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Abstract

Surface plasmons are charge density oscillations that can couple strongly to light
and be excited in, for instance, thin metal films and metal nanoparticles. The plas-
monic excitation squeezes the light down to nanometric length scales, far smaller
than the wavelength of the light. This localization of light can be utilized in sev-
eral surface-enhanced spectroscopies, for photothermal therapy, in optical trapping
methodologies and in refractometric sensing schemes. This thesis focuses on various
excitation schemes and spectroscopic measurements of surface plasmons and their
sensitivity to the dielectric surrounding the metal.

Plasmonic excitations in metal films and nanoparticles have several common
features, although only the former has successfully been commercialized as a refrac-
tometric biosensing platform. In a direct comparison of the two, both platforms
performed equally well, from a sensitivity point-of-view. However, there are two
significant advantages of nanoparticle plasmonic sensing schemes: The much re-
laxed excitation conditions and the miniscule size of the nanoparticle sensors. In a
combination of these features, hundreds of individual nanoparticles were simultane-
ously interrogated in order to approach the few to single molecule detection limit.
The data were obtained using a hyperspectral imaging methodology in combina-
tion with an enzymatic precipitation reaction that enhanced the plasmonic response
from individual adsorbed molecules. The results demonstrated a sensitivity in the
single molecule range, but a number of inhomogeneous broadening effects prevented
counting the exact number of molecules per particle.

In a different line of research, plasmonic nanoparticles placed in a large two
dimensional array with small interparticle spacing and supported with a glass sub-
strate were interrogated. The nanoplasmonic layer then act as a metamaterial that
can support strongly asymmetric resonances, dispersive modes and even complete
light absorption. These effects are due to a so-called Fano interference between
the plasmon excitation and the reflection from the dielectric boundary. Complete
absorption enhances the optical near-fields, which can be utilized in, for instance,
surface enhanced spectroscopy techniques. However, minimizing the reflection has
another interesting feature: A rapid phase jump of the reflected light. The phase
is shown to vary about one order of magnitude faster than the reflected intensity
and, therefore, also provides around one order of magnitude higher sensitivity to
molecular adsorption.

Altogether, the results presented in this thesis provides a basis for several in-
teresting sensing schemes, as well as insight into some fundamentally intriguing
phenomena regarding absorption, nanoscale coherence and light localization.

Keywords: surface plasmons, biosensing, metamaterials, Fano resonances
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Chapter 1

Light at the Nanoscale

Seeing is believing. Sight is perhaps the most important of our human senses,
allowing us to study and interpret the world we live in, ranging from the enormous
span of the universe to the microscopic life within single cells. Therefore, both the
telescope and the microscope were revolutionary inventions, with which human kind
could finally envision the vastness of the universe and study fatal bacteria by eye.
Leaving Gallileo and the Milky Way to the side, this work focuses on light in the
micro- and nanoscopic universe, which we otherwise cannot resolve.

The first microscopes where probably developed in the Netherlands during the
late 16th or in the beginning of the 17th century. In the latter part of the 17th

century, Robert Hooke published his astounding work Micrographia, in which he,
for example, published drawings of his observations through the eyepiece of his
microscope[1]. As seen in Figure 1.1 the microscopes back then did not show much
resemblance with today’s automated systems, but they contained more or less the
main optical components. With this powerful tool Hooke could investigate the
microscopic universe and found the cell, named after what he thought looked like
monks quarters.

The development of the microscope continued over the next century, however,
it was soon clear that also the microscopes were limited in resolving power. The
concept of the so-called diffraction limit was published in the 1870’s by Ernst Abbe
and Hermann Helmholtz, stating the smallest resolvable distance, d, between two
point sources depended on the wavelength, λ, and light acceptance cone of the optics,
that is, the numerical aperture, NA, of the system [2, 3]:

d ≈ λ

2NA
. (1.1)

Diffraction of light blurs the image of a point source leading to a so-called Airy
pattern in the far field [4]. The criterion for resolving two point sources close to each
other was defined by Lord Rayleigh as when the maximum of one source coincided
with the first minimum from the second source [5]. Even though a perfect lens
would be feasible to fabricate, the diffraction would limit the resolvable features.
For visible light, ranging from about 400 to 750 nm, the smallest resolvable details
are about 200 nm. It is of course possible to use light of shorter wavelengths, such
as ultra-violet or even X-ray light, but this may be harmful for the specimen under
study, for instance living cells.

Today, however, there are several ways in order to retrieve information from
beyond the diffraction limit. Naturally, these length scales describes biology and
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Figure 1.1: Robert Hooke’s microscope (A) and cell observation (B).

chemistry in more detail, but are also extremely important in many more fields of
research and technology. During the two last decades, there has been a boost in
optical imaging techniques, based on far-field methodologies and/or mathematical
post-processing techniques [6–15]. However, there has also been a tremendous devel-
opment on techniques that rely on the properties of nanoscopic matter; Techniques
that enables single molecule spectroscopy, molecular manipulation and detection,
enhanced catalytic activity and so on [16–21]. This field of research is generally
termed nanotechnology or nanoscience, due to the length scales of the structures
which either are studied or utilized for investigating other processes on these length
scales. According to the National Nanotechnology Initiative [22], there are sev-
eral key properties of nanoscale matter that make it so interesting: The geometric
overlap with many biological processes, the possibility to study quantum effects, to
increase surface-to-volume ratios, for instance to enhance catalytic activity and, last
but not least, the study of size-dependent properties of matter.

One of the main concepts of nanotechnology is perhaps tunability. For example,
noble metals have completely different properties on the bulk scale and in the nano
regime. Dividing bulk gold into two pieces does not change them very much: You
have only created two bulk pieces with identical properties. However, taking a gold
or silver nanoparticle and slicing it into two, yields two pieces that 1. is much dif-
ferent from the original piece and 2. most likely have different properties, compared
one to another.

Nanotechnology does not, however, mean that researchers should only deal with
very small length scales. It is also possible to utilize nano effects on the macroscopic
scale to enhance, tune or create all-new properties of matter, that does not exist
in Nature, as we know it. Again, catalysis is good example, but also exotic optical
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properties, such as negative refraction, optical cloaking, complete absorption of light
etcetera, can be achieved on the macroscale, possibly to create perfect lenses for
subdiffraction imaging or more efficient solar cells.

However, the great advances made within the nanotechnologic field is to a large
portion due to several enabling technologies. The perhaps most prominent and ob-
vious is nanofabrication techniques, through which increasingly complex and exact
structures can be made, continuously pushing the resolution limits and cost of fabri-
cation. Perhaps not as obvious is the impact of lasers, CCD imaging technology, the
Scanning Electron Microscope (SEM), optical fibers and so on. All these technologies
enabled nanoscopic sensors based on nanoscale structures such as nanocantilevers,
carbon nanotubes, magnetic nanoparticles, quantum dots, whispering galleries, sili-
con nanowires and plasmonic nanostructures [23–33]. All the nanoscale sensors are,
in principle, interesting because of the overlap between the size of the sensor and
the analyte to be detected. Further, their small size also make dense packing of
individual sensors possible.

Nanophotonics and nanoplasmonics are subfields of nanotechnologic research.
Both fields concerns with light at the nanoscale, with the latter utilizing surface
plasmons for field confinement. Nanophotonics may contain interesting aspects such
as photonic crystals, subwavelength dielectric resonators, quantum dots and many
more [23, 34–37]. The main topic of this thesis is surface plasmons. Chapter 2
will give a more detailed introduction to their properties, but there are some major
characteristics to point out already now. Metal nanoparticles, which support surface
plasmons in the visible range, act as optical antennas, focusing the light down to
length scales smaller than their own geometric dimensions. On the other hand,
their apparent optical cross section, that is, the geometrical area that the particles
seems to interact with incoming light, is about one order of magnitude larger than
their own geometrical area! This discrepancy make metal nanoparticles extremely
interesting for transforming information about nanoscale interactions into detectable
signals in the far field.

Chapter 3, comprises the macroscale optical properties that arises due to pat-
terning surfaces with plasmonic nanoparticles. Although individual nanoparticles
can be excited from almost any angle, the excitation efficiency is vastly altered in
this case, depending on the incident polarization and energy of the light, as well as
the surface density of nanoparticles. In fact, such arrays can be tuned into a so-called
perfect absorption condition where all light is absorbed within the nanoparticles.

As described above, the surface plasmons can be used to probe processes on
the nano-scale, such as molecular adsorption and desorption kinetics. Chapter 4
outlines the main concepts within this field of research, for instance, how the field
confinement affects results and how the macroscale optical properties, described in
Chapter 3, can be used in enhanced sensing techniques.

Finally, a summary and a short outlook into future works and open questions
is found in Chapter 5. It also briefly summarizes the appended papers, published
during this work.
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Chapter 2

Plasmonics

Plasmonics is the collective name for applications and research involving plasmons,
charge density oscillations typically excitable with visible light in noble metals under
special circumstances. The history of plasmonics dates back to the beginning of the
last century when Mie described the resonances of small particles, Drude explained
the dielectric function of metals and Wood experimentally documented the first
indication of surface plasmon resonances (SPRs), although not fully understood
as a plasmonic response until several decades later, through the pioneering work
of Ugo Fano [38–41]. Plasmons in metals are due to the collective oscillations of
conduction electrons, which are free and delocalized. In the 1950’s and 1960’s a
configuration for exciting plasmons in thin films was developed [42–44], leading to
the application with perhaps the largest impact of the plasmonic community as of
today: The refractometric label free thin film biosensor, first described by Nylander
and Liedberg in the early 1980’s [45, 46].

The strong interaction of plasmons with visible light is responsible for the beau-
tiful stained windows in medieval churches. The colors of stained glass stem from
small nanosized noble metal particles supporting so-called localized SPRs (LSPRs).
LSPRs absorbs different colors depending on the geometrical shape, size, mate-
rial and surrounding environment of the nanoparticles. The distinctive color comes
from the great coupling efficiency between the nanostructures and the incident light,
manifesting in optical cross sections much larger than the nanoparticles’ geometrical
extent.

Recent advances in nanofabrication techniques enables detailed design of both
individual and arrays of nanostructures. The design of individual nanostructures
has, for instance, lead to deep sub-wavelength directivity of light and plasmon as-
sisted lasing in so-called SPASERs [47–49]. The nanoscale design of nanostructure
arrays enables even more spectacular optical properties, such as metamaterials and
meta-surfaces exhibiting negative refraction, anomalous reflection and refraction and
plasmon-induced transparency [50–55].

Nanoparticles can be thought of as antennas, transmitting signals between our
macroscopic world in the optical far field and the nano-sized reality of the plasmonic
mode volumes, residing in the optical near-field. The near fields are enhanced,
which enables several surface enhanced spectroscopies, enhanced photovoltaics and
photothermal therapies [56–62]. Plasmonic refractometric sensing schemes appears
due to the large sensitivity of the plasmon to the refractive index of its immediate
surroundings. Due to the large confinement of light in the optical near field, the
plasmon is only sensitive to changes up to 10-100 nm from the metal surface, which
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Figure 2.1: The permittivity of gold from experimental data and the Drude ap-
proximation [38, 63, 64]. (A) The real part of the permittivity is quite accurately
described by the Drude model, however, it underestimates the imaginary part. (B)
The model is improved by adding Lorentzians to describe, for instance, interband
transitions in the material, as described by the Lorentz-Drude model [64, 65].

overlaps well with the sizes of many interesting molecules, such as proteins, sugars,
nucleic acids, lipids etc. The refractometric plasmon biosensors do not focus on
the colorful appearance of plasmons, but rather the change of appearance due to
changes in the dielectric properties in its vicinity.

2.1 The Drude Approximation

Metals are often referred to as perfect reflectors and are, for instance, used as waveg-
uides in microwave technology. However, at shorter wavelengths, the reflectivity
decreases. Metals do not allow external electrical fields to penetrate them in the
microwave region, but this is not true for visible and/or near infrared light. Further,
alkali metals are fully transparent in UV-light, while noble metals, like gold and sil-
ver, are not. In this region these metals experience inter band transitions leading to
high absorption.

All the optical properties are described by the complex dielectric function, ε,
of the material. For metals the dielectric function is complex, with a negative real
part. Much of the basics of plasmonics can be explained by the dielectric function
of metals. The permittivity of solids varies with the incoming frequency of light,
ω. The dielectric function and the refractive index of solids are complex, since the
electrons face resistance and experiences interband and intraband transitions. One
simple method to model ε is the Drude model, named after Paul Drude, whom was
a German scientist specialized in optics and proposed this model 1900 [38]. The
model considers the valence electrons of the metal as a free electron gas, influenced
by an external electric field. The electrons are elastically bound to an atom, here
assumed to be much smaller than the wavelength of the applied field. The equation
of motion can then be written as:
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m
∂2x

∂t2
+mγ

∂x

∂t
= −eE0e

−iωt, (2.1)

The applied electric field will induce a polarization P = Np, where p = −ex0, e is
the electron charge, m is the electron mass and N is the number of electrons per
unit volume. With the ansatz x(ω, t) = x0(ω)e−iωt, one finds:

P = − Ne2E0

m(ω2 + iγω)
= ε0(εm − 1)E0, (2.2)

from which ε can be retrieved:

εm(ω) = 1− Ne2

ε0m(ω2 + iγω)
= 1−

ω2
p

ω2 + iγω
, (2.3)

where ωp =
√

Ne2

ε0m
. There are several simplifications and assumptions made in the

model. The main limitation is that it only considers the contributions from the free
conduction electrons. Therefore, it is common to also add the interband transitions
as Lorentzian functions to retrieve a more complete representation of εm, see Figure
2.1. The Drude model is, however, still useful as it gives an indication of how
the dielectric function varies with the frequency of the light and, as plasmons are
indeed oscillations of the free electrons in metals, it captures the interesting features
relevant to this field of research.

2.2 Surface Plasmon Polaritons

The dielectric properties of noble metals, described in the previous section, results
in several interesting optical features. For instance, the negative real part of the
permittivity leads to surface bound waves at a metal/dielectric interface. The surface
waves are generally termed surface plasmon polaritons (SPPs) due to the strong
coupling between photons and the plasmons in the metal. The properties of the SPPs
can be derived directly from electrodynamic boundary conditions for transverse-
magnetic (TM) waves, which result in the famous dispersion relation:

k(ω) =
ω

c

√
εm(ω)εd
εm(ω) + εd

, (2.4)

where εd denote the permittivity of the dielectric medium and c is the light velocity
in vacuum. Any bound waves are not allowed for transverse electric (TE) waves,
unless assuming magnetic media.

