of the flexible 

substrate (via the roller diameter) and the speed of template stripping (rolling speed) precisely. This 

technique can integrate both continuous and discontinuous patterned metal structures with curved 
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surfaces in a facile and controlled manner. For 3D metallic patterns such as pyramidal structures, a 

supporting layer like PDMS is needed to fill the void inside the pyramid. The sticky transferring 

layer starts integrating the metallic pyramids onto the curved surface as it is rolled up. On the other 

hand, 2D metallic patterns like nanohole array can be directly transferred onto the roller using only 

a sticky transfer layer (Kapton® tape) and no supporting layer (PDMS). Our process, shown in 

Figures 6.6a-b, can be used to transfer various metallic structures onto rollable substrates. In Figure 

6.6c, arrays of 7 μm sized pyramids are transferred onto the curved surface of a 2 mm diameter 

glass rod using both a support and transfer layer. Furthermore, Figure 6.6d shows the nanohole 

patterns transferred onto a 10 mm diameter glass rod. The nanohole array with 500 nm periodicity 

and 200 nm hole size was separated into 500 μm by 500 μm square patterns prior to template 

stripping by photolithography and wet etching. To reduce stress in the metal film and prevent 

cracking, the size of each nanohole array is limited to a few hundred microns. 

For roller template stripping of sub-micron-size patterns from a Si substrate, optical 

adhesive (NOA63, Norland Inc.) was used as a transfer layer instead of Kapton® tape to enhance 

adhesion for small metal structures (Figures 6.6e-f). A thin layer of partially cured NOA63 is 

flexible and can be wrapped around the glass rod lens. Using this approach, an array of gold disks 

(200 nm diameter) was successfully integrated on the glass surface of 1 mm radius using the optical 

epoxy supporting layer (Figure 6.6e). Metal wires (5 µm width) can also be transferred at various 

angles to the cylindrical axis of the rod lens (Figure 6.6f). In this case both the optical epoxy 

supporting and Kapton® tape transferring layers were used. In this technique, both bending angle 

and strip speed can be used as process parameters. Moreover, the type of supporting layer could be 

selected according to the structure to be transferred. Such controllability can facilitate successful 

integration of smooth patterned metallic structures onto curved surfaces. For example, plasmonic 

nanostructures could readily be integrated onto the curved surface of an optical fiber or microsphere 

resonator for sensing applications. Since metallic apertures, nanoparticles, tips, and wire grids are 

basic building blocks for metasurfaces,157, 158 our roller template stripping technique can provide a 

practical route for manufacturing large-area non-planar metasurfaces. For applications requiring 

large-area patterning beyond the standard wafer scale, such as transparent electrodes,187 and flexible 

touch panels,154 roller template stripping may be combined with roll-to-roll processing schemes to 

mass-produce continuous patterned metal foils or polymer films embedded with high-quality 

patterned metals. 
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Figure 6.6 (a) Illustration of a roller template stripping process. Patterned metals on a silicon 

template are covered with a PDMS transfer layer (white) followed by a sticky double-sided Kapton 

tape (red). A glass rod lens is used as a rollable substrate to peel off patterned metals from the Si 

substrate and wrap them around its cylindrical surface. (b) Gold nanohole array films can be 

transferred using only a Kapton tape layer. (c) An array of 7 µm sized pyramids was rolled onto 

the curved surface of a glass rod (2 mm in diameter). Scale bar: 20 µm. (d) Nanohole patterns 

transferred onto a glass rod with a 10 mm diameter. The nanohole array with a 500 nm period and 

a 200 nm hole size was separated into 200 µm by 200 µm square patterns via standard 

photolithography before transferring to the glass rod. Scale bar: 1 µm. (e) An array of Au disks 

(200 nm diameter) was integrated onto the surface of a 1 mm radius glass rod using an optical 

epoxy transfer layer. Scale bar: 1 µm. (f) An array of parallel Au wires (5 µm width) was transferred 

onto a glass rod (2 mm diameter) with optical epoxy and a Kapton tape transfer layer. Scale bar: 

30 µm. Figure is adapted from Yoo et al.181 
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6.5 Conclusion 

