
 

 

Directional plasmonic nano-sensors
Master’s Thesis in Applied Physics

MARTIN WERSÄLL
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Abstract

For the last decade plasmonic nanoparticles has been considered as promising candidates
for future sensing applications. Due to their incredible ability to detect minute changes
in their local dielectric environment, plasmonic nanoparticles exhibit numerous proper-
ties suitable for material and biomedical industries.
General methods, which utilizes localized surface plasmon resonances (LSPR) for sens-
ing, are based on detecting extinction resonance peak shift in order to observe changes
in refractive index of the local environment. In this study we instead focus on a self-
referenced label-free sensing scheme based on directional scattering from samples con-
sisting of asymmetric monometallic Au dimers.
LSPR peak shift measurements moreover often relies on complicated and expensive mea-
suring devices such as microscopes and spectrometers. In order to further suppress eco-
nomic cost and simultaneously increase simplicity a microscope-free optical setup was
designed and manufactured to perform single-wavelength experimental sensing measure-
ments. All samples were manufactured using the hole-mask colloidal lithography method.
We also present theoretical models illustrating how supreme sensitivity can be achieved,
using a sensing scheme which measures ratio of intensities scattered in opposite directions
from asymmetric nanostructures. Moreover experimental bulk- and local refractometric
measurements are conducted to support the ability of performing biosensing.
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1
Introduction

P
lasmonic nanoparticles is a hot field for present scientific researchers for
many different reasons. First and foremost they support the ability to focus
light to spatial geometries smaller than the diffraction limit which have built
a basis for several new exquisite scientific inventions such as surface-enhanced

Raman scattering (SERS) [1].

Even though the research field of plasmonic nanoparticles is relatively young its nu-
merous applications already show great promise for the future in industries such as
material science and biomedicine. Due to the extreme sensitivity of plasmons to changes
in the dielectric surroundings, which enables them to detect slight shifts in their lo-
cal environment, they are viewed as highly applicable candidates in different sensing
schemes. For example, experiments have been conducted showing that a certain system
of plasmonic nanoparticles can act as a highly sensitive hydrogen sensor which is an
important aspect due to huge explosive risk of hydrogen gases [2]. This also becomes a
very important parameter in future development of fuel cell technologies which is one of
the main promising platforms for future sustainable development.
Furthermore it has also been shown that similar types of nanoparticle systems can act as
an immensely sensitive biosensor for detection of low concentrations of toxins which stems
from cancer cells [3]. By attaching certain receptors to the surface of the nanoparticle
one allows certain biomolecules to bind which results in a change of the local dielectric
properties in the ambient environment of the nanoparticle. Hence one has the possibil-
ity to read out that a certain amount of molecules are found in a specific medium by
studying the shift of the local plasmon resonance peak.
Another very important aspect of these nanoplasmonic sensing platforms are that these
systems can be constructed in a relatively simple manner. This indicates that they fit
very well in to the public demands on cost and convenience.
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CHAPTER 1. INTRODUCTION 2

One of the goals in this project is to further suppress expenses and increase simplicity.
Hence this study focuses on an alternative sensing scheme based on angular scattering
rather than peak position measurements, motivated by the fact that one can construct
sensors working on single-wavelength, that are both spectrometer- and microscope-free.
Moreover systems based on this sensing scheme are self-referenced which is another ad-
vantageous property compared to many other sensing platforms.
A self-constructed microscope-free optical setup, with the ability to perform biosens-
ing using samples of asymmetric monometallic nanosized Au dimers, was designed and
realized during this work. The studied samples consists of Au nanodisks with slightly
different heights arranged pairwise as dimers on top of a glass substrate. In this way it
is possible to use interference patterns which originates from asymmetric nanoantennas
with slightly detuned plasmon resonances, to achieve directional scattering effects.

The beginning of the reports focuses on theories of general plasmonics and scattering of
light from nanosized objects, which gradually allows us to simulate and optimize a spe-
cific configuration for the nanodimer disks. General information about present plasmonic
sensing platforms are furthermore described with emphasized benefits and drawbacks.
Finally a new type of sensing platform, using directional scattering, is described and sup-
ported with experimental data. Moreover measurements, in the previously mentioned
microscope-free optical setup, are presented and demonstrated for both bulk- and local
refractometric sensing.
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2
Theory of plasmons and optical

response of nanoparticles

T
he response of a metal to an external electromagnetic field can in many
cases be described rather well by the dynamics of its conduction electrons. A
model that is widely used to simulate the electron dynamics in metals is the
Drude-model which states that conduction electrons are ”free” and moves as

non-interacting particles similar to an electron gas [4].
When studying metal nanoparticles the electron gas is spatially confined to a region
much shorter than the wavelength of the incident electromagnetic field. Hence when
the incident oscillating field E(r, t) reaches the nanoparticle it will displace the electrons
with a force corresponding to F(r, t) = -eE(r, t). A restoring force will arise due to the
charge separation between displaced electrons and the positively charged lattice. These
forces will in turn give rise to coherent periodic oscillation of electrons called localized
surface plasmons. These plasmons occur at specific resonance frequencies/wavelengths
which highly depends on factors like the geometry of the particle [4].

2.1 Plasmons in noble metals

First of all it is wise to start investigating the optical properties of noble metals by using
a classical electrodynamical picture.
According to Maxwell’s equations the electric displacement field D(ω) in a medium with
dielectric function ε(ω) can be expressed as

D(ω) = ε0ε(ω)E(ω) = ε0E(ω) + P(ω) (2.1)

where ε0 is the vacuum permittivity and P(ω) is the frequency dependent polarization
vector [4].

3
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If one furthermore adopt the so called Drude-Sommerfeld model the equation of motion
for a conduction electron may be expressed according to

m
∂2r

∂t2
+mγ

∂r

∂t
= −eE(t) (2.2)

where γ is a damping parameter, e the magnitude of the electron charge and m the free
electron mass.
Via a Fourier transformation in the time domain, the solution for r in frequency space
is given by

r(ω) =
e/m

ω2 + iγω
E(ω) (2.3)

where i denotes the imaginary unit [5]. Since the polarization vector is described by
the amount of dipole moments per unit volume, it is now convenient to express the
polarization as P(ω) = -neer(ω), where ne is the density of electrons.
By combining equations (2.1) and (2.3) the dielectric function for the free electrons can
be written as

εf (ω) = 1−
ω2
p

ω2 + iγω
(2.4)

where ωp =
√

nee2

ε0m
is the plasma frequency.

The previously described model works quite well for simulating the optical properties
of gold in the near infrared regime. However, for incident light with higher energies
(E > 2.26 eV⇔ λ < 550 nm) one have to take into account that excitations of electrons
from lower lying bands into the conduction band might occur [4]. Due to this phenomena
the equation of motion in equation (2.2) have to be redefined to include a force term
from the nuclei potential according to βr, which results in a expression for the interband
dielectric function εib(ω) as

εib(ω) = 1−
ω̃2
p

(ω2 − ω2
0) + iΓω

(2.5)

where ω0 =
√
β/m∗, Γ the damping factor for bound electrons, ω̃p =

√
ñee2

ε0m∗ where ñe
describes the density of bound electrons and m∗ is their effective mass.

However in this study the phenomena to be investigated are aimed to occur at wave-
lengths higher than 550 nm, which means that the expression in equation (2.4) is still a
valid approximation in our case.
The real part of the dielectric function is related to stored energy within the medium
and the imaginary part to energy dissipation [4]. These parts can be viewed in Figure
2.1 where it is obvious that the real/imaginary part of the dielectric function is nega-
tive/positive for all wavelengths in the considered spectral region. This is in agreement
that light can only penetrate a metal to a very small extent, since if the real part of the

4
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dielectric function εr is negative the imaginary part of the refractive index ni becomes
strong (n =

√
εf ). From this knowledge and the relation k = k0n = k0(nr + ini)⇒ E =

E0e
i(k0nR−ωt) = E0e

−k0niRei(k0nrR−ωt) where R describes the spatial coordinate traveled
by the wave, it is obvious that the imaginary part of the refractive index is responsible
for the decay of the electric field within a certain medium.

Figure 2.1: The dependence between dielectric function for gold and wavelength of incident
light. Notice that the real part of the dielectric function has negative value for all wavelengths
in the studied spectral region which shows that light can only penetrate gold to a small extent.

2.2 Plasmonic nanoparticles

In the quasi-static (Rayleigh) approximation, the polarizability α(ω) for a spherical
nanoparticle with spatial dimensions much smaller than the wavelength of the incident
light, can be expressed via the Clausius-Mossotti relation

α(ω) = 4πR3 ε(ω)− εd
ε(ω) + 2εd

(2.6)

where R is the radius of the spherical nanoparticle and εd is the dielectric function of
the surrounding environment [6].
By assuming that the dielectric function of the surrounding medium is constant over the
whole visible spectra one discovers that it is possible to find a frequency which maximizes
the polarizability function. This maximum occurs for a frequency ω0 which results that
the condition Re{ε(ω)} + 2εd = 0 is fulfilled, i.e. the real part of the denominator in
equation (2.6) becomes zero.
Since the relation between polarizability function and dipole moment is p(ω) = εdα(ω)E(ω)
we see that a maximum in dipole moment occurs for the same frequency ω0 as well.
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This effect results in a very high probability for the incident light to excite dipoles and
is a phenomena called localized surface plasmon resonance (LSPR), which stems from
coherent oscillations of spatially confined conduction electrons in the nanosized particle.
Since different metals are described with different dielectric functions two geometrically
equal nanoparticles made of different materials will still yield a different LSPR. It turns
out that the plasmon resonance is also highly dependent on the geometric shape of the
specific nanoparticle which is described in the following section.