In order to excite any surface waves, both energy and momentum needs to be
conserved. The dispersion describe that SPPs have a larger wavevector component,
or momentum, than ordinary photons in the dielectric medium, as illustrated in
Figure 2.2A. Although this discrepancy is what actually lead to the confinement
of the light, it also mean that any excitation of the SPP is impossible with direct
illumination from the dielectric side. In practice, surface roughness may lead to some
excitation and de-excitation possibilities, but in the ideal case other methods have
to be used. Generally, there are two main means of excitation: Using high index
materials on the back side of a thin metal film or using a grating in the vicinity of the
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Figure 2.2: SPP properties. (A) An SPP is a surface wave with a larger k-vector
than a photon in the same medium. (B) The confinement to the surface yields two
distinctive lengths, the propagation length along the surface, in x, and the penetra-
tion depth, in the ambient, along z. These lengths defines the spatial extension of
the SPP, which varies with wavelength. (C-D) The field amplitude, |E(x, z)|, versus
x and z at λ = 550 nm (C) and 750 nm (D). All data is calculated using the Drude
model for gold.

boundary. The former alternative uses photons that tunnel through a relatively thin
metal film, in order to excite the SPP at the metal/low index dielectric side. Since
a high refractive index material support photons that can carry more momentum,
such a system can lead to high excitation efficencies. In the grating coupling case,
the momentum of the photons is increased by the grating scattering properties, thus
leading to matching of the energy and momentum criteria for excitation.

Figure 2.2B show the confinement of the SPP for two different wavelengths and
ambient media, that is, with ambient permittivity εd = 1. A much larger portion
of the fields penetrate into the dielectric media, compared to the fields penetrating
within the metal (not shown), with longer wavelengths penetrating deeper than
shorter wavelengths. The SPP is also confined in-plane, along the surface. Generally,
this confinement is termed propagation length, which is defined from the imaginary
part of equation (2.4). The penetrating depth and the propagation length thus define
the “mode volume” that an SPP comprises. For example, when using the system
as a refractive index sensor, the refractive index within the whole mode volume will
contribute to the signal.
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2.3 Nanoplasmonics

In the same manner that the dispersion relation of an SPP can be solved at a
planar interface, it is possible to calculate the polarizability of a conductive sphere
in a dielectric environment [66, 67]. External electric fields lead to the separation
of surface charges on the sphere, again due to the free conduction electrons. The
surface charges creates a polarization field inside the particle that seeks to restore
field neutrality. This field will be dependent on the dielectric function of the particle,
from which a frequency dependent polarizability can be derived. Generally, these
calculations are valid in the so-called quasistatic regime, where the nanoparticle is
assumed to be significantly smaller than the wavelength, but the dielectric function
still has a frequency dependency. The calculations lead to a so-called Clausius
Mossotti polarizability:

α(ω) = 4πεda
3 εm(ω)− εd
εm(ω) + 2εd

= 4πεda
3

(
ω0

ω2
0 − ω2 − iωγ

− ω2 + iωγ

ω2
0 − ω2 − iωγ

1− εd
1 + 2εd

)
.

(2.5)
Here, a is the radius of the sphere and the dielectric function of the metal has
been approximated by the free electron Drude model [38]. There are corrections to
the model, taking into account retardation effects, but the main characteristics is
found in equation (2.5), including enhanced near fields surrounding the nanopar-
ticle and a clear resonance condition when the denominator vanishes, dependent
on the surrounding permittivity. For small γ the resonance frequency is given by
ω0 = ωp/

√
1 + 2εd, and the LSPR will red-shift if nd =

√
εd increases, according to

<[εm + 2εd] = 0. Figure 2.3A shows the resonance condition for small spheres in air
and water environment, together with the real parts of the dielectric functions of
gold and silver. The real part of noble metal dielectric functions decrease for longer
wavelengths, resulting in a red-shift of the resonance condition as the refractive
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Figure 2.4: Normalized extinction cross sections of gold ellipsoids. (A) By varying
the major axis, a1 = a2, while maintaining a constant minor axis, a3 = 10 nm, the
in-plane resonance red-shifts. (B) Color plot of normalized σext(ω) when varying
the same parameters, demonstrating the broadening of the resonances at longer
wavelengths. Data calculated using equation (2.8) and (2.9) in water, n = 1.33,
together with the modified long wavelength approximation and using experimental
data for the dielectric function of gold [63, 69, 70].

index of the surrounding medium increases.

Equation (2.5) describe the dipolar resonance of the metal sphere. However,
there are many more resonances potentially excitable. These multipoles can be
found from [66, 68]:

αl(ω) =
l(εm(ω)− εd)

lεm(ω) + (l + 1)εd
a2l+1, (2.6)

which, for instance lead to the quadrupolar resonance [68]:

α2(ω) =
4

3
πεda

5 εmetal(ω)− εd
2εmetal(ω) + 3εd

. (2.7)

In Figure 2.3B, the imaginary part of equations (2.5) and (2.7) is plotted, using a
Drude model for εm. For small spheres, the quadrupole is about a factor a2 weaker
than the dipolar resonance. The quadrupole is located at shorter wavelengths, often
obscured by interband transitions in metals such as gold. Additional multipoles are
even weaker, which make the dipolar approximation of many plasmonic nanoparticle
resonances relevant.

Also the shape of the nanoparticle plays an important role for the resonance
position. For example, if the sphere is elongated along one direction, the surface
charges on the opposite sides of the spheroid will move further and further apart,
decreasing the restoring force and thus shifting the resonance to lower energies, or
longer wavelengths. A useful approximation for the polarizability of ellipsoids can
be written as:
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α(ω) = 4πa1a2a3
3

εm(ω)−εd
εd+Li(εm(ω)−εd)

Li = a1a2a3
2

∞∫
0

δq
(a2i+q)f(q)

f(q) =
√

(q + a2
1)(q + a2

2)(q + a2
3)∑

Li = 1

, (2.8)

where a1, a2 and a3 denote the different axis of the ellipsoid, which determine the
depolarization factor, Li (i = 1, 2, 3). Commonly, nanodisks are approximated as
oblate spheroids for analytical simplicity. For oblate spheroids a1 = a2 and a1 > a3,
while prolate spheroids have a1 < a3.

Generally, the optical cross sections of nanoparticles or nanoparticle ensembles
are measured. The three most important cross sections are the extinction, scattering
and absorption cross sections, which are all dependent on the polarizability. The
cross sections are given by:

σext(ω) =
ω

c
Im(α(ω)), (2.9)

σsca(ω) =
(ω
c

)4

|α(ω)|2 , (2.10)

σabs(ω) = σext(ω)− σsca(ω), (2.11)

Figure 2.4 shows how the resonance shift in extinction cross section spectra for
varying gold ellipsoidal geometries. Here, the calculations include retardation effects,
by using the modified long wavelength approximation (MLWA) [69, 70]. Larger
aspect ratios, a1/a3, result in a red shift of the resonance position and additional
broadening of the resonances. From a plasmonic point of view, the spectral region
600-750 nm yields more narrow resonances, which may be beneficial for several
applications. Typically, surface enhanced phenomena is related to the so-called
quality-factor, or Q-factor, of the resonance [71]. This parameter is calculated as
the resonance energy over the width of the resonance. Good resonators have large
Q-factors as the light is confined within them for a longer time.

From equation (2.8) it is clear that an anisotropic nanoparticle have different res-
onances depending on the excitation condition. To illustrate discrepancy, Figure 2.5
show transmission spectra for two anistropic gold nanoparticle ensembles: Elongated
nanoparticles and taller nanocones. By illuminating the elongated nanoparticles at
normal incidence, while aligning the incident polarization along the short and long
axis of the nanoparticle, respectively, different resonances are probed. The dips
in the transmission spectra is related to the two in-plane resonances. Similarly,
tall nanostructures have prominent resonances out-of-plane, which lead to different
spectra depending on the incident angle of the light, as illustrated in Figure 2.5 B.

Furthermore, nanoparticles can interact, both on the short range, though the
optical near fields, and on the long range, through far-field interactions. Such prop-
erties can be understood through the Coupled Dipole Approximation (CDA) [72, 73].
Placing two dipoles in close vicinity of another alters their optical responses. In Fig-
ure 2.6A two dipoles, with resonances appriximated by gold ellipsoids, are placed
with varying distance from one another, from 50 to 5 nm. Shorter distances de-
creases the restoring force and the resonance red shifts, if the dipoles are aligned
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Figure 2.5: Different resonances in anisotropic nanoparticles. By altering the ex-
citation conditions, different resonances are excited. (A) Elongated nanoparticles
excited at normal incidence with the polarization of the incident light parallel to
the short and long axis, respectively. (B) Tall nanoparticles, nanocones, excited at
normal and 45◦ incidence.

with the incident polarization. Smaller changes are seen if the polarization is per-
pendicular to the dimer axis, but the resonances show a slight blue shift, due to an
increased restoring force. If more nanoparticles are considered, far field interactions
can become prominent [74–76], as exemplified in Figure 2.6B. Placing dipoles in a
periodic array lead to diffractive coupling effects, which may lead to sharp features
in the optical spectrum. For a less ordered array, these effects are much smaller,
but the far-field interactions are still there, leading to small differences between the
single nanoparticle spectrum and the ensemble properties [77].

The shape and composition of nanoparticles are, in other words, extremely im-
portant for their optical properties. Further, how the these properties are probed
can yield completely different results as different resonances can be excited, with
different properties both spectroscopically and in terms of localization. The simple
illustrations in Figure 2.4 and 2.5 show the extreme tunability and vast possibili-
ties that can be achieved with nanoplasmonics. However, these properties merely
scratches the surface of the interesting optical properties that have been reported on
plasmonic nanostructures, as noted in the introduction of this Chapter. However,
also relatively simple structures can show very interesting optical properties, when
placed in an array. More about these macroscopic optical properties can be found
in Chapter 3.
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Figure 2.6: Dipolar interactions in (A) dimers and (B) arrays. (A) When nanopar-
ticles are placed in close vicinity of one another, the resonances shift, due to strong
interactions in the optical near-field. Here, the distance between the dipoles is
changed from d = 5 nm to d = 50 nm. (B) Strong interactions can also couple
nanoparticles on longer distances from each other, through the optical far fields, giv-
ing rise to so-called diffractive coupling effects or collective resonances, as illustrated
in the calculations based on the periodic array (red). Decreasing the periodicity in
the array, also decrease the effect of the far-field coupling. A random array (blue),
with a minimum nearest-neighbor distance, d, show very similar optical properties
to the single dipole. The calculations are based on an spheroidal gold nanoparticle,
with minor and major axis of 22 and 50 nm, respectively. The gold permittivity is
modeled by experimental data [63].
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Chapter 3

Optical Properties of Nanoparticle
Arrays

Contrary to the common behavior of individual nanoparticles, the optical properties
of two-dimensional arrays of nanoparticles are highly sensitive to the excitation
conditions. Isotropic nanoparticle arrays can either be described by an effective
refractive index of a three dimensional medium or as a two-dimensional interference
phenomenon[68, 78–84].

Effective medium theories have been around for a long time. The idea is to assign
an effective refractive index or permittivity to a material with a more complicated
composition, such as metallic inclusions on an interface. For example, the Maxwell
Garnett or the Yamaguchi effective medium theories combine the permittivity of
the inclusions, and their respective volume concentrations, to arrive at effective
macroscale parameters that yield the correct far-field [78–81]. A metamaterial, or
equivalently a metasurface, is composed of so-called meta-atoms, for instance small
metal nanostructures, that yield designable macroscopic optical properties. Typ-
ically, the optical properties of the metamaterial cannot be found in Nature, but
is synthesized for a given application. The meta-atoms should be sub-wavelength
and generally assumed to be spatially separated and non-interacting. Naturally,
the fields within the metamaterial layer are not described correctly by such an
approach, as the fields are smeared out, or averaged, within the entire medium.
Metallic nanoparticles within the medium would still concentrate the light close to
the metallic surface, but these effects are not taken into account. Metamaterials
can, for instance, be designed to facilitate negative refraction and superlensing ef-
fects, enhanced optical chirality or anomalous reflections[12, 52, 85]. However, the
effective medium theories are indeed helpful in interpreting complex media, and
have been used successfully to describe far field reflection and transmission spectra
from plasmonic nanoparticle arrays fabricated on a dielectric support [82–84]. In
the following section, the 2D-description is introduced, which has been the basis of
the work in this thesis.
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3.1 Reflecting on Reflections

The samples under investigation here are mainly prepared by Hole-Mask Colloidal
Lithography (HCL) [86]. Characteristic for these types of samples is the bright
colors that is evident from simple visual inspection, as seen in Figure 4.1. These
colors generally stem from the sample specific absorption of optical wavelength bands
in close relation to the plasmon resonance wavelength. A sample with a plasmon
resonance far in the red part of the spectrum therefore look blue or blue-greenish
under normal illumination conditions.

Generally, HCL samples are used to fabricate arrays of nanoparticles or nanoholes
in thin films, however more exotic designs can be produced as well, such as homo-
and hetero dimers, nanosandwiches, nanocones, etc[86–88]. The fabrication tech-
nique utilizes charged polystyrene beads that due to mutual Coulombic repulsion
form arrays with a characteristic short range order, but without any significant long
range order, as seen in Figure 3.2 A. It follows that the structures are only weakly
interacting as there is no geometrical resonance present in the spectra. The nearest
neighbor, center-to-center, distance is generally 2-3 bead diameters which leads to
spectra similar to the expected single particle spectrum. Lastly, the randomness
and the possibility of relatively large filling factors lead to meta-material-like prop-
erties of the sample. For example, the scattering from randomly arranged identical
nanoparticles will add up coherently at the reflection angle, as the phase difference
of the excitation (of the incident light) and the re-emission (scattering) cancel in
this direction. This can be used to describe reflections from bulk material interfaces
where an infinite number of dipoles at the interface add up in phase at the reflection
angle, see Figure 3.1. While coherent scattering is the dominating effect, there is
also diffuse scattering due to the lack of long-range order in the array, imperfections
in the array, nanoparticle inhomogeneities, etc.

One should, however, be careful to assume a single particle-like spectra in re-
flections from a sample fabricated using the HCL method. Although the scattering
from the nanoparticles add up in phase in the reflection angle, there is always a
contribution from the support on which the structure is fabricated. The reflection
spectra can show either peaks, dips or anything in between, if the experiment is not
designed with the two component interference in mind. The spectroscopic extrema
are thus not solely related to the plasmon resonance, as will be described in further
detail in the following sections.

3.2 Nanoparticle Arrays as a Metasurface

There are (at least) two equivalent methodologies to derive the optical properties of
a nanoparticle array metasurface [68, 89]. The first one utilizes Maxwell’s equations
in the boundary in order to define new boundary conditions, taking into account
the polarizabilities of the nanoparticles [68]. The second metasurface approach is
based on the interference between the reflectance from the nanoparticle layer and the
reflection from the interface on which the nanoparticles are supported [89]. These
two approaches are equivalent, as they result in the same Fresnel coefficients. In this
section, the modified Fresnel coefficients will be derived using the modified boundary
conditions and it will also be shown that these are equivalent to the second approach.