We have demonstrated a novel method of integrating plasmonic nanostructures such as Au 

nanohole arrays and pyramids with PDMS using template stripping allowing for mechanical tuning 

of the plasmonic properties of these nanostructures consisting of continuous metal films. Using our 

technique, it is possible to modulate the EOT spectra through nanohole arrays and the wavelength 

of light resonantly scattered at the tip of a gold pyramid. We took this approach one step further by 

demonstrating roller template stripping of metallic nanostructure onto cylindrical surface of a glass 

rod lens. This method can be combined with other cylindrical surfaces such as optical fibers, 

spherical surfaces such as microsphere resonators, or other structured surfaces to enable integration 

of plasmonic properties with light delivery mechanisms, and fabrication of optrodes, hyperlenses, 

non-planar metamaterials,188, 189 and cylindrical displays155. Finally, nano-patterning on a 

cylindrical roller can be used for subsequent roll-to-roll nanoimprinting.190, 191 
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Chapter 7 

Conclusion and Future Directions 

 

This chapter outlines engineering metallic nanogap aperture structure for enhancing optical 

transmission and resulting plasmonic device’s application described in the previous chapters and 

presents future research directions of on-going projects along with primary data. 

 

7.1 Dissertation overview and conclusions 

This dissertation presented how metallic nanogap aperture can be engineered for enhancing optical 

transmission. Based on atomic layer lithography, turned into novel and efficient technique to 

fabricate sub-10-nm metallic nanogap aperture, we have improved current technique to achieve 

various metallic nanogap apertures which could never be realized via existing techniques. Resulting 

metallic nanogap apertures were investigated theoretically to figure out how they can enhance 

optical transmission through themselves. Afterward, novel application was proposed in this thesis.   

First, extraordinary optical transmission via the coaxial nanogap aperture was explored. In 

this structure, enhanced mid-IR transmission was attributed to TE11-plasmonic guided mode at a 

cutoff frequency. Furthermore, extremely strong field confinement into a single digit nanometer 

gap aperture could be taken into account by model epsilon-near-zero (ENZ) at a cutoff frequency. 

Coaxial nanogap aperture, a novel but challenging structure to fabricate, was successfully achieved 

using a combination of atomic layer lithography with glancing-angle ion polishing. ENZ properties 

such as supercoupling, independence of waveguide length, and uniform field distribution owing to 

infinite phase velocity were demonstrated experimentally and numerically.   

Second, a single nanogap aperture was engineered by adding metallic sidewalls as 

reflecting mirrors to improve the resonance sharpness. T-shaped trench resonator gave rise to Fano-

shaped resonance with high Q factor by suppressing optical leakage source using very narrow 

nanogap aperture. Interestingly, resulting Fano-resonance peaks were no longer governed by phase-

matching condition unlike previous studies on T-shaped trench resonator. Such deviation could be 

interpreted by steep phase change near Fano-resonance. Moreover, we could demonstrate plasmon-

induced transparency (PIT) by breaking symmetry of nanogap position, thereby allowing for the 

tunability of Fano-resonance in visible regime.  
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Third, trench nanogap resonator, separated into two wings isolated electrically, could acts 

as a two-terminal device, which enables for a novel application like electrically-active plasmonic 

nanotweezer via dielectrophoretic force. In this structure, single nanogap aperture fabricated by 

atomic layer lithography was activated optically as well as electrically. In addition, the highly 

sensitive “hot spot” corresponds with where the strong electric field is generated. This structural 

merit benefits DEP-enhanced plasmonic biosensing. Therefore, trap and de-trap of nanometer-sized 

PS beads could be detected and monitored throughout refractive index sensing under very low 

voltage (<1V). Ultimately, DEP-enhanced plasmonic sensing was demonstrated to overcome the 

diffusion transport limit. It excellently performed sensing of biomolecule with 10 pM with 100 

times faster than diffusion-based transportation. 

Lastly, various plasmonic metallic nanostructures such as nanohole array and pyramid 

were engineered by transferring conventional Si substrate into stretchable substrate using template-

stripping. It allowed for plasmonic resonance to be manipulated via mechanical stretching of 

substrate. Furthermore, roller-based template-stripping enabled metallic nanostructure to be 

integrated onto 3D substrate like cylindrical lens. This novel approach opened up a door to 

manufacture 3D plasmonic or metamaterial devices beyond simple 2D structures. 

