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The increasing global need for green energy drives the science community to find new
green energy sources. As a part of that effort, the WISC-project aims to integrate an
infrared-collecting solar panel into a normal window. In this study, we investigated the
coupling of incident light into the guided modes of a slab waveguide by scattering from
a tilted gold nanocone, with the goal of demonstrating asymmetric waveguide coupling.
The study was done using three-dimensional finite element method simulations in Comsol.
The outward energy flow of the scattered incident light into the waveguide modes was
measured at a distance of 2.1 wavelengths from the nanocone. The results indicate the
existence of two simultaneous dipolar particle plasmon resonances within the nanocone,
and that they are capable of scattering light asymmetrically into the waveguide modes for
a narrow range of wavelengths and particle tilt angles. The discovered best case scenario
indicated that the nanocone can couple scattered light into the tilt direction 8.5 times
more than into the opposing direction. The nanoparticle shape and size could be further
optimized to achieve a better spectral overlap for the two dipoles, possibly leading to even
higher coupling asymmetry. The results are an important step towards minimizing the
back-scattering in a WISC-window.

Keywords: Solar, energy, WISC, plasmonics, nanocone, waveguide, simulation, photonics,
nanophotonics, nanoparticle, coupling
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Kasvava uusiutuvan energian tarve ajaa tiedeyhteisöä etsimään uusia vihreitä energian
lähteitä. Osana tätä tavoitetta, WISC-projekti pyrkii yhdistämään infrapunaa keräävän
aurinkopaneelin normaaliin ikkunaan. Tässä tutkimuksessa me tutkimme sisääntulevan valon kytkeytymistä kallistuneesta kultananokartiosta laattamaisen aaltojohteen
ohjattuihin aaltojohdemoodeihin; tavoitteena on esittää epäsymmetristä aaltojohteeseen
kytkeytymistä. Tutkimus suoritettiin simuloimalla Comsolissa käyttäen kolmiulotteista
äärellisten elementtien menetelmää. Ulospäin suuntautuva aaltojohteeseen sironneen valon
energiavuo mitattiin 2.1 aallonpituuden päässä nanokartiosta. Tulokset viittaavat kahden
samanaikaisen dipolaarisen plasmoniresonanssin olemassaoloon nanokartion sisällä ja että
ne kykenevät sirottamaan valoa epäsymmetrisesti aaltojohdemoodeihin kapealla aallonpituuksien ja taittokulmien kaistaleella. Havaittu parhain mahdollinen tilanne viittaa
siihen, että nanokartio kykenee sirottamaan valoa kallistusksen mukaiseen suuntaan 8.5
kertaa enemmän kuin kallistuken vastaiseen suuntaan. Nanopartikkelin muotoa ja kokoa
voisi vielä optimoida pidemmälle jotta kahden dipolin välinen spektrien päällekkäisyys
paranisi, mahdollisesti johtaen suurempaan epäsymmetriaan valon kytkennässä. Tulokset
ovat tärkeä askel WISC-ikkunan takaisinsironnan minimoimisessa.

Avainsanat: Aurinko, energia, WISC, plasmoniikka, nanokartio, aaltojohde, simulaatio,
fotoniikka, nanofotoniikka, nanopartikkeli, kytkentä
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1

Introduction

As mankind has developed technologically we have had to constantly find out more and
more powerful sources of energy to power our needs. The exploit of energy sources began
with fire and continued to be based on fire for the majority of mankind’s existence. The
problem with fire based energy sources such as wood and coal is that something has to
burn — burning produces pollution, especially with fossil fuels which still dominates the
transportation industry.
Relatively recently in our history we have managed to manipulate another primordial
destructive force for our energy needs — lightning or in actuality, electricity. The utilization
of electricity allowed for various other sources of energy besides fossil fuels. Examples of
these are wind power, hydro power and solar power.
The quest for higher technological advancements came with a price. The domination of
fossil fuels as energy source during the last couple of centuries and exponential growth of
mankind produced the unwanted and potentially catastrophically dangerous side effect in
the climate change.
To combat the threat of climate change, mankind has started to develop sustainable and
renewable energy sources, or so called green energy to lessen the advancement of the
climate change and potentially stop it in the future. These sources of energy are based on
the forces of nature and they mostly require the manipulation of electricity to be of use
effectively.
From the green energy sector, the solar power is especially of an interest regarding this
study. The amount of solar energy hitting the Earth is slightly less than 1.5 kW/m2 as the
number is based on high altitude measurement weighted average [1]. It is a high amount
of energy which is not even close to being properly exploited. The solar power usage is
however rising as the use of photovoltaic panels has started to rapidly grow during the
recent decade [2].
It is important to note on the solar energy that it is cyclical due to the Earth spinning
1

and non-constant due to weather. Also not all surface area of the Earth is convertible
to solar energy harnessing due to flora and fauna living requirements and most of the
surface area being water. There are however cases where the difficulties given by nature
are overcome, such as the floating solar farm in China, where the solar farm is placed
onto a lake formed from a collapsed coal mine [3]. Another example of a recent major
solar farm is found in India, which is said to be the largest solar farm on the planet [4].
Photovoltaic panels, such as the ones used in the solar farm projects in India and China
have the problem of taking space. And space is becoming scarce as populations keep
growing. There are attempts to integrate solar panels into everyday locations such as
on the rooftops of houses. Among these locations are the windows in the houses and
buildings.
One of the projects attempting to integrate solar energy collection into a window is the
WISC-project which this study is part of [5]. The acronym stands for window integrated
solar collector and the project aims to create exactly what it says on the name without
sacrificing the functionality of a normal window.
The goal is approached with a metal nanoparticle which is planned to couple incident
infrared light into a waveguide which in the case of the WISC-project, is the window itself.
The coupled light would then be collected at the edges of the window with thermoelectric
converters or solar cells.
The idea of studying an asymmetric coupling into a waveguide is not new. There have been
various groups with different types of successful approaches, for example the traditional
radio antenna Yagi-Uda in nanoscale by Farango et al. [6], a nanoscale Yagi-Uda combined
with a quantum dot by Curto et al. [7] and a Babinet-inverted Yagi-Uda by Liu et al. [8].
Slit based approaches has been published for example by Liu et al., who have used an
asymmetric cascaded nanoslit [9] and Rodríguez-Fortuño et al. have used a slit to mimic
a circularly polarized dipole [10]. Fluorescent molecule based approaches include a gold
nanoaperture surrounded by periodic corrugations by Aouani et al. [11].
This study approaches the problem by using finite element method simulations in commercial program Comsol Multiphysics [12]. The simulations are carried out in 2D and in
3D.
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Theoretical background

Out of a necessity, this work begins with presenting some fundamental aspects of electromagnetic waves so that later on it is reasonable to talk about the project itself.
Electromagnetic waves are composed of photons which exhibit wave-like and particle-like
behaviour simultaneously. Em-waves can also be inspected as a ray of light or a wave
solution.

2.1

Electromagnetic wave

It is natural to begin with presenting the Maxwell’s equations using SI units [13]
∇ · D = ρ,

(1)

∇ · B = 0,

(2)

∂D
,
∂t
∂B
∇×E=−
.
∂t

∇×H=J+

(3)
(4)

The equations are Coulomb’s law (1), the absence of free magnetic poles (2), Ampère’s
law (3) and Faraday’s law (4) [13]. The D, B, H, E, J in the equations (1)–(4) represent
electric displacement, magnetic induction, magnetic field, electric field and current density,
respectively [13, 14].
Maxwell’s equations describe the propagation of an electromagnetic wave completely
and the simplest solution to Maxwell’s equations is a propagating plane wave in free
~ and B
~ fields. The sinusoidal
space [13]. A plane wave has perpendicular and uniform E
representation of the propagating harmonic plane wave is [15]
ψ(x,t) = A sin(kx − vt + ),

(5)

where k is the spatial wavenumber of the wave, x is the position along the propagation
3

direction, v is the propagation speed and t is the time. The sinusoidal harmonic plane
wave (5) can be represented in an exponential form using Euler’s formula [15]
~

ψ(~r,t) = Aei(k·~r±ωt) ,

(6)

where vector ~r is the propagation direction vector, which is
~r = xî + y ĵ + z k̂,

(7)

A is the amplitude of the vector, ω is related to the frequency of the plane wave by
ω = 2πf and

(8)

~k is the wave vector.
Among the necessary topics is the Poynting’s theorem, which describes the conservation
law, which is in its differential form [13]
∂u
+ ∇ · S = −J · E.
∂t

(9)

The J in (9) is once again current density, E is the electric field and S is the Poynting’s
vector
S = E × H,

(10)

where H is the magnetic field [13]. Poynting’s vector represents the energy flow in
Poynting’s theorem.

2.1.1

Electromagentic wave at an interface

It is necessary to go through familiar events at a planar interface that an em-wave
experiences. If we consider the approaching em-wave as a ray of light, we can then use
Snell’s law [15]
n1 sin (θ1 ) = n2 sin (θ2 )

(11)

to calculate the amount of refraction the ray of light experiences as it passes through the
interface. The n1 and n2 in (11) represent the refraction index of the two mediums which
form the interface and angles θ1 and θ2 represent the incident and the exit angles.

