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Abstract

Plasmonic devices are extremely useful across a wide variety of fields and have been used

for ultra-high-resoulution imaging, drug detection, metamaterials, and single-molecule

studies among other things. One major hurdle to achieving useful plasmonic struc-

tures is that deeply subwavelength patterns need to be generated, both for coupling

the light to the device and to fabricate the device itself. Many plasmonic devices such

as optical antennas used for nanofocusing are nonplanar, which vastly increases the

difficulty of fabricating subwavelength structures on them. Standard lithographic pro-

cesses such as photolithography and electron beam lithography are of limited use on

three-dimensional substrates, which necessitates the development of novel fabrication

techniques. Shadow mask lithography and conformal coating of metallic sidewalls via

atomic layer deposition are two techniques that will be used to achieve subwavelength

patterning of three-dimensional structures. Additionally, plasmonic materials have typ-

ically been dominated by gold and to a lesser extent silver because they exhibit good

dielectric properties at optical frequencies and are reasonably robust to ambient condi-

tions. However, these materials do come with their own fabrication limitations that other

plasmonically active materials such as titanium nitride and copper do not necessarily

have. In particular, atomic layer deposition recipes now exist for titanium nitride that

allow sub-10 nm, continuous, and conformal metallic films to be created which opens

up the door to novel ultrathin plasmonic structures. In this dissertation, plasmonic

structures that were generated using nonstandard nanofabrication techniques and/or

metallic materials will be explored, demonstrating the advantages that come with using

such techniques and materials.
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Chapter 1

Introduction/Motivation

Light is an electromagnetic wave that interacts with material media in easily-measurable

ways, making it extremely useful for experimentally probing various properties of matter.

Indeed, clever experimental design can encode changes in nearly any material property

to a light signal by modulating physical properties such as phase, frequency, intensity, or

polarization; all of which are simple to measure in an experimental setting. In addition,

many optical measurements are non-destructive for all but the most photosensitive of

samples. As light famously travels at the cosmic speed limit c, it also is capable of

offering the fastest physically possible measurements. In the end, optical measurements

offer an enormously powerful suite of nondestructive measurement capabilities that have

only a few fundamental limitations.

1.1 Plasmonics

While light is immensely useful for measuring nearly any material phenomenon, there is

a fundamental limitation on the spatial resolution of conventional optics that is known

as the diffraction limit. It is not possible to focus light down to a size smaller than half

of its wavelength with a conventional optical system. In the visible wavelength regime,

the diffraction limit restrains a measurement’s resolution to approximately 200-300nm,

forbidding truly nanometer-scale measurements from being made. Plasmonic devices

are one path that have allowed researchers to overcome the diffraction limit by coupling

light to nanometric metallic structures. The free electrons in metallic structures can

couple with the oscillating electric field of light at the film surface, generating what

is known as a plasmon. Because the electric field of a plasmon is so tightly bound to

the surface of the metal, its size is no longer limited by diffraction, but rather by the

1



CHAPTER 1. INTRODUCTION/MOTIVATION 2

size of the metallic structure, transforming the problem of diffracting into the realm

of engineering and nanofabrication.1 Aside from their ability to focus light beyond the

diffraction limit, plasmonic devices have also been immensely useful for locally boosting

electromagnetic fields for enhanced light-matter interaction studies,2–5 refractive index-

based biosensing,6–10 and single-molecule trapping,11–13 among other things. Plasmonic

structures are also one of the main components of optical metamaterials as they require

a precise, engineered method of controlling electromagnetic fields that simply is not

possible with dielectric structures. Plasmonics has also found some applications in

industry, including the core component of heat-assisted magnetic recording (HAMR)

hard drives for increased storage capacity, Biacore biosensing apparatuses for measuring

binding kinetics and doing drug discovery, and even in common household items such

as pregnancy tests, where plasmonic nanoparticles are used to detect chemical markers

associated with pregnancy.

The field of plasmonics began to truly take off after the discovery of Ebbesen in 1998

that a periodic array of nanoholes on a metallic film will transmit far more light than was

expected from a perfect electrical conductor according to Bethe diffraction theory.14,15.

Some other examples of plasmonic structures that have been used more recently for

focusing and field enhancement are metallic wedge waveguides,16,17 metal nanoparti-

cle chains,18 dielectric nanogaps between metallic media,19–22 metal nanorods,23 and

nanogrooves in metallic substrates.24–27. The field of engineering metallic structures to

manipulate light on increasingly fine scales is still an area of active research, and there

is still much room to improve both the geometries and the materials that are used in

plasmonics to optimize measurements beyond what is currently possible.

1.2 Dissertation Summary

This dissertation will begin by going over some of the basic electromagnetic theory that

is necessary to understand the principal of operation behind plasmonic devices, starting

from Maxwell’s Equations (Chapter 2). The theory will focus primarily on deriving some

of the important basic properties of surface plasmons at a single interface such as the

plasmon propagation constant β, the propagation length, and field confinement. There

will also be discussion on so-called “gap” and “bar” plasmons which are plasmonic modes

of a thin, sandwiched dielectric and metal film respectively, as they are of fundamental

importance to this work and to the field of plasmonics in general. The next chapters

will focus on some non-standard nanofabrication schemes that the author has helped
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develop to generate novel plasmonic structures, or to allow existing structures be made

on the wafer scale. These designs include novel fabrication schemes for pyramid probes

that can be integrated into an atomic force microscope to do optical measurements

(Chapters 3 and 5). The method of atomic layer lithography will also be discussed, in

which atomic layer deposition (ALD) processes are leveraged to generate novel structures

(Chapter 4) Finally, some of the properties of non-standard plasmonic materials, namely

titanium nitride and epitaxially grown copper, will be discussed (Chapters 7 and 6).

The discussion will include the potential for novelty with such materials as well as

their limitations. A conclusion and some future directions will be presented in the final

chapter.



Chapter 2

Plasmonics In Theory

Plasmonics is an electromagnetic phenomenon which occurs when electromagnetic radia-

tion at or near optical frequencies interacts with free charge carriers in metallic materials.

This work will primarily be concerned with plasmons generated at a metallic surface,

although plasmon waves can exist in a metallic bulk as well. A classical treatment is

sufficient for the vast majority of plasmonic phenomena, even when the size of the metal-

lic structures is reduced to only a few nanometers, as the high density of free carriers

in metals causes the electron energy level spacing to still be much less than thermal

excitations.

2.1 Electromagnetics of Metals

2.1.1 Maxwell’s Equations

Maxwell’s equations are the natural place to start for a classical treatment of electro-

magnetic phenomena. In the case of zero free charge density and current, which is what

we are considering here, Maxwell’s equations can be written succinctly as follows:

∇ ·D = 0 (2.1)

∇ ·B = 0 (2.2)

∇×E = −∂B

∂t
(2.3)

4
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∇×H =
∂D

∂t
(2.4)

E and H are the electric and magnetic field amplitudes, respectively, while D and B

are respectively the electric and magnetic flux densities. A simple relationship exists

between E and D, as it does between H and B:

D = ε0εrE (2.5)

B = µ0µrH (2.6)

The values ε0 and µ0 are fundamental physical constants known as the permittivity and

permeability of free space respectively. The values εr and µr are dimensionless parame-

ters that describe the relative permittivity and permeability of a material, and therefore

also describe the effect a material has on the electric and magnetic fields. Oftentimes,

the quantities ε0εr and µ0µr are written according to the following definitions:

ε ≡ ε0εr

µ ≡ µ0µr

The parameters µ and ε fully describe the effect that materials have on electric

fields, although in general those two parameters can themselves contain quite a lot of

complexity. While in many materials, it is the case that µ ≈ µ0, ε will often significantly

vary in value based on the oscillation frequency ω of the electric field. In addition, in

some anisotropic materials ε needs to be described by a tensor with different values in

different directions. Finally, ε need not always be linear with respect to electric field

strength, and there is an entire field of optics that is devoted to nonlinear materials.

In plasmonics, it is the ω-dependence of ε (commonly referred to as dispersion) that

is of primary interest. Indeed, without dispersion, it would not generally be possible

to generate plasmonic modes. However, it should be noted some plasmonic research

does exploit nonlinear dielectric constants28–30, or generate anisotropy in the dielec-

tric constant via nanopatterning31. Plasmonics also play a key role in many sorts of

metamaterials, including, importantly, negative-index materials which can be used as

superlenses that are capable of beating the diffraction limit32–34.
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2.1.2 Electromagnetic Waves

By assuming a time-harmonic solution in Maxwell’s Equations (2.1) to (2.4) (i.e. d/dt =

exp (−jωt)), the following very well-known expression for a propagating electromagnetic

wave can be derived:

E (r, t) = E0e
j(k·r−ωt) (2.7)

Where ω is the angular frequency of the electromagnetic oscillations, and k = ω
c k̂ = kk̂.

The quantity k is known as the wave vector, while its magnitude k is known as the

wavenumber. k is related to the wavelength of the electromagnetic wave by the relation

k = 2π/λ. The directional vector k̂ is the direction in which the wave propagates.

If the wave is propagating through a material, then the definition of the wave vector

changes slightly by introducing a quantity n known as the index of refraction. If k0 is

the wavenumber in vacuum, then the wavenumber k in a material is given as k = nk0,

where n is defined as below:

n ≡ √εrµr (2.8)

It is interesting to note that when information is transferred from a sample onto light,

it must be carried by k. Furthermore, since k2 = k2
x + k2

y + k2
z = 4π2n2/λ2, there

is no component of k that can be increased arbitrarily without introducing imaginary

components to the wave vector, which will then cause the field in Equation 2.7 to

decay exponentially rather than propagate. Therefore, features that are smaller than

approximately λ/2n cannot generally be captured in the far field radiation of light

used in conventional microscopy, as it is quickly filtered out of the signal only a few

wavelengths away from the sample. This limitation is oftentimes referred to as the

diffraction limit or the Abbe limit after the physicist who first described this limitation

in microscopy.35 This phenomenon also explains why dielectric media cannot confine

light down to arbitrarily small length scales.

2.1.3 Dispersion in Metals

The field of plasmonics concerns itself greatly with the dispersion seen in metals, as it

is their unique dielectric properties that support plasmonic modes in the first place. It

is therefore worthwhile to take some time to briefly consider the optical properties of

metals. First note that since it is the case that µr = 1 in most materials, that quantity

will be neglected throughout this section and in the rest of the text. Instead, the relative

dielectric constant εr will be the focus of this section. In order to gain an understanding



CHAPTER 2. PLASMONICS IN THEORY 7

of εr in metals, it is useful to have a model. One very common model treats the metal

as a gas of free electrons with some given number density ne.
36,37 These electrons are

then treated as simple damped harmonic oscillators driven by a time-varying electric

field E (t), with the following equation of motion:

m
d2x

dt2
+mγ

dx

dt
= eE (t) (2.9)

Where γ is the collision frequency of the electrons (inverse of the average electron colli-

sion time), m is the mass of an electron, and e here is the charge of an electron. Once

again, we will consider the case where the electric field shows harmonic time dependence,

of the form E (t) = E0 exp (−jωt). With this value for the electric field, the differential

equation 2.9 can be solved for the electron displacement x as follows:

x (t) =
eE (t)

m (ω2 + jγω)
(2.10)

Then, going back to treating the electrons as a gas, the macroscopic polarization density

textbfP (t) can be written as textbfP (t) = −neeE (t). Then, since D (t) = ε0E (t) +

P (t), we can write:

D (t) = ε0εrE (t) = ε0

(
1−

ω2
p

ω2 + jγω

)
E (t) (2.11)

Where the important quantity ωp, or the plasma frequency, has been introduced and is

defined as follows:

ωp ≡

√
nee2

ε0m
(2.12)

From Equation 2.11, the formula for εr as a function of ω can be easily extracted. The

following equation does so explicitly:

εr (ω) = 1−
ω2
p

ω2 + jγω
(2.13)

This equation then models the dispersion seen in a metal in terms of the frequency of

the electromagnetic wave ω, and material parameters ωp and γ. In noble metals such

as gold and silver, ωp is on the order of 1016rad/sec ( 1 PHz in non-angular frequency),

while the damping constant γ is approximately three orders of magnitude less, generally

a few THz in ordinary frequency.38 This equation has come to be known as the Drude

Model after the physicist who first described it. The Drude Model is often used as the
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basis to theoretically understand some plasmonic behavior because it is algebraically

simple while still broadly capturing the dispersive behavior of real metals. However, in

general, real metals do behave in a more complex way at certain frequencies because

the electrons can have a set of frequencies at which they resonate, which Equation 2.9

did not capture. The more general model to fit the dielectric function of real metals is

known as the Drude-Lorentz Model, and is reproduced below:

εr (ω) = 1−
ω2
p

ω2 + jγω
−

n∑
i=0

Giω
2
p

ω2 − ω2
i + jγω

(2.14)

That is, the general form includes the standard Drude coefficient plus any number of

Lorentz resonance terms for any resonance ωi that exists in the metal. The parameter

Gi is a term that describes the strength of the resonance. This model is known as the

Drude-Lorentz Model and is useful for simulations that intend to capture the optical

behavior of real metals. Additionally, it can be useful to study the dispersion of metals

at or near its resonances as some unique phenomena can occur in this regime.

In order to apply Equations 2.4 and 2.3 to the study of electromagnetic waves that

are capable of generating plasmons, it is useful to first combine them into their wave

equation form. This can be simply done by taking the curl of both sides of Equation

2.3, and using Equation 2.4 to substitute the magnetic component out. This easily leads

to the following equation:

∇×∇×E = −µ0
∂2D

∂t2
(2.15)

Using common vector calculus identities, Equation 2.1, and the assumption that the

dielectric constant ε does not vary spatially over distances on the order of an optical

wavelength, Equation 2.15 can be transformed into the wave equation for the electric

field:

∇2E− ε

c2

∂2E

∂t2
= 0 (2.16)

One can further assume without loss of generality that solutions of this equation will

have harmonic time dependence of the electric field with angular frequency ω. This

leads to the Helmholtz Equation:

∇2E + k2
0εE = 0 (2.17)

Where k0 = ω
c is the vacuum wave vector of the propagating wave. This equation will

be the basis upon which much of the theory of surface plasmons will be based. In
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the following sections, we will use this equation as well as some additional electromag-

netic properties to derive values of interest in plasmonics such as propagation constant,

propagation length, and size for a few different important special cases of plasmonic

structures. The cases are as follows: Surface plasmons with a single metal-dielectric

interface, gap plasmons where a dielectric is sandwiched between two metals, and tip

plasmons, which, inversely to gap plasmons, has a thin metal layer between two dielec-

tric layers. These three basic structures comprise the building blocks of many of the

more complex geometries seen in plasmonics, and it is therefore worthwhile to examine

them carefully.

2.2 Surface Plasmons

In this section, we will consider surface plasmons. That is, plasmons which exist on the

interface between a metal and a dielectric. See Figure ?? for details on the geometric

configuration of the metal and dielectric media. The form of a propagating plasmon

wave will be derived. In this analysis, the wave will be propagating in the +x direction

and will be uniform in the y direction. To be more explicit, the form of the wave can be

described as E(x, y, z) = E(z)ejβx, where β is the propagation constant of the plasmon,

which is a parameter that is very much of interest. With this additional assumption

about the geometry, Equation 2.17 can be further simplified to the following form:

∂2E (z)

∂z2
+
(
k2

0ε− β2
)
E = 0 (2.18)

A similar equation exists for the magnetic field (H) and can be derived by following a

nearly identical procedure.

2.3 Plasmons

In plasmonics, the specific geometry of the metallic structure under consideration has

an enormous effect on the properties of allowable plasmonic modes including the disper-

sion, resonance condition, and propagation constant, to name a few. However, there are

a few geometries that offer a great amount of insight into the behavior of more complex

geometries while still being analytically tractable. In this section, three such structures

will be considered because of their simplicity and their application into the other struc-

tures used in this work. The three structures under consideration will be referred to

as planar, gap, and bar structures (Figure 2.1). Oftentimes in the literature, the gap
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ϵ1

ϵ2

ϵ1

ϵ3

ϵ2

ϵ1

ϵ3

ϵ2

Figure 2.1: Figure showing the geometries of three common types of plasmons. Displayed
from left to right are planar, bar, and gap geometries. The ε symbols represent the
dielectric function in each medium. The planar geometry consists of a dielectric (ε1) and
a metal (ε2) interface. The bar geometry consists of a thin metal slab (ε2) sandwiched
between two dielectric media (ε1 and ε3). Finally, the gap geometry consists of a thin
dielerctric slab (ε2) sandwiched between two metals (ε1 and ε3). Oftentimes for the gap
and bar geometries, it will be the case that ε1 = ε3, but it is left general here for the
sake of the analysis. The blue curves in the figure represent the strength of the electric
field in each medium as it decays from the interface. Note that the gap geometry has
relatively more field that exists in the metal, while the bar geometry has less field in the
metal and more in the dielectrics.

structure is referred to as a metal-insulator-metal (MIM), while the bar is referred to

as an insulator-metal-insulator (IMI) structure. However, because the plasmonic modes

are more easily referred to as “gap” or “bar” plasmons, the geometries will be referred

to using those names as well.

The goal of the following subsections is to derive properties of propagating plasmonic

waves in each of the three geometries and some of the properties that causes them to

be of interest to researchers. A few of the main points will be summarized in the rest

of this paragraph as well. Planar plasmons have the benefit that they are simple and a

good stepping stone to understanding other types. Their performance in terms of the

propagation length of the plasmons and field confinement is also generally considered

to be the standard baseline to which other structures are compared. Bar plasmons

primarily exist on two separate interfaces that are coupled to each other through a thin

metal. Because the metal is thin, less field exists inside of the metal region, which

leads to bar plasmons generally being the least lossy and therefore can have very high

propagation length and sensitivity to changes in the index of refraction of the dielectric

media. However, this increased propagation length also comes at the cost of lower

field confinement. On the other hand, gap plasmons exist inside a dielectric gap in

between two thick metals. Gap plasmons boast the tightest possible field confinement,

in general being limited only by the size of the dielectric gap, which can be on the
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order of nanometers. However, this increased field confinement also comes at the cost

of more of the field existing in the metal regions, which can result in drastically lower

propagation lengths of the plasmon.

2.3.1 Planar Plasmons

The theoretical analysis will begin with the planar plasmon, as it is the simplest case and

a good launching point for more complicated analyses. In addition, it will be assumed

that the plasmon propagates in the x-direction with a to-be-determined propagation

constant β but is uniform in the y-direction due to the semi-infinite nature of the ge-

ometry (that is, ∂
∂x = jβ and ∂

∂y = 0). The z-direction will be normal to the interface

and therefore the direction in which the plasmon will decay. Finally, a harmonic time

dependence can be assumed with generality by linearity, so we will have ∂
∂t = −jω.

With these simplifications in mind, we now turn to Maxwell’s Curl Equations. Both

equations can be broken down into its three vector component parts by the definition

of curl, and then the previous assumptions can be applied to yield the following set of

equations:

∂Hy

∂z
= jωε0εrEx (2.19a)

jβHy = −jωε0εrEz (2.19b)

∂Ex
∂z
− jβEz = jωµ0Hy (2.19c)

∂Ey
∂z

= −jωµ0Hx (2.19d)

jβEy = jωµ0Hz (2.19e)

∂Hx

∂z
− jβHz = jωε0εrEy (2.19f)

In this form, it is simple to see that Equations (2.19a) to (2.19c) and Equations (2.19d)

to (2.19f) will form two independent solution sets for the field sets Ex, Ez, Hy for the

former and Ey, Hx, Hz for the latter. These solution sets will be referred to as the TM

and TE solutions respectively. For TM modes, Equations (2.19a) and (2.19b) can each

be rearranged to express Ex and Ez in terms of Hy. These expressions can be plugged
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into Equation (2.19c) to derive the wave equation for Hy. Similarly, for TE modes,

Equations (2.19d) and (2.19e) can each be used to express Hx and Hz in terms of Ey,

which allows the wave equation for Ey to be derived by plugging into Equation (2.19f).