The first assumption is to describe the nanoparticles as point dipoles, aligned
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Figure 3.1: Reflection of a plane wave as a result of scattering. (A) For a general
dielectric interface the atoms to the right are illuminated and excited later than the
atoms to the left. The phase difference acquired cancel at the reflection angle, where
the spherical waves scattered from the atoms again add up in phase. For clarity,
the spherical waves illustrated in this cartoon originates only from the top layer of
atoms. (B) Similarly, for an nanoparicle array without long range order, the phase
delays of excitation and scattering counteract at the reflection angle.

according to the excitation polarization. With the boundaries situated in the x− y
plane, we may define z = 0 at the support/ambient interface, with positive and
negative values in the ambient and supporting media, respectively. The dipole layer
should then be situated somewhere between z = 0 and z = h, where h is the height
of the nanoparticles.

For very thin nanoparticles, a common approximation is to define an infinites-
imally thin surface comprising the nanoparticle response, in order to simplify the
problem by only considering a single interface. The combined polarizabilities of the
nanoparticle layer can then be described by a surface polarization,
~P s = ρ(αx, αy, ε

+αz) · ~E+, dependant on the mean polarizability, α, and surface den-

sity, ρ, of the nanoparticles, together with the permittivity, ε, and electric field, ~E,
in the ambient medium. Maxwell’s equations for non-magnetic materials are given
by:

17



—

Nanoparticle
Air
Glass

   E t =
=E (1+r)

i

i

H
E

H|| =Hcosθi

z

x y

2 µm

A B

Figure 3.2: Short-range ordered gold nanodisks. (A) A scanning electron micrograph
(SEM) image of 120 nm in diameter and 30 nm tall Au nanodisks fabricated by
HCL. (B) Cartoon of the transverse electric fields used for deriving modified Fresnel
reflection coefficients for nanoinclusions in a dielectric boundary.

~∇ · ε ~E = 0, (3.1a)

~∇ · ~H = 0, (3.1b)

~∇× ~E = −1

c

∂ ~H

δt
, (3.1c)

~∇× ~H =
ε

c

∂ ~E

δt
. (3.1d)

Generally, applying equations (3.1a)-(3.1d) to any dielectric boundary results in
well-known boundary conditions, from which Fresnel reflection and transmission
coefficients can be derived. However, the nanoparticle surface polarization lead to
modified boundary conditions, due to the abrupt jumps in the fields at the boundary.
All fields are not only described with the components residing in the ambient and
supporting media, but also with a surface contribution. As an example, we may
write the electrical fields as ~E = ~E−Θ(−z) + ~Esδ(z) + ~E+Θ(z), where Θ and δ are
the Heaviside and Dirac delta functions, respectively. Naturally, any differentiation
along the z-component will result in new boundary conditions, compared to the
more natural case with no surface contribution. The modified boundary conditions,
for a non-magnetic system, may be written as [68]:

D+
z −D−z = −∇|| ·P s

|| , (3.2a)

B+
z = B−z , (3.2b)

E−|| − E
−
|| = −∇||P s

z , (3.2c)

H−|| −H
−
|| = i

ω

c
~z × P s

|| , (3.2d)

The reflection coefficients may be retrieved from, for instance, equation (3.2d). For
simplicity, the out-of-plane polarizability and hence P s

z is set to zero, as αz � α||
for thin nanoparticles in the wavelength ranges considered in this thesis, although
including the out-of-plane polarizability is straightforward [68, 82, 84]. For isotropic
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nanoparticles, transverse electric (TE or s-polarization) and transeverse magnetic
(TM or p-polarization) modes may be solved for separately.

For TE, the polarization is along the y-axis and the term ~z × ~P = −ρα||Eexc~x.

With field incident from the supporting medium side, i.e. from z < 0, ~Eexc =
Et~y = (Ei + Er)~y, where the subscripts i, r and t denote the incident, reflected
and transmitted fields, respectively. Furthermore, H−|| = ni(−Ei + Er) cos θi~x and

H+
|| = −ntEt cos θt~x = −nt(Ei + Er) cos θt~x, which lead to the following boundary

condition:

nt(Ei + Er) cos θt + ni(−Ei + Er) cos θi = i
ω

c
ρα||(Ei + Er), (3.3)

which yields the following modified Fresnel coefficient:

rTE =
ETE
r

ETE
i

=
ni cos θi − nt cos θt + iω

c
ρα||

ni cos θi + nt cos θt − iωc ρα||
. (3.4)

Still ts = rs + 1, which lead to the transmission coefficient:

tTE =
ETE
t

ETE
i

=
2ni cos θi

ni cos θi + nt cos θt − iωc ρα||
. (3.5)

Further, for TM, the polarization is paralell to the x-axis and therefore the right hand
term of equation (3.2d) equals iω

c
ρα||Eexc~y, where Eexc = cos θtEt = cos θi(Ei−Er).

On the left-hand side H−|| = ni(Ei + Er)~y and H+
|| = Et~y and thus:

ntEt − ni(Ei + Er) = i
ω

c
ρα|| cos θi(Ei − Er), (3.6)

from which the reflection and transmission coefficients can be extracted, by using
cos θtEt = cos θi(Ei − Er):

rTM =
nt cos θi − ni cos θt − iωc ρα|| cos θi cos θt

nt cos θi + ni cos θt − iωc ρα|| cos θi cos θt
, (3.7)

tTM =
2ni cos θi

nt cos θi + ni cos θt − iωc ρα|| cos θi cos θt
. (3.8)

It is a simple task to convince oneself that these reflection coefficients result from
the interference between the direct reflections from a bare interface, without the
nanoparticle array, and the collective scattering (or reflection) from the array itself.
For TE and TM polarization, respectively, such a two-layer interference phenomenon
may be written as:

rTEtot = rTE0 +
(1− (rTE0 )2)rTENP

1 + rTENP r
TE
0

, (3.9a)

rTMtot = rTM0 +
(1− (rTM0 )2)rTMNP

1 + rTMNP r
TM
0

, (3.9b)

where the subindices 0 and NP denote the bare interface reflection and the nanopar-
ticle array reflections, respectively. The r0 terms are the same as for usual media,
i.e. they may be found by removing the α-dependent terms in equations (3.4) and
(3.7), while rNP is found by placing the array in a homogeneous medium, here in the
ambient. The resulting reflection coefficients are indeed identical to equation (3.4)
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and (3.7). Similar reflection coefficients can also be derived using the coupled dipole
approximation (CDA), from which the same reflection coefficients emerge [89].

3.3 Reflecting Fano Resonances

The reason why the metasurface description previously introduced is so appealing
is the simplicity of analysis. As noted above, the total reflection from the interface
supporting nanoparticles can be described as an interference between the reflections
from the bare interface itself, neglecting any nanoparticle contributions, and the
coherent scattering in the reflection angle emerging from the array. As the bare
interface reflection between two non-absorbing media with negligable dispersion is
spectroscopically flat and the typical metal nanoparticle scattering have a Lorentzian
spectral response, the resulting line shape will greatly depend on the respective
strengths of these components. Line shapes emerging from the interference between
a sharp Lorentzian response and a much broader continuum is commonly described
as a Fano resonance, with a line shape given by [54, 90, 91]:

IF = y0 +H
(q + ε)2

1 + ε2
, (3.10)

where y0 is a background term, H is the resonance amplitude, q the asymmetry
factor and ε = (ω − ωF )/Γ is a dimensionless energy, with E denoting energy,
Eres the resonance energy, and Γ the half width of the resonance. The maximum
and minimum positions are given by ωmax = Γ/q + ωF and ωmin = −Γq + ωF ,
respectively. Large and small |q| are associated with spectral peak and dip positions
near ωF , respectively.

Given a Lorentzian in-plane polarizability of the inclusions in the boundary, α||,
all the parameters in equation (3.10) can explicitly be found from equation (3.4)
and (3.7). Figure 3.3 A show a surface plot of normalized TE reflection spectra,
calculated from equation (3.4), where the main features of the line shape can be
seen. Analytic expressions for the angular dependence of the maximum, minimum
and Fano resonance positions are plotted, together with the spectral width of the
Fano resonance. ρα|| is described by a Lorentzian polarizability:

ρα|| = A′
γ0

ωP − ω − iγ0

, (3.11)

with ωP = 1.91 eV, γ0 = 0.09 eV and A′ = 3.4 · 10−7 m. Depending on the am-
plitude of the product ρα||, the reflection line shapes below the critical angle either
contains distinct peaks (resonances) or dips (anti-resonances) for a given incident
angle. Typically for rather dense samples, or inclusions with a large α, there are
resonant states at low incident angles, which changes into anti-resonances at larger
angles, as the reflectance from the bare interface increases. During the transition
from resonance to anti-resonance, the line shape supports highly dispersive spectral
features, as illustrated in Figure 3.3 A.

The Fano parameters are found by identification from IF = |rp,s|2, using A =
A′/c, as = ni cos θi, bs = nt| cos θt|, ap = nt cos θi, bp = ni| cos θt| and dp =
| cos θt| cos θi. This results in the following resonance conditions:
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Figure 3.3: The angular dependence of the spectral line shapes calculated using
the equation 3.4. (A) Normalized reflection line shapes calculated with ni = 1.5,
nt = 1, α|| modeled as a Lorentzian, i.e. ρα = Aγ0/(E0 − E − iγ0). The surface
plot show normalized TE-reflection spectra together with analytically calculated
maximum, minimum and Fano resonance positions. (B-C) The interference between
the Lorentzian polarizability and the flat dispersion of the reflection from the nt/ni-
interface lead to spectral peaks (θi = 0◦), dips (θi = 72◦) and asymmetric resonances
(θi = 38◦). The destructive interference above the critical angle lead to perfect
absorbance at 1.7 eV around θi = 72◦.
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ωF,s =

{
(a2s+b

2
s)ωP+Aγ0(bsωP−asγ0)
a2s+(bs+Aγ0)2

, θi > θc
ωP−(Aγ20)/(as+bs)

1+A2γ20/(as+bs)
2 , θi < θc,

(3.12a)

ωF,p =


(a2p+b2p)ωP−Adpγ0(apωP+bpγ0)

b2p+(ap−Adpγ0)2
, θi > θc

ωP−Adpγ20/(ap+bp)

1+(A2d2pγ
2
0)/(ap+bp)2

, θi < θc.
(3.12b)

Moreover, the spectral line widths of the Fano resonance can be written as:

Γs =

{
γ0

as(as+AωP )+bs(bs+Aγ0)
a2s+(bs+Aγ0)2

, θi > θc

γ0
(as+bs)(as+bs+AωP )

(as+bs)2+A2γ20
, θi < θc,

(3.13a)

Γp =

{
γ0

ap(ap−Adpγ0)+bp(bp+AdpωP )

b2p+(ap−Adpγ0)2
, θi > θc

γ0
(ap+bp)(ap+bp+AdpωP )

(ap+bp)2+A2d2pγ
2
0

, θi < θc).
(3.13b)

Finally, there are the Fano parameters, which are given by:

qs =


ωF,s−
√
ω2
F,s+Γ2

s

Γs
, θi > θc

−
AωF,sγ

2
0+bs(∆ω2

F,s+∆Γ2
s)+

asA
3γ30/ρ|α0|

(as+bs)2+A2γ20

√
(1+δsq

(2bs∆ωF,s−Aγ20)Γs
, θi < θc,

(3.14a)

qp =


−Γp

ωF,p+
√
ω2
F,p+Γ2

p

, θi > θc

(2ap∆ωF,p−Adpγ20)Γp

AdpωP γ
2
0+

A3bpd
2
pγ

3
0/ρ|α0|

√
(1+δpq

(ap+bp)2+A2d2pγ
2
0

+ap(∆ω2
0,p+∆Γ2

p)
, θi < θc.

(3.14b)

Here, ∆ωF,s = ωP − ωF,s,∆Γ2
s = γ2

0 − Γ2
s, δqs =

(
a2s−bs(bs+AωF,s)

asAγ0

)2

and

|α0| = |α(ω = 0)|. Furthermore, for p-polarization ∆ωF,p = ωP−ωF,p, ∆Γ2
p = γ2

0−Γ2
p

and δpq =
(
b2p−ap(ap+Ad2pωP )

A2b2pd
2
pγ

2
0

)2

. Some of these equations may seem complicated and

therefore of limited use. However, the formulas given in equation (3.12)-(3.14) proves
the Fano nature of the far-field properties of nanoparticle arrays on an interface.
The Fano resonance is sometimes described through different excitation pathways
as q was originally described as the ratio between the transition probabilities to
the modified discrete and unperturbed continuum states [90]. A large q therefore
imply a lower probability of the excitation to the continuum, while for a low q
this transition is more likely. Consequently, the continuum, that is, the interface
reflectance, perturbs the plasmonic states with different amounts depending on the
individual strengths of the two components, related to the refractive index of the
surrounding media, the incidence angle and the surface density and other optical
proberties of the nanoparticles.

Therefore, the nanoscale plasmonic excitations may be controlled macroscopi-
cally, by tuning properties such as the excitation polarization and incidence angle.
In fact, the excitation and absorption efficiency of the nanoparticle array is eas-
ily controllable and can even lead to complete absorption of the incident light, as
described in the following section.
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3.4 Perfect Absorption

Transmission is nullified above the critical angle. Therefore, the distinct minimum
in the reflection spectra denotes the position of maximized absorption. Such a
minimum can be deep enough to achieve R = 0 and T = 0 simultaneously, as il-
lustrated in Figure 3.3 B. Even though the reflectance at normal incidence show
a relatively weak spectral peak at the Lorentzian resonance position, perfect ab-
sorbance is achieved around 1.7 eV at an incident angle of 72◦.

So-called coherent perfect absorption is based on the time-reversal of the eigen-
modes of a system [92–94]. Here it is shown that the modified Fresnel coefficients
previously presented is equivalent to time reversed eigenmodes of the surface and
therefore can be classified as coherent absorption.

In the following, the dispersion relation of surface modes residing in the metasur-
face is derived. Surface modes are bound to the interface between two materials and
decay exponentially perpendicular to the surface. In order to derive the dispersion
of such a surface mode, a bound wave is assumed, propagating along the surface
between a substrate and an ambient medium with dielectric constants ε− and ε+,
respectively. Following [95], with the boundary in the x−y plane, the surface mode’s
fields may have the following solution:

~E =

{
E−ek

−
z zei(kxx−ωt), z ≤ 0

E+e−k
+
z zei(kxx−ωt), z > 0,

(3.15a)

~H =

{
H−ek

−
z zei(kxx−ωt), z ≤ 0

H+e−k
+
z zei(kxx−ωt), z > 0.