4

Figure 1. Figure expressing light refraction at an interface where the propagation of
light is imaged with dashed lines with arrows
There is a so called critical angle, that can be calculated using the Snell’s law. It can be
found by setting the exit angle at 90◦ and solving the approach angle, which in the case
of air (n1 = 1.0) and glass (n2 = 1.5)
1
sin (90◦ ),
1.5
θ1 ≈ 41.8◦ .

sin (θ1 ) =

A figure representing the refraction of light at a planar interface is presented in figure
1. The lower medium in the figure, denoted by n2 has higher refractive index than the
upper medium, denoted by n1 . Letters a, b, c and d connect the waves to each other after
refraction and in the case of wave d, a total internal reflection. The wave c approaches the
interface with the critical angle for the two mediums, resulting in refracted wave travelling
along the interface. The gray area in the figure represents angles, from where the wave
can only experience total internal reflection or where it cannot be refracted into, in the
case the propagation direction were to be reversed.
An important component of optics is given by term optical reciprocity, which means that
if an effect happens then light is travelling into +î direction, the same effect will happen
in reverse if the light were to travel into −î direction. Optical reciprocity is discussed
extensively by for example, Potton, and will not be discussed here [16].
The Snell’s law is however not enough to describe everything. It does not describe the
intensities of refracted and reflected light. These are described by Fresnel equations which
5

Figure 2. A presentation of the partial refraction and reflection as described by the
Fresnel’s equations (12)–(15).
are, as presented by Hecht
r⊥ =

n1 cos(α) − n2 cos(β)
and
n1 cos(α) + n2 cos(β)

(12)

2n1 cos(α)
n1 cos(α) + n2 cos(β)

(13)

t⊥ =

for when the incident electric field is perpendicular to the plane of incidence and
r|| =

n2 cos(α) − n1 cos(β)
and
n1 cos(β) + n2 cos(α)

(14)

2n1 cos(α)
n1 cos(β) + n2 cos(α)

(15)

t|| =

when the incident electric field is parallel to the plane of incidence [15].
The relation between the wave intensities is
Eincident = Erefracted + Ereflected .

(16)

When a wave of light refracts from an interface, it will simultaneously partially reflect
from the interface as well. This is shown in figure 2 in which n2 > n1 and Eincident >
Erefracted > Ereflected .
When an em-wave approaches an interface from the medium of higher refractive index (or
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optically more dense) at a high enough angle, it will experience a total internal reflection,
where none of the light is transmitted through as a refracted wave [15].

2.1.2

Total Internal Reflection

A phenomenon known as total internal reflection occurs when light arriving at an interface
from a medium with higher refraction index with an incident angle higher than the
critical angle of the two mediums [13]. An example of simplified propagation of a wave
experiencing total internal reflection is shown as wave d in figure 1. It is also the most
commonly used way to show the reflection of light. However, the simplified version does
not explain phenomena such as evanescent field (discussed in section 2.2).
It can be calculated from the Maxwell’s laws that the wave which experiences total internal
reflection will not have a net transfer of energy to the other medium and it will propagate
along the interface for a distance defined by Goos-Hänchen shift [17]. The lack of energy
transfer has been shown by Jackson and Kristoffel among others [13, 18].

2.1.3

Waveguide

A waveguide is an object that is used as a guide for electromagnetic radiation [15].
The construction of the waveguide depends on the application. For radio frequencies,
waveguides usually appear as rectangular and hollow metallic tubes, large radars for
example, have a waveguide from the dish focal point to the receiver. Waveguides vary for
optical wavelengths, the most commonly understood example would be an optical fibre.
A principle image of an optical fibre is shown in figure 3.
An electromagnetic beam is injected into the waveguide which traps the em-beam inside
the waveguide and forces it to travel along a path determined by the waveguide geometry.
This is possible due to total internal reflection, where a em-wave approaches the interface
of two dielectric mediums with an approach angle, that prevents the wave from exiting
the waveguide.
The em-wave can travel inside the waveguide basically obeying the optical propagation
laws or in the case of when the diameter of the waveguide is comparable to the wavelength
of the trapped em-wave, in a waveguide mode [15]. The waveguide in this study always
has higher thickness than the incident wavelength, with an order of magnitude at least.
7

Figure 3. Basic visualization of a waveguide, in this case an optical fibre with a
bend. The dashed line represents light travelling inside the optical fibre. Losses caused
by the light refracting in the bend are not pictured. In an actual optical fibre the
innermost component of the fibre is very thin when compared to the thickness of the
rest of the fibre. The middle section is enlarged for simplicity in this image.

2.2

Evanescent field

Evanescent field is a exponentially weakening, non-propagating part of a plane wave
solution that emanates from an interface between two mediums. The existence of the
evanescent field can be derived from the transmitted field solution when a total internal
reflection takes place on the interface. The solution as given by Novotny [14]


(p)

q



−iE1 tp (θ1 ) ñ2 sin2 (θ1 ) − 1





(s)

E1 ts (θ1 )

E2 = 

(p)
E1 tp (θ1 )ñ sin(θ1 )


 i sin(θ1 k1 x) −γz
e
e ,


(17)

where
q

γ = k2 ñ2 sin2 (θ1 ) − 1.

(18)

The propagation term e−γz defines the behaviour of the evanescent wave, meaning it does
not propagate to the other medium and it decays exponentially. There will however be
propagating waves along the interface.
Although there is no net energy flow to the medium in total internal reflection, should
the evanescent wave couple for example with a nanoparticle, part of the energy will be
transferred to the nanoparticle.

8

2.3

Forbidden light

Forbidden light can be explained with the use of figure 1. There are gray areas in figure
1, which as explained in section 2.1.1, are unreachable through the presented refraction
point, should the wave be approaching the interface from medium 1. Should the wave
be approaching the refraction point from medium 2, it will behave according to the
arrows drawn into the figure 1, meaning that the waves in the grey areas are the ones to
experience total internal reflection. It should be noted, that the light in the grey areas is
considered forbidden light only if the point of reference is set into the refraction point.
For example, a light guided into an optical fibre to propagate inside it is commonly not
considered forbidden light.
Let us consider a metal nanoparticle that is placed onto an interface. This particle is
then excited with an external field, creating a dipole inside the particle. If this dipole is
close enough to the interface, it will couple some of its radiation to the other side of the
interface through the evanescent field discussed in section 2.2. Part of this coupled light
is emitted with high enough of an angle, that it is then considered forbidden light.

2.4

Plasmonics

Plasmons are quantizations of electron density oscillations. They can be visualized by
imagining a freely moving electron sea, which is subjected to a harmonic electric field.
This background field acts as a driving force for the electrons, causing them to oscillate
as closely with the electric field as possible. The presented visualization is mostly applied
with bulk plasmons, which oscillate longitudinally and as such are not of interest regarding
this study.
Surface plasmon polaritons (SPPs) are not quite what is needed, but close enough that
they have to be discussed. The first difference to bulk plasmons is that the oscillation of
a surface plasmon polariton is transversal. This means that a surface plasmon polariton
can be excited with light, but the excitation will not happen merely by shining light onto
a metal surface. Typically effects such as prism coupling with a laser are used to create
surface plasmon polaritons [19]. As their name implies, a surface plasmon polariton exists
in the vicinity of an interface between a metal and a dielectric, but it still has to be
coupled to an external electromagnetic field. One aspect of them is that they propagate
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along the interface as a wave.
The external electromagnetic field has to be transverse magnetic, as according to Maier
surface plasmon polaritons cannot exist with transverse electric mode [19]. Penetration
depth (skin depth) then defines the distance from the interface, in which the surface
plasmon oscillation is in effect. Penetration depth for metals can be calculated from (19)
d=

λ
√ ,
4π 

(19)

where λ is the wavelength and  is the dielectric function [14].
Particle plasmons are close to surface plasmon polaritons, main difference being in that
particle plasmons do not propagate and that a particle plasmon can be directly excited
with light. A particle plasmon is more accurately called as a localized surface plasmon.
The particles where localized surface plasmons exist are small enough that the penetration
depth of surface plasmons leaves little to no space remaining inside the metal nanoparticle
in question.
The plasmon resonance of a particle is dependent on the physical properties and geometry
of the metal. The dielectric function of a metal
(ω) =  + i

(20)

explains the frequency dependent optical properties of a metal [14]. The dielectric function
is discussed more in section 2.4.1.
When the solutions to the Maxwell’s equations on both sides of an air-dielectric interface
are combined, they can produce the surface plasmon frequency [15, 19, 20]
ωsp =

ωp
,
+1

(21)

where the plasma frequency is
s

ωp =

N qe2
.
0 me

(22)

Geometry has a part to play in plasmon resonance and in the creation of plasmons.
Similarly with antennas, the physical dimensions determine the possible resonances. An
elongated, rod like particle will behave much like a radio antenna, more accurately,
like a dipole. This is because a rod- or cone-like nanoparticle is an analogy of a radio
10