2.3 Light scattering from nanosized spheroids

The previously described polarizability function in equation (2.6) is only valid for spher-
ical nanoparticles. For other geometries such as disk shaped nanoparticles one cannot
really state that this polarizability function is suitable for describing the optical response
to an external electric field.
However, the disk shaped particles may be approximated as oblate spheroids (a = b > c)
with semi axes rx = a, ry = b (= a) and rz = c, and with low aspect ratios1. By doing
this equation (2.6) may be adjusted with a geometrical form factor Ln, which stems
from solving Laplace’s equation in ellipsoidal coordinates, according to

Ln =
abc

2

∫ ∞
0

1

(s+ r2n)
√

(s+ a2)(s+ b2)(s+ c2)
ds (2.7)

where n ∈ {x, y, z}. Furthermore for oblate spheroids we could analytically express Lx
according to

Lx =

√
1− e2
2e3

(
π

2
− arctan

[√
1− e2
e2

])
− 1− e2

2e2
(2.8)

where e =
√

1− c2

a2
. Hence the geometrical form factor for a nearly disk shaped object

depends exclusively on aspect ratio [6].
This results in an expression for the polarizability function along an arbitrary axis (x, y
or z) as

αn(ω) = V
ε(ω)− εd

εd + Ln[ε(ω)− εd]
(2.9)

where V = 4
3πabc is the volume of the spheroid.

By inserting the relation for the dielectric function, described in equation (2.4), into
(2.9) it can be shown that the resonance occurs at a frequency

ωLSPR =
ωp√

1 + (1/Ln − 1)εd
(2.10)

This expression certainly states that a shift will occur in the LSPR when the refractive
index nd changes since the relation between the dielectric function and refractive index

1the ratio of the vertical- and horizontal semi axis of a spheroid, R̃ = c
a

.
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is εd = n2d. This is one of the most essential aspects in plasmonic sensing [1].
The expression for the polarizability function, in equation (2.9), does not account for
factors like radiation-damping or dynamic depolarization which must be paid attention
to in order to get a more accurate estimation of both the spectral position ωLSPR and
the overall shape of the resonance peak.
However this expression gives a rough understanding of the shift in LSPR wavelength
due to geometrical parameters like diameter and height. This is illustrated in Figure
2.2 which is based on equations (2.8) and (2.10) with parameters ωp = 13.08·1015 s−1,
γ = 1.075·1014 s−1 which are reasonable values for Au [10]. All curves are plotted using
the same refractive index nd = 1.0.
From this illustration it is clear to state that the local surface plasmon resonance of the
nanoparticle redshifts/blueshifts2 with increasing diameter/height respectively. More-
over it is clear that each resonance peak have a Lorentzian shaped feature, which corre-
sponds to damped oscillatory dynamics in the time domain [11]. An additional important
factor to take into account when investigating scattered light from nanosized objects is
that scattering heavily depends on the volume of the particle. In the electrostatic ap-
proximation it is shown that the scattering cross section σsca can be expressed as

σsca(ω) =
k4

6π
|α(ω)|2 (2.11)

where the relation to amount of scattered intensity is Isca = I0(ω)
A σsca(ω). Here A

describes the geometrical cross section of the nanoparticle and I0(ω) the intensity of the
incident light. Moreover the extinction cross section is expressed as

σext(ω) = kIm{α(ω)} (2.12)

and hence the expression for absorption cross section is σabs(ω) = σext(ω)− σsca(ω).
Since the polarizability function α(ω) depends linearly on the volume (see equation 2.9)
the scattered intensity will have a quadratic dependence on the volume of the nanoparti-
cle. This knowledge is of great importance when conducting experimental studies, since
it is almost impossible to measure scattered light from too small particles due to factors
like noise levels.

2.4 Radiation of dipoles located near planar interfaces

As stated earlier the polarizability function αn(ω) in equation (2.9) reaches a maximum
value when the wavelength of the incident light corresponds to that of λLSPR for the
nanodisk. This means that the particle will radiate a lot of light in directions both left
and right perpendicular to the axis along which the charge density oscillates [14].

An interesting aspect of scattering from nanosized objects takes place when considering
oscillating dipoles located near a plane surface. A unique radiation pattern arises due

2redshift/blueshift corresponds to an increase/decrease in wavelength.
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(a) Illustration of how the extinction spectrum varies with aspect ratio of a nanodisk. In this case
the diameter D = 150 nm are the same in every disk. The inset figure illustrates which geometric
dimensions corresponds to which resonance peak.

(b) A general overview of how the local surface plasmon resonance wavelength λLSPR changes with
aspect ratio of the disk.

Figure 2.2: Illustration of how the local plasmon resonance varies when the aspect ratio of
the disk changes.

8
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to properties of evanescent fields. The explicit expression for the radiation pattern can
be derived by the following steps.
We start by writing the time averaged Poynting vector as 〈S〉 = 1

2Re{E×H∗}. By
then using the fact that the relation between electric and magnetic field in the far-zone
is n̂k×E = vB ⇒ H = v−1µ−1n̂k×E (v = ω

k ), it is straight forward to show that the
far-field expression of the time-averaged Poynting vector 〈S〉far is

〈S〉far =
1

2

√
ε0εj
µ0µj

(E ·E∗)n̂k (2.13)

where n̂k = k
|k| is simply a unit vector in the radial direction away from the dipole.

Parameters εj and µj are just the dielectric function and magnetic permeability of a
certain medium.
Furthermore it is known that the magnitude of the Poynting vector describes the radiated
power per unit area crossing a surface with a normal vector parallel to S. Hence the
radiated power P per unit solid angle can be expressed according to

P = p(Ω)dΩ = r2〈S〉far·n̂k (2.14)

By assigning the dipole moment µ = (µx, µy, µz) to the oscillating charge density of the
nanodisk the far-field may be represented according to

E =

[
Eθ

Eφ

]
=

k21
4πε0ε1

eik2r

r

[
[µx cosφ+ µy sinφ] cos θΦ

(2)
2 − µz sin θΦ

(1)
2

−[µx sinφ− µy cosφ]Φ
(3)
2

]
(2.15)

Thus from equations (2.13), (2.14) and (2.15) it is now possible to deduce the normalized
radiation pattern, in the medium below the plane surface, as

p (θ, φ)

P0
=

3ε2n1
8πε1n2|µ|2

[
µ2zsin

2 θ|Φ(1)
2 |

2 + [µx cosφ+ µy sinφ]2 cos2 θ|Φ(2)
2 |

2

+[µx sinφ− µy cosφ]2|Φ(3)
2 |

2 − µz[µx cosφ

+µy sinφ] cos θ sin θ
[
Φ
∗(1)
2 Φ

(2)
2 + Φ

(1)
2 Φ

∗(2)
2

]] (2.16)

where P0 corresponds to the total amount of energy dissipation in a homogeneous

medium characterized by ε1 and µ1. The parameters Φ
(1)
2 , Φ

(2)
2 and Φ

(3)
2 can further be

expressed as

Φ
(1)
2 =

n2 cos θ

n1
√

(n1/n2)2 − sin2 θ
tp(θ)e

ik2[h
√

(n1/n2)2−sin2 θ+δ cos θ] (2.17)

Φ
(2)
2 = −n2

n1
tp(θ)e

ik2[h
√

(n1/n2)2−sin2 θ+δ cos θ] (2.18)

Φ
(3)
2 =

cos θ√
(n1/n2)2 − sin2 θ

ts(θ)e
ik2[h
√

(n1/n2)2−sin2 θ+δ cos θ] (2.19)

9
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where h describes the height of the dipole over the plane surface and δ the total height
of the layered interface. Note that in the case of a single interface, δ = 0. The functions
tp(θ) and ts(θ) are just Fresnel amplitude coefficients for p- and s-polarized components
respectively [4].
By studying the angular dependence of the function, described in equation (2.16), one
finds that if the dipole is placed closely enough (λ/100 ≤ h ≤ λ/10) to the plane
surface, a significant portion of the radiation pattern will be concentrated in the so called
forbidden zone. The nature of the fields originating from the radiating dipoles located
close above the interface are evanescent but may be transformed into propagating modes
below the interface due to refractive index mismatch. The direction for this transformed
propagating wave always occur at an angle equal or greater than the critical angle θc =
arcsin (n1/n2) with respect to the normal to the lower-upper medium interface. Hence
this light can be viewed as forbidden in ordinary terms of scattering due to the fact
that evanescent fields from dipoles located further away from the plane interface will
decay before it ever reaches the interface. Therefore the scattered light from these
dipoles will end up in the allowed zone of the lower medium. The radiation pattern
from dipoles located a distance h above a plane interface is illustrated in Figure 2.3
where the region above/below the dotted lines, in the lower medium, corresponds to
the forbidden/allowed zone respectively. Notice that the amount of light scattered into
the forbidden zone decreases immensely when the height of the dipole location over the
plane interface h increases, whereas the amount of light scattered into the allowed zone
is independent of h.

2.5 Coupled dipole- and modified long wavelength approx-
imations

So far we have only described the theory for the interaction between light and a single
plasmonic nanoparticle. Since this study involves scattering from asymmetric monometal-
lic dimers it is crucial to investigate what coupling effects that might occur between
juxtaposed nanospheroids.
In the case of two interacting plasmonic particles, Miljković et al. showed that using
modified long wavelength approximation (MLWA), which includes corrections for both
radiation-damping and dynamic depolarization, more reliable results are obtained when
investigating extinction-, scattering- and absorption cross sections [12].
With this model in hand, the polarizability function of a nanosized spheroid can be
expressed as

α̃n(ω) =
αn(ω)

4π − k2

rn
αn(ω)− i23k3αn(ω)

(2.20)

where αn(ω) is referring to the polarizability expression in equation (2.9). The second
term in the denominator accounts for the appearance of an enhancement maximum at
finite small volumes, and the third term accounts for radiation damping which results
in radiation losses and therefore broadens and decreases the magnitude of the resonance

10
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Figure 2.3: Radiation pattern of a dipole located close to a plane surface, for four different
heights h. Note that the radiation pattern in the allowed region of the lower medium is
independent of the height which the dipole is place above the surface. θc denotes the critical
angle of the substrate/upper medium interface. Picture taken from [4].

peak for larger nanoparticles [13].