(3.15b)

Here the notation implies that k±z should be real and positive. Applying equation
(3.1a)-(3.1d) on equation (3.15a)-(3.15b) make the separation of transverse electric
(TE) and transverse magnetic (TM) modes evident, as Ey, Hx and Hz as well as
Ex, Ez and Hy form two interacting subgroups. However, both the TE and the TM
modes have similar properties of the perpendicular k-component:

k+2
z = k2

x − ε+
(ω
c

)2

, (3.16a)

k−2
z = k2

x − ε−
(ω
c

)2

. (3.16b)

Proper boundary conditions must be used in order to find the dispersion relations
for the surface modes. As in the derivation of the modified Fresnel coefficients, the
continuity of the H-fields is lost for a surface polarizability parallel to the surface.
Furthermore, also the continuity of Dz across the surface is effected.[68] In this
derivation the polarizability of the out-of-plane dipole, αz, is neglected, although
one may derive similar modes when a significant αz is present, in which case the
continuity of the parallel E-fields also may also be lost [68]. For a non-zero in-plane
polarizability, α||, and out-of-plane polarizability, αz, the boundary conditions are
given by equations (3.2a)-(3.2d).

We first analyze TE-modes. Normally, these modes are not supported in non-
magnetic materials. However, utilizing the modified boundary condition in equation
(3.2d), a mode can be found that fulfills the condition:
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k+
z + k−z =

(ω
c

)2

ρα||, (3.17)

which, together with equation (3.16a) and (3.16b), yields new expressions for k±z :

k±z =
1

2

[(ω
c

)2

ρα|| ±
∆ε

ρα||

]
, (3.18)

where ∆ε = ε− − ε+. Using ρα|| = ρ(α
′

|| + iα
′′

||) equation (3.18) may be written on
the form:

k±z =
1

2

(
ρα
′

||

[(ω
c

)2

± ∆ε

|ρα|||2

]
+ iρα

′′

||

[(ω
c

)2

∓ ∆ε

|ρα|||2

])
, (3.19)

The real parts of k±z must be positive for any physical modes, i.e.
(
ω
c

)2 ≥ ∆ε
|ρα|||2

,

which here mean that there are no pure surface modes in the system, as both k+
z

and k−z can not be purely real and positive simultaneously. A bound mode in above

the interface (
(
ω
c

)2
= ∆ε
|ρα|||2

) needs to be supplied with energy from below, as k−z is

positive and imaginary. Such modes are termed lateral modes and are related to
the so-called Goos-Hänchen effect [96, 97]. It can be shown that the case of Rs = 0
above the critical angle corresponds to such lateral modes.

Now turning the focus towards the TM-mode, only Ex, Ez and Hy in equation
(3.15a) and (3.15b) are nonzero. By solving the equation system using equation
(3.16a) and (3.16b), an indirect expression for the dispersion of the TM-mode is
obtained:

ε+

k+
z

+
ε−

k−z
= −ρα||. (3.20)
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the absorption until ∆φ = 180◦, when the layer is completely transparent. (B)
Studying the output at the resonance energy, Eres as a function of ∆φ illustrates
the control of absorption that could be obtained. The directionality of the output
is symmetric in a symmetric environment, but using na 6= ns result in more light
emitted into the lower refractive index media.

From equation (3.20) we find that light bound above the interface corresponds to
lateral modes that needs to be pumped from below. Again, the condition for Rp = 0
fulfills such a condition.

In both the TE- and the TM-polarized case, the excitation of lateral modes im-
plies that the incident momentum along the surface is conserved, kinc|| = ω

c
ns sin θi =

kx, where n2
s = ε− and n2

a = ε+ are the refractive indices of the ambient and the
substrate, respectively. Inserting the incident momentum into equation (3.17) and
(3.20), result in the same coupling condition as for ρα|| = ρα|||Rs,p=0. The latter may
be found from the numerator of equation (3.4) and (3.7), respectively. These are:

ρα|||Rs,TE=0 =
na| cos θt|

ω
c

+ i
ns cos θi

ω
c

, (3.21a)

ρα|||Rp,TM=0 =
−na

ω
c
| cos θt|

+ i
ns

ω
c

cos θi
. (3.21b)

Equation (3.21a) and (3.21b) mean that the light is incident from the substrate side,
but is then refracted into the medium above the interface in which it is propagating
along the x-direction, while being pumped from below. In this formalism, such
modes have very long (even diverging) propagation lengths, as long as energy is
supplied from below the interface.

From the discussion above, complete absorption can be achieved by illumination
from the high index side, when illuminated above the critical angle. The conclusion
is that imposing R = T = 0 in equation (3.4) and (3.7) is the same as some of the
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time reversed surface modes found in equation (3.19) and (3.20). However, from
the dispersion relations of the surface modes, there also exist perfect absorption
conditions using two incident beams, incident below the critical angle from opposing
sides of the surface. In the two-beam configuration, the respective transmission and
reflection beams will interfere destructively on both sides of the interface.

The coherent perfect absorption criteria for different media and incidence angles
are plotted in Figure 3.4. Below the critical angle, the coherent perfect absorption
occurs at the point where the real part of α is zero. For a Lorentzian polarizabil-
ity, Reα = 0 occurs close to the resonance position, where the polarizability is
the strongest. As a consequence, achieving complete absorption at θc requires the
smallest ρ, for a given Lorentzian α. Further, as θc increases with decreasing dielec-
tric contrast of the interface, a smaller difference between the support and ambient
refractive index decreases the surface density needed for 100% absorption.

Figure 3.5A show spectra emerging from the interface when illuminated coher-
ently at θi = 0◦ from both sides of the interface. When two beams are in-phase,
in accordance with equation (3.19), the spectra show no light emitted into either
media. It is also possible to coherently control the absorption in these metasurfaces
by altering the phase difference between the two beams. The absorption could then
be coherently controlled by a control beam, as shown in Figure 3.5B. Depending
on the interface dielectric contrast, the output into respective media can also be
manipulated.

The possibility of zero reflection and perfect absorption could be of potential
use for both refractive index sensing and surface enhanced spectroscopy applica-
tions. The phase associated with near zero reflections are expected to vary rapidly
across the resonance condition in a similar way to the rapid phase changes observed
in p-polarized reflections near the surface plasmon polariton in thin films [98–104].
Using the polarizabilities of ellipsoidal gold nanoparticles situated in a glass/water
interface, as seen in Figure 3.6, and by varying the surface coverage of the nanopar-
ticles, the minimum reflected intensity varies as well. As ρ is altered towards the
zero coupling condition, Figure 3.6 shows that the reflected phase changes more and
more rapidly, which indicates that a small resonance shift yields a large response
in the reflected phase. Therefore, the system should be promising to be used, for
instance, in refractive index sensing applications.

Further, in the calculated system of Figure 3.3 and 3.6 the only absorbing ma-
terial is the nanoparticles, meaning that all light is absorbed in them, resulting in
enhanced optical near fields. If the nanostructures could be designed to further
concentrate the light using, for instance, dimers or nanocones, some areas near the
nanostructures could support extremely intense fields. The systems may therefore
by applicable in techniques that directly rely on the intensity of the light, such
as surface enhanced spectroscopies, optical trapping and catalytic activities [16–
19, 21, 56, 58, 105–111].
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Chapter 4

Plasmonic Refractive Index
Sensing

4.1 Introduction

Biosensors are generally based on three components: The biorecognition layer, the
signal transducer and the read out components. In plasmonic biosensors, the trans-
ducer is supporting surface plasmons. The spectroscopic properties of the plasmon
changes upon biorecognition events. The signal is most often detected with ad-
ditional optical components, such as a spectrometer or a photodiode, converting
the plasmonic response to an electrical signal. The biorecognition layer could be
antibodies, nucleic acids, lipid membranes etc.

Plasmonic biosensors are generally categorized as ”label free” sensors, as they
respond to the refractive index contrast between the sample medium and the bound
molecule. The analyte does not have to be labeled by a fluorescent or enzymatic
molecule to yield a signal from the sensor. Label-free techniques has several advan-
tages, however, plasmonic sensors are not the only alternative of this type. Label-free
sensors may have photonic, electronic or mechanical transducers. In recent years
nanofabrication has catalyzed the development of micro- and nanosensors in all these
fields, including plasmonics [112, 113]. The recent development of photonic crystals,
semiconductor nanowires, carbon nanotubes and micro-cantilevers for sensing pur-
poses are only but a few examples [29, 114–116]. The nano-sensor trend begs the
question: Why is there such an interest in nanosensors? What information can a
nanosensor give that macroscopic sensors miss?

One reason for the large interest in nanosensors is described by the expected
kinetics of protein-protein interactions at relatively low concentrations, addressed
by Squires et. al [117]. Low concentrations of targets are relevant, especially for
diagnostic purposes. As an example, the authors report that with 1000 nanowires
studied continuously only four would, on average, have a target protein bound.
The number of bound molecules may seem very few, but consider the alternative:
A macroscopic surface with the same total area and number of bound molecules.
Detecting the four molecules would be most difficult as the surface density of the
target is extremely low. Nanoscale sensors are described as more sensitive because
of the overlap between the size of the sensor surface, or the sensing volume, and the
target to be detected. A single binding event translates to a relatively large surface
density coverage. Hence, the nanowires may give a detectable signal for a single
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Figure 4.1: Illustration of colorimetric refractive index sensing using LSPR. The
photograph shows a gold nanodisk array (left) and a thin gold film (right) with
water droplets on top. The localized surface plasmon resonance in the nanodisks
is always excitable, which is why a clear plasmon shift / color change can be seen
between the areas covered by air and water. The surface plasmons in the thin film,
on the other hand, cannot be excited without additional optics and therefore no
color change can be seen.

binding event and the number of nanowires yielding such signals scales with several
parameters, including the concentration and affinity of the molecular interaction.
There are micro-resonators that have shown sensitivities down to single molecule
levels as well, however due to very large interaction times with the analyte [25]. In
practice, such a system is relatively difficult to excite as it requires rather elaborate
coupling mechanisms, which are unpractical for multiplexing purposes.

Plasmonic nanoparticle arrays may serve as a viable alternative, if single molecule
sensitivity can be reached for large arrays, where individual nanostructures can be
interrogated individually [118–120].

Nylander et. al in 1982 and Liedberg et. al in 1983 was the first to report refrac-
tive index sensing using thin film SPRs [45, 46]. The methodology has developed
throughout the years, leading to remarkable technological advancements and com-
mercialization of instruments. Nowadays, conventional thin film SPR sensing is a
mature technology, heavily utilized in industry and as a research tool and therefore
serves as a natural benchmark for novel nanoplasmonic sensor alternatives [121–
130]. Several technologies enabled the SPR sensing platform to evolve more quickly.
These include effective surface chemistry and advanced liquid handling systems. In
much the same manner, the sensing methodologies based on LSPRs are highly de-
pendent on the development of both nanofabrication methods and electrodynamic
simulations.

During the 1980’s and the 1990’s LSPRs were used as a contrast mechanism in
biosensing and immunoassays, for example in colorimetric assays [131]. The large
optical cross section of the nanoparticles can be used as labels, as they, in con-
trast to regular fluorescent dyes, do not bleach. Alternatively, the sensitivity of the
plasmons can be used in aggregation assays, where the color will change due to the
interaction between nanoparticles. It was not until 1998 that Englebienne et. al first
experimentally demonstrated that the resonance position of colloidal gold nanopar-
ticles shifted upon molecular adsorption in analogy with the thin film plasmon [132].
Even though thin film plasmonic sensing and localized plasmonic sensing have the
same origin, the latter may have benefits in both cost and portability. As LSPRs
have a relaxed excitation condition, the sensing instrumentation can more easily be
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made very compact and even small enough for hand-held devices with an additional
benefit of a lower instrumental cost [133]. Additionally, the short penetration depth
of LSPRs make them less sensitive to noise, such as temperature fluctuations and
unbound molecules far from the metal surface.

The trend during the last decade has been more directed towards the develop-
ment of refractometric LSPR sensing with plasmonically active features immobilized
on substrates [134–139]. This enables convenient fluidic solutions for surface func-
tionalization and analyte delivery. Furthermore, it opens the possibility for flexible
design of both individual and arrays of nanostructures through the rapid develop-
ment of nanofabrication technologies.

Although thin film- and localized plasmons have much in common, one of the
distinctive differences between the two is shown in Figure 4.1. The photograph
show the comparison between an array of short-range ordered 80 nm wide and 50
nm tall gold nanodisks and a 50 nm thin gold film. The LSPR of the former make
the sample look red in air, but the color shifts to blue-greenish in water, due to the
plasmonic sensitivity to the surrounding refractive index. The thin film, on the other
hand, show the same golden color irrespective of the dielectric environment, as the
surface plasmons of the film are not excited unless special illumination conditions
are fulfilled.

4.2 Sensing with plasmons in thin films

In order to excite thin film plasmons with light it is necessary to match both the
energy and the momentum of the incident photons with the plasmonic eigenmode of
the boundary. The Surface Plasmon Polaritons (SPPs) in a metal/dielectric ambient
interface has always a larger momentum than light in the ambient, making direct
excitation from the ambient side impossible. The energy-momentum relationship
is dictated by the plasmon dispersion, which conveniently is approximated by the
dispersion of a plasmon residing in the interface between two semi-infinite materials:
A metal and an ambient dielectric. The dispersion relation is solvable directly from
the boundary equations and is given by equation (2.4).

Figure 4.2 illustrates the SPP dispersion at a gold/water boundary and the
dispersion of light propagating along the interface in water and glass media. The
dielectric function of gold is approximated by the Drude formula. As the water and
SPP dispersion lines do not cross, conservation of both energy and momentum is
not possible simultaneously. SPPs can therefore not be excited from the ambient
side. A plasmon running along a water/gold interface is, however, excitable from a
glass medium, as light in glass has an increased wave number compared to light in
water. The so-called Kretschmann configuration utilizes this fact by placing a glass
prism in optical contact with a thin film, exciting a plasmon on the opposite side of
the film [44].
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Figure 4.2: Dispersion of surface plasmons and light. The momentum of the surface
plasmon at a gold-water interface is always larger than the momentum of light in
water (n = 1.33), but the larger momentum of light in high refractive index media,
such as glass (n = 1.5), make excitation possible through the use of a prism coupler.
The figure illustrates this by visualizing that the light-line in the water never crosses
the plasmon dispersion line, while the light line in glass does.