(b) Quadrupole

(a) Dipole

Figure 4. Principle images of a dipole and a quadrupole. Spheres in drawings
represent charge densities, with colors representing charge. The subfigures a and b do
not portray continuous charge fields correctly and should not be mistaken to do so.
communication antenna. The elongated shape helps the particle to support a dipole
resonance mode.
Dipole resonance mode means that the resonator has an oscillating charge density with
a tendency to create two ”poles”, a primarily positively charged one and a primarily
negatively charged one. A simplified visualization of a dipoles extreme phase (when the
difference between the charges is at the most pronounced state) is shown in subfigure 4a.
The radiation pattern of a dipole antenna is presented in figure 5 [21]. It is known that
a dipole placed onto an air-glass interface will mostly radiate into the higher refractive
index material which is glass in this case [14].
A spherical nanoparticle could have quadrupole resonance mode, which is the next binary
resonance mode if they are thought to go along the exponents of two, where 21 represents
a dipole and 22 represents a quadrupole. A quadrupole could be visualized by setting
two dipoles parallel to each other with opposite oscillation phases. It is however its own
resonance mode and cannot be broken down to two dipoles. A simplified visualization of
a quadrupole in its extreme phase is presented in subfigure 4b.
The reason behind elongated nanoparticles working as nanoantennas can be found from
localized surface plasmon resonance and the general shape of the nanoparticle. Elongated
nanoparticles are a close analogy to traditional radio antennas. The resonance allows a
dipole to form inside the nanoantenna, which can then radiate into the far field [14]. The
resonance frequencies of incident light wavelenghts need to be calculated with a scaling
laws as the nanoantennas do not scale the way traditional radio antennas do which was
also found out by Bryant et al. when they simulated the resonance of a gold nanorod [22].
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Figure 5. Approximate far field radiation pattern of a dipole antenna when a 2D
projection is viewed. The upward arrow determines the polarization direction of
the antenna, with rotationally symmetric radiation pattern. The radiation pattern
signifies the strength of the emitted field. The angle α and field strength b draw the
radiation pattern.
According to Novotny and Bharadwaj the resonance wavelength requires linear scaling,
which is dependent on the material properties and geometry [23, 24].
Nanoparticles however have a downside to their antenna function, which is related to their
size. In a common radio antenna the wavelengths are in macro scale, meaning that small
imperfections in the antenna itself are not important, as the imperfections are miniscule
when compared to the wavelengths in question. The imperfections in a nanoantenna have
a more pronounced effect, as the small imperfections in a nanoantenna are notable when
compared to the wavelengths they operate at.
The size of the nanoantenna also means that the skin effect cannot be forgotten due
to the skin depth being comparable to the thickness of the nanoantenna [23]. These
imperfections increase the losses of a nanoantenna, causing them to absorb more of the
incident electromagnetic field. This undesired behaviour can be mitigated with careful
particle synthesis, but eliminating it altogether is difficult to achieve.
An excited dipole within a nanoparticle radiates into near-field and far-field. The field
composition of a radiating dipole antenna are given by Yaghjian and they consists of
reactive near-field, radiative near-field and radiative far-field [25].
The near-field is as its name implies, located near the radiation source. The reactive
near-field exists up to a wavelength away from the surface of the antenna, followed by a
radiative near-field to an estimated 2D2 /λ + λ distance (D is the maximum dimension
of the antenna) [25]. The radiative far-field continues after the radiative near-field and
continues into infinity.
12

Electric and magnetic fields of an electromagnetic wave propagate in the far-field region
with a constant phase difference and with a radially dependent magnitude [19, 25].
The radiation pattern of a electromagnetic wave remains constant when the wave is
propagating in the far-field region. The major application of the far-field of an antenna is
radio communication.
Unlike in the far-field, the radiation pattern of an antenna does not stay constant within the
near-field region [19, 25]. Exponentially decaying evanescent field and reactive components
of the near-field together produce near-field effects which can radically alter the radiation
pattern of the antenna. Near-field radiation is used in near-field microscopy which has
been discussed by Maier and Yaghjian [19, 25].

2.4.1

Dielectric function

The dielectric function of a metal is as given by literature [14, 19]
(ω) = 1 (ω) + i2 (ω)

(23)

which is dependent on the angular frequency ω. The dielectric function (23) is used to
describe the optical properties of a metal [14].
A simplistic way to approach the effect of the dielectric function (23) is the DrudeSommerfield theory which only takes the effect of free electrons into account. An improvement can be made by taking the effect of bound electrons into account, giving way to the
interband model [14].
The interband model however, still does not represent the dielectric function accurately
enough. This is why in computational calculations the dielectric function of gold is given
by the experimental data of Johnson and Christy [26]. Gold was chosen as the material for
the nanocone, as it is stable and holds suitable plasmonic resonance regarding this study.
Plot of the data is shown in figure 6. The data was measured using a gold nanosheet,
which means that applying it for non-sheet situations may produce results which will then
differ from reality. It is however the best available data on the dielectric function of gold
nanoparticles and is used for that reason in this study.
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Figure 6. Plot of the dielectric function found experimentally by Johnson and Christy
for gold. Note that the left y-axis is for the real part and the right y-axis is for the
imaginary part of the dielectric function.
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Figure 7. The principle idea of the WISC window. Image by Jussi Toppari and
Janne Simonen.

3

WISC project

The Window Integrated Solar Collector (or WISC) project is a collaboration of Institute
of Photonic Technology in Germany, Centre for Energy Studies in India, Institute of
Technology Delhi in India, Nanoscience Center in Finland and Department of Electronics
and Telecommunications in Norway. The project is part of EU INNO INDIGO partnership
programme (Academy of Finland decision 283011). The project is scheduled to run from
2014 to 2017 [5].
The aim of the project is to create a device, which can redirect and concentrate infrared
wavelengths from daylight into the edge of the window glass. The basic principles of
the aim of the project is presented in figure 7. The WISC would have a collector or a
thermoelectric convertor placed into the edge of the window for the redirected infrared
light. Should the device work, it would not visually differ from a normal window as it
would remain translucent to visible wavelengths of light [5].
As a new trend, at least in the western world, is to expand the window surfaces of offices
and homes to create the effect of space and to utilize ambient lighting, offices and homes
have had an increase in the room temperature. This is due to the ambient lighting carrying
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Figure 8. Idea behind asymmetrical radiation. The adjacent nanocones would
continue sending the redirected light forward. The operation of a single nanocone is
shown more in figure group 9.
heat with it and then trapping it into the room. To counter the rising room temperature,
one needs to either block some or all of the windows or increase the power in the air
conditioning. The first one is counter productive, as the window area was increased and
the second one leads to increased bills.
Utilizing WISC in this kind of example room would allow windows to stay open and the
room to stay in a more suitable room temperature but with lesser costs, as the WISC
could use some of the infrared light to partially power the air conditioning, combining the
benefits. This would not be as useful in areas where the rooms have to be heated.
Additionally, due to global warming, mankind should strive to get the required energy
from as many renewable and clean sources as possible. One such form of energy is solar
energy, which WISC is set to use.
The project has tackled the problem of diverting the infrared wavelengths by utilizing
metal nanoparticles. As was discussed in section 2.4, metal nanoparticles exhibit local
surface plasmon resonance, which allows them to couple scattered light into a waveguide.
The original attempt at this was with spherical nanoparticles, as the idea was that the
project could be completed with simple particles which have easy manufacturing methods.
The spherical nanoparticles had high losses and they scattered the light into every direction,
but this was not considered a problem, as each edge of a window could be outfitted with
a collector.
The objective was to get infrared resonance. Doing this with spherical nanoparticles would
have been a problem due to the required size. Eventually it was decided that the goal of
the project was to be attempted with tilted nanocones.
The idea behind the tilted nanocones is illustrated in figure 8. A nanocone would direct
some of the absorbed light to the tilt direction. The nanoparticle can absorb light from
all directions, but the main directions are presented in subfigure 9a. Should the wave
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(b)
(a)

Figure 9. Principle presentation of the operation of a single nanocone. Subfigure a
shows the possible absorption directions and the possibility of light simply bypassing
the nanoparticle completely. Subfigure b illustrates the radiation directions of the
dipole that is formed inside the nanoparticle due to the absorption of light. The
amount of arrows does not indicate stronger or weaker directional radiation intensity
in b.
be re-absorbed by another particle before it reaches a collector at the edge of the glass,
it would still be radiated partially into the correct direction. The tilted nanocone was
hypothesized to radiate asymmetrically in the substrate due to the tilt angle.
The hypothesized asymmetrical coupling into the waveguide does not mean that the
nanoparticle would only radiate into the desired direction. Subfigure 9b presents the main
radiation directions of a tilted nanocone. In reality, the nanocone radiates fully into all
directions, but the radiation pattern is similar to what is shown in 9b.
Due to the antenna like nature of the nanoparticles one could think that the optimal
resonance could be found just by taking a half-wavelength or a quarter-wavelength and
setting either of those as the length of the nanoantenna. The size of the nanoparticle
does have an effect on the resonance of the nanoparticle [27]. However, due to the skin
effect and high material resistances, the resonance of the nanoparticle has to be calculated
differently. Novotny has discussed a method and shown a way to calculate the required
nanoantenna length with the use of a linearly scaled wavelength [23]. The method by
Novotny assumes that the nanoantenna can be assumed to consist of linear segments.
Should the tilted nanocones work, they would be placed onto window surface and they
would be buried within a protective medium. The protective medium would have lower
refractive index than glass and its job would be to protect the nanocones from erosion.
The use of nanoparticles was decided on the basis of them having simple and cheap
manufacturing process. The process is called hole-mask colloidal lithography, which was
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developed by Fredriksson et al [28]. The method allows the generation of various different
nanoparticles, as the chosen etching method and material deposition method define the
possible particle shapes. The method itself is explained in detail in the article written by
Fredriksson et al and only the shortened version of it will be discussed here [28].
The method begins with the deposition of a sacrificial layer on top of the substrate.
Spherical nanoparticles are then placed on top of the sacrificial layer, which is then
followed by evaporation of a hole-mask. It is important to note, that the placement of
the spherical nanoparticles produces a random distribution. They also repel each other,
mostly avoiding cluttering. The spherical nanoparticles are removed with a tape, which
generates a suitable situation for etching process. It is at this point of the process, where
the etching method defines the possible outcomes for the manufacturing process. The
method finishes with evaporation of the deposited sacrificial layer.
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4

Simulation setup

The simulations in this work were done using Comsol Multiphysics software which uses
finite element method to solve an automatically formed group of equations [12]. Comsol
uses finite element method to compute the simulations. The method is discussed in section
4.1.