Moreover the dipole moment pn of a nanoparticle located in a system consisting of sev-
eral interacting dipoles may be approximated as a point dipole, coupling to surrounding
point dipoles. This method is generally referred to as a coupled dipole approximation
(CDA) where the dipole of a certain nanoparticle may be explicitly expressed as

pn = α̃n(Einc,n −
∑
m 6=n

Anmpm) (2.21)

where Einc,n = E0e
i(k·Rn−ωt) describes the incident field at position Rn. A further

convenient trick is to define Ann = α̃−1n , which reduces equation (2.21) to just solving

2∑
m=1

Anmpm = Einc,n (2.22)

since a dimer system is considered and interaction between two different dipoles needs
to be investigated. The dipole interaction term A12 is further explicitly expressed as

A12 =
eikR12

R12

(
k2[n̂12n̂

T
12 − 1] +

ikR12 − 1

R2
12

[3n̂12n̂
T
12 − 1]

)
(2.23)

11
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where R12 = |R2 −R1|, n̂12 = (R2 −R1)/|R2 −R1| and 1 is a 3×3 identity matrix.

By solving equation (2.22) a complex valued expression of the dipole moment pn is
acquired. In order to get the magnitude and intrinsic phase of the dipole, |pn| =√

(Re {pn})2 + (Im {pn})2 and ϕn = arctan

[
Im{pn}
Re{pn}

]
are calculated respectively.

2.6 Asymmetric monometallic dimers for directional scat-
tering

When the wavelength of the incident light corresponds to the LSPR wavelength of the
nano disks the absorption- and scattering cross sections will reach maximum values.
Due to the chosen geometries of the disks, in this study, the LSPR wavelength of the
particles will be located in the visible region of the spectrum which means that the nan-
odisks will radiate light with a wavelength corresponding to their LSPR [14].
If the nanoparticles are ordered in a symmetric structure, for example as separated single
disks on a glass substrate all with equal dimensions, the resulting radiation pattern will
have an angular scattering symmetry.

If one on the other hand want to create a directional radiation pattern the symmetry
of the nanostructures has to be reduced [15]. By replacing each position, where a single
nanodisk is located, with a dimer pair consisting of two nanodisks with equal diameter
but with different height, the symmetry of the sample is highly subdued. The sizes of
the nanoparticles in the asymmetric dimers are much smaller than the wavelength of the
radiating light. Hence, from basic knowledge about Huygens’s principle the scattered
light from each dimer pair can be approximated as originating from two different point
sources, since the LSPR of each particle are detuned from each other [16].
To understand how the scattering directionality arises, conditions for interference be-
tween the scattered light originating from two different point sources needs to be inves-
tigated.

From phasor addition in the complex plane and/or calculating the time average (over a
time period T ) of the square of the electric field, the total intensity from the scattering
dimer at a distance R can be expressed as

I =
〈
E2
〉
T
≈ 1

16π2ε20R
6

[
|p1|2 + |p2|2 + 2|p1||p2| cos (kL−∆ϕ12)

]
(2.24)

where |p1|, |p2| and ∆ϕ12 are magnitudes and intrinsic phase difference of the dipoles
respectively, k = 2πn

λ where n is refractive index and L the intermediate distance be-
tween the dipoles [14], [16]. The last term in expression (2.24) describes the interference
between the light originating from the two different radiating sources.

So considering a system consisting of asymmetric monometallic Au dimers located on top
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of a plane surface, the ratio of intensities scattered to the left/right along the direction
of the dimer axis is expressed according to

RI =
|p1|2 + |p2|2 + 2|p1||p2| cos (kL−∆ϕ12)

|p1|2 + |p2|2 + 2|p1||p2| cos (−kL−∆ϕ12)
=

1 + f(A)cos(kL−∆ϕ12)

1 + f(A)cos(kL+ ∆ϕ12)
(2.25)

where A ≡ |p1|/|p2| and f(A) ≡ 2A
1+A2 . Notice that wavenumbers k and −k corresponds

to waves traveling in opposite directions along the dimer axis.
Since both |p1|, |p2| and arguments±kL−∆ϕ12 depends on wavelength λ, it is possible to
find a wavelength λ0 where the ratio in equation (2.25) is maximized. The optimal situa-
tion corresponds to a wavelength where f(A) = 1 (|p1| = |p2|), kL+∆ϕ12 = ±(π+2πm)
and kL−∆ϕ12 = ±2πm (m is an integer number).
It is clear that this condition is fulfilled when λ0 = 4nL and ∆ϕ12 = π/2 simultane-
ously. This situation is illustrated in Figure 2.4 which is a simulation of two dipoles,
with |p1| = |p2|, placed L = λ/4n from each other. Notice how the intensity of the light
scattered to the right along the dimer axis vanishes due to destructive interference, as
the intrinsic phase difference changes from 0 to π/2. It can easily be shown that the
maximum value for the ratio is highly dependent on a dimer system which fulfills all the
conditions, described above, at a certain wavelength λ0.
Once a highly directional dimer system is engineered, small changes in the surrounding
medium will break the previously described ”perfect” constructive/destructive interfer-
ence conditions and hence would lead to dramatic changes in ratio of left/right-scattered
intensities. This property is highly suitable for sensing purposes where the main goal is
to detect extremely small changes in the ambient dielectric environment.
For instance, if the ratio of dipole magnitudes |p1(λ0)|

|p2(λ0)|
= 1 ± 10−3 simultaneously as

∆ϕ12(λ0) = π/2 the maximum value of the intensity ratio will be orders of magnitude
lower than in the case where the ratio of the dipole magnitudes would have been equal
to one.

An additional parameter to take in consideration, when dealing with interference be-
tween different sources, is the coherence length Lc. The interpretation of this quantity
is briefly the extent in space over which the phase of an electromagnetic wave can be
predicted reliably. Hence if the radiating sources are located within a distance smaller
than Lc it can be assumed that they are hit by a plane wave, even with a white light
source. If these disks instead were located a distance L ≥ Lc the interference would be
blurred out [16].

It is off course a difficult task tuning a system to fulfill exactly the requirements de-
scribed above, but it clearly shows that the ratio is highly sensitive to extremely small
changes of the system. This is a very much preferable property in this study since the
main goal of this system is to work as a biosensor with the ability to detect very small
changes in the local dielectric environment. A description of the sensing ability for a
directional scattering sample are presented in Chapter 3.3.

13



CHAPTER 2. THEORY OF PLASMONS AND OPTICAL RESPONSE OF
NANOPARTICLES 14

(a) Illustration of in-
termediate distance and
intrinsic phase differ-
ence ∆ϕ12 = 0 between
two different dipoles.

(b) Simulation of radiation pattern for the dipole configuration
illustrated to the left. Since the interference between the two dipole
sources are more or less constructive both to left and right along the
dimer axis, the radiation pattern appears to be rather symmetric.

(c) Illustration of in-
termediate distance and
intrinsic phase differ-
ence ∆ϕ12 = π/2
between two different
dipoles.

(d) Simulation of radiation pattern for the dipole configuration
illustrated to the left. In this case the interference between the
dipoles are constructive in one direction and destructive in the
opposite direction along the dimer axis, i.e. directional scattering
occurs.

Figure 2.4: Illustration of the interference between the radiation from two dipoles with a
certain intermediate distance and intrinsic phase difference.
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2.7 Simulation of scattering and absorption cross sections
for asymmetric monometallic Au dimers

From the different theoretical models, presented in earlier sections, simulations were car-
ried out in order to find a dimer configuration which geometric dimensions results in the
sought properties, i.e. a highly directional scattering system.

The simulations are based on placing two separate spheroids, with dimensions a1 =
b1 = 50 nm, c1 = 20 nm, a2 = b2 = 55 nm, c2 = 15 nm, along the y-axis with an
intermediate center-to-center distance of L = 135 nm.
Since the dipoles are located over a substrate we have to distinguish between the upper
medium with refractive index ntop and the refractive index of the lower medium ng. In
order to simulate the effective refractive index neff which the nanospheroids experiences,
a mean value of the dielectric functions for the upper and lower medium was taken re-

sulting in neff =
√

(n2top + n2g)/2.

In this specific case the value ntop = 1.309 RIU (RIU = refractive index units) was chosen
which was found in optimization to give a high ratio of left/right-scattered intensities.
This value of refractive index is rather close to that of water which is favourably since
the refractometric sensing is generally conducted in water-like mediums. The refractive
index of the lower medium was taken as for glass ng = 1.5 RIU. This results in an effec-
tive refractive index of neff = 1.4077 RIU.

Incident linearly x-polarized light, propagating in the direction of negative z-axis, was
then used to excite dipoles on the spheroids. The polarizability functions of the two
different spheroids are calculated using equation (2.20) with the geometrical form factor
calculated according to equation (2.7) and frequency dependent dielectric function ε(ω)
was taken from experimental values for Au [17]. With this information it was straight
forward to use equations (2.11) and (2.12) to calculate the scattering- and absorption
cross sections which is illustrated in Figure 2.5. From these figures it is clear that the
spectra yields two distinct localized plasmon resonance peaks properly detuned from
each other.
Moreover equation (2.22) was used to simulate coupling effects between the dipoles.
Hence the magnitudes and intrinsic phase difference could be found for the spheroids
which is shown in Figure 2.6. Finally the ratio of the left/right-scattered intensities,
along the dimer axis, were calculated according to equation (2.25). The result is demon-
strated in Figure 2.7 and shows a very high directionality with a ratio of RI = 2.791·104

at λ = 680 nm.
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Figure 2.5: Simulated scattering- and absorption cross sections.

Figure 2.6: Simulated magnitude and intrinsic phase difference (in unit steps of π radians)
of the different dipoles. Note that the difference in intrinsic phase is around −π/2 for the
same wavelength where the magnitudes of the two dipoles coincide (|p1| = |p2|).
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Figure 2.7: Simulated magnitude and ratio of intensities scattered to left/right along
the dimer axis. Notice the logarithmic scale on the graph showing the ratio of scattered
intensities.
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3
Sensing with plasmonic

nanoparticles

P
lasmonic nanoparticles yields great potential in acting as future sensors.
Due to factors like its nanoscale spatial dimensions and sensitivity to local
environmental changes, they show very promising applications in both material
industries and biomedical science. The current methods and upcoming trends

for using nanosized plasmonic particles as sensors are briefly described in this section.