The wave equations for TE and TM modes are reproduced below:

∂2Hy

∂z2
+
(
k2

0εr − β2
)
Hy = 0 (2.20a)

∂2Ey
∂z2

+
(
k2

0εr − β2
)
Ey = 0 (2.20b)

For simplicity, in the planar geometry, the interface will be taken to be located at

z = 0, with the metal occupying the z < 0 region, and the dielectric occupying the

z > 0 region, as in Figure 2.1. Similarly, the metal will have dielectric function ε2,

which in general depends on the frequency ω of the light, while the dielectric has a

constant dielectric function ε1. The form of the solution will be guessed as a wave that

propagates in the x-direction with propagation constant and decays in the z-direction

exponentially, meaning that the wave is bound to the surface. Thus, we will require

ejβxe±k1,2z terms in the solutions, as appropriate. Beginning with TM solutions, the

fields can be expressed in the two media as follows:

Hy (x, z) = A1e
jβxe−k1z (2.21a)

Ex (x, z) = jA1k1
1

ωε0ε1
ejβxe−k1z (2.21b)

Ez (x, z) = −A1
β

ωε0ε1
ejβxe−k1z (2.21c)

For z > 0 and

Hy (x, z) = A2e
jβxe−k2z (2.22a)

Ex (x, z) = −jA2k2
1

ωε0ε2
ejβxe−k2z (2.22b)

Ez (x, z) = −A2
β

ωε0ε2
ejβxe−k2z (2.22c)

For z < 0. These equations satisfy the relationships in Equations (2.19a) and (2.19b)
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clearly, while the wave equation 2.20a can be used to provide an additional constraint

on the solution. Namely, plugging the expressions for Hy given above into the wave

equation yields the following two equalities:

k2
1 = β2 − k2

0ε1 (2.23a)

k2
2 = β2 − k2

0ε2 (2.23b)

Next, continuity of Hy at the interface implies that A1 = A2, and continuity of Ex

at the interface will further imply the following relationship:

k2

k1
= −ε2

ε1
(2.24)

Combining the expressions in Equation 2.23 with the above expression then yields a

very fundamental result in plasmonics, the dispersion relationship of propagating plas-

monic modes on the interface of metallic and dielectric media:

β = k0

√
ε1ε2
ε1 + ε2

(2.25)

Equation 2.25 provides the relationship between the free-space light propagation

constant k0 and the SPP propagation constant β using only the dielectric constants

of the dielectric and metallic media. This constant describes the propagation of the

plasmonic mode along the metallic interface. If ε2 has an imaginary component, which

is the case for all real metals, β will likewise have imaginary component, which means

that physical plasmon modes decay as they propagate, and the characteristic plasmon

propagation length Lspp where the intensity drops off to 1/e of its initial value is given

as the following:

Lspp =
1

2Im [β]
=

c

2ω
Im

[√
ε1 + ε2
ε1ε2

]
(2.26)

Here, the propagation length of surface plasmons on a single interface is related only to

the light frequency, c, and the dielectric constants. Since many experiments involving

plasmonics, such as raman spectroscopy or other light-matter interactions require optical

frequencies, it is not always possible to decrease the frequency indefinitely to boost the

propagation length. In addition, ε2 in metals cannot generally be engineered to arbitrary

values and so must

When this same procedure is done for the TE polarization, it ends up being found
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that A1 = A2 = 0, which means that no bound surface modes are supported. Thus,

surface plasmon polaritons only exist with the TM polarization.

2.3.2 Bar and Gap Plasmons

In the case when a thin metallic layer is sandwiched in between two dielectric media,

the electromagnetic fields that exist at both metal-dielectric interface couple through

the metal, creating a plasmonic mode that is often referred to as an insulator-metal-

insulator (IMI) mode. In this section, the mode will be referred to equivalently as an

IMI plasmon or a bar plasmon, as the metallic film is a thin bar of metal. The general

analysis of this mode proceeds in a similar way to single-interface surface plasmons, and

most generally, the dielectric films will have different dielectric constant values ε1 and

ε3, while the metal will have an (implicitly dispersive) dielectric constant of ε2 (See the

middle panel of Figure 2.1 for a diagram). Additionally, in this section only TM modes

will be considered, as it was already found in Section 2.3.1 that surface plasmons only

exist for the TM mode on a single interface, and it is not difficult to show that still holds

in the case of a bar plasmonic mode.

The assumptions made in the analysis are all reasonably obvious. First, we demand

that the electric fields decay exponentially in the z-direction, away from the metal bar,

which is simply demanding that the mode is confined to the metal interfaces rather

than propagating and likewise does not diverge to infinity. Second, as we are interested

in a propagating plasmonic mode that is coupled across the metal surface, the electro-

magnetic field will propagate in the x-direction on both sides of the interface with a

to-be-determined propagation constant β, which in general can be a complex number.

We will also demand continuity of the components of H and E in the usual, appropriate

ways across material interfaces. Solving the resultant system of equations will yield an

implicit dispersion relationship between the plasmonic propagation constant β and the

free-space propagation constant k0:

k2
i = β2 − k2

0εi (2.27)

e−4k2a =

(
k2/ε2 + k1/ε1
k2/ε2 − k1/ε1

)(
k2/ε2 + k3/ε3
k2/ε2 − k3/ε3

)
(2.28)

It can then be further noted that in the case of large a, Equation 2.28 will reduce

back to Equation 2.24, for each interface separately, as should be expected. Of particular

interest in this work is the special case where ε1 = ε3, and k1 = k3 i.e. the two
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dielectric media are actually the same material. In this case, the dispersion relation can

be simplified down to the following two equations for odd (Equation 2.29a) and even

(Equation 2.29b) modes:

tanh k2a = −k1ε2
k2ε1

(2.29a)

tanh k2a = −k2ε1
k1ε2

(2.29b)

Of particular interest in this work is the odd plasmonic mode. It has been found39

that such modes have less confinement than regular surface plasmon modes, and as

a result also exhibit a drastically increased propagation length. Indeed, as the metal

thickness a decreases to 0, it is the odd plasmon modes that begin to approximate a

plane wave in the case of infinitesimal a.

The preceding derivation made no reference to which of the three regions was di-

electric or metallic, and it can therefore also be applied to the case of gap plasmons. In

particular, Equation (2.28) and Equation (2.29) are both applicable to gap plasmons as

well as bar plasmons, and all that need be done is use the appropriate ε values depending

on the particulars of the structure.

2.4 Surface Plasmon Excitation

The first plasmons generated in an experimental setting were excited by firing a beam of

electrons through a bulk metal, which caused the free electrons in the metal to oscillate

both in the bulk and on the metallic interface. Optical excitation of plasmons, on the

other hand, is generally much trickier, because the plasmon propagation constant β is

always greater than the in-plane component of the free-space wavenumber k0 sin θ even

for completely grazing incidence. Even having the light propagate through a dielectric

material to boost the wavenumber to k = nk0 will not bridge the momentum gap because

β at the new dielectric-metal interface will likewise increase, leaving a momentum gap

that has to be bridged.

2.4.1 Kretschmann and Otto Configurations

The first methods of optically exciting surface plasmons were created at nearly the same

time in 1968 by Andreas Otto as well as through a collaborative effort between Erich

Kretschmann and Heinz Raether by shining light through a glass prism at an angle. In

order to couple to the plasmon mode, a thin air gap was placed between the prism and
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the metal field. In this way, the high-k evanescent wave from the prism interacted with

the metal film surface where the β was still that of a metal-air interface due to the gap.40

This scheme is now known as the Otto configuration. The other method is to make direct

contact between the metal and the prism, but in this case, the metal is thin enough that

some light can couple from the glass-metal interface through the metal to the air-metal

interface. Because the light on the glass side has a high wavenumber, there is an angle

at which the momentum is matched and strong plasmonic coupling can occur.41 This

scheme is known as the Kretschmann configuration, and is still perhaps the single most

widely used plasmonic coupling scheme in use today. Several commercial instruments,

most notably Biacore, use the Kretschmann configuration to couple to plasmonic modes

for use in sensing. A simple condition exists to calculate the resonance, and is written

below:

k‖ =
2π

λ0
np sin θ = Re [β] (2.30)

Where k‖ is the component of the waveumber parallel with the metallic interface, θ is

the angle of incidence, λ0 is the free-space wavelength, np is the refractive index of the

prism, and β is the propagation constant of the resultant plasmon mode. In short, the

resonance condition requires the parallel component of the propagation constant in the

prism to match that of the plasmon mode on the opposite side of the metal interface.

Note that since β is always at least as large as the free-space propagation constant on the

same side of a metal, satisfying the condition requires that np is larger than the refractive

index of the dielectric medium on the sensor side of the metal. Additionally, since β

depends on the refractive index on the sensor side (See Equation 2.25), as the index

changes, so does β, and therefore so does the resonant angle θ. To use this configuration

as a sensor, then, the angle θ can be mechanically scanned, or a converging beam can

be incident on the metallic film and the reflectance measured on a CCD camera. The

plasmonic resonance will appear in the reflection as a dip, and its position can be tracked

as the refractive index changes.

2.4.2 Subwavelength Structures

Subwavelength metallic structures can also be used to couple from free-space light into

plasmonic modes. The brief explanation for why this works is that any spatial pattern

P in the metal has some Fourier Transform Q. Since Q exists in the inverse space to a

spatial dimension, it corresponds to momentum. Therefore, incident light impinging on

the structure will have its wavenumber k modified by the structure by the appropriate
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value of Q. As a simple example, consider a simple two-dimensional rectangular grating

of period p. The Fourier Transform of the grating will then have peaks at values of m2π
p

for integral m. Therefore, the coupling condition for incident light will be given as the

following:

β = nk0 sin θ ±m2π

p
(2.31)

The effect of the patterned film, therefore, is generally to provide a small boost to the

momentum of the incident light and facilitates plasmonic coupling. In addition, the

reverse can also happen, where an existing plasmonic mode can be out-coupled to a free

space light mode via a structured material.
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Metallic Pyramids for NSOM

Traditional optical imaging systems have a fundamental restriction on their resolution

known as the diffraction limit. This value of this limit can be approximated by the

expression λ/2n where n is the index of refraction of the immersion medium and λ is

the vacuum wavelength of light used. This restriction occurs because the high-spatial

frequency information exists in a nonradiative evanescent mode that exists only in the

near field. The problem of imaging beyond the diffraction limit can therefore be ap-

proached in terms of transferring near-field information into the far-field where it can

then be measured by traditional means. One pathway to transferring information from

the near-field to the far-field is by bringing a metallic probe with sub-wavelength di-

mensions close to the sample and scan it over that sample. The probe is then used to

illuminate, collect, and/or scatter the light in a sub-wavelength volume, which allows

sub-wavelength information to be gleaned in the far-field. The idea was first conceived

by physicist Edward Synge in 192842, but was not realized experimentally until nearly

sixty years later43,44. The technique is now known as near-field scanning optical mi-

croscopy (NSOM), and the probes are often integrated with AFM or STM systems to

scan over a sample and provide sub-wavelength topographical and optical information

simultaneously. One major difficulty with the NSOM technique is that it requires a

metallic probe with nanometric dimensions that can be engineered with smooth metal

in a highly reproducible way. Early NSOM probes included both aperture and tip-based

designs, but lacked much reproducibility.45. Some groups used a focused ion beam (FIB)

tool to sculpt the NSOM probes to produce smooth, reproducible surfaces,46 but that

was a slow and costly technique that also led to ion implantation in the metal which

would damage its optical properties. Some near-field probes were also comprised of

colloidal metal nanoparticles,47,48 which were able to achieve reasonably decent repro-

18
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ducibility. However, this came again at the cost of a highly manual and labor-intensive

fabrication process while also limiting the resolution to roughly 30-60 nm.

The probe design that perhaps best overcomes all the usual NSOM limitations is the

template-stripped metallic pyramid design. These probes provide high-quality nanofo-

cusing and can be mass-produced (1.5 million identical probes per wafer), have ultra-

smooth sidewalls, and can achieve single-digit nanometer optical resolution in NSOM

experiments.49 In addition, the probes can be stored indefinitely and addressed individ-

ually for NSOM experiments. These probes are made by generating a circle pattern in

a hard mask on an Si wafer via standard photolithographic processes. The exposed Si

is then etched anisotropically in a KOH bath along its [111] crystal orientation. These

diagonal facets will etch down until they meet at the center of the circle, generating

an inverted pyramid shape with a square base that undercuts the circular hard mask.

Gold can then be deposited onto the substrate, and the hard mask can be lifted off,

leaving the gold only in the pyramid pits. These pieces of gold can then be pulled out

of the molds (template stripped) individually, and the shape and smoothness of the

Si pyramid template will be transferred to the gold. In this way, NSOM probes are

generated such that the reproducibility and precision of silicon fabrication techniques

can be fully leveraged. The radius of the tip of such probes is in the sub-10 nm regime

with quite a high yield, and very nearly every probe is below 20 nm in tip radius. For a

more detailed walkthrough of the nanofabrication recipe for such metallic pyramid tips,

please see Appendix A.

To use the pyramid tips in an NSOM measurement, they must be stripped out of

their templates and attached to the atomic force or scanning tunneling microscope that

will be used. This is often done by attaching the tip to a metal wire with two-part epoxy,

then attaching that wire to the NSOM system. These probes are most commonly used

in atomic force systems, as those systems do not require the pyramid be in electrical

contact with the wire and the rest of the system. However, it is certainly desirable

in some cases to use a scanning tunneling microscope for NSOM measurements, and

in such a case the insulating epoxy presents a challenge for making electrical contact

between the end of the tip and the rest of the STM system. It is possible to pull the

pyramids out of their molds using conductive epoxy, which contains Ag nanoparticles

to make the epoxy conductive when applied to a large enough area. Unfortunately, the

geometry of the pyramids is such that these nanoparticles do not always make contact

with the metal film, meaning electrical contact is inconsistent using such epoxy. A

more sure-fire route to achieving electrical contact with the pyramid tip is to attach
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Figure 3.1: Diagram outlining the plus-sign lithography and template stripping process.
First, the pyramid pattern is etched into an Si3N4 hard mask on a [111]-oriented Si
substrate (a). Then, the sample is placed in a KOH bath to etch a pyramid template
along the crystal planes (b). Negative-tone photo-resist is then spun onto the sample (c).
The sample is exposed, with the light being blocked by the plus-sign shape centered on
the pyramid template and is then developed (d). The Si3N4 hard mask in the plus sign
pattern is then removed (e). Next, gold is deposited on the sample, filling the pyramid
template and plus sign patterns (f). A lift-off process is then performed to remove the
gold that was on the photoresist (g). To template strip the plus-sign pyramids, a small
drop of epoxy is placed on the end of a metal wire, which is then brought into the
pyramid template and given time to cure. The pyramid is then template-stripped out of
the mold (h). Finally, a razor’s edge is used to physically push the plus-sign electrodes
up into contact with the metal wire (i).
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electrodes to the pyramid during the photolithography process and attach them to the

STM system directly after pulling them from their templates. To this end, the plus-sign

pyramid was designed, where four electrodes were placed in a plus-sign configuration

around a metallic pyramid. The fabrication scheme is outlined in Figure 3.1. Essentially,

a pyramid template is etched into an Si substrate using the method described above. To

generate the plus-sign structure, a second lithographic step is performed by aligning a

mask with the plus-sign structures to the pyramidal templates. Due to the fact that the

templates make the substrate somewhat three-dimensional, a negative-tone photoresist

was used, and the entire substrate was exposed except for plus-shaped regions overtop

the pyramidal templates. The samples were developed, and gold was then deposited

onto the substrate. The remaining photoresist was then dissolved, and the gold on the

photoresist was lifted off, leaving a gold film only in the region of the plus sign and in

the pyramidal template. Each individual device can then be pulled onto an STM wire

with standard non-conductive epoxy. Once the device has been pulled onto the wire,

a razor blade can be placed near the end of the wire, and a micron stage can be used

to position the plus-sign pyramid in such a way as to bend the arms of the plus-sign

portion to make electrical contact with the wire. Although it is often the case that some

of the arms will break or fail to make contact with the main wire, the vast majority

of devices will have at least one arm make contact, which is all that is required for

electrical contact from the system to the end of the tip. See Figure 3.1 for a diagram of

the plus-sign pyramid fabrication process and Figure 3.2 for some SEM images of the

plus-sign structure both in-template and on an STM wire.

While it is possible to make electrical contact between the pyramid and the wire by

simply using conductive epoxy,50 the contact obtained is inconsistent. This is because

the metal nanoparticles used to generate electrical contact in such epoxies do not always

generate a path between the small-area wire and metal pyramids. Worse, it is difficult

to tell if contact has been made before approaching the tip to a substrate in the STM

system itself, which can be time consuming. Finally, conductive epoxy is a little more

difficult to use to strip the pyramid tips out of their molds because the adhesion does not

tend to be as good as what is possible with standard two-part epoxy. The extra bit of

work involved with fabrication and tip-pulling for the plus-sign design is then justified,

as it solves both of these problems. The issue of testing conductivity is solved because

it can be inspected visually with a microscope, and the adhesion issue is solved because

the design is flexible enough to allow for any desired epoxy to be used as the backing

layer.
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Figure 3.2: Scanning electron microscope images of plus-sign pyramid STM probes.
Panel a shows the plus-sign with a pyramid in the center still lying inside its Si template.
Panel b shows a probe that has been pulled out of its template with a wire, with one of
the arms of the plus sign bent to make contact with said wire. The scale bars in each
panel are 50 µm.

Figure 3.3: Scanning tunneling microscope (STM) images taken using plus-sign pyramid
probes. Panel a is an image of Au, while panel b is of highly oriented pyrolytic graphite
(HOPG). The scale bars in both panels are 100 nm. These images both show that
electrical contact was made between the wire and the tip of the pyramid probe via the
plus-sign contacts and also give a small sample of the resolution that can be achieved.
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The plus-sign STM structures were incorporated into an actual system and ap-

proached down to two separate samples: Au and highly oriented pyrolytic graphite

(HOPG). The pyramid probe was successfully brought into STM contact with both

samples, and a scan was achieved (Figure 3.3). While the particular tip used here did

not quite achieve atomic resolution, it did scan and was able to provide a good proof-

of-concept for the feasibility of this contact method. Additionally, since sharp metallic

pyramid probes are ideal for scanning optical measurements such as tip-enhanced Ra-

man spectroscopy (TERS).49 The addition of a laser to illuminate the tip from the side

would allow for ultratight nanofocusing at the pyramidal tip as it is scanned across

a sample. The localized hot spot of highly enhanced light on a scannable tip will si-

multaneously provide atomic scale chemical and topographic information, and these

plus-sign tips should provide a platform to make this powerful technique more accessi-

ble to non-specialists. While there is still work to be done to achieve this ultimate goal,

the fabrication of these plus sign STM tips is a large step forward.



Chapter 4

Atomic Layer Lithography on 3D

Nanostructures

4.1 Atomic Layer Deposition Sharpening

Conventional lithographic methods generally produce flat two-dimensional structures,

where choices for thickness are limited to depositing several layers of planar films on

top of each other. Angled three-dimensional pyramid tips are possible to create via

etching along the crystal planes in silicon and applying the template stripping method,

however these structures are still very limited in form. The facets must always be

entirely linear, and the angle at which they come to a point is determined by the silicon

crystal planes and is therefore fixed at 70.54°.46 However, it is desirable to be able to

change the angle at which the metal facets form the tip, as a small tip angle allows the

charge to adiabatically build up to a large value along the tip, thereby boosting field

enhancement.51 Alternatively, tips which are directly excited with light may require a

large tip angle so that energy loss is minimized as it propagates up the facets.49

The process that was used to create a curved metallic tip began by first using stan-

dard photolithography or electron beam lithography to generate circular patterns on a

silicon substrate. A reactive ion etching tool can then be used to etch directionally into

the silicon, generating a cylindrical trench. An atomic layer deposition process can then

be applied to these structures, and as the deposited film (usually SiO2 or Al2O3) begins

to conformally fill the trench structure, it will eventually come to a sharp point in the

center. The ALD process is then stopped, and gold is deposited onto the substrate. A

backing layer of epoxy is then applied to the gold, which is then template stripped out

of the mold, transferring the pattern to the metal (see Figure 4.1 for a diagram of this

24
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Figure 4.1: The fabrication scheme used to generate sharpened curved tips. A trench is
first dug into a silicon substrate via reactive ion etching. The atomic layer deposition
process is then initiated, until it partially fills in the trench with a sharp point coming
down in the center. Gold is deposited on this structure and is then template stripped
off to produce a curved metallic tip structure. Figure adapted with permission from
Johnson, Klemme, Oh 2016.52 Copyright 2019, American Chemical Society.

procedure).

