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Engineering metallic nanostructures for surface plasmon resonance

sensing

by Nathan Charles Lindquist

ABSTRACT

A change in almost any characteristic of a given material can be detected by one

or more beams of light. Optical sensors are extremely sensitive, non-destructive, and

immune to electromagnetic interference, offering many significant advantages. Being

able to harness this enormous potential within the realm of nanotechnology, however,

requires manipulation and control of an optical field on scales well below its wavelength.

Dielectric structures cannot achieve this due to diffraction. However, metallic nanos-

tructures which support evanescent surface plasmon resonances can provide a solution.

Thin gold or silver films, when patterned with nanometer-scale holes, grooves or bumps

can efficiently capture incident light and launch an oscillatory motion of the electrons

at the film surface, known as a surface plasmon. Using state of the art nanofabri-

cation techniques, we have engineered these plasmonic structures to exhibit unusual

optical properties not found in natural materials. Such novel materials are broadly ap-

plicable and useful, in particular, for sensing. In this dissertation, patterned metallic

nanostructures are used to demonstrate high-resolution sensing of complex biomolecu-

lar interactions in a quantitative and high-throughput manner. Additionally, efficient

chemical sensing via surface enhanced Raman spectroscopy, and proximity sensing with

structures suitable for scanning probe microscopy are also presented. The structures

are rigorously analyzed with theoretical computer simulations based on finite-difference

time-domain methods. Using a newly developed high-throughput fabrication method

based on template stripping of patterned metals, this work may open up avenues for

the realization of practical plasmonic devices in a wide variety of disciplines.
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Chapter 1

Introduction

1.1 Optical sensing

Light is a form of energy that is extremely useful for carrying, transmitting, and record-

ing information. It is an electromagnetic wave1 that propagates through vacuum with

a specific velocity of 299,792,458 meters per second. If propagating through a different

medium—such as air, water, or glass—its velocity and wavelength will change. Light

is therefore very useful for probing matter, since such shifts are easily recorded experi-

mentally. In fact, a change in almost any conceivable characteristic of a given material

can be imprinted onto one or more beams of light by modulating either its phase, in-

tensity, or polarization. Changes in temperature, density, velocity, position, strain, pH,

humidity, and chemical composition are all measurable optically. For instance, with

a pulse oximeter, it is possible to measure the oxygen saturation of a patient’s blood,

since it is related to the absorption of red light. Doppler shifts in the spectrum of light

emitted from a distant star can give us information about its velocity and the expansion

of the universe. Discrete packets of light, or photons, will interact with the electrons

in atoms and molecules, probing the molecular structure and chemical composition in

detail. Overall, optical sensors are non-destructive, offer a wide dynamic range, are

electrically passive and immune to electromagnetic interference, and thereby offer many

significant advantages.

1



2

1.1.1 Optical biosensing and drug discovery

The detection of molecular interactions, binding rates and molecular-pair affinity (bind-

ing strength) is an important subfield of optical sensing. Typically such sensors utilize

an “evanescent” optical field, or a non-propagating field that probes a very short dis-

tance from the sensing surface. These fields can be produced by total internal reflection

or by correctly illuminating thin metal films. With their high sensitivity, even a single-

molecule-thick layer adsorbing to the sensing surface will slightly perturb the evanescent

field. These changes can be monitored in real time, generating kinetic binding rates and

affinity information that is indispensable in a drug discovery or drug screening pro-

cess.2 An important advantage of optical biosensing with evanescent fields is that the

molecules can be used “as is,” in that they are unlabeled with any tag, such as a fluo-

rescent marker or magnetic bead that could alter its chemical properties or functions.

It is also important to note that these sensors only detect changes in the local refractive

index of the sensing surface, i.e. whether some amount of mass is covering the sensor

and altering the wavelength of the electromagnetic waves.

These versatile affinity-based sensors play a signicant role in pharmaceutical de-

velopment, drug discovery, and basic research.3,4 Typically, “receptor” molecules are

immobilized on the sensor surface, and potential binding partners, or “analytes,” flow

in solution above the surface. If specific analytes then bind to specific receptor sites on

the sensor surface, the optical properties of the thin molecular film complex will change.

With advanced imaging techniques, hundreds or even thousands of interactions may be

monitored simultaneously. In this way, it is possible to generate information regarding

the presence of a binding event, as well as the affinity and on–off rates of the binding.

Of particular importance has been the development of Surface Plasmon Resonance

biosensors,3,4 in which the receptor molecules are immobilized on a thin gold film. By

illuminating from below in a total internal reflection mode, a surface plasmon5 is gener-

ated. The plasmonic evanescent field components probe the optical properties right at

the surface of the gold, detecting analyte or “ligand” binding events with slight changes

in the resonant illumination angle or wavelength.3 This class of optical biosensors are

discussed in detail throughout this dissertation.
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1.1.2 Raman Spectroscopy

A beam of light can also probe molecular structure. When a photon collides with a

molecule, it will scatter. This is typically an elastic process that will leave the scattered

photon’s energy unchanged, only altering its direction. A small fraction of incident

photons, however, will scatter inelastically by absorbing or exciting phonons, or quanta

of molecular vibrations.6 Different molecules will have unique vibrational modes, and

hence unique inelastic scattering properties. The collection of photons scattered with

these new energies is called the Raman spectrum,7 and is comprised of a set of distinct

peaks, effectively “fingerprinting” the molecule.

Raman spectroscopy is an important, label-free technique for studying the vibra-

tional properties of molecules. Since it is a second order process, the intensity of the

scattered light is very low. However, when the molecules are adsorbed on a rough

metallic surface, the Raman signal can be enhanced a million-fold or more.8–10 This

observation, called Surface Enhanced Raman Spectroscopy, is not just due to increased

surface area and molecular coverage due to roughness, but to the large electromagnetic

field enhancements from the excitation of surface plasmon resonances. In this way,

label-free surface enhanced Raman spectroscopy can complement the label-free meth-

ods of surface plasmon resonance biosensing by providing a means to detecting and

identifying proximate molecules.

1.1.3 Limits of current technology

As industrial fabrication techniques continue to scale towards the single-molecule level,

it is imperative to develop new sensing methods that exploit the enormous potential of

optical detection and characterization within the domains of nanotechnology. In this

context, lab-on-a-chip devices with integrated microfluidic channels and reservoirs to

manipulate small amounts of analyte, miniaturized optical components to deliver light

to a sensing surface, and nanostructured metallic components for controlling the gen-

eration of surface plasmon resonances are needed. Due to the many recent advances in

nanofabrication, optical materials, and in particular metals, can now be patterned on

unprecedented length scales. This has opened up the exciting new disciplines of plas-

monics and nanophotonics. In this dissertation, using state-of-the-art nanofabrication
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techniques, we have engineered these plasmonic structures to exhibit unusual optical

properties not found in natural materials. Such novel materials are broadly applicable

and useful, especially for optical sensing at the nano-scale.

1.2 Plasmonics and Nanophotonics

Being able to harness the enormous potential of light within the realm of nanotechnology

requires manipulation and control of optical fields on scales well below its wavelength.

While dielectric structures cannot achieve this due to the diffraction limit, metallic

nanostructures which support plasmon resonances can provide a solution due to their

evanescent nature.11–13 Thin metallic films, when patterned with nanometer-scale holes,

grooves or bumps can efficiently capture incident light and launch an oscillatory motion

of the electrons at the film surface. This oscillation is known as a plasmon, a wave of

photons that are coupled to electrons and thereby bound to the surface of the metal.

Using state-of-the-art nanofabrication techniques, it is possible to engineer “plas-

monic” structures to exhibit unusual and highly useful optical properties. For instance,

periodic arrays of subwavelength holes14 through a plasmonic material, such as silver or

gold, will transmit far more light than expected, given the size of the holes, the opacity

of the metal film, and the wavelength of the incident light.15 Emerging techniques based

on the fabrication of “metamaterials” which can have a negative index of refraction16

at optical frequencies17 may provide the basis for ultra-high-resolution imaging18–20 or

even optical cloaking.21–23 Such unprecedented control of light is also opening up many

new opportunities in solar cell technology,24,25 subwavelength optical circuitry,26 optical

trapping,27 high-density data storage,28,29 and non-linear spectroscopy. Interestingly,

plasmons have also proven themselves useful in quantum entanglement experiments.30

There are also numerous emerging applications of plasmonic materials for the life

sciences. Currently, surface plasmon resonance is the gold standard for quantitatively

analyzing complex biomolecular interactions, a prerequisite for many important medical

application, such as drug discovery and clinical diagnosis.2,3 In fact, one of the most

successful diagnosis kits ever developed, the home pregnancy test, is enabled by the

plasmon resonance of tiny gold nanoparticles, which appear red, and that are designed

to signal the presence of certain chemical markers.31,32 Metallic nanoparticles will also
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heat up significantly when excited on resonance, and, if designed to specifically bind to

a cancerous tumor, may be used as a direct treatment to thermally destroy malignant

cells.12,33

1.3 Scope of this dissertation

Notwithstanding the numerous fascinating optical properties of nanostructured metals,

the burgeoning field of plasmonics, and the wide variety of possible applications, this

dissertation and the original research presented herein focuses chiefly on using plasmons

for optical sensing. Plasmon waves are bound to the surfaces of metal films, and are

therefore very sensitive to surface properties. Adsorbed molecules will modulate the

high-intensity electromagnetic fields generated by plasmons, providing a direct means

for sensing. Even single layers of molecules are enough to shift the plasmon resonance,

while the large intensities provide enhanced light-matter interactions, such as surface

enhanced Raman spectroscopy.

The first portion of the dissertation presents plasmonic materials for detecting com-

plex biomolecular interactions in a high-throughput, quantitative manner. Currently

commercialized technology, though widely successful, has serious limitations, especially

in throughput, resolution, and sensitivity. The work presented here attempts to address

some of these concerns by developing a new sensing platform based on nanostructured

gold films, while also taking advantage of molecular recognition via surface enhanced

Raman spectroscopy. Novel fabrication schemes that have been developed for the pro-

duction of high-quality metallic nanostructures are included in the second portion, as

are sensing applications that rely uniquely on the ultrasmooth interfaces produced. The

last chapter provides suggestions for future work along with additional work performed

during the duration of the dissertation research, such as using surface plasmon reso-

nances for enhancing the efficiency of solar cells.

1.3.1 Outline of chapters

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

portion of the original research performed throughout the dissertation.

• Chapter 2 presents the theoretical background necessary for understanding the
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optical properties of metals and Surface Plasmon Polaritons. It also presents the

theoretical basis for Finite Difference Time Domain computer simulations.

• Chapter 3 introduces Extraordinary Optical Transmission, one of the more fasci-

nating phenomena of plasmonic nanostructures, and one that is largely responsible

for generating much of the current interest in plasmonics.

• Chapter 4 describes using Surface Plasmon Resonance and Extraordinary Optical

Transmission for biosensing applications.

• Chapter 5 presents engineering plasmonic nanostructures with Plasmonic Bragg

Mirrors for high-density, sub-micron resolution biosensing and Surface Plasmon

Resonance imaging.

• Chapter 6 describes Surface Enhanced Raman Spectroscopy both as a character-

ization tool for plasmonic nanostructures and for chemical sensing applications.

Several nanostructure designs and substrates are presented.

• Chapter 7 describes Template Stripping of patterned metal films, a novel fabrica-

tion scheme used for rapid and repeatable production of high-quality, ultrasmooth,

ultrasharp plasmonic nanostructures and substrates.

• Chapter 8 describes three-dimensional Plasmonic Nanofocusing, a phenomenon

that relies uniquely on the ultrasmooth surfaces produced via Template Stripping,

and that can be used for proximity sensing, scanning probe microscopy, and ultra-

small volume Surface Enhanced Raman Spectroscopy.

• Chapter 9 presents additional work preformed during the duration of this dis-

sertation. A final conclusion is also provided, along with suggestions for future

directions.



Chapter 2

Theoretical Considerations

2.1 The optical properties of materials

2.1.1 Maxwell’s equations

All electromagnetic phenomena can be described, classically, by using Maxwell’s equa-

tions. These foundational equations describe electromagnetic fields and how they evolve

over time. In a region of space with no free charges or currents, these equations take

the following form:

∇ ·D = 0 (2.1)

∇ ·B = 0 (2.2)

∇×E = − ∂

∂t
B (2.3)

∇×H =
∂

∂t
D (2.4)

where E (Volts per Meter) and H (Amperes per Meter) are the electric and the mag-

netic field intensities, respectively. In materials, the two other related parameters, D

(Coulombs per square Meter) and B (Teslas), are the electric flux density and the

magnetic flux density, respectively, where

D = �E (2.5)

B = µH (2.6)

7
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and

� = �r�0

µ = µrµ0 .

The fundamental constants �0 ≈ 8.854× 10−12 (Farads per Meter) and µ0 = 4π × 10−7

(Henries per Meter) are the electric permittivity of free space and the magnetic per-

meability of free space, respectively. It is convenient to define �r, the relative electrical

permittivity or dielectric constant, and the relative magnetic permeability µr, of the

material. Since the research presented within this dissertation concerns non-magnetic

materials operating at optical frequencies, we will only consider cases where µr = 1 and

B = µ0H.

Under an applied electric field E, the electrons within a material will respond ac-

cording to equation (2.5), inducing an electric polarization density P. For a linear

material:

D = �r�0E = �0(1 + χe)E = �0E+P (2.7)

where χe is the electric susceptibility of the material, giving P = �0χeE. These quanti-

ties describe the classical electromagnetic behavior of any given linear material.

2.1.2 Light: an electromagnetic wave

Famously, by combining equations (2.1) – (2.4), and assuming exp(−iωt) time-harmonic

behavior, the resultant solution:

E(x, t) = E0e
ik·x−iωt (2.8)

describes a wave with an angular frequency ω and a wavevector k = ω/c k̂ = k k̂

propagating at a speed c = 1/
√
µ0�0, the speed of light in vacuum. The wavelength

λ is related to the wavevector k via k = 2π/λ. The formula for H(x, t) has a similar

form. This establishes the fundamental identity of light as an electromagnetic wave.

Furthermore, if the wave is propagating in a given material, then k = nω/c k̂, where

we have now defined a new quantity:

n ≡ √
�rµr (2.9)
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which is the index of refraction of the material. In general, the optical properties of

a given material are described by its index of refraction n and, since µr = 1, by its

dielectric function �r. These material properties may also vary with the frequency ω

of the electromagnetic field, in which case the material would be described as being

dispersive. Dispersion plays a significant role when describing the optical properties of

metals, as discussed below.

Using the relationship k
2 = k

2
x + k

2
y + k

2
z = n

2(ω/c)2 = 4π2
n
2
/λ

2, it is possible to

understand why dielectric structures cannot achieve subwavelength confinement: the x,

y, and z components of the wavevector k cannot be increased arbitrarily. In fact, the

electromagnetic wave cannot be confined to a region of space with a width smaller than≈
λ/(2n), which is Rayleigh’s resolution limit. Conversely, if this wave is propagating away

from a sample through space in the “far-field”, i.e. as in a microscope, it cannot carry

with it information about spatial scales less than ≈ λ/(2n), limiting the microscope’s

imaging resolution.

Mathematically, to beat these resolution limits, some components of k must be

imaginary, allowing the other components to increase arbitrarily and providing subwave-

length confinement and information. With this situation, the wave no longer propagates

in the direction of imaginary k and is called an “evanescent” wave. For instance, in a

one dimensional example, if k2 = k
2
z < 0, then E(z, t) from equation (2.8) becomes:

E(z, t) = E0e
−|k|z

e
−iωt

which describes an exponentially decaying field with a penetration depth of 1/|k|. Typ-
ically, the field penetration depths can be much less than the free-space wavelength λ.

These high-resolution evanescent wave components also provide the “near-field” optical

information about a sample. Gathering this information then requires probing the near-

field, since wave propagation in free space into the far-field will filter this information.

As shown in the next section, a metallic material has �e[�r] < 0, providing one

possible solution for the generation of such evanescent waves.

2.1.3 Dielectric function of a metal

Of course, equations (2.1) – (2.4) are also valid in regions where there are metallic

interfaces. Understanding the optical properties of metals, therefore, requires modeling
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its dielectric function �r. A simple oscillator model assumes that the metal consists

of a gas of free electrons.34,35 Under the influence of an external time-varying electric

field E(t), the position x(t) of an unbound electron with a mass m and charge e can be

described as:

mẍ(t) +mγẋ(t) = −eE(t) (2.10)

where γ describes a viscous damping parameter related to the average time τ ≡ 1/γ

between electron collisions. For an incident light wave, the driving field E(t) and the

electron’s response x(t) all vary sinusoidally as exp(−iωt). In this case, the time deriva-

tives ẍ(t) and ẋ(t) are simply replaced with −ω
2x(t) and −iωx(t), respectively. The

solution then becomes:

x(t) =
eE(t)

m(ω2 + iγω)
.

The macroscopic electric polarization density P(t) then becomes:

P(t) = − nee
2E(t)

m(ω2 + iγω)

since P(t) = −nee x(t) where ne is the electron density. Using equation (2.7), we can

now solve for D(t) and the dielectric constant �(w):

D(t) = �0E(t) +P(t) = �0

�
1−

ω
2
p

ω2 + iγω

�
E

where we have defined a new quantity:

ωp ≡

�
nee

2

�0m
(2.11)

which is called the “plasma frequency” of the metal, which describes the transition

frequency from dielectric behavior to metallic behavior of the material. Finally, the

dielectric function �r(ω) of the metal is derived as:

�r(ω) = 1−
ω
2
p

ω2 + iγω
(2.12)

and depends only on the frequency of excitation ω and the two material-dependent

parameters γ and ωp. Equation (2.12) is the so-called “Drude” model.34,35 Using this

with equation (2.9), it is possible to calculate the dispersive index of refraction n(ω) of
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the metal. It should be noted that if equation (2.10), the original oscillator model, had

instead assumed bound electrons that exhibit a characteristic resonant frequency ω0,

we would have derived:

�r(ω) = 1−
ω
2
p

ω2 − ω
2
0 + iγω

(2.13)

which is the so-called “Lorentz” model, describing materials that have specific absorp-

tion resonances. Both models are useful and accurately describe the optical properties

of many materials. The imaginary part of �r(ω) is related to the losses present in the

material. These models are also directly incorporated into the numerical computer

simulation algorithms described at the end of this chapter.

2.2 Plasmons

A plasmon is a collective oscillation of the free electrons.5 To derive �r(ω), this oscillation

was approximated with the equation of motion given in equation (2.10). At optical

frequencies, ω � γ and equation (2.12) for �r(ω) takes the approximate (lossless) form:

�r(ω) ≈ 1−
ω
2
p

ω2
(2.14)

which has three regions of interest: ω > ωp, ω = ωp, and ω < ωp.

For ω > ωp, then �r(ω) > 0 and the wavenumber k takes on a real value, allowing

propagating electromagnetic waves according to equation (2.8). The metal behaves as

a dielectric material.

For ω = ωp, then �r = 0 and k = 0, which means the oscillation has a constant

phase across the metal. This describes the volume plasmon of the system, where all the

free electrons are oscillating in phase at the plasma frequency. For a slab of metal, the

opposing surface charges produce the restoring force for the harmonic oscillations. If

the metal is semi-infinite, with only one surface exposed to air, the resonant frequency

of the surface plasmon (SP) becomes ωsp = ωp/
√
2.36 Furthermore, if the metal is

in the shape of a small sphere surrounded by air, it can be shown that the resonant

frequency of the localized surface plasmon (LSP) becomes ωlsp = ωp/
√
3. In these cases,

the surface wave is not really propagating, and the electrons of the slab, surface, or

small sphere are simply oscillating with the external electric field. The LSP resonances
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are important when considering metallic nanoparticles, or when the metallic surface is

highly curved or sufficiently rough.

For ω < ωp, then k becomes complex, and equation (2.8) now describes a non-

propagative evanescent field, i.e. one that decays exponentially into the metal. Incident

light is reflected. It is within this regime, however, that a solution exists for surface

plasmon polaritons (SPP) that propagate along the surface of the metal, with evanescent

tails sticking into and out of the metal–dielectric interface.

2.2.1 Surface plasmon polaritons

Metal x 

z 

Dielectric 

!
d
!

!
m
! +++! ---! +++! ---!

Hy 

Ez 

kspp 

!d 

!m 

Figure 2.1: Surface plasmon polaritons. A surface plasmon polariton is a collective
oscillation (ω ≤ ωsp) of the free electrons right at the surface of a metal–dielectric
interface.37 This oscillation has a wavevector kspp and the fields decay exponentially
away from the interface. The field penetration depth δd into the dielectric is greater
than the penetration depth δm into the metal. The (transverse) magnetic field is entirely
along the y axis.

Figure (2.1) shows a schematic of a surface plasmon polariton (SPP). The term

polariton refers to the fact that the surface plasmon (SP), a polarization wave, is coupled

with a photon. This means that the dispersion of light, i.e. the “light line,” crosses the

surface plasmon resonance. To derive the SPP behavior, we first set the metal surface

as the xy plane, with z > 0 being the surrounding dielectric. Starting with equation

(2.8), it is assumed that the wave propagates in the x direction only. The magnetic field

H has only a y component, describing a transverse-magnetic wave. The wavevector is

thus k = (kx, 0, kz), where kz is imaginary. If �m is the dielectric constant of the metal
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and �d that of the surrounding medium, appropriate boundary conditions specify that:

kz,m

�m
= −

kz,d

�d

and furthermore that:

kx,m = kx,d = kx .

It is also known that

k
2
x + k

2
z,m = �m

�
ω

c

�2
(2.15)

k
2
x + k

2
z,d = �d

�
ω

c

�2
(2.16)

using the definition of the wavevector k in each material. Solving these equations, the

dispersion relation kx(ω) is calculated as follows:

kx(ω) = kspp(ω) =
ω

c

�
�d�m

�d + �m

�1/2

(2.17)

giving the fundamental behavior of an SPP. The following assumptions about the two

materials are made: �m = �
�
m + i�

��
m, |��m| > �

��
m, ��m < 0, and |��m| > �d. At optical

frequencies, these conditions are easily achieved at a metal–dielectric interface. Three

features of the surface wave now become apparent. First, the wavevector becomes

complex, kspp = k
�
spp + ik

��
spp, with real and imaginary components:

k
�
spp =

ω

c

�
�d�

�
m

�d + ��m

�1/2

(2.18)

k
��
spp =

ω

c

�
�d�

�
m

�d + ��m

�3/2
�
��
m

2��m
2 . (2.19)

The imaginary component of kspp describes internal (ohmic) damping, giving the SPP

a finite propagation length of lohm = (2k��spp)
−1, which is typically on the order of ≈10

µm for SPPs in the visible range on gold or silver.