Reflection measurements in Kretschmann geometry is perhaps the most common
approach to measure plasmon excitation in thin films. A dip in the reflectance
indicates the absorption of light by the surface plasmon mode. The reflection can
be described through combinations of Fresnel reflection coefficients for the individual
interfaces:

R = |rpmd|2 =

∣∣∣∣ ErEinc

∣∣∣∣2 =

∣∣∣∣rpm + rmde
2ikt

1 + rpme2ikt

∣∣∣∣2 . (4.1)

Here rAB is the Fresnel reflection coefficient between medium A and B, with re-
spective permittivity ε; p denotes the prism, m the metal film, and d the dielectric
ambient and t is the film thickness. From equation (4.1) it is clear that the reflection
minimum can also be viewed as destructive interference between the light reflected
from the prism/metal interface and light from the metal/ambient boundary. Op-
timum coupling is accomplished when the reflectance is as small as possible for a
certain wavelength, which requires that the nominator in equation (4.1) is mini-
mized. The depth of the reflectance minimum is therefore related to the thickness
of the film. Consequently, for given plasmon frequency and momentum, correspond-
ing to a certain incident angle and wavelength, optimum coupling is achieved for a
specific thickness of the metal film. For gold films on glass in water and plasmon
excitation in the red, the optimum film thickness turns out to be around 50 nm
[130].
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4.3 Nanoplasmonic Sensing

The refractometric sensitivity of metallic nanoparticles has been demonstrated for
bio/chemo sensing in numerous experimental setups, combining a plentiful of tar-
get molecules and a vast amount of different nanostructures. However, in order
to introduce refractometric sensing based on LSPRs, the dipolar polarizability of a
conducting sphere obtained from the quasi-static approximation, given in equation
(2.5), is a good starting point. The spectrally dominant term of equation (2.5) is a
Lorentzian line shape. This suggest that the collective response of the conduction
electrons can be modeled as a damped harmonic oscillator. The external field in-
duces resonating surface charges producing an induced field inside and outside the
particle, acting to restore charge neutrality. This restoring force decreases if the field
lines pass through a medium with a high dielectric constant. Hence, refractomet-
ric plasmonic sensing is ultimately a product of the dielectric screening of surface
charges. The refractometric sensitivity of a plasmon is related to the ease of electron
polarization and the strength of the restoring force. The sensitivity is therefore re-
lated to the material properties of the nanoparticle, but also the geometrical shape.
For example, a plasmon localized in the gap between two metal surfaces will be very
sensitive to dielectric screening within the gap.

The aspects described above focused on the bulk refractive index sensitivity.
However, the extension of the resonant field into the ambient becomes of prime
importance when considering molecular adsorption at or very close to the surface of
a nanostructure. Thin homogeneous layers with a given refractive index can model
monolayers of molecules to some extent, but individual molecules are described by
their polarizability. A model that takes the polarizabilities of both the nanoparticle
and the molecule(s) into account is therefore a more appropriate starting point for
discussing nanoplasmonic biosensing. By approximating the nanoparticle and the
molecule as dipoles, the so-called Coupled Dipole Approximation (CDA) can be
used to find the new, modified, polarizability through coupling effects from their
induced fields [72, 73]. In the case of one particle and a single molecule, the two
dipole moments can be written as:

~PNP = αNP

(
~E0 + ~A~Pmolecule

)
, (4.2a)

~Pmolecule = αmolecule

(
~E0 + ~A~PNP

)
, (4.2b)

where αNP and αmolecule are the polarizabilities of the nanoparticle and the molecule,
respectively, and ~E0 is the incident field. The interaction between the individ-
ual dipoles is described using the matrix ~A, so that ~A~PNP corresponds to the
field induced by the nanoparticle at the location of the molecule and vice versa
for ~A~Pmolecule. Further, the dipole polarizabilities are described as:

αNP = 4πa3
NP

ω0

ω2
0 − ω2 − iωγ0

, (4.3a)

αmolecule = 4πa3
NP

n2 − n2
d

n2 + 2n2
d

, (4.3b)

where aNP and amolecule are the radii of the nanoparticle and the molecule, respec-
tively, ω0 is the resonance frequency of the nanoparticle and γ0 is a damping factor.
Further, n and nd are the refractive indices of the small molecule and the surrounding
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Figure 4.3: Theroretical comparison of LSPR in Au ellipsoidal nanoparticles and
thin film SPRs. (A) Bulk refractive index sensitivity and (B) the figure of merit
of propagating SPR and Localized SPR in ellipsoidal particles in water ambient
medium, using equation (4.5) and (4.7) with dielectric function of gold from [63].

medium respectively. Inserting ~Pmolecule into equation (4.2a) and assuming n > nd,
we find a red shift of the particle resonance according to:

ω̃2
0 = ω2

0

(
1− Vmolecule

VNP

n2 − n2
d

n2 + 2n2
d

(a3
NPA)2

)
. (4.4)

In this model the red shift is determined by three factors: The volume ratio be-
tween the molecule and the nanoparticle, determining the stiffness of the particle
resonance; a refractive index contrast factor indicating the refractometric footprint
of the molecule in the surrounding medium, and a coupling factor, directly related
to the local intensity enhancement factor at the molecule’s location. The final factor
suggest varying LSPR shifts depending on the adsorption position with respect to
the induced dipole moment of the nanoparticle. Further, local hot spots with high
enhancement factors, for example near sharp edges or small gaps between particles,
can be expected to yield large responses.
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4.4 Propagating versus Localized Plasmons:

Bulk Refractive Index Sensitivity

Propagating plasmons in thin metal films and localized plasmons in nanoparticles
clearly have the same physical origin and they are both sensitive to the surround-
ing refractive index. The obvious question is then if one is superior to the other.
The differences in bulk sensing properties between SPR and LSPR sensors can be
understood from simplified theoretical models. Homola et al. showed that the SPR
bulk sensitivity can be derived from the SPP dispersion relation given by equation
(2.4) by differentiating kSPP with respect to n [130]. Miller and Lazarides showed
that the sensitivity of LSPR can be derived in a similar manner from the dipole
polarizability of an ellipsoidal particle [140]. The resulting expressions are:

∂λSPPres

∂n
= − 2ε2

n3 ∂ε
∂λres

, (4.5a)

∂λLSPRres

∂n
=

2ε

n ∂ε
∂λres

. (4.5b)

Equations (4.5a) and (4.5b) indicates that the bulk refractive index sensitivity of
plasmons is mainly determined by the wavelength-dependent metal dielectric func-
tion and the refractive index of the surrounding media. In particular, the bulk
sensitivity expression for LSPR explains why nanostructures of different shapes but
with the same composition and resonance wavelength exhibit very similar bulk re-
fractive index sensitivities. The bulk sensitivity is however not the only parameter
of importance. Therefore, a Figure-of-Merit has been suggested: FOM = ∂λres

∂n
/Γ,

where Γ is the full width at half maximum of the resonance [141]. The FOM was
introduced as it is easier to visualize a small shift in a narrow resonance than in a
broad resonance. It can be shown that the widths of the resonances can be written
as [142, 143]:

ΓSPP =
4ε
′′∣∣∣ ∂ε′

∂λres

∣∣∣ , (4.6a)

ΓLSPR =
2ε
′′∣∣∣ ∂ε′

∂λres

∣∣∣ . (4.6b)

Combining equation (4.5)- (4.6) yields the FOM for the two methodologies:

FOMSPP =

∣∣∣∣ ε
′

2n3ε′′

∣∣∣∣ , (4.7a)

FOMLSPR =

∣∣∣∣ ε′nε′′
∣∣∣∣ . (4.7b)

The theoretical FOM and bulk sensitivities are plotted in Figure 5.2 using experi-
mentally obtained dielectric data for gold [63]. Note that the analytical expression
for the LSPR case is considering a free particle in a homogeneous medium with no
radiative damping. This is commonly not the case, for instance for nanodisks im-
mobilized on a glass substrate. The glass itself effectively decreases the sensitivity
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by approximately 50 % as about half of the plasmon induced field can be assumed
to reside in the glass rather than in the ambient [144]. Additionally, depending on
the size of the particle, radiative losses are often significant and may for relatively
large nanodisks decrease the FOM with another ∼50%.

4.5 Molecular Sensing:

The Role of Field Confinement

Generally in biosensing experiments, molecules will accumulate close to the metal
interface. It is therefore not enough to consider only the bulk refractive index sen-
sitivity, as the sensitivity confinement is of crucial importance. It is therefore useful
to introduce an effective refractive index, weighted on the induced plasmonic near
field. For propagating plasmons in thin films, the electric field decays exponentially
from the metal surface into the ambient media. The effective refractive index can
then be defined as [145]:

neffective =
2

L

∫ ∞
0

n(z)E(z)2δz =
2

L

∫ ∞
0

n(z)e−2z/Lδz, (4.8)

where L = 1/|kz| is the plasmon field decay length into the ambient medium and
n(z) is the refractive index at distance z from the metal surface. The decay length
can be approximated, using Maxwell’s equations and equation (2.4), as:

LSPR =
λ

2π

√
ε′ + n2

d

n4
d

, (4.9)

where ε
′

is the real part of the dielectric constant of the metal. Typically, the decay
length is of the order of 200-300 nm for gold films in the visible and near infra-red.
Now assume that a layer of molecules with thickness d and refractive index nlayer is
adsorbed on the substrate. This gives rise to a response of the sensor:

∆λ = ∆n
∂λres
∂n

(
1− e−2d/L

)
, (4.10)

where ∆n = nlayer − nd is the effective refractive index change and ∂λres
∂n

is the bulk
refractive index sensitivity of the sensor. Equation (4.10) can be used to convert
plasmon shifts to refractive index change and further to the amount of adsorbed
molecules. This is typically done in terms of the adsorbed molecular mass per
sensor area unit, which can be estimated from[146]:

Γads =
∆n
∂n
∂c

d, (4.11)

where ∂n
∂c

is the molecule specific refractive index increment.
Even though the exponential decay model is excellent for thin film SPR mea-

surements, it is not obvious that it can be used also for localized plasmons. For
example, Xu et. al theoretically studied the response of gold and silver spheres im-
mobilized on glass substrates, thereby simulating experiments by Okamoto et. al on
supported colloidal particles covered with varying thicknesses of nanometric PMMA
layers [134, 147]. Using extended Mie-theory for core-shell particles, and including
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the effects of the surrounding medium, particle-particle and particle-substrate in-
teractions, the influence of the adsorption layers on the plasmon resonance position
was investigated for different particle sizes.

Both experiments and theory showed that the plasmon in smaller particles shifted
faster with increasing coating thickness, d. The results was interpreted in terms of
a particle dependent field decay and it was concluded that the plasmon induced
field in the vicinity of the nanoparticle drops as (aNP/r)

6, where aNP is the particle
radius. This is the expected result for a dipolar plasmon resonance, which dominate
the induced field for a sub-wavelength metal particle. Using the dipolar power-law
decay, it is then straightforward to define an effective refractive index neffective in
the same manner as for the SPR case:

neffective = nlayer −
nlayer − nd

(1 + d/aNP )3 . (4.12)

Equation (4.12) does not show much resemblance with the thin film case, although
the field fall off rapidly from the metal surface. Using the dielectric function of gold
and the resonance condition of colloidal nanoparticles, the plasmon wavelength shift
can be written as:

∆λ =
2
∂ε
∂λ

(
n2
layer

(
1− 1− nd/nlayer

(1 + d/aNP )3

)2

− n2
d

)
. (4.13)

The (aNP/r)
6 power law above, as well as the coupled dipole analysis discussed pre-

viously, demonstrates that the optical near-field intensity distribution is crucial for
understanding LSPR sensing. However, nanostructures positioned in more compli-
cated dielectric environments can exhibit much more complex sensing characteristics.
This can be illustrated by the study of Rindzevicius et. al, reporting on the possi-
bility of long-range LSPR sensing by utilizing interference and dipolar interactions
[148]. In contrast to the colloid example above, where ∼75% of the saturated shift
was expected for a layer thickness equal to the radius of the nanosphere, the studied
nanodisk arrays showed an oscillatory behaviour of the LSPR as a function of layer
thickness. In particular, there were high-sensitivity regions as far away as 100 and
300 nm from the metal surface, which is far outside the expected near-field decay
length.

For non-spherical particles, such as nanodisks, it is however common to use
equation (4.8) instead of equation (4.12), with L denoting an empiric length related
to the effective decay length as the actual decay length will vary depending on the
position on the nanoparticle. These effective decay lengths are in the range of tens
of nanometers for gold nanoparticles. A useful approximation for gold nanodisks is
LLSPR ≈ D/4, where D is the nanodisk diameter [149].

4.6 Common LSPR Sensing Methodologies

In this section, some common measurement techniques are reviewed. All the dif-
ferent methodologies have their respective advantages and disadvantages, but the
measurements are still dependent on the descriptions given in the previous sections
of this chapter.
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Spectroscopic Measurements

Spectroscopic interrogation of the LSPR is based on measuring either the transmit-
ted, reflected or scattered light as a function of wavelength. It is the most common
measurement methodology of LSPR sensing today and can be used for both macro-
scopic samples and for single particle measurements in microscopes [119, 132, 134–
137, 150–152]. The ease with which such measurements can be conducted is illus-
trated in Figure 4.4A-B. All that is needed is a light source (halogen lamp, labeled
1 in Figure 4.4B) a simple lens system (2,4) and a miniature spectrometer (5) for
precise measurements of the LSPR in the nanoparticle layer (3). The simple device
is small (about 30x10x15 cm) and performs similar in signal-to-noise (SNR) as the
best LSPR sensors previously reported [151], that is, with SNR ≈ 103 − 104 for
monolayer protein formations, as illustrated in 4.4 C-D.

Generally, the wavelength of maximum scattering or extinction is followed as
a function of time during the adsorption process. The peak wavelength can, in
turn, be tracked by a number of means, for instance, by fitting suitable functions
to the spectra, such as a Lorentzian. It is, however, also possible to fit a high
degree polynomial to the spectrum, in order to reconstruct and convert the pixelated
spectrum into a continuous function. The peak position is then easily followed
by differentiating the function with respect to the wavelength. The perhaps most
efficient method is to calculate the so-called centroid of the resonance, that is, to
find the center of mass [151]. The centroid methodlogy is used in to form the
curve in Figure 4.4D, using the parts of the spectra exemplified by the colored
areas in Figure 4.4C. The span of the resonance used to calculate the centroid
position is constant throughout the measurement, but the wavelength range changes
as the centroid position changes. Depending on the asymmetry of the resonance,
the centroid position differs slightly from the maximum position in the spectra, but
generally the shifts are very similar.

Intensity Based Measurements

A simpler methodology is to measure the extinction or scattering of a single wave-
length [135, 136, 151, 153–156]. In such a setup less expensive optical components
are needed, as only a (semi-)monochromatic light source and a photo detector are
required, while the other optical components would be identical to the spectroscopi-
cally based setups. Basically, the idea can already be spotted in Figure 4.4C, where
the reflected intensity, for a single wavelength, changes during the adsorption of
molecules. To elucidate the difference, Figure 4.5A show the reflection spectrum
taken at 90 min subtracted by the spectrum at the beginning of the experiment.
Clearly, the largest reflection difference occurs slightly off-resonance, here at 629 nm
(λres = 612 nm). The asymmetry of the difference spectrum is due to the asymme-
try of the spectra shown in Figure 4.4C. A more symmetric resonance would lead to
more symmetric difference spectra, with a deeper negative dip to the blue of the res-
onance wavelength. The symmetry of the resonance can be used by illuminating the
nanoparticles with two different wavelengths and tracking the intensity fluctuations
in these [151].