This process can also be performed on a variety of other flat lithographic structures

to produce interesting three-dimensional ones. For instance, instead of a cylindrical

trench, a long linear trench can be made instead, which will result in a curved wedge

structure. The linear trench can also be wrapped around on itself to form a ring struc-

ture. Additionally, arbitrary patterns can be formed around the trench, which can allow

a large variety of novel structures to be formed. See Figure 4.2 for for some SEMs of

example structures that have been made using the atomic layer deposition sharpening

technique. The supreme flexibility that this fabrication provides could open the doorway

to easily fabricate useful devices such as plasmonic wedge waveguide-ring resonators and

Y-splitters to be used in photonic circuitry or sensing applications,53,54 as well as plas-

monic nanoantennas.55,56. Additionally, integrated nanotips and grating couplers such

as those shown in Figure 4.2c can be useful for surface-enhanced spectroscopies.57,58

Full 3D Finite-Difference Time-Domain (FDTD) simulations were also performed

to test the performance of the curved tip structures against equivalent linear tip struc-

tures. Light was coupled to the tips by launching plasmons from annular gratings that

surround the structures. The field amplitude was taken at the base and the apex of

each tip structure, and the total field enhancement was calculated by dividing the field

at the apex by that at the base to capture the effect of the tip structures themselves

and normalize away coupling effects. The field enhancement of the adiabatic tip struc-

ture was approximately 4 times greater than that of the linear tip (Figure 4.3), which
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Figure 4.2: SEM images of some radially-symmetric cone structures that were fabri-
cated by sharpening a circular hole in Si using atomic layer deposition and template
stripping. Panels a and b show the control over aspect ratio that can be achieved as
well as the ultrasharp tips that can be produced. Panel c demonstrates the flexibility in
patterning options in the vicinity of the metal tip that are available with concentric rings
surrounding the tip. The scale bars are all 200 nm. Figure adapted with permission
from Johnson, Klemme, Oh 2016.52 Copyright 2019, American Chemical Society.
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Figure 4.3: Figure demonstrating the improved field enhancement that can come from
adiabatic tips. (a) shows a cross-sectional field map of the adiabatic tip. The gradual
profile leading up to the tip allows charge to build up more strongly, which causes a
very large field enhancement. (b) shows the field map of a linear tip of the same base
radius and height as in (a). Note that the electric field is drastically reduced here,
demonstrating that the curved tip structure allows for higher field enhancement with
the same device footprint. The field enhancement in both cases are normalized to the
field at the base of the tip structures. Figure adapted with permission from Johnson,
Klemme, Oh 2016.52 Copyright 2019, American Chemical Society.

provides good evidence that curved tip structures are capable of providing brighter hot

spots that a similarly-sized linear tip because the curved tip allows light to focus more

adiabatically which results in larger charges accumulating at the apex of the tip. The

field enhancements shown in the figure are relative to the electric field of the plasmons

at the bottom of the tip that are launched up the side. The linear tip was selected such

that it had the same height as the adiabatic tip but an angle of 70.54° to emulate the

template-stripped pyramids that our group often fabricates. Due to their similarities,

the difference in field enhancement can be explained by the adiabatic focusing effect

that the curve tips are able to utilize. The radius of the apex of both devices was also

held the same at 5 nm, while the mesh size used in the FDTD software near the tip was

0.1 nm to ensure that meshing artifacts were minimized.

4.2 Gap-Tip Hybrid Structures

Plasmonically active gap and tip structures each have their own set of advantages.

Nanogap structures are capable of extreme nanoscale confinement.59 In addition, it
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is not difficult to resonantly couple to thin gap structures at visible to mid-infrared

wavelengths, and it is now a matter of routine to fabricate metallic nanogaps with widths

as small as even 1 nm using various means.28,60,61 However, such thin gap structures

only confine the light in two dimensions, as it is only a single dimension of the gap

that posesses such extreme dimensions. In contrast, tip-based structures can realize

full three-dimensional nanofocusing that enhances and confines light to a single point

well below the diffraction limit51,62. These plasmonic focusing devices have been used

as probes in near field scanning optical microscopy (NSOM) experiments63. However,

such devices suffer from a couple drawbacks. First, the optical confinement of a tip

structure is fundamentally not as good as that of a gap structure. This is because the

confinement is limited by the electric field decaying out from the tip into a dielectric

medium, rather than into metallic slabs as is the case for a gap structure. In addition,

the tips themselves can generally only be made to be 5-10 nm in size in the best case,

which further limits the confinement that can be achieved. Finally, it is generally more

difficult to couple light to a tip structure than a gap structure, as coupling to a tip

requires wavelength-scale coupling patterns in the vicinity of the tip or the use of radial

polarization.

Hybrid gap-tip devices have also been realized.65–67 These structures combine the

advantages of both the tip and gap structures, allowing for extremely tight three-

dimensional plasmonic nanofocusing with high enhancement using a simple resonant

coupling scheme. However, such structures generally required the use of high-resolution

serial processes such as focused ion beam (FIB) or electron-beam lithography, which

severely limits the throughput of such devices. In our lab, we have developed wafer-scale

nanofabrication recipes for both gap and tip structures.49,68 For the gaps, the technique

known as atomic layer lithography is employed, where a conformal atomic layer deposi-

tion process is used to generate a gap of dielectric material on the sidewall of a slab of

metal. An additional metal layer is then evaporated onto the sample, forming a dielec-

tric gap on the sidewalls of the two metals, which can be template-stripped and polished

via ion milling to produce a reasonably smooth gap structure. The thickness of gaps

formed by this method can have essentially atomic resolution, and the length scale of

such a gap can be on the order of millimeters. Additionally, standard photolithographic

techniques can be used to generate the patterns as there is no resolution requirement

placed on the metal patterns, only that they have reasonably vertical sidewalls. Wafer-

scale tip structures can be realized by using photolithography to pattern rectangular

structures into a hard mask such as Si3N4 on a [111]-oriented silicon substrate. The
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Figure 4.4: Process diagram for generating the split-wedge antennas at wafer scale
via atomic layer lithography. Standard photolithography and lift-off are performed to
pattern long horizontal metal stripes (at roughly 2 micron width) into the silicon grooves
(a), which can be easily generated via anisotropic KOH etching in the silicon substrate.
The ALD process is performed (b), and then a second layer of metal is deposited (c). The
nanogaps then naturally form on the sidewalls between the two metal layers (d). The
template-stripping process finally exposes the nanogaps to the top-side of the sample
(e). The final panel (f) shows an SEM image of a split-wedge antenna array with 5 nm
gaps. Note that the light and dark regions on the wedges are because the Al2O3 layer
is also template stripped along with the gold. There are ways to remove this layer such
as ion mill polishing, but it is often not necessary to do so. Figure panels used with
permission from Chen, Lindquist, Klemme, et al. 2016.64 Copyright 2019, American
Chemical Society.
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sample can then be placed in a KOH bath, which will anisotropically etch the Si along

its crystalline planes until the etch planes meet at the center of the pattern, forming an

inverse tip structure. A metal such as gold or silver can then be evaporated into the

pit, and an adhesive such as epoxy can be applied as a backing layer to the metal film

and used to pull it out of the mold, which is a process known as template stripping69,70.

The tips of metal structures generated in this way can have a radius of curvature of

around 5-10 nm, and it can be generated once again via photolithography because the

small size comes from the crystal planes of the Si substrate meeting, rather than the

photolithographic process itself. These two techniques for generating wafer-scale gaps

and tips can be combined to generate a gap-tip structure over an entire wafer64. The

only real difficulty with this method is that the lithography must be performed over the

three-dimensional wedge trench. In general, it can be difficult to perform lithography

on non-planar surfaces, but 2 µm patterns were able to be fabricated on wedge struc-

tures with a depth of 5 µm. Because the ultra-narrow gap regions are generated by the

atomic layer deposition, the achievable resolution with photolithography on this surface

is unimportant to all critical dimensions of the device. It should finally be noted that

all the processes used in this fabrication can be used for wafer-scale production. See

Figure 4.4 for a diagram and some SEM images of the fabrication process.

Finite-Difference Time-Domain (FDTD) simulations were also performed to calcu-

late the field enhancement and confinement that is possible with these hybrid structures

(Figure 4.5). The gap width was scanned from 1 to 10 nm, while other parameters were

held constant. The tip radius was set to be 10 nm, and the metal thickness was 150

nm. Two illumination schemes were used in the simulations. First, a topside or external

illumation scheme was used where light propagated down to the top of the wedge on the

air side, while the other was a bottomside or internal illumination scheme where light

propagated up through the epoxy layer to the gap on the wedge. The field enhancement

was measured on the topside of the wedge in the vicinity of the gap-tip interface.

These simulations demonstrate that a point-like hot spot of light can be generated by

hybrid gap-tip structures with field enhancement in excess of 50 and a focal volume as

small as 66nm3. In order to experimentally test the performance of these structures, the

alumina in the gaps was partially etched and coated with a monolayer of benzenethiol

(BZT) to conduct Raman spectroscopy experiments. BZT was chosen for this experi-

ment due to the well-characterized nature of its Raman spectra.71 The Raman spectrum

was measured, and a large amount of enhancement was seen. An estimation of the Ra-

man enhancement factor was not trivial due to the complex nature of the geometry and
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Figure 4.5: FDTD Simulations from hybrid gap-tip structures. Panel a demonstrates
the illumination scheme where light propagates down to the split wedge from above.
Panel b summarizes the field enhancement at the tip-gap interface for several different
gap widths. Panels c-f show field maps of a 2 nm gap wedge structure upon being
illuminated. The high degree of field confinement is on full display here, as it can be
seen that the hot spot is confined very close to the gap-tip interface, with a volume of 66
nm3 when the boundary is defined as the 1/e field decay point. Figure panels used with
permission from Chen, Lindquist, Klemme, et al. 2016.64 Copyright 2019, American
Chemical Society.
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resulting field distribution. However, in order to do so, the following equation was used:

REgap ∝
IgapNvol

IvolNsurf
(4.1)

Where REgap is the Raman enhancement factor due to the effect of the gap, Igap is

the Raman intensity from a control experiment where the BZT was placed on a planar

gap and the enhancement factor measured, Ivol is the Raman intensity from a neat

liquid BZT sample, Nsurf is the number of BZT molecules in the laser spot area on the

control planar gap experiment, and Nvol is the number of molecules in the laser spot

size in the liquid sample. The BZT packing density on a planar metal can be assumed

to be 6.8 · 1014 molecules/cm2 based on existing literature72. This allowed the average

Raman enhancement factor to be calculated at 104 for 2 nm gaps, with the maximum

enhancement factor being in the ballpark of 107, which corresponds well with the factor

of 58 for electric field enhancement seen in simulations, as |E|4 is approximately 107 in

such a case. Note that the coupling scheme used for these devices was simply topside

illumination with a standard microscope. These split-wedge antennas, then, represent

an exceedingly simple way to generate extremely tightly confined light with a high

field enhancement that is suitable for surface-enhanced spectroscopies in small regions.

If these devices were also used as an optical trapping setup13 or for dielectrophoretic

trapping,73 they could be a tremendously powerful platform for simple, single-particle

or even single-molecule measurements.

4.2.1 Periodic Gaps on Wedges

In plasmonics, it is generally the case that a trade-off must be made between the propa-

gation length of the surface plasmon and the confinement of the plasmon mode. This can

become important when considering plasmonic resonator structures, as it is desirable to

have both a long propagation length for a high-Q resonator and good confinement of

the electric field, so a careful balance must be struck. A few structures that have been

studied for subwavelength confinement while maintaining low losses are dielectric-metal

hybrid waveguides where a dielectric waveguide is placed near a metallic surface and the

resulting subwavelength mode has 100 micron scale propagation74, metal-coated nano-

disk resonators which give high-Q plasmonic resonances54, and also wedge modes, which

offer a good tradeoff between propagation length and field confinement.75–77 The main

focus of this section will be on possibilities with the wedge plasmon mode. It should be

noted that the radius of the tip of the wedge is largely what governs the mode confine-
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ment78, and so the ideal wedge structure must have very smooth sidewalls to prevent

scattering with a small, single-digit nanometer tip radius. For nearly a decade after being

investigated theoretically, the difficulty of fabricating such high-quality wedge structures

caused attempts to exploit the geometry to end with disappointing results. These struc-

tures have more recently been fully-realized as resonators, after the template-stripping

method was shown to be immensely useful for generating ultrasmooth metallic wedges

and pyramids with sub-10 nm tip radii.46 In addition, the use of an Si template be-

fore the introduction of grainy metal allows additional patterns such as wall-like mirror

reflectors to be patterned on the structure via FIB lithography prior to stripping the

metal from the template. Finally, improvements in the deposition conditions of gold

have led to some of the first promising and successful experiments using a wedge-based

resonator to greatly enhance light-matter interactions with a quantum dot79, and have

further shown that plasmonic nanofabrication is now at a point where wedge modes can

be exploited to their theoretical potential.

One way to possibly exploit the high propagation length of wedge structures is by

fabricating thin gap couplers in a periodic manner across the length of the wedge. In

this way, light can be transmitted into the wedge from below, couple to the gaps, and

further couple into the wedge mode to create a resonance across multiple gaps that has

potential to be of a very high Q factor that would be useful for sensing experiments.

Additionally, the highly curved geometry at the wedge tip may allow for interesting

measurements on its own due to inducing strain on specimens such as lipid bilayers. To

test the feasibility of this idea, FDTD simulations were performed under a variety of gap

conditions and the transmission spectra in the far field as well as the field enhancement

near the gap-tip interface were measured. Graphical results of the calculations can be

seen in Figure 4.6.

Initial simulations showed a very high-Q spike in the resonance that can be associated

with the periodic nature of the gaps. In addition, the mode was tightly confined to

the wedge and therefore generated a reasonably high field enhancement that would be

suitable for light-matter interactions. Initial devices were fabricated, however the high-Q

spikes were not seen upon measurement of the devices despite what seemed to be good

fabrication quality. It is likely the case that there was some unseen fabrication issue,

perhaps in the region inside or underneath the gap that is difficult to see with an SEM

that was outside of fabrication tolerance that caused the experiments to fail. However,

some periodic device on wedges may still be a feasible idea for the future, as the high

confinement and propagation length on wedge plasmons provides an ideal system for
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Figure 4.6: Some results for periodic gap-tip wedge structure. Panel a shows a 3D
render of the pattern design where multiple narrow gaps are periodically arranged on
a metallic wedge, which allows a resonant wedge plasmon mode to be generated. The
electric fields are tightly confined to the tip of the gap (b). In addition, a sharp periodic
resonance is transmitted through the structure (at 850 nm in panel c). Since the field is
so tightly confined, these structures are likely to be good for sensing molecular binding
which occurs near the metallic interface. Panel d shows a characterization simulation
that predicts a roughly 2 nm shift per nm of Al2O3 that is deposited on the device.
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plasmonic resonators.

4.2.2 Future Work: Trapping with Split Wedge Antennas

The use metallic electrodes separated by thin gaps has been shown to be extremely

effective for trapping small particles and cells via a process called dielectrophoresis80.

Additionally, these traps can be used for particle sorting81,82 and rapid concentration of

particles for chemical studies.73,83 Such traps work by applying a bias voltage between

the two metallic slabs, and the voltage decrease over a small gap region will generate a

very large electric field gradient, which then can induce a small polarization in charge-

neutral particles and cause them to be pulled towards the gap region where they will

remain trapped. In addition, the ability to generate smaller gaps allows the trapping

force per volt applied to increase. This is simply because the same voltage must drop

across a smaller gap, which increases the resultant electric field gradient. The ability

to use as low of a voltage as possible is critically important in many applications as the

solution required for many biomolecule specimens will heat up or even break down even

at only a few volts. Ultranarrow gaps generated by atomic layer lithography can be as

thin as only a few nm, and they have been shown to be able to quickly trap neutral 30 nm

radius particles at voltages of 200 mV84 or even single molecules at higher voltages.85

Tip-based structures have also been shown to be effective at trapping single particles,

although they must be brought close to a conductive substrate, usually via AFM, and

have a potential difference applied between them to generate a large field gradient at the

tip.86 A similar scheme could be used with the split-wedge antenna design to possibly

provide a few nice additions to the dielectrophoretic trapping and subsequent studying

of such molecules or nanoparticles. The trapping would occur primarily at the tip-

gap interface, so it would have the benefit of a single point of trapping that is seen in

tip-based traps, and the nanometric gap would strongly boost the local electric field

gradient to produce a stronger trap for the same voltage than what can be produced in

a tip-only structure as shown by finite-element simulations (Figure 4.7). Additionally,

any particles that happen to adsorb to the surface but off of the trap can be more easily

filtered out by focusing to the top of the tip and filtering out any incoming light that

is not within the focal volume such as that light which is at the base of the wedge

structure.

Another type of trap that has seen great success especially in the single-molecule

regime are plasmonically enhanced optical traps that typically use a plasmonic nanogap

to generate large, optical frequency electric field gradients that are capable of trapping
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Figure 4.7: Trapping scheme and finite element method (FEM) simulation results for
DEP on a split wedge antenna. In Panel a, the scheme is shown, which is similar to other
tip-based DEP schemes.86 The split wedge is brought close to a conductive substrate
such as ITO, perhaps in an atomic force microscope, and a potential difference is applied
between them which generates the strong electric field gradient at the tip region. Panel
b shows a heat map of the relative difference in electric field gradient at the tip and
tip-gap interface. It can be seen that right at the tip-gap interface there is a stronger
electric field gradient and therefore the strongest trapping force will be located at that
point.

even single protein molecules.12,87–89 These traps work by having the plasmonic struc-

ture generate a large electric field that decays rapidly on a length scale on the order of

the particle to be trapped, which then can cause optical forces to be generated and a

substantial potential well that the particle cannot escape from. The large optical fields

and extremely tight confinement generated by split-wedge antennas is therefore poten-

tially a powerful structure for such experiments. Additionally, multiple nanogaps across

a wedge could provide multiple points with single molecules trapped in a well-defined

channels, and could be integrated with a line Raman setup73 to perform multiplexed

enhanced light-matter interaction experiments in a fully controllable manner. Though

some of the optical experimentation may be tricky for such structures, they do offer

substantial benefits that may prove a fruitful avenue of research in the coming years.



Chapter 5

Patterned Three-Dimensional

Nanostructures

In order to plasmonically focus light into small volumes using an Insulator-Metal-

Insulator type structure, there must be an asymmetry present in the system that allows

charge to build up at the apex of the metal. If the device itself is symmetric, then

the asymmetry must come from manipulating the light source (e.g. radial polarization),

which is often challenging to generate. It is therefore desirable to introduce the asymme-

try on the device itself. However, the pyramid template stripping process which has been

used extensively to generate high-quality, ultrasmooth metallic pyramids for nanofocus-

ing49 creates symmetric structures, and in order to generate the required asymmetry, it

is necessary to pattern a three-dimensional substrate, which is difficult to do via conven-

tional lithographic means. Much of the discussion to follow is based off of the paper by

Klemme et al,90 where colleagues and I demonstrated a reasonably scalable technique

to pattern metallic pyramids using a technique known as nanostencil (or shadowmask)

lithography.