4.1

Comsol implementation and function

The user sets which laws of physics the software is to simulate and forms the geometry of
the simulated situation. This is followed by fine tuning calculation meshes and algorithms.
The software then forms a coefficient matrix which is the group of equations to be solved.
This group of equations is solved using the finite element method. The solution given by
the FEM-solver is then used to calculate the desired results.
Finite Element Method (FEM) is a mathematical way to discretize and simplify a problem
to a group of equations, which may then be solved numerically.
Computer aided calculations have proven to be extremely useful in various fields. Computers cannot however process arbitrary large computations as they are limited by their
software and hardware. If computers could handle arbitrary large computations, there
should be no functional limit to the simulation accuracy.
In real world, the limited computational capability sets a limit to the simulations. For
example, if an engineer would want to simulate the structural stresses on a support column
with arbitrary large computational capacity, he could simulate each atom in the column
and their combined effect. It would be unnecessary, but it would be possible. With
computational limitations our engineer has to ”split” the column into small pieces, but
large enough that their number is low enough for the computer to handle.
This is partially the basic idea behind finite element method. Having the ability to
simulate in a approximate continuum would require those arbitrary large computations,
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(a)

(b)

(c)

Figure 10. A 2D object with simplified finite element approximation visualization.
Object begins as continuous in a and is then discretized as a group of nodes in b. These
nodes are used to form equations, which connect the nodes to each other, allowing
calculations. The lines representing equations in c are linear, meaning that they lose
some of the original objects information due to insufficient accuracy. It is notable, that
the triangles in c are not considered good elements, as many of them are stretched.
but simulating numerous discrete pieces of the whole brings the problem to the level
required by the limitations of our computers.
According to Felippa, basic idea of FEM had existed since Archimedes, but the final
groundwork was done by Turner in 1950–1962 with popularizers Argyris, Clough, Martin
and Zienkiewicz [29].
Clough has gone through the original formulation process of the finite element method
and Süli has shown extensive mathematical formulation for the method, which will not be
presented here [30, 31].
As the idea is to discretize a continuous system, it is then the first natural step. As
presented in figure group 10, a 2D object is discretized by approximating it as a set of
points which are called nodes in FEM language. Nodes are then connected to each other
with functions, which are visualized as lines in subfigure 10c. Type of the node connecting
functions is not limited. The simplest are linear functions but polynomial of various
degrees and other types are used as they can describe the simulated object more accurately.
The functions are set to connect the nodes so that the visual representation makes the
simulated object appear as it would have been constructed from basic geometric shapes.
Most common are triangles or rectangles in 2D simulations and tetrahedrons or cuboids
in 3D simulations. Figure group 11 shows an amoeboid object meshed with triangular
and tetragonal meshes. Figure 12 shows a nanocone with a 3D tetragonal mesh.
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(a)

(b)

(c)

Figure 11. An amoeboid 2D object in a meshed using Comsol with triangular mesh
in b and tetragonal mesh in c. As can be seen, the triangular mesh in b is capable
of forming the original object with better uniformity than the tetragonal mesh in c.
With this example shape, the triangular mesh is capable of producing results with
higher accuracy than the tetragonal mesh. Tetragonal mesh handles itself better with
objects that have tetragonal macroshape, they are ill suited to the random shape (in
this case, the amoeboid shape in a).
This group of equations is then used to form an equation matrix in the form
Ax = b

(24)

where A is formed from the coefficients of the group of equations, b is formed from the
geometry and initial values. The FEM then solves the inverse matrix problem to find
out the components of x. It is rarely done by actually solving the inverse matrix, as it
has high computational requirements and is therefore slow to do. The inverse matrix
problem is bypassed by matrix decomposition. Probably the most well known is the
LU decomposition, where the matrix is decomposed into an upper and lower triangle
matrices, which then allows an algorithm to solve the inverse matrix with ease. The LU
decomposition is described by Turing in [32]. Many other decomposition methods exist
but they will not be listed here.
The method of approximating the simulated object with a set of nodes and a group of
equations is also the source of most of the methods inaccuracy. The simulated object
in most cases cannot be accurately presented and thus the gained solution is only an
approximation of the ”true” solution, which was left as a mystery, as this ”true” solution
would have required the arbitrary large computational capacity.
The finite element method can be parallelized to speed the computation effort. This has
been studied and parallel computing in FEM is in common use. A small survey conducted
by Butrylo et al in 2004 has already spoken about parallel computing with finite element
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Figure 12. Tilted 3D nanocone on a surface, meshed with tetragonal elements using
Comsol. The nanocone in the image was placed onto a glass surface with air contact,
the mesh forming the air is missing from the image, as it would obstruct the nanocone.
As can be seen from the image, the mesh size is smaller at points of higher curvature.
method indicating that it was a common practice [33]. The parallelization of the finite
element method is explained for example, by Choporov [34].
Finite element method simulations encompass a limited area out of necessity. Discretization
requirement prevents the simulation from having an ”infinite” empty boundary. This
problem is solved with boundary conditions, one of which is perfectly matched layer (PML).
PML is mathematically constructed to specifically have high absorption of em-waves
with minimal wave reflection. The problem with PML is that they are perfect only for
analytical waves. Since this work uses fem simulations, the used PML is also only an
approximation and as such, does have small amounts of reflection [35]. The PML in
Comsol has a varying absorbance as a function of the angle of incidence — PML functions
well with the angle of incidence between 0◦ –65◦ and rapidly loses its absorbance when the
angle of incidence of 90◦ is approached [36]. The simulations in this work use a perfectly
matched layer (PML) to surround the simulation area.
FEM was originally developed to meet the requirements of engineers, but it has then been
expanded and refined to fit a broad range of topics. The method allows for large-scale
problem solving due to its nature of breaking a problem down to a smaller piece.
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5

Simulation results

Simulations began from two dimensional (later 2D) simplification due to lighter computational requirements. The main distinction to be remembered from 2D simulations is
that it approximates three dimensional (later 3D) situation by simulating a slice, which
can be considered to extend indefinitely in the third dimension. As such, some effects are
distorted or nonexistent. A nanocone for example will appear in 2D simulation as a ridge.

5.1

Simulation structure

We began our studies with with 2D simulations. It was easier to check with 2D simulations,
whether the simulation would support the hypothesized asymmetrical radiation of forbidden
light. This was also due to the hardware limits at the time, since the simulations required
a larger amount of resources than what was originally expected.
The idea was to study the response of a single nanoparticle. This was done by placing the
nanoparticle onto a glass surface within a simulation box. Considering that the samples
of the WISC-project are fabricated by hole-mask colloidal lithography, it would have been
desirable to simulate a large randomly distributed set of nanoparticles on the glass surface
and then measure the outcome. This is not a proper way to approach the problem as
the behaviour of a single nanoparticle has to be known before a large-scale simulation is
justified.
The large-scale simulation was not however achievable as the hardware requirements
for a single nanoparticle in 3D simulation proved to be surprisingly high. The 3D
simulations were performed on a local computation cluster on a single node as cross-node
communication, while providing more memory, would have significantly increased the
computation time due to the requirement of dividing a single matrix calculation between
the nodes.
The particle in the simulations is 100 nm wide at its base when the tilt angle is at 0◦ .
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Figure 13. The 2D silhouette of the nanoparticle as seen from the tilt plane along
with the base of the nanoparticle seen from the glass surface plane.
The 2D silhouette of the nanoparticle is shown in figure 13, along with the shape of its
base. The end point radius of the nanoparticle is 10 nm and the general shape of the
nanoparticle is that of a rounded tip cone.
In the figure 13, the polarization of the incident electric field E is represented with the
horizontal two-way arrow. The height of the nanoparticle is measured from the base of the
particle to its tip and is denoted as h in the figure. The h of the nanoparticle is constant
even with different tilt angles. The width along the tilt plane is denoted with w. The
angle of the nanoparticle is measured from the normal of the glass surface and is denoted
as α. The letters represent different angles where a = 0◦ , b = 10◦ , c = 20◦ , d = 30◦ and
e = 40◦ . The five silhouettes of either tilt plane views or the base views are in scale with
each other. The base view of a nanoparticle is not in scale with the tilt plane view of the
nanoparticle.
The particle material is gold and the dielectric function is approximated using the
experimental data of Johnson and Christy, which is presented in figure 6 presented in
section 2.4.1 [26].
The simulation domain consists of two major halves, upper one being air with refractive
index of 1.0 and lower one being glass with refractive index of 1.5. The dimensions of the
simulation box varied between different simulations. The lighter memory requirements of
a 2D simulation allowed the use of a wider simulation domain, as the third dimension was
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Figure 14. The geometry scaling 2D simulation box as seen in Comsol. The red
curves were added for the visualization of the measurement surfaces.
missing. The 3D simulation initially had similar simulation box geometry with the added
third dimension being narrow. The narrowness of the added third dimension brought
additional problems in the form of broken PML calculations and thus faulty results. The
PML began to radiate light, which is not what it is supposed to do. The most likely cause
for this was that due to the shape of the simulation domain, the nanoparticle was too
close to some of the PML walls, which then caused errors.
There were two simulation types in 2D simulations, mesh scaling and geometry scaling.
Mesh scaling was not used with 3D simulations due to them not providing reliable results.
In mesh scaling, the simulation box remains constant but the meshing scales with the
incident wavelength, typically as λ/5/n, where n is the refractive index of the medium.
In geometry scaling, there are a certain number of computation mesh elements in the
simulation box. The amount of the mesh elements does not change with the incident
wavelength but the simulation box size scales with the incident wavelength. The simulation
box was wide in mesh scaling simulations and rectangular in geometry scaling simulations.
The simulation environment was surrounded with a perfectly matched layer (PML) in order
to reduce computational errors. The thickness of the PML was wavelength dependent.
The simulation setup for one of the 2D simulations is shown in figure 14 and for the final
3D simulation in figure 15.
The simulation had two phases. At the first phase, the simulation solved the background
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Figure 15. The 3D simulation geometry wireframe. The simulation box in the image
is scaled with the smallest studied wavelength 500 nm.
field caused by incident light. The incident light source is set to be the entire upper border
of the simulation box with electric field along the nanoparticle tilt plane. The simulation
is periodic in the first phase to achieve an uniform incident light. The use of an analytical
background field was attempted, as it would have sped up the simulations due to being
easily calculated and lightweight, but this produced visible errors at the PML interface.
Due to how Comsol works in this case, the analytical background field would have been
constant, but it would have also existed within the PML domain, which was unphysical.
Setting the analytical field to zero within the PML domain caused the analytical field to
behave unexpectedly and have discontinuous interaction with the PML interface.
The particle is not part of the simulation in the background field computation phase. In
the second phase, the nanoparticle is added into the simulation and incident light source
is removed. The stable background field then excites a plasmon resonance inside the
nanoparticle, which causes a scattered field to emanate from the nanoparticle. The second
phase of the simulation is the computation of this scattered field.
The results from the simulation are extracted from the scattered field. As the aim was
to study the light scattered into forbidden angles, the left and right edges of the glass
were originally set to measure the intensity of the scattered light that hit them. The
measurement surfaces are emphasized in figure 14. A better set of measurement surfaces
were used in the final 3D simulation, which focused on the measurement of the outward
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a
b
c