Second, these conditions also imply that kz,d and kz,m are both imaginary, with

|kz,m| > |kz,d|, and that the electromagnetic field decays exponentially from the metal–

dielectric interface in the z direction, with characteristic decay lengths of δd = 1/|kz,d|
into the dielectric and δm = 1/|kz,m| into the metal. The field is therefore maximum
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Figure 2.2: Dispersion relation of surface plasmon polaritons. Plotting equation
(2.17) shows that the momentum (wavevector) of a surface plasmon polariton is always
greater than free-space light. For small ω/ωp, kspp lies very close to the light line, and
the polariton is “light-like.” For ω/ωp → 1/

√
2, the polariton approaches the surface

plasmon resonance, and becomes more “plasmon-like” with a very large momentum.
The dielectric function of the metal in this plot was set to be lossless as given in equation
(2.14). If loss is considered, kspp will not diverge but will approach a maximum value
at the surface plasmon frequency.

at the surface, giving high sensitivity to surface properties. Given equations (2.15) and

(2.17), the distance at which the field falls to 1/e becomes:

δd =
ω

c

�
�
�
m + �d

�
2
d

�1/2

(2.20)

δm =
ω

c

�
�
�
m + �d

��2m

�1/2

(2.21)

For a free space wavelength of 600 nm, δd ≈ 390 nm and δm ≈ 24 nm for silver, whereas

δd ≈ 280 nm and δm ≈ 31 nm for gold.37 The spatial extent of the field directly

influences the sensitivity to thin films adsorbed on the surface.

Third, an SPP always lies to the right of the “light-line,” illustrated in figure (2.2),

since k
�
spp > (ω/c)(�d)1/2, giving SPPs a greater in-plane wavevector than free-space

light. This has implications for the experimental generation of SPPs. Since momentum
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must be conserved, the SPP will not radiate into free-space light. Conversely, it is not

possible to excite the SPP wave on a flat metal surface with free-space light. At a given

angular frequency ω, this momentum must be accounted for in order to generate the

surface plasmon polaritons with incident light. This is typically achieved with a grating

or prism coupler, illustrated and explained in figure (2.3). A single bump, groove or

defect will also provide sufficient coupling.

It is this characteristic dispersion relationship that gives SPPs their utility in nan-

otechnology: it is possible to have an electromagnetic surface wave with very tightly

confined energy (δd ≈ 100 nm) and large wavevectors all at optical frequencies. As de-

scribed earlier, since kz is imaginary and k
2
z < 0, the relation k

2
x+ k

2
y − |kz|2 = n

2(ω/c)2

implies that kx and ky can now be increased arbitrarily, leading to ever-greater con-

finement. Dielectric waveguides cannot achieve this subwavelength confinement of op-

tical energy. Metallic nanostructures, such as nano-sharp tips, nano-scale holes, and

subwavelength-scale patterning, can exert control over the flow of electromagnetic en-

ergy on unprecedented length scales. Due to such tight confinement of the optical energy,

plasmonic structures are highly sensitive to surface properties. This is especially useful,

in the context of the research presented here, for detecting the presence and signature of

adsorbed molecules. In this dissertation, SPPs are explored for their utility in different

sensing environments.
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Figure 2.3: Surface plasmon polariton coupling geometry. (a) Using a thin metal
film, and illuminating from below when �d,1 < �d,2 in a total internal reflection mode to
generate evanescent surface waves, the in-plane wavevector kx of the incident light will
match kspp on the other side of the film at a given angle, exciting an SPP and resulting in
a sharp dip in reflected intensity. This is the so-called “Kretschmann” configuration.38

(b) The in-plane wavevector kx = (2π/λ) sin θ can also be augmented by the spatial
frequency wavevector ka = 2πm/a of a surface grating with period a and grating order
m, providing enough momentum to excite kspp. A single bump, groove or defect will
also provide sufficient momentum, due to its large distribution of spatial frequencies.
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2.3 Computer Simulations and Numerical Experiments

Maxwell’s equations can only be solved analytically for a small set of simple geometries,

such as spherical metallic nanoparticles, planar metallic films, or simple SPP waveguide

structures. For any other geometry, equations (2.1) – (2.4) must be solved numerically.

The finite-difference time-domain (FDTD) algorithm is one of the most widely used

methods for performing such numerical experiments, calculating the propagation of

electromagnetic fields through complex materials with arbitrary geometries. The FDTD

algorithm is a direct solution to Maxwell’s equations, with no approximations except

for the discrete nature inherent to all numerical methods.

(i,j,k) 

Ex 

Hy 

Ex 

Ex 

Ey 

Ey 

Ey 

Ez 
Ez 

Ez 

Hx 

Hz 

!y 

!x 

!z 

(i+1,j+1,k+1) 

Structure Make Grid 

Figure 2.4: Finite-difference time-domain Yee cell. A structure of interest is
discretized onto a grid with mesh sizes ∆x, ∆y, and ∆z. Each grid cube (i, j, k) has
a specified index of refraction ni,j,k. The electric and magnetic fields are offset by
half a grid step, which is convenient for incorporating the “curl” behavior of Maxwell’s
equations. The electric field components are on the middles of the edges, whereas the
magnetic field components are in the centers of the faces.

The problem of interest must be discretized, and, for Maxwell’s equations, a very

convenient grid structure is the Yee cell.39 The electric and magnetic field components

are offset by half a grid size. The “∇×” curl nature of the field relationships are

automatically accounted for in such a grid, shown in figure (2.4). The grid is assumed

to have mesh step sizes of ∆x, ∆y, and ∆z. Maxwell’s equations dictate that a temporal

change in E is related to a spatial change in H, and vice versa. Therefore, a time step
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∆t is also defined. Maxwell’s equations are equivalent to six scalar equations of the

following form (for Dx):
∂Dx

∂t
=

∂Hz

∂y
− ∂Hy

∂z

with the equations for the remaining five field components, Dy, Dz, Bx, By, and Bz,

being similar, and using equation (2.5) to relate D and H to E and B, respectively.

Using central difference discretization and the Yee cell scheme gives equations of the

following form:

D
n+1
x (i+ 1/2, j, k)−D

n
x(i+ 1/2, j, k)

∆t
=

H
n+1/2
z (i+ 1/2, j + 1/2, k)−H

n+1/2
z (i+ 1/2, j − 1/2, k)

∆y

−H
n+1/2
y (i+ 1/2, j, k + 1/2)−H

n+1/2
y (i+ 1/2, j, k − 1/2)

∆z

where D
n
x(i + 1/2, j, k) corresponds to the n

th value of Dx on the (offset) grid point

(i+ 1/2, j, k), and accordingly for Hz and Hy. Again, the remaining five equations are

constructed in a similar manner. Solving for the “n+1” field values moves the simulation

forward, where the magnetic fields values are offset in time by half a time-step.

Due to the nature of the FDTD algorithm, the fairly restrictive Courant stability

condition must be met:

c∆t ≥ 1�
( 1
∆x)

2 + ( 1
∆y )

2 + ( 1
∆z )

2

which states that a wave may not propagate more than one grid point per time step.

To obtain accurate results, the spatial grid must also be small enough to resolve the

wavelength of the light or the smallest structural feature. For plasmonic applications,

where subwavelength structures and evanescent fields are involved, care must be taken.

Using non-uniform grids, with more grid points surrounding the smallest features, can

help, balancing simulation accuracy and efficiency.40 Since the entire grid cannot be

excessively large, special care must also be taken in the appropriate choice of bound-

ary conditions. In this dissertation, periodic, symmetric/anti-symmetric, and perfectly

match layer (PML) absorbing boundary conditions were employed.

FDTD methods are widely used in the field of plasmonics, since they can accurately

account for all the properties of dispersive materials. Real material properties can be



19

!!"!#$%&µ'(

)
!
"
!
#$
%&
µ
'
(

%

%

!* + * , - . / 0 1
!+2-

+

+2-

+20

+23

+

+2/

*

0 50 100 150 200
0

0.1

0.2

0.3

Groove Depth (nm)

|E
z
|2

 (
a

rb
. 

u
n

it
s
)

Width 

Depth 

a 

c 

b 

Silver 

Air x 

z 

k0 

kx > k0 

kx < k0 

SPP 

Figure 2.5: Sample FDTD calculation of a single metallic groove. (a) A groove
in a metal film will scatter incident light into many channels, both propagative and
evanescent. The long-range persistent evanescent wave is an SPP. (b) Monitoring |Ez|2
5 µm from the center of the groove with 600 nm plane-wave illumination, shows that
for a groove width of 100 nm the optimal coupling efficiency occurs for a groove depth
of 65 nm. (b) A snapshot of the scattered field intensity at optimal coupling efficiency.
The full electromagnetic field is computed in an FDTD simulation, which includes the
incident wave and all scattered waves. Often, it is convenient subtract the field generated
in the absence of the groove, giving only the field scattered by the groove itself. For
this simple case, the electromagnetic fields are fully described with a two-dimensional
transverse-magnetic FDTD simulation.

incorporated by fitting equations (2.12) and (2.13), the Drude and Lorentzian dispersion

models, to measured optical constants of noble41 and transition42 metals. Additionally,

since it is a time-domain technique, a wide range of frequency components can be solved

for in a single simulation. There are, however, several important limitations to the

FDTD algorithm, the most severe being the intensive computational resources required

for a full three-dimensional calculation. Over the course of this dissertation research,

it was not uncommon to be limited by even 24 gigabytes of computer memory, or for

a single simulation to run for several days. The FDTD algorithm, however, lends itself

easily to parallel computation and the use of multiple processors,40 significantly reducing
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computation time. The work presented in this dissertation used the FullWAVETM

suite of applications from RSoft Design Group. As an example of the utility of FDTD

calculations for plasmonic applications, figure (2.5) demonstrates the simple situation

of SPP generation from a single groove in a silver film as the depth of the groove is

changed. Such simulations are beneficial when designing plasmonic components.



Chapter 3

Extraordinary Optical

Transmission

Light will interact differently with periodic structures depending on the ratio of its

wavelength λ to the period a. In the long-wavelength limit, λ � a, the periodic structure

can be understood as being an effective homogeneous medium, just as each individual

atom is not considered when describing the refractive index n of a given material. The

opposite limit, λ � a, is the region of geometric ray optics, although the phase of

the light field will still generate interference effects. The distinct wave nature of light

becomes fundamentally important when λ ≈ a. When metals are patterned at such

a length scale, both diffractive and plasmonic effects become important, with often

striking, counterintuitive results.

3.1 Experimental Observations

From its initial discovery over a decade ago by Ebbesen et al.,14 the Extraordinary

Optical Transmission (EOT) effect has initiated significant amounts of interest, both

for potential applications in novel nanophotonic devices, and also for understanding the

underlying physical mechanism. This effect manifests itself as unexpectedly large light

transmission at specific wavelengths through a periodic array of subwavelength holes,

or nanoholes, perforating a thin metal film. At normal incidence for a nanohole array

in air, peak transmission occurs at wavelengths just to the red of the array period. The

21



22

amount of transmitted light is significantly larger than that predicted by conventional

Bethe aperture theory,15 which states that the transmission trough a single aperture in

a thin perfectly conducting screen drops off as (b/λ)4, where b � λ is the radius of the

opening. If the screen is thick, the transmission decreases exponentially further.43 When

Ebbesen performed his experiments, however, the transmission normalized to the area

of the open nanoholes was greater than unity, indicating that even light incident on the

flat metal regions between the nanoholes was somehow “extraordinarily” transmitted.

Geometric factors were found to play a critical role, such as the periodicity of the hole

array,14 the film thickness,44 and the shape and orientation of the holes.45–47
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Figure 3.1: Extraordinary Optical Transmission. (a) SEM of a 17×17 nanohole
array perforating a 200 nm thick gold film on a glass substrate. (b) Transmission
spectrum, with the (1, 0)air and the (1, 1)air peaks marked. The nanoholes have a
period of a = 600 nm. A thin 5 nm Cr adhesion layer is used, which reduces the peaks
present at the glass-metal interface.

The extremely large “orders of magnitude” enhancements originally reported exper-

imentally14 have subsequently been reevaluated to be closer to ≈10 by normalizing to a

single isolated nanohole in a real metal film.48 However, absolute normalization methods

are also somewhat difficult, since a single isolated metallic nanohole also displays en-

hanced transmission effects due the excitation of localized surface plasmons.49,50 Also,
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reducing the diameter of the nanoholes allows the normalized transmission per nanohole

to increase, with no fundamental limit for very small nanholes.51

Interestingly, surrounding a single nanohole with a grating of dimples or grooves will

also resonantly enhanced the transmission52 or lead to highly directional out-coupling.53

Given these effects, thin metal films decorated with periodic subwavelength features

promises many novel applications,50 such as displays, biosensors, and nanophotonic cir-

cuitry. However, the extent to which new devices can be fabricated and commercialized

depends on a correct understanding of the physical processes.

3.2 Surface Plasmon Models

Initial explanations14,44,54 of the EOT mechanism involved the generation of SPPs via

a grating coupling mechanism from the array of nanoholes. The idea was that the SPPs

scattered from the nanoholes would, for given wavelengths, form a coherent Bloch-wave

and greatly enhance the evanescent field within and around the nanoholes. The light

transmission process then involved the high-intensity SPPs “funneling” through the

nanoholes much more efficiently than the incident photons. On the opposite side of

the film, a reverse-grating coupling mechanism radiated the SPPs into free space. By

considering the SPP dispersion relation given in equation (2.17), and using the spatial

frequency of the nanohole array itself at normal incidence to grating-couple the SPPs

as in figure (2.3b), the transmission peak positions λpeak at normal incidence were

approximated as follows:

λpeak ≈ a√
m2 + n2

�
�m�d

�m + �d
(3.1)

where a is the periodicity, m and n are the grating orders in the x and y directions,

and �m and �d are the dielectric functions of the metal and the surrounding dielectric

medium, respectively.14,54 Figure (3.1) presents the basic EOT effect, with the dominant

spectral features marked. Peaks are labeled by their grating-orders (m,n) and the

interface on which the SPPs exist, e.g. at an air– or glass–metal interface.

For a sufficiently thin yet still opaque metal film, the SPP modes on both sides of

the perforated film were found to be strongly coupled, especially for symmetric, free-

standing metal films.44,54,55 For asymmetric structures, e.g. ones fabricated on a glass
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substrate, the transmission spectra are identical regardless of which side of the film is

illuminated, confirming an anomalously strong coupling between both side of the metal

film.54 For thicker films, the nanoholes become a single transmission channel, and the

top–bottom coupling (and overall transmission) weakens. Furthermore, the transmis-

sion maxima were also correlated with absorption maxima, indicating strong generation

of the (lossy) SPPs.56 Direct near-field imaging of a nanohole array structure57 and the

necessary existence of a metallic interface58 also confirmed the existence of SPP waves,

as did mapping the transmission spectrum as a function of incident angle.14,54,56 At

optical frequencies, using a minimal model that only considers the generation of SPPs

by the nanohole grating closely fits experimental data and rigorous numerical calcu-

lations.44,59,60 With these studies, the critical role played by SPP resonances in the

enhanced transmission process was firmly established.

3.3 Current Understanding

Difficulties in a pure-SPP model arose when similar effects were observed in struc-

tures where plasmon oscillations are not directly supported, such as unity transmission

through a perfect conductor,61 or EOT at millimeter wavelengths.62 Additionally, un-

der certain conditions, the excitation of SPPs was shown to suppress,63 enhance,64,65

or, in a re-visitation of Young’s double slit experiment, either suppress or enhance66 the

transmission through subwavelength slits. Indeed, the grating-coupled SPP in equation

(3.1) for λpeak seems to more accurately predict a transmission minimum.48,63,67 These

findings led to the often contentious68–74 development of alternate explanations of EOT

as a simple scalar diffractive effect, in which SPP excitation was not critical, or even

detrimental to the transmission process.48,63,71,73,74 It is important to note, however,

that the total electromagnetic field surrounding a single subwavelength aperture will

always be a combination of multiple scattered waves, some of which will be SPPs (if

supported), other freely propagative, and others evanescent. All these waves are coher-

ently scattered, and all contribute to the transmission process.60,75 Therefore, the exact

role of the SPP itself is difficult to ascertain, since, at optical frequencies, the surface

modes are all indeed very close.67 Only rigorous solutions of Maxwell’s equations, via

FDTD or otherwise, provide a full electromagnetic picture. However, with real metals at
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optical frequencies, models that do not explicitly include the involvement of SPPs48,73

have been deemed to be inaccurate.68–70,72
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Figure 3.2: Simulated EOT spectrum. (a) Schematic and (b) FDTD transmission
spectrum for a simple EOT test case. The suspended silver film is 100 nm thick, and is
perforated with 200 nm diameter holes spaced by 600 nm. Periodic boundary conditions
were used in x and y, and the xyz grid size was 4 × 4 × 4 nm in and around the area
of the holes and silver film and 4× 4× 10 nm in free space. PML boundary conditions
absorbed all reflected and transmitted light in the ±z directions. A time-pulsed plane-
wave was incident form the top side, and the transmitted power was Fourier transformed
to calculate the transmission spectrum. The locations of Wood’s anomaly at 600 nm,
the transmission minimum at 625 nm which corresponds closely with λspp = 622 nm
from equation (3.1), and the transmission maximum at 678 nm are all marked with
dashed lines. Figures (3.3) and (3.4) below show field maps at these wavelengths.

Clearly, a more precise understanding of the shapes and positions of the transmis-

sion peaks is necessary, and lies beyond the naive pure-SPP model presented in equation

(3.1). To this end, it is important to outline the two types of anomalies present in a

diffraction grating.76,77 For a non-resonant surface, e.g. without the possibility of SPP

excitation, there is a purely geometrical effect independent of material properties called

the non-resonant Rayleigh-Wood78 anomaly. This “anomaly” manifests itself as a trans-

mission (and reflection) minimum which arises from the special case where an incident

beam is diffracted tangent to the surface, increasing in intensity just before vanishing.
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Figure 3.3: Simulated EOT field maps. Continuous wave plane-wave illumination
is incident from the +z direction. The time-averaged amplitude of Ez is pictured. (a)
λ = 600 nm generates a Rayleigh-Wood anomaly in which the field is de-localized from
the SPPs and is diffracted tangent to the silver film. (b) λ = 625 nm corresponds to the
minimum of transmission. SPPs are excited, but weakly, especially on the bottom side
of the film. (c) λ = 678 nm corresponds to a maximum of transmission. The SPPs are
excited symmetrically and are very intense. The color bar indicates an intensity scale
of ×1, ×2 and ×4 for (a), (b), and (c), respectively.

At normal incidence, this occurs at λmin = a. For a resonant surface, e.g. with the gen-

eration of SPPs or other surface modes, the resonant Rayleigh-Wood anomaly will occur

just to the red of λmin = a.When both minima are present, the proximity of these two ef-

fects and the implications of equation (3.1) relating λspp to the transmission maximum is

a source of confusion. However, the red-shift of the actual transmission peak λpeak from

that predicted by λspp as well as the asymmetric peak profiles can be explained by the

presence of Fano-type interference effects79 between the non-resonant directly transmit-

ted light and the resonant grating-coupled SPP.50,80,81 At the transmission minimum,

the grating-coupled SPPs interfere destructively with the direct transmission through
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(or the local excitation of) a single nanohole. For maximum transmission, slightly to the

red of the minimum, the SPPs interfere constructively. Through extensive calculations,

the non-resonant Rayleigh-Wood conditions (e.g. λmin = a) are seen to not correlate

with the transmission minima80 as originally thought, but are merely hidden within

the broader spectral features.67 Figures (3.2) – (3.4) present FDTD simulations of a

simple EOT case-study: 200 nm diameter holes with a 600 nm period perforating a 100

nm thick suspended silver film. All the important electromagnetic field distributions,

spectral features, geometric array effects, and SPP contributions are shown. Similar

results were demonstrated by Chang, et al.67 As shown, it is the resonant modes of the

surface that most directly influence the optical transmission.
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Figure 3.4: Simulated EOT electric field lines. A snapshot of the total electric
field is shown, with field lines overlayed. (a) At a transmission minimum, λ = 625 nm,
the SPP field lines and inferred charge distributions are anti-symmetric, arising from
Fano-type destructive interference between the grating-coupled SPPs and the localized
plasmon excitations. (b) At a transmission maximum, this interference is constructive,
building up significant field intensity within the nanoholes. The color bar indicates an
intensity scale of ×2 and ×4 for (a) and (b), respectively.

Considering the experimental evidence of EOT where SPPs are not supported,61,62

it is now understood that SPP-mediated EOT in noble metals at visible frequencies is
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only a subset of a more general dynamical diffractive EOT effect. The EOT process

involves the excitation of resonant surface electromagnetic Bloch waves, on both the

front and back sides of the patterned film. The microscopic interaction and multiple

scattering of these waves among the individual nanoholes coherently builds up a large

evanescent field. Where SPPs are supported, the total near-field of the nanohole is not

a pure SPP, but also includes short range (on the order of a few wavelengths) com-

ponents, making the scattered field a hybrid wave.48,59,60,73,74 In metals at optical

frequencies, SPPs are the dominant surface mode that contribute to the large evanes-

cent field enhancements and high transmission. At longer wavelengths, an SPP-only

model become less and less accurate,59 and a surface diffracted wave dominates the

transmission process. In the case of perfect conductors (where plasmons are not al-

lowed) and given the history of EOT, such surface modes are sometime called “spoof

plasmons.”82 There, the patterning of the perfect conductor allows some penetration of

an (evanescent) electromagnetic field.83 Therefore, the predictions of standard diffrac-

tion theory,61 SPP-only models,59 “spoof plasmon” models,82 or even equivalent circuit

models84,85 are generally indistinguishable, since they are typically observing the same

phenomenon from different starting points. In fact, extending Bethe’s original calcula-

tions15 to arrays of subwavelength apertures gives EOT-like features through perfectly

conducting screens.86 Microscopically, the hybrid-wave approach that includes multi-

ple scattering of SPPs as well as other diffracted wave components captures all the

salient features of the EOT phenomenon. Phenomenologically, explanations involving

the Fano interference of resonant and non-resonant transmission channels also provide

a helpful understanding of EOT. Finally, it is clear that metal nanostructures at optical

frequencies offer a wide range of possibilities that can exploit the unique properties of

SPPs in novel nanophotonic devices. In particular, the large field intensities and short

probing ranges of SPPs in nanohole arrays makes the EOT effect an ideal candidate for

biosensing.