3.1 General methods for plasmonic sensing

As described earlier, plasmons are highly sensitive to dielectric changes in their local en-
vironment. How sensitive a certain plasmonic nanoparticle is to ambient environmental
changes depends on several factors like geometry and material composition, but also the
ease of electron polarization in the nanoparticle.
In the field of plasmonic sensing one often distinguishes between bulk sensing and local
sensing. In the bulk sensing model one assumes that the total ambient environment,
in which the nanoparticles are located, is replaced by a medium with different dielec-
tric properties. In local sensing it is assumed that the dielectric properties changes only
within a region of the probe volume Vp around the nanoparticle. By assigning the spatial
range of the probing region with a parameter dp one clearly sees that the local sensing
model converges to the bulk sensing model when dp → ∞. The simplest way of deter-
mining the plasmonic signals in these two sensing platforms are done in the bulk model.
To quantify how sensitive a certain model is to dielectric changes of the ambient envi-
ronment it is convenient to define parameters like sensitivity and figure of merit (FOM).
The first quantity is simply defined as ∂λLSPR/∂n where λLSPR is the LSPR wavelength
and n the refractive index of the surrounding medium. This means simply that the sen-
sitivity aspect describes the change in resonance wavelength for a unit change in the
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refractive index of the ambient medium.
Further analytical investigation shows that the sensitivity of a sub-wavelength nanoan-
tenna can be written as

∂λLSPR
∂n

=
2Re{ε(λ)}

n

∂Re{ε(λ)}
∂λ

∣∣∣∣
λ=λLSPR

(3.1)

where ε(λ) is the wavelength dependent dielectric function described in the previous
chapters. A typical sensitivity for gold nanodisks are around 200 nm/RIU [1].
Even though this sensitivity quantity plays a crucial role in sensing measurements it
doesn’t say anything about the sharpness of the resonance peak, neither give any infor-
mation about spectroscopic contrast. Hence, a useful definition to add when describing
the sensitivity aspect is the figure of merit (FOM) which is defined by

FOM =
1

∆λ1/2

∂λLSPR
∂n

(3.2)

where ∆λ1/2 describes the full width half maximum (FWHM) of the Lorentzian shaped
resonance peak.
Even though a certain nanoparticle yields highly sensitivity property according to equa-
tion (3.1) it can still show a mediocre value of FOM. Since broadening of the plasmon
resonance peak occurs due to radiative damping, see equation (2.20), FOM is a very
important measure of sensitivity.

Another very important aspect to take in to account, when studying immobilized plas-
monic nanoparticles on a substrate, is the fact that the surface area are different from
free colloidal nanoparticles. This results in a symmetry breaking around the nanoparti-
cle and affects the charge distribution on which the plasmon resonance heavily depends.
Furthermore, in the case of the sensing aspect, fewer molecules can bind to the nanopar-
ticle with less surface area exposed to the ambient medium.

The previuosly described sensing platforms are the most widely used and studied at
present. However there are some recently alternative sensing schemes worth mentioning.
First and foremost Becker et al. describes an alternative FOM quantity than what
is shown in equation (3.2). Instead of resonance peak position this model focuses on
amplitude of the resonance peak [7]. This alternative FOM is explicitly described as

FOM∗ = max

∣∣∣∣ 1

I0(λ)

∂I(λ)

∂n

∣∣∣∣ (3.3)

where I(λ) is the wavelength dependent intensity, n refractive index and I0(λ) a reference
signal.
An additional sensing scheme were demonstrated by Evlyukhin et al. [9] where they
considered a sample consisting of several slightly detuned dipole-pair nanoantennas.
Due to spatial- and intrinsic phase retardation, between the dipoles in the pair, high
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directional scattering effects was acquired. This phenomena arises due to that dipoles
in the pair configurations interfere constructively in one direction, while simultaneously
interfering destructively in the opposite direction. By then measuring the ratio between
the scattered intensities along the right/left of the dipole-pair axis one will acquire a
high sensing contrast.
This base was also used by Shegai et al. [2] to demonstrate hydrogen sensing in a Pd/Au
dimer sample. After locating the wavelength where the maximum directionality occurs
they used a single wavelength light source and changed the hydrogen partial pressure in
the ambient environment of the dimers. By this strategy a change in ratio of ∆RI ≈ 1.4
was achieved by alter the hydrogen partial pressure by a few millibars.

3.2 Converting shift in plasmon resonance to amount of
detected molecules

A crucial property of a sensor is to determine the amount of substance (molecules) that
are present in the close environment of the nanoparticles. As we can see from equation
(2.10), the LSPR frequency shifts if the local dielectric environment changes. It turns
out that it is possible to relate the amount of adsorbed molecules to the LSPR shift
according to ∆λLSPR = ∆neff

δλLSPR
δn , where δλLSPR

δn is called the bulk sensitivity and
∆neff is the effective refractive index. Furthermore ∆neff can be expressed as

∆neff =
1

ld

∫ ∞
0

(n(z)− nd)e−2z/ld dz (3.4)

where nd is the refractive index of the surrounding medium and n(z) the refractive index
a distance z away from the nanoparticle. The parameter ld is the field decay length which
is related to the plasmon wavelength, where ld ≈ 28 nm for low aspect ratio nanodisks.
In the case of detecting proteins, the change in refractive index can be quite easily
converted to the surface mass density Γ of a certain protein layer. This is done according
to

Γ =
dp∆neff
δn/δc

(3.5)

which is also known as Feijters formula. Here dp describes the thickness of the protein
layer and δn/δc is known as biomolecule refractive increment which has a value around
0.182 cm3g−1 for most proteins [1].

3.3 Sensitivity aspect of directional-scattering-ratio plas-
monic sensing

A central issue with a lot of the previously presented sensing schemes is that they require
either microscopes or spectrometers which are both expensive and takes up valuable
space. These factors are very limiting and/or impractical when considering a system
aimed to work as a biosensing device.
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It is moreover important to search for different ways to overcome the limited sensi-
tivity which can be achieved with present sensitivity platforms such as change in LSPR
wavelength for a unit change of refractive index (see equation 3.1).
Inspiration is now taken from several ideas presented in work done by both Evlyukhin et
al. and Shegai et al. which, as previously mentioned, made use of directional scattering
by asymmetric monometallic/bimetallic nanosized dimers for acquiring high sensitiv-
ity [2], [9]. By studying the ratio RI (see equation (2.25)) of the scattered intensities
for a single wavelength light source it is possible to reach enormously high directional
scattering resonance sensitivity ξDRS by measuring the quantity

ξDRS =
∂RI
∂n

∣∣∣∣
λ=const

(3.6)

i.e. the change in ”directional resonant behavior” for a unit change in refractive index.
A comparison between ”ordinary” LSPR shift refractometric plasmonic sensitivity and
”directional resonance” sensitivity can be seen in Figure 3.1, based on theoretical simula-
tions performed in a similar manner as in Figure 2.7. While the ”ordinary”refractometric
LSPR shift sensitivity, in Figure 3.1 (b), gives a value of ∂λLSPR/∂n ≈ 100 nm/RIU the
”directional resonance” sensitivity, in Figure 3.1 (d), shows a value of ξDRS ≈ 8.84·106

RIU−1 around n = 1.4. This is almost a factor of 105 higher which is an indication
that refractometric measurements, based on directional scattering, is a very promising
sensing platform.
By further investigating the slope of the curves in Figures 3.1 (b) and (d) it is moreover
clear that the LSPR shift sensitivity remains at a constant value around 100 nm/RIU
for each value of refractive index, whereas the ”directional resonance” sensitivity ξDRS is
highly dependent on refractive index. This furthermore implies that it is possible to tune
the dimer system in such a manner that the highest achievable sensitivity region occurs
for refractive indices corresponding to that of physiological buffers. These measurements
are generally conducted using substances with a refractive index in the range n = 1.33
- 1.4 [27].

However there are some limiting factors worth considering when performing directional
sensing. For example the background signal which originates from straylight, induced
by the glass substrate and the rest of the optical path from light source to detector, will
decrease the ratio of the left/right-scattered intensities immensely if not subtracted. The
performance of this subtraction is not obvious to do due to the fact that it can cause
negative values for some wavelengths since the straylight from a blank clean glass slide
will yield a higher transmission than a glass slide with nanodimers positioned on top.
Therefore a fraction of the straylight spectrum needs to be subtracted which is estimated
from the decrease in transmission caused by the surface area occupied by the nanodimers
[2]. Since this straylight subtraction is crucial in order to achieve the ”true” scattering
ratio values this is quite a drawback for this sensing scheme. More details about the
impact of straylight on left/right-scattered intensities is described in the Chapter 5 as
well as in Appendix A.1 at the end of this report.
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(a) Extinction spectra for some different re-
fractive indices. Notice that the the peak po-
sition shifts to the red with increasing refrac-
tive index.

(b) Localized surface plasmon resonance
wavelength λLSPR vs refractive index. This
sensitivity aspect is the basis for many of the
present sensing platforms which uses plas-
mon resonances.

(c) Ratio spectra for four different refractive
indices. The peak of the green curve is located
at 677 nm and is used as a single wavelength
reference in the graph to the right. Notice the
logarithmic scale on the y-axis.

(d) An illustration of how the ratio of scat-
tered intensities changes with effective refrac-
tive index neff at a constant wavelength of
λ = 677 nm. Note the logarithmic scale on
the y-axis.

Figure 3.1: Comparing the LSPR peak shift platform of plasmonic sensing with a new
platform based on directional scattering.
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4
Experimental results

T
he core of this project is experimental examination and evaluation of a
new type of optical setup which is both self-referenced and microscope-free.
This chapter is dedicated to illustrate the manufacturing process of the dimer
samples as well as highlighting the sensitivity, rigidity and simplicity of the

self-made microscope-free optical setup. Generally we want to present and discuss the
biosensing ability of a system which make use of directional scattering effects from
monometallic Au nanodimers.