Figure 16. The parametrized measurement surfaces used in the final 3D simulation.
The red and blue spherical sectors represent the measurement surfaces, with the
translucent sector volume added to aid in the visualization. The measurement surfaces
are within the glass substrate and their highest points lie on the surface of the glass.
Red surfaces are centered along the y-axis and blue surfaces are centered along x-axis.
The nanoparticle is sitting in the middle on top of a glass surface which is represented
with the translucent gray circle. The black circular arcs are angle indicators. The
angles are a = 90◦ , b = 41.8◦ and c = 10◦ .
Poynting vector.
As can be seen from the figure 14, the measurements surfaces do not catch all of the
forbidden light, as the angle measured between the glass surface and a line from the
middle base of the particle to the lower edge of the glass was xx◦ . All of the forbidden
light could be collected when this angle is equal to the critical angle 41.8◦ .
The final 3D simulation had parametrized spherical surfaces that were placed along the
axes of interest. The surfaces had 10◦ lateral angle and 41.8◦ longitudinal angle. The
surfaces are visualized in figure 16.
The simulation variables across all simulations were the wavelength of the incident light
and the tilt angle of the nanocone. Visible light wavelengths were included into the
simulations because WISC windows should not visually differ from normal windows. In
addition to this, figure 21 indicates that the wavelength range 500 nm–1200 nm is expected
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Figure 17. The spiralling scattered field seen in mesh scaling simulations at incident
wavelength 500 nm and nanoparticle tilt angle 30◦ .
to contain information of all interesting events.

5.2

2D simulation

The 2D simulations will not be discussed widely as they were initial in nature and meant to
function as a ”proof of concept” before moving on to 3D simulations. The 2D simulations
were originally made with mesh scaling as the basis. In the mesh scaling simulations, the
measurement surfaces were included into the interface boundary between the physical
domains and the PML domains. This meant that the measurement surface was linear
instead of the curved ones used in the geometry scaling simulations. The linearity of the
measurement surface also meant that the measured results weighed the scattered light
closer to the air-substrate interface. This was due to the intensity of the scattered light
being higher near the air-substrate interface due to higher angle of impact.
The most significant result of these mesh scaling simulations is presented in figure 17.
The figure presents a scattered field which instead of propagating as a circular wave, is
propagating as a spiralling wave.
Figure 17 also shows the typical simulation domain of the mesh scaling simulations. The
spiralling scattered field was at the time considered to be the reason for the observed
directionality of the scattering by the nanoparticle. The problem with figure 17 is that it
could not be reproduced with geometry scaling simulations, but as seen in figure 14, the
simulation domain in geometry scaling is different from the mesh scaling simulations. The
difference in the simulation box may be the only difference required for the observability
of the spiralling scattered field.
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Figure 17 however presents an effect explained by Rodríguez-Fortuño et al. where the
spiralling scattered field forms when there are two dipoles elliptically or circularly polarized
to produce a spinning dipole [10].
The 2D simulation results presented in sections 5.2.1 are from geometry scaling simulations
as the presented 3D results in sections 5.3–5.6 are from geometry scaling simulations.

5.2.1

Scattering and absorption cross sections

The scattering and absorption cross sections of the nanoparticle were measured with [37]
σscatter

1 Z
(n · Ssc )dt,
=
I0

(25)

for the scattering cross section and
σabsorption

1 ZZ
=
QdS
I0

(26)

for the absorption cross section. The measured scattering and absorption cross sections
are presented in figures 18 and 19 respectively.
As seen in figure 18, there is a peak at 600 nm for tilt angles 0◦ and 10◦ . This peak
appears to shift to a higher wavelength as the tilt angle increases, ending up with a peak
at 775 nm with tilt angle 40◦ . As this peak is the only one visible with tilt angle 0◦ , it
can be expected to be caused by a horizontal dipole near the base of the nanoparticle.
A second resonance peak can be read from the figure 18, it is slightly visible at 550 nm
with 20◦ but is clearly visible at 600 nm with 40◦ . As this peak is emergent it can be
expected that it forms because the nanocone tilt angle increases. The hypothesis is that
this second peak is most likely caused by a dipole located near the conical point of the
nanocone. This could not be verified.
The absorption cross section in for the 2D nanocone is presented in figure 19. The figure
shows that for each tilt angle, the 2D absorption cross section peaks in a wavelength
region which precedes a scattering cross section peak in figure 18. The figure also shows
that as the wavelength increases, the nanocone becomes more conductive and reflective
which is seen as rapidly decaying absorption cross section at higher wavelengths.
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Figure 18. The scattering cross section of the nanoparticle as a function of incident
light wavelength with different nanoparticle tilt angles 0◦ –40◦ . The wavelength
resolution of the figure is 25 nm.

Figure 19. The absorption cross section of the nanoparticle as a function of incident
light wavelength with different nanoparticle tilt angles 0◦ − 40◦ .
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(a) x−

(b) x+

(c) x− − x+

Figure 20. The outward Poynting vector as a function of wavelength measured along
the red curves presented in figure 14.
5.2.2

Energy flow

The energy flow of the scattered field from the nanoparticle into the forbidden angles was
measured along the red curves shown in figure 14. In the simulation, the nanoparticle tilts
towards x− direction which is shown in subfigure 20a. The opposing direction is shown in
subfigure 20b. The raw difference of the two directions is shown in subfigure 20c.
The subfigure 20c shows that there is a clear asymmetry in the waveguide coupling by
the 2D nanocone. A surprising result in that the direction of the asymmetry is opposite
of what was expected based on the hypothesis. This result was encouraging in that an
asymmetric coupling was clearly present in the operation of the 2D nanocone and further
demanded a more accurate simulations to be carried out in 3D.
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5.3

Geometry scaling 3D simulations

Due to problems in simulations with mesh scaling, efforts were directed to geometric
scaling. The mesh element size in relation to the geometry size stays the same, with the
exception of the nanoparticle. This allows for a more constant computational requirement
between different wavelengths and more consistent simulation results. In Comsol, the
geometry scaling was done by introducing parameters called lambda factor (λf ) and
geometry scaling number (gs ). A larger gs number represents a larger simulation, where
results could be calculated further away from the nanoparticle. Each dimension was in
the form of
length = parameter · λf gs ,
where
λf =

λ
.
500 nm

Simulations were performed with geometry scaling numbers 1, 2 and 3, with majority of
results stemming from gs = 3. A larger gs number would have been preferable, but gs = 3
was already reaching at the limits of the available memory. The geometry scale number
is directly responsible for the maximum reachable distance from the nanoparticle. The
maximum reachable wavelength-normalized distance with gs = 3 is 2.1λ. This is due to
the normalization

parameter · gs
length
=
,
λ
500 nm

where the used maximum for the parameter is 350 nm when it is the measurement surface
distance parameter. According to Novotny and Comsol the desired distance from the
nanoparticle would be 10λ [14, 38]. This would have required the scaling number to be
gs = 14.2857 ≈ 15.
The simulations had a worst case memory consumption of 160 Gb–170 Gb with the gs = 3.
As a three-dimensional simulation, increasing the size of the simulation box increases the
memory requirement approximately to the power of three. Using gs = 3 → 160 Gb and
f (x) = x3 as a basis, we get a rough estimation equation for the memory consumption
Mcns (gs ) = (1.8096 · gs )3 .

(27)

Equation (27) then gives us a memory requirement Mcns (15) = 20 Tb with the desired
gs = 15. As the RAM memory was already reaching its limits with gs = 3, the 20 Tb was
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Figure 21. The scattering cross section of the nanoparticle as a function of incident
light wavelength with different nanoparticle tilt angles 0◦ –40◦ . The wavelength
resolution of the figure is 25 nm.
not even close to being achievable. It is important to note, that the memory consumption
estimation equation (27) is heavily simplified.