Chapter 4

Biosensing with Plasmonic

Nanostructures

This chapter describes work done to use the EOT effect presented in Chapter 3 for

plasmonic biosensing. It is the result of a collaborative group effort, derived mainly

from the following publications:

1. H. Im, A. Lesuffleur, N. C. Lindquist, and S.-H. Oh, Analytical Chemistry 81,

2854 (2009).87

2. A. Lesuffleur, H. Im, N. C. Lindquist, K.-S. Lim, S.-H. Oh, Optics Express 16,

219 (2008).88

3. A. Lesuffleur, H. Im, N. C. Lindquist, and S.-H. Oh, Applied Physics Letters 90,

243110 (2007).89

4.1 Affinity Biosensing

The effective refractive index of a sensing surface will change with time as molecules

bind to it. Typically, the sensing surface is pre-functionalized with a thin film of receptor

molecules. Analyte molecules are then allowed to flow over the top of the sensing surface,

and will bind to the receptor molecules with specific binding kinetics. Chemically, if A

corresponds to the analyte, B to the bound receptor molecules, and AB to the molecular

29
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complex, the reaction can be written as follows:

A+B
ka�
kd

AB

where ka (mol−1 L s−1) is the association constant and kd (s−1) the dissociation constant.

The equilibrium constant Ka (M−1) for the association reaction is Ka = ka/kd, and the

equilibrium constant Kd (M) for the dissociation reaction is Kd = kd/ka. A large

Ka means high affinity, i.e. large binding strength. For simple systems, assuming rapid

mixing, one-to-one, single-step binding and no mass transport limitations,90 the relative

amount R(t) of molecules on the surface at a time t can be modeled with a first-order

kinetic differential equation:

dR

dt
= kacA(1−R)− kdR

where cA is the analyte concentration. Solving for R(t) gives:

R(t) =

�
kacA

kacA + kd
−Ra

�
(1− e

−(kacA+kd)t) +Ra (4.1)

where Ra = R(ta) at the beginning of the association phase at time ta. It is convenient

to define kobs = kacA + kd, which is the “observed” rate constant of the reaction. If we

assume relatively high-affinity binding, i.e. kacA � kd and if Ra = 0, the expression for

R(t) reduces to: R(t) = 1− e
−kobst.

After a given time, R(t) will saturate to R(t) = Req, i.e. dR/dt = 0, and where Req

is the equilibrium amount of molecules bound to the surface. The time at which this

happens depends on the concentration and the rate constants. Several association-phase

assays at different analyte concentrations cA can be performed, and plotting kobs versus

cA will give a line with slope ka and intercept kd. A dissociation phase of the assay

can also be performed, where the analyte solution is replaced with only buffer solution.

The relative amount of molecules bound to the surface will then decrease according to

a simple exponential decay:

R(t) = Rde
−kdt (4.2)

with Rd = R(td) at the beginning of the dissociation phase at time td. Typically,

kd is extracted from these dissociation experiments, since the exponential curve-fitting

is more accurate than the intercept given by plotting kobs versus cA. Alternatively, at
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Figure 4.1: Real-time affinity biosensing and concentration assay. Plots of
equations (4.1) and (4.2) for various analyte concentrations cA. For cA = 200 nM, the
reaction quickly saturates, but not at lower concentrations. At time t = td = 500 s
indicated by the dashed vertical line, the analyte is replaced with buffer, beginning the
dissociation reaction. From such a concentration assay, the affinity of a given reaction
can be extracted. The rate constants used for plotting were ka = 105 and kd = 10−3.

equilibrium, the association rate will equal the dissociation rate,91 giving kacA(1−Req) =

kdReq, which upon rearranging gives:

1

Req
= 1 +

kd

ka

1

cA
. (4.3)

Plotting 1/Req versus 1/cA generates another straight line with slope kd/ka, giving the

affinity of the reaction. Figure (4.1) presents a simulated assay with “typical” values of

cA, ka and kd. In this way, the specificity, on-off rates (kinetics) and affinity of a specific

reaction can be determined. All three parameters are important, since, for example, two

reactions can have the same affinity ka/kd, but have different kinetics with either large

ka and kd or small ka and kd. This information is indispensable in drug discovery and

quality control applications.
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4.1.1 Surface Plasmon Resonance Biosensing

The index of refraction of the adsorbed thin film is directly related to the amount of

molecules R(t), and provides the mechanism for optical biosensing. In the case of Surface

Plasmon Resonance (SPR) biosensing, the sensing surface is a metal, typically gold, and

the surrounding dielectric is water or a liquid buffer.92 SPP waves can be excited either

with a prism- or grating-based coupling system, previously shown in figure (2.3). The

field of an SPP propagating on the metal surface extends into the surrounding dielectric

medium with a characteristic decay length δd, assumed here to be in the +z direction.

It is this evanescent field that is responsible for sensing the optical properties near the

surface of the metal film.
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Figure 4.2: Effective refractive index of a thin film. On the left hand side, the
extension of the SPP field in the z direction is entirely within the bulk of the the thin
film, in that δd < tfilm. When δd > tfilm, the effective index seen by the evanescent
SPP as a weighted average of nbulk and nfilm field must be calculated.

As molecules bind according to equation (4.1) and create a thin film, the added mass

will proportionally modulate the effective refractive index seen by the SPP, increasing

(or decreasing) the SPP wavevector kspp and causing a shift in the resonant angle,

wavelength, or intensity.3 At a single wavelength, the longer the propagation length

lspp of the SPP, the higher the sensitivity.93 If the thickness tfilm of an adsorbed film

is much larger than δd, then the SPP wave is sensing the “bulk” refractive index of

any adsorbed molecules or the liquid buffer. If tfilm is less than δd, then the effective

refractive index neff seen by the SPP wave is calculated by a weighted average of the
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refractive index function nd(z) of the dielectric(s) above the sensing surface.94 This is

demonstrated in figure (4.2). Within the SPP evanescent field, the proper weighting

factor is simply that of the field intensity, exp(−2z/δd). The effective refractive index

seen by the propagating SPP can thus be expressed as a weighted average:

neff = (2/δd)

� ∞

0
nd(z) exp(−2z/δd) dz.

For the simple case of a single film with a refractive index nfilm and thickness tfilm,

this evaluates to:

neff = nbulk + (nfilm − nbulk)(1− exp(−2 tfilm/δd)) (4.4)

where nbulk is the refractive index of the dielectric medium above the film. Sensitivity

to sub-1 nm thick films is possible.93 The sensitivity of the SPR system to a change

in Refractive Index Units (RIU) of nfilm or nbulk is typically given as “degrees per

RIU” for angle interrogation, “nm per RIU” for wavelength interrogation, or “% per

RIU” for intensity interrogation. Table (4.1) is adapted from Homola, et al.3 and gives

the characteristic sensitivities of the different SPP-coupling schemes and interrogation

techniques.

Localized Surface Plasmon (LSP) resonances in metallic nanoparticles are also useful

for sensing.95–98 Since the LSP decay lengths δd can be on the order of 10 nm, only very

thin layers or a small amount (≈1000) of molecules can shift the resonance, achieving

zeptomole sensitivities.98 However, the short probing range of the LSP can also be a

drawback, if large molecules or multiple layers of molecules need to be analyzed.

Angular (deg/RIU) Wavelength (nm/RIU) Intensity (%/RIU)
Prism 97 13,800 15,000

Grating 39 630 4,400

Table 4.1: Surface plasmon resonance configurations and sensitivities. Table is
adapted from Homola, et al.3 The operating wavelength is 850 nm, and the refractive
index of the buffer solution is 1.32. For the prism-based system, the gold layer is 50
nm thick, and the refractive index of the underlying glass is 1.51. For the grating-based
system, the period and depth are 800 nm and 70 nm, respectively.
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Figure 4.3: Simulated Kretschmann configuration and sensitivity. The reflection
of a 50 nm thick gold film on a glass substrate as a function of incident angle for 850
nm illumination. The refractive index of the dielectric solution above the gold film is
1.32 and the glass substrate has a refractive index of 1.51. The dip at 65.4 degrees
corresponds to the excitation of an SPP. An SPP is excited by the incident beam,
propagates for a while, and then has a probability of being re-emitted back into the
substrate, destructively interfering with the reflected beam and causing the dip. (inset)
By changing the refractive index of the dielectric solution by ∆n = 0.01, the resonance
dip shifts by 1 degree, giving an angular sensitivity of 100 (deg/RIU), as in table (4.1).

Due to its high sensitivity, the most widely use configuration for SPR biosensing

is the prism-based Kretschmann configuration,38 as outlined previously in figure (2.3),

and most successfully commercialized as BIAcoreTM (GE Healthcare). In this format, a

convergent light cone illuminates the detection spot via prism coupling in a total internal

reflection mode. The reflected light is monitored as a function of angle, shown in figure

(4.3). An extremely sharp dip corresponds to the excitation of SPPs. According to table

(4.1) and given a typical angular resolution of 1× 10−4 degrees, measuring a change in

RIU as small as 1× 10−6 is possible at 850 nm.3
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In contrast to radioactive or fluorescent labeling methods, label-free SPR kinetic

assays provide several unique advantages: (1) binding kinetics can be probed with-

out the costly and time-consuming labeling process that can also interfere with the

binding interactions; (2) binding kinetics and affinity can be measured directly, as op-

posed to only the mere presence of binding events; and (3) a wide range of molecular

interactions—especially low affinity interactions that require a large amount of anti-

bodies for saturation—can be characterized with less reagent consumption than other

equilibrium measurement techniques. Due to its high-sensitivity, label-free detection,

and real-time measurements, SPR biosensing has found wide application in pharmaceu-

tical development with small molecules and proteins as well as in basic research.3,99–102

4.1.2 Limits of Current Technology

While Kretschmann-based SPR biosensing has been very successful, there are several

important disadvantages. For example, even the most advanced machines are limited in

sample throughput and the volume of analyte required. The prism system can also be

bulky and difficult to align, resulting in high-cost (�$250,000) systems. Perhaps most

importantly, however, is that large-scale studies of protein-protein or protein-nucleic

acid interactions in a microarray format103,104 require a system with high-throughput

parallel screening, capable of simultaneously measuring several hundreds or thousands of

molecular interactions. A state-of-the-art BIAcoreTM system can acquire data from only

four channels simultaneously. Furthermore, the spatial resolution is limited since the fo-

cused incident light illuminates an area measuring ≈1 mm2 along the flow cell. Larger-

scale detection is possible in a limited capacity with SPR microscopy,105,106 wherein

refractive index variations across the sample surface are translated into a contrast dis-

tribution in the reflected image. Indeed, several research groups have demonstrated

Kretschmann-based SPR imaging,101,102,107 but the prism coupling method results in

a tilted image plane with a narrow field of view and a wide range of focal depths. This

limits the maximum microarray size and prohibits the use of high numerical aperture

(NA) optics. The propagation and unwanted interference of excited SPP waves to ad-

jacent sensing areas also limits the lateral resolution of any SPR imaging technique.93

Using a higher-order diffracted mode of a grating coupler for SPR excitation instead,

the FlexCHIPTM instrument can measure up to 400 sample spots simultaneously, but
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the problems of a tilted image plane still persist. Given these limitations, a new class

of miniaturized, high-resolution, low-cost, high-throughput, multiplex SPR biosensing

instruments is clearly needed.

4.2 Affinity Biosensing with Plasmonic Nanohole Arrays

Chapter 3 discussed Extraordinary Optical Transmission (EOT) through nanohole ar-

rays with wide-ranging applications. With visible light, this is an SPR-mediated phe-

nomenon. Therefore, such a system can be useful for biosensing. Per equation (3.1) on

page 23, a slight change in the dielectric constant of the dielectric medium above the

nanohole arrays will result in a shift of the transmission resonances. This is outlined

conceptually in figure (4.4). Following an initial proof-of-concept by Brolo et al.,108

a new class of EOT-based affinity biosensors has emerged,87–89,109–116 simplifying the

imaging setup, increasing the microarray packing density, and enabling the use of a

stable laser source and high NA optics for high-resolution imaging.

4.2.1 Real-time Spectral Sensing

Brolo et al. first demonstrated periodic nanohole arrays in a gold film for refractive

index sensing.108 Using a broadband light source (a tungsten-halogen lamp) and a

spectrometer, they reported a 4 nm shift of the EOT peaks after the immobilization

of a molecular monolayer on a gold surface.108 Later, biotin-streptavidin specific bind-

ing was also presented.111 In the infrared regime with a tunable laser source (1520

- 1570 nm), Tetz et al. estimated the sensing limits to be close to 10−6, compara-

ble with conventional BIAcoreTM instrumentation.112 Binding kinetics between bovine

serum albumin (BSA) and monoclonal anti-BSA antibody was also studied, along with

sensitivity considerations.110

Experimental Details

In our work, a patterned gold surface integrated with a microfluidic flow cell is used to

detect successive layers of molecules in real time. Figure (4.5) shows a complete biosens-

ing chip and details of the experimental setup. Soft lithography118 with polydimethyl-

siloxane (PDMS) was used to fabricate the microfluidic flow cell. The single-channel cell
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Figure 4.4: Concept of biosensing with nanohole arrays and EOT. The trans-
mission through a nanohole array in a thin gold film is mediated by SPP waves and the
EOT effect, as described in Chapter 3. When molecules bind to the surface of the gold,
the resonance wavelength will then shift, since the local refractive index experienced
by the SPP waves changes. For clarity, the amount of the shift, typically only a few
nanometers for small molecules, has been exaggerated.
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Figure 4.5: Experimental setup for biosensing with nanohole arrays. (a) The
system is centered around a simple upright microscope, a tungsten-halogen broadband
light source, a fiber optic spectrometer, a Helium-Neon 632.8 nm laser, and a CCD
camera for laser imaging (presented below). (b) Photograph of a microfluidic chip flow
cell encapsulating a gold film with nanoholes.
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Figure 4.6: Real-time biosensing of multiple molecular layers. (a) Representative
transmission spectrum of a nanohole array use for SPR spectral sensing. (b) Solutions
containing different biomolecules are injected successively into the flow cell pictured in
figure (4.5b). In this case, a binding model of biotin and streptavidin was used.117 (c)
By monitoring the EOT transmission peak in real-time, binding kinetics are observed.
The grayed-out areas correspond to periods of washing and buffer exchange.

shown in figure (4.5b) had a height of 100 µm and a maximum width of 3.75 mm. Refer

to Appendix A for detailed fabrication and processing techniques. The patterned gold

chip is first thoroughly cleaned with solvents—acetone, methanol and isopropanol—

followed by 10 minutes of UV ozone treatment. After the PDMS microfluidic chip

is attached, the gold surface is flooded with ethanol and then functionalized99 with

a self-assembled monolayer (SAM) of 11-amino-1-undecanethiol hydrochloride (Sigma-

Aldrich). Figure (4.6) presents real-time spectral sensing data with multiple levels of
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molecules. Using a syringe pump (Harvard apparatus PHD2000), the 4 mM SAM so-

lution with a flow rate of 3 µL/min forms a monolayer after ≈4 hours. After washing

again with ethanol and introducing a bicarbonate buffer solution with a flow rate of 50

mL/min, a 3 mM solution of NHS-LC biotin (Pierce, USA) is injected at a flow rate of

3 µL/min to covalently attach the biotin. After several hours, the chip is washed again

with bicarbonate buffer and then a phosphate buffered saline (PBS, pH = 7.4) solu-

tion. Finally, a 750 nM solution of streptavidin is injected at a flow rate of 4 µL/hour,

resulting in a quick shift in bulk refractive index followed by an exponential trend char-

acteristic of first order binding kinetics.117 The sensorgram shown in figure (4.6b) shows

clear binding kinetics over the course of several hours. The spectra are monitored with

a standard optical microscope (50×, NA = 0.55) and a fiber optic spectrometer (Ocean

Optics USB2000).

Shape-enhaced EOT biosensing

Additionally, real-time measurements of molecular binding were demonstrated using

shape-enhanced nanohole arrays, figure (4.7a), in a flow cell.89 Sharp apexes were

fabricated by using two overlapping nanoholes as the transmission aperture, giving

large field enhancements and tight plasmonic field localization,119–121 as shown in figure

(4.7b). Compared to circular holes,108 a 50% improvement in sensitivity was measured,

due to smaller SPP decay lengths at the sharp apexes. As suggested earlier, these tightly

localized surface plasmons are also good candidates for biosensing.96 A thin SAM of

11-amino-1-undecanethiol hydrochloride was used for the static spectral measurements,

shown in figure (4.7c). Additionally, real-time measurement of 0.2 % bovine serum

albumin (BSA) adsorption on the gold surface is presented in figure (4.7d).
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Figure 4.7: Real-time biosensing with shape-enhanced nanohole arrays. (a)
SEM of 600 nm periodicity double-hole apertures in a 100 nm thick gold film. The
individual circular holes have a diameter of 200 nm and the center-to-center spacing
was 190 nm. The vertical dash indicates the direction of a cut for (b) visualizing
the plasmonic field near the sharp apexes. The field is confined with a decay length
of δd = 20 nm. A 5 nm grid was used in the FDTD simulations. (c) Normalized
transmission spectra before and after SAM formation. The (0,1) peak used for sensing
is marked. (d) Real-time position of the (0,1) resonance peak during the adsorption of
0.1% BSA molecules. The sensing chip is incubated in buffer with a flow cell. Figure
panels adapted from Lesuffleur, et al.89
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4.2.2 SPR Imaging and Multiplexed Sensing

While a broadband light source and a fiber optic spectrometer can easily measure a

single nanohole array, analyzing hundreds or thousands of sample spots simultaneously

in a microarray format requires an SPR imaging technique. As mentioned, the system

outlined in figure (4.5) is also amenable for laser imaging, giving a practical, low-cost,

high-resolution SPR imaging system. Since the SPR sensing is done with nanostructured

metals, each sensing “pixel” can be made very small, on the order of 1 - 10 µm, as

first demonstrated by Lesuffleur et al.88 Figure (4.8) shows a microscope image of six

parallel channels, each containing several nanohole arrays with different periodicities.

Using this more advanced microfluidic design, Im et al.87 demonstrated differential

sensing and negative controls in a multichannel, microarray format. An advantage of

using multiple channels is the possibility of performing a more complicated assay in a

single measurement, or using reference channels for negative controls. It is also possible

to compensate for other effects such as temperature variations or bulk refractive index

changes due to the injection of various buffers and solutions.

MICROFLUIDIC CHANNELS MICROFLUIDIC CHANNELS 

30 !m 

1 !m 

a b 
30 !m 

c 

Figure 4.8: Multichannel SPR imaging with nanohole arrays. Microscope images
of six parallel microfluidic channels permitting the delivery of different solutions to
different nanohole array sensors. The PDMS channels had heights of 50 µm and widths
of 50µm. (a) A reflection-mode image. (b) A transmission-mode image, illuminated
from below with a 632.8 Helium Neon laser. (c) SEM of one of the nanohole arrays.
Figure adapted from Im et al.87

When illuminated with a single-wavelength laser source, the transmitted light IT

directly depends on which portion of the EOT spectrum is sampled by the laser. For

multiplex SPR imaging, it is necessary to tune the periodicity of the nanohole arrays to
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Figure 4.9: Simulated SPR imaging with EOT. (a) Simulated FDTD transmission
spectra for two different nanohole arrays, with periodicities of 400 nm and 440 nm. By
changing the bulk refractive index from that of water (nbulk = 1.33) to that of ethanol
(nbulk = 1.36), the transmission peaks red-shift as predicted by equation (3.1). SPR
imaging involves monitoring the change in transmitted intensity at a fixed wavelength
of λ0 = 632.8 nm (vertical dash) for each nanohole array. (b) The nanohole array with
a periodicity of 400 nm has a positive slope, resulting in a decrease in intensity as the
peak red-shifts. This is reversed for a nanohole array with a periodicity of 440 nm. Data
adapted from Im, et al.87

have the laser lie at a high-slope region. Therefore, as the transmission peaks shift, the

transmission IT at the fixed wavelength will change. This is demonstrated conceptually

in figure (4.9). Mathematically, the change ∆IT in IT at a fixed wavelength λ0 can be

expressed as follows:

∆IT = −dIT

dλ

���
λ=λ0

S(∆n) (4.5)

where dIT /dλ represents the slope of the transmission spectum, and S(∆n) the spectral

shift in nm per RIU. Depending on the sign of the slope, IT can either increase or

decrease. In this way, using the microscope objective (10×, NA = 0.3) and a thermo-

electrically cooled charge-coupled device (CCD) camera (CoolSnapTM HQ2), real-time

refractive index changes can be measured from each nanohole array sensing “pixel,”

leading to high-resolution SPR imaging. Real-time microarray sensing is demonstrated

in figure (4.10), with both liquid index sensing, i.e. changing nbulk, and streptavidin–

biotin binding kinetics. The transmitted signal both increases and decreases, depending
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only on the periodicity of the particular array, indicating that the signal change is not

due to other effects, such increased optical absorption with the addition of the molecules

or buffer solutions.