4.1 Manufacturing process of asymmetric Au nanodimers

The samples, containing the Au dimer disks, are manufactured by using the hole-mask
colloidal lithography (HCL) method. This manufacturing method can briefly be illus-
trated in a few different steps.

First of all, a flat circular substrate made of a high refractive index medium (glass,
quartz etc.) is used. A film of polymethyl metacrylate (PMMA) is then put on top of
this substrate with a method called spin-coating which uses centrifugal force to spread
out the PMMA creating an homogeneously thick film over the substrate [18]. This is
done by placing an excess amount of PMMA on the substrate and connect it to a rotor.
Due to this setup one can tune the thickness of the film by adjusting the angular velocity
of the rotor attached to the circular substrate. Thereafter a very quick oxygen plasma
etch is done in order to increase the hydrophilic property of the film.

Next a water suspended positively charged polyelectrolyte is put on to the PMMA layer
forming a very thin adhesive film on its surface. In addition to this a colloidal solution
containing negatively charged polystirene beads are placed on top of the adhesive film,
causing an attractive force between the layer and the film and a repulsive force between
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the polystirene beads. The result of this is that the beads sticks to the film at locations
sufficiently far apart from the neighbouring beads.

The following step in this process is to deposit a very thin film of a substance which can
resist the later etch with the highly reactive oxygen plasma which is used to form holes
in the PMMA layer. Before the oxygen plasma etching takes place the polystirene beads
are taken away using adhesive tape. It is the absence of these beads which leaves small
holes creating the so called hole-mask on top of the PMMA film.

Furthermore, gold is evaporated from an external source from two different angles of
incidence creating dimer disks in the holes made by the oxygen plasma etching. The
angles of incidence are chosen depending on the desired intermediate spacing between
the dimer disks, and the height/width is controlled by evaporation time and the amount
of over-etch [19]. The overall scheme for this manufacturing process can be viewed in
Figure 4.1.

Figure 4.1: Schematic drawing of the different steps in the hole-mask colloidal lithography
method. Picture taken from [19].
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4.2 Determining geometrical dimensions of Au dimers with
SEM measurements

The result from the manufacturing process using the hole-mask colloidal lithography
method, described in previous chapter, is shown in Figure 4.2 which is an image taken in
environmental scanning electron microscope (ESEM). We can clearly see that the sam-
ple contains asymmetric dimer pairs all oriented in the same direction. The geometric

Figure 4.2: SEM image showing the structure of the dimers which was manufactured
through the hole-mask colloidal lithography method. The height difference appear as a differ-
ence in brightness between the dimer disks.

dimensions of the dimer disks in Figure 4.2 was analyzed through statistical measuring
in the imaging processing software ImageJ , and was found to be D1 = 103.67±4.75 nm
for the lower Au disk, D2 = 100.65± 5.89 nm of the taller Au disk and an intermediate
gap size of d = 11.85 ± 2.61 nm after boiling in TL 1 and heated during the annealing
process. This gives a center-to-center distance of L = 114.01± 7.93 nm.
It is not possible to determine the exact height of the dimer disks from the SEM measure-
ments, but one clearly see by contrast that there is a height difference (one is brighter
than the other). Additional measurements in atomic force microscopy (AFM) would
have been necessary in order to determine the exact height difference [20]. But since the
extinction spectra showed signs of directional scattering samples, this step was consid-
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ered as non-crucial for this study.

4.3 Locating plasmon resonances in extinction spectra

Since the measurements highly depends on plasmonic properties of the nanodimers, it is
very important that the LSPR occur at the expected wavelengths. A very straight for-
ward method to observe the spectral positions and magnitudes of plasmonic resonances
is to measure the extinction spectrum of the sample. Via the information in these spec-
tra, it is possible to draw conclusions about eventual directionality effects by studying
the detuning of the resonance peaks. Closely spaced asymmetric dimers should also
show different response, to incident light which is polarized perpendicular to the dimer
axis than light with a parallel polarization. Therefore it is also possible to determine if
the distances between the dimer disks are too large in order for the interaction between
dipoles to occur.
Extinction spectra for dimers with dimensions D1 = 103.67±4.75 nm, D2 = 100.65±5.89
nm, h1 = 26 nm, h2 = 62 nm and an intermediate center-to-center distance of L =
114.01 ± 7.93 nm, can be viewed in Figure 4.3 (a). These spectra are measured over
the visible- and part of the infrared range of the electromagnetic spectrum. These mea-
surements are conducted in a spectrophotometer (Cary 5000 UV-Vis-NIR Spectropho-
tometer) where the polarization of the incident light are varied with a linear polarizer.
From these spectra one cannot really distinguish two distinct resonance peaks, which is a
crucial property for directional scattering. However, neither of the two resonance peaks
has an ordinary Lorentzian shape which implies that we can suspect the presence of two
peaks, but they are either too close in wavelength and/or too broad to be distinguished
as separate peaks. It turns out that a quick and easy chemical treatment of the samples
can be made in order to improve both the separation and narrowing of the peaks. This
is simply done by boiling the samples in a chemical substance called TL 1 and further
annealing them on a heater which is described in the next subsection.

4.3.1 Improving resonance peaks with TL1 and annealing

To further improve the detuning and narrowing of the resonance peaks the samples were
put in a bath of TL 1 which contains of 20 ml of distilled water (H2O), 5 ml of hydrogen
peroxide (H2O2) and 5 ml of ammonia (NH3). This mixture together with the sample
were put in a beaker and boiled in 150oC for 3 minutes. Since Au is chemically inert
to this substance it mainly results in a thorough cleaning of the samples from organic
molecules [21]. After this procedure the nanosample were rinsed with distilled water and
afterwards dried with nitrogen gas.
Thereafter the dried sample was put on a heater to be annealed in 250oC for 10 minutes.
This process smoothen the Au dimer disks and reduces sharp inhomogeneities on the
disk surfaces which can be sources of broadening when studying the extinction spectrum.
Furthermore annealing also improves the crystallinity of the material which proves to
be another eligible property for improving the features of the resonance peaks in the
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extinction spectrum. The most plausible reason for this is; before the process of annealing
occurs the Au disks are not really homogeneous inside but is a composition of several
grains of varying sizes. However some of these grains may be comparable to the mean
free path of the conduction electrons, causing perturbations and further broadening of
the plasmon resonance peaks. Due to the heat produced during the annealing process
these grains will become significantly bigger in size, and more well defined narrower
peaks will be present in the extinction spectrum.
The spectra for the same sample as Figure 4.3 (a) shows, after boiling in TL 1 and
annealed, is illustrated in Figure 4.3 (b). It clearly shows that the resonance peaks
have blueshifted and narrowed immensely. In this case it is moreover obvious that two
distinguishable peaks appear when the incident light is polarized perpendicular to the
dimer axis. According to theoretical estimations from Figures 2.5 and 2.7, the highest
directionality effect should occur at a wavelength in the spectrum where the dip between
the detuned resonance peaks occur. In Figure 4.3 (b) it is obvious that this dip occur
somewhere around 610 − 620 nm. The highest scattering directionality is therefore
expected to be observed in this region.

4.3.2 Measuring scattering in opposite directions in the microscope
Fourier plane

It turns out that it is actually possible to see the effect of directional scattering by eye,
without using any spectrometer. By placing the sample in a microscope (Nikon Eclipse
TE2000-E) and switch from the real image to the Fourier image plane, one can study the
angular distribution of scattered light. The principle for the microscope Fourier plane
is illustrated in Figure 4.4 (a). The result in angular scattering for the Au nanodimer
sample after TL 1 and annealing can be seen in Figure 4.4 (b), which illustrates how
different colours scatters in different angular directions with varied intensities. These
measurements corresponds to a situation where the Au dimers are located in air. It
is clear from Figure 4.4 (b) that the left-scattered light is more intense with a reddish
colour while the right-scattered light contains of less intense greenish/yellowish light.
This result seems to be in quite good agreement with what was observed in the extinction
spectrum (Figure 4.3 (b)), with a directionality effect in the near infrared regime.
Moreover it is possible to view differences in the Fourier plane if the Au dimers are located
in water instead of air. According to equation (2.16), the forbidden zone changes when
the refractive index of the upper medium changes. Since water has a higher refractive
index than air we would expect the forbidden zone to be more narrow and occurring at
a higher scattering angle. An illustration of how this change looks like can be seen in
Figure 4.5 with and without an optical filter (650 ± 20 nm). Moreover Figure 4.5 (a)
shows two inset figures which corresponds to the Fourier plane image of a clean glass slide.
These figures shows the amount of straylight which originates from the sample substrate.
This needs to be taken in consideration when measuring the scattered light from the
Au dimers. A measurement of the spectrum of both left/right-scattered light, in the
microscope Fourier plane, was conducted to quantify the amount of directionality that
was present. Moreover the contribution of straylight was measured for both right/left-
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(a) Extinction spectra for Au nanodimers with dimensions D1 = 103.67±4.75 nm, D2 = 100.65±5.89
nm, h1 = 26 nm, h2 = 62 nm and an intermediate center-to-center distance of L = 114.01 ± 7.93
nm. The blue curve corresponds to incident light with parallel polarization and the green curve to
perpendicular polarization with respect to the dimer axis.

(b) Extinction spectra which shows the result of boiling the samples in TL 1 and annealing them on
a heater. Note the distinct two peaks that suddenly appears when incident light with perpendicular
polarization is used.

Figure 4.3: An illustration of how the extinction spectra changes after the nano dimers
have been boiled in TL 1 and annealed on a heater.
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(a) Figure illustrating the principle of the micro-
scope Fourier plane. The dimers are positioned in
the objective focal plane and the scattered light is
projected as a 2D image illustrating angular scat-
tering. Notice that the relation of the dimensions
between the Au dimers and the glass slide is highly
exaggerated.