5.4

Scattering and absorption cross sections

The scattering and absorption cross sections of the nanoparticle were computed in the
final 3D simulation with [37]
σscatter =

1 ZZ
(n · Ssc )dS,
I0

(28)

for the scattering cross section. The absorption cross section was computed with
σabsorption

1 ZZZ
=
QdV.
I0

(29)

The scattering cross section results are presented in figure 21 and the absorption cross
section results in figure 22.
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Table 1. Resonance maxima wavelength for each nanoparticle tilt angle based on
figure 21.
Tilt angle
0◦
10◦
20◦
30◦
40◦

Wavelength (nm)
625
625
700
800
850

As can be seen from the figure 21, there are clear differences in the σscatter with different
nanoparticle tilt angles. In the 0◦ case we expect to see the plasmon resonance of the base
of the nanoparticle, which sets into 625 nm range. Tilt angle 10◦ has its resonance shifted
slighty to a higher wavelength, lying between 625 nm–650 nm. Also, there are signs of a
second peak at 750 nm region.
Tilt angle 20◦ has two clear peaks, one at 650 nm and one between 775 nm–800 nm. This
appears to be a resonance switch region, where the base of the nanoparticle starts to be
too short for resonance and the sides of the nanoparticle begin to be long enough for a
plasmon resonance. The switch has happened in tilt angle 30◦ as the short wavelength
peak is no longer visible but the higher wavelength peak has started to clearly dominate.
The peak itself is located near 800 nm. The highest tilt angle, 40◦ , has a peak between
850 nm–875 nm but closer to 850 nm. The tilt angles that were considered to represent
the peak resonances were collected into table 1. These combinations of tilt angles and
wavelengths were used to plot the radiation patterns presented in section 5.5.
Figure 21 is best explained with the nanoparticle geometry, as the gold dielectric function
in figure 6 does not indicate the behaviour presented in figure 21. The silhouette of the
nanoparticle at the five angles is presented in figure 13. It is important to remember, that
the incident light excites the particle along the tilt plane, parallel to the surface of the
glass.
At a small angle, the incident light sees the nanoparticle mostly as its base, which is then
responsible for the resonance peaks near 625 nm in figure 21. As the nanoparticle tilts
away more from the glass normal, the base of the nanoparticle increases but simultaneously
the sides of the nanoparticle gain more of the surface parallel component. The lengthwise
resonance of the nanoparticle excites easier as the tilt angle increases, meaning that the
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Figure 22. The absorption cross section of the nanoparticle as a function of incident
light wavelength with different nanoparticle tilt angles 0◦ –40◦ .
scattering cross section of the nanoparticle increases with the tilt angle. This results in
them having a larger contribution to the nanoparticle plasmon resonance and also explains
why the resonance peak shifts to a higher wavelength with a higher tilt angle. The moment
where two resonance peaks are visible is caused by the base of the nanoparticle and the
sides of the nanoparticle having two different resonances, which happen to have similar
strength in the case of tilt angle 20◦ .
Based on the figure 21, the peaks at 600 nm–625 nm in figure 22 represent the effect
of the base of the nanoparticle. The peaks are present with each tilt angle and the
absorption cross section caused by the base of the nanoparticle is lessened as the sides of
the nanoparticle become more prominent regarding the incident light.
Similarly to the rising peak at 775 nm–850 nm in figure 21, there are three peaks at the
same wavelengths and tilt angles in figure 22. This was to be expected and fits with the
notion that the sides of the nanoparticle lengthen with higher tilt angles.
Figure 22 shows a peak at 700 nm–725 nm with 40◦ tilt angle, that has no counterpart
in figure 21. Another one is possibly at 775 nm, 30◦ . Each peak in a certain tilt angle
is an indication of a plasmon resonance. This resonance can be caused by a suitable
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geometry, which supports a suitable dipole. Having multiple peaks at a certain tilt angle
then indicates multiple dipoles within the nanoparticle. This would mean that at tilt
angle 40◦ forms a geometry which is capable of supporting a third dipole, possibly there
is one dipole for each major geometrical feature (base and two sides of the nanoparticle
along the tilt plane).

5.5

Radiation patterns

The radiation pattern figures are presented in figure group 23 and they were plotted at the
tilt angles and wavelengths that are presented in table 1. The radiation pattern images
were measured using the surface presented in figure 24. The visualized surface consisted
of 72 5◦ slices that then formed the full circle. The first slice was centered at 0◦ .
The radiation patterns in figure 23 show a typical dipole behaviour, where the highest
dipole radiation is perpendicular to the excitation. The scale differences with the different
radiation patterns are consistent with the absorption and scattering cross sections presented
in section 5.4.
The figure 23 also shows that from the selected points of interest, 20◦ , 700 nm has the
highest directionality. According to analysis in section 5.4, this is in the transition zone
from the base resonance to the lengthwise resonance of the nanoparticle.
As can be seen from figure 21, the chosen point of interest 700 nm at 20◦ is neither of the
peaks present for tilt angle 20◦ . The radiation pattern for the peaks and the chosen point
of interest for tilt angle 20◦ are shown in figure group 25.
The figure group 25 shows how the directionality changes between the peaks visible for tilt
angle 20◦ in figure 21. The directionality is clearly in effect in subfigure 25a, increasing in
subfigure 25b. The directionality is lost when the highest wavelength peak is reached as
is seen in subfigure 25c. The directionality is determined as the relation
drp =

Ssc (270◦ )
,
Ssc (90◦ )

(30)

meaning the relation of the opposing direction energy flows along the tilt plane. The
directionality values are presented in table 2.
Based on the values presented in table 2, the area between the peaks for tilt angle 20◦
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Figure 23. The radiation patterns of the nanoparticle measured along the surface
presented in figure 24. The nanoparticle tilts into 270◦ direction and is located in the
center of the polar plot.

Table 2. Directionality values from figure group 25 calculated with (30).
Wavelength Directionality ≈ drp
650 nm
5.6
700 nm
8.5
775 nm
1.5
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Figure 24. The visualization of the radiation pattern measurement surface used
in making the figure 23. The measurement surface was divided into 5◦ azimuthal
segments with each segment producing a single data point.
in figure 21 is where the highest directionality for the nanoparticle in this study can be
found.

5.6

Energy flow plots

The measurement surfaces presented in figure 16 were the ones that produced the data for
energy flow plots. Terminology here is that y− is the direction of the measurement surface,
that lies in the direction of the tilt of the nanoparticle. Direction y+ is then the opposite
of y− . Directions x− and x+ are likewise opposite of each other and perpendicular to the
y-axis, as would be in a normal Cartesian coordinates.

5.6.1

Energy flow at all forbidden angles

The outward energy flow was measured from a surface similar to the one in figure 24 with
the difference that the surface was not divided into 5◦ segments. The result is shown in
figure 26.
It can be immediately seen from figure 26 that it is nearly identical to the scattering cross
section shown in figure 21. The scale between figures 21 and 26 is different but this was
expected as the scattering cross section was measured with all solid angles whereas the
version in figure 26 was measured with a spherical segment surface determined by the
forbidden angles.
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(b) 700 nm

(a) 650 nm

(c) 775 nm

Figure 25. The radiation patterns of the nanoparticle with tilt angle 20◦ at different
wavelengths. The nanoparticle is tilted towards 270◦ direction and is located in the
center of the polar plot.
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Figure 26. The outward energy flow scattered from the nanoparticle into the
forbidden angles as a function of incident light wavelength with different nanoparticle
tilt angles 0◦ –40◦ .
5.6.2

Energy flow at different tilt angles as a function of wavelength

Figures 27 and 28 contain the data from the simulation, when the emission spectra is
plotted as a function of wavelength. Figure 27 contains the data from the y-directions
and figure 28 contains the data from the x-directions.
The y− -direction has differences with the scattering cross section in figure 21. The peaks
for angles 20◦ and 30◦ have differing behaviour and there is a new peak for 30◦ near 700 nm.
The y+ -direction in subfigure 27b has a clear resemblance to the scattering cross section.
Subfigure 27c is included to highlight the differences between y− - and y+ -directions and
subfigure 27d was included to convey the data of subfigure 27c in an innate way. And
when the desired outcome of directed radiation is considered, the angles 20◦ and 30◦ have
the highest positive outcome between 650 nm–800 nm as can be quite immediately seen
from subfigure 27d.
The subfigure 28a appears to be visually indistinguishable from the scattering cross
section in figure 21. And as can be seen from subfigure 28b, the figure for x+ would have
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(a) y−

(b) y+

(c) y− − y+

(d) Difference y− − y+ color map plot. The
image contains the same data as figure 27c.

Figure 27. The outward Poynting vector as a function of wavelength measured along
the y-axis surfaces presented in figure 16.
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(a) x−

(b) x− − x+

Figure 28. The outward Poynting vector as a function of wavelength measured along
the x-axis surfaces presented in figure 16. A subfigure for x+ was omitted, as it is
visually nearly identical to figure x− .
been identical enough that including it would not have brought any relevant information.
Subfigure 28b tells us that the simulation did not have errors in it as the variance of the
plot in the figure is small compared to the total amount of radiation going into a one
direction as seen in subfigure 28b.
Subfigures 27a, 27b and 28a have unphysical behaviour at higher wavelengths, as the
Poynting vector value drops below 0 W/m2 . In the case of subfigure 28a, this unphysical
behaviour is also part of what makes it differ from the scattering cross section. This
behaviour is most likely caused by imperfect PML domain. The behaviour is visible in the
longer wavelengths where the nanoparticle is no longer in resonance with the incident light,
meaning that the outward Poynting vector is small. In this situation, should the PML
reflect the background field towards the nanoparticle, it would seem as if the Poynting
vector is inward at higher wavelengths.