Performing an assay with several different concentrations of streptavidin allows the

calculation of the affinity, as done in Im et al.87 The gold surface was first functionalized

over 24 hours the alkanethiolate solution injected at a flow rate of 2 µL/h. After SAM

formation, the nanohole arrays were incubated with biotin for 12 hours, followed with

a PBS wash. To reduce the non-specific binding of streptavidin to the gold surface, the

nanohole arrays were treated with a 0.2% BSA solution. Following another PBS rinse,

different concentrations of a streptavidin solution in PBS were then injected.87 The

results are presented in figure (4.11). Note that the sensorgram has been flipped about

the vertical axis for clarity, i.e. the actual measured intensity decreases. The measured

affinity of streptavidin–biotin binding is found to be 1/4.2 × 10−7 = 2.4 × 106 M−1, a

value close to previously published results.91
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Figure 4.10: Real-time microarray sensing with nanohole arrays. (a) By sequen-
tially injecting various mixtures of water and ethanol to change the bulk refractive index
nbulk from 1.333 to 1.353, the sensitivity of the nanohole arrays can be determined to
be >2200%/RIU. Note that for an array periodicity of 420 nm the transmitted intensity
increases only slightly, since the 632.8 nm laser illumination is situated near a trans-
mission minimum where dIT /dλ � 0. (b) Real-time streptavidin-biotin binding kinetics
measurement. From equation (4.5), for dIT /dλ < 0, the intensity increases, whereas for
dIT /dλ > 0 the intensity decreases. Figure adapted from Lesuffleur et al.122
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Figure 4.11: Real-time affinity sensing with nanohole arrays. (a) Various con-
centrations of strepatavidin were injected in parallel microfluidic channels to measure
the affinity of the streptavidin–biotin binding as simulated in figure (4.1). (b) Plotting
1/Req versus 1/cA and fitting with a line gives an affinity of 2.4 × 106 M−1. Figure
adapted from Im et al.87

The nanohole system offers several clear advantages over traditional SPR imaging

techniques. Table (4.2) gives a summary of the advantages of nanohole-based SPR

sensing. Furthermore, the nanohole array design, the nanohole shape, and other novel

SP optical elements offer many avenues for improving the resolution and sensitivity.

This is explored in the next chapter.
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Table 4.2: Comparison of SPR biosensing technology.

Commercially available Plasmonic Nanohole arrays
Imaging
resolution

≈ 1mm2 Packing density of > 106 spots
per cm2

Sensitivity ∆ RIU ≈ 10−6 ∆ RIU ≈ 10−5 to 10−6

Multiplexing BIAcoreTM has 4 channels.
FlexCHIPTM has 400 spots,
but with low sensitivity and
high cost.

Multiplex sensing with 6 par-
allel channels and 860 sens-
ing elements in 0.1 × 0.1 mm2

area.
Temperature
control and
signal sta-
bility

On-chip heating and cooling. Differential sensing with paral-
lel channels to subtract back-
ground noise. On-chip heating
and cooling also possible.

Cost Prohibitive cost of �$250,000. Low-cost setup of ≈$10,000



Chapter 5

Sub-Micron Resolution SPR

Imaging

The work described in this chapter is an extension of plasmonic biosensing with nanohole

arrays, and is derived mainly from the following publications:

1. N. C. Lindquist, A. Lesuffleur, H. Im, and S.-H. Oh, Lab on a Chip 9, 382

(2009).109

2. N. C. Lindquist, A. Lesuffleur, and Sang-Hyun Oh, Applied Physics Letters 91,

253105 (2007).123

3. N. C. Lindquist, A. Lesuffleur, and S.-H. Oh, Physical Review B 76, 155109

(2007).124

For ultimate multiplexing and miniaturization of nanohole array biosensors, several

challenges exist, including: (1) as multiple nanohole arrays are brought close to one an-

other for high-density packing, SPP waves can travel to the neighboring SPR imaging

“pixels,” introducing crosstalk and interference, reducing the sensitivity, and generating

large sources of error; (2) as the size of the nanohole array is reduced, i.e. fewer holes,

the transmission resonance peaks are broadened, also resulting in lower sensitivity. To

overcome these limitations, in this chapter the EOT effect with nanohole arrays sur-

rounded by plasmonic Bragg mirrors is studied.109,123–125 It is shown that the mirrors

46
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act to confine the grating-generated SPPs within the area of the nanoholes, increas-

ing the light transmission intensity, and suppressing SPP cross-talk and interference

between neighboring nanohole arrays. The geometry of the Bragg mirror structures

controls the enhancement, and can even reduce the transmission. By varying these

geometric parameters, the transmission can be periodically modulated at specific wave-

lengths, consistent with the propagation and interference of surface plasmon waves in a

resonant cavity. This structure is used for high resolution SPR imaging and microarray

biosensing. Each nanohole array, isolated from it’s neighbors by Bragg mirrors that also

enhance the sensitivity, behaves as an individually addressable SPR imaging “pixel.”

SPPs are surface waves that can be manipulated like any other propagating wave by

creating in-plane, two-dimensional optical elements.126 For instance, they will reflect off

Bragg mirrors structures,127 form standing waves through interference effects,128 or be

confined by wall-like structures.129 Additionally, SPPs can be confined within plasmonic

cavities, both in a sandwich-type, metal-insulator-metal structure,130 or in an in-plane

surface cavity.131 It is with this motivation that Bragg mirrors are placed around a

small nanohole array, to reflect outgoing SPPs, which represent a loss mechanism, back

into the area of the nanohole array. Particularly for small (less than 7-by-7 nanoholes)

devices, this loss mechanism can severely broaden the overall transmission peaks.48,132

For optimum transmission, the size of the array should be larger than the SPP prop-

agation length, which can be an order of magnitude smaller within the array than on

the flat gold region due to scattering losses.51 Changing the diameter of the nanoholes

themselves can reduce this effect, allowing the transmission per hole to saturate less

quickly as the number of holes is reduced.132 If small arrays are used for biosensing

applications, as presented in Chapter 4, these broadened peaks would result in poor

sensitivity. To illustrate this, spectra from several nanohole arrays with a decreasing

number of holes are shown in figure (5.1). Additionally, the outgoing SPPs would travel

on the surface of the metal film, interfering with any neighboring structures, and re-

sulting in unwanted effects. This limits the ultimate spatial resolution of SPR imaging

with nanohole arrays. In order to realize useful SPP photonic devices, it is necessary

to be able to control the flow of SPPs with Bragg mirror elements or more complex

two-dimensional features.126
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Figure 5.1: EOT spectra with an increasing numbers of holes. The nanoholes
have a diameter of 200 nm, a periodicity of 635 nm, and are through a 100 nm thick
gold film. Increasing the number of nanoholes increases the total transmission, and, up
to ≈11-by-11, the sharpness of the EOT peaks. The spectra are normalized to the to
the number of holes in the array and to the spectrum of the broadband lamp source.
They have each been displaced vertically for clarity.

5.1 Plasmonic Bragg Mirrors

A periodic array of grooves will form a form an SPP bandgap133–135 if the periodicity

is half that of the SPP wavelength λspp, preventing propagation11 and reflecting any

impinging SPPs. For the (1,0) grating-coupled SPPs associated with EOT at visible

frequencies and at normal incidence, λspp is simply equal to the period of the nanohole
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array, a.14,136 Therefore, an array of grooves fulfilling the Bragg condition and sur-

rounding a nanohole array will optimally reflect out-going SPPs when:

ksppD = π

where kspp = 2π/a is the wavevector of the SPP, and D is the periodicity of the

grooves.137 For maximum reflection, the periodicity of the grooves is simply set to

a/2.128 In other words, conserving momentum gives:

kspp, reflected = kspp, incident +G

where |G| = 2π/D is the reciprocal vector momentum provided by the grating. This

must then be equal in magnitude to 2kspp, again giving D = a0/2. Using these relation-

ships, SPP reflection can also be optimized for other angles of incidence.138

5.2 Periodic Modulation of EOT

A nanohole array surrounded by Bragg mirrors is shown in figure (5.2). The nanoholes

perforate a 100 nm thick gold film, and have a diameter of 200 nm and periodicity of

635 nm. The eight Bragg mirror grooves, a number sufficient to “saturate” the SPP

reflection,128 each have a width of 60 nm, and are milled halfway through the gold

film. By characterizing test samples milled only with grooves, we assured that no light

was being transmitted directly through the grooves. The size of the array, i.e. the

number of holes, was chosen to be small enough to be able to measure the effects of the

nanoholes around the edge, i.e. if the array was too large, the overall transmission would

be dominated by the transmission through the middle of the array,139 where the SPPs

experience many periods and the transmission is high and the resonances are sharp.

In our experiments, the transmission resonances of any array larger than ≈11-by-11

nanoholes will not be made much sharper by adding more holes. Very small 3-by-3

nanohole arrays were also studied, and are presented further below. In that case, where

≈90% of the nanoholes are around the edge, the effect of the surrounding Bragg mirrors

is most dramatic.

Although this design looks similar to the “Bull’s Eye” structure,53 the periodic

grooves are not fabricated to grating-couple or re-radiate SPPs. Rather, because of
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Incident Light 

Cavity Width D 

2 µm 

Figure 5.2: Nanohole array with surrounding Bragg mirrors. A scanning ion
beam image of a 7-by-7 nanohole array with surrounding Bragg mirror grooves. The
grooves have a periodicity D equal to half that of the nanohole periodicity. The “cavity
width” is defined as the distance between the innermost grooves. The nanoholes have a
diameter of 200 nm, a periodicity of 635 nm, and are through a 100 nm thick gold film.
Figure is adapted from Lindquist et al.124

their periodicity, the grooves are designed to act as Bragg mirrors, reflecting out-going

SPP back into the nanohole array region. The transmission properties of the “Bull’s

Eye” structure depend on which side of the structure is illuminated: if the grooves are

on the input side, SPPs are grating coupled and will enhance the transmission through

the single aperture in the center; if the grooves are on the output side, the SPPs will

be re-radiated in a highly directional manner.53,140 In our design, the transmission

properties are independent of which side is illuminated.
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Figure 5.3: Periodic modulation of EOT with surrounding Bragg mirrors.
(a)–(c) Plots of the nanohole array transmission spectra with (black lines) and without
(gray lines) Bragg mirror grooves. Also included are spectra from an unflipped sample
(solid lines), where the grooves are directly illuminated, and a flipped sample (dashed
lines), where the grooves are not directly illuminated. (d) The transmission depends
strongly on the “cavity width,” with the transmission peak at 700 nm going through
a series of enhanced and suppress transmission. The enhancement is calculated from a
7-by-7 nanohole array without the surrounding Bragg mirrors. Figure is adapted from
Lindquist et al.124
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Figure (5.3a-c) shows representative transmission spectra through a set of 7-by-7

nanohole arrays with surrounding Bragg mirror grooves for various “cavity widths,” or

distances between the two innermost grooves. The data also confirms that flipping the

sample, i.e. having the grooves on the “input” versus the “output” side does not appre-

ciably change the transmission spectra. Figures (5.3a, c) show enhanced (constructive

interference) transmission of the (1,0) peak near 700 nm, whereas figure (5.3b) shows

suppressed (destructive interference) transmission. For constructive interference effects

the (1,0) resonance peak of the 7-by-7 nanohole array with Bragg mirrors is sharpened

and blue-shifted shifted to a shorter wavelength, closer resembling the spectrum of the

larger 17-by-17 array presented in figure (5.1). These results suggest that the addition

of the Bragg mirrors effectively “increases” the number of holes in the smaller 7-by-7

array. Interestingly, the (1,1) resonant peak of the array is unaffected by the presence

of the surrounding Bragg mirrors, which are designed to work only with the (1,0) grat-

ing orders of the array. Additionally, for arrays larger than ≈9-by-9 nanoholes with

surrounding Bragg mirrors, the modulation effect is significantly reduced.124

Figures (5.3d) shows that the transmission depends strongly on the “cavity width,”

much like changing the length of a standard Fabry-Perot optical cavity. The (1,0) trans-

mission peak at 700 nm goes through a series of enhanced and suppressed transmission.

The maximum enhancement, that is, the transmission normalized to a 7-by-7 nanohole

array without Bragg mirrors, is greater that 3× whereas the minimum is 0.5×. Each

data point corresponds to a different, individually milled sample, showing a consistent

effect. One period of modulation is completed when the cavity width changes by 635

nm, the periodicity of the nanohole array and the wavelength of the SPP. This suggests

an interference effect of the back-reflected SPPs and the SPPs within the nanohole ar-

ray. This ≈635 nm periodic modulation of an optical signal with a wavelength of ≈700

nm suggests that SPP waves propagating towards and reflecting back from the Bragg

mirrors are interfering both constructively and destructively with the SPPs within the

nanohole array. Similar interference effects are also observed by shifting the nanoholes

within the Brag mirror structure, with the modulation only occurring for shifts parallel

to the incident polarization.124

Figure (5.4) shows FDTD simulations of a 3-nanohole system, with and without

Bragg mirrors. The periodicity of the 200 nm diameter holes is 700 nm, and the gold
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film is 200 nm thick. The simulation grid was 7 nm in all three dimensions, with periodic

boundary conditions in y, and PML absorbing boundary conditions in x and z. The

cavity width is tuned to maximize the transmission of the (1, 0)air peak. Without the

mirrors, the nanohole array shows poor transmission, while adding the mirrors increases

the transmission three-fold and sharpens the resonance peak. Light is incident from

below, exciting SPPs that are seen to travel away from the nanoholes on the underside

of the film. On the top side of the film, the Bragg mirrors help to confine this otherwise

lost energy.
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Figure 5.4: FDTD simulation of nanoholes with Bragg mirror grooves. (a)
Time-averaged z-component of the electric field on resonance, showing a strong enhance-
ment of the SPPs with the addition of the Bragg mirrors. The resonance wavelength are
slightly different, blue-shifted with the addition of the Bragg mirrors. The wavelengths
used were thus 802 nm and 822 nm for the nanohole array with and without Bragg
mirrors, respectively. The loss of the SPPs as they propagate away from the nanohole
region on the underside of the film is evident. (b) The (1, 0)air transmission peak is
enhanced with the Bragg mirrors, both in slope and intensity.



54

5.3 Nanohole Array Isolation with Bragg Mirrors

In addition to enhancing the transmission of small nanohole arrays, the surrounding

Bragg mirrors prevent the array-coupled SPPs from traveling to neighboring plasmonic

elements, reducing cross-talk and interference.109,123 Indeed, as SPP waves are effi-

ciently launched from a single nanohole array,141 or even from one array to another over

a distance of several tens of microns,142 it is difficult to achieve high-density packing of

individual plasmonic devices.
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Figure 5.5: Polarization-dependent transmission with asymmetric Bragg mir-
rors. (a) Surrounding a 7-by-7 nanohole array with a rectangular set of Bragg mirrors
will introduce polarization-dependent transmission effects. The holes have a periodicity
of 630 nm in the x and y directions, but the “cavity widths” are designed suppress
transmission in the x direction and but enhance transmission in the y direction. (b)
Transmission spectra for the two orthogonal polarizations. Figure is adapted from
Lindquist et al.123

To demonstrate nanohole array isolation with Bragg mirrors, the grooves were placed

around a nanohole array with an asymmetric “cavity width,” i.e. the devices were de-

signed to have enhanced transmission for one polarization (y) and suppressed transmis-

sion for the orthogonal polarization (x). The array itself is square, and the Bragg mirrors
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have an equal periodicity in the x and y directions; only the “cavity width” is asymmet-

ric. Sample devices are shown in figure (5.5), along with transmission spectra for the

two orthogonal polarizations. Interestingly, these devices display polarization-dependent

transmission—an effect typically only seen with elliptically-shaped holes45,46—with cir-

cular holes. The maximum to minimum contrast ratio at a single wavelength is measured

to be about 4×.

The surrounding Bragg mirrors are expected to create an efficient blocking structure.

This is demonstrated in figure (5.6). By using a small microarray of nanohole arrays

surrounded with Bragg mirror grooves, each nanohole array can behave independently,

without interference from the neighboring elements. The microarray, figure (5.6a) was

illuminated from below with a linearly polarized Helium-Neon laser. The periodici-

ties and Bragg mirror elements were optimized to show large polarization-dependent

transmission at 632.8 nm. Using dim bright-field illumination from the top side, better

imaging contrast was achieved when the array transmission was low, making the arrays

appear darker than the surrounding gold film. The on-off polarization dependence is

clear, showing the separate, individual behavior of each Bragg mirror nanohole array

device. This suggest that the Bragg mirrors can allow for high-density packing of in-

dividual SP devices. Direct near-field scanning optical microscopy (NSOM) of a Bragg

mirror device, shown in figure (5.7), also shows the confinement effect.109
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Figure 5.6: Polarization-dependent transmission and isolation. (a) SEM showing
a microarray of nanohole arrays, individually isolated within the surrounding rectangu-
lar Bragg mirrors for polarization-dependent transmission. The sample is illuminated
from below with linearly-polarized 632.8 nm Helium-Neon laser light. The sample is
also illuminated from above with a broadband lamp for better viewing contrast. (b)
Microscope CCD image showing transmission at a polarization of 45 degrees. The arrays
transmit approximately the same amount of light. (c) When the light is polarized hor-
izontally, the top-right array and the bottom-left array transmit the most light, where
the others suppress the transmission. (d) This is reversed when the light is polarized
vertically. Figure is adapted from Lindquist et al.123
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Figure 5.7: Near-field scanning micrograph of Bragg mirror confinement. (a)
Atomic force micrograph (AFM) of a nanohole array surrounded with Bragg mirrors,
and optimized for high transmission at 632.8 nm illumination. With concurrent near-
field scanning optical microscopy (NSOM), the complementary image in (b) is generated.
The nanoholes themselves give high transmission, and only the first few grooves show
high field, within 0.9 µm. The calculated SPP propagation length lohm = 12 µm, only
considering ohmic losses from equation (2.18), shows that the devices can be packed
at a high-density with limited neighbor-to-neighbor interference due to outgoing SPPs.
Figure is adapted from Lindquist et al.109
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5.4 Sub-Micron Resolution SPR Imaging

The isolation and enhanced transmission effects of the surrounding Bragg mirrors can

be exploited for high-resolution SPR imaging and affinity biosensing in a microarray

format.109 A small matrix of SPR sensing pixels is shown in figure (5.8a). Each sensing

pixel is a small nanohole array surrounded with the periodic Bragg mirror grooves. The

3-by-3 pixel array consists of nine unique 7-by-7 nanohole arrays spaced on a 5 µm

grid. Each has a different periodicity, ranging from 370 nm to 450 nm, from the lower

left (370 nm) to the upper right (450 nm), and each increasing by 10 nm moving left

to right. The nanoholes all have a diameter of 150 nm, and the Bragg mirrors were

tuned to enhance the transmission at the design wavelength. A PDMS microfluidic flow

cell incubates the samples with various liquids at a controllable flow rate, and the SPR

imaging pixels are tuned for SPP-enhanced transmission when incubated in water.

2 µm 

a b 

Figure 5.8: Microarray of SPR imaging pixels with Bragg mirrors. (a) SEM of a
microarray of SPR imaging pixels. The samples each have a different periodicity, and are
each tuned to go through (b) a range of transmission intensities when illuminated from
below with a 632.8 nm Helium-Neon laser and incubated in water. From the lower left to
the upper right, the transmission goes through a minimum. Bright-field illumination was
also used to increase imaging contrast when the arrays transmitted little light, appearing
darker than the background. If the refractive index of the surrounding medium increases,
the transmission intensity of the different pixels will either increase or decrease. Figure
is adapted from Lindquist et al.109
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Figure 5.9: Bragg mirror isolation for refractive index sensing. (a) Without
Bragg mirror isolation, the individual SPR imaging pixels do not correlate well with
the behavior of a corresponding isolated device as the refractive index nbulk of the sur-
rounding liquid medium increases from water (nbulk = 1.333) to a water-ethanol mixture
(nbulk = 1.353). This indicates a source of pixel-to-pixel interference. (b) With Bragg
mirror isolation, the SPR imaging pixels behave as expected, further demonstrated in
(c) with a checkerboard pattern. Figure is adapted from Lindquist et al.109

5.4.1 Pixel-to-Pixel Isolation

The effectiveness of the Bragg mirrors for isolation and suppressing neighbor-to-neighbor

crosstalk for refractive index sensing applications is shown in figure (5.9). Devices were

designed as in figure (5.8a), but with varying center-to-center spacings, i.e. the dis-

tance between the SPR imaging pixels. The edge-to-edge spacing between neighboring

nanohole arrays could be as low as 2.3 µm, depending on the periodicity, and within

the calculated lohm ≈ 4.6 µm SPP propagation length, allowing for SPP interference

effects. The sample was first incubated in water (nbulk = 1.333) and then in a 30% by
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weight mixture of water and ethanol (nbulk = 1.353). For each periodicity, the relative

transmission intensity for each tightly-packed SPR imaging pixel was then compared to

that of a corresponding isolated (i.e. 50 µm away) SPR imaging pixel. For the range

of periodicities tested, some pixel should increase in brightness, while others should

decrease. Without the surrounding Bragg mirrors, shown in figure (5.9a), the signal

from each pixel is affected by its neighbors, since changing the pixel-to-pixel spacing

affects the overall signal. There is a source of interference or error, and the behavior

of each nanohole array does not correlate well with its periodicity. For example, for a

periodicity of 420 nm, an isolated SPR imaging pixel decreases in intensity, whereas the

tightly-packed (5.5 µm packing distance) nanohole array increases in intensity. With

these sources of interference, a clean SPR signal cannot be obtained. However, with

Bragg mirror isolation, shown in figure (5.9b), the relative intensity change in trans-

mitted intensity for each pixel is similar to that of the isolated sample. The isolation

effectiveness of the surrounding Bragg mirrors is further demonstrated in figure (5.9c),

where nine SPR imaging pixels are arranged in a checkerboard pattern. By increasing

the refractive index of the surrounding liquid, five of the pixels are designed to increase

in intensity, whereas the other four are designed to decrease. The Bragg mirrors are seen

to effectively isolate the nanohole array, each as their own individually unique sensing

pixels, with minimal pixel-to-pixel crosstalk.