 Throughout this dissertation, novel nanogap metallic apertures were carefully designed and 

fabricated using atomic layer lithography. Such technical progress enabled us to explore physical 

phenomena of interest and to improve (or engineer or optimize) their optical properties.  
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7.2 Future directions 

Metallic nanogap apertures presented in this dissertation can be harnessed for applications to 

require strong interaction of light with matter, because it is capable for confining light into 

nanometric volume, leading to extremely strong field enhancement inside the nanogap. Therefore, 

the integration of active materials with our metallic nanogap aperture would benefit many 

applications for light-matter interaction.    

 

7.2.1 Nanogap-enhanced infrared absorption 

 The use of metallic structure capable of supporting SPPs or localized resonances for sensing in the 

mid-IR18, 22, 103 has clearly shown promise. However, unlike SPR-based surface sensing in visible 

frequency, which have been widely adopted as standard laboratory techniques or even commercial 

systems, mid-IR plasmonic-based sensing has not been broadly adopted outside the research lab in 

spite of frequency of interest where most molecular absorptions take place. This may be due to the 

large mode volume and weak confinement of light at mid-IR frequency, which limits the interaction 

of light with molecules of interest. For this reason, there has been significant interest in developing 

plasmonic structures capable of confining mid-IR light to ultra-small mode volumes. 24, 28, 102 In this 

thesis, we successfully fabricated coaxial aperture array with micrometer-scale perimeter and 

nanometer-scale gap.71 Successful integration of micrometer-scale patterns with nanometer-scale 

gap allows for nanoscale confinement of light with long wavelength, thus leading to greatly 

enhanced transmission from near infrared to mid infrared by controlling a diameter of coaxial 

nanogap aperture and a width of nanogap. The ability to confine mid-IR light to nanoscale volumes 

has the potential to enhance the interaction between incident light and molecules. Therefore, gap-

enhanced infrared absorption will be explored in the future research.  

Figure 7.1a shows IR absorption spectroscopy of thin PMMA layer enhanced via coaxial 

nanogap aperture. Here, coaxial nanogap aperture arrays with 250 nm in diameter and 10 nm in 

gap size were spin-coated with 100 nm thick PMMA layer (2% diluted PMMA). Symmetric and 

asymmetric vibrations of C-H bond around 3000 wavenumber (1/cm) was amplified by strong 

electric field inside the coaxial nanogap, thus leading to huge absorption dips as shown in Figure 

7.1a. This primary data manifests coaxial nanogap aperture as a great platform for surface-enhanced 

IR absorption (SEIRA). Furthermore, a new technique introduced in this dissertation, combination 

of atomic layer lithography and glancing-angle ion polishing, allows for more complicated coaxial 

nanogap aperture such as multiple concentric nanogap rings in Figure 7.1b. In multiple concentric 
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nanogap rings, each ring has specific resonance frequency. Therefore, broadband enhanced 

transmission would be achieved through multiple concentric nanogap rings structure. It would be 

very useful for detection of multiple absorption bands at the same time. However, coaxial nanogap 

array with high pattern density may affect the field enhancement because all nanogap apertures 

should share the finite intensity of incoming light. Thus, we need to design this device carefully 

using numerical modeling. 

 

 

Figure 7.1 Gap-enhanced IR absorption spectroscopy. (a) IR absorption spectroscopy of thin 

PMMA layer enhanced via coaxial nanogap aperture. (b) Multiple concentric coaxial nanogap 

apertures for broadband IR absorption spectroscopy.   
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7.2.2 VO2-incorporated coaxial nanogap apertures 

Vanadium oxide (VO2) is an inorganic compound exhibiting phase transition from insulator to 

metal at transition temperature (Tc) = 74 C.192 At temperature below Tc, VO2 is a monoclinic 

crystal structure with distorted shorter distances between pairs of V atoms indicating metal-metal 

bonding. So, it exhibits insulator-like optical property in infrared frequency. At temperature above 

Tc, however, VO2 is transformed to rutile crystal structure with undistorted long distance of V atoms 

by breaking metal-metal bonding, causing an increase in electrical conductivity like metal.193 Such 

interesting optical and electrical property has attracted much attention from photonics and 

electronics communities with many applications such as phase change memories194 for information 

storage, and optical switches.195, 196 For the modulation applications, the transition should occur 

within a short range of temperature. However, the insulator-to-metal transition occurs gradually as 

temperature increases from 25 C to 74 C. To overcome a slow transition rate, various plasmonic 

structures have been combined with VO2. 