(b) Fourier image plane of the sample
after TL 1 and annealing. The ori-
entation of the dimers and polariza-
tion of the incident light are marked
in the inset figure. It is clear that
the left-scattered light is more intense
with a reddish colour while the right-
scattered light contains of less intense
greenish/yellowish light.

Figure 4.4: An illustration of the microscope Fourier plane image and the angular scattering
of the Au nano dimer sample.

scattered light and subtracted from the corresponding spectra. These spectra can be
seen in Figure 4.6 which shows that the highest amount of directionality occurs at a
wavelength around 614 nm in air and around 680 nm in water.

4.4 Microscope-free optical experimental setup

The final aim for this project is to build a system which can measure the ratio of intensi-
ties, scattered in opposite directions along the dimer axis, from the radiating nanodimers.
Here one may take advantage of the previously described radiation pattern (see equa-
tion (2.16)) that arises from dipoles located near a plane interface. When the plasmonic
disks are located very close to the plane surface the exponentially decaying evanescent
fields which originates from the excited dipoles may couple to the optically denser lower
medium and be transformed into propagating modes. This phenomena is generally re-
ferred to as optical tunneling [4].
The samples consists of Au nanodimers with disk heights of h1 = 26 nm and h2 = 62 nm
with local surface plasmon resonances around λLSPR = 580−650 nm. By approximating
these disks as radiating point dipole sources, located at the center of each disk, the height
of the dipoles over the plane surface fulfills the condition λ/100 < 1

2{h1, h2} < λ/10
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(a) Fourier image showing how the forbidden zone changes when the Au dimers are located in water
(right image) instead of air (left image). The inset figures shows the Fourier plane image for a
clean glass slide which illustrated the amount of straylight which originates from the substrate in each
dielectric environments.

(b) Fourier image when an optical filter of 650±20 nm have been used. These images clearly illustrates
that red light scatters significantly more to the left than to the right both in air and in water.

Figure 4.5: A comparison of how the angular scattering changes when the Au dimers are
located in water instead of air.
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(a) Scattering spectra measured in the
Fourier plane with subtracted straylight. This
spectra corresponds to the situation when the
nanodimers are located in air.

(b) Ratio of the left/right-scattered intensi-
ties when the nano dimers are located in air.

(c) Scattering spectra measured in the
Fourier plane with subtracted straylight.
These spectra corresponds to the situation
when the nano dimers are located in water.

(d) Ratio of the left/right-scattered intensi-
ties when the nano dimers are located in wa-
ter.

Figure 4.6: Intensity spectra measured in opposite directions in the microscope Fourier
plane, both for upper medium of air and water.

which indicates that a significant part of the scattered light will be concentrated in the
forbidden zone. By placing these samples on top of a hemispherical prism, with a thin
layer of immersion oil in between, the system behaves as if the nanodimers were located
directly on the prism.
Due to the fact that the scattered light waves will propagate in a direction at an angle
θe ≥ θc with respect to the normal vector of the top plane surface of the hemispherical
prism, two detectors are placed with their center located an angle θ ∈ {θc, θmax} (see
Figure 4.4). These detectors will then register an average of the left/right-scattered light
into the forbidden zone. The schematic concept of the setup is illustrated in Figure 4.7.
Furthermore this setup filters out the light which is located in the allowed zone (trans-
mitted light and scattered light which originates from dipoles located far away from the
upper plane glass surface) which is very much beneficial for the sensing aspect of this
study.
In order to get parallel incident light the light source consisted of a fiber connected
to a halogen lamp in one end and to a collimator in the other end. Since the highest
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Figure 4.7: A sketch of the microscope-free optical setup. Scattered light from the dimers
radiates at an angle bigger or equal to θc. The lower part of the figure shows a magnified
image of the nanosized Au dimers.

directionality occurs when the incident is polarized perpendicular with respect to the
dimer axis, a linear polarizer was placed directly after the collimator. Another suitable
property for an optical system is the ability to control the spot size of the incident beam.
This indicates that an aperture is needed. The optical setup can be viewed in Figure
4.8 (a) which points out the different parts of the system. Furthermore we can view
the result of the directionality effect from the asymmetric nanodimers in Figure 4.8 (b),
where two distinct different colours appears when sheets of paper are placed in front of
each detector. From this image it is quite clear that the microscope-free optical system
reproduces the Fourier plane image in Figure 4.4. This is a very nice indication that
the optical setup works well for measuring the directional scattering effect for a certain
sample.
An alternative microscope-free optical setup is presented in Appendix A.2 at the end of
this report. However this setup needs further improvement in terms of noise reduction
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(a) A picture showing the optical
setup. A one inch circular sample
containing Au dimers is placed on
top of the hemispherical prism with
a thin layer of immersion oil in be-
tween. Detectors 1 and 2 detects the
scattered light.

(b) A photograph of the colours observed by placing
white paper sheets in front of each detector. The po-
sition of the hemispherical prism is drawn in order to
compare with the left image. One can really view the di-
rectional scattering by comparing the right/left-scattered
light.

Figure 4.8: Illustration of the different components in the microscope-free optical setup and
an image showing the directionality effect.

to be comparable with the setup described in this section.

4.4.1 Testing the validity of the microscope-free optical experimental
setup

In order to verify that the optical setup, in Figure 4.8, gives reliable signals it was
necessary to first conduct measurements on a sample which absorption spectra was
previously known.
The test sample consisted of monometallic Au monomers (see Figure 4.9 (a)), with a
mean diameter of D ≈ 110 nm. Since monomers have rather symmetric geometrical
features there should be no sign of directionality in the scattered intensities which can
be seen from the Fourier plane image illustrated in Figure 4.9 (c). This moreover means
that the amount of intensity detected in right/left detectors should be the same over
the whole spectral region which seems to be the case according to Figure 4.9 (b) and
(d). All these measurements were carried out using a spectrometer (Andor SR-3031-B).
The data for Figures 4.9 (b) and (d) was acquired by accumulations of 10×1 seconds
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(a) SEM image of the
monomer Au sample which
was used as a test for the
optical setup.

(b) Figure illustrating the left/right-scattered light for the
monomer sample. This figure shows that the microscope-free setup
produces reliable information since the curves coincide rather well
for each wavelength.

(c) A Fourier plane picture
taken for the monomer sample
which shows the symmetry in
angular scattering.

(d) Ratio of left/right-scattered intensities. It is clear that no
directional scattering occurs since the ratio is close to one over the
whole spectral region.

Figure 4.9: Images showing the reliability for the microscope-free optical setup.

integration time with background correction. The background was measured in each
detector when the light source was switched off.

4.4.2 Using scattering directionality from asymmetric Au dimers for
bulk refractive index sensing in a microscope-free optical setup

As stated many times earlier in this report, the final aim in this project is to perform
sensing experiments in a microscope-free setup using directional scattering effects, rather
than relying on ”ordinary” sensing platforms based on LSPR peak shift measurements.
In the case of altering the dielectric properties in the ambient medium and simultaneously
measuring ratios of left/right-scattered intensities, it is very much important that the
location of the measuring detector is stable. When measuring the scattered intensities
in the Fourier plane of the microscope (see Figure 4.6) one has to position the detecting
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fiber each time the focus has been adjusted. Hence the detector needs to be repositioned
every time a change in the refractive index of the ambient medium is performed.
However in the microscope-free optical setup the detectors are screwed tightly on to rails
and can be adjusted in radial-, φ- and θ-directions (see Figure 4.8 (a)).
The change in refractive index of the ambient medium was conducted by mixing a specific
amount of ethylene glycol (C2H6O2) in distilled water (H2O). An increase in refractive
index of ∆n = 0.01 corresponds to an 10 percent increase in ethylene glycol concentration
[22].
The experiment was performed by first measuring the scattered intensities when the
dimers were located in air, and thereafter applying 50 µl of water with four different
concentrations of ethylene glycol (0, 10, 20 and 30 percent). After each spectra of
left/right-scattered intensities had been achieved, the top substance was removed by
highly absorbing papers and nitrogene gas and the next substance were introduced on
top of the dimers.
The acquired data of the ratios of the left/right-scattered intensities in this experiment
is illustrated in Figure 4.10 (a), which shows the ratio spectra for air plus five different
concentrations of ethylene glycol in water with corresponding refractive index values
in the legend. Figure 4.10 (b) shows the change in ratio versus refractive index for a
constant wavelength of λ = 664.5 nm. Notice that no straylight subtraction have been
performed during these measurements.

4.4.3 Performing local refractometric sensing in a microscope-free op-
tical setup

Another essential property of a biosensing system is the ability to recognize small changes
in the local dielectric environment, for instance when a certain amount of biomolecules
binds to receptors on a Au surface [23]. The aim here is to get a significant change
in left/right-scattering ratio signal in order to determine weather a certain amount of
binding events have occurred.

To be able to distinguish if a certain type of molecule have attached the Au dimer
disks their surfaces needs to be functionalized with receptors which allows this specific
binding to occur.
In order to do real-time measurements we needed to register the signals from the left/right
detectors simultaneously. Hence an additional optical system was built where the the
fibers, containing the light from the left/right detectors, where mounted on top of each
other parallely directed towards a lens system. The lenses focused the beams on to a
CCD chip in a camera (Andor DV434-BV SH) with an optical filter (700±20 nm) placed
in front. The concept of local refractometric sensing performed during this experiment,
and a sketch of the optical setup is illustrated in Figure 4.11.
The experiment was conducted by first placing 50 µl of water on top of the nanodimers
and measure the ratio of left/right-scattered intensities over a time of approximately
1000 seconds. Thereafter 50 µl of a solution containing biotin-conjugated bovine serum
albumin (bBSA), with a concentration of Cb = 100 µg/ml, was added and the ratio
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(a) Illustration of how the ratio of left/right-scattered intensities changes when the refractive
index of the upper medium is altered. The blue curve corresponds to the situation in air while
the rest of the curves corresponds to different concentrations of ethylene glycol. Notice that no
straylight subtraction have been performed during these measurements.