5.4.2 Enhanced Sensitivity

For sub-micron pixel elements, a very small 3-by-3 nanohole array must be used. With-

out the surrounding Bragg mirrors, the sensitivity of such a small array is low,116 since

the spectral features are broadened and dIT /dλ from equation (4.5) is lowered. The

sensitivity of the nanohole array is then characterized by both the slope of the trans-

mission peak, and by how much the peak shifts. Figure (5.10) demonstrates that, with

the surrounding Bragg mirrors, the sensitivity of a 7-by-7, 5-by-5, or 3-by-3 array can

be equal to that of a much larger 16-by-16 nanohole array. The spectra have been

normalized by the spectrum of the lamp source and by the total number of holes in

each array, as in figure (5.1). Transmission directly through the gold film at 495 nm

was subtracted out to resolve the weak transmission of the smallest arrays. Comparing

the transmission of a large 16-by-16 nanohole array to that of the smaller arrays, it is
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Figure 5.10: Enhanced sensitivity of sub-micron SPR imaging pixels. Trans-
mission spectra from 7-by-7 nanohole arrays, both with and without the surrounding
Bragg mirrors. The spectra are compared to that of a larger 16-by-16 nanohole array
and normalized to the spectrum of the source as well as to the number of holes. Data
from smaller 5-by-5 and 3-by-3 nanohole arrays are also considered. As is seen, the
Bragg mirrors enhance and sharpen the transmission resonance, allowing the use of
smaller arrays without sacrificing the sensitivity, i.e. the slope of the transmission peak.
Figure is adapted from Lindquist et al.109

seen that the slope of the transmission peak is improved. For a 7-by-7 array, shown

in figure, the relative sensitivity (slope) enhancement is 2×. For smaller arrays, the

enhancement is even higher, since, for each case, the sensitivity (slope) of the 16-by-16

nanohole array is recovered. This is shown for a 5-by-5 and a 3-by-3 array in figure

(5.10). The transmission resonances of the small arrays are sharpened to equal that of

the larger one, thus allowing the use of sub-micron SPR imaging pixels, which occupy

much less surface area, without sacrificing detection sensitivity.

At a fixed wavelength, the different periodicities transmit different amounts of light,

shown in figure (5.8b), according to their individual transmission spectra. Also, as

shown in figure (5.9), the range of periodicities was chosen to have some pixels increase

while others decrease in transmission intensity as the refractive index was increased.

Figure (5.11) shows the transmitted intensity from several isolated 7-by-7 nanohole
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Figure 5.11: Transmitted laser intensity with different periodicities. Transmit-
ted 632.8 nm Helium-Neon laser intensity taken from individual 7-by-7 nanohole arrays
with different periodicities. Devices both with and without Bragg mirror grooves were
considered. For sensing applications, the samples were incubated in various liquids with
refractive indices of nbulk. The addition of the Bragg mirrors increases the sensitivity
(change in intensity versus nbulk) of the 7-by-7 nanohole array. Figure is adapted from
Lindquist et al.109

arrays both with and without surrounding Bragg mirrors. The samples were incubated

in water (nbulk = 1.333) and a water-ethanol mixture (nbulk = 1.353). The range of

periodicities is the same as presented in figure (5.8). As the periodicity increases, the

spectra are red-shifted according to equation (3.1). Therefore, the “spectral” features of

a nanohole array are sampled by monitoring the amount of transmitted light. For clarity,

the periodicities are thus plotted in reverse order. For the nine periodicities considered,

a clear trend is seen of passing through a transmission minimum and then increasing

in intensity towards a large peak. When the refractive index of the solution is changed

from nbulk = 1.333 to nbulk = 1.353, the transmitted intensity changes according to

equation (4.5). The high-slope regions of the spectra experience the most change in the

transmitted signal. As shown, the addition of the Bragg mirrors increases the change

in transmitted intensity, and thus the sensitivity of the SPR imaging pixels.
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Figure 5.12: Sub-micron resolution SPR imaging microarray. (a) Transmission
image 816 SPR sensing pixels in a microarray format. The top rows of pixels are made
up of 7-by-7 nanohole arrays with surrounding Brag mirrors, whereas the bottom three
rows are made of smaller 3-by-3 nanohole arrays, spaced by 3 µm, and each with a
footprint less than 1 µm2

. (b) SEM and (c) bright-field microscope image with back-
side laser illumination image of the 3-by-3 nanohole arrays. The 25-element pixel array
uses the same nine periodicities from figure (5.8), with the sequence repeating to fill all
25 spots. Figure is adapted from Lindquist et al.109
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5.4.3 Sub-micron resolution SPR imaging

The addition of the Bragg mirror grooves provides the dual advantages of enhanced

sensitivity and pixel-to-pixel isolation. This design is therefore amenable to a highly

miniaturized nanohole array sensor in a microarray format. A laser transmission image is

shown in figure (5.12), with 816 SPR sensing pixels. The top three rows (216 individual

pixels) are composed of the 9-pixel sub-array from figure (5.8), on a pixel-to-pixel grid

of 5µm with a 20µm spacing between each sub-array. Each pixel (a 7-by-7 nanohole

array, in this case) is a unique sensing element. However, each sub-array could also

be interpreted as a single super-pixel made up of 9 individual sub-pixels. Since the

brightness of each sub-pixel will either increase or decrease for a given change in the

local refractive index, the data gathered from each of the sub-pixels could be then used

for reducing noise, gathering “spectral” information, monitoring negative controls, or

limiting other sources of error.

The bottom three rows (600 individual pixels) are made up of 3-by-3 nanohole arrays,

each with a footprint of less than 1µm2, and with a pixel-to-pixel pitch of 3µm. An

SEM of the 25 element super-pixel is shown in figure (5.12b), while figure (5.12c) shows

a bright-field image with back-side Helium-Neon laser illumination. As in figure (5.8),

each nanohole array has a unique periodicity, in increasing order from the lower left to

the upper right, with the sequence repeating to fill the 25 spots. With the Bragg mirror

grooves providing pixel-to-pixel isolation as well as enhanced sensitivity, the microarray

has a packing density of more than 107 individual SPR sensing pixels per cm2.

Figure (5.13) demonstrates multiplex SPR biosensing, with data taken from several

of the SPR sensing pixels. A biotin–streptavidin binding modeI was used, as presented

in chapter 4. An isolated 16-by-16 nanohole array, as in figure (4.8c) on page 41 and

without surrounding Bragg mirrors, was used to compare the sensitivities of smaller

7-by-7, 5-by-5 and 3-by-3 nanohole arrays with the surrounding Bragg mirrors. Similar

cleaning and surface functionalization methods to those presented in section 4.2.1 on

page 36 were used. The PDMS microfluidic channel was first filled with PBS to establish

a clean baseline. After 150 seconds, a 750 nM solution of streptavidin in PBS was

injected. This resulted in the exponential trend characteristic of first-order binding

kinetics. After 600 seconds, the signals saturate. For each nanohole array size, two

periodicities were chosen such that the transmitted intensity would either increase or
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Figure 5.13: Sub-micron resolution SPR imaging kinetic biosensing. A biotin–
streptavidin binding model was used to test the feasibility of real-time, label-free SPR
imaging with sub-micron sensing pixels. For each pixel, two periodicities were chosen, to
either increase or decrease in intensity. (a) Data from isolated 16-by-16 nanohole arrays
without surrounding Bragg mirrors. (b) Data from 7-by-7, (c) 5-by-5, and (d) 3-by-3
nanohole arrays with surrounding Bragg mirrors. The small 3-by-3 pixel has the same
sensitivity of the 50× larger 16-by-16 array. After 600 seconds, the signal saturates,
consistent with the first-order binding model presented in chapter 4. The intensities
are normalized to a baseline measurement before the injection of streptavidin after 150
seconds, marked by the arrows. Figure is adapted from Lindquist et al.109

decrease with molecular binding. For the tightly packed 7-by-7, 5-by-5 and 3-by-3

nanohole arrays with the surrounding Bragg mirrors, clear binding kinetics are seen,

with a signal-to-noise ratio comparable to that of a 50× larger 16-by-16 nanohole array.



Chapter 6

Surface Enhanced Raman

Spectroscopy and Plasmonics

Real-time, label free SPR biosensing is a very useful technique, but it does not give any

chemical information. Only refractive index changes are recorded, meaning that non-

specific binding events can be an issue. As discussed in Chapter 1, Surface Enhanced

Raman Spectroscopy (SERS) also relies on the excitation of plasmon resonances, and is

a powerful method for identifying proximate molecules.6,8–10,143 Indeed, single-molecule

sensitivity has been reported,144 promising to make SERS techniques as broadly appli-

cable as fluorescence. Since the bound molecules are effectively “fingerprinted,” SERS

detection naturally complements the label-free methods of SPR biosensing. For exam-

ple, SERS has recently been used to detect trace amounts of antrax,145 nuclear waste,146

and pesticides.147 Additionally, since a SERS signal is dependent on the efficient excita-

tion of plasmon resonances, it can also be used as a tool for characterizing a plasmonic

device, for example, by pinpointing the locations and the intensities of maximum field

enhancement.

6.1 Theoretical Foundation

Raman scattering itself is a very “feeble”7 phenomenon, many orders of magnitude

weaker than fluorescence.9 However, Raman spectroscopy has several important advan-

tages, in that it is a vibrational spectroscopy technique, unlike fluorescence, providing

66
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much more information about molecular structure and orientation. It also a comple-

mentary technique to infrared absorption spectroscopy.9

6.1.1 Classical Raman Model

Raman spectroscopy can be understood classically or quantum mechanically. Classi-

cally, we will consider a single diatomic molecule oriented along the z axis. Following the

derivation presented in Van Duyne et al.,6 in an external electric field E(t) = Ez cos(ω0t)

oscillating along the z axis with an angular frequency ω0, the z-component of the po-

larization of the molecule µz(t) will change with time according to:

µz(t) = αzEz cos(ω0t)

where αz is electric polarizability of the molecule. In three dimensions, the polarizability

is typically a second-rank tensor with nine components. If the molecule is in turn

vibrating on its own with an angular frequency of ωv, the polarizability will now depend

(linearly) on the offset ∆r(t) from the equilibrium inter-nuclear distance, becoming:

αz = α
0
z +

dαz

dr
∆r(t)

where α0
z is the equilibrium polarizability, and ∆r(t) = ∆rmax cosωvt. Combining these

two relations, and the time-dependence of both αz and µz, the polarizability of the

molecule fluctuates in time as:

µz = α
0
zEz cosω0t

+
1

2

dαz

dr
∆rmaxEz cos(ω0 + ωv)t

+
1

2

dαz

dr
∆rmaxEz cos(ω0 − ωv)t .

Each of the three components of this equation is an oscillating dipole, which will re-

radiate the incident light. The oscillation at ω0 is the same frequency as the incident

light, and is inelastic Rayleigh scattering. The oscillation at a higher frequency ω0 + ωv

is anti-Stokes Raman scattering, and the oscillation at a lower frequency ω0 − ωv is

Stokes Raman scattering. It is with this Raman scattered light that information about

the vibrational modes ωv of the molecule can be probed.6
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Figure 6.1: Quantum mechanical picture of Raman scattering An incoming
photon (from the right) will scatter either elastically with the same energy (Rayleigh),
or inelastically with either a lower energy (Stokes Raman) or with a higher energy (anti-
Stokes Raman). The extra energy is either given by or absorbed by the excitation of a
molecular vibrational mode.

6.1.2 Quantum Mechanical Raman Model

Quantum mechanically, an incoming photon with an energy �ω0 will scatter either

elastically (with the same energy) or inelastically (with an altered energy) from the

molecule. This is viewed as a two-photon process. First, the photon excites the molecule

to a short-lived, higher-energy state. After a very short time, the energy is released in

the form of another scattered photon, and the molecule returns a state that conserves

total energy. For instance, if the scattered photon has a lower energy than the incoming

photon, the molecule will have absorbed an amount of energy �ωv related to one of its

vibrational states. The scattered photon will then have an energy of �(ω0 − ωv), as

with Stokes Raman scattering. The process for anti-Stokes Raman scattering involves

the scattered photon having an energy of �(ω0 + ωv), with the molecule having lost a

quantum of vibrational energy equal to �ωv. This type of scattering is typically much

weaker, since the molecule would have to be in a (more unlikely) higher energy state

when hit by the photon. These processes are outlined in figure (6.1). In this way,

both the classical and the quantum mechanical pictures allow a scattered beam of light

or stream of photons to have altered frequencies in a way specific to the vibrational

modes of the molecule. As an example, the Raman spectrum of benzenethiol (BZT) is

presented in figure (6.2). The Raman spectrum, and typically only the stronger Stokes

spectrum, is presented in units of cm−1, and represents a shift from the incident light.
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Figure 6.2: Raman spectrum of benzenethiol. A Raman spectrum presents a series
of sharp peaks, each one corresponding to different vibrational modes, or “fingerprints”
of the molecule. For example, the strong peak at 1002 cm−1 corresponds the in-plane
C-C-C bending mode of the benzene ring. Data taken with neat 1mM benzenethiol and
the confocal Raman setup described further below.

6.1.3 Surface Enhanced Raman Spectroscopy

Unfortunately, Raman scattering is typically very weak, with a cross section roughly 1014

times weaker than fluorescence. However, when a molecule is very near to a roughened

or nanostructured noble metal substrate, the Raman signal can be greatly increased,8

usually around 104 to 108 times.9 This phenomenon is know as Surface Enhanced

Raman Spectroscopy (SERS) and carries both a “chemical” enhancement148 of roughly

10–100 times, and an “electromagnetic” enhancement due to the excitation of plasmon

resonances and large field intensities in and around the nanostructured noble metal

substrate.6

Chapter 2 introduced localized surface plasmon resonances, or LSPR. Since SERS

occurs on roughened metallic substrates, we can understand the enhancement by mod-

eling the roughness as small metallic nanoparticles, whose diameters are much smaller

than the wavelength of the incident light. Under the influence of an external electro-

magnetic field, the electron plasma of a metallic nanoparticle will oscillate, enhancing

the local field. The field amplitude enhancement of a spherical metal nanoparticle can
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Figure 6.3: Surface enhanced Raman spectroscopy mechanism. A gold nanopar-
ticle will enhance both (a) the incident field, as well as (b) the scattered field, greatly
boosting the Raman signal from a proximate molecule. Since the intensity is enhanced
twice, the SERS signal is proportional to intensity squared.

be expressed as:

Enhancement =
�m − �d

�m + 2�d

�
Rnp

Rnp +D

�3

(6.1)

where �m and �d are the permittivities of the metal nanoparticle and the surrounding

dielectric medium, respectively, Rnp is the radius of the nanoparticle, and D is the

distance from the surface of the nanoparticle. This enhancement is especially strong on

resonance, when �e(�m) = −2�d.

Due to such a strong field, the Raman signals are enhanced by many orders of mag-

nitude. In fact, the nanoparticle boosts the signal in two ways. First, the incident field

is localized and intensified by the nanoparticle, increasing the field seen by the Raman-

active molecule. Second, the scattered light, i.e. the Raman spectrum, is localized and

intensified in turn by the nanoparticle. Even though the Raman light is frequency-

shifted from the incident light, the resonance of the nanoparticle is sufficiently wide to

enhance both the incoming and scattered fields. Thus the SERS signal is proportional

to the incident field intensity squared, i.e. the SERS Enhancement Factor (EF) is pro-

portional to the electric field to the fourth power. This process is outlined in figure

(6.3). Additionally, the SERS enhancement drops off very quickly with the distance, D.
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By raising equation (6.1) to the fourth power, we see that

EF ∝
�

Rnp

Rnp +D

�12

meaning that molecules only within a few nanometers from the surface contribute a

strong SERS signal.

To quantify the enhancement, the SERS signal must be compared to a normal, bulk

Raman signal. Typically, the intensity of a single Raman peak Ibulk is compared to the

intensity Isers of the identical SERS peak. Additionally, the number of molecules, or

scatterers, must be accounted for. Therefore, the enhancement factor is calculated as

follows:

EF =
IsersNbulk

IbulkNsers
(6.2)

where Nbulk are the number of molecules illuminated in the bulk, giving a normal Raman

signal, and Nsers are the number of molecules illuminated on the roughened metallic

substrate, giving the SERS signal. For accurate calculations of EF , Nsers must be

estimated knowing the packing density of the molecules, and the surface area of the

metal.

6.2 Engineering plasmonic SERS substrates

As we have seen, the local enhancement of the optical field is a primary factor for a

strong SERS signal.10 However, the measurements are typically performed on roughened

or randomly structured metallic substrates with poor control over the location and

intensity of the enhanced fields, or “hot spots.”149 A SERS substrate that is both

highly reproducible and that can offer high signal enhancement due to controlled field

localization can offer immediate benefits to a broad range of disciplines where efficient

and accurate chemical detection is necessary.

Since the EOT effect through a nanohole array in a thin gold or silver film will excite

plasmon resonances, it is expected that the SERS signal may also be quite high.150 Using

the Raman microscope system described by Bantz and Haynes,151 figure (6.4) shows a

sample SERS spectrum of benzenethiol (BZT) molecules extracted from a silver film

with and without nanohole array patterning. The silver films was first incubated in a

1 mM solution of BZT in ethanol for 24 hours, forming a well-defined self-assembled
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Figure 6.4: Nanohole arrays and SERS. A silver film with adsorbed benzenethiol
molecules will have some SERS activity, but the signal will increase with nanohole array
patterning. Nanohole arrays and the EOT mechanism provide many design freedoms,
allowing the SERS substrate to be tuned for maximum enhancement.

monolayer of molecules. Given a packing density152 of 6.8 × 1014 molecules/cm2 and

an estimate of the surface area, EFs can be calculated via equation (6.2) The rough

silver film exhibits some SERS activity, which can be enhanced with patterning. In fact,

nanohole arrays are also tunable, with their periodicity, providing a degree of freedom for

maximizing the EF. Using double-hole arrays, LSPR may be excited as shown in figure

(4.7) on page 40, also making them good candidate SERS substrates.121 The possibility

of using simple nanohole arrays as a well-defined and efficient SERS substrate indeed

shows promise. Beyond this, other SPP optical elements may also provide free design

parameters, such as the incorporation of the surrounding Bragg mirrors demonstrated

in Chapter 5.

To further characterize these types of samples, a scanning confocal Raman micro-

scope system (WITec Alpha300RTM) is used, capable of providing high-resolution chem-

ical mapping and SERS imaging of nanohole arrays, matrices of sensor spots, or other

plasmonic devices. The confocal system can be used to directly measure EFs, or simply

to map the locations and relative intensities of the SERS hot spots, giving information

about the distributions of the intense SPP fields. Figure (6.5) shows a schematic of the
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SERS substrate (with patterning) 

Laser 

Scanning XY piezo-stage 

Scattered 
Raman Light 

Confocal 
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Figure 6.5: Scanning confocal Raman microscope. A confocal microscope illu-
minates a substrate with a diffraction-limited laser spot. By scanning the focus over
the sample in x and y, a high-resolution chemical map of the surface can be obtained.
At each spatial coordinate, a complete Raman spectrum is collected. Intensity images
may then be generated by plotting the height of a specific Raman peak as a function
of x and y. The system may also be used for plasmonic device characterization, as
SERS hot spots will show the locations of high electric fields. By changing the focal dis-
tance in z, three-dimensional information can also be obtained. The spatial resolution
is approximately λ/2 in x and y, and λ in z, where λ is the wavelength of the laser.

system. As the laser beam is scanned over the SERS substrate, a Raman spectrum is

stored for each location. Intensity maps can then be generated by extracting the height

of a specific Raman peak as a function of position. Figure (6.6) show an intensity image

of a 3-by-3 matrix of nanohole arrays, each with a different periodicity. In this case, the

sample was incubated in standard rhodamine 6G (R6G) dye molecules, typically for 24

hours to form a well-defined molecular monolayer. The excitation wavelength was 514

nm. Figure (6.7) shows a SERS intensity map of an array of double holes.121 Figure

(6.8) shows SERS data from a 2-by-2 matrix of nanohole arrays with Bragg mirrors.

To further develop practical plasmonic SERS substrates, novel large-area fabrication

methods such as colloidal self-assembly can be used.153 Also, controlling the orientation

and critical dimensions of metallic nanogap structures shows promise for high-efficiency

SERS substrates.154 However, as shown, roughness can have a profound effect on the

quality of the SERS substrate. The next chapter presents a novel fabrication scheme

that is capable of producing high-quality, ultrasmooth, patterned metallic substrates.
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3 !m 

Figure 6.6: Confocal Raman scans of nanohole arrays. A 3-by-3 matrix of
nanohole arrays with different periods allows imaging of the plasmonic resonances. The
bottom row of nanohole arrays gives the highest and most homogeneous SERS signal.
Due to the roughness of the silver film, randomly located hot spots are also generated.

1 !m 

a b 

200 nm 

Figure 6.7: Confocal Raman scans of double-hole arrays. (a) SERS intensity map
of a (b) double-hole array. Double-hole arrays generate LSPR, also making them good
candidates for SERS substrates.
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Figure 6.8: Confocal Raman scans of nanoholes with Bragg mirrors. (a) Tuning
the periodicity of a nanohole array with surrounding Bragg mirrors to give maximum
transmission and maximum SPP fields near the 514 nm laser excitation, marked by the
vertical dash. (b) A 2-by-2 matrix of arrays. The nanoholes each have a diameter of
180 nm, and the multiple arrays have periodicities that range from 400 nm to 480 nm
to find the best tuning conditions using a fixed excitation wavelength of 514 nm. The
wavelength of maximum SPP field and enhanced Raman is, to first order, a function of
the periodicity of a nanohole array, given in equation (3.1). (c) A Raman spectrum of
R6G dye molecules takes from a single spot within the nanoholes. (d) An intensity image
is made by mapping the height of a specific peak. The surrounding Bragg grooves are
also seen, with a horizontal excitation polarization, since they also introduce a SERS-
active “roughness.” The top right array shows the most enhanced and homogeneous
SERS signal. However, due to fabrication roughness, the SERS intensity varies both
inside the nanohole array regions and outside.