In metallic coaxial nanogap aperture, the gap is very sensitive to the variation in refractive 

index of material inside the gap due to strong field enhancement. Therefore, the incorporation of 

VO2 into our metallic coaxial nanogap structure as a dielectric medium would be very useful for 

detecting the structural transition of VO2, thus enabling to reduce the effective transition 

temperature for optical modulation. We employed ALD technique to incorporate VO2 thin film into 

coaxial nanogap structure because our atomic layer lithography turns ALD thin-film into vertically-

oriented nanogap. That is, VO2 grown by ALD technique is compatible with our approach to 

fabricate metallic nanogap structure. Figure 7.2 shows the reflection spectra measured from VO2-

incorporated coaxial nanogap aperture array using FTIR with increasing temperature from below 

Tc to above Tc. Here two different VO2 gap sizes like 13 nm and 17 nm were implemented in coaxial 

nanogap array shown in Figure 7.2 c-d. At room temperature, VO2-incorperated coaxial nanogap 

arrays have cutoff resonances according to diameters of coaxial aperture because VO2 acts as 

dielectric at room temperature. Bulk or micrometer-thick VO2 layers above Tc have been known to 

be transformed into metallic status without any transparency in infrared. Therefore, we expected 

no reflection dips were observed in this experiment after heating above Tc. When heating the 

devices above Tc, however, reflection dips did not disappear. Instead, it decreases along with 

redshift. Thicker VO2 coaxial nanogap arrays experience more reduction in reflection dip with 

further redshift. To my knowledge, optical property of such very thin VO2 film has not been 

investigated many times. So, we need more experimental sets to figure out the results. But we think 



 

 91 

that this result is logically valid because even metal below 20 nm thickness is not opaque in infrared 

due to thinner thickness than skin depth of light. Thus, we are on the way to fabricating 30-nm-

thick VO2 coaxial nanogap array and to measuring the transmission by increasing temperature. 

 

   

Figure 7.2 VO2-incorporated coaxial nanogap apertures. (a) and (b) Reflection spectra measured 

using FTIR by increasing temperature from coaxial nanogap apertures with VO2 of 13 nm and 17 

nm, respectively. (c), (d), (e) SEM images corresponding to VO2-filled coaxial nanogap array with 

a diameter 460 nm, 550 nm, 640 nm, respectively. 
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Appendix A 

Fabrication Methods and Recipes 

 

This appendix outlines detailed fabrication processing steps, procedures, and recipes. 

 

A.1 Coaxial Nanogap Aperture 

 

Wafer cleaning 

1. Clean the sapphire wafer in Piranha solution (H2SO4 : H2O2 = 1:1) @ 120°C for more 

than 10 mins.  

2. Soak the wafer in DI water for 5 mins. 

3. Dry the wafer in the dryer (rinse for 350 sec and dry 300 sec). 

4. Dry on hotplate at 150°C for 5 mins.  

E-beam lithography 

5. Polymethyl methacrylate resist (MicroChem, 950 PMMA C4) was spin-coated on a 

sapphire wafer (University Wafer). 

6. Bake PMMA-coated wafer on hotplate at 180°C for 15 mins. 

7. Sputter 20-nm-thick aluminum (Al) layer (AJA, ATC 2200) to avoid charging during e-

beam lithography.  

8. E-beam lithography (VISTEC, EBPG5000+) is then performed at 100 keV beam energy 

and 1000 µC/cm2 exposure dose to pattern a nanohole array. 

9. After removal of Al in a CD-26 solution for 1-2 mins, the exposed resist is developed by 

a solution of MIBK: IPA (1:3) for 90sec, followed by IPA rinse for 60 sec.  

1st metal patterning and ALD coating 

10. 3 nm Ti and 200 nm Au films are then directionally deposited on the patterned substrate 

using electron beam evaporator (CHA, SEC 600).  