Apart from high sensitivity, that is, large reflection intensity difference upon
changes of the local refractive index, high contrast would be beneficial in sensing
schemes. The contrast can, for instance, be evaluated by a Figure of Merit (FOM*)
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[157]:

FOM* =
∂I(λ)/∂n

I(λ)
, (4.14)

where the intensity change δI(λ) upon refractive index exchange δn is normalized
to the mean intensity, I(λ). In a sense, this formula denote the visibility of the
intensity change per refractive index. Naturally, with a reflection coefficient that
is zero, for example in water, and then changes slightly as the refractive index is
increased (or decreased), the visibility is maximized at ±1. However, as very few
photons are likely to be reflected with slight changes of the refractive index, stable
and sensitive detectors and light sources are needed to fully utilize the visibility.

However, with a stable light source, single wavelength measurements are fully
feasible and perhaps a good alternative if the same structures are repeatedly interro-
gated. For a cheap device, this interrogation method is perhaps the most practical.
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The downside of the simple setup is, however, that the signal is much more sen-
sitive to fluctuations of the light source intensity compared to the spectroscopic
interrogation methodology.

Phase Measurements

Although spectroscopy and intensity are by far the two most widely used techniques
to measure the plasmonic response to molecular adsorption or other changes of
the local dielectric surroundings, a third category have recently been proposed as
an alternative measurement methodology. Resonances can be described by their
response in frequency and amplitude, but also by their phase. For instance, the
phase of a Lorentzian resonance varies 180◦ as the resonance frequency is traversed
from low to high frequencies. Thus, investigating the phase may be as effective as
spectroscopic measurements. However, in general, phase detection measurements
require more elaborate optical methodologies and/or equipment, as optical phase
cannot be detected directly due to the high frequency of visible light. Therefore, it
is necessary to compare the phase to a so-called reference signal, generally of the
same or very similar frequency.

Polarimetry and ellipsometry involve the phase difference between two orthogo-
nally polarized waves, such as p- and s-polarized light. Thus, one of the polarizations
may work as a reference signal, to which the phase of the other may be compared.
Generally when linearly polarized light is reflected from or transmitted through a
medium, the outgoing beam is elliptically polarized. The ellipticity carries informa-
tion of the media under investigation and is therefore regularly used to investigate,
for instance, the optical properties of thin films. The same information is present
in reflected light from nanostructured surfaces [82]. As an example, gold nanorods,
illuminated through a prism in a total internal reflection geometry, can be aligned
with respect to the plane of incidence, while varying the incident ellipticity of the
light, to increase the sensitivity of the reflected intensity to the local refractive index
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[158].

In addition to the phase response of resonators and plasmonic nanostructures, a
resonant surface with a Fresnel reflection coefficient that traverses zero has an addi-
tional phase jump. The latter, additional, phase jump occurs also for non-resonant
surfaces, for instance at Brewster angles in dielectric interfaces. For instance, ar-
rays of nanoparticles can be used to achieve zero reflectance for a particular wave-
length when placed at the interface between two dielectric materials. Thus, the
reflected phase will not only have a signature of the plasmonic resonance of the
nanostructures, but also an additional component, increasing the phase shift as
the resonance is traversed. With this in mind and taking advantage of the nar-
row resonances of diffractively coupled nanostructures, Kravets et al investigated
the amplitude and phase bulk sensitivity of collective plasmons in arrays of nanodot
dimers and monomers in both gaseous and aqueous environment using spectroscopic
ellipsometry[159]. Due to the effective coupling between the individual nanostruc-
tures, resonances as narrow as 6 nm were found, with bulk refractive index sensi-
tivities of the phase difference between p- and s-polarized light, ∆, of the order of
105 ◦/RIU. The detection limit of the typical biotin-streptavidin interaction was,
however, quite moderate around 1-4 molecules per nanodot with a monolayer shift
of the resonance of around 25◦ [160].

Similar zero reflection properties can be found in less ordered arrays of gold
nanodisks, for example, prepared by Hole Mask Colloidal Lithography (HCL), as
predicted previously in Figure 3.6. As seen in Figure 4.6, ∆ varies very rapidly
across the zero reflection condition of s-polarized light. A small difference at the
zero reflection wavelength can therefore yield a significant phase response. Figure 4.7
show that upon molecular adsorption processes ∆ at 637 nm shifts about 25◦. The
phase shift compared to the width of the resonance is about one order of magnitude
larger for ∆ than the spectroscopic shift of λres. However, if studying the signal-
to-noise ratio (SNR) of the adsorption process, where the change of a particular
parameter upon molecular adsorption is normalized to the fluctuations without any
antigens present, the spectroscopic measurements of the s-polarized reflections are
still better. The experimental setup, is detailed in Figure 5.3.

Another interrogation method of ∆ is, for instance, using a single wavelength
light source and creating spatially varying polarization states, see reference [161]
and Figure 5.4. Fringes will appear due to the interference between the reflections
of the two polarizations. Even though such an implementation is quite different
from the direct measurement of ∆, the phase shifts upon molecular adsorption were
similar, almost 20◦ for a protein monolayer formation, with similar kinetics, as seen
in Figure 4.7C-D.

Another pathway is to couple nanostructures with high quality resonators, such
as Fabry Perot etalons, and study the coupling efficiencies, which will largely depend
on the phase properties of the two (plasmonic- and non-plasmonic-) resonators. In
principle, one may view this as placing a nanostructured surface as one of the mirrors
in a Fabry-Perot interferometer [148, 162–165]. Although most of these studies
utilize arrays of nanostructures, it is also possible to utilize a single nanoparticle as
one end of the cavity [166].

Several articles have argued favorably for phase-based detection schemes as com-
pared to amplitude or intensity measurements and even to spectroscopic interroga-
tion methodologies [159, 160, 167]. Although there are clear benefits in some inter-
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from spectroscopic measurements, detailed in Figure 5.3, while (C-D) are single
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ferometric and ellipsometric techniques, partly due to the in-line reference, but also
due to the impressive sensitivities reported, there has not, to my knowledge, been
any reports of a phase or interferometric methodology showing lower experimental
detection limits of biologically or chemically relevant molecules. One reason behind
this discrepancy could be the stability of the experimental setups used. More sen-
sitive interrogation methods also put larger requirements on the stability of optical
components, as well as on thermal and vibrational stabilization of the setup and
the media under interrogation. In either case, further investigations will certainly
answer these questions and help develop the sensing field as such.

Directionality Based Measurements

Antennas are generally used for sending and receiving information. In order to
reduce the interference from unwanted sources, directional antennas are commonly
used. The typical antenna example is the old Yagi-Uda TV-antennas that was
used before digital-TV and cable-TV completely overpowered the market. These
antennas had to be positioned and directed in a certain way to achieve a good TV-
signal. The TV-antennas naturally dealt with much longer wavelengths compared
to visible light, but the same interference perspective can be used for plasmonic
nanoantennas [168].

In the simplest case, two slightly detuned antennas, positioned a certain distance
from each other, can show remarkable directionality [87, 169]. As first shown by
Evlyukhin et al., the directionality changes with the local dielectric surroundings of
the antennas.[169] The change in detuning, and perhaps in the respective intensity
of the two antennas, is the main parameter for the different directionality.

The feasibility of this approach has been shown both for the application of ma-
terials science, studying the hydrogen absorption in Pd nanoparticles [170]. The
directionality measurements generally uses a single probing wavelength with which
the directionality into certain regions are probed. Due to the simultaneous mea-
surement technique, the system is self-referenced and thus less sensitive to intensity
fluctuations of the light source, compared to direct intensity measurements.

Optical Activity

In recent years, there has been significant interest in fabricating chiral plasmonic
nanostructures that could enhance the chiral signature of biomolecules. The idea
is based on so-called super-chiral fields in the vicinity of the nanostructures. As
chiral nanostructures themselves will enhance the super-chiral fields preferentially
for either left- or right handed light, chiral molecules will be exposed to different
fields at different structures, possibly leading to enhanced absorption of the preferred
handedness [171, 172]. Therefore, more or less identical structures, but with different
handedness, must be fabricated for an evaluation of the molecules in question.

Another pathway is to use non-chiral nanostructures for the same means, how-
ever, without the necessity of fabricating two different structures [173–179]. Al-
though non-chiral, it seems that both electrical- and magnetic dipoles are necessary
for best performance. Both the chirality of the molecules themselves and the geo-
metrical formation of the ligands as they adsorb near nanoparticle surfaces can be
detected [175].
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The niche of circular dichroism enhancement make nanoplasmonic sensing unique.
There are few other techniques that can be used to enhance the optical activity of
molecules on the nanoscale. Therefore, this field of research will be very interesting
to follow in the coming years.

Photothermal Measurements

The final note on LSPR-based refractometric sensing techniques one should men-
tion the photo-thermal imaging technique. It is based on the intensity change of a
detection beam due to a time-dependent thermal lens effect. Using this technique
it is possible to spot small metal nanoparticles or even small absorbing molecules
[120, 180–182].

Zijlstra et al. showed that single binding events to the tips of metal nanorods can
be measured using this technique [120]. A detection beam at 693 nm was studied
during the adsorption of different proteins to biotinylated nanorods using a heating
beam at 785 nm. As the heating beam was modulated, a lock-in amplifier was
connected to the detector, measuring the 693 nm light. Step-wise jumps in the
photothermal signal was then interpreted as the adsorption of individual proteins.

4.7 Molecular Sensing: Adsorption Kinetics

While the former parts of this Chapter is focused on fundamental aspects and mea-
surement techniques of plasmonic refractometric sensing, mainly for biosensing ap-
plications, this section will briefly describe how molecules end up in close vicinity
of the plasmonic fields. Thus, there are two main components in this discussion:
Surface chemistry and mass transport. The surface chemistry should capture the
target molecules and repel other molecules at the sensor surface and perhaps also
direct the adsorption by keeping other, insensitive regions inert. The mass transport
supplies molecules to the surface, where they may form adsorbed complexes.

The actual rate with which an adsorption reaction occurs is always determined by
both the chemistry and the mass transport to the surface, as illustrated in Figure
4.8A. In some cases the reaction rate is completely dominated by one of the two
components, it can either be reaction or mass transport limited. The limiting step
can be evaluated using the Damköhler number, Da, which is the ratio between the
adsorption rate and the mass transport rate.

Molecular Adsorption Reactions

The receptors need to capture the correct antigens. The receptor/antigen interaction
is generally described by their affinity or KD = koff/kon. A simple time dependent
interaction at the sensor surface can be written as:

δΓ

δt
= konC (Γmax − Γ)− koffΓ, (4.15)

where C is the analyte concentration, t is time, Γ is the surface concentration of
adsorbed molecules, Γmax is the receptor surface concentration and kon and koff are
the adsorption and desorption rates of the receptor-analyte interaction. Note that
C is the target concentration in the immediate surrounding of the sensor surface.
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Figure 4.8: Adsorption kinetics and limitations. (A) For an infinitely large planar
sensor, the surface coverage is not solely determined not by neither the Langmuir
isotherm nor the diffusion rate to the surface, but by the interaction between these,
as shown by a finite elements method calculation, for the case of C = 100 nM,
KD = 1 nM, Γmax = 4 pmol cm−2. (B) The reaction is limited by the affinity of the
two molecules. Inspired by [183].

Therefore, an adsorption event decreases the local concentration of freely diffusing
molecules:

δΓ

δt
= −D δC

δnsurface
. (4.16)

Here D is the analyte diffusivity and nsurface is the sensor surface normal. It is
thereby possible to couple the adsorption with the mass transport, for instance,
using the diffusion of free molecules, governed by Fick’s law:

δC

δt
= D∇2C. (4.17)

Therefore, depending on the specific adsorption rate versus the diffusivity of the
target molecules, the concentration of antigens might decrease around the surface
sensor. The region with lower concentration of target molecules is generally termed
the depletion region. Thus, again, as illustrated in Figure 4.8A, one generally need
to take all equations (4.15)-(4.17) into account when trying to understand the ad-
sorption process. Naturally, the depletion region can be counteracted, for instance,
by using a continuous flow of molecules over the sensor surface, although for an
individual nanoscale sensor, the physical size versus flow velocity should indeed be
taken into account [117].

Even with much faster mass transport than binding kinetics, the equilibrium Γ is
determined by Γeq = Γmax

KD/C+1
and thus limits the sensor probing a specific interaction

process. As noted in the previous section, the signal-to-noise of a typical LSPR
biosensor response to a monolayer protein formation is about 103 − 104. Since the
equilibrium surface coverage of the sensor will be limited by the equilibrium formula,
a concentration two orders of magnitude lower than KD yields about 1% receptors
bound to an analyte, as seen in Figure 4.8B. If there are about 200 receptors (or
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possible adsorption sites) on a single nanoparticle, it is therefore very challenging to
have detection limits below pM concentrations, given a KD ≈ 1nM.

Surface Chemistry

Normally, nanoplasmonic sensors are materially heterogenic, that is, the surfaces
contain several different materials. The heterogeneity can be a nuisance, but it can
also be taken advantage of, as different surface chemistry thus can be applied to the
different materials [184–186]. By forcing the antigens to adsorb in specific locations,
for example in a dimer hot-spot, the signal per molecule will be significantly larger
[186].

The ideal surface chemistry only captures antigens near the nanoparticles, repels
all other molecules, and prevents the antigen to end up anywhere else. A significant
part of surface chemistry is the formation of self-assembled monolayers (SAMs) [187].
A typical SAM consists of three parts: The head, the tail and the functional group.
The head is the part that fastens the SAM to the specific surface on which it is
formed, for instance, silanes are used for silicon and thiols for gold surfaces. The
tail stabilizes the overall structure of the monolayer, while the functional group is
exposed to the surrounding volume and therefor should add a specific function to the
surface. Depending on the geometry and location of the SAM, the function could be
either to repel or to capture specific molecules. Often, the functional groups can be
hydroxy, in order to avoid adsorption, or a functional group that can be activated
in order to attach the capturing agents.

To passivate surfaces, the perhaps most common methodology is based on thick
and dense poly-ethyleneglycol (PEG) brushes [188], even though this might interfere
with the typical extension of the plasmonic fields. If too thick, a receptor on top of
the brush would only yield a very small signal due to the field confinement. Serum or
bovine serum albumin (BSA) is also commonly used to reduce non-specific binding.