Chapter 7

Template Stripping and

Ultrasmooth Patterned Metals

As seen in chapters 2, 4, and 5, SPP waves are extremely sensitive to the local refractive

index and surface properties of the metal interface on which they are sustained. Given

this, surface roughness can have a profound, and often detrimental, influence on the

propagation of SPPs and the operation of any plasmonic devices. When the plasmonic

device is used as a SERS substrate as in chapter 6, roughness can produce randomly

located hot spots, lessening the functionality and repeatability of the device. In fact,

only a few dominant hot spots contribute to the overall signal.155

Unfortunately, due to polycrystallinity, as-deposited metal films are inherently rough.

Furthermore, in order to generate and manipulate SPPs on the surface, the films must

be patterned. For example, the metal can be milled using a focused ion beam (FIB),

but the roughness is increased as the grains are exposed. To avoid this, extremely small

grains can be grown with fast sputtering,156 or large single crystals can be grown by the

Czochralski process.157,158 However, FIB patterning will still introduce ion impurities,

and for polycrystalline films, SPPs will still scatter at grain boundaries.

With these problems in mind, this next chapter focuses on a novel fabrication scheme

based on template stripping for the fabrication of ultrasmooth patterned metallic sub-

strates for plasmonic applications.159 Although template stripping from ultrasmooth

silicon or mica templates is a well-known method,160 in this chapter we present using

76



77

patterned templates. This simple procedure opens up a path towards high-throughput

fabrication of a wide range of novel, high-quality plasmonic devices that are not plagued

by surface roughness, sample-to-sample variability, or ion contamination and implanta-

tion. Furthermore, SPP propagation lengths are measured to approach that of theoret-

ical values.

The work presented in this chapter is the result of a collaborative effort, and is

mainly derived from the following publication:

1. P. Nagpal, N. C. Lindquist, S.-H. Oh and D. J. Norris, Science 325, 594 (2009).159

7.1 Effects of Roughness on SPP Propagation

Propagating SPPs are a non-radiative wave. However, when the surface deviates from

being perfectly flat, SPPs can be scattered in-plane (into other SPPs) or out-of-plane

(into light).37 This scattering reduces the field amplitude of the SPP, resulting in

propagation lengths shorter than those given by equation (2.18) on page 13. There, the

propagation length lohm was limited only by ohmic losses in the metal, and is given as:

lohm =
1

2k��spp
=

c

ω

�
�d�

�
m

�d + ��m

�−3/2
�
�
m

2

���m
. (7.1)

Considering other sources of loss, the total propagation length ltot of the SPP can be

given as:
1

ltot
=

1

lohm
+

1

lrad
+

1

lscat
(7.2)

where lrad and lscat are the propagation length contributions from out-of-plane SPP

scattering into radiation and in-plane SPP scattering into other SPPs, respectively. For

perfectly flat, single-crystal films, lrad and lscat are infinite. Other SPP loss channels may

also be considered, such as lgrain, describing losses due to scattering grain boundaries.

Mathematically, a rough surface can be described with a profile function ∆z =

R(x, y), describing the deviation ∆z from the flat plane z = 0. Its “structuring factor,”

or “auto-correlation function,” is for simplicity often assumed to be (or fit to) a Gaus-

sian,37,161 with a correlation length σR and a root-mean-square (RMS) amplitude δR.

The Fourier transform of the auto-correlation function (also a Gaussian) is the “spectral

density function,” measurable optically37 or with atomic force micrographs (AFM). A
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log plot of these functions gives the roughness parameters σR and δR from the slope and

peak value, respectively. The propagation lengths can then be calculated as follows:

lrad =
2

3

�
c

ω

�5
|��m|

�
1

σRδR

�2

lscat =
3

4

�
c

ω

�5
|��m|1/2

�
1

σRδR

�2

.

These are valid for films of small roughness, i.e. ksppσR � 1, or |��m| � 1, or δR/σR ≈
1%, and fall within a single-scattering model.37,161,162 In the long-wavelength regime,

lrad dominates over lscat since the SPPs are more photon-like. As |��m| → 1, the reverse

becomes true. However, at |��m| ≈ 1, these expressions are no longer valid.161

0 nm 

20 nm 

400 nm 400 nm 

0 nm 

75 nm Au Film Ag Film 

!R= 92.4 nm,  "R= 1.59 nm !R= 179 nm,  "R= 6.56 nm 

Figure 7.1: AFM scans of rough gold and silver films. The silver films is inherently
rougher than the gold. The correlation lengths σR and the roughness amplitude δR are
calculated as described in the text. Data is adapted from Nagpal et al.159

Figure (7.1) shows typical atomic force micrographs (AFM) of gold and silver films

deposited on a silicon wafer substrate. The calculated surface roughness parameters

σR and δR are also given (Gaussian fit to their respective “spectral density functions”).

Table (7.1) shows the values of lrad and lscat extracted from these data, as well as lohm

predicted directly from �m obtained via ellipsometry. The total propagation length ltot

is then calculated. The operating wavelength is 632 nm. As can be seen, especially for

the silver film, losses associated with lrad and lscat are of the same order as the intrinsic

losses lohm, severely limiting the total propagation length ltot of the SPP calculated from

equation (7.2).
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Material lohm (µm) lrad (µm) lscat (µm) ltot (µm)
Rough Silver 33.7 21.7 75.2 11.2
Rough Gold 10.5 139 427 9.52

Table 7.1: Propagation lengths on rough silver and gold films. Table is adapted
from Nagpal, et al.159 The operating wavelength is 632 nm. Values for σR and δR are
calculated from the AFM data presented in figure (7.1). Ohmic losses are calculated
from ellipsometry measurements of the dielectric function.159 When the scattering or
radiation loss channels are comparable to the ohmic losses, the total propagation length
is limited. Since the silver films is quite rough, these values are only estimates.

7.2 Template Stripping and Ultrasmooth Metals

Template stripping is a well-known method for producing unpatterned, ultrasmooth

metal surfaces over large areas.160 The process exploits the poor adhesion but good

wettability of noble metals on ultrasmooth templates such as freshly-cleaved mica or

silicon wafers. The metal film is first deposited onto the template. Subsequently an

epoxy or adhesive backing layer is attached to the top side of the metal film. By peeling

off the backing layer, the metal will be released from the template, clinging to the

backing layer and revealing the ultrasmooth surface. The roughness of the template-

stripped films can approach that of the template itself. For a silicon wafer with an RSM

roughness of 0.19 nm, a corresponding silver film has a roughness of 0.65 nm. Within a

single grain, the roughness is 0.26 nm. With different metal evaporation conditions, the

overall roughness can be improved further to 0.34 nm.159 Refer to Nagpal et al.,159 the

supplementary materials, and Appendix A for more information and detailed processing

conditions.

Figure (7.2) shows AFM scans and the calculated roughness parameters for ultra-

smooth gold and silver films. Table (7.2) shows the calculated SPP propagation lengths.

As shown, the total propagation length ltot is now dominated by lohm, the losses intrin-

sic to the metal. Clearly, eliminating the roughness of the film leads to higher-quality

plasmonic devices.

Directly measuring the total SPP propagation length ltot is possible by creating a

SPP slit–groove interferometer.164 This data is presented in figure (7.3). When illumi-

nated from below with white light, SPP waves are launched from the slit and propagate
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Figure 7.2: AFM scans of ultrasmooth gold and silver films. Template stripping
produces an ultrasmooth surface. The RMS roughness of the silicon template is 0.19 nm.
The correlation lengths σR and the roughness amplitude δR are calculated as described
in the text. Data is adapted from Nagpal et al.159

Material lohm (µm) lrad (µm) lscat (µm) ltot (µm)
Smooth Silver 54.1 13200 49400 53.8
Smooth Gold 11.8 1520 4720 11.7

Table 7.2: Propagation lengths on ultrasmooth silver and gold films. Table
is adapted from Nagpal et al.159 The operating wavelength is 632 nm. Values for
σR and δR are calculated from the AFM data presented in figure (7.2). Ohmic losses
are calculated from ellipsometry measurements of the dielectric function.159 Here, the
scattering and radiation channels are small compared to the ohmic losses, and the total
propagation length approaches the theoretical limit for perfectly flat films.

towards the groove, where they partially scatter into radiation. The intensity of the

light scattered from the groove is directly proportional to the intensity of the SPP at

the groove. Measurements from several slit–groove pairs with various separations will

therefore allow a direct measurement of the decay of the SPP intensity versus distance

and thus the propagation length. As shown, the measured propagation length ap-

proaches that of lohm calculated from the dielectric constant of the silver film measured

via ellipsometry, and in agreement with the data in table (7.2). Control measurements
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Figure 7.3: Propagation length measurements with a slit–groove interferom-
eter. The diamonds show ltot measured from a template-stripped 200 nm thick silver
film. The solid line depicts lohm calculated from ellipsometry data. Control measure-
ments were also made on the rough backside of the film for comparison (dots), along
with previously reported data (squares).163 Figure reprinted from Nagpal et al.159

are made on the rough backside of the film for comparison, along with previously re-

ported data.163 On a template-stripped film, losses due to roughness are minimal. There

are other benefits as well, in that before template stripping, the metal films can be an-

nealed to increase the grain size. Unlike standard methods to increase the grain size

with annealing, the surface smoothness is maintained, constrained by the silicon. Refer

to Nagpal, et al.159 and the supplementary materials for more discussion.

7.3 Template Stripping of Patterned Metals

Surprisingly, the template-stripping process also works when the template, in our case a

silicon wafer, is patterned. This simple process is shown in figure (7.4). For comparison,

figure (7.5) shows the difficulties mentioned earlier with FIB milling on both an as-

deposited silver film as well as on an ultrasmooth template-stripped film.
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1. Single-crystal silicon 2. Standard patterning 3. Deposit metals and       
a backing layer 

4. Peel off to reveal 
pattern, reuse template 

2 µm 

Silicon Template Patterned Silver 

2 µm 

Figure 7.4: Template stripping of patterned metals. Template stripping is a
simple procedure that takes advantage of the poor adhesion and good wettability of
noble metals on silicon. The top, as-deposited side of the metals films are still rough,
but when the film is stripped from the template, the ultrasmooth, patterned interface
is exposed. Figure is adapted from Nagpal et al.159

Modern micro- and nanofabrication techniques are able to pattern entire single-

crystal silicon wafers on nanometric scales with very little roughness and high precision.

Furthermore, FIB milling may be used without worrying about grains or ion contamina-

tion, since only the silicon is being patterned. With template stripping, these extremely

high-quality patterns can then be transferred to a metal film. The template can then be

reused, unlike other methods where the high-quality (possibly very expensive) template

must be etched away and destroyed to reveal the patterned metals.166 Alternatively,

polymeric replica molds have been used, but surface roughness is an issue.167 Arguably,

template stripping of patterned metals has many significant advantages.

More complex patterns are also possible, shown in figures (7.6) through (7.8).

By combining silicon microfabrication techniques, such as FIB, optical lithography,
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Figure 7.5: FIB patterning on rough and smooth films. (a) Top-view and (b)
zoomed in SEMs of a bull’s eye pattern milled into an as-deposited silver film. The
graininess of the pattern is evident. (c) Top-view and (d) side-view SEMs of a bull’s eye
pattern milled into an ultrasmooth template-stripped silver film. Though the surface is
smooth, patterning still exposes the grains, degrading the performance of the structure.

nanosphere lithography, reactive ion etching, anisotropic potassium hydroxide (KOH)

ething, a wide variety of structures can be created. Additionally, the template can

be reused ≈100×, giving high-throughput, low-cost fabrication of high-quality repeat-

able plasmonic devices. Figure (7.6) shows smooth FIB-fabricated bull’s eyes and

nanobumps, a silver-alumina multilayer stack, and a nanosphere lithography-defined

nanohole array. Figure (7.7) shows ultrasharp silver and gold pyramids. Anisotropic

KOH etching of silicon was used with a FIB-defined Cr-Au etching mask. The pyra-

mids have radii of curvature of ≈10 nm. Figure (7.8) show large-scale patterning of
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KOH-etched silver pyramids obtained via optical lithography with a SiO2 etch mask,

and periodic wedges defined via electron-beam lithography with a Cr etch mask. Please

refer to Appendix A for detailed fabrication and processing techniques.

Chapter 6 demonstrated SERS, an important technique for identifying molecules

bound to a metal surface. However, due to roughness, typical SERS substrates are

plagued by randomly located hot spots or poor performance. To demonstrate the utility

of template stripping in producing high-quality SERS devices, we created an array of

sharp silver wedges. The silver substrate is shown in figure (7.9), along with scanning

confocal Raman scans, as in chapter 6. Clearly, the locations of the SERS hot spots are

well controlled. Moreover, the enhancement factor over the entire substrate is calculated

using equation (6.2) on page 71 to be around 107. Since this is an average value, the

local enhancements at the sharp tips and edges of the wedges is expected to be much

higher. These results suggest that template stripping can be used for the fabrication of

large-area, high-enhancement SERS substrates.
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Figure 7.6: Various template-stripped structures. (a) Glancing-angle SEM of the
bull’s eye pattern from figure (7.4), highlighting the extremely smooth patterning. (b)
As long as the materials have a higer adhesion to eachother than to the underlying
silicon substrate, multi-laer stacks can also be template stripped. A cross section was
made with FIB, revealing a patterned multilayer stack of silver and alumina, useful for
negative-refractive index materials.165 (c) An array of 240 nn diameter silver bumps on
a 600 nm square lattice. The template was patterned with FIB. (d) An array of 265
nm diameter holes with a 450 periodicity in a 30 nm thick silver film. An array of deep
pits in the silicon template was fabricated with nanosphere lithography and reactive
ion etching. If the deposited film is thin and the pit walls are vertical, the film will be
discontinuous at the edges of the pits, and will be template-stripped as holes. Figure
adapted from Nagpal et al.159
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Figure 7.7: Various template-stripped structures. (a) An SEM of a silver pyramid.
The deposited film is 250 nm thick, meaning that the pyramid is filled with the epoxy.
Thicker films can also be deposited via electro-plating.159 (b) Zoomed-in SEM of the
same pyramid, showing an ultrasharp tip with a radius of curvature of ≈10 nm. (c)
Stopping the KOH etch early will leave a silver mesa. (d) An SEM of a gold pyramid.
Figure adapted from Nagpal, et al.159
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Figure 7.8: Various template-stripped structures. (a) An SEM of a large array
of silver pyramids. The etch mask was defined over (b) an entire 4-inch silicon wafer
with optical lithography. (c) Silicon template defined via high-resolution electron-beam
lithography with subsequent Cr deposition, lift-off and KOH etching. The Cr etch mack
is still attached for contrast. (d) The resulting silver wedge array. Figure adapted from
Nagpal, et al.159
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Figure 7.9: Template-stripped SERS substrate. (a) A silver wedge array fabricated
via optical lithography and KOH etching. (b) Typical Raman spectrum taken from
the substrate (upper) and a neat solution of benzenethiol (lower). Using equation
(6.2) on page 71 in chapter 6, the enhancement factor can be estimated to be around
107. (c) Confocal scanning image, as in chapter 6, taken across the wedges. The
well-localized, high-intensity SERS hot spots are evident, with minimal signal due to
random roughness or poorly-defined features. (d) Top-view scanning confocal Raman
image. Figure adapted from Nagpal, et al.159



Chapter 8

Three-Dimensional Plasmonic

Nanofocusing

In addition to nanoholes and Bragg mirror elements, the sharp tips presented in figures

(7.7) and (7.8) in chapter 7 are structures that may be useful for plasmonic sensing.

Producing an optical hot spot at the tip of the pyramid would be particularly interest-

ing. The concentration of light into such a nanoscale volume requires manipulation of

the optical energy well below its wavelength, λ. As we have seen, while dielectric struc-

tures cannot achieve this due to diffraction, patterned metals that support SPPs provide

a solution.168 Indeed, various metallic films,156 trenches,169 tapers,170,171 gaps,172 and

tips,173–177 have shown promise for unprecedented control and delivery of optical energy

into such subwavelength volumes. However, the ability to focus photo-generated SPPs

from multiple directions toward a specific location on a nonplanar device has proven

challenging. In this chapter, we demonstrate such three-dimensional plasmonic nanofo-

cusing of light with ultrasharp patterned gold and silver pyramids. Gratings placed on

the faces of these pyramids convert linearly polarized light into SPPs that propagate

towards and converge at their 10 nm apex, producing a 5x10−5
λ
3 spot.

For repeatable fabrication of metallic pyramids with integrated patterning we used

template stripping with patterned silicon wafers,159 described in chapter 7. Anisotropic

KOH chemical etching of silicon was first used to create inverted pyramidal pits, as in

figures (7.7) and (7.8), and FIB milling was then used to define gratings on the smooth

89
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faces. During milling, care was taken to not expose the ultrasharp tips to the FIB. With

the reusable silicon template, it is possible to repeatedly fabricate ultrasmooth, ultra-

sharp patterned metals with precisely defined nanoscale features. We also demonstrate

that even the nominal nanoscale roughness inherent in standard metal film deposition

is enough to severely degrade the nanofocusing performance of the pyramids.

Because the structures are easily and reproducibly produced, these results have im-

plications for many applications, including imaging, sensing, lithography and nonlinear

spectroscopy. Other applications that require the generation of an optical hot spot at

the end of a sharp tip, such as heat-assisted magnetic recording28 and optical trapping,27

may also benefit.

The work presented in this chapter is derived mainly from the following publication:

1. N. C. Lindquist, P. Nagpal, A. Lesuffleuf, D. J. Norris, and S.-H. Oh, Nano Letters

10, 1369 (2010).178

8.1 Theoretical background

All nanoscale metallic tips exhibit local field enhancements due to an electrostatic optical

“lightning rod” effect. Plasmonic nanofocusing, on the other hand, uses diffraction lim-

ited optics to launch SPPs into metallic nanostructures that then deliver the plasmonic

energy into nanoscale volumes. Certain metallic nanostructures are able to confine SPPs

into deeply subwavelength volumes. For instance, confining red light (λ = 700nm) into 3

nm thick metal-insulator-metal (MIM) stack has been experimentally demonstrated.130

As discussed in chapter 2 on page 13, this vertical confinement (increasing kz) increases

the wavevector kspp of the SPP by, in this case, about a factor of 10. Nanoscale confine-

ment can also be achieved by allowing an SPP to propagate towards a sharp tip176 or

narrow gap.172 The lateral dimensions of the metallic structure are tapered, squeezing

the propagating SPPs, effectively, into the non-propagating localized surface plasmon

(LSP) at the tip. This can be achieved by continuously changing the thickness of the

insulator in an MIM stack, or the thickness of the metal in an insulator-metal-insulator

(IMI) stack. As the SPP propagates along the tapered waveguide, it will be squeezed

laterally or vertically, which will increase kspp. Correspondingly, the field intensity will

also increase, sometimes by several orders of magnitude. The final tip or gap size can
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be on the order of only several nanometers.

Even 
Mode 

Odd 
Mode 

Figure 8.1: Plasmonic nanofocusing modes. Two types of modes exist for an
insulator-metal-insulator tip and plasmonic nanofocusing. An even-field mode (odd
charge distribution) will have zero charge at the tip, and as the SPP travels down the
metal taper to the sharp tip, the field distribution resembles that of a wave propagating
in the dielectric, and no plasmonic nanofocusing occurs. However, an odd-field mode
(even charge distribution) will have large charge density a the tip. The SPPs traveling on
either side of the taper will arrive to the tip in phase. With this mode, the propagating
SPP becomes a localized surface plasmon resonance at the tip, effectively focusing its
energy into a nanoscale volume. As the tip tapers to a finite size, the resulting high-
intensity field is oriented longitudinally, i.e. along the tip axis.

Adiabatic nanofocusing techniques176 will taper the waveguide slowly compared to

the wavelength of the SPP, minimizing reflections as the width or height of the wave-

guide changes. If dissipation of the SPP is sufficiently weak, very large (≈1000×) field

amplitude enhancements can be produced. However, as the SPP becomes more and

more confined, the field will be largely located within the metal, increasing dissipation.

Furthermore, if the taper angle is very small (e.g. only a few degrees) the taper length

will be quite long, also increasing the total dissipation of the SPP as it travels towards

the tip. Conversely, non-adiabatic nanofocusing schemes use a relatively large (e.g. 30

degrees) taper angle in an effort to minimize SPP dissipation. Unfortunately, significant
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reflections may result, decreasing SPP delivery to the tip. With these two competing

effects, it may be possible to design a structure with an optimal taper angle.179

In this chapter, a three-dimensional IMI nanofocusing structure is considered. How-

ever, for simplicity and qualitative description, only a one-dimensional theoretical case

is presented here. An SPP propagating along an IMI structure can have either even or

odd symmetry with respect to the electric field.180,181 Only the odd mode (with sym-

metric charge distributions) contributes to the nanofocusing effect, This can be thought

of as the SPPs on both sides of the taper arriving with their charges in phase, and in-

terfering constructively at the tip. The even mode is the so-called “long-range” SPP,182

since as the thickness of the metal film decreases, the mode resembles more and more

that of free-space light, with long propagation lengths. These modes are illustrated in

figure (8.1).
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Figure 8.2: Dispersion relation of IMI plasmons. Plotting equation (8.2) shows
that the wavenumber kspp at a given ω increases with decreasing metal thickness. Once
the metal thickness becomes on the order of the skin depth δm, or the field penetration
depth into the metal, the two SPPs on the top and bottom of the thin metal film will
couple. Only the mode with odd symmetry with respect to the electric field will generate
the large wavevectors suitable for plasmonic nanofocusing.