5.6.3

Wavelength vs. integration distance

The Poynting vector values were measured at different measurement surface distances.
Due to tilt angle 20◦ showing clear directionality in figure 23, the Poynting vector plotted
as wavelenght vs. integration distance is shown in figure group 29.
Figure group 29 shows the effect of the near field on the value of the Poynting vector.
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(a) y−

(b) y+

(c) x−

(d) x+

(f) Measurement surface distance L is measured
from the center of the base of the nanoparticle
to the measurement surface (red arc in figure).
(e) y− − y+

Figure 29. The color map plots of the measured emission spectrum vs. L/λ when
the tilt angle is 20◦ .
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From the subfigures 29a–29e the direction y+ in sibfigure 29b has the largest changes.
Due to the near field masking the scattered light from the nanoparticle until 1.2 λ it
would appear that the scattered light suddenly ”begins” from nowhere.
The subfigures 29a–29e are presented to show that the energy flow has began to stabilize
before the maximum reached distance 2.1 λ was achieved, indicating that the simulation
results presented in section 5.6 are reliable enough to draw conclusions from.

5.6.4

Electric field at nanoparticle region

The scattered electric field of the nanoparticle was measured with
E = log

q



Ex2 + Ey2 + Ez2 .

(31)

The measured field at the points of interest presented in table 1 is shown in figure group
30. The subfigures are formed with two planar surfaces, one is xy-plane and the other is
yz-plane. The outlines for the nanoparticle were included to better show its position in
relation to the electric field.
The concentration of the electric field in subfigures 30a–30e gives indication of the location
of the dipoles within the nanoparticle at each tilt angle. At 0◦ in subfigure 30a the electric
field is focused on the base of the nanoparticle, indicating that the incident light has
excited a horizontal electric dipole near the base of the nanoparticle.
The resonance near the base of the nanoparticle weakens as the tilt angle of the nanoparticle
increases but instead of existing for the whole width of the nanoparticles base, it focuses
on the opposite edge from the nanoparticles tip. This effect is clearly seen at tilt angle
40◦ in subfigure 30e.
The subfigures 30b–30e indicate that there are two dipoles. This is because as the tilt
angle increases, the electric field begins to concentrate on the tip of the nanoparticle at
the same time as the concentration of the electric field near the base of the nanoparticle
weakens.
Based on the scattering cross section presented in figure 21, the tilt angle 20◦ was
considered to be a ”switch” region, where two different resonances were of near equal
strength. By looking at 20◦ in subfigure 30c and the neighbouring angles 10◦ and 30◦ in
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(a) 0◦ , 625 nm

(b) 10◦ , 625 nm

(c) 20◦ , 700 nm

(d) 30◦ , 800 nm

(e)

40◦ ,

850 nm

(f) Geometrical situation in subfigures a–e. Gray
is yz-plane and white is xy-plane.

Figure 30. The logarithmic electric field computed with (31) plotted along two plane
surfaces. The plotted datapoints are from table 1. Subfigure 30f is shown to aid in
the geometry visualization.
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subfigures 30b and 30d respectively, we can see a similar story, meaning that at 10◦ the
resonance is mostly in the base of the nanoparticle and at 30◦ the resonance has made a
strong shift to the tip of the nanoparticle.
The behaviour of the electric field on the nanoparticle is explained with two dipoles within
the nanoparticle. One is parallel to the base of the nanoparticle and is the one seen at
lower tilt angles. The other one is height wise to the nanoparticle. This means that the
height wise dipole gains a longer component parallel to the excitation as the tilt angle
increases which allows it to have a stronger resonance at higher tilt angles.
There can be considered to be a third dipole, which is parallel to the base of the nanoparticle
but perpendicular to the incident field. This dipole is not excited by the incident field
but it is slightly excited due to the other dipoles. The effect of the possible third dipole
was considered to be minuscule enough to have any visible effect.
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6