11. After the lift-off process using acetone or 1165 overnight, oxygen plasma (STS, 320PC) 

is performed at 100W for 30s to remove resist residue.  

12. Al2O3 is deposited on the Au nanopillar array using ALD (Cambridge Nano Tech Inc., 

Savannah) at a typical deposition rate of 1 Å per cycle at 250C. 
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Glancing-angle ion polishing 

13.  5-nm-thick Ti and 400-nm-thick Au film are evaporated using an electron beam 

evaporator (CHA, SEC 600) with a planetary fixture.  

14. Finally, an anisotropic ion milling (Intlvac, Nanoquest) is carried out by Ar beam of 130 

mA and 36 V with tilt of 10 from the horizontal plane for 90 mins. 

 

A.2 Trench Nanogap Resonator-Electrode 

 

Wafer cleaning 

1. Clean the glass wafer in Piranha solution (H2SO4 : H2O2 = 1:1) at 120°C for more than 10 

mins.  

2. Soak the wafer in DI water for 5 mins. 

3. Dry the wafer in the dryer (rinse for 350 sec and dry 300 sec). 

4. Dry on hotplate @ 150°C for 5 mins.  

 

1st Layer Photolithography  

5. Do HMDS treatment for 3 min in the HMDS chamber to promote the adhesion between 

photoresist and glass substrate. 

6. Spincoat NR71-1500P (negative photoresist) with 3000 rpm for 40 sec and softbake it on 

hotplate at 150°C for 2 mins. Bake time depends on types of substrates such as Si and 

glass. 

7. Do photolithography with exposure time 25 s, and hard contact using MA-6. 

8. Post-Exposure Bake (PEB) at 100°C for 1.5 mins. 

9. Do developing using RD 6 for 25 s and then rinse 2 mins. (Long rinse time can cause PR 

to be detached on the substrate and come up.) 

10. Dry with N2 gun. Be careful to dry.   

11. Remove remained PR using O2CLEAN for 30 s using STS etcher. 

 

Making nanogap patterns 

12. Deposit 5 nm Cr and 150 nm Au using Temescal.  
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13. Do liftoff using 1165 overnight and then add sonication for 3 mins if metals are still 

attached to PR.  

14. Rinse with acetone and sonication and then rinse with DI water. Dry with N2 gun. 

15. Deposit 10 nm-thick Al2O3 at 250°C. Put a piece of Si wafer to monitor the deposited 

Al2O3 thickness. High temperature ALD will give the strong adhesion between 1st Au and 

the deposited Al2O3. 

16. Deposit 140 nm Au using Temescal without Cr adhesion layer. When loading a wafer 

place the flat zone of wafer to the center of hemisphere holder. In this case, the quality of 

left-sided nanogap will be better than right-sided one. 

17. Peel off the 2nd Au thin film using 3M scotch tape. After removing 2nd metal layer, 

nanogap patterns will be created on the glass wafer. 

  

2nd Layer Photolithography + Ion milling 

18. Do HMDS treatment for 3 mins. 

19. Spincoat NR71-3000P with 5000 rpm for 40 s and softbake it at 150°C for 2 mins. 

20. Do photolithography with exposure time 30 s, and hard contact using MA-6. 

21. Post-Exposure Bake (PEB) at 100°C for 1.5 mins. 

22. Do developing using RD 6 for 50 s and then rinse 1.5 mins. (Long rinse time can cause 

PR to be detached on the substrate and come up.) 

23. Dry with N2 gun. Be careful to dry.   

24. After developing, you can see the remained PR on the metal surface. Do not add more 

developing or rinse. Remove remained PR using O2CLEAN for 1-2 mins using STS 

etcher. 

25. Do ion milling with fast recipe (75° angle). Milling time depends on the thickness of 

Al2O3 to be etched. 11 mins is enough to etch 10 nm-thick Al2O3 + 150 nm-thick Au. Do 

ion milling without holder metal ring to etch out entire metal deposited on glass wafer. 