5.1 Focused Ion Beam Lithography

Focused ion beam (FIB) tools are widely used for preparation of tunneling electron

microscope (TEM) lamellae.91,92 These tools work by focusing a beam of ions, usually

gallium, and bombarding a sample with them to etch away material in a specified region.

Generally an SEM can be used to image the sample while the ion etching progresses.

Focused ion beam tools have also been used in plasmonics to form sub 100-nm patterns,

as the resolution of an FIB tool can easily reach that size, and from there it is a simple

37
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matter of controlling the beam in some defined pattern. In addition, since the focused

ion beam allows for a high degree of manual control, it is very well-suited to forming

patterns on complex three-dimensional surfaces. Indeed, FIB lithography has been used

in the past to generate optical nanoentennae near a three-dimensional aperture,63,93,94

nanometric apertures near a plasmonic tip,95 and nanometric grating couplers near a

plasmonic tip.96

FIB lithography can create very high-quality plasmonic structures, however it does

suffer from several large drawbacks. Perhaps the foremost issue is that it does not scale to

be able to generate many devices. Most FIB tools require a manual operator to align and

generate each pattern, and the patterning itself on a per-device basis can be slow because

it takes more time to physically etch the material away than to expose a resist with

photolithography or electron-beam lithography. Additionally, FIB lithography when

patterning metal directly will cause ion implantation in the metal which will severely

degrade the plasmonic performance of the material. Grain boundary roughness can also

cause the patterns etched into a metal to be uneven. This issue has been alleviated

somewhat, however, with the advent of template stripping, where the FIB can be used

to pattern an inverse Si mold and metal is then deposited into that mold and pulled out

with a backing layer of epoxy.46,70 In this way, the ions will implant into the Si mold

rather than the metal, and since single-crystalline Si substrates are widely available at

low cost, roughness associated with grain boundaries also ceases to be an issue. Despite

this, however, it is still desirable to produce high-quality patterned three-dimensional

tip structures with a higher throughput than what FIB lithography can offer.

5.2 Nanostencil Lithography

In near-field scanning optical microscopy (NSOM), a metal probe is scanned across a

sample and is used to focus light below the diffraction limit to the sample to provide su-

perresolution optical information of the sample, such as a full Raman spectrum at every

point of the scan. This measurement technique allows for simultaneous collection of to-

pographical and chemical information of a sample at nearly nanometer-scale resolution.

Frequently, the metallic probe will make use of a nano-aperture,97 nanoparticle,48,98 or

will be a simple metal tip with nanometric dimensions.99,100 Of these styles of probes, it

is the tip structure that is capable of producing the tightest, most intense electric field.

However, tip-based probes in particular pose a challenging problem in that linearly or

circularly-polarized light that is incident on a symmetric tip will actually generate a
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mode that has a node in the electric field at the tip rather than a region of high inten-

sity. In order to couple free-space light to such a tip, the symmetry must be broken in

some way. This can be accomplished by utilizing a non-trivial excitation scheme for the

light such as a normally-incident radially-polarized beam of light or a side-illumination

scheme for linearly polarized light.101 However, such schemes can be difficult to set up

and maintain experimentally, as they require precise optical alignment, which hinders

wide adoption of the NSOM technique outside of a small group of specialists. An easier,

more “plug-and-play” alternative on the experimentalist side is to engineer asymmet-

ric patterns on the metal probe itself that efficiently couple normally-incident, linearly

polarized light to the end of the tip.

One method to generate extremely smooth and sharp metal tips is the template

stripping technique where metal is deposited into an ultra-smooth Si mold that can

be readily generated by etching along the crystal planes in a [111]-oriented Si wafer49

(See A.1 for additional details on the fabrication recipe for such molds). The shape

and, importantly, smoothness of the Si facets is then transferred to the bottom side of

the metal. A backing layer such as epoxy is then applied to the metal film, and the

metal is then peeled out of the mold, taking advantage of the low adhesion between

metals such as gold and silver and the native SiO2 layer that exists on the surface of the

substrate. In this way, ultrasharp and ultrasmooth (sub-10 nm radius of curvature tip,

sub-1 nm roughness) metal tips can be fabricated at the wafer scale. In addition, by

overetching the Si mold so that it undercuts the hard mask membrane, the metal film

can be discontinuous between molds, allowing each mold to be individually addressed,

which is necessary for NSOM applications.

Pyramidal tips generated by the template stripping method still suffer from the fact

that they are intrinsically symmetric structures that require some breaking of the sym-

metry in order to focus light at the apex. While FIB lithography has been used to

generate groove, bump, and even slit patterns on the pyramids, the FIB lithography

approach suffers immensely from the drawback that each pyramid mold must be man-

ually addressed, which severely limits the throughput of the process. Additionally, the

alignment of the patterns must rely on the judgment of a manual operator, or on the

quality of the placement of alignment marks and the FIB translation stage if the tool

is capable of recognizing alignment marks. In our work, we used the technique known

as nanostencil or shadowmask lithography to extend the template-stripping method to

generate high-quality metal pyramids in such a way as to also pattern the vicinity of

the tip in a manner that is self-aligned to the pyramid mold90 so as to avoid the use of
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Figure 5.1: Diagram depicting the stencil lithography and subsequent template stripping
processes. (a) Generate patterns in a membrane and (b) etch the silicon layer along the
crystal planes using KOH to suspend the membrane above the pyramid template. (c)
Deposit material (e.g. SiO2) onto the sample, transferring the 2D membrane pattern
into the 3D pyramid template, and then (d) selectively etch the membrane layer, leaving
the patterns inside of the template. (e) Deposit gold onto the sample and (f) template
strip out of the mold, yielding a three-dimensional patterned metal tip. Figure adapted
from Klemme et al.90 with the permission of AIP Publishing.

low-throughput methods such as FIB lithography.

Nanostencil lithography is a technique in which a patterned membrane is suspended

over a pit in the substrate. Material can then be evaporated through holes in the

membrane pattern, transferring the pattern into the pit of the substrate.46,102–105 The

membrane itself can be patterned using conventional 2D lithography, but the material

which passes through the membrane mask can land on a three-dimensional structure

such as a pyramid template.106 Nanostencil lithography was readily integrated into the

standard template-stripped pyramid fabrication process (See Appendix A.2 for in-depth

details on that process). Electron beam lithography was used to pattern the edges of a

pyramid template with nanometric patterns in the center on a Si3N4 hard mask. The

sample was then placed in a KOH bath to anisotropically etch the Si substrate into a

pyramid template underneath the Si3N4 membrane. Following this, SiO2 was evaporated

onto the sample and, importantly, into the pyramid template through the patterns on

the stencil mask, causing the pyramid template to have patterned SiO2 bumps in the

mold near the tip. The sample was then placed in an argon-ion milling system at a

glancing angle of 5°to polish away the top layer of SiO2 without causing damage to the

SiO2 in the pyramidal template. Finally, the Si3N4 mask was selectively etched away by

placing the sample in a phosphoric acid (H3PO4) bath. Gold was then deposited onto
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the sample, and the film was template stripped away to fabricate patterned pyramidal

tips. was For a diagram of this process as it pertains to template stripped metallic

pyramids, please refer to Figure 5.1.

It is also possible to deposit metal directly through the stencil membrane, generating

a metal pattern in the pyramid template. Such patterns could be used as aperture-

style plasmonic probes, or even potentially as a gap-tip hybrid structure where light is

coupled through a gap to generate a large electric field at a nearby tip.95 SEM images

detailing some of the process steps and patterns that were generated are shown in Figure

5.2. The final stencil patterns on the template-stripped metal pyramids had a depth of

approximately 50 nm after depositing 200 nm of material, because some of the material in

the pyramid template was etched away during the ion mill and H3PO4 etching processes.

Additionally, the stencil lithography method is only possible on relatively small pyramids

that are 5 µm or less in diameter. This limitation exists due to the material deposited

through the patterned pores beginning to blur the farther it has to travel to the bottom

of the substrate

Plasmonic focusing properties of circularly-polarized light has been investigated by

many researchers.107–110 One large point of interest is that chiral structures can couple to

a radially-polarized light component that exists in circularly-polarized light and tightly

focus the beam without needing to worry about the alignment of the beam to the

structure. To analyze the radial component that exists in circularly-polarized light, first

recall that left and right-hand circularly polarized light (LHC and RHC respectively),

are simply linear x and y-polarization components that are delayed by a π/2 phase

shift relative to each other, so that ÊLHC = Êx + jÊy and ÊRHC = Êx − jÊy, where

the imaginary constant j represents the π/2 phase shift. The x and y components of

polarization can then be converted to radial and azimuthal components in the same way

x, y coordinate pairs are transformed into cylindrical coordinate pairs r, φ. The following

set of equations shows the relationship between the cylindrical polarization components

Êr and Êφ and the linear and circularly-polarized field components:111
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Figure 5.2: SEM images demonstrating the stencil lithography method on template-
stripped pyramids. Panels a and b show SEMs of the patterned Si3N4 membrane
suspended over a pyramid template with spiral and asymmetric grating patterns re-
spectively. Panel c shows SiO2 patterned as a spiral inside the pyramid template after
being evaporated through the suspended membrane. Panels d and e show a top-view
of the template-stripped pyramids after transferring the spiral and asymmetric linear
grating patterns to the gold structures. Panel f shows a side-view of the spiral pattern on
a pyramid (Note: the pyramid in this panel looks a little deformed because of charging
artifacts with the SEM; a lower dwell-time produces a noisy but less deformed image).
Finally, panels g and h show bowtie gold structures that were deposited into a pyramid
template through a stencil mask. This figure was adapted from panels in Klemme et
al.90 with the permission of AIP Publishing.
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Êx = cosφÊr − sinφÊφ (5.1)

Êy = sinφÊr + cosφÊφ (5.2)

ÊLHC =
1√
2

(
Êr + jÊφ

)
ejφ (5.3)

ÊRHC =
1√
2

(
Êr − jÊφ

)
e−jφ (5.4)

Of particular interest in the LHC and RHC cases is that there is only a simple phase

offset e±jφ for the radial and azimuthal components. In particular, if a structure was

able to perfectly cancel that phase term, the resulting light would have spatially uniform

radial and azimuthal light components in the vicinity of the structure. The Archimedian

spiral is just the structure for the job, and it is given by the following equation:

r = r0 ±
Λ

2π
φ (5.5)

This equation represents a spiral that begins at a distance r0 away from the origin

and grows by a distance Λ every turn, which will also be the wavelength λspp of plasmons

that are excited by the structure. The sign of the Λ-term also determines if the spiral

is left or right-handed. Importantly, if plasmons are coupled from a groove or slit spiral

structure to the center, a phase term of e±jφ is introduced, depending on the spiral’s

handedness for plasmons that are coupled from the spiral at angular position φ. Based

on Equations 5.3 and 5.4, a spiral of opposite handedness as the incoming circularly

polarized light will cancel out the geometric phase term e±jφ, yielding purely radial

and azimuthal plasmon modes whose centers are the center of the spiral structure. In

addition, it will be the radial mode that couples most strongly to the structure, as the

polarization of that mode will be perpendicular to the spiral structure at every point.

Such a mode will interfere constructively at the center of the spiral structure, and if the

spiral is formed on a plasmonic tip, it could be used to couple circularly polarized light

to the tip as a plasmonic hot spot.

Finite-difference time-domain (FDTD) simulations were performed to test how effi-

ciently a pyramid patterned with spiral or asymmetric linear grooves on its facets could

focusing light to the apex of the tip (Figure 5.3). In panels (a) and (b), the simulated

pyramid is patterned with a right-handed spiral projected onto the pyramidal facets

with a groove depth of 50 nm. In (5.3a), the pyramid is illuminated with LHC light,

and field enhancement at the tip is clearly seen. In (5.3b), the pyramid is illuminated



CHAPTER 5. PATTERNED THREE-DIMENSIONAL NANOSTRUCTURES 44

Figure 5.3: Plots showing FDTD simulation results for the field enhancement generated
by patterned pyramidal tips. (a) and (b) show the field enhancement from a tip that
has been patterned with a right-handed spiral groove, and in (a) it is illuminated with
left-hand circularly polarized light, while (b) is illuminated with right-hand circularly
polarized light. The spiral groove structure causes the light to couple constructively
to the tip in (a), while it is coupled destructively in (b). Panels (c) and (d) show the
field enhancement at the tip of a pyramid that is patterned with an asymmetric linear
groove pattern on a single pair of facets. The polarization in (c) is perpendicular to the
grooves, allowing it to couple strongly to them and generate a large field enhancement
at the tip. In (d), the light polarization is parallel to the grooves, which only allows for
weak coupling and therefore a weak field enhancement. The wavelength was selected for
reach structure to produce maximum field enhancement. Figure panels adapted from
Klemme, et al.90 with the permission of AIP Publishing.

with RHC light, and the spiral does not cancel out the phase term, but rather adds to

it and the result is a clearly-defined node at the tip’s apex, as the plasmons interfere

destructively.



Chapter 6

Plasmonics on Epitaxial Copper

Imperfections in the metal film can cause very large losses in plasmonic devices, which

is why it is of paramount importance to ensure that the film is as smooth and pure

as possible. Grain size and film purity can be improved somewhat by adjusting the

deposition conditions. One technique to overcome metal film roughness is known as

the template stripping method.70,112 In this method, a silicon substrate is patterned

with an inverse template of the desired pattern, and a metal film is deposited into the

patterns and subsequently peeled off with an adhesive backing layer, transferring the

pattern to the metal film. In addition to the pattern, the smoothness of the crystalline

Si substrate also transfers to the metal film, which drastically reduces scattering losses.

Indeed, the template stripping method reduces metal roughness to sub-nanometer levels

while still allowing for the flexible patterning options available for silicon substrates.

However, grain boundaries still exist in template stripped films and act as a scattering

loss mechanism. Deposition conditions can be optimized somewhat to increase the grain

size of a film, but in order to achieve a truly perfect metallic film, it must be grown as a

single crystal in such a way that grain boundaries and surface roughness are eliminated

entirely. Recently, collaborators of ours (Prof. Jeong group at Korea University in

Seoul) have developed a process to achieve epitaxial growth of copper films on sapphire

substrates in a way that produces almost no grain boundaries or surface roughness. This

chapter will detail the work that has been done to grow these films as well as optical and

plasmonic characterizations that I performed to test the usefulness of this material for

application in plasmonic devices. The work in this chapter has ultimately culminated

in the paper titled, “Epitaxial Copper for use in Plasmonics”, which will be submitted

for publication shortly.

45
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Figure 6.1: Plots showing the real and imaginary parts of the dielectric function of epi-
taxial copper measured via ellipsometry. The data is plotted against values obtained
for copper, silver, and gold metal films that were evaporated onto a silicon substrate
and template-stripped in an optimized way. The real part of the epitaxial constant of
epitaxial copper tracks closely with that of optimized, template-stripped copper, demon-
strating that the film is of a high quality and should be suitable for use in plasmonics.

6.1 Characterization of Epitaxial Copper

Copper films were grown epitaxially on sapphire, and various characterization measure-

ments were performed to help determine their plasmonic properties. TEM measurements

confirmed that the copper films had a native 2-4 nm CuOx layer on the top interface,

which turned out to be of crucial importance to the ultimate plasmonic performance

of the copper films. To measure the optical constants of the copper film, a spectro-

scopic ellipsometer was used. The wavelength was scanned from 400-1100 nm, and the

resulting data was fitted to a two-layer stack of copper and copper oxide to obtain the

dispersion of the bare copper film. However, it should be noted that treating the copper

as a single layer system resulted in optical constants within 5% of the two-layer system,

so the effect of the copper oxide was relatively minimal regarding the optical constants.

The real and imaginary epsilon values are reproduced below in Figure 6.1 and are plot-

ted alongside recently obtained values for evaporated, template-stripped films of copper,

gold, and silver for comparison.113

The epitaxially grown copper has a slightly more negative real part of its dielectric

function than template-stripped copper, which means the epitaxial film is capable of

more tightly confining light to its surface. Its dielectric function is also very nearly

identical to that of gold in much of the optical and near-infrared range of the spec-
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Figure 6.2: SEMs showing slit-groove pairs that were used to measure the plasmon
propagation length in epitaxial copper. Panel a is a top-down view with the slit on the
left and the groove on the right. Panel b is a cross-sectional view of a slit-groove pair.
Panel b also has an inset diagram of the slit-groove device that shows the principle of
operation. Light is transmitted through the slit from the substrate side. Some of the
light scatters from the slit while some of the energy couples to a surface plasmon that
propagates along the metal surface to the groove, which acts as a strong scattering point
for the energy. The light scattered from the groove is then collected in a microscope,
while the light transmitted through the slit is blocked.

trum, which means plasmonic devices on the copper film should be able to outperform

otherwise identical gold devices due to the elimination of grain boundary scattering

losses.

AFM measurements performed by our collaborators also confirm that the epitaxial

copper film is smooth to the level of only a few angstroms, and possesses no grain bound-

aries. However, because two growth modes for copper exist on the sapphire substrate,

the film is not truly a single crystal, but rather a composite material comprised of the

two crystalline orientations. These two growth modes form orientation domains that

are not nearly as rough as grain boundaries, but are still a potential scattering point for

propagating plasmons.

In order to measure the propagation length of the surface plasmons on this copper

film, a device known as a groove-slit interferometer was fabricated on the film using

focused ion beam (FIB) lithography. The ion beam was used to etch a slit fully through

the copper film, exposing the sapphire substrate below. Some distance away, a groove

was partially etched approximately 50 nm down into the 200 nm copper film (See Figure

6.2). Multiple such devices were made with slit-groove spacings ranging from 5 to

50 microns in increments of 5 microns. The sample was then placed in an optical
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microscope, and white light was transmitted through the slits. These slits generated

surface plasmons, some of which propagated in the direction of the grooves which acted

as a scattering point for the plasmons. The scattered light from each groove was then

imaged in a spectrometer, with care taken to block the direct transmission from the

slit. The idea then is that the intensity of the scattered light from farther grooves will

be weaker than that of the closer ones, and the amount weaker is directly related to

the plasmon propagation and scattering losses. The set of spectra obtained from each

groove were then fit to the following equation at each wavelength:

I = Ib + I0 ∗ e−x/Lspp (6.1)

Where Ib is the background intensity, I0 is the reference intensity, x is the distance

between each groove-slit pair, and Lspp is the plasmon propagation length, which is

what we are trying to extract. The intensity I is the measured value of the intensity,

x is a controllable experimental parameter, and Ib, I0, and Lspp were all used as fitting

parameters. The fit was a simple least-squares fit computed using the SciPy package in

Python. There was a small fraction of wavelengths in the spectrum that the software was

unable to fit to with reasonable accuracy, likely due to some noise in the measurement or

Fabry-Perot interference fringes that drowned out the characteristic exponential decay.

Such points were simply omitted from the data set as they were reasonably clear outliers.

Ultimately, the fits produced experimentally measured values of Lspp across the en-

tire visible spectrum, with the fit being accurate to within 5-10 µm at each point. These

values were compared with the theoretical propagation length on the copper film that

would be expected due to ohmic losses only. This value can be easily calculated by re-

ferring back to Section 2.2 and realizing that the electric field propagates as exp (jxβ),

which means that the field propagation length is given as 1/Im (β), while the intensity

propagation length is 1/2Im (β). Since intensity is the value being measured experimen-

tally, that is the appropriate value to use in the calculation. The theoretical plasmon

propagation length due to ohmic losses only can, therefore, be given in terms of only

the dielectric function of the metal, as is done below:

Lspp =
c

2ω
Im

[√
ε

1 + ε

]−1

(6.2)

Where ε is the complex dielectric constant of copper at each wavelength, which has been

measured via ellipsometry. This theoretical curve is plotted on the same axes as the

measured data in Figure 6.3. The measured propagation values were lower than the
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Figure 6.3: Plots showing the measured and theoretical plasmon propagation lengths
on epitaxially grown copper. The theoretical values were calculated assuming ohmic
losses only, and the measured data comes from the groove-slit scattering measurement.
The error bars in the measured data are the least-squares standard deviation from the
fitting that was done. The error bars are placed every 30 data points. Additionally,
some data points were omitted because the fit did not converge to a reasonable value
and had standard deviations in excess of the magnitude of the data. These poor fits
likely stemmed from noise in the measurement itself or from Fabry-Perot interference
fringes. Additionally, only the slit-groove separations of 15 microns or greater were used
because the closer separations proved too difficult to block the direct transmission from
the slit, which did not allow for a decent fit. The blue line is an FDTD calculation of the
propagation length assuming a 2 nm native oxide layer is present on the copper, which
demonstrates that even a small copper oxide layer will drastically lower the expected
propagation length.
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theoretical values by roughly a factor of 2, and at the longer wavelengths the measured

propagation length sharply decreased despite the theoretically calculated propagation

length continuing to increase. There are several possible culprits for this discrepancy.