(b) The change in ratio of left/right-scattered intensities when refractive index changes at a
constant wavelength of 664.5 nm. Notice that the inset figure is a zoom-in which only illustrates
the change in ratio for different concentrations of ethylene glycol.

Figure 4.10: Bulk refractive index sensing experiments performed in the microscope-free
optical setup.
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was measured for another 1000 seconds. During this process bBSA will bind to the
Au surfaces of the nanodisks causing a slight change in the refractive index of the local
environment [24]. Finally 50 µl of a solution with a concentration of Cn = 100 µg/ml
neutravidin was added in order to study binding events with bBSA [25]. To study all
possible binding events between neutravidin and bBSA a time interval of 2000 seconds
was chosen.
Similar experiments have been conducted for LSPR shift refractometric detection where
thoroughly washed samples was immersed in a solution consisting of 99 percent thiol-
PEG and 1 percent thiol-PEG-biotin more than 24 hours. At the end of this process a
sufficient amount of receptors will be attached to the dimer disk surfaces [26]. However
to do a proof-of-principle study on this matter we skipped the thorough functionalization
of the samples and used biotin-conjugated bBSA and neutravidin instead.

The data acquired in these measurements can be seen in Figure 4.12, where the time
intervals corresponding to different stages are marked. After neutravidin was injected
we can see the binding events as a continuous increase towards a saturated value in ratio
of RI ≈ 18.84. Moreover we see that from the moment when the neutravidin solution
was injected an increase in signal of ∆RI ≈ 0.76 occurs. With a standard deviation of
σn = 0.0139 for the saturated ratio value in this region we end up with a signal-to-noise
value of ∆RI/σn ≈ 54.68. The measurements was performed in a 0.15×150 seconds
accumulation mode where each time frame corresponds to 30 seconds. This implies a
7.5 second read-out time for each frame.
The overall stability of the signals measured in the water-like environment can be viewed
in Figure 4.13 which indicates that a significant noise reduction occurs when averaging
over 100 time frames instead of studying a single one. When studying the noise levels
in a single frame (N = 1) we get a standard deviation of σ1 = 0.085, whereas when
averaging over 100 frames (N = 100) we achieve σ100 = 0.013. From these values we see
that σ100 ≈ σ1/

√
100 which means that we could expect a general decrease in standard

deviation according to σN ≈ σ1/
√
N when averaging over N time frames.
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(a) Illustration of the local refractometric sensing concept. The ratio of left/right-scattered signals are
measured in real time over a certain time t. Afterwards bBSA and neatravidin are injected and the
changes in ratio are studied over time.

(b) Illustration of the experimental setup which was used during the local refractometric mea-
surements.

Figure 4.11: A schematic illustration of how the local refractometric sensing experiment
was performed.
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(a) The data from the local refractometric sensing measurements.

(b) The acquired data from the left/right detector separately. From these figures it is not very clear if
any binding events occur, whereas it is possible from the data acquired for the ratio. This is a strong
indication that the self-referencing aspect of the optical system works.

Figure 4.12: Local refractive index sensing experiments performed in the microscope-free
optical setup.
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Figure 4.13: An illustration of how noise levels can be decreased by averaging over 100
frames instead of studying a single one.
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5
Discussion/Conclusion

F
rom the previously presented theoretical and experimental data there are
many factors which supports comparable sensing ability for directional plas-
monic nanodimers, compared with other sensing platforms such as detecting
peak shift in extinction spectra. However the results also reveals several limit-

ing factors for performing refractometric sensing such as noise levels and straylight. This
section is dedicated to discussing the potentiality of monometallic nanodimer samples
for refractometric sensing, supported by the heretofore presented both theoretical and
experimental data.

To begin with, by studying and comparing Figures 4.6 (b), (d) and 4.10 (a), we see
that they agree rather well on in which spectral region the directionality occurs. The
data from both measurements indicates that the highest ratio of left/right-scattered in-
tensities occur at λa = 610 − 620 nm for air and λw = 670 − 690 nm for water. The
situation in air is moreover supported by the extinction spectrum for incident light po-
larized perpendicular with respect to the dimer axis, illustrated in Figure 4.3 (b).
From theoretical simulations, illustrated in section 2.7, the highest directional scattering
effect will occur in the spectral region of the dip between the detuned resonance peaks,
which is obviously the case when comparing Figure 4.3 (b) and Figure 4.6 (b). This
is a strong indication that the theoretical estimations are correct in determining the
spectral region where the directionality effect occurs. It also supports the argument that
the microscope-free optical setup, described in Chapter 4.4, gives reliable measurements
when detecting left/right-scattered intensities from the nanodimer samples.
By further investigating the image illustrated in Figure 4.8 (b) it is clear that the ef-
fect of directional scattering may be experienced by eye, without any spectrometer or
microscope. It is clear that two different colours appears on the paper sheets in front
of the left/right detectors. Hence by comparing this image with Figure 4.5 it is obvi-
ous that the hemispherical prism, in the microscope-free optical setup, projects a 2D
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Fourier plane similar to that observed in the microscope (see Figure 4.4). One of the
main beneficial aspects in the microscope-free setup, compared with the microscope, is
that a larger portion of the transmitted light rays will be filtered out since the left/right
detectors are positioned at an angle θ located in the forbidden zone. There are how-
ever still some possible contribution of straylight from both the glass substrate and the
hemispherical glass prism since a comparison of scattering ratio magnitudes in Figures
4.10 and 4.6 (b). Obviously the straylight does not affect the spectral position of the
directionality but it severely decreases the magnitude which may be problematic for the
sensing aspect of the samples. However a ratio around 10 without straylight subtraction,
supported by Figure 4.10, seems to be substantial for achieving sensing measurements [2].

The results from the bulk refractive index sensing measurements, illustrated in Fig-
ure 4.10 (b), supports that the sample have a directional scattering resonance sensitivity
of ξDRS ≈ 79 RIU−1 around n ≈ 1.33 at a constant wavelength of λ = 664.5 nm. This
result is extremely low in comparison with the sensitivity shown in Figure 3.1 (d). How-
ever by investigating the feature in Figure 4.10 (b), and comparing it with Figure 3.1
(d) we may draw the conclusion that the maximum value in ξDRS is tuned to a region of
refractive indices in between the measured ones. Unfortunately it is hard to find suitable
substances with refractive indices between n = 1.0− 1.33, due to the fact that many of
these substances are either non-liquids or damaging to the nanosamples [27]. This made
it hard to do any experimental measurements to support the argument of a potential
maximum in ξDRS .
However, by studying the time resolved scattering ratio measurements in Figure 4.13 we
see that the signal appear to be relatively stable. With a standard deviation in water-like
environments of σw = 0.013 and from ξDRS = 79 RIU−1 acquired by the bulk refrac-
tometric sensing measurements in Figure 4.10, we may estimate the ability in resolving
changes ∆n in refractive index by this specific sample. From the measured data we find
that ∆n = σw/ξDRS ≈ 1.64 · 10−4 RIU which is relatively close to sensitivity reached by
sensing schemes using detection of LSPR peak shift [26], though achieved here without
any spectrometer.

It is clear that the manufactured samples together with the microscope-free optical setup
indeed can perform local refractometric measurements which is an essential aspect for
real biosensing. By studying the elapsing time from the moment when neutravidin was
injected in Figure 4.12 (a), it is clear that we observe actual binding event between neu-
travidin and bBSA. The ratio signal continuously increases towards a saturated value
around RI ≈ 18.84 at the end of the measurement. The feature of signal versus time
in this case is relatively similar to what has been detected in previously LSPR mea-
surements [26]. Since this project focuses on the proof-of-principle aspect of directional
scattering resonance sensing, this result is of great importance.
Moreover the data acquired from the local refractometric sensing experiment in the
microscope-free optical setup beautifully reveals the self-referencing aspect of the sens-
ing scheme. By comparing Figure 4.12 (b) with Figure 4.12 (a), we see that it would not
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be possible to observe any binding events by studying the left/right channel separately,
whereas the ratio of the left/right-scattered intensities yields the three distinct phases
water, water + bBSA and water + bBSA + neutravidin.

Even though the best sample, manufactured during the time period of the project,
didn’t support the supreme directional scattering features demonstrated by theoretical
simulations in Figure 2.7, there are still many aspects which makes it worth continuing
optimizing this sensing platform. One should have in mind that the theoretical models
do not account for effects on directionality such as straylight originating from the glass
substrate or shot noise caused by optical measuring devices [28]. Moreover the simula-
tions are performed on an isolated monometallic Au dimer located on top of an infinitely
wide and smooth plane glass interface. The radiation caused by each disk in the dimer
was also approximated as originating from oscillating point dipole sources located in the
center of the disks.
In reality there are in fact millions of dimer pairs with a certain distribution among
their geometric parameters (see section 4.3), and since the directionality depends heav-
ily on the aspect ratio of each dimer disk some dimer pairs will exhibit middling di-
rectional properties. Furthermore since the left/right-scattered light, registered by the
detectors, consists of contributions from different dimer pairs with varying directional
scattering abilities the ratio of the total detected intensities will have a less pronounced
directionality feature. Due to the simplicity and low economic cost aspects in this study
each nanosample was produced using the hole-mask colloidal lithography method (HCL)
which will result in randomly distributed dimer pairs. This is avoided in fabrication
methods such as electron beam lithography (EBL) but these methods are much more
expensive and time consuming than HCL and was deliberately avoided [29].
The next section describes several different plausible ways to further increase the direc-
tionality features of the nanosamples .

5.1 Future work and optimization

There are several parameters in the earlier presented work which needs further improve-
ment in order to achieve supreme sensitivities when conducting directional scattering
ratio measurements.