26. Remove PR using RR41 overnight and then do sonication for 2 min with 50% power. 

27. Do O2CLEAN for 1 min using STS etcher. 

3rd Layer Photolithography 

28. Do HMDS treatment for 3 mins. 

29. Spincoat NR71-3000P with 5000 rpm for 40 s and softbake it at 150°C for 2 mins. 

30. Do photolithography with exposure time 25 s, and hard contact using MA-6. 
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31. Post-Exposure Bake (PEB) at 100°C for 1.5 mins. 

32. Do developing using RD 6 for 50 s and then rinse 1.5 mins. (Long rinse time can cause 

PR to be detached on the substrate and come up.) 

33. Dry with N2 gun. Be careful when you are drying a sample with N2 gun. If wind is strong, 

very narrow PR patterns can be collapsed. 

34. Do O2CLEAN for 1 min using STS etcher. 

3rd metal deposition + Glancing-angle-ion polishing + Dicing 

35. Deposit 5 nm Cr and 1 um Ag using Temescal. When loading wafer, place the flat zone 

of wafer to the center of hemisphere holder. In this case, the quality of left-sided nanogap 

will be better than right-sided one. 

36. Do ion-milling with fast recipe (10°) for 20 mins, which will facilitate the following lift-

off process by removing the metal deposited on the sidewall of PR. 

37. Spincoat S1818 with 1500 rpm for 30 seconds and cure on hotplate at 50°C for 5 mins. 

38. Do dicing using sawing machine. 

39. Do lift-off process with RR41 overnight. 

40. Do sonication with mild power.  

 

A.3 Template-stripped Nanohole Array Fabrication 

 

Wafer cleaning 

1. Clean the Si wafer in Piranha solution (H2SO4 : H2O2 = 1:1) at 120°C for more than 10 

mins.  

2. Soak the wafer in DI water for 4 mins while changing the water at least once. 

3. Dry the wafer in the dryer (bay 3) – rinse for 350 s and dry 300 s.  

4. Dry on hotplate at 150°C for 5 mins.  

 

SiO2 mask layer deposition 

5. We usually use LPCVD-SiO2-grown Si wafer. We can grow SiO2 thin film on bare Si 

wafer using APCVD in Keller clean room. But this furnace-type CVD is very expensive 

for use and gives us non-uniform film thickness. Therefore, if you have a plan to make 

nanohole samples frequently, I recommend purchasing SiO2-grown Si wafer from 
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University wafer. If not, PECVD-SiO2-deposited Si wafer is also available for a hard 

mask.  

6. Deposit SiO2 thin film using PECVD in Keller clean room with recipe SIO2100 (which 

means SiO2 100°C process). Deposition time can be determined by thickness needed. We 

usually use two thicknesses like 100 nm or 200 nm SiO2 as a hard mask. 

Nanoimprint lithography 

7. Clean the syringe using acetone and IPA first. Then add a filter (200 nm size) at the tip of 

syringe. Then, pour 1 ml of NXR 1025 (thermal resist) into the syringe.  

8. Cleave a whole Si wafer by 3 x 3 and remove particles which may occur on Si surface 

with N2 gun. If some particles get trapped on the top surface, it might create bad 

patterning problem.  

9. Spin-coat thermal resist on Si wafer to attain a thickness ~300 nm by 3500 rpm for 30 

sec. Then, bake the wafer on hot plate at 200 °C for 120 sec. 

10. We have various types of nanoimprint stamp which can be purchased at Lightsmyth 

(www.lightsmyth.com). We have to coat the anti-adhesion SAM layer at once before you 

use a new stamp. First, place the Si nanoimprint stamp inside the vacuum chamber and 

drop a little amount of anti-adhesion coating solution on glass dish, which will be put 

together inside the vacuum chamber. Then keep pumping down for 3 hours. When you 

pick up the Si stamp and handle it, please be careful to prevent the Si stamp from be 

damaged from tweezer. It is recommended to use a plastic tweezer rather than metallic 

one. 

11. Do nanoimprint with a Si stamp on the thermal resist-coated Si wafer. Pressure 300 psi, 

temperature 130 °C, time 2 mins. 

12. After nanoimprinting, detach the stamp from Si wafer using a razor blade.  

 

Dry etching processes 

13. Do O2NIL50W (O2 Cleaning recipe) in STS etcher (load the recipe and at the etch step 

be careful to abort after the required time) for 30 s. This step is required to remove any 

residual resist on the imprinted area. 