The first, and most obvious, possibility is that the crystal domains in the epitaxial copper

still cause significant scattering, similarly to grain boundaries, causing the propagation

length to be lower than would otherwise be expected from a perfectly uniform copper

film. Another possibility that could be responsible is the fact that the slit-groove scat-

tering calculation fundamentally underestimates the propagation length to some degree

because not all the surface plasmons will propagate in a straight line, which leads to a

systemic error in the measurement. To combat this, the length of the slits and grooves

was shortened to 2 µm, preferentially causing the scattered plasmons to be only those

which are propagating perpendicular to the grooves and slits. However, this did not

appear to make much of a noticeable difference in the measurement compared to 10 µm

long slit-groove pairs, which means the contribution from this effect is likely minimal.

Indeed, although the exact spread of plasmon angles exiting the slit is not available, it

is likely they still tend to primarily propagate perpendicularly away from the slit. The

final possibility is that the native copper oxide which exists on top of the copper film is

significantly absorbing the light and therefore not allowing the plasmons to travel as far

as would be predicted by a simple analysis based only upon the dielectric function of a

bare copper film.

To further explore the possibility of the copper oxide playing a large role in the

plasmonic propagation length, finite-difference time-domain (FDTD) simulations were

performed to calculate the propagation length of surface plasmons on copper film in the

presence of a thin 2nm copper oxide film. The dielectric function of the oxide film was

measured by our collaborators, and is quite lossy, with average n,k values of 3.5 and

0.4 respectively in the visible region of the spectrum. Unfortunately, the measurement

wavelength only extended from 650 to 800 nm, so the simulation bandwidth had to be

similarly small, although the measured values were extrapolated down to 600 nm to

obtain data from a slightly larger wavelength range. The simulation was performed in

two dimensions and featured a semi-infinite slab of copper with a 2 nm copper oxide

film on top. The other semi-infinite region was simulated as air. A pulsed surface

plasmon was excited from a source which calculated the fundamental mode for the

geometry, and the electric field of the plasmon was measured via a line monitor across

100µm of simulation region. The monitor returned an exponentially decaying electric

field at specified wavelengths, and the resulting data was squared to put it in units
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of intensity, and then fitted to Equation 6.1 at each wavelength in the same manner

as the experimental data. The simulated propagation lengths are plotted alongside the

measured data and analytic calculations in Figure 6.3. The adjusted copper propagation

length when the copper oxide is taken into account provided a much better match to

the experimental data, mostly within the error bars of the fit. Some of the mismatch

between the measurement and FDTD calculation is due to the fact that it is difficult to

measure the dispersion of copper oxide isolated from the bulk copper, the likely imperfect

extrapolation of the copper oxide index values below 650 nm, and some amount of

imprecision in the exact thickness of the copper oxide layer on the measured devices.

Regardless, it is safe to conclude that the native copper oxide layer plays a very large

role in the surface plasmonic properties of the epitaxial copper film and must be taken

into account when designing plasmonic structures.

6.2 Plasmonic Devices on Epitaxial Copper

Epitaxial copper films present an opportunity to fabricate high-quality structures with

sub-wavelength dimensions, as it possesses no grain boundaries and few scattering points

to propagating surface plasmons. Among the most simple of these structures is a peri-

odic diffraction grating, where rectangular grooves are etched into the film in a periodic

manner. Light with a wavelength matching the resonance condition of the grating will

to couple to surface plasmon modes in the film. If the reflected light is collected and

measured, this coupling will appear as a dip in the reflection spectrum, and since the

wavelength of the dip depends on the index of refraction of the dielectric medium sur-

rounding the grating, such a structure can be used for sensing applications. One goal of

structured epitaxial copper films is to be able to generate a very thin (high Q) resonance

that has near 100% extinction. Such a resonance would act as a very thin “needle” and

would allow for highly sensitive measurements of refractive index. To begin exploring the

possible design space with idealized copper films, finite-difference time-domain (FDTD)

simulations were performed that varied multiple parameters of a reflection grating, in-

cluding the period, groove depth, and groove width. These parameters can all effect

the position of the plasmon resonance, as well as its width. Additionally, in order to

capitalize as much as possible on the smooth epitaxial surface of the copper film, the

thinner and shallower grooves were explored more heavily, as that would allow the orig-

inal film to be disturbed less. Figure 6.4 shows some of the reflection spectra that were

calculated via FDTD. The Q factor in some cases was in the 300-400 range, which is
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Figure 6.4: Finite-difference time-domain (FDTD) simulations of the reflection spectra
from linear gratings on epitaxially grown copper. The period of all the reflection gratings
shown here was 700 nm, and the duty cycle and grating depth were both swept and are
displayed in the figure. Note that “duty cycle” here is defined as the fraction of the
grating that is etched down into the film. The simulations predict that the reflection
spectra should in many cases exhibit full extinction at the resonant wavelengths and
have Q factors that can get up to the 300-400 range.
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Figure 6.5: SEMs showing a linear grating (a) and bull’s eye grating (b) that were
etched into epitaxially-grown copper using focused ion beam (FIB) lithography. The
nearly single-crystalline nature of the epitaxial copper allows the devices to be made
with a very high quality such that the sidewalls are very smooth and no roughness
normally associated with directly etching metals via FIB is present. The scale bars in
both images are 5 µm.

quite high for plasmonic devices.

Bull’s eye structures were also explored via simulation. These structures are formed

by etching concentric rings into the substrate that are separated by a constant radial

value. These devices can be somewhat easier to handle experimentally than linear

gratings due primarily to the fact that it is not necessary to polarize the white light

source in order to make the measurement. However, accurate simulations of bull’s eye

structures require full three-dimensional simulations, which require significantly more

time and computing resources than the simple 2D grating structure. For this reason,

linear reflection gratings were opted for as the main model system to present in this

section.

Both linear and bull’s eye reflection gratings were fabricated onto the epitaxial cop-

per substrates in order to measure their reflection response. Figure 6.5 shows some

characteristic SEMs of the structures that were fabricated. Reflection measurements

were then attempted, however it was then found that the expected high-Q response

was absent from the reflection spectra, and instead it appeared to be an almost flat

response. This result is what initially prompted us to search for an explanation of why

the copper films seemed to underperform what ellipsometric data and simulations would
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otherwise predict, and is how the importance of the native copper oxide was discovered.

Further simulations with the copper oxide taken into account showed that reflection-

based measurements were indeed doomed to fail and have very little, if any, measurable

signal. However, it was found that transmission-based measurements were not quite as

affected, which is why at this time we chose to move on to plasmonic devices that could

be measured with transmission techniques instead.

6.2.1 Periodic Nanohole Arrays

Periodic nanohole arrays in an optically thick metallic film were perhaps the first plas-

monic nanostructure ever fabricated, and certainly were the structure that launched the

field of nanoplasmonics.14 The plasmonic action from these nanohole arrays allow for a

phenomenon called extraordinary optical transmission (EOT) to take place. The EOT

effect causes much more light to be transmitted through a periodic array of nanoholes

than would be expected from Bethe aperture theory,15 which found that light trans-

mission of wavelength λ through an aperture of radius r in a thin, perfectly conducting

film drops off as (r/λ)4 when r � λ. Beyond the vastly increased light signal, the

transmitted light spectrum also exhibits distinct peaks that arise primarily from geo-

metric factors such as the array periodicity,14 the size and shape of the aperture,s114–116

and the thickness of the metallic film.117 The exact position and transmittance of these

peaks are sensitive to the index of refraction in the immediate vicinity of the holes. This

realization118 has caused a proliferation of EOT-based refractive index sensors that can

be used to measure binding kinetics119, which is an important between a drug candidate

and its receptor in pharmaceutics.120 Additionally, because of their small size, nanohole

arrays can be arranged along multiple channels to enable high-density multiplexed ex-

periments.121,122

Epitaxial copper is a good substrate on which to fabricate such hole arrays as the

extreme smoothness and lack of grain boundaries will allow for very high quality struc-

tures to be made that will not suffer from unwanted scattering. Focused ion beam

(FIB) lithography was used to fabricate such structures, with great care taken to get as

vertical of sidewalls as possible, and to avoid overetching into the sapphire substrate.

SEM images of the milled nanoholes can be seen in Figure 6.6. The device target was

650 nm periodicity, which will result in a free-space wavelength resonance near 700 nm.

This provides a relatively good tradeoff between having a highly negative real part of ε

without the lossy imaginary part of ε being too high (See Figure 6.1), which will help

optimize the transmission spectra. Several different nanohole radii were made, from 75
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Figure 6.6: SEM images showing FIB-milled nanoholes in epitaxially-grown copper.
Panel a shows a top-view of a nanohole array, demonstrating that the holes can be
made uniformly and evenly-spaced. Panel b shows a cross-sectional close-up view of a
nanohole that was cut down the middle by the ion beam, and this demonstrates that
the sidewalls are reasonably smooth and vertical. The scale bars in both panels are 1
µm.

nm to 150 nm in steps of 25 nm. Smaller radii will provide sharper resonances, as the

direct transmission will be lower, however the absolute transmittance will also be lower

until it eventually falls to the same level as the noise floor in the spectrometer. The

devices were a 13x13 array of holes.

The transmission spectra of the nanoholes were measured via an imaging spectrom-

eter that collected light output from an inverted microscope. The light was emitted

from a tungsten lamp through a condenser which had its aperture very small such that

the light had minimal angle spread (Köhler illumination) as it propagates through the

nanohole array. Backside illumination was used, so the light went through the sapphire

substrate first, and then through the nanohole array. However, because there is strong

coupling between both sides of the film, the transmission spectra will be essentially

identical no matter which side of the substrate is illuminated upon.123 A 100x air ob-

jective with NA = 0.95 was used to collect the light transmitted through the nanoholes,

which was then projected through a 100 µm slit into an imaging spectrometer. The

spectrometer was then kept open for an amount of time to nearly saturate its input

(ranging from 3 to 300 seconds depending on the hole diameter). The resultant signal

was then normalized to the transmission through the sapphire wafer with no copper
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film or nanopatterns present to obtain the final spectra. To test the refractive index

sensitivity, a film of deionized water was placed between the copper film and a glass

coverslip to have the transmission measured, then isopropyl alcohol was placed in the

same configuration (Figure 6.7). DI water has a refractive index of 1.33, while isopropyl

alcohol has an index of 1.377. As a result, the main topside transmission peak shifted

by 19.4 nm, which therefore correlates to a bulk sensitivity of 440 nm/RIU. It should

also be noted that the lower-wavelength transmission peaks, which are confirmed to be

backside peaks via FDTD, do not redshift in response to the changed refractive index,

which helps confirm that the main peak’s shift was truly due to the refractive index

rather than the sample/spectrometer being misaligned in between measurements.

As was the case with the plasmonic propagation length on epitaxially-grown copper,

the thin native copper oxide layer played a role in the device’s performance. FDTD

simulations were performed to test how a thin oxide layer would affect the transmission

spectrum of the nanoholes. In addition, simulations were used to calculate the sensing

capability of the copper nanoholes with copper oxide present to see how they would

perform in sensing applications. The results of both of these simulation sets can be

seen in Figure 6.8. The simulations show that the sharpness of the transmission peak is

drastically reduced with even a thin native oxide layer present and continues to get worse

as the oxide layer becomes thicker. The simulations in the right panel demonstrating

the bulk sensitivity of the devices show that the expected wavelength shift from these

devices is about 400 nm/RIU, which is on par with previously reported sensitivities

for circular nanohole-based sensors on gold124. The sensitivity could likely be further

improved by optimizing the exact shape of the nanoholes as well,6 but such optimization

was a bit beyond the scope of our work in characterizing the performance of the material

itself.

The conclusion we reached with epitaxially-grown copper is that it has potential to

be a very idealized plasmonic material and is capable of performing at a level that is

comparable to gold in some cases. However, the presence of the lossy copper oxide layer

prevents the material from reaching its full potential and therefore there is perhaps not

much justification to use it as a real alternative to gold in most cases.
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Figure 6.7: Data showing the results from a refractive index sensing experiment us-
ing periodic nanohole arrays in epitaxially grown copper. In the ed curve, DI water
was placed under a coverslip over the nanohole device and white light was transmitted
through the nanoholes to produce the transmission spectrum. The water was then re-
placed with isopropyl alcohol in the same configuration and the spectrum from the blue
curve was obtained. The main transmission peak red-shifted by 19.4 nm, meaning the
bulk sensitivity was 440 nm/RIU. Note how the features at lower wavelengths remain
in the same position between the two experiments, which is good evidence that the
shift was not simply due to misalignment between measurements. The blue curve with
isopropyl alcohol has some additional noise on it because the coverslip was not quite
perfectly flush with the device in that case and produced some interference fringes. The
reason for the tilted coverslip is likely a piece of dust that got on the sample and refused
to come off.
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Figure 6.8: Simulation results for copper nanoholes. In these simulations, it is shown
that the main transmission peak is significantly red-shifted, and that the Q-factor is
greatly decreased with even a relatively thin native oxide layer present (left panel).
Additionally, simulations were performed to calculate the index of refraction sensing
performance of the nanoholes in an aqueous solution (right panel). For the sensing
calculation, the 4 nm oxide case was used because that is the oxide thickness whose
spectrum in air showed the best match to the fabricated device. For all simulations in
this figure, the nanohole period was 650 nm, and the nanohole diameter was 200 nm.
The thickness of the copper layer was 300 nm in all cases. The simulations shown in
the left panel were done with air (n = 1) as the superstrate, while water and refractive
indices slightly above water were used in the right. The sensing simulations expect a
roughly 400 nm/RIU shift.



Chapter 7

Titanium Nitride Plasmonics

The majority of plasmonic devices are made using noble metals such as gold or silver.

Silver is desirable because it has among the very best optical properties for plasmonics

of any metal due to its high conductivity. Gold, however, is by far the most common

material used in plasmonics because it does not oxidize under atmospheric conditions,

while maintaining high-quality optical properties for plasmonic applications. Titanium

nitride (TiN) is a ceramic material with metallic properties that has emerged as a

promising alternative plasmonic material and has generated a fair bit of interest among

researchers125–129. The way in which the film is prepared can drastically alter its optical

properties, but in the best case it can be made to have optical constants comparable to

gold125. One big potential advantage of TiN is that it is more mechanically robust than

gold or silver and will not deform as easily under stress or heat, which would allow for

longer active lifetimes in real plasmonic devices and applications such as heat-assisted

magnetic recording (HAMR). Commercial atomic layer deposition (ALD) systems also

exist which can deposit continuous TiN films less than 10 nm thick, which is not generally

possible with gold or silver deposition techniques due to island formation in the resulting

film. Being able to generate ultrathin plasmonic films can open the door to novel devices

such as tunable mirrors, as well as improvements in biosensing experiments such as the

Kretschmann setup.

7.1 Characterization of TiN Films

TiN is a ceramic material that has metallic properties, including a negative dielectric

constant at optical and infrared frequencies126 as well as some amount of electrical

conductivity. The negative dielectric constant in TiN films allows for SPPs to exist at

59
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the film’s interface. There has been some work done to optimize the optical constants of

TiN by preparing it epitaxially, and through this type of growth, the plasmonic quality

of TiN can begin to approach that of noble metals. However, such films are slow to grow

and are difficult to pattern compared to what is achievable with gold. Another way that

TiN films can be generated is via an atomic layer deposition process. Such films are of

lower optical quality than their epitaxially-grown counterparts, but they do boast two

advantages that can be exploited thanks to the nature of the atomic layer deposition

(ALD) process. First, these films can be made to be thin with nearly atomic resolution.

Second, the deposited film will conform fairly well to any structures present on the

substrate, which allows for more freedom to create patterned TiN films than epitaxial

growth. TiN is a film that has good hardness and heat resistance, and additionally it

maintains a thin (11 Å) oxide layer for long periods of time at temperatures below 100°C

and with negligible dependence on humidity.130 TiN will grow a thicker oxide layer at

higher temperatures, but it is not until 500° C that it begins to quickly oxidize131, which

gives it a large range of operable temperatures.

The thin TiN films used in this work were deposited by a plasma enhanced atomic

layer deposition (PEALD) chamber (UltraTech/Cambridge NanoTech, FIJI G2). Such

chambers use a plasma to help catalyze the reaction between a precursor and a reactive

gas to build up a pinhole-free, nearly-conformal film one atomic layer at a time. The

plasma enhancement allows the ALD films to be generated at lower temperatures than

would otherwise be feasible, and at a faster rate.132 The precursor used to make TiN is

tetrakis-dimethylamido-titanium (TDMAT)133, and it flows into the chamber and coats

the substrate before reacting with a gas of N2. The two recipes that were settled upon

for use in devices in this work differed only in their temperature: 100°C and 270°C for

so-called low and high-temperature recipes respectively. A spectroscopic ellipsometry

measurement was performed on both of these films, and the optical constants were

extracted and are plotted in Figure 7.1. It can be seen from this data that PEALD

TiN has the real part of its dielectric function only in single-digit negative in the optical

regime, as compared to gold or silver which are in the multiple ten’s regime. Additionally,

the TiN film has a larger imaginary component in its dielectric function, which means it

is a lossier plasmonic material. In practical terms, this means that these TiN films are

generally not as good as gold or silver for plasmonic applications, as more of the light will

be absorbed as heat. The values obtained in this measurements are comparable to what

has been obtained in previous works on PEALD TiN films.128,134 Additionally, there is

some evidence that the optical properties of PEALD TiN films are not especially sensitive
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to the substrate on which they are deposited135, which is crucial for some applications

that will be discussed later, especially long-range surface plasmon sensors in Section 7.3.

It should be noted that high-quality epitaxial growth of TiN has generated films with

optical properties that are comparable to gold,125 which is currently far out of the range

possible with PEALD deposition. Even still, the poorer-quality PEALD TiN film will

have interesting properties due to the extremely thin dimensions that can be generated

and the novel effects that can be explored with such a thin film. The use of PEALD

TiN over evaporated gold or silver will therefore be justified by the geometries that can

be realized.

The dielectric function of the PEALD-deposited TiN films were characterized in

the optical and near-infrared wavelengths via spectroscopic ellipsometry. One challenge

presented here was that neither the exact film thickness nor the dielectric function was

known prior to the measurement, it is not always possible to measure both values in a

spectroscopic ellipsometry measurement. One method to measure both values is to use

an explicit model for the dielectric function such as the Drude-Lorentz model, which can

put enough of a constraint on the dielectric function that it can be solved for uniquely

along with the film’s thickness. However, not all real films have a dielectric function that

closely follows an analytical model, and other times, especially in the presence of many

resonances, enough terms have to be added to the model that the system once again

has no unique solution. In the case of TiN, however, it ended up following a relatively

simple two-term Drude-Lorentz model over our wavelength range fairly closely which

allowed for an accurate measurement to be performed. In addition, to verify that the

model was correct, an optically thick 110 nm film of TiN was deposited via PEALD

over the course of 24 hours. This film was then measured in the ellipsometer, and the

extreme thickness of the film filtered out any reflections that occur at the film-substrate

interface allowing the refractive index values to be measured without depending on the

thickness of the film. This measurement agreed almost exactly with what was produced

by the Drude-Lorentz model measurement, and the results are plotted in Figure 7.1

The TiN films were also subjected to conductivity tests where the conductivity was

measured via 4-point probe over the course of a month to test the oxidation over time.