Another example of a functional group is carboxylic acid, that can form bonds
with amines of, for example, antibodies [189]. It is also common to have biotin
as a functional group, as the biotin-avidin have extremely high affinity, which can
be used for functionalization purposes or for proof-of-principle studies. The biotin-
streptavidin affinity can be as large as KD ≈ 10−14 M in solution, although lower
affinities have been reported from surface based measurements [138, 190, 191]. This
can be compared to regular antigen-antibody interactions that have KD ∼ 10−9 M
[192–194]. While biotin is a small molecule, with a molecular weight around 244
kDa, streptavidin is a larger protein, around 50 kDa with dimensions of about 5.4
x 8.4 x 4.6 nm3 [195]. The high affinity is due to several factors, including the
formation of multiple hydrogen bonds, see Figure 4.9E, van der Waals interactions
between the two complexes and the order of surface polypeptide loops, effectively
enclosing the biotin within the protein [196].
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Figure 4.9: Biotin and Streptavidin. Biological assemblies of (A) wild-type core
Streptavidin and (B) wild-type core Streptavidin-biotin complex. (C-D) The chem-
ical structure of biotin. (E) Schematic showing the ligand binding of biotin. Figures
(A), (B) and (E) originate from the Research for Collaborative Structural Bioinfor-
matics Protein Data Bank (RCSB PDB) [195, 197–199].
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Chapter 5

Methods and Sample
Characterization

5.1 Optical spectroscopy of Thin Film Plasmons

Figure 5.1 A-D illustrate the most common excitation and detection geometries of
surface plasmons in thin metal films. The most commonly used method of excita-
tion is the Kretschmann configuration, shown in Figure (5.1)A and B[44]. Transverse
magnetic light incident via a high refractive index prism couples to the metal film
using an incidence angle above the critical angle. The in-plane propagation con-
stant of the light at the prism/thin film interface, kinc, is thus dependent on the
incident angle, θinc, which using equation (2.4) yields the following condition for
SPP excitation:

kinc(ω) =
ω

c
nprism sin θinc =

ω

c

√
εm(ω)εd
εm(ω) + εd

= kspp. (5.1)

Here, ω is the frequency and c the speed of light, respectively, and nprism is the
refractive index of the prism. Figure 5.1A illustrates a technique where the wave-
length of the incident light is kept constant, while the illumination takes place from
multiple incident angles. This yields a range of propagation constants, k, along the
metal film. The reflected light is diverging if the incident light is focused on the film
and a minimum is found at the angle where the energy and momentum coupling
conditions are met simultaneously.

As seen in Figure 5.1B, white light incident via a prism toward the thin metal
film results in a spectral dip at the wavelength that couples most effectively to the
SPP. The minimum wavelength, λSPR, depends on the (fixed) incident angle and the
refractive index of the ambient. Tracking λSPR is a direct measure of the ambient
refractive index change. The Kretschmann configuration with spectral interrogation
was used throughout this work.

The most common alternative to prism coupling in the Kretschmann geometry is
to use so-called grating coupling. Depositing the metal film on a diffraction grating
opens the possibility for incident photons to gain or lose virtual momentum (crystal
momentum) in units governed by the grating constant a. This leads to the coupling
condition:
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Figure 5.1: Detection methods of surface plasmon resonances in thin films. (A)
and (B) are examples of grating coupling excitation of the SPP with angular and
wavelength detection, respectively. (C) and (D) illustrates angular and wavelength
detection using Kretschmann geometry, respectively.

kdiffracted(ω) = kd +m
2π

a
= kspp, (m = ±0, 1, 2, 3...), (5.2)

where kdiffracted denotes the in-plane propagation constant of the diffracted light
in the ambient and m the diffraction order. The additional second term for the
diffracted momentum make it possible to excite the plasmon from the ambient side.
Grating coupling to the surface plasmon is illustrated in Figure 5.1C and D. Similarly
to the Kretschmann configuration above, both spectroscopic and angular detection
techniques can be used for probing refractive index changes[200–202]. Interestingly,
the grating based SPR sensors show smaller bulk refractive index sensitivity com-
pared to the Kretschmann geometry, but they exhibit similar detection limits [203].
Additionally, by proper design of the grating coupled SPR the resonance can be
made sufficiently narrow to allow low cost light sources such as Light Emitting
Diodes (LEDs), thus making the grating coupled SPR a low cost alternative to
conventional SPR prism sensors[202].

Naturally, monitoring the intensity at a fixed wavelength and incident angle is
possible in both grating- and prism based SPR sensors, although this implementation
suffers from a smaller dynamic range (∆nd) as the intensity fluctuations can only
be monitored within the width of the resonance. By exchanging the detector to a
camera or a CCD detector, this method can be used for detection of multiple analytes
simultaneously, using imaging SPR[204–206]. To overcome the low dynamic range,
it is also possible to take images with varying incident angles or wavelength, creating
a stack of images from which the resonance position can be determined [207, 208].
The latter methodology has some disadvantages though, as imaging from varying
angles may create different image distortions.
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5.2 Optical spectroscopy of

Localized Plasmon Resonances

One of the most attractive properties of nanoplasmonics is the simplicity and va-
riety of optical characterization methods that can be used for a given sample. As
mentioned above, the excitation conditions for LSPRs are much more relaxed than
for propagating plasmons. Figure 5.2 illustrates the most common optical setups
for micro- and macroscopic LSPR sensing. Dark field spectroscopy is a popular
technique for measuring the response of single nanoparticles and is illustrated in
Figure 5.2A [118, 209–211]. The light is typically incident at high angles and the
scattered light is collected using low numerical aperture optics that does not pick up
the directly transmitted light. Using dark-field imaging it is also possible to study
a large number of single particles simultaneously, thereby improving measurement
statistics and potentially enabling multiplexed measurements of several analytes
[118, 212]. Dark field measurements of many hundreds of individual nanoparticles
can be accomplished using a CCD detector and liquid crystal tunable filter, which
can be used to alter the wavelength of illumination or detection[118]. By imaging
the nanoparticle array at each wavelength, an image stack is created from which
individual scattering spectra of all nanoparticles in the array can be constructed.

Although dark field measurements, or scattering measurements in general, are
usually advantageous at low particle densities, the highest signal-to-noise ratios
(SNRs) for dense samples has been obtained using extinction measurements[151,
152]. Figure 5.2B illustrates such a measurement in transmission mode, which is
related to the extinction cross section of the nanostructures:

σext(ω) =
1− T
N

, (5.3)

where T is the transmittance trough the sample and N the number of nanoparticles
illuminated. It is, however, also common to connect extinction, E, and transmission
through Beer-Lambert’s Law: E = − log T . The extinction comprises both light
scattered in other directions and absorbed in the sample and is therefore a measure
of the light that is not detected.

It can also be advantageous to record specular reflection, since a dense layer
of nanostructures behave similarly to a homogeneous metamaterial surface, as dis-
cussed in Chapter 3. In the case of a low interparticle coupling and low reflectance
from the substrate supporting the particle layer, the specular reflectance spectrum
can show characteristics similar to a single particle scattering spectrum.
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Figure 5.2: Illustration of LSPR detection setups. (A) Dark field spectroscopy
in an optical microscope. (B) Macroscopic measurements of a layer of supported
nanoparticles using extinction and specular reflection.
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Figure 5.3: Spectroscopic measurement of the sharp phase response near the zero re-
flection wavelength. By measuring reflection spectra of p-, s- and 45◦-polarized light
(A), the phase difference between p- and s-polarized reflections can be measured (B).
As the s-polarized reflection is zero, the phase component shows a rapid response,
varying about one order of magnitude sharper than the intensity component.

5.3 Phase Measurements

The phase between p- and s-polarized light, ∆, can be measured spectroscopically,
for instance, using different polarizer angles. As an example, a polarizer set to 45◦,
yields an, in this case reflected, intensity:

I45◦(λ) =
|rp(λ)|2 + |rs(λ)|2 + 2|rp(λ)||rs(λ)| cos ∆(λ)

2
. (5.4)

Here, rp(λ) and rs(λ) are the Fresnel reflection coefficients from the sample, for p-
and s-polarization, respectively.

An optical setup used to measure ∆ can be seen in Figure 5.3. Collimated
white light, linearly polarized at 45◦, illuminate the sample through a right angle
glass prism. The reflected light is divided into three parts: One mixed channel,
corresponding to I45◦(λ) in equation (5.4), and two channels measuring the purely
p- and s-polarized light, respectively. The phase can then be determined by inversion
of equation (5.4). As seen in Figure 5.3B, as one of the unmixed channels show zero
reflection, the phase (cos ∆(λ)) varies much faster across the resonance position
than the reflected intensity. Illumination using circularly polarized light, by the
introduction of a quarter wave plate, results in cos ∆(λ) → sin ∆(λ). This type of
measurement methodology was used to retrieve the spectra in Figure 4.6.

A more straightforward method of measuring the phase could be to use a sin-
gle wavelength, tuned into the zero reflection wavelength, as illustrated in Figure
5.4 [161, 213, 214]. Here, a laser diode is collimated and linearly polarized before
passing through a so-called depolarizer, which is a double birefringent wedge prism
(DBWP). The DBWP is made from two birefringent wedge prisms that are mounted
together with their respective fast axis misaligned by 45◦. Because of the wedge-like
structure of the prisms, the retardation of a specific wavelength of light depend on
the beam position on the depolarizer. If the incoming beam is large enough, the
transmitted light will have spatially varying polarization states along one direction,
as explained in more detail below. After the reflection from the nanoparticle layer
a linear polarizer, or analyzer, generate a fringe pattern due to the interference be-
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Figure 5.4: Single wavelength phase detection scheme. A laser diode emission is col-
limated and linearly polarized before entering a depolarizer, which creates spatially
varying polarization states, and illuminating a gold nanodisk array through a glass
prism. The resulting reflection is analyzed using a polarizer, creating interference
fringes from the interference between the p- and s-polarized reflection components.
The fringes were detected using a CCD, where the intensity was averaged along one
axis to form sinusoidal patterns.

tween p- and s-polarized reflection components. The analyzer has to be tuned to
achieve a proper ratio of s-and p-polarized reflected light, as these may differ signif-
icantly in intensity. The fringes can then be collected by a CCD camera and, as the
pattern is generated along x, the intensity can be averaged along the opposite axis,
y, of the image, to create sinusoidal intensity variations, which are tracked during
the experiments.

The key optical element in these measurements is the DBWP. Figure 5.5 show an
illustration of the polarization states transmitted by the DBWP calculated through
Jones matrices[161]. By alternating the polarizer positioned behind the DBWP and
studying the fringe patterns caught by the camera, the pattern for a perpendicular
polarizer angles are indeed complementary. Thus, the polarization states varies as
(retardation from -λ/2 to λ/2): Vertical, elliptical, right circular, elliptical, horizon-
tal, elliptical, left circular, elliptical and then back to vertical.

5.4 Thermal Measurements

Temperature relates to vibrations, or kinetic energy, and as the charged particles,
like ions, protons and electrons, interact they accelerate or oscillate, leading to elec-
tromagnetic radiation. All materials with a temperature above 0 K emit radiation,
due to the movements and collisions of charged particles. For a perfect black body,
the emitted radiation follows Planck’s law.

B(T ) =
2hν

c2

1

e
hν
kBT − 1

, (5.5)

where h is the Planck constant, ν is the frequency of the light, kB is Boltzmann’s
constant, c is the speed of light and T is the temperature of the material. A material
of higher temperature emits more radiation, as exemplified in Figure 5.6A. Using
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Figure 5.5: Illustration of the polarization states transmitted by the double bire-
fringent wedge prism (DBWP). The polarizer acts as an analyzer, creating different
fringe patterns on the camera with different orientation. As the retardation dif-
ference between horizontal and vertical polarization depends on x, opposing fringe
patterns are transmitted when the polarizer is aligned in either of these states (B-
C). Simlarly, assuming two circular polarizers, the fringe patterns move half-way in
between the two linear states.

this property, heat cameras can be used to measure the temperature of a material
by measuring the radiance in a given optical window in the infrared.

Most elements are, however, not perfect black bodies and therefore emit some-
what lower amounts of radiation. The radiation emitted at a specific wavelength of
light depend on the absorptivity, or equivalently on the emissivity, of the material at
this frequency. The emissivity can vary between 0 and 1, with low values for highly
reflecting materials and high values for highly absorbing materials. As an example,
polished gold has a rather poor emissivity as it acts, more or less, as a perfect con-
ductor in the infrared region of the spectrum. Glass, on the other hand, is highly
absorbing around 10 µm and has therefore a high emissivity. Often the so-called
gray body approximation is used, where the emissivity of a material is assumed
not to depend on wavelength. Figure 5.6B show the variation of spectral radiance
for emissivities similar to glass and polished gold. Measuring the temperature of
glass/gold in thermal equilibrium is therefore easier in the glass case. Furthermore,
the emissivity is dependent on the thickness of a given material and often given for
an optically thick material. Thinner materials, or smaller materials in general, have
a reduced emissivity as the radiated power is decreased.

There are different types of detectors in so-called thermal cameras. The detectors
may either be cooled or un-cooled and measure in the mid- or long wavelength infra-
red region (3-8 or 8-14 µm, respectively). Uncooled detectors utilize microbolometers
of, for example, vanadium oxide or amorphous Silicon or ferroelectric techniques with
barium strontium titanate [215]. The latter uses a ferroelectric phase transition,
where the electrical polarization of the material is highly sensitive to temperature.
In the microbolometer case, the sensor elements are small and placed on a well
thermally isolated large area silicon with low heat capacity. As the incident radiation
heats the small sensors the resistance changes and can be converted into an infrared
image. Vanadium oxide microbolometer detectors are by far the most common type
of detectors today.
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Figure 5.6: Black body radiation. (A) A perfect black body radiation spectrum for
different temperatures and (B) gray body radiation at 300 K for two materials with
emissivity 0.92 and 0.03.

The large optical absorption cross section of noble metal nanoparticles lead to a
significant portion of the incident radiation being converted into heat in the nanopar-
ticles [216–218]. If the nanoparticle would have been floating in vaccuum, completely
isolated from other media, the only heat dissipation channel still open would be the
radiative emission, i.e. gray body radiation. In other cases, however, heat can be
dissipated into neighboring media. The heat dissipation is then related to the mate-
rials heat conductivity and heat capacity. For nanoparticles immobilized on a glass
substrate, a large portion of the heat does indeed transfer to the supporting mate-
rial, especially if the ambient element is air, due to the large heat conductivity of
glass compared to air [107].