For a certain thickness a of the guiding metallic structure, the SPP will have the
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Figure 8.3: SPP wavenumber with decreasing thickness. A plot of equation
(8.2), showing both the real and the imaginary parts of kspp versus the thickness a. The
operating free-space wavelength is 632.8 nm, and the dielectric constant of the metal is
set to be �m = −9.8 + i1.96. As the thickness becomes less than the skin depth δm, the
wavenumber of the SPP increases dramatically, as do the losses. The wavenumber kspp
is normalized to that of a single interface, i.e. where a → ∞.

following dispersion relationship:183

tanh

�
a

2δm

�
= − �d δd

�m(ω) δm
(8.1)

where δm and δd are the field penetration depths into the metal and the dielectric,

respectively, given by equations (2.20) and (2.21). The (relative) permittivities of the

dielectric insulator and the metal are given by �d and �m(ω), respectively. Using equa-

tions (2.15) through (2.21) starting on page 13 in chapter 2, these equations can be

rewritten as:

tanh
�
a

2

�
k2spp − �m(ω)k20

�
= −

�d

�
k2spp − �m(ω)k20

�m(ω)
�
k2spp − �dk

2
0

(8.2)

where k0 = ω/c is the free-space wavenumber. The dispersion relation ω versus kspp is

plotted in figure (8.2) for several thicknesses a, assuming �m(ω) ≈ 1 − ω
2
p/ω

2, with no

ohmic losses, from equation (2.14). As the thickness of the guiding layer decreases, kspp
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increases for a given ω. This is accompanied by a large increase in the electromagnetic

field amplitude.176 It is also beneficial to plot kspp versus the thickness a at a fixed

free-space wavelength of 632.8 nm, where the dielectric constant of the metal is set to

be �m = −9.8 + i1.96, that of gold,41 and that now includes ohmic losses. Using these

values, figure (8.3) plots equation (8.2), showing both the real and the imaginary parts

of kspp. Again, as the thickness decreases and reaches the skin depth δm, the real part

of kspp increases dramatically, as do the losses (the imaginary part of kspp).

By tapering such an IMI guiding structure, either adiabatically or non-adiabatically,

it is possible to deliver plasmons into areas where d is very small and kspp is very large,

effectively localizing optical energy into a nanoscale volume. Figures (8.4) and (8.5)

show FDTD simulations at 632.8 nm in a two-dimensional taper. In this case, the

largest field enhancement at the tip occurs for a tip with the smallest size—5 nm tip

radius— and the shallowest taper (5 degree half-angle).
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Figure 8.4: Plasmonic nanofocusing FDTD enhancement versus taper angle.
SPPs were launched 3 µm away from the tip with 632.8 nm excitation light onto a
two-dimensional gold taper for various taper angles. The tip has a radius of curvature
of 10 nm, similar to the experimental pyramids structures shown in figures (7.7) and
(7.8). The largest field enhancement at the end of the taper occurs for the shallowest
angle.
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Figure 8.5: Plasmonic nanofocusing FDTD field maps. Time-averaged field am-
plitude for a two-dimensional gold taper with various dimensions. The largest field
enhancement at the tip occurs for the smallest tip radius (5 nm) and the shallowest ta-
per angle. There are some reflections from the tip, shown in the standing wave patterns.
The SPPs were launched 3 µm away on only the top side of the taper. This excites both
the even and the odd modes at the tip, the latter being responsible for the large fields.
A non-uniform grid was used, with a 10 nm bulk size, tapering to 0.2 nm at the tip.
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8.1.1 Second Harmonic Generation

As a brief aside, the next few paragraphs will describe optical second harmonic gen-

eration (SHG). SHG is a second-order nonlinear optical technique that can give sub-

monolayer information about surfaces, local electric field intensities, or even molecular

orientation.184 First observed experimentally by Franken, et al.,185 SHG was used in

this chapter to probe the plasmonic nanofocusing effects in gold pyramids.

Light with a fundamental frequency ω propagating in a non-linear material will

induce a time-dependant electric polarization density P (t) that may be expressed as a

power series in electric field E(t):

P (t) = �0[χ
(1)

E(t) + χ
(2)

E
2(t) + χ

(3)
E

3(t) + . . . ] (8.3)

where χ(1) = χe is the linear electric susceptibility of the material, described in equation

(2.7) in chapter 2. The terms χ
(2) and χ

(3) are the second- and third-order non-linear

susceptibilities, respectively. In general, these susceptibilities are third-rank tensors.184

Because of the second-order dependance on E(t), the second-order polarization density

P
(2)(2ω) = χ

(2)
E

2(ω) oscillates at twice the fundamental frequency. Here, E(ω) is

the electric field magnitude at the fundamental frequency ω. The frequency-doubled

polarization wave then re-radiates light as the second harmonic.

In order for χ(2) to be non-zero, and therefore to generate SHG, the medium must

not have a center of inversion, as isotropic materials like glass or liquids.184 This is

because the fields E(t) and −E(t), in a material with inversion symmetry, would produce

the polarizations P (t) and −P (t). However, only considering contributions from χ
(2),

this would be inconsistent with equation (8.3), necessitating χ
(2) = 0. In the same

medium, the third-order non-linear susceptibility χ
(3) may be non-zero. At an interface,

however, the symmetry of any medium is broken, and SHG is therefore allowed,184 or

even enhanced with the presence of plasmon resonances and enhanced local fields.174,186

As an extension to the Drude model presented in chapter 2, SHG at an interface can

be understood as free-electron oscillation in a slightly anharmonic potential.187 Similar

to equation (2.10) presented on page 10, the motion x(t) of an electron with mass m and

charge e in an anharmonic potential driven by an external field E(t) can be expressed

as:

ẍ(t) + ω
2
0x(t) + ξx

2(t) = − e

m
E(ω) cos(ωt) (8.4)
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where ω0 is the resonant frequency of the oscillator and ξ is the anharmonicity. After

solving for x(t), the time-dependent polarization P (t) = −neex(t), where ne is the

electron density, will have a Fourier component P (2)(2ω) at frequency 2ω proportional

to the second-order anharmonic term ξ and to E
2(ω). Therefore, if ξ = 0, i.e. the

electron potential is symmetric, there will be no SHG.

8.2 Previous demonstrations of plasmonic nanofocusing

Previously, it has been shown that gratings milled into the side of an electrochemically

etched gold wire tip, when illuminated, will deliver plasmonic energy to the tip.177

Likewise, nanofocusing using nanohole gratings in a thin gold film next to a region with

a lateral taper has also been demonstrated,170 with only the odd-field mode propagating

to the tip. Curved slits188,189 or holes156 can focus plasmons to an in-plane bright spot.

In these cases, the plasmons were focusing on only one side of the wire, like in figure (8.5),

one side of a flat tapered film, or only in-plane. Full three-dimensional nanofocusing

is also possible, with, for example, radially polarized plasmons propagating along a

circularly symmetric tapered waveguide.176,189,190 However, most metallic tips and

tapers are fabricated with standard metal deposition,170 the metallization of fibers,191 or

with electrochemical etching.177 All of these techniques have inherent surface roughness

that can degrade performance and lead to sample-to-sample variations. Often, the

devices are then patterned with FIB milling,171,177,191 which is slow, increases grain

roughness, and will implant ion impurities.

Due to these fabrication difficulties, three-dimensional nanofocusing research has so

far been limited to theoretical treatment or computer simulation.176,189,190 Further-

more, tapered-wire nanofocusing schemes require the use of radially polarized light.

As the plasmons travel towards and intensify near the tip, the associated fields should

interfere constructively,173 as shown in figure (8.1), resulting in a field oriented along

the tip axis, i.e. longitudinally. Simple linear polarization does not have the necessary

symmetry to excite a longitudinal field, hence the use of more complicated radially po-

larized light. Breaking the symmetry of linearly polarized light requires illumination

at a large tilt angle,192 or the use of an asymmetric tip.193 Alternatively, the edges of

tightly focused Gaussian beams are able to excite the longitudinal mode of the tip.174
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8.3 Three-dimensional plasmonic nanofocusing

Due to these implementation issues, the ability to focus photo-generated plasmons from

multiple directions toward a specific location on a nonplanar device has proven challeng-

ing. This chapter experimentally and theoretically demonstrates a three-dimensional

plasmonic nanofocusing structure that is excited with normally incident linearly polar-

ized light.178 Periodic corrugations running down all four sides of an ultrasharp metallic

pyramid convert incident light into surface plasmons that converge at the tip. Full three-

dimensional FDTD simulations confirm focusing into a 28× 32× 14 nm3 volume at the

≈10 nm tip of the pyramid. Increased SERS and Second Harmonic Generation (SHG)

are also demonstrated using the patterned pyramids.

b a 
Light Incident 

Focusing 

at Tip 

500 nm 500 nm 

Figure 8.6: Three-dimensional plasmonic nanofocusing. (a) SEM of a device with
a conceptual overlay of the three-dimensional plasmonic nanofocusing scheme. SPPs are
generated on the gratings running down all four faces of an ultrasharp pyramid, and then
propagate towards the apex. (b) SEM of the silicon mold use for template stripping.
The patterning is integrated into the pyramid, allowing high-throughput fabrication.

Figure (8.6) shows the concept of the three-dimensional nanofocusing scheme, and

figure (8.7) shows SEMs of a set of silver nanofocusing structures. Light incident from

above, figure (8.6a), is backscattered into SPPs that travel up the sides and corners of

the pyramid, converging at the apex. Using a reusable silicon template, shown in figure

(8.6b), it is possible to reproducibly fabricate multiple samples (>30), using different
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Figure 1: Schematic and SEMs 
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Figure 8.7: Patterned metallic pyramids. (a) Side-view and (b) top-view SEMs of
an ultrasharp pyramid with integrated gratings. The gratings are placed symmetrically
around the tip. (c) Side-view and (d) top-view SEMs of a pyramid with asymmetri-
cally placed gratings. With the symmetry broken, linearly polarized light can generate
plasmons that will interfere constructive at the tip, leading to strong longitudinal fields.

metals, with all samples being nominally identical. Indeed, using this same template,

gold pyramids were also fabricated for SHG measurements. Figures (8.7a) and (8.7b)

show side-view and top-view SEMs of 200 nm thick silver pyramids with a symmetric set

of bumps running down the sides. The bumps have a height of 60 nm and a periodicity

of 280 nm. The first bumps are 480 nm from the tip. With normally incident linearly

polarized light, a symmetric set of bumps cannot excite longitudinal field components

at the tip, necessitating the use of asymmetric bumps for large field confinement and
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enhancement, shown in figures (8.7c) and (8.7d). By offsetting the bumps on two sides

of the pyramid, the symmetry is broken, and SPPs travelling up all four sides of the

pyramid will interfere constructively at the tip.
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Figure 2: FDTD Calculations 
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Figure 8.8: FDTD simulations of three-dimensional plasmonic nanofocusing.
(a) Time-averaged electric field intensity for a gold pyramid with symmetric patterning.
The field is very weak at the apex. (b) Field intensity map with asymmetric pattern-
ing, showing strong field localization at the tip that is oriented (c) longitudinally. (d)
Spectral response of the z-component of the electric field 30 nm above the tip, showing
spectral tuning by changing the periodicity of the gratings. When the tip is immersed
in water as in the SHG measurements shown below, the resonances are red-shifted.

Three-dimensional FDTD calculations were used to reveal the behavior of patterned

gold pyramids using top-side, normally incident plane wave illumination. Drude-Lorentz

model fits to experimental optical constants were used to simulate the gold dispersion,41

as outlined in equations (2.12) and (2.13) on page 10. The tip was rounded to have a

10 nm radius, consistent with figure (8.7), and the FDTD mesh was 5 nm in the bulk



101

!"#"$%&'()*%+,#
!-
.

/
/
0
%/
1
2
$
*3

%

%

455 -555 -655 -755 -855 -455

!-55

5

-55

655

955 :$;"**<=$<>%+!-55.

?"**<=$<>

!-55!

!"#$%&'()'*+,-+./0'1/2/,'3"45'1+$#5'6'72++45'8#'

200 

0 
80 

0 

3 

0 

7./0&'9/%:)';/<'6';.<'6';&<'=>>',2?';@<'6';&<'A'$2'

Asymmetric Patterning Unpatterned 

500 nm 

a 

b d 

c 

500 nm 

C
C

D
 C

o
u

n
ts

 

1 !m 

Figure 8.9: Confocal Raman imaging of the pyramids. (a) Confocal SERS imag-
ing demonstrating a single resolution-limited hot spot at the tip of an asymmetrically
patterned pyramid, in both top-view and (b) side-view scans. With an unpatterned
pyramid on the same substrate, only the sharp edges and tip are visible, and the SERS
signal (d) is much weaker.

tapering to 1 nm near the tip itself. Symmetric boundary conditions were used in the

y-direction to halve the simulation domain and increase computational speed. Figure

(8.8a) shows the time-averaged electric field intensity at 752 nm excitation for a sym-

metrically patterned pyramid. The field distribution is broadly localized in two large

side lobes, with a null at the apex. Figure (8.8b) shows an asymmetrically patterned

pyramid with an intense and tightly focused field at the apex. With symmetric pat-

terning, the field is oriented transversally, but with asymmetric patterning, the field is



102

oriented longitudinally at the tip, shown in figure (8.8c), and the scattered SPPs have

the necessary symmetry for nanofocusing.194 Figure (8.8d) shows the spectral response

of the z-component of the electric field 30 nm above the tip for a single set of bumps,

and for several grating periodicities. A single set of bumps is enough to excite the tip,

while adding more bumps collects from a larger area53 and allows a degree of spectral

tuning. The grating itself was simulated separately with FDTD (not shown) and found

to be up to 10% efficient in generating backscattered surface plasmons, depending on

the periodicity and incident wavelength.
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Figure 8.10: Confocal Raman imaging of the pyramids. (a) SEM of an unpat-
terned and (b) an asymmetrically patterned pyramid with an additional 100 nm of ther-
mally evaporated Ag. The deposition introduces a nominal nanometer-scale roughness,
inherent to thin-film metal deposition. (c) Top-view and (d) side-vide confocal Raman
scans show a significat effect from the roughness, which destroys the well-tailored hot
spots of the template stripped pyramids shown in figure (8.9).

To experimentally determine that patterned pyramids give strongly local fields, sil-

ver pyramids coated with a molecular monolayer of benzenethiol (BZT) were scanned
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through a diffraction-limited 752 nm Kr laser beam focal spot, and the SERS spectra

were collected as a function of position, as was done in chapter 6. The height of the

Raman peak at 1073 cm−1 was used to generate the intensity images shown in figure

(8.9). For template-stripped asymmetrically patterned pyramids, a single diffraction-

limited SERS hot spot was observed, in both the x-y and x-z scans, shown in figures

(8.9a) and (8.9b), respectively. Compared to the scan of an unpatterned pyramid on the

same substrate, shown in figure (8.9c), the SERS signal was enhanced 100-fold, shown

in figure (8.9d). The combination of an ultrasharp tip with gratings is responsible for

significant field enhancement. Complementary results were also obtained for patterned

gold pyramids (not shown).!"#$%&'()*'+,-.,/01'2030-'4"56'70%",$8'2,$#6'9:%03";8'
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Figure 8.11: Confocal Raman imaging of the pyramids. Confocal Raman scans
of two separate unpatterned “rough” pyramids, showing random hot spots near the tips
and edges.

Interestingly, the periodic bumps running down the sides of the pyramids are not

visible in the Raman scans shown in figures (8.9a) and (8.9b). Typically, any subwave-

length bump, groove, particle or random roughness is an efficient SERS scatterer. In

Figures (8.9a) and (8.9b), the signal generated from the tip is much greater than the sig-

nal from the bumps themselves, indicating control over both the location and intensity

of the hop spot.

To explore the role of the smooth subwavelength patterning, another 100 nm of Ag

was thermally evaporated on top of a freshly-templated Ag sample, shown in figures

(8.10a) and (8.10b). Confocal Raman images were then taken in a similar manner,
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shown in figures figures (8.10c) and (8.10d). Clearly, even the nominal nanoscale rough-

ness inherent in standard metal deposition techniques is enough to severely degrade

the nanofocusing effect. Now, the signal from the tip is less than the signal from the

patterned bumps. Indeed, even scans from “rough” unpatterned pyramids show ran-

domly distributed hot spots from the corners and edges, as shown in figure (8.11). In

this way, the smooth template-stripped patterned pyramids allow high-intensity, highly-

reproducible plasmonic nanofocusing.
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Figure 8.12: Confocal SHG imaging of the pyramids. (a) Confocal SHG scans of
an unpatterned gold pyramid and (b) an asymetrically patterned gold pyramid shows
a large increase in the SHG signal due to patterning. (c) The non-linear dependance of
the signal is clearly shown. (d) By changing the fundamental illumination wavelength,
resonant excitation via a grating-coupling mechanism is shown, in agreement with figure
(8.8d), giving a 35-fold enhancement due to patterning. A water immersion objective
was used to shift the resonance into the laser range.

Wavelength-dependent excitation via a grating-coupling mechanism was confirmed
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with confocal SHG microscopy measurements, performed with a set of patterned and

unpatterned gold pyramids. The SHG image of an unpatterned pyramid is shown

in figure (8.12a). A pyramid patterned with a set of asymmetric bumps is shown in

figure (8.12b). The power dependence of the signal from the pyramids shows clear

SHG behavior in figure (8.12c). A 35-fold enhancement in the SHG signal due to

patterning—i.e. patterned vs. unpatterned—was achieved by using a water immersion

lens to better locate the device resonance near the 800-880 nm excitation range, shown

in figure (8.12d). There is a clear maximum for a fundamental excitation wavelength of

870 nm, demonstrating the resonant behavior of the structure. Due to a slowing of the

SPP waves in water and increased dissipation, the maximum 35× enhancement may be

an underestimate.190



Chapter 9

Recent Results, Conclusion and

Future Directions

9.1 Other recent research results

This section outlines related plasmonic research preformed during the course of this

dissertation.

9.1.1 Plasmonic solar cells

Photovoltaic cells suffer an efficiency trade-off: thicker cells absorb more light, but

the photo-generated excitons may recombine before dissociation, limiting the photo-

current. With subwavelength confinement of the incident light, plasmonic nanocavities

can overcome this limitation. The work presented in this section is derived mainly from

the following publication:

1. N. C. Lindquist, W. A. Luhman, S.-H. Oh, R. J. Holmes, Applied Physics Letters

93, 123308 (2008).25

Organic semiconductors are attractive for use in photovoltaic cells due to the possi-

bility of low-cost, high-throughput processing.195 Though organic photovoltaic (OPV)

performance has increased significantly in recent years, absolute power conversion effi-

ciency suffers from poor optical absorption efficiency. The absorption of light results in

106
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Al Cathode Organic Layers 

Patterned Ag Anode 

Glass Substrate 

Plasmonic Nanocavities 

Incident Light 
2 µm 

Figure 9.1: Plasmonic organic solar cells. The plasmonic OPV device, with
nanocavities formed from the array of slits milled in the Ag anode. Each plasmonic
nanocavity is 289 nm wide, with a periodicity of 409 nm. Due to focused ion beam
(FIB) fabrication limitations, only 17% of the active (illuminated) area was patterned.
Data adapted from Lindquist et al.25

the creation of an exciton, which, to generate a photo-current, must diffuse to a thin

donor-acceptor region and dissociate before it recombines. However, the exciton diffu-

sion length is typically much shorter than the optical absorption length, necessitating

the use of thin active layers,195 and limiting optical absorption.

SPP optics could help overcome this OPV performance bottleneck. Here, we exploit

the confinement of optical fields in plasmonic nanocavity arrays, thereby allowing the

use of thin OPV layers without sacrificing optical absorption potential.

Plasmonic photovoltaic structures have been examined previously in the context of

dispersed metallic nanoparticles, increasing absorption in OPVs.196 While promising,

the field enhancement from metallic nanoparticles is relatively short-range, difficult to

tune, and their presence can quench the excitons. Here, a different approach is taken

that combines local SP field enhancement and strong plasmonic nanocavity modes by

replacing the anode of an OPV cell with a nanostructured silver grating. The patterned

anode, the OPV layers, and the cathode define a sort of metal-insulator-metal (MIM)

stack, a highly tunable structure that can offer deep subwavelength confinement and high

field enhancement.130 To increase the free-space coupling, a 1D periodic array of such

MIM nanocavities was used. Figures (9.1) to (9.3) show the plasmonic OPV device with

a patterned Ag anode. The OPV layers—20 nm of copper phthalocyanine (CuPc), 40
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Figure 9.2: Enhancement with patterned Ag anode. (a) Device shows a 3.2×
enhancement in responsivity R and efficiency ηP with a patterned silver anode versus
an unpatterned one. (b) External quantum efficiency NEQE enhancement, broadband
with a strong plasmonic nanocavity mode at 800 nm. (c) FDTD simulations of the
nanocavity field enhancement. Data adapted from Lindquist et al.25

nm of C60 fullerene, and 10 nm of bathocuproine (BCP)—were sequentially deposited

onto a patterned Ag anode and capped with a 50 nm thick Al cathode, as shown

in figure (9.1). Unpatterned reference devices where made to quantify the plasmonic

enhancement, shown in figure (9.2). FDTD simulations were used to view the spectral

response, shown in figure (9.2), and the electric field distribution within the plasmonic

nanocavities, shown in figure (9.3). To estimate the solar cell performance enhancement,

the total electric field density was calculated in a box within one exciton diffusion length

from the CuPc–C60 interface. These results demonstrate that by patterned a metallic

anode, it is possible to enhance the efficiency of an OPV cell. This design could also be

useful for improving the efficiency of silicon photovoltaic devices.12,24,196–204

9.1.2 Plasmonic optical data storage

This section presents template-stripping methods for the fabrication of metallic nano-

structures with applications in high-density plasmonic data storage. Different arrange-

ments of nano-bumps and nano-holes can provide a basis for encoding multi-dimensional

information within a single bit-cell. The original idea presented in this section is derived
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Figure 9.3: FDTD maps of field enhancement. FDTD simulations of the plas-
monic nanocavities at the 800 nm resonance, showing strong field confinement. The
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z , is plotted. Data adapted from Lindquist
et al.25

from the following work:

1. M. Mansuripur, A. R. Zakharian, A. Lesuffleur, S.-H. Oh, R. J. Jones, N. C.

Lindquist, H. Im, A. Kobyakov, and J. V. Moloney, Optics Express 17, 14001

(2009).29

2. N. C. Lindquist, T. W. Johnsona, H. Im, P. Nagpal, A. Lesuffleur, M. Mansuripur,

D. J. Norris, S.-H. Oh, SPIE Optical Data Storage 2010, Boulder Colorado, May

22-26.