The sheet resistance of a 40 nm thick film was measured to be 494 Ω/sq and remained

constant (to within 10 Ω/sq) over the course of a month, which suggests there is minimal

additional oxidation that occurs after the TiN film is in atmosphere. It has been found

in the past that TiN films will generally have a 1.1 nm thick native oxide layer in a fairly

broad range of atmospheric conditions131, and will experience exponentially slower oxide
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Figure 7.1: Data showing the n and k values measured by ellipsometry for a PEALD-
grown TiN films. Note that the real part of the refractive index remains above 1 for
optical wavelengths. The imaginary part becomes greater than the real part just below
600 nm, which is the wavelength that the real part of ε will become negative and allow
plasmonic modes to be supported.
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growth, so our result is consistent with existing literature. However, to remain on the

safe side, samples used for sensing experiments were stored under vacuum conditions to

ensure that they do not oxidize over time and to maintain their cleanliness.

7.1.1 TiN Nanoholes

For the experiments, a TiN film was epitaxially grown on an MgO substrate. Following

that, nanoholes were etched into the structure via electron beam lithography. Finite-

difference time-domain (FDTD) simulations were performed prior to the fabrication to

determine the geometry of nanoholes that would generate the best transmission spec-

tra. Nanoholes with periods between 400 and 600 nm and diameters of 200-300 nm

were selected based on the simulation results as fabrication parameters that would give

reasonable transmission spectra and index sensitivity.

It was additionally tried to see what kind of transmission spectra could be seen

from thin PEALD-grown TiN films on a sapphire substrate when nanoholes were milled

via FIB lithography into the film. For that case, a 40 nm thick film was grown, and

nanoholes with a 600 nm period and 200 nm diameter were milled into the film. The film

was slightly overetched, but the etching rate of FIB lithography in sapphire is very slow,

so it did not affect the dimensions of the final devices overly much. After the fabrication,

the samples were measured in a spectrometer and compared with the simulation values.

The transmission spectra were measured and simulated both in water and air to test

index sensitivity (See Figure 7.2) Unfortunately, the index sensitivity of nanoholes on a

PEALD-grown film was extremely poor, being only a few nm shift per refractive index

unit (RIU), even in theory. More high-quality nanohole-based sensors will undergo a

several hundred nm/RIU shift, which makes PEALD TiN effectively useless for sensing.

The transmission peaks through the PEALD-TiN films were also hardly present, which

is quite unlike the very distinct transmission peaks present in noble metal nanohole

arrays. The poor results remained similar with other nanohole periodicities and hole

shapes. However, the results did remain reasonably consistent with simulations, which

provided some further confirmation that the measured dielectric function for the TiN

films was reasonably accurate. This set of experiments also demonstrates that TiN films

are perhaps not well-suited to competing with noble metals in traditional geometry

spaces. As such, the rest of this chapter will be devoted to applications of TiN in

plasmonics that leverage the unique fabrication possibilities that depositing a plasmonic

film via an ALD process.
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Figure 7.2: Simulation and experimental sensing results for nanoholes in PEALD-
deposited titanium nitride. The TiN film was 40 nm thick, and the nanoholes were
600 nm periodicity and 200 nm in diameter. Although the agreement between simula-
tions and experimental results is reasonably good, neither case shows impressive sensing
capability, with a mere shift of 20 nm for 0.33 refractive index units. This is almost
entirely due to the fact that the PEALD-grown TiN film is very lossy at optical wave-
lengths, and therefore has limited capability to develop any sort of resonance.
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7.1.2 TiN Trenches

Metallic nanotrenches are capable of producing high-Q reflectance spectra. They work

by having light couple into a thin dielectric gap between two metals and then resonate

in a vertical Fabry-Perot mode that further boosts coupling and field enhancement in

the region of the trench. The main thing that separates a so-called “trench” mode from

a gap mode is that a trench implies that the gap between the two metals is empty space

rather than filled with a solid dielectric medium such as Al2O3. Trenches may therefore

be good structures for gas sensing, as well as a good platform for enhanced light-matter

studies such as surface-enhanced infrared absorption (SEIRA) spectroscopy of protein

molecules such as silk5 that can be placed inside the trench cavity and subjected to

very large electric fields. The large electric field near the trench could also be used for

simultaneous trapping and studying of single nanoparticles, as has already been done

for Al2O3-filled nanogaps.13

The fabrication of high-quality gap structures is a difficult task because the width

of the gap between the metals needs to be in the single-digit nanometer regime in

order to be useful, which is beyond the capabilities of even a high-resolution technique

such as electron-beam lithography. Previous research has been able to generate wafer

scale ultrathin metal-insulator-metal (MIM) gaps with an alumina spacing layer using

a technique called atomic layer lithography (ALL).22,68 In this technique, atomic layer

deposition is used to coat the sidewalls of a metal, and then depositing another layer

of metal such that both sides of the thin, vertically-oriented alumina gap have a metal

interface. Such gap structures are filled with dielectric media, however, which is to be

avoided for the trench structures. Although some etching of the alumina gap is possible,

it is not clear how deep or high quality of an etch can be performed, and whether the

sidewalls will suffer damage as a result.

The PEALD TiN deposition process can likely be leveraged in order to generate a

truly single-digit nanometer MIM trench structure. The recipe will look something as

follows: Trench structures (as small as a few 10’s of nanometers) can be fabricated into

a Si substrate via electron-beam lithography quite easily, and with smooth sidewalls. A

layer of TiN could then be deposited into the sample to coat the trenches in a mostly

conformal way, and the number of cycles will control the thickness of the TiN layer with

atomic precision. It should then be possible to leverage this process to coat the sidewalls

of a trench in an Si substrate with TiN until the trench gap is very thin, perhaps even

down to single-digit nanometer scale.
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Some finite-element method (FEM) simulations were performed to calculate the

reflectance spectra that can be expected from such TiN trench structures. The results

of these simulations are summarized in Figure 7.3. The selected geometry was a 60

nm TiN coating on a 130 nm wide Si trench, which generated a 10 nm air gap. The

simulation results show that the TiN trenches generate a broad resonance in the mid-

infrared (MIR) regime and a field enhancement of approximately 10. The resonance that

is seen is due to a gap plasmon mode being coupled to, and that mode propagating back

and forth inside the trench and resonating at certain wavelengths. For a trench of depth

d, light of free-space wavelength λ undergoes a propagation phase shift of 4πneffd/λ for

each round trip through the trench. In addition, it undergoes a +π phase shift after

reflecting off the bottom mirror. Therefore, the resonant condition can be written as

follows:

4πneffd

λ
+ π = 2π (7.1)

Simple algebra reduces the resonance condition to λ = 4neffd. However, because of

the nature of the conformal coating, the gap width will not quite be constant throughout

the structure. Indeed, the top corners will be rounded off with a radius approximately

equal to the thickness of the TiN film, which lowers the effective refractive index in that

region. This will cause the simple resonant relationship to expect a shallower trench

depth to resonate with a given λ than what was actually simulated. For instance, at

λ = 2000 nm, the real part of the effective refractive index in a 10 nm gap is 3.69, which

would cause a 135 nm trench depth to be resonant. However, with a 60 nm PEALD TiN

coating, the simulation shows that it is actually approximately a 180 nm trench depth

that resonates at this wavelength, which is about 25% larger than what was expected.

However, it is approximately 33% of the trench that is wider than was assumed through

the analysis, which likely makes up for a large portion of the discrepancy.

Additionally, some initial devices were fabricated to demonstrate a proof-of-concept

of the scheme. Some top-view and cross-sectional SEMs can be seen in Figure 7.4.

For the initial fabrication, trenches were milled directly into a silicon substrate via FIB

lithography, and then samples were placed in the PEALD chamber to have the TiN

deposited at 270°C as higher-temperature PEALD recipes have higher conformality.132.

A larger-scale fabrication recipe for TiN trenches is straightforward from the results

already achieved, and a summary of the likely recipe will be given through the rest of

this paragraph. A reasonably large number of rectangular trenches can be fabricated via
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Figure 7.3: Figure showing simulation results from TiN-coated trench structure on a
silicon substrate. The gap width was set to 10 nm, the TiN coating thickness was set to
60 nm, and the trench depth was scanned from 140 to 260 nm. In panel a, the reflection
spectra are shown, and it can be seen that the reflection dip shifts with the trench depth
in a consistent way, showing there is some sort of depth resonance with the trench. Panel
b shows the field map of the trench where the depth is 180, and the wavelength is 2,000
nm, which is the center of the reflection dip for that geometry. A sizable electric field
can be seen building up in the gap, generating a 10x enhancement from the input light.

electron-beam lithography in PMMA on an Si substrate with a thick SiO2 hard mask

layer. The PMMA will then be developed and the oxide layer etched through via a

reactive ion etching process. The PMMA will then be cleaned away, via an O2 clean.

Trenches can be created via a deep trench etcher with the SiO2 layer acting as the mask.

After this, the SiO2 layer can be removed in a HF bath, and the sample then placed in

the PEALD chamber to have titanium nitride deposited. With this fabrication scheme,

it should be possible to push an ultrasmall trench gap size over a relatively large portion

of a wafer and perform sensitive SEIRA measurements with them. One disadvantage

of this fabrication scheme is that it does place some limitations on how densely packed

together the trenches can be, as the initial Si trenches are relatively large, and cannot

be brought too close together due to resolution limits of electron-beam lithography.

However, periodicities of 250-300 nm should still be possible for very thin gaps, which

ideally should be densely packed enough for large-area optical measurements.

Though full fabrication and characterization of the trench devices have not yet been

completed, the PEALD TiN device remains a promising structure for SEIRA and gas

sensing applications. In addition, there is nothing in the proposed fabrication scheme

that requires the trenches to be linear. Indeed, the same process with a different electron-

beam mask could be used to generate ring-shaped coaxial nanotrenches which can then
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Figure 7.4: SEM images of plasmonic nano-trenches generated by conformally coating
larger-size silicon trenches with a PEALD TiN film. In panel a, a close-up top-view is
shown. The gap can be clearly seen, and the brighter white spots are regions of titanium
nitride coating the larger Si trench sidewalls. Note that the TiN film looks thicker here
than it truly is because it is rounded on the top, which causes a larger white region to
be seen. In panel b a cross-sectional cut of the trench is displayed. The TiN can be seen
to coat the entirety of the Si trench, including, importantly, the sidewalls. The scale
bars in both panels are 500 nm
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leverage additional resonances in the MIR regime that have seen great success in SEIRA

measurements for gold/Al2O3 gap structures.5,13,68 The trench design with TIN will

allow the region of strongest enhancement - inside the gap - to be utilized for performing

the measurements rather than relying on the top of the structure for all the sensitivity.

The realization of these structures therefore presents an enticing opportunity for SEIRA

measurements.

7.2 Tunable Mirrors

TiN films have some application in the field of metamaterials. The discussion that

follows in this section is largely based off of the work done in Ma, et al.136 The experi-

mental portion of this work was handled by collaborators, while the fabrication and TiN

characterization was handled by us.

In the field of optical metamaterials, subwavelength patterns are used to manipulate

or shape light in some desired way. Super lenses, color displays, and even improved

absorption of solar radiation.137,138 have demonstrated some of the power that can come

with the ability to control light to such a high degree. Most metamateriSal research has

focused on static devices that are patterned and maintain a single optical response

after that point.139 Some devices have achieved the ability to tune the optical response

post-fabrication by deforming or modifying properties of the nano-patterned structures

via mechanical or thermal effects.140–143. An alternative approach relies on bottom-up

fabrication methods where nanoscale building blocks are driven to self-assemble into

patterns which allows for in situ structure generation and by the same token, control of

the resulting spectral response.144–149. One such self-assembled system is a structured

organization of metallic nanoparticles on metallic substrates. A solution of containing

nanoparticles can be placed on top of a metallic substrate, and a high potential on the

substrate relative to the nanoparticles can cause them to spontaneously assemble at the

liquid-metal interface in a regular, periodic pattern, the density of which depends upon

the voltage applied.136 It has already been found that metallic nanoparticles in close

contact with a metallic substrate will exhibit absorption characteristics that depend

on the materials used, as well as the shape, size, and interparticle/particle-substrate

spacing.150–154

To fabricate the devices, Si substrates were placed in a hydrofluoric acid (HF) bath

to remove the native oxide layer. The sample was then quickly placed in a metal evapo-

ration chamber where 2 nm of Ti was deposited, followed by 125 nm of Ag. The thin Ti



CHAPTER 7. TITANIUM NITRIDE PLASMONICS 70

Figure 7.5: Figure panels showing tunable mirror device. The leftmost panel is an
artist’s rendition of the principle of operation. A solution of nanoparticles is on top of a
planar electrode. When a voltage is applied, the particles assemble at the metal-liquid
interface, and when the potential is lowered, the particles leave the surface and return
to the solution. The middle panel shows reflectance spectra from the tunable mirrors
for different particle concentrations. The rightmost panels show SEMs of the substrates
with and without nanoparticles on the surface, as well as corresponding photographs
demonstrating the change in light absorption. Figure panels adapted from Ma, Zagar,
Klemme, et al. 2018.136 Copyright 2019, American Chemical Society.

layer was deposited only as an adhesion layer to for the Ag to stick to the substrate more

strongly. After the metal deposition, the sample was immediately brought to a PEALD

chamber to deposit a 10 nm TiN layer. The sample was also left to cool in the chamber

before removal to ensure that excessive oxidation was avoided. The Au nanoparticles

used were 16 ± 1 in size, and in order to avoid aggregation, they were functionalized

with 12-mercaptododecanoic acid (MDDA), which has been demonstrated to stabilize

NPs in salt solutions.155

In addition to electrically tunable mirrors, it is thought that tunable windows can

be made with a thin TiN film as a key component. The 10 nm TiN film, despite being

very compatible with the nanoparticles, is not quite conductive enough on its own to

cause nanoparticle assembly, and a thicker TiN layer would be more opaque than is

desirable for a window application. To get around this issue, the TiN can be deposited

directly on a graphene layer, which in turn is sitting on a transparent substrate. The

highly conductive graphene can then act as an electrode to cause nanoparticle assembly,

while the TiN layer will protect the graphene and remain robust in the particle solution.

Preliminary devices and results have already been obtained for such devices, and the

transmission through the transparent substrate was able to be electrically tuned to some

extent. Further work to improve the performance of this type of device is currently

ongoing, and an initial work will likely be published in the first half of 2019.
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Electrically tunable plasmonic devices have a great potential for creating metama-

terials with extraordinarily useful properties. Two potential devices that would have

a large impact that this author sees as one day possible are tunable lenses and active

solar radiation nanoantennas that can change their optimal collection angle to follow

the sun throughout the day. A few major challenges remain before such devices can

enter the mainstream, however. First, the devices themselves need to be more inte-

grated, preferably on a single chip. Second, the response time for self assembly needs

to be much faster. For the tunable mirrors and windows discussed here, the complete

assembly time is on the order of a few hours, which is far too long for many applications

of interest. Despite these hurdles, the field of self-assembled metamaterials remains an

exciting field, and many novel technologies can be expected to come of it.

7.3 Long Range Surface Plasmon Resonances

One of the most commercially successful and widely-used plasmonic devices is the

Kretschmann setup in which surface plasmons are excited by shining light at an an-

gle through a prism that is directly adjacent to a thin metallic layer. The evanescent

field can couple through the thin metallic layer to the other side, and, provided the index

on that side is lower than that of the prism, there is an angle at which the wavenumber

of the evanescent field and that of the surface plasmon are in resonance, resulting in

the generation of a surface plasmon mode.41 For a brief theoretical treatment of this

phenomenon, please refer to Section 2.4.1. The generation of the surface plasmon reso-

nance (SPR) can be easily measured as an abrupt dip in the reflection spectrum off the

backside of the metallic film, so if the angle of incident light is scanned, an absorption

dip will be clearly seen. Additionally, because the exact angle at which the resonance

occurs is a thin, well-defined dip that is sensitive to the refractive index on the non-prism

side of the metal, it can be used as a highly sensitive sensor for refractive index mea-

surements. Additionally, since these surface plasmon modes are localized close to the

metallic film, they are especially sensitive to refractive index changes near the surface

of the metal. This property becomes immensely useful when the metal surface is coated

with a film full of chemical receptors and a solution of target analytes is allowed to flow

over it. With such a setup, the analytes will bind to the receptors and as this happens,

the refractive index changes near the metallic surface, causing a shift in the resonance

which can be measured in the reflectance spectrum. Indeed, the Kretschmann setup

is now routinely used for applications such as binding kinetics, bulk refractive index



CHAPTER 7. TITANIUM NITRIDE PLASMONICS 72

Cytop (n=1.34)

TiN

Sensing Layer (n ~ 1.33)

Prism (n=1.52)

Input

Light

Figure 7.6: Diagram showing the setup for a long-range sensing experiment. White light
is coupled into a glass prism at a specific angle and couples to the thin ( 10 nm) metallic
TiN layer through a Cytop layer. The polymer Cytop has an index that very closely
matches that of water, which is the medium in which sensing takes place. The

sensing, and drug discovery.

The primary way to improve the sensitivity of Kretschmann sensors is to cause the

surface plasmons to propagate over longer distances, as this allows more space for the

resonance to build up, resulting in a sharper resonance dip as well as more interaction

time with changes in the refractive index such that the thinner dip will shift by a larger

amount for the same refractive index change.156 Longer range plasmonic modes can be

achieved by using materials with low damping coefficients, such as silver rather than gold,

as the ohmic losses will be lower.157 Another factor that can improve the propagation

length in the conventional Kretschmann setup is to ensure the metal films are as smooth

as possible so that less light is lost to scattering.158 However, these techniques can

only boost the sensitivity by so much, and furthermore, for most sensing applications,

it is far more convenient to use gold rather than silver due to its low oxidation. A

fundamentally different way to boost the surface plasmon propagation length involves

placing an additional dielectric layer in between the prism and the metal film, which
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allows a mode known as a long-range surface plasmon (LSPR) to be generated.39,159

The plasmons generated by this geometry have their modes much less confined than in

the standard Kretschmann setup, and their propagation length is boosted by an order of

magnitude to approximately millimeter-scale in the optical-NIR regime.160 Additionally,

because the electric field is not as localized to the metallic interface compared with

the conventional Kretschmann geometry, the scattering effects of metal roughness will

be lessened. However, by the same token, sensitivity to index changes local to the

metallic interface will also decrease as the field is relatively less localized to that region.

However, such a device would still present high sensitivity to even slight changes in the

bulk refractive index or to the binding of large particles that have low refractive index

contrast with the surrounding medium such as bacterial binding.161 or cellular response

to osmotic stress.9

Although the angular resonance of the SPR mode is exceedingly thin for LRSP

modes - 0.1°full width half max in some cases - the high sensitivity actually occurs in

the wavelength regime, and as such, LRSP sensors employ white light sources held at

a single angle for sensing.9,161–163 Additionally, the thinner a metal film can be pushed,

the more sensitive the device will be. For gold-based LRSP sensors, the thinnest value

achieved so far has been 25 nm, which gave a bulk sensitivity of 52,000 nm/RIU161,

however, depositing continuous gold films over a large area that is thinner than this

becomes difficult, because the metal tends to form islands or becomes highly roughened

below this thickness. Additionally, the angle resonance becomes thin enough that the

diffraction of the input light will likely become a limiting factor on the sensitivity, as it

will smear out the wavelength resonance. A PEALD-deposited TiN film on the other

hand, can easily be made continuous at sub-10 nm thicknesses, and besides that, the

surface chemistry of TiN allows for receptors to be bound directly to the material rather

than, as is the case with Au, requiring an additional Al2O3 layer for the receptor film to

be grown on. Due to the lossy nature of PEALD TiN, the angle resonance in an LRSP

Kretschmann setup is an order of magnitude less thin than that of gold for the same

thickness, which means light diffraction will not be as much of a limiting factor, while

still maintaining high wavelength sensitivity. Finally, since the real part of the refractive

index of TiN greater than 1 over the visible spectrum (Figure 7.1), it will actually have

greater field confinement for very thin films relative to that of gold. Indeed, analytic

calculations can be done164 stemming directly from Maxwell’s Equations to show that

the 1/e intensity confinement on a 10 nm TiN film at a 785 nm wavelength is 160 nm,

while on a 25 Au film (the thinnest film made for this purpose to date) the confinement
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Figure 7.7: Simulated plots showing the wavelength spectra of a TiN sensor at a several
angles (left) and calculations showing the expected bulk refractive index sensitivity of
the sensors as the thickness of the TiN decreases (right).

is 225 nm. Because of this, ultrathin LRSP TiN films are expected to outperform LRSP

Au films when it comes to surface sensing, even if the overall bulk sensitivity is somewhat

poorer.