First and foremost the samples, manufactured during the time period of this project,
needs further optimization to reach a higher directionality. By studying the geometri-
cal parameters, calculated from statistical measuring in software ImageJ from the SEM
image (see Figure 4.2), we may conclude that the present geometries are not optimal.
For instance, the center-to-center distance L = 114.01 ± 7.93 nm is rather far from
fulfilling the condition L = λDRS/4n ≈ 154 nm, where λDRS ≈ 615 nm is the direc-
tional resonance scattering wavelength in air (see Figure 4.6 (b)). Since the construc-
tive/destructive interference condition is highly dependent on the magnitudes of the
dipoles |p1| and |p2|, as well as the retardation/intrinsic phase difference ±kL−∆ϕ12,

43



CHAPTER 5. DISCUSSION/CONCLUSION 44

we may assume that the ratio of left/right-scattered intensities can be much higher if
the center-to-center distance L was larger. Hence, in the quest for suitable geometric
dimensions there are still plenty of room for optimization.

Moreover we saw that the ratio of left/right-scattered intensities was severely decreased
if the subtraction of straylight, originating from the glass substrate and the rest of the
optical path, was ignored. By comparing the magnitudes of ratios in Figures 4.6 (b)
and 4.10, we may estimate that the ratio is only 1/3 of the ”true” value if straylight
subtraction is avoided. Therefore this is yet another parameter to further optimize. For
future development one could probably consider an optical setup with a shorter optical
path in order to suppress the impact of straylight. The contribution of straylight to the
left/right-scattered intensities are more rigorously described in Appendix A.1 at the end
of this report.

Furthermore by investigating the base for the theoretical modulations in Chapter 2.7
we see that many realistic aspects are simplified and/or ignored. For instance the simu-
lations are based on a single isolated dimer pair positioned on top of an infinitely wide
and smooth glass substrate. Moreover the radiating dimer disks are approximated as
oblate spheroids with a radiation originating from point dipole sources located in the cen-
ter of each disk. To summarize, no straylight or other sources of noise and no dispersion
of geometries between different dimer pairs are taken into account in this simulations.
To approach a more realistic model one could investigate the electrodynamical picture
which arises when applying the concept of Green’s functions when simulating the inter-
play between plasmons and molecules [30]. In addition one could also try to simulate the
noise from the surrounding environment to quantify the magnitude and spectral position
of the directional scattering resonance.

By assuming that the signals contains shot-noise, we know that the standard deviation
in each channel follows a Poisson distribution [31]. Therefore we will have σL =

√
IL and

σR =
√
IR for the left/right channel respectively. Furthermore by assuming a constant

ratio of R = R0 = IL/IR when measuring in a constant refractometric substance, we
apply a propagation of errors σp to estimate the standard deviation of the ratio. This is
done according to

σp =

√
σ2L

(
∂R

∂IL

)2

+ σ2R

(
∂R

∂IR

)2

=

√
R0(1 +R0)√

IR
≈ R0√

IR
(5.1)

for R0 � 1, so the relative noise is simply σrel =
σp
R0
≈ 1√

IR
. This yields that we

need huge signals in order to get really low errors caused from shot-noise [32]. This
result implies that to obtain signals with very low noise levels we either have to have an
extremely strong light source or we have to collect signals over a very long time interval
with a moderate power source. Anyhow, these are both factors which need further
improvement and optimization.
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A
Appendix

I
n this appendix a more detailed description of the impact of straylight to the ra-
tio is reviewed. Moreover an alternative microscope-free optical setup is described
which needs to be further improved in order to make reliable scattering measure-
ments due to severe noise levels.

A.1 The impact of straylight on directional scattering ra-
tios

It turns out that one of the major limiting factors for achieving supreme high directional
scattering ratios is straylight originating from the glass substrate on which the nano
dimers are located. Spectra showing the amount of straylight present in both air and
water are illustrated in Figure A.1. From these figures one clearly see that the right scat-
tered light is severly affected by the impact of the straylight. Since this data corresponds
to the destructive interference light it is essential that the dip in the spectrum becomes
very big in order to get high directional scattering ratios. By studying Figure A.1 (a)
we can estimate that the amount of straylight compared with scattering is only 23% for
left scattered intensity and 88% for right scattered intensity, in air at λ = 615 nm. From
Figure A.1 (b) we get that the amount of straylight compared with left scattered light is
12% and 78% for right scattered light, in water at λ = 678 nm. This definitely supports
that the effect of straylight subtraction is much higher for right scattered light than for
left scattered light which results in a crucial increase in directional scattering ratio.
This is a true limiting factor for the sensing aspect since the ability to detect really small
changes in the dielectric environment requires very high directional scattering ratios, this
is demonstrated in Figure 3.1 (c) and (d).
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(a) Figure showing the immense impact of straylight to the left/right-scattered intensities
in air. It is obvious that performing a subtraction of the straylight spectra will result in a
larger dip for the right-scattered light which will result in a higher directional scattering
ratio.

(b) Figure showing the amount of straylight compared with scattered intensities when
the dimers are located in water. By comparing with the figure above one clearly see that
the straylight have a severe impact on the dip of the right-scattered spectrum.

Figure A.1: A comparison between the left/right-scattered intensities and the straylight
spectra.
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A.2 An alternative microscope-free optical setup for direc-
tional scattering measurements

In this section an alternative microscope-free optical setup is considered in order to de-
tect the left/right-scattered intensities originating from the radiating nanodimers.

The sample containing the nanodimers are put on top of a 3 mm thick glass slide and
due to that the transformed wave will propagate in a direction at an angle θe ≥ θc with
respect to the normal vector of the plane surface, it will hit the lower glass/air interface
at an angle where the condition for total internal reflection is fulfilled. This behavior
repeats it self and the wave will be trapped inside the glass disk until it reaches the
surfaces where the detectors are placed. The schematic concept of the setup is illus-
trated in Figure A.2. The side surfaces of the glass disk is perpendicular to the totally

Figure A.2: Schematic figure of the alternative microscope-free optical setup. The scattered
light will be totally reflected until it reaches the detectors on the left/right side of he glass
slide.

reflecting surfaces and the wave will have an angle of incidence with respect to the sides
denoted as θs. In order to detect as much light as possible we need to be sure that the
majority of the scattered light doesn’t totally reflect on the side surfaces of the disk,
i.e. the condition θs < θc,air, where θc,air is the angle for total internal reflection for a
glass/air interface should be fulfilled. If we denote the refractive indices of the nanopar-
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ticle environment, the glass disk and the air as nu, ng and na respectively we know that
θe = arcsin (nu/ng) and θc,air = arcsin (na/ng). With this knowledge and the condition
θs = 90o − θe < θc,air to avoid total internal reflection on the sides of the glass disk, the

condition nu ≥
√
n2g − n2a need to be fulfilled.

When the nano dimers are located in air we will have nu = 1.0 <
√
n2g − n2a ≈ 1.12

and some total reflection of the glass side surfaces will occur. But since light is scattered
at larger angles than the critical in the forbidden zone we would expect to see some
light transmitted through the side of the glass slide. However, since the majority of
the experiments are aimed to be conducted with nanodimers in water like environments
(nu ≈ 1.33) there will be no total internal reflection from the side surfaces.
This setup has yet another advantageous property compared with how detection mea-
surements are usually carried out. The detectors are oriented parallel with the dimer axis
and the incident light is polarized perpendicular to the dimer axis. Due to the theory of
dipoles near planar interfaces, we know that light scattered by the plasmonic nanopar-
ticles will concentrate in the forbidden zone mainly in a direction along the dimer axis.
Furthermore since the incident light is sent from top creating a 90o angle with the plane
surface, the transmitted light will not be refracted by the glass disk (allowing efficient
filtering of the scattered light). Moreover there will be no light scattered in to the forbid-
den zone from dipoles located far away from the surface which means that the scattered
light from the radiating nanoparticles is the only radiation to survive all the way to the
detectors.

This setup works reasonably well for determining the left/right-scattered intensities when
considering symmetric dimers, as can be seen in Figure A.3 which shows a comparison be-
tween left/right-scattered intensities and previously measured extinction spectrum from
a spectrometer. The spectra agree rather well with each other and the data obviously
supports that no directionality is present for the symmetric monomer sample. However
when measuring ratios of left/right-scattered intensities the setup does not deliver the
desired results. The peak position for the directional scattering resonance coincide rather
well with what is shown in Figures 4.6 and 4.10, but the magnitude is different. The most
plausible reason for this has to do with straylight originating from scattering of the edges
of the glass disk. Since the sides of the glass disk is relatively rough and unpolished a
lot of the light hitting the side surfaces will bounce several times inside the disk, causing
more straylight to the detected directional scattering signals. The left/right-scattered
intensities and their corresponding ratios, measured in the alternative optic setup, can
be seen in Figure A.4.
Even though the setup does not yield satisfactory properties at present it is still worth
further development due to the immense simplicity that this system implies. In this
setup no alignment is needed and no angular positioning of detectors is needed either.
Furthermore there are several plausible ways of decreasing the noise in the setup. For
example, one can reduce the area located by the nanodimers to be of the same size as the
spot size of the incident light. There is a possibility that when the scattered light is to-
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(a) Figure showing a comparison between scattered intensities measured in the optical
setup (blue and green curves), and previously measured extinction spectrum (red curve).

(b) Figure showing the ratio of left/right-scattered intensities from the optical setup.
Monomer samples yield no directionality which is supported by this data.

Figure A.3: A comparison between the left/right-scattered intensities measured in the op-
tical setup and the extinction spectrum from measurements conducted in a spectrometer.
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(a) Figure showing the left/right-scattered inten-
sities, measured in the alternative optical setup,
when the nano dimers are located in air.

(b) Figure showing the left/right-scattered inten-
sities, measured in the alternative optical setup,
when the nano dimers are located in water.

(c) Figure showing the present straylight in both
air and water.

(d) Figure showing the ratio of left/right-
scattered intensities in air (blue curve) and water
(green curve).

Figure A.4: Left/right-scattered intensity measurements conducted in the alternative optical
setup.

tally reflected within the glass disk it will further excite plasmons on the nanodisks when
it hits the upper surface from underneath. By reducing the area of the substrate located
by the nanodimers this effect will hopefully decrease and less noise will be present.
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