The optical behavior of subwavelength metallic nanostructures—such as holes, groo-

ves, bumps, or particles—is largely determined by the excitation of surface plasmon

resonances. These resonances are strongly influenced by the local geometry of the

metallic nanostructures themselves and any neighboring nanostructures. The complex

resonant behaviors, spectral features, and polarization dependence of arrangements of

such metallic nanostructures may have applications in next-generation optical data-

storage applications.29,205 However, fabrication, especially at high-densities, remains

challenging. Template stripping for reproducible fabrication of high-quality metallic

nanostructures may provide a solution.159

Figure (9.4a) outlines a simple optical data storage technique. In transmission mode

operation, a focused diffraction-limited spot is scanned over each metallic bit-cell on a



110

a
Incident Beam 

Next bit-cell 

!300 nm 

Transmitted Light Epoxy substrate 

Metallic nano-structures 

b

Incident Beam 

Next bit-cell 

!300 nm 

Reflected Light 

Figure 9.4: Plasmonic optical data storage. (a) Proposed optical data storage tech-
nique, with each bit-cell composed of multiple arrangements of nanobumps or nanoholes.
(b) In reflection-mode operation. Scheme adapted from Mansuripur et al.29

polymer substrate. Each bit-cell is composed of different arrangements of nanobumps

and nanoholes, with nominal widths of <100 nm. By carefully positioning the nano-

features, multi-dimensional data can be recorded within each bit-cell, i.e. by using

different spacings and combinations of the nanobumps and nanoholes, or by exploiting

polarization-dependant geometries, such as using elliptically shaped features or asym-

metric spacings. SPPs scattered from the nanobumps and nanoholes determine the

optical transmission properties. The spectrum of an incident femtosecond light pulse is

thus encoded with the multi-bit information stored in each bit-cell, allowing high-density

data storage due to the nanoscopic field distributions. Using similar arrangements of

bumps or grooves, reflection-mode operation is also possible, shown in figure (9.4b).

Patterning of nanobumps and nanoholes in the silicon master-mold involved focused

ion beam (FIB) milling. The silicon wafer included a 50 nm thick Cr masking layer,

which was removed before template-stripping, that aided vertical side-wall formation

while milling the deep nanoholes. These deep indentations in the silicon are stripped

as integrated nanoholes, due to a discontinuity in the deposited film. Electron-beam

deposition of gold and silver was used. Various structures are presented in figure (9.5).

The flat regions of the metal films all have root-mean-square roughness of around 0.5 nm

or less. This extreme smoothness allows surface plasmons to propagate with minimal

scattering, giving sharp resonant peaks and high field intensities.159
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Figure 9.5: Various plasmonic data storage structures. (a) An SEM of a series
of nanobumps and nanoholes on a 500 nm grid. (b) A single nanobump and nanohole
separated by 200 nm. (c) SEM of more tightly packed nanobumps of different sizes, on
a 300 nm grid. (c) Tightly packed nanobumps and nanoholes, with nominal diameters
of around 60 nm. Both the nanobumps and the nanoholes are incorporated into the
same silicon template.

Three-dimensional FDTD calculations and optical transmission experiments were

used to explore the expected behavior of different arrangements of silver nanobumps

and nanoholes. For the simulations, a non-uniform mesh was used with a nominal grid

size of 10 nm graded to 2 nm near the interfaces. Optical power transmission of a

pulsed diffraction-limited beam illuminating a single bit-cell was Fourier transformed

to determine the spectral responses. Perfectly matched boundary layers were used to

absorb all outgoing radiation. Figure (9.6) shows FDTD calculation results from pairs of

nanoholes, pairs of a single nanohole and nanobump, as well as experimental data from
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Figure 9.6: Plasmonic data storage. (a) By changing the distance between pairs
of nanoholes, the transmission spectrum (normalized to a single nanohole) is modu-
lated. (b) A similar effect is seen by changing the separation distance between a single
nanohole and a single nanobump. (c) Experimental transmission spectra of pairs of 60
nm diameter nanoholes with separation distances ranging from 150 nm to 400 nm. The
spectrum from a single nanohole was subtracted out.

pairs of template-stripped nanoholes in silver. For the calculations, the nanoholes had a

diameter of 50 nm with center-to-center distances ranging from 120 nm to 180 nm. The

spectra are normalized to the transmission from a single, isolated 50 nm nanohole under

identical illumination and collection conditions. A 25 nm thick high-index material

(n = 2.0) was used to cover and fill the nanostructures, increasing transmission and

bringing the spectral features into the visible range.206 For the experimental data, the

silver nanoholes had a nominal diameter of 60 nm, and the sample was covered with an

epoxy layer (n = 1.56). Figure (9.6) clearly demonstrates that the local arrangements

and orientations of the various nanostructures are encoded in the transmission spectra by

introducing new resonance peaks and by shifting their relative locations. By introducing

more nanostructured elements to form a completed bit-cell, multi-dimensional data can

be encoded at several different wavelengths and with two orthogonal polarizations.29,205

This section outlined a simple, high-throughput fabrication scheme that may have

applications in next-generation data storage. The template-stripped surfaces exhibit

ultra-smooth features while reproducing nanoscale bumps, ridges, or holes. Different

arrangements of these plasmonic nano-elements may provide the basis for recording
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multi-dimensional optical data at high densities.

9.2 Future directions

The plasmonic sensing work presented in this dissertation represents several on-going

projects. Future directions are suggested here, along with preliminary data, if available.

9.2.1 Plasmonic biosensing

Work is currently underway for utilizing the template stripping method outlined in

chapter 7 for making biosensing substrates. Given the long propagation lengths of the

template-stripped surfaces, template-stripped biosensors may give higher sensitivities

compared to conventional, rough substrates.
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Figure 9.7: Backside reflective SPR biosensing. (a) A thin template-stripped
ultraflat gold film with backside patterning for the excitation of plasmon resonances.
(b) The sharp reflection dips (c) shift by 3 nm when the refractive index of a 5 nm thick
film changes by 0.1.

Along a different path, also proposed here is using a template stripped surface with

backside illumination for plasmonic sensing. With thin (30 nm) gold film, the backside

600 nm periodicity patterning excites localized surface plasmons and resonant Wood-

Rayleigh grating anomalies, as discussed in chapter 3. The reflection dips come from

these excitations. The structure is outlined in figure (9.7) with preliminary FDTD sim-

ulation results. These results suggest promise as a biosensor, since the sharp reflection
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dip at 852 nm shifts by 3 nm for a 0.1 change in the refractive index of a 5 nm thick film.

Work is currently underway for fabrication, characterization and further FDTD mod-

eling of this structure. A benefit of such a design is that the optics for reflection-mode

operation are de-coupled from the microfluidics and sample delivery on the ultrasmooth

template-stripped topside, limiting optical scattering and absorption from the fluids.

9.2.2 Plasmonic SERS substrates

The template-stripped pyramids offer wafer-scale fabrication of ultrasharp features,

an ideal candidate for high-enhancement, reproducible SERS substrate fabrication.159

A sample SEM is presented in figure (9.8). Using large-area nanosphere lithogra-

phy153,159,207 to fabricate the pyramids can lead to low-cost, high-quality SERS sub-

strates.

200 nm 

Figure 9.8: Wafer-scale SERS substrates. Nanosphere lithography153,159 was used
to create an etch mask for pyramidal divots in the silicon mold. The resulting nano-
scale pyramids cover an area of several mm2, and have sharp features necessary for large
SERS enhancements.

Along a different note, as discussed in chapter 3, when the substrate of the nanohole

array is removed, i.e. with a symmetric refractive index on both sides of the nanohole ar-

ray film, the SPPs associated with the EOT mechanism are enhanced. This can be easily

achieved by etching the underlying glass substrate through or around a “suspended”

bridge of nanoholes. Preliminary results are presented in figure (9.9).
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Figure 9.9: Free-standing SERS substrates. (a) By etching away the underlying
substrate, (b) a suspended nanohole array is created. Plasmonic fields are enhanced
due to the symmetric design, (c) enhancing SERS compared to a similar unsuspended
device.

9.2.3 Plasmonic solar cells

The one-dimensional plasmonic nanocavity arrays presented above show a polarization-

dependant enhancement.25 Work is currently underway to pattern the metallic anode

with a two-dimensional array. Furthermore, large-area nanofabrication techniques of

plasmonic solar cells are being explored, such as nanosphere lithography,153,207 nanoim-

print lithography,208 and template stripping.159
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9.2.4 Plasmonic nanofocusing

To complement the results presented in chapter 8, a back-side nanofocusing scheme is

currently being developed. With these devices, the ultrasharp pyramids are internally

illuminated, eliminating stray light.

9.3 Dissertation overview and conclusion

This dissertation presented how metallic nanostructures can be used for optical sensing

with surface plasmon polaritons (SPPs). From a theoretical starting point, we developed

the idea that SPPs are evanescent waves, capable of confining and delivering optical

energy on dimensions much smaller than the free-space wavelength. As SPPs are surface

waves with spatial extents on the order of 10–100 nm, they are also very sensitive to the

local refractive index of a nanostructured metal film, a property useful for plasmonic

sensing.

Using the “Extraordinary Optical Transmission” effect through a metal film per-

forated with nanohole arrays, we demonstrated high-sensitivity affinity biosensing, a

technique that is useful for protein–protein or protein–small molecule studies. The in-

formation gathered from these kinetic assays is indispensable for applications such as

drug discovery, quality control or proteomics. The nanohole system offers several clear

advantages over traditional SPR imaging techniques. Furthermore, very small footprint

(<1 µm2) plasmonic nanohole arrays can be engineered to have increased sensitivity

while suppressing neighbor-to-neighbor cross-talk for high packing density with the ad-

dition of surrounding Bragg mirrors. In this way, the tradeoff between resolution and

sensitivity is overcome. Without the surrounding Bragg mirror grooves, the smaller

nanohole arrays exhibit degraded transmission resonances and poorer sensing proper-

ties, and cannot be packed with such a high spatial density. For SPR imaging in the

near-infrared regime, where the SPP propagation loss is significantly reduced compared

to the visible regime, the inherent tradeoff100 between sensitivity (sharper SPR peak)

and lateral imaging resolution (more crosstalk) could also benefit from the platform

developed here. These plasmonic optical elements may lead to a highly sensitive, high-

throughput multiplexed SPR imaging system for proteomics and drug discovery. Addi-

tionally, this SPR imaging pixel may also have applications beyond protein microarrays,
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such as in nanophotonic circuitry, displays, or optical data storage.29

These plasmonic nanostructures are also useful for chemical detection by exploiting

Surface Enhanced Raman Spectroscopy (SERS). Various nanohole aperture designs were

shown. Plasmonic optical elements such as Bragg mirrors can also be a useful tool

to further optimize SERS-active substrates. Confocal Raman imaging was used to

characterize the nanofabricated SERS substrates that combined the enhancements and

design freedoms of nanohole arrays and SPP optics. However, roughness effects often

plague the reliability of such sensors, giving randomly distributed SERS hot spots.

To combat the often negative effects of roughness on SPP propagation and field

localization, the novel fabrication method of template stripping ultrasmooth patterned

metals was described. Since only the template was patterned, the resulting metal films

were free from ion contaminants. A major benefit of having such an extremely smooth,

high-quality interface was to increase the SPP propagation length towards that of the-

oretical values. Both ultrasmooth and ultrasharp nanometric features are repeatedly

reproduced over an entire wafer, opening up avenues for high-quality, practical plas-

monic devices. Additionally, the templates used for fabrication could be reused several

tens of time, with no real upper limit yet established.

With the high-quality surfaces from template stripping fabrication, the last chapter

of the thesis introduced three-dimensional plasmonic nanofocusing, a technique used to

control the delivery of optical energy to the end of a sharp tip. In the work presented,

even nominal nanoscale roughness was enough to be detrimental to the desired effect,

necessitating the use of template stripping. Such nanoscale optical hot spots are useful

for scanning probe microscopy, a plasmonic sensing technique used for optical or chem-

ical mapping of surfaces with sub-diffraction-limited resolution. Additionally, since the

pyramids are made with a thin metal film, backside illumination is also possible.

In all, these results presented novel devices and fabrication methods for plasmonic

sensing. By carefully engineering metallic nanostructures, these plasmonic properties

may be exploited for many applications.
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Appendix A

Fabrication Methods and Recipes

This appendix outlines detailed fabrication processing steps, procedures, and recipes.

A.1 Focused Ion Beam fabrication

Focused Ion Beam (FIB) milling was used extensively throughout this dissertation re-

search. This section of the appendix gives a brief outline of the FIB nanofabrication

technique for physically patterning a substrate.209,210 FIB can also be used for de-

positing various metals with ion-beam induced deposition,211 implant doping of semi-

conductors,210 or for preparing transmission electron microscope samples.212 It is ex-

tremely useful to test device designs, fix masks or electrical traces, or even produce

high-resolution ion-beam images, and has been an essential technique in the emerging

field of plasmonics.

Focused ion beams impinging on a surface offer a very different form of nanopattern-

ing compared to conventional methods that use a resist, exposure, and development.

Typically, the ions have accelerating potentials of tens of kilovolts, with beam currents

ranging over many orders of magnitude from picoamps to several nanoamps. Depending

on the column optics, ion source, and beam current, the beam spot sizes can range from

tens of nanometers to a micron. Numerous ion species are available, such as Al, Au, B,

Be, Cu, Ga, Ge, Fe, In, Li, P, Pb, and Si, the most commonly used being semiconductor

dopants.209,210 Typically, such FIB systems will use a liquid metal ion source. A metal

source is heated up, where it then flows down and wets a sharp tungsten needle. As an
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extraction voltage is applied between the metal source and an extraction aperture, the

liquid metal is then pulled into an extremely sharp cone. By balancing the electrostatic

forces produced by the extraction voltage and the liquid surface tension forces,209 the

liquid source can have a tip size on the order of several nanometers.210 Ions are then

pulled from the tip of this cone. As opposed to electron-beam imaging and lithography

systems, the “lenses” in a FIB column are typically electrostatic and not magnetic, due

to the large mass of the ions. Effects such as chromatic aberration, i.e. beams of ions

with a range of different energies, limit the final size and resolution of the focused beam,

which to a good approximation is Gaussian in profile.

Using a FIB for milling a substrate produces many effects, with approximately one

to five atoms removed per incident ion depending on the substrate and ion energies.

Electrons are released, chemical reactions may be induced, and atoms can be displaced

from their equilibrium positions. Interestingly, the shape of a milled groove depends

on several factors, and not just the Gaussian beam profile.210 Re-deposition and self-

focusing effects can lead to large geometrical differences depending on whether the

patterns were milled in a single step or with multiple repetitions, even with the same

overall ion dose. Also, milling a trench with large doses deviates from the gaussian

profile, giving an unexpectedly deep, v-shaped groove.210 However, care can be taken

to produce well-defined structures.

As shown, FIB milling offers many significant advantages, but also has some lim-

itations. It is a serial lithography technique, patterning only one spot at a time, un-

like optical lithography that patterns the whole wafer with one short exposure. For

high-resoltion (<100 nm) features, FIB milling is also slow. And, as mentioned in the

dissertation text, particularly in chapter 7, FIB milling can implant ions and increase

surface roughness due to grain-orientation-dependant mill rates, both of which degrade

the plasmonic properties of the device. As such, the advantages and disadvantages of

FIB milling need to be taken into account when fabricating a new plasmonic device.

A.2 Fabrication of a complete microfluidic biochip

1. Clean glass wafers or glass slides.

(a) Acetone, Methanol, Isopropanol (IPA) washing.
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(b) Dry with clean N2 stream.

(c) Piranha clean, 1:1 H2SO4:H2O2, 5 minutes.

2. Deposit metals.

(a) Using Temescal or CHA SEC600 e-beam evaporators.

(b) Pump to at least 4× 10−6 Torr.

(c) 5 nm Cr adhesion layer, 1 Å per second.

(d) 200 nm Au. 1–3 Å per second.

3. Optical lithography.

(a) Using Karl Suss MA6 or MABA6 Mask Aligner.

(b) Acetone, Methanol, IPA washing.

(c) Dry with clean N2 stream.

(d) Piranha clean, 1:1 H2SO4:H2O2, 5 minutes.

(e) Rinse with DI Water and dry with N2 stream.

(f) Spin coat NRI-3000PY (negative tone) resist, 3000 RPM for 45 seconds.

(g) Pre-bake, 115 ◦C, 3 minutes.

(h) Exposure, hard contact mode, 20 seconds.

(i) Post-bake, 105 ◦C, 1 minutes.

(j) Develop RD6, 1 minute.

4. Wet etch patterned gold chip.

(a) Gold etchant, 2 minutes.

(b) Cr etchant, 30 seconds.

(c) Rinse in DI water.

(d) Piranha clean,1:1 H2SO4:H2O2, to strip photoresist, 10 minutes.

(e) Rinse with DI Water and dry with N2 stream.

5. Prepare SU-8 mold for PDMS microfluidics.
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(a) Spin coat SU-8 resist on Si wafer, 2000 RPM, 30 seconds.

(b) Pre-bake 1, 65 ◦C, 6 minutes.

(c) Pre-bake 2, 95 ◦C, 20 minutes.

(d) Exposure using Karl Suss MA6 or MABA6 Mask Aligner, 50 seconds.

(e) Post-bake 1, 65 ◦C, 1 minute.

(f) Post-bake 2, 95 ◦C, 5 minute.

(g) Develop, 6 minutes.

(h) Self Assembled Monolayer treatment of SU-8 mold with trichlorosilane in

desiccator.

6. Prepare PDMS.

(a) Mixture of Sylgard 184 base : Sylgard 184 curing agent, 10:1.

(b) Remove bubbles in vacuum.

(c) Pour PDMS over SAM-treated SU-8 mold.

(d) Cure PDMS, 70 ◦C, 12 hours.

7. Focused Ion Beam (FIB) Milling

(a) Using FEI Dual Beam Quanta 200 3D.

(b) Using 30 pA current and 30kV accelerating voltage (typical).

(c) Using pre-patterned Cr/Au chips from previous steps.

8. Final assembly of microfluidic chip.

(a) Cut the PDMS in mold with razor blade.

(b) Punch inlet and outlet holes.

(c) Wash PDMS with Acetone, Methanol, IPA.

(d) Dry with clean N2 stream.

(e) Treat PDMS with O2 Asher, 0.6 Torr, 100 Watts, 8 seconds.

(f) Permanent bonding to pre-patterned Cr/Au chips.

(g) Cure on hotplate, 60 ◦C, 30 minutes.
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A.3 Template stripping

1. Preparation of Si template.

(a) Clean wafer or Si chip with Acetone, Methanol, IPA, DI Water.

(b) Dry with clean N2 stream.

(c) Piranha clean, 1:1 H2SO4:H2O2, 5 minutes.

(d) Rinse with DI Water and dry with N2 stream.

(e) Use optical lithography (as above) or FIB (as above, except maybe increase

current to 100 pA) to define patterns.

(f) Or define patterns with e-beam lithography (Raith or FIB e-beam)

i. Using 4% 495 polymethyl methacrylate (PMMA) in Anisole thinner to

get 495 PMMA, A4.

ii. Spin coat Si with PMMA, 3000 RPM, 30 seconds, for 200 nm thick film.

iii. Pre-bake, 180 ◦C, 90 seconds.

iv. Exposure (Raith or the FIB e-beam), 20 kV accelerating voltage, 100 pA

current (typical), dosage of 200 µCoul per cm2.

(g) Anisotropic wet etching of pyramids with [100] Si.

i. Grow 100 – 200 nm thermal oxide on clean Si wafer.

ii. Pattern a resist over the oxide with photolithography (as above) or e-

beam lithography (as above).

iii. Use STS Etcher for Reactive Ion Etching to pattern into oxide layer.

Recipe “pjsoxide” for 4 – 8 minutes depending on oxide thickness.

iv. Remove resist with piranha clean, 1:1 H2SO4:H2O2, 5 – 10 minutes

v. Alternatively, a lift-off procedure may be used to generate a metal (Cr

or W or Cr/Au) etch mask.

vi. Potassium Hydroxide (KOH) wet etching, 20% KOH : 64% H2O : 16%

IPA. Etch time depends on size of pyramid mask and temperature. Typ-

ical temperature 40 – 70 ◦C.

vii. Soak in DI Water for 10 – 30 minutes to remove residual KOH.
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(h) If using a Cr or W metal etch mask, remove with CR-7S etchant (Cyantek)

or H2O2, respectively.

(i) Dip for 10 seconds into Buffered Oxide Etch (BOE) to remove native oxide.

(j) Piranha clean, 1:1 H2SO4:H2O2, 5 minutes.

2. Metal deposition (as above).

(a) Typically a very slow rate, less than 1 Å per second, is used for the first 10 –

20 nm to ensure good coverage and smoothness of the final template-stripped

film.

(b) Thick metal foils may also be deposited via electrodeposition on top of a ther-

mally or e-beam deposited film. This avoids the need for template stripping

with epoxy.

(c) To increase the grain size of the metal film, thermal annealing may be used.

For Au, 500 ◦C for several minutes or hours is sufficient.

3. Template stripping procedure.

(a) Several epoxies may be used, such as a two-part epoxy (EPO-TEK 377,

Epoxy Technologies), a quick-set epoxy (Loctite), or an UV-curable optical-

grade epoxy (Norland 61).

(b) For convenience, a rigid substrate, such as a small glass chip, is attached to

the epoxy before curing.

(c) Afer curing (typically wait 24 hours depending on epoxy), use razor blade to

separate the epoxy and the metal from the Si template.

(d) Samples should be imaged in SEM or incubated with SAM or otherwise

protected as soon as possible, especially with Ag films.

(e) The Si template can then be cleaned (as above) and used again.



Appendix B

Common Acronyms

Table B.1: A listing of the common acronyms used through-

out the dissertation text.

Acronym Definition

AFM Atomic Force Microscope

FDTD Finite Difference Time Domain

FIB Focused Ion Beam

LSPR Localized Surface Plasmon Resonance

NSOM Near-field Scanning Optical Microscope

PDMS Polydimethylsiloxane

PMMA Polymethyl Methacrylate

SAM Self Assembled Monolayer

SHG Second Harmonic Generation

SEM Scanning Electron Micrograph

SERS Surface Enhanced Raman Spectroscopy

SP Surface Plasmon

SPR Surface Plasmon Resonance

SPP Surface Plasmon Polariton
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