Rigorous multilayer Fresnel reflection calculations (See Appendix B.2 for details on

the technique and its implementation) were performed on a thin TiN film sandwiched

between two dielectric layers to get a sense of the performance that can be expected.

The film stack used for this simulation was as follows: BK7 glass, cytop polymer, TiN,

and water. The BK7 glass represents the prism, the cytop polymer is a commercial

polymer that has a refractive index of 1.34 which matches very closely to that of water,

which is a typical sensing medium. Figure 7.7 shows plots of calculated wavelength

spectra for a 6 nm TiN sensing device at three different angles as well as the bulk

refractive index sensitivities as a function of TiN thickness. In the left plots, the angle

58.975°is the resonance angle, while the other two are slightly off resonance. Note that

a deviation of even 0.075°is enough to become significantly off-resonance for such a film,

which highlights the importance of a well-collimated light source. Of additional interest,

the calculation in the right plot shows that the bulk sensitivity of TiN films will not

quite be able to significantly exceed that of gold, as the two are roughly equal at 2 nm

TiN and 25 nm Au. However, the thin Au film is difficult to use for many applications

as even a modest refractive index change will result in the cutoff of the LRSP mode161.

The advantages of the TiN film are increased surface sensitvity, easy compatibility with

biological receptors, and less stringent requirements to avoid mode cutoff compared to
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Au films. As an example, a monolayer of bovine serum albumin (BSA) molecules 3.5

nm thick was calculated to produce a 16 nm shift for a TiN sensor of 10 nm thickness.

For the most sensitive LRSP Au sensor, the calculations predict the same monolayer

would only produce a 10 nm shift. It should be noted that the sensitivity for thin

film sensing on these devices has almost no dependence on the thickness of the metallic

film, likely due to the competing effects of thinner metals producing lower confinement

despite being more sensitive. That is, despite the light being more sensitive, less of it is

in the region of the protein monolayer.

Real devices were fabricated for use in sensing experiments. The detailed recipe

can be found in Appendix A.4. A 1 µm layer of cytop was spun onto a glass slide,

and a 10 nm layer of TiN was deposited on that film using the low-temperature 100°C

process. The resulting sample was then placed in a temperature-controlled Kretschmann

spectrometer where bulk and surface sensing experiments were performed. For the bulk

sensing experiments, different concentrations of NaCl were dissolved in deionized (DI)

water to produce reliable refractive index shifts. Each 1% concentration by volume

of NaCl produces a 0.0017 RIU increase in the resulting solution, so concentrations of

0, 1, 2, 3, 4, and 5% by volume were used in experiments (Figure 7.8 bottom panel).

Importantly for the sensing, it was also possible to flow the 0% concentration solution

back over the device and the resulting wavelength shift would decrease back to zero,

demonstrating that there is very little drift in the system. The bulk refractive index

sensitivity measured from this device was only 10,000 nm/RIU, which is significantly

lower than the expected value from theoretical calculations. The likely culprit behind

this decreased sensitivity is the fact that the glass/Cytop substrate is not atomically

smooth as was assumed in the simulations, and TiN being a high-index material will

exhibit more losses due to roughness in an LRSP mode than would be seen in a gold

LRSP sensor.

Surface sensing experiments were also performed on the TiN devices. Bovine serum

Albumin (BSA) was diluted to concentrations of 1 and 10 µM in a phosphate-buffered

saline (PBS) solution. The BSA proteins exhibit strong nonspecific binding to many

materials and have been used as a model system in the past to test the surface sensitivity

of plasmonic devices.6. The thin TiN devices showed a total shift of 8.5 nm for the 1

µM solution and a shift of 10 nm for the 10 µM solution (Figure 7.8). The extra 1.5

nm for the higher concentration solution is likely at least partially due to an increased

bulk refractive index in that solution due to the extra molecules which are present.

After the curves saturated, PBS solution with no BSA molecules was flowed over the
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devices for several hours to try and measure the unbinding rate, however no shift was

detected over that time period, which suggests the unbinding rate is extremely low for

BSA molecules on TiN. It also showed that the shift seen in these experiments is due

to surface sensitivity rather than primarily bulk refractive index sensing, as the shift

would have quickly decreased back to zero in the latter case. High-quality nanohole-

based sensors in gold for this same BSA experiment showed only a 3 nm shift for a

concentration of 100 µM despite having electric fields much more localized to the surface

and a material with better optical properties.6

TiN-based LRSP sensors therefore are able to combine very high surface and bulk

refractive index sensitivities into a single device while also getting rid of the requirement

that Au has to prepare the surface with an oxide layer, as TiN already has a native TiO2

layer on the surface. Additionally, better processing recipes could perhaps generate

smoother TiN layers that have sensitivities that are closer to the theoretical predictions,

which would be



Chapter 8

Conclusion/Outlook

Plasmonic devices enable researchers to manipulate light at unprecedentedly fine scales

and unlock previously inaccessible regimes of study. While it can no longer be said that

plasmonics is still in its infancy, there is still a large amount of room for improvement in

the fabrication of plasmonic devices as well as the optical properties of plasmonic mate-

rials. Novel nanofabrication techniques and new materials have been a boon to the field

and will doubtlessly continue to be so as it continues to progress. A relatively straight-

forward path to improving existing plasmonic devices is to improve the optical constants

and smoothsaness of the material itself. While epitaxially-grown copper will likely never

be able to out-compete template stripped gold due to the lossy oxide layer on the cop-

per, a similar growth method for traditional noble-metal plasmonic films could provide

for the ultimate performance in traditional plasmonic devices. The ability to generate

ultra-thin plasmonic films such as PEALD-grown TiN could become an indispensably

useful technique as it opens up a new regime of geometries that are possible to realize.

In order for such films to see wider adoption, however, the PEALD-generated TiN will

need to see improvements to its optical constants to be on par with the epitaxially-grown

optimized film, as otherwise the performance gains from novel structures may be min-

imal. Another possible route to thin plasmonic materials is to utilize two-dimensional

materials such as graphene or black phosphorus. Such films have already seen some

degree of use in plasmonics, with the main issues to date being the poor coupling to

such devices and the difficulty of aligning a large-enough area graphene flake to the rest

of the integrated plasmonic device. However, these issues lie firmly within the domain

of engineering problems and do not present any fundamental hurdles. It is likely, there-

fore, that in the coming years plasmonic devices will make greater use of 2D materials

to truly realize the benefits that ultra-thin metallic films can bring.
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[35] E. Abbe. Beiträge zur Theorie des Mikroskops und der mikroskopischen

Wahrnehmung. Archiv für Mikroskopische Anatomie, 9(1):413–418, dec 1873.

[36] P. Drude. Zur Elektronentheorie der Metalle. Annalen der Physik, 306(3):566–613,

1900.

[37] P. Drude. Zur Elektronentheorie der Metalle; II. Teil. Galvanomagnetische und

thermomagnetische Effecte. Annalen der Physik, 308(11):369–402, 1900.



REFERENCES 83

[38] Martin G. Blaber, Matthew D. Arnold, and Michael J. Ford. Search for the Ideal

Plasmonic Nanoshell: The Effects of Surface Scattering and Alternatives to Gold

and Silver. The Journal of Physical Chemistry C, 113(8):3041–3045, feb 2009.

[39] Dror Sarid. Long-Range Surface-Plasma Waves on Very Thin Metal Films. Phys-

ical Review Letters, 47(26):1927–1930, dec 1981.

[40] Andreas Otto. Excitation of nonradiative surface plasma waves in silver by the

method of frustrated total reflection. Zeitschrift für Physik A Hadrons and nuclei,

216(4):398–410, aug 1968.

[41] E. Kretschmann and H. Raether. Notizen: Radiative Decay of Non Radiative

Surface Plasmons Excited by Light. Zeitschrift für Naturforschung A, 23(12), jan

1968.

[42] E.H. Synge. A suggested method for extending microscopic resolution into the

ultra-microscopic region. The London, Edinburgh, and Dublin Philosophical Mag-

azine and Journal of Science, 6(35):356–362, aug 1928.

[43] D. W. Pohl, W. Denk, and M. Lanz. Optical stethoscopy: Image recording with

resolution λ/20. Applied Physics Letters, 44(7):651–653, 1984.

[44] E. Betzig, A. Lewis, A. Harootunian, M. Isaacson, and E. Kratschmer. Near Field

Scanning Optical Microscopy (NSOM). Biophysical Journal, 49(1):269–279, jan

1986.

[45] Lukas Novotny and Bert Hecht. Principles of Nano-Optics. Cambridge University

Press, Cambridge, 2006.

[46] Nathan C. Lindquist, Prashant Nagpal, Kevin M. McPeak, David J. Norris, and

Sang Hyun Oh. Engineering metallic nanostructures for plasmonics and nanopho-

tonics. Reports on Progress in Physics, 75(3), 2012.

[47] Sergei Kuhn, Ulf Hakanson, Lavinia Rogobete, and Vahid Sandoghdar. Enhance-

ment of Single-Molecule Fluorescence Using a Gold Nanoparticle as an Optical

Nanoantenna. Physical Review Letters, 97(1):017402, jul 2006.

[48] Pascal Anger, Palash Bharadwaj, and Lukas Novotny. Enhancement and Quench-

ing of Single-Molecule Fluorescence. Physical Review Letters, 96(11):113002, mar

2006.



REFERENCES 84

[49] Timothy W. Johnson, Zachary J. Lapin, Ryan Beams, Nathan C. Lindquist, Ser-

gio G. Rodrigo, Lukas Novotny, and Sang Hyun Oh. Highly reproducible near-field

optical imaging with sub-20-nm resolution based on template-stripped gold pyra-

mids. ACS Nano, 6(10):9168–9174, 2012.

[50] Nathan C Lindquist, Jincy Jose, Sudhir Cherukulappurath, Xiaoshu Chen, Timo-

thy W Johnson, and Sang-hyun Oh. Tip-based plasmonics : squeezing light with

metallic nanoprobes. 477(4):453–477, 2013.

[51] Mark I. Stockman. Nanofocusing of Optical Energy in Tapered Plasmonic Waveg-

uides. Physical Review Letters, 93(13):137404, 2004.

[52] Timothy W. Johnson, Daniel J. Klemme, and Sang Hyun Oh. Size-Reduction

Template Stripping of Smooth Curved Metallic Tips for Adiabatic Nanofocusing

of Surface Plasmons. ACS Applied Materials and Interfaces, 8(21):13624–13629,

2016.

[53] Sergey I. Bozhevolnyi, Valentyn S. Volkov, Elöıse Devaux, Jean-Yves Laluet, and
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Abajo, and A. Polman. Surface plasmon polariton modes in a single-crystal Au

nanoresonator fabricated using focused-ion-beam milling. Applied Physics Letters,

92(8):083110, feb 2008.

[56] Toon Coenen, Ernst Jan R. Vesseur, and Albert Polman. Deep Subwavelength

Spatial Characterization of Angular Emission from Single-Crystal Au Plasmonic

Ridge Nanoantennas. ACS Nano, 6(2):1742–1750, feb 2012.

[57] Francesco De Angelis, Gobind Das, Patrizio Candeloro, Maddalena Patrini, Mat-

teo Galli, Alpan Bek, Marco Lazzarino, Ivan Maksymov, Carlo Liberale, Lu-

cio Claudio Andreani, and Enzo Di Fabrizio. Nanoscale chemical mapping using

three-dimensional adiabatic compression of surface plasmon polaritons. Nature

Nanotechnology, 5(1):67–72, jan 2010.



REFERENCES 85

[58] F. De Angelis, F. Gentile, F. Mecarini, G. Das, M. Moretti, P. Candeloro, M. L.

Coluccio, G. Cojoc, A. Accardo, C. Liberale, R. P. Zaccaria, G. Perozziello, L. Tiri-

nato, A. Toma, G. Cuda, R. Cingolani, and E. Di Fabrizio. Breaking the diffu-

sion limit with super-hydrophobic delivery of molecules to plasmonic nanofocusing

SERS structures. Nature Photonics, 5(11):682–687, nov 2011.

[59] Hideki T. Miyazaki and Yoichi Kurokawa. Squeezing visible light waves into a

3-nm-thick and 55-nm-long plasmon cavity. Physical Review Letters, 96(9):1–4,

2006.

[60] Hui Wang, Carly S. Levin, and Naomi J. Halas. Nanosphere Arrays with Con-

trolled Sub-10-nm Gaps as Surface-Enhanced Raman Spectroscopy Substrates.

Journal of the American Chemical Society, 127(43):14992–14993, nov 2005.

[61] Daniel R. Ward, Nathaniel K. Grady, Carly S. Levin, Naomi J. Halas, Yanpeng

Wu, Peter Nordlander, and Douglas Natelson. Electromigrated Nanoscale Gaps

for Surface-Enhanced Raman Spectroscopy. Nano Letters, 7(5):1396–1400, may

2007.

[62] A. J. Babadjanyan, N. L. Margaryan, and Kh V. Nerkararyan. Superfocusing of

surface polaritons in the conical structure. Journal of Applied Physics, 87(8):3785–

3788, 2000.

[63] Lukas Novotny and Niek Van Hulst. Antennas for light. Nature Photonics, 5(2):83–

90, 2011.

[64] Xiaoshu Chen, Nathan C. Lindquist, Daniel J. Klemme, Prashant Nagpal, David J.

Norris, and Sang Hyun Oh. Split-Wedge Antennas with Sub-5 nm Gaps for Plas-

monic Nanofocusing. Nano Letters, 16(12):7849–7856, 2016.

[65] Hyeunseok Choi, David F Pile, Sunghyun Nam, Guy Bartal, and Xiang Zhang.

Compressing surface plasmons for nano-scale optical focusing. Optics Express,

17(9):7519, 2009.

[66] Hyuck Choo, Myung Ki Kim, Matteo Staffaroni, Tae Joon Seok, Jeffrey Bokor,

Stefano Cabrini, P. James Schuck, Ming C. Wu, and Eli Yablonovitch. Nanofocus-

ing in a metal-insulator-metal gap plasmon waveguide with a three-dimensional

linear taper. Nature Photonics, 6(12):838–844, 2012.



REFERENCES 86

[67] Jae Yong Suh, Mark D. Huntington, Chul Hoon Kim, Wei Zhou, Michael R.

Wasielewski, and Teri W. Odom. Extraordinary nonlinear absorption in 3D bowtie

nanoantennas. Nano Letters, 12(1):269–274, 2012.

[68] Daehan Yoo, Ngoc-Cuong Nguyen, Luis Martin-Moreno, Daniel A. Mohr, Sol

Carretero-Palacios, Jonah Shaver, Jaime Peraire, Thomas W. Ebbesen, and Sang-

Hyun Oh. High-Throughput Fabrication of Resonant Metamaterials with Ultra-

small Coaxial Apertures via Atomic Layer Lithography. Nano Letters, 16(3):2040–

2046, mar 2016.

[69] Martin Hegner, Peter Wagner, and Giorgio Semenza. Ultralarge atomically flat

template-stripped Au surfaces for scanning probe microscopy. Surface Science,

291(1-2):39–46, 1993.

[70] Prashant Nagpal, Nathan C. Lindquist, Sang Hyun Oh, and David J. Nor-

ris. Ultrasmooth patterned metals for plasmonics and metamaterials. Science,

325(5940):594–597, 2009.

[71] Hyungsoon Im, Kyle C. Bantz, Nathan C. Lindquist, Christy L. Haynes, and

Sang Hyun Oh. Vertically oriented sub-10-nm plasmonic nanogap arrays. Nano

Letters, 10(6):2231–2236, 2010.

[72] Caroline M. Whelan, Malcolm R. Smyth, and Colin J. Barnes. HREELS, XPS,

and Electrochemical Study of Benzenethiol Adsorption on Au(111). Langmuir,

15(1):116–126, jan 1999.

[73] Christopher T. Ertsgaard, Nathan J. Wittenberg, Daniel J. Klemme, Avijit Barik,

Wei Chuan Shih, and Sang Hyun Oh. Integrated Nanogap Platform for Sub-Volt

Dielectrophoretic Trapping and Real-Time Raman Imaging of Biological Nanopar-

ticles. Nano Letters, 18(9):5946–5953, 2018.

[74] R. F. Oulton, V. J. Sorger, D. A. Genov, D. F P Pile, and X. Zhang. A hybrid

plasmonic waveguide for subwavelength confinement and long-range propagation.

Nature Photonics, 2(8):496–500, aug 2008.

[75] D. F P Pile, T. Ogawa, D. K. Gramotnev, T. Okamoto, M. Haraguchi, M. Fukui,

and S. Matsuo. Theoretical and experimental investigation of strongly localized

plasmons on triangular metal wedges for subwavelength waveguiding. Applied

Physics Letters, 87(6):061106, aug 2005.



REFERENCES 87

[76] Esteban Moreno, F. J. Garcia-Vidal, Sergio G. Rodrigo, L. Martin-Moreno, and

Sergey I. Bozhevolnyi. Channel plasmon-polaritons: modal shape, dispersion, and

losses. Optics Letters, 31(23):3447, dec 2006.

[77] Esteban Moreno, Sergio G. Rodrigo, Sergey I. Bozhevolnyi, L. Mart́ın-Moreno,
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[163] Radan Slav́ık and Jǐŕı Homola. Ultrahigh resolution long range surface plasmon-

based sensor. Sensors and Actuators B: Chemical, 123(1):10–12, apr 2007.

[164] Stefan A. Maier. Plasmonics: Fundamentals and Applications. Springer US, New

York, NY, 2007.

[165] Kane Yee. Numerical solution of initial boundary value problems involving

maxwell’s equations in isotropic media. IEEE Transactions on Antennas and

Propagation, 14(3):302–307, may 1966.



Appendix A

Nanofabrication Recipes

A.1 Standard Pyramid Fabrication Recipe

Items and Instruments used:

� Silicon wafer with 40 nm Si3N4 hard mask deposited via PECVD chamber.

� PMMA 950 C4 electron beam resist

� Electron beam lithography system (Vistec)

� Wet Bench

� Reactive Ion Etching Tool (AV Etcher)

� Metal deposition chamber (either electron beam or sputtering)

Procedure:

1. Design the patterns. For pyramids, it is best to pattern circles onto the substrate

instead of squares. This way, if the crystal plane of the Si is slightly rotated or

misaligned, the rotationally symmetric circle will not show a difference when etch-

ing, while a square pattern would produce a low-quality pyramid. For wedges, the

use of an elongated rectangle is fine. In electron-beam lithography, it is generally

possible to make 9 sets of four 10x10 arrays of pyramids (3,600 pyramids in total)

with a 30 µm base width in approximately 45 minutes of exposure time.

2. Spin the PMMA 950 C4 electron beam resist onto the wafer at 3500 RPM. This

should produce a roughly 500 nm-thick film across the wafer

3. Bake the wafer for 10 minutes at 270°C
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4. Expose the wafer at 1000 µC/cm2 dose. Standard beam current is 200 pA, but it

is reasonable to change that value to meet time constraints. The beam aperture

should be 300 µm.