Illuminating a nanoparticle array, with interparticle distances of about two parti-
cle diameters, lead to a quick increase in the nanoparticle and supporting materials’
temperature, as seen in Figure 5.7. The relative closeness of the nanoparticles lead to
a homogeneous temperature throughout the surface, independent on material. Due
to the nanoscopic nature of the metal particles and their intrinsic low emissivity,
most of the gray body radiation will, however, most likely emerge from the support-
ing material. Therefore, a first approximation in thermal imaging measurements of
nanoparticle array surfaces is to use the emissivity of the supporting material, for
example glass. As the nanoparticles cover some portion of the surface, this approx-
imation is most likely an upper limit, especially when considering glass with high
emissivity (ε > 0.9). The temperatures measured by the infrared camera is therefore
likely to be slightly under estimated from the true values.
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Figure 5.7: Thermal measurements of heat from absorbing nanoparticles. (A) The
nanoparticles were illuminated with a monochromatic laser diode from the prism
side and an infra-red camera measured the temperature in the illuminated spot. (B)
Laser illumiation lead to a temperature that quickly dissipates into the surroundings
as the laser is switched off.
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Chapter 6

Summary and Outlook

6.1 Summary of Appended Papers

In Paper I, Refractometric sensing using propagating versus Localized Surface Plas-
mons: A direct comparison, a direct comparison of the biosensing properties of
propagating surface plasmons (SPRs) in thin films and localized plasmons in nan-
odisks (LSPRs) were reported. The study used the same interaction chamber, light
source and detector for both methodologies. By tuning the SPR and LSPR into
the same wavelength range, both bulk refractive index sensitivity and responses
to molecular adsorption could be compared. Although the SPR showed almost 20
times larger bulk sensitivity, both methodologies showed the same resonance shifts
in actual biorecognition experiments. These effects can be explained by a more the
effective field confinement of the nanodisks.

Paper II, Ultrahigh sensitivity made simple: nanoplasmonic label-free biosens-
ing with an extremely low limit-of-detection for bacterial and cancer diagnostics, de-
scribes several biosensing assays performed, showing extremely low limit-of-detection
due to effective noise reduction: The standard deviations of the resonant wavelength
were decreased to around 0.1 pm. Two relevant biomarkers were investigated, includ-
ing prostate specific antigen (PSA), an antigen for prostate cancer, and extracellular
adherence protein, which is a marker for Staphylococcus aureus detection.

Pushing the number of detectable molecules down even further, Paper III, Plasmon-
Enhanced Colorimetric ELISA with Single Molecule Sensitivity, shows how one
may increase the refractive index footprint of every binding event on nanoparticles
through a enzymatic precipitation reaction. The adsorption of horseradish peroxi-
dase (HRP)-conjugated Streptavidin (SA) molecules to biotinylated gold nanoparti-
cles was studied. The subsequent precipitation reaction facilitated using DAB in the
presence of H2O2 enhances the impact of each individual adsorbed molecule. The
enhancement reaction was used to develop a biosensing assay with single molecule
sensitivity in measurements of many individual gold nanodisks, using a hyperspec-
tral imaging interrogation technique.

The fourth appended paper IV, Fano Interference between Localized Plasmons
and Interface Reflections, is more fundamental and describes how to interpret spec-
ular reflection spectra from HCL arrays of gold nanodisks as a function of incident
angle, surface density of nanoparticles and polarization. It is found that the reflec-
tions can be described as an interference effect between the collective scattering in
the reflection angle from the nanoparticles and the reflection from a nanoparticle-
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free interface. The interference can lead to strongly assymmetric resonances, that
is, so-called Fano resonances, and strongly dispersive modes.

In paper V, Plasmon-Enhanced Enzyme-Linked Immunosorbent Assay on Large
Arrays of Individual Particles Made by Electron Beam Lithography, the sources of
noise in the sensing system described in paper III is studied. The HRP-SA-assay was
studied by following 700 nanoparticles simultaneously using hyperspectral imaging.
The main conclusion of the article is that even though the assay has single molecule
sensitivity, it may not yet be at the single molecule resolution-limit. The reason for
the discrepancy is that different precipitates have different morphology and yield
different plasmon wavelength shifts depending on the specific adsorption site. Fur-
ther, the nanoparticles in a given array experience slight refractive index sensitivity
variations, which also contributes to the resulting distributions of shifts per particle.

Paper VI, entitled Complete Light Annihilation in an Ultrathin Layer of Gold
Nanoparticles, stems from the work in paper IV, but is more specific, as we here
describe how gold nanodisk arrays can be tuned into a perfect absorption condition,
where all incident light of a given wavelength and polarization is absorbed within
the array. The condition can be fulfilled when the layers are illuminated above
the critical angle of the interface on which it is immobilized. The refraction then
cancels the transmitted light and, through complete destructive interference between
the scattering from the nanoparticles and the bare interface reflections, the total
reflected light can vanish as well. The inserted energy is transformed into heat,
which is measured directly using a thermal camera.

Further, zero reflections can be put to good use, as described in paper VII,
Phase-based Optical Biosensing in a Nanoplasmonic Metamaterial Layer. Here, we
utilize the rapid phase changes for wavelengths in the vicinity of the zero reflection
condition. The phase varies almost one order of magnitude faster than the reflected
intensity. A single wavelength optical setup is developed where the phase between
p- and s-polarized reflections can be measured. The phase shows better visibilities of
refractive index changes in the medium surrounding the gold nanodisks, both when
the entire ambient medium is altered and during molecular adsorption processes.
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6.2 Outlook

Light on the nanoscale can be used to increase our understanding of nature, light and
material properties on these length scales. Although a significant part of this thesis
has been devoted to far-field optical properties, these are directly linked to nanoscale
light and interactions. In the following, some ongoing studies are presented, together
with a final concluding remark.

Chirality

During the last couple of years, chiral nanostructures have been presented with
much larger optical rotation properties compared to chiral molecules and crystals
[219–221]. Based on the formalism presented in Chapter 3, giant chirality in achiral
anisotropic nanoparticles is possible, when illuminated at an angle. Optical chi-
rality in achiral subwavelength structures has been reported previously and is due
to the symmetry break by the illumination angle [222, 223]. The theoretical work,
presented in Chapter ,3, however, postulates that complete absorption is possible
for right or left handed circularly polarized light, depending on the orientation of
the anisotropic nanoparticles. Simultaneously, the absorption of the opposite hand-
edness could be quite low. In such a case, the in-plane surface polarizations, P s

x

and P s
y , in equation (3.2) are coupled together, leading to off-diagonal reflection

components, such as rps and rsp, that is, optical rotation.

If the absorption difference can be large enough, perhaps larger than 90%, such
surfaces can be useful, for instance as a switchable device, which can be turned on or
off depending on the phase lag between s- and p-polarized beams. The system would
then resemble the coherent perfect absorber with two opposing beams, described in
Chapter 3, but with two coherent parallel beams.

Surface Propagation of Light

A more fundamental physics question is regarding the difference between thin metal
films and nanoparticles immobilized on a substrate. Both systems show dispersive
resonances and complete absorption above the critical angle, when certain con-
straints are fulfilled. The fundamental differences between these systems should
decrease with the nanoparticle surface coverage. It may therefore be interesting to
investigate the surface density influence of the system at larger filling factors. Per-
haps it is possible to excite propagating modes with un-ordered nanoparticles with
long propagation lengths, using much less metal than in a thin film.

In fact, such surface modes are allowed, according to the modified boundary
conditions in equation (3.2), although a significant out-of-plane polarizability is
needed. In fact, surface densities similar to those used in papers IV and VI, can be
used.

Optimized Surface-Enhanced Spectroscopies

As the transmission and reflection can be nullified simultaneously by the meta-
surface, the absorption of the nanostructures is increased. The absorbed light
should lead to enhanced near-fields that could be used, for instance, in surface-
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enhanced spectroscopies, such as surface-enhanced Raman scattering (SERS) or
surface-enhanced fluorescence (SEF).

Similar studies have been conducted with metalayers on top of a metallic mirror
[224], with increased signals as a result. If the cheap fabrication process used in paper
VI can be applied to achieve complete absorption at normal incidence, for example
by fabricating them on top of a mirror/dielectric spacer support, it would surely
be an interesting SERS substrate to study. As the technique already has shown
great versatility in particles and clusters that can be produced, the combination of
complete absorption and confinement of light within, for instance, a nanoparticle
dimer gap might lead to further enhancement of the SERS signal.

Furthermore, the directionality and other properties of the Raman scattering
would be interesting to study. The Raman scattering is a incoherent process, but
there could be some coherency left from the excitation process, leading to directional
Raman scattering as well.

Additionally, as a complement to the heat measurements in paper VI, the Raman
scattering also provide temperature information. Using the relation between Stokes
and anti-Stokes, perhaps the temperature can be measured from a perfect absorber
metamaterial.

Angular dependence on Refractive Index Sensitivities

The bulk refractive index sensitivity measured in reflectance has a strong angle de-
pendence, in accordance with the metasurface description in paper IV and Chapter
3. Interestingly, there exists regions where the minimum and/or maximum wave-
length of the reflection spectrum will shift to the blue of the original position for
increasing refractive index, for instance exemplified in paper VII. The blue shift
is counter intuitive since the surface plasmon resonance wavelength red shifts with
increased refractive index. However, the spectral feature is not a purely plasmonic
response, but a Fano resonance minimum or maximum, which also depend on the
strengths of the two interfering components. Thus, the interface reflection itself can
cause the effective blue shift, as the reflection generally decreases with increasing
refractive index of the ambient for θi < θc. Naturally, there exists angles in which
the plasmonic and interface response spectrally cancel, leading to no shifts what so
ever. Typically, there will be an intensity change, but the spectral position of, for in-
stance, a dip will be constant. The bulk insensitivity could be of use in, for instance,
biosensing applications of with high concentrations of protein, like measurements in
serum.

The spectral shifts for a given incidence angle and wavelength can also be much
larger than expected for a single nanoparticle. However, in order to utilize the sen-
sitivity for molecular sensing purposes, other surface chemistry might be beneficial,
for instance, like the dextran matrix used in Biacore’s thin film SPP-based sensors.
Target molecules can then be adsorbed within the whole dextran volume, which may
much thicker than the region probed by the LSPR’s of the nanoparticles [225, 226].
Possibly, such an interface may change also the reflection properties from the bare
interface, and the high sensitivity to bulk refractive index can be maintained also
while studying molecular interactions.

A more challenging measurement methodology is to measure the reflection min-
imum as a function of angle, again for monochromatic or semimonochromatic light.
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If the metasurface is properly designed, the minimum reflection angle should shift
upon changes of the local dielectric environment close to the plasmonic nanostruc-
tures, for a specific wavelength and polarization. Perhaps it is even possible to
design the metasurface to be compatible with the thin film sensing platforms, with
samples that could be mounted in, for instance, a Biacore instrument.

Nanoplasmonic Metasurfaces and Individual Nanosensors:
A Final Remark

The aim of most surface based biosensors is to detect as small surface coverages of
an analyte as possible, and thus also to have low detection limits in terms of volume
concentration of analyte. One pathway is to increase the signal-to-noise ratio (SNR)
of the instrumental setup or to find means of measurement that yield the largest
SNR. The FOM was suggested as a parameter to maximize in order to achieve a more
accurate resonance position determination. There has also been other suggestions,
such as the alternative FOM*: related to the detected intensity change at a specific
wavelength per refractive index change of the surrounding media [157]. However,
these parameters are only describing the property of the plasmonic resonator and
therefore, the question still remains - what is the optimum measurement technique
to achieve the best SNR?

The current trends in nanoplasmonic refractometric sensing include Fano res-
onances and metamaterials with tailored optical properties. Fano resonances are
describing the line-shapes of strongly interacting modes. In plasmonics, at least one
of these interacting modes is a plasmon resonance, which may interact with other
plasmonic modes or with resonances of other origins, such as waveguides, whispering
gallery and Bloch modes [227–229]. Fano resonances based on the strong interaction
of metal nanoparticle clusters and multimers are however prominent as they show
both narrow and sensitive line shapes [230, 231]. Metamaterials can, for example,
be designed to support waveguiding modes, create ”superchiral” fields or perfect
absorbance of the incident light [171, 232, 233]. These examples have been shown
to exhibit interesting sensing properties, such as a better overlap between the reso-
nance mode volume and the sensing medium and the possibility to investigate the
supermolecular structure of molecules.

One of the problems with highly interacting multimers and designed meta-
materials is the often complicated nanofabrication methods. In Paper IV, we de-
scribe the reflections from a short-range ordered nanodisk array sample. Strongly
dispersive modes and perfect absorption conditions were found, both properties due
to the interference between the nanoparticle scattering and the bare interface reflec-
tion. The strong dispersion make the spectral mode highly sensitive to the position
and the amplitude of the nanoparticle resonance. It may therefore yield an enhanced
spectral response compared to regular transmission measurements. The perfect ab-
sorbance, on the other hand, have several advantages. The reflection spectra with
deep anti-resonances may be useful in refractometric sensing schemes using angu-
lar, phase or intensity modulation detection schemes [103, 233–235]. Furthermore,
the deep dip in reflection may increase the SNR, due to the large amplitude of the
resonance, and therefore increase the detectability of molecular interactions [83].

The phase detection scheme presented in paper VII, shows the possibility of
increasing the sensitivity of metamaterial-based sensors, however, the signal-to-
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noise ratio (SNR) of a typical molecular interaction was not improved by using
this technique. The decreased SNR could, however, be explained by the one or-
der of magnitude cheaper detection scheme used in the experiments. In the future,
more work should elucidate the applicability of using phase as an interrogation
methodology. Although several reports have suggested improved sensitivity using
phase-based sensing schemes [159, 160, 167], none have surpassed the SNR of regular
spectroscopic measurements. The miniaturization of the methodology and simpler
excitation geometries, such as normal incidence illumination schemes, would increase
the usefulness of the methodology. Zero reflection is possible at normal incidence
using similar gold nanodisks as presented in paper VI, using a backside mirror and
a dielectric spacer. An anisotropic nanoparticle would make phase measurements
between two perpendicular polarizations possible also at normal incidence.

So, does nanoplasmonic sensors have a prominent future? There are so-far not
many companies around the world that is trying to push the technique to commer-
cialization, despite the great papers and wonderful results published during the last
decade in prominent scientific journals. Even though even single molecule sensi-
tivity has been claimed, there is little impact in industry. Perhaps there is a gap
between what the nanoplasmonic sensing community provide and the need from the
chemical, materials, pharmaceutical, food safety, life science and medical industry.
In either case, studying a single nanoparticle over time is not an efficient means of
measurement. Although the detection of single molecules may be possible, the time
it may take for the single molecule to arrive at the specific nanostructure of interest
could be very long [117, 236]. Therefore, the imaging technique used in this work is
very interesting, as thousands of individual nanoparticle sensors can be interrogated
simultaneously. This improves statistics and can actually increase the sensitivity of
the device as a whole [237]. However, the technique is not fast. As single binding
event can occur within fractions of a second [119, 120], fast readout is a must, not
to smear these signals, if the kinetics of the adsorption process should be studied
in detail. As stated in the first Chapter, enabling technologies such as fast, sen-
sitive and stable CCD cameras and bright light sources are key to these kinds of
measurements.

As of today, the main advantage of nanoplasmonic sensors is the ease of mea-
surement and the miniaturization possibility. Perhaps the future for LSPR-based
sensing is not to compete with large, ready-made sensors, but to be a supporting
technique, that can be easily implemented to yield additional information. It can
perhaps also be combined with other means of measurement, such as electrical read
out, fluorescence, or similar, due to their conductive and strong field enhancement
properties.
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