14. Do PJSOXIDE (SiO2 etching recipe). Etching time depends on the SiO2 mask thickness. 

To make smaller size nanohole less than 140 nm, thicker (200 nm) SiO2 is needed while 

thinner (100 nm) one is enough for larger nanohole with 180 nm in diameter.  

http://www.lightsmyth.com/
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For 100 nm-thick SiO2, etching time is around 4 min 30 sec. 

For 200 nm-thick SiO2, etching time is around 8 min 30 sec. Those are the case for 

LPCVD-grown SiO2 hard mask. LPCVD-grown SiO2 thin film is much dense compared 

to PECVD, resulting in slow etching rate. Thus, you have to do etching rate test 

whenever you change a type of thin film or thickness. 

15. Do O2 CLEAN (O2 Cleaning recipe) for 3 mins to remove thermal resist. However, this 

step can be skipped.  

16. Remove the thermal resist using A.M.I cleaning. Then, clean the sample with piranha 

until the thermal resist disappears totally. 

17. Do Si etching with CNF-14-V at the deep trench etcher. When you decide the etching 

time, you have to consider two factors like the depth of Si nanohole and etching rate of 

SiO2 for CNF-14-V recipe. SiO2 hard mask can be etched by CNF-14-V recipe even 

though it is Si etching recipe. So we have to stop Si etching process before SiO2 hard 

mask is gone, while we need 500 nm depth of Si nanohole for template-stripping. Si 

etching time of 3-5 min would be good. 

18. Remove the remained SiO2 hard mask using BOE etchant. 

 

Metal deposition process 

19. To do template-stripping, we have to grow fresh native oxide on the surface of Si nanohole 

chip, which will result in poor adhesion between Si nanohole chip and Au or Ag metal 

layer. Do BOE to remove old native oxide on the Si surface, followed by piranha cleaning 

(15-30 min) to grow fresh native oxide on the Si surface. Rinse with DI water fully and dry 

with N2 gun. 

20. Deposit Au or Ag metal as thick as 100 nm (for larger sized-noahole) or 200 nm (for 

smaller sized-nanohole) using Temescal with deposition rate of 1A/sec. 

Template-stripping method 

21. Before do template-stripping, prepare for a supporting substrate to peel off the metal using 

optical epoxy. Usually a glass slide is useful for template-stripping. So, do cleaning glass 

slide with piranha solution. 

22. Drop two droplets of 5µl onto the glass slide at which metal-deposited Si mode will be 

placed. 

23. Put the metal-deposited Si mode upside down on the glass substrate.  
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24. Optical epoxy will start to spread out along with a gap between a glass slide and a Si mold. 

To get uniform spreading of epoxy, you may tilt the sample overnight, thereby making 

epoxy is going down due to gravity. 

25. Cure the sample using UV lamp for 4 hours, then do thermal curing on hotplate at 60-70°C 

overnight. 

26. Insert a razor blade into the gap between a glass slide and a Si mold, which will generate a 

crack propagating inside the gap. You can get rid of Si mode from a glass slide by leaving 

metallic nanostructure onto the glass slide. 
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Appendix B 

Common Acronyms  

 

Table B.1 A listing of the common acronyms used throughout the dissertation text. 

Acronym Definition 

AFM Atomic Force Microscopy 

ALD Atomic Layer Deposition 

BOE Buffered Oxide Etchant 

DEP Dielectrophoresis 

EOT Extraordinary Optical Transmission 

ENZ Epsilon Near Zero 

FDTD Finite Difference Time Domain 

FEM Finite Element Method 

FSS Frequency Selective Surface 

FP Fabry-Pérot 

IR Infrared 

MIM Metal Insulator Metal 

PDMS Polydimethylsiloxane 

PIT Plasmon induced Transparency 

PMMA Polymethyl Methacrylate 

RIE Reactive Ion Etching 

SAM Self Assembled Monolayer 

SEIRA Surface Enhanced Infared Absorption 

SERS Surface Enhanced Raman Scattering 

SPP Surface Plasmon Polariton 

SPR Surface Plasmon Resonance 

 