5. Develop the wafer in MIBK:IPA 3:1

6. Do a weak O2 clean in the Advanced Vacuum (AV) reactive ion etcher with the

following parameters: 100 mT pressure, 100 sccm O2, 50 W RF power, 20 seconds

7. Etch the pattern into the Si3N4 film in the AV etcher. Use 30 mT pressure at 100

W RF power. Use 12 sccm CHF3, 42.5 sccm N2, and 3 sccm O2. The etch rate is

approximately 18 nm/minute.

8. Remove the remaining PMMA by doing a 15 minute O2 clean in the AV Etcher

at 100 W RF power.

9. Etch the exposed Si face in 30% concentration by volume KOH:DI Water bath.

For 30 micron diameter pyramids, set the bath temperature at 80°C and etch for

90 minutes. This will comfortably over-etch the structure to ensure the facets

meet at a point.

10. Rinse the sample in DI water (10 minutes)

11. Prepare a HCl:H2O 1:4 concentration bath and soak the sample in it for 5-10

minutes. This will dissolve the residue left by the KOH bath.

12. Rinse the sample in DI water (10 minutes)

13. Inspect the sample in an optical microscope at 100X magnification. Check that the

pyramids look fully etched by focusing into the sample. The facets should come to

a point rather than a square. If it is not fully etched place it back in the KOH bath

and repeat the subsequent steps. If there still seems to be particle contamination,

try soaking the sample in the HCl:H2O solution for additional time.

14. Soak the sample in piranha (H2SO4:H2O2 1:1 on a hot plate set at 120°C) solution

to strip away any remaining organics (25 minutes)

15. Rinse the sample in DI water.

16. (Immediately prior to metal deposition) Dip the sample in BOE solution to get

rid of the native oxide. (Note: Dipping in BOE will allow the pyramids to be
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pulled individually. If a large-area, continuous film of pyramids is desired, soak

the sample in HF for 15 minutes to completely remove the Si3N4 layer, removing

the undercut this film provides)

17. Soak the sample in piranha etch to smoothly regrow the native oxide layer (5-10

minutes)

18. Deposit metal. Generally evaporation seems to work better than sputtering.

A.2 Individual Metal Pyramid Template Stripping

To use metal pyramids in near-field scanning optical microscopy (NSOM), it is necessary

to attach a single pyramidal tip to the end of the atomic force microscope (AFM)

probe. This makes the process greatly different from standard template stripping, and

it is therefore worth discussing in some detail. To start, it is assumed that the reader

already has a sample with pyramid tips fabricated (if this is not the case, please refer

back to section A.1 for details on how to fabricate metallic pyramids). Additionally, it

will be necessary to have epoxy for the curing, thin tungsten wire of diameter 10-30 µm

diameter to attach to the metal pyramid, a stereoscope to be able to see the sample,

tuning forks to use as the AFM probes, and an XYZ translation stage.

1. Begin by opening up the can of the quartz tuning fork so that the tines are visible.

The tip will be attached to one of these two tines.

2. Use a razor blade to cut a small piece of the 10 µm wire diameter wire. Take

care that the cut end is relatively flat, as this will be necessary later for template

stripping the pyramids.

3. Affix the AFM probe to the micron stage and bring it in view of the stereoscope.

Place a dab of UV-curable epoxy on the side of one of the tines, being careful to

use as small of an amount as possible so that the resonance of the tuning fork is

diminished as little as possible. The epoxy dab can be applied fairly easily with

fishing line or some other similar wiry structure.

4. Pick up the cut piece of tungsten wire using fine-tipped tweezers, and carefully

place on the dab of epoxy on the tuning fork. The viscosity of the epoxy will tend

to bring the wire close to the tuning fork, so some tuning of the wire length and

epoxy amount may be necessary to get it to settle such that the wire protrudes



APPENDIX A. NANOFABRICATION RECIPES 99

slightly from the end of the tuning fork tine. Use the tweezers to roughly align

the tungsten wire so that it is not sticking out at an angle.

5. Cure the epoxy for 5 minutes using the ThorLabs high power LED UV curing gun

and verify that the epoxy is hardened by gently tapping with tweezers.

6. Affix the AFM probe to the micron stage now such that the protruding wire is

facing down.

7. Mix the two-part epoxy onto a disposable dish and bring it under the probe. While

viewing in the stereoscope, use the micron stage to gently bring the wire down so

that a small dab of epoxy can be put onto the tip of the wire. This can be best

achieved by bringing the wire back up immediately after it makes contact with

the surface of the epoxy.

8. Quickly replace the epoxy-filled dish with the pyramid template sample. The

sample should be firmly affixed to something heavy such as a glass slide. Get both

the sample and the wire in view with the stereoscope and bring the wire down into

a pyramid mold. It can take some practice to get a feel for where the wire will

come down, but it is best to get it as nearly centered as possible in the template.

The epoxy should expand down into the mold and most likely a little into the

surrounding silicon.

9. Wait for 30-45 minutes while the epoxy cures, then use the micron stage to lift the

probe away from the silicon. The pyramid tip should leave the template and now

be affixed to the probe. It should be noted that the reason the silicon sample needs

to be firmly affixed to something heavy is that the epoxy is actually strong enough

to lift the entire chip by itself, so it needs some additional weight to prevent this

from happening.

10. The freshly-picked metallic tip should now be ready for use in NSOM measure-

ments.

A.3 FIB fabrication

In the University of Minnesota Characterization Facility, there is a focused ion beam

tool (Helios NanoLab G4 DualBeam). Because it can take some time to familiarize

oneself with the instrument, it is useful to have some direction on its use for milling

plasmonic structures.
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A.4 Long-Range SPR Sample Preparation

In long-range surface plasmon resonance (SPR) experiments, the metallic film on which

surface plasmons travel is sandwiched in between two dielectric media that have nearly

the same index of refraction. Since water is commonly used as the solution in biosensing

experiments, the metallic film should be placed upon a layer with an index of refraction

that is close to 1.33. For the experiments in this work, the commercially available

polymer known as Cytop was used, as it has a refractive index of 1.34, which is close

enough to that of water for the long range SPP modes to be launched. The steps below

detail how to prepare Cytop films on glass slides for use in long-range SPR experiments.

1. Cleave the glass slides in half before starting. This will allow them to fit into the

SPR chamber, and since the aspect ratio is closer to 1, the Cytop will spin onto

half of a slide more evenly. Rinse the freshly cleaved slides in DI water and dry

with N2 to remove larger particles before proceeding.

2. Clean the glass slides in a UV ozone cleaner (15 minutes), followed by sequential

acetone, methanol, and IPA baths in a a sonicator (5-10 minutes each). Rinse the

slides with DI water, dry them with N2, and finally clean them with O2 plasma.

Inspect the slides; if they appear visibly dirty, try soaking them for 20 minutes

in piranha (1:1 H2SO4:H2O2) on a hot plate at 120°C, rinse with DI water, and

repeat the O2 plasma cleaning step.

3. Using the cleaned slides, spin on the Cytop polymer. The precise thickness of

this film can largely effect the wavelength that the reflection dip occurs at in an

SPR experiment, so it is important to pay attention to the final thickness. It has

been well-characterized that a spin speed of 1,500 RPM for 1 minute produces a 1

micron film with good uniformity. The user will have to characterize the thickness

on their own for other thicknesses. However, it should be noted that below 1,000

RPM, the uniformity of the coating decreases drastically, so for very thick coatings

it is recommended to do multiple spin/curing steps to reach the desired thickness.

4. After the sample has been coated with Cytop, the curing process should begin.

This is necessary both to improve the bond between the Cytop and the substrate,

as well as to remove bubbles that exist in the polymer film so that it is as optically

uniform as possible.

5. Before curing on a hot plate, let the sample dry at room temperature for 10 minutes
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6. Prebake the sample at 50°C for 30 minutes. This prebake removes bubbles, so

inspect the sample, and extend the length of this process if bubbles are visible.

7. Raise the temperature of the hot plate to 80°C and bake for 60 minutes. This

removes the solvent from the polymer and dries it out. If this process is shortened,

solvent will remain in the sample, which is generally undesirable.

8. Slowly raise the temperature of the hot plate to 200°C. (over the course of 5-

10 minutes), and bake for 60 minutes. This final bake improves the adhesion of

the Cytop to the base material. Note that lower temperatures can be used if

temperature-sensitive materials such as gold are already present on the substrate.

In such a case, it is best to extend the bake and not raise the temperature of the

hot plate above 150°C.

9. The Cytop is now fully cured onto the glass slide, and upon visual inspection the

film should not look cloudy and should be free of any particles.

10. Deposit the metallic film on top of the Cytop. For evaporation or sputtering,

normal conditions should suffice. However, for depositing PEALD TiN, the low-

temperature recipe should be used. The 270°C recipe was found to crack and cloud

the Cytop layer, while the 100°C recipe preserves the quality of the film. Be sure

to deposit on a test piece of silicon in the same deposition so that a value for the

final film thickness can be measured easily.



Appendix B

Simulation Techniques

B.1 Finite-Difference Time-Domain Modeling

The finite-difference time-domain (FDTD) simulation technique is a direct method for

calculating the time evolution of partial differential equations on nearly arbitrary ge-

ometries. In plasmonics, this technique is applied to Maxwell’s curl equations (Equa-

tions (2.3) and (2.4)) by first breaking them down into the vector components and

discretizing them into the following form (only 2 out of the 6 equations are shown as

the others can be obtained by cyclical substitutions of x, y, and z):

Hn+1/2
x [i, j, k] = Hn−1/2

x [i, j, k] +
∆t

µ∆z

(
Eny [i, j, k]− Eny [i, j, k − 1]

)
−

∆t

µ∆y
(Enz [i, j, k]− Enz [i, j − 1, k]) (B.1)

En+1
x [i, j, k] = Enx [i, j, k] +

∆t

ε∆y

(
Hn+1/2
z [i, j + 1, k]−Hn+1/2

z [i, j, k]
)
−

∆t

ε∆z

(
Hn+1/2
y [i, j, k + 1]−Hn+1/2

y [i, j, k]
)

(B.2)

In these equations, i, j, and k are the indices of the grid in the x, y, and z dimensions of

the calculation respectively. The superscript on the field amplitudes E and H represents

the time step, while the subscript represents the component of the vector. Notice that

the H-field time steps are thought of as taking place at a ”half” time step. This can be

done because the E-field drives the H-field and vice-versa, so the algorithm ”leap-frogs”

102
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Figure B.1: Diagram demonstrating the mesh used in FDTD simulations. On the
left side, the orange rectangular grid overlaps the specified geometric structure, which
in this case is a spherical nanoparticle. The refractive index of each mesh point is
determined by the amount of overlap it has with a given structure. The right hand
figure shows a diagram of the Yee cell that is used in most FDTD implementations. The
electric field exists on the corners of the mesh, while the magnetic field exists on the
faces. In this way, they separate field components can be accessed by leap-frogging a
multidimensional array rather than keeping track of them all separately, which greatly
simplifies the implementation. The example mesh on the left side is a screenshot taken
from Lumerical FDTD software.

and updates first the electric field and then the magnetic field before moving on to the

next full time step. This procedure allows the full time-evolution of the electromagnetic

field to be calculated on nearly arbitrary geometries. In order to perform the FDTD

calculation, after the geometry has been created, it needs to be discretized so that

the calculation can run. To do this, most electromagnetic FDTD algorithms employ

the Yee Cell165 as a convenient grid structure. See Figure B.1 for a diagram of the

mesh geometry. In these cells, the electric and magnetic fields are offset by half of the

cell size so that the electric field exists on the edges of the cell, while the magnetic field

components exist on the faces. This allows the index structure of the mesh to emulate the

effect of the curl operator which can greatly simplify the algorithmic implementation. As

the mesh is constructed, one has to simply assign the appropriate material parameters

ε and µ at each mesh point. The only restriction on the mesh is that the cell must

be rectangular rather than some other polyhedron. However, most commercial FDTD

implementations do allow for use of a graded mesh, where the cells are smaller in some

region of interest and gradually grow to a larger size farther from the small structure,
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which can save immensely on calculation time. Since FDTD is a direct calculation of

Maxwell’s Equations, it experiences relatively few numerical errors compared to other

techniques. Generally, the errors will be due only to the discretization itself, and from

potential artifacts that can arise when dispersive materials are used in the time domain.

One trade off for this numerical accuracy is that FDTD simulations generally take a long

time to run. This is because in order to be numerically stable, a necessary condition is

that the time step ∆t must satisfy the Courant Criterion:

c∆t ≤ 1√
1

∆x2
+ 1

∆y2
+ 1

∆z2

(B.3)

Where ∆x, y, y are the minimum mesh sizes in each spatial dimension. This criterion is

a necessary, but not sufficient, condition for FDTD simulations to be stable. Essentially

the criterion requires that the light does not travel farther than the smallest mesh point

in a single time step. As a consequence of the fact that the time step must decrease

with finer spatial detail, an FDTD simulation scales as n4 in calculation time and n3

in memory requirements when the number of mesh points n increases. This high scal-

ing restricts most optical FDTD simulations on nanometric structures to take place on

the order of 100’s to 1,000’s of femtoseconds. However, with modern computational re-

sources, it is generally possible to use FDTD to accurately simulate the optical response

of plasmonic structures with nanometer-scale features, despite these scaling behaviors.

Appropriate use of symmetric, antisymmetric, and periodic boundary conditions can

also greatly aid the computation time required. Additionally, because FDTD calcula-

tions take place in the time-domain, the full frequency response of an optical system

can be extracted from a single simulation by calculating the time evolution of a pulse

of light and taking a Fourier Transform of the resulting transmitted or reflected power,

as opposed to frequency-domain techniques which can require hundreds of simulations

to calculate a full frequency response.

B.2 Transfer Matrix Method

The transfer matrix method is a technique that can be used to simply model the trans-

mission of light through a planar film stack at any angle of incidence. This method

also accounts for the myriad reflections and interference that can occur throughout the

film stack. It is an exceptionally useful and versatile technique for directly calculating

the resonant angle in a spectroscopic Kretschmann SPR setup as well as predicting the
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bulk and thin film sensitivity for a wide variety of thin metallic layers. The technique is

based on Fresnel’s Equations, which can be derived from Maxwell’s Equations and gov-

ern the reflection and transmission of polarized electromagnetic waves at the interfaces

of refractive media. The equations are reproduced below for transmission and reflection

of both s and p-polarization:

rs =
n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

(B.4)

rs =
n2 cos θi − n1 cos θt
n2 cos θi + n1 cos θt

(B.5)

ts = rs + 1 (B.6)

tp =
n1

n2
(rp + 1) (B.7)

If the incident angle θ1 of the light is known in one film stack with index n1, it is

trivial to calculate the angle of the light path in any subsequent film in the stack via a

simple application of Snell’s Law:

cos θi =

√
1− n1

ni
sin θ1 (B.8)

where θi and ni are the incident angle and refractive index of the ith film in the stack.

This equation is valid even in the case of total internal reflection or lossy materials, so

long as one is willing to allow complex angles.

When calculating the transmission or reflection of a film stack system, it is helpful

to realize that at each interface, the electromagnetic waves can be broken down into

The calculation of total transmission or reflection of a film stack system then relies on

synthesizing two separate views of the system. The first view is known as the scattering

matrix S, which operates on waves traveling towards the film stack from the left and

right side, and outputs the waves traveling away from the stack. The elements of this

matrix can be simply interpreted as the Fresnel coefficients of transmission and reflection

(see Equation B.9). The other way to describe an interface of the system is to think of

the left and right-traveling waves on the left side of the interface as the input, and the

left and right-traveling waves on the right side as the output. This allows the output

of the matrix at one interface to be the input of the matrix of another interface. See
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Figure B.2: Diagram depicting the two different methods of analyzing a film stack as
a linear system. Panel a shows some arbitrary film stack with light input at one end
and exiting the other. Panel b shows the S-matrix method of viewing the system, where
the inputs are the right-traveling wave at the left interface and the left-traveling wave
at the right interface. The outputs are then the waves that propagate away from the
film stack. This matrix has an easy physical interpretation as the transmission and
reflection of the overall system, but it is not immediately obvious how the S-matrices of
constituent layers combine to an S-matrix of the entire film stack. Panels c and d show
the M-matrix way of looking at the system. The inputs of an M-matrix are the right-and
left-traveling waves at the left interface, while the outputs are the right and left-traveling
waves at the right interface. Because the left interface of one layer is the right interface
of another, the inputs of one layer are the outputs of another in this formalism. Panel
c shows how the outputs of the M-matrix for a given layer can form the inputs of the
adjacent layer diagrammatically. Panel d shows that the overall M-matrix of the system
and how it is a simple multiplication of the M-matrices of its constituent layers.

Equation B.10 for the definition, and note that the elements of this matrix do not

have a straightforward physical interpretation. Figure B.2 provides a block diagram

demonstrating the effect of each matrix as a system on the traveling waves. E+
2

E−1

 = S

 E+
1

E−2

 =

 t12 r21

r12 t21

 E+
1

E−2

 (B.9)

 E+
2

E−2

 = M

 E+
1

E−1

 =

 A B

C D

 E+
1

E−1

 (B.10)

It is now a straightforward algebraic exercise to write the elements of the matrix M
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in terms of the already-known elements of S. When this is done, we arrive at Equation

B.11. Because the t and r terms can be calculated at all interfaces using only the Fresnel

Equations and Snell’s Law (Equations (B.4) to (B.8)). The M-matrices for each element

of the film stack can then be multiplied to obtain the total transmittance and reflectance

of the film stack system.

M =
1

t21

 t12t21 − r12r21 r21

−r12 1

 (B.11)

It should be noted that for film layers of nonzero width, the phase of the light

must also be accounted for. This can be done by treating the M-matrices for layer

interfaces separately from those arising from light propagation. It can easily be verified

that the propagation M-matrix has the following form by expanding the terms upon

multiplication with the left and right-traveling E-field amplitude terms as defined in

equation B.10:

Mprop =

 ejφ 0

0 e−jφ

 (B.12)

Where φ = 2πn
λ0
d cos θ. Here, n is the complex refractive index of the medium,

lambda0 is the wavelength of the light in vacuum, d is the thickness of the medium,

and θ is the angle relative to the normal of the media interfaces. This M -matrix can

then be integrated into the multiplication with the interface M -matrices in the order the

light encounters them in the film stack to obtain the full transmittance and reflectance

properties of the film stack at a single wavelength and angle of incidence.

For some work presented in this thesis, especially in Chapter 7, the transfer ma-

trix method described above was implemented in Python using the numpy package to

calculate the reflection properties of particular film stacks. The numpy package allowed

for high speed calculations on arrays of transfer matrices so that the reflection of light

incident at many hundreds of angles and/or wavelengths on arbitrary film stacks in real

time. This allowed for simple tuning of parameters such as film thickness or refractive

index to theoretically calculate the surface and bulk refractive index sensitivity of the

long-range surface plasmon (LRSP) Kretschmann setup with titanium nitride.
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Figure B.3: Plot demonstrating calculations that can be done easily with the transfer
matrix method. In this case, the film stack corresponds to a thin layer of TiN sandwiched
between two dielectric layers of similar index (1.34 and 1.33), which mimics the film stack
seen in the long-range surface plasmon Kretschmann setup. Because the dielectric films
are very near in index, a long range SPP mode can be launched at a very particular angle
(< 1 deg tolerance). Using an implementation of the transfer matrix method in python,
the wavelength can be swept and the resonance in angle space at each wavelength is
plotted. In this way a target angle for an experiment can be calculated as the angle
where the resonance dip is the lowest, and the base wavelength from which the resonance
will shift in an experiment is simultaneously determined.



Appendix C

Common Acronyms

Acronym Definition

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

FDTD Finite-Difference Time-Domain

FEM Finite-Element Method

FIB Focused Ion Beam

LRSP Long-Range Surface Plasmon

NSOM Near-Field Scanning Optical Microscopy

RIU Refractive Index Unit

SEM Scanning Electron Microscope

SPP Surface Plasmon Polariton

SPR Surface Plasmon Resonance

STM Scanning Tunneling Microscopy

Table C.1: A selected list of some of the common acronyms used throughout this text.
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