Discussion

The WISC-project aimed to create a window capable of extracting infrared light from
sunlight and then converting it to electricity. The goal of the project is aligned with the
general interest for greener energy sources in the face of the climate change. One of the
most prominent green energy sources is solar energy which, during the recent years, has
taken off properly and has started to take market share from fossil fuels.
The goal of the project was approached with numerical finite element method simulations
using a commercial program Comsol Multiphysics. As with experimental measurements,
there are error sources in numerical simulations. The accuracy of a numerical simulation
is always dependent on the problem, mathematical model, solvers and how well they all
work together.
The problem defines the requirements for the simulation setup, which sets requirements
for everything else. The mathematical model gives the theoretical maximum accuracy
for the simulation as the model is the one that is used as the basis for the simulation. It
is the groundwork for the ”reality” of the simulation and solvers then use mathematical
methods and the groundwork to numerically compute a solution for the problem. This is
the first error source in a numerical simulation as the mathematical model is based on a
theory which has most likely been formulated with approximations.
Usually a problem that requires numerical simulations is complex enough that an analytical
solution is infeasible or unattainable. Numerical solvers are used to get as close to
the presumed analytical solution as possible. There are always numerical errors as
computations cannot be carried out with the accuracy of infinite decimals. In addition,
a numerical solver typically uses an optimization algorithm to converge on a solution.
Optimization algorithms are set to find the best possible solution until a certain accuracy
threshold has been achieved.
In order to reach the best possible solution all parts of the numerical simulation must
fit the task at hand. The simulations in this study were frequency domain simulations
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where time was constant and the high frequency electromagnetic wave behaviour was the
dominant mathematical model. The same setup cannot tell anything about the response
of the system to a short laser pulse.
The modelling of the material properties of the simulated objects is also important. As
this study used Comsol as the simulation software, the material properties of air and
glass were provided. The gold in this study was modelled with the use of the data from
Johnson and Christy (discussed in section 2.4.1) which is the refractive index data for
a thin nanosheet. The optical properties of a nanosheet can be assumed to be different
from the optical properties of a nanocone which can be assumed to cause results that will
differ from physical measurements.
The gold by Johnson and Christy does not have notable behaviour at the wavelength
region of interest. The gold becomes more conductive at longer wavelengths due to the
dielectric function but our nanocone has a weak resonance at higher wavelengths meaning
that the increased conductivity is not visible in the results.
It is important to note that results from a physical measurement and from a numerical
simulation should rarely be exactly the same. In the case of the results presented in
this study which are from a single nanocone on an glass slab, physical measurements
would have required an estimated 1/σscatter ≈ 5 · 109 /m2 nanocones and nanoparticles
on a glass slab to cover the entire glass surface with the effective area of the nanocones.
The estimated number is based on the 3D scattering cross section of the nanocone at
tilt angle 20◦ in the dual peak region, where the value for the scattering cross section is
≈ 2 · 10−14 m2 . The estimated 5 · 109 /m2 is effectively the minimum number of nanocones
on a surface that can scatter almost all of the incident light on the surface.
The physical measurement would have nanocones which have differences due to realistic
manufacturing methods, nanocones which are in physical contact with each other (and
thus a different particle completely) and most likely non-cone nanoparticles. The amount
of differences in a realistic scenario cannot be replicated in a simulation due to memory
constraints and the required number of simulated nanoparticles.
The actual act of measurement is also different. In a simulation the measurement can
be done with absolute accuracy in the constraints of the simulation. In a physical
measurement the measurement device itself is subject to errors. This can be minimized
with good planning and knowledge of the measurement itself.
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With the amount of differences in numerical simulations and physical measurements it
would be unexpected to get the exact same results. The results can be expected to behave
similarly. One could expect errors in either or both study methods if numerical simulations
and physical measurements give completely different results.
In the case of this study, another reason to expect different results between numerical
simulations and physical measurements is that the simulations only had one nanocone.
The results from a single nanocone are required if the behaviour of a large number of
nanocones are to be studied but they cannot be expanded reliably into the behaviour of a
large group of nanocones. One would also require the knowledge of how the nanocones
affect each other when they indubitably end up close to each other in a realistic scenario.
We did not simulate the coupling of light out of the wave guide, absorption of the nanocone
or backscattering within the waveguide, meaning that the behaviour of propagating light
inside the waveguide was not studied. Our simulations used a single incident light
polarization which was parallel to the nanocone tilt plane and a single incident light angle
which was orthogonal to the glass surface. The propagation of light inside the waveguide
and the behaviour of the nanoparticle with various polarizations and angles of incident
light require additional studies before final conclusions on the feasibility of the nanocone
idea can be drawn.
The results of 2D simulations were presented in section 5.2. There were two different types
of 2D simulations, ones with mesh scaling and ones with geometry scaling. Because mesh
scaling simulations in 3D did not provide reliable results, the geometry scaling version of
2D simulations was primarily shown.
Only the spiralling scattered field (figure 17) was shown from mesh scaling simulations.
The spiralling scattered field was concluded to form from a specific case, where two different
dipoles within the nanoparticle were strong enough which leads to them appearing to
be a single elliptically polarized dipole. A circularly polarized dipole was shown by
Rodríguez-Fortuño et al. to produce a spiralling scattered field [10]. They produced the
circularly polarized dipole with two orthogonal mathematical dipoles with a 90◦ phase
shift, whereas our simulations show the same behaviour with a realistic nanoparticle. The
circular polarization with two dipoles can only be made with a 90◦ phase shift between
them. Most phase shifts result in an elliptical polarization.
Rodríguez-Fortuño et al. explained that with two orthogonal dipoles the vertical one
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couples to transverse electric field of the waveguide mode and the horizontal one couples into
the longitudinal component of the waveguide mode. When the phases and polarization of
these dipoles is chosen properly, their near-field interference and the evanescent components
of the dipole field are capable of producing the directional coupling into waveguide modes
[10]. They also showed that the selection of phase difference between the two dipoles is
the defining factor in the direction of the directional coupling.
As previously noted, the spiralling scattered field could not be replicated with geometry
scaling simulations. The reason for that is partly seen in the scattering cross section for
2D simulations (figure 18), where the base resonance peak rises and translated to a higher
wavelength with the nanocone tilt angle and a second peak forms at a lower wavelength
than the base resonance peak. The conclusion was that in order to create the spiralling
scattered field there has to be two dipoles with similar strength, suitable phase difference
and overlap.
It should be noted that our simulations cannot tell the actual number of excited dipoles
within the nanocone, as our simulations were always in a constant time. A time based
(such as finite difference time domain) simulation would be needed to find out about the
phases of the dipole or dipoles.
The difference figure of the opposing energy flows for 2D simulations (figure 20c) summarizes the 2D nanocone behaviour when the aim of the project is considered. The
hypothesis was that the nanocone would couple light asymmetrically into the waveguide
while directing mainly into the tilt direction of the nanocone. In the case of the 2D
geometry scaling simulations, the result appears to be that the nanocone couples light
asymmetrically but mainly away from the tilt direction.
The result from 2D geometry scaling simulations being opposite of the hypothesis was
surprising but explainable with the phase difference of the two dipoles. The phase
difference of the two dipoles would appear to be suitable for the presented coupling
direction but the question of why it is like that remains unanswered [10]. As was said,
our simulations cannot provide information on the phase of the dipoles which is why the
reason for the different coupling direction cannot be answered properly.
The results of 3D simulations were presented in section 5.3. There are no mesh scaling
3D simulations presented as the mesh scaling 3D simulations could not provide reliable
results. As the simulation of a single 3D nanocone was the main focus of the study, the
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data from the 3D geometry scaling simulations was studied in more detail.
Unlike in the scattered cross section results of the 2D simulations, the one for 3D (figure
21) has two peaks of similar height for a certain nanocone tilt angle. As the scattering
cross section does not provide information on the directionality of the scattering, the
radiation pattern plots were included.
The radiation pattern image (figure 23) had the radiation pattern of the nanocone into
the forbidden angles at the resonance maxima seen in scattering cross section for 3D
(table 1). As tilt angle 20◦ had two similarly sized peaks, the midpoint between them was
chosen. As could be seen, the magnitude of the radiation patterns follow the scattering
cross section 21 with the tilt angle 20◦ providing the most interesting behaviour.
The behaviour of the tilt angle 20◦ in the radiation pattern image was interesting as
out of the five radiation patterns it was the only one with visible asymmetry. As the
wavelength for tilt angle 20◦ was chosen to be between the two peaks seen in the scattering
cross section for 3D, we wanted to see the radiation patterns from the two peaks as well.
That led to the three radiation pattern images for tilt angle 20◦ (figure 25) which showed
that there was a certain wavelength region where the directionality was clearly visible.
The directionality peak and disappearance can be read from the tilt angle 20◦ curve in
the difference image for the outward Poynting vector (figure 27c) which highlights the
wavelength region where the asymmetrical coupling is in effect.
The tilt angle 20◦ is also interesting as it is the only wavelength-tilt angle combination
where the peak in the scattering cross section is in the same wavelength region as the
directionality peak. Tilt angle 30◦ could be said to have higher directionality than tilt
angle 20◦ based on the outward Poynting vector difference image (figure 27c) but the
scattering cross section peak for tilt angle 30◦ is located 100 nm away from the difference
peak.
There was an interest towards the entire scattered radiation into the forbidden angles
(figure 26) after the radiation pattern images. This resulted in finding out that the total
scattered radiation into the forbidden angles was identical to the scattering cross section
image when the scale is ignored. This lead to the thought that the scattering cross section
which was measured on the surface of the nanocone was reliable even in the presence of
near field interference and evanescent fields. The scattering cross section was measured
on the surface of the nanocone towards which the field magnitude rises exponentially and
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Figure 31. The basic difference between 2D and 3D geometry. The 2D simulation
appears as an infinite ridge when it is expanded into three dimensions, it has been
cut in the image to show the cross-sectional profile of the ridge. In this image the 2D
and 3D both have the same triangular cross-sectional profile.
total scattered radiation was measured as the total outward energy flow into the forbidden
angle sector.
The effect of the near field was studied shortly in the simulations. The basis for this
was to see whether the reached 2.1λ distance from the nanocone was far away enough
for the outward energy flow to stabilize on a value before the maximum distance from
the nanocone was reached. Based on the color map plots of emission spectra at different
distances from the nanocone (figure 29) the reached distance 2.1λ was enough to stabilize
the energy flow values. The ideal distance would have been 10λ according to information
provided by Comsol but that was unreachable due to hardware limitations [38].
When the results from 2D simulations and 3D simulations are compared with each other,
one has to keep in mind the difference in the geometry. Figure 31 shows the fundamental
difference of the simulations. As the image shows, 2D simulation is basically an infinite
ridge and when 2D simulations are compared with 3D simulations, we are effectively
comparing a single nanoparticle with an infinite nanoridge.
The clearest difference between the 2D simulations and 3D simulations is the different
direction of the asymmetric coupling. This was qualitatively explained with the phase
of the dipoles in the nanocone. The second difference is the different behaviour of the
scattering cross section.
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Figure 32. The presumed locations of the two dipoles in the 3D nanocone. The
horizontal arrow represents a dipole located in the base of the nanoparticle and the
other represents the ”nanocone-wise” dipole.
The resonance peak from the base of the nanocone is clearly identifiable in both scattering
cross section. In the case of 2D simulations, as the nanocone tilt angle increases the base
resonance peak shifts to a higher wavelength while getting stronger. In the 3D simulation
version, the base resonance peak slightly shifts to a higher wavelength before disappearing.
The difference is most likely caused by the fundamentally different geometries as was
shown in figure 31. The base of the nanoparticle in 3D is elliptical, meaning that there is
a limited amount of space for the dipole as the elliptical geometry forces the dipole to
focus in the middle. In the expanded 2D geometry the base of the nanoparticle is basically
a rectangle where in relation to the dipole direction, orthogonal translation of the point
of reference has no effect.
Third difference is the location and behaviour of the emergent resonance peak. In 2D
this peak appears from lower wavelength when compared to the base resonance peak and
in 3D it appear from a higher wavelength. Also in 2D the emergent resonance peak is
the minor one and in 3D it is the dominant one as the nanocone tilt angle increases. A
possible explanation lies again in the geometrical difference.
In the 3D nanocone the emergent resonance is thought to be caused by a ”nanocone-wise”
dipole where the dipole is is located between the conical point of the nanocone and
the edge of the base of the nanoparticle on the stretched side. The dipole location is
illustrated in figure 32. The narrowing of the nanocone might force the dipole to exist
as a ”nanocone-wise” dipole. The 2D nanocone narrows significantly less closer to the
conical point which might allow the ”nanocone-wise” dipole to actually exist closer to the
excitation axis which is horizontal. That would mean that the base resonance in the 2D
scenario remains the dominant one as it occupies most of the space inside the nanocone.
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The verdict is that when the outcome of 2D and 3D simulations are compared, it can be
noted that the 2D simulations do not give any meaningful insight into the behaviour of
3D. There are similarities but the actual behaviours have differed too much for the 2D
simulations to function as preliminary guidelines into the behaviour of the 3D simulations.
In the end, the goal of the study was partially achieved as the single nanocone demonstrated
asymmetrical coupling into a waveguide. The nanocone in question is not optimized for the
task and it shows as the desired asymmetrical coupling was seen in a narrow wavelength
band with a certain tilt angle, although a higher number of nanocone tilt angles would
most likely have revealed a narrow band of tilt angles where the asymmetrical coupling is
present.
Another component of the nanocone is that the observed resonance is within the optical
wavelength region. The WISC-window would not be a good window if it extracted some
of the optical wavelengths as those are required for the window functionality. The idea
was to get the asymmetrical coupling in the infrared region.
If one considers how traditional radio antennas work, one could mistakenly think that the
resonance of a nanoantenna can be figured out from the length of the antenna as easily as
can be figured out from a traditional radio antenna. The lenght of a nanoantenna does
have a relation to the resonance wavelength but not as directly as it is with traditional
radio antennas. Novotny has derived a scaling formula which allows one to translate the
traditional antenna theory into the nanoantenna world [23]. The scaling formula describes
what Novotny calls an effective wavelength
λeff = n1 + n2

λ
λp

(32)

where n1 and n2 are dependent on nanoantenna material and geometrical properties and
λp is the plasma wavelength [23]. The formula does assume that the nanoantenna is
composed of linear segments which cannot in a strict sense replicate the nanocone in this
study. It could however be used to gain an idea on the required nanocone proportions
when the infrared region resonance is in mind.
If we take the step of assuming that randomly distributed set of the kind of nanocones in
this study were to function ideally on the surface of a glass we could use it to produce
electricity. It is notable that the WISC-window as an idea should work in a temperate or
hot climate as there the requirement for air conditioning is higher than in cooler or cold
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climates. This generally means that the WISC-window would be primarily useful closer
to the Equator than the poles of the planet. This also means that in the prime areas, the
WISC-window would generally face away from the Sun due to windows generally showing
the horizon, instead of the sky. This problem can be solved by optimizing the nanocones
to couple the light with a high angle of incidence.
In the colder climates the Sun would be better positioned for a WISC-window but the
functionality of removing heat from sunlight might be unwanted due to general heating
requirements. Then again, modern buildings do no rely on sunlight to keep the insides of
the building warm.
Protecting the nanocone from the environment was not addressed in this study outside of
a mention. As the idea would be to position the nanocones on the surface of the glass, they
would require a medium around them to shield them from weather and wear. Because the
protective medium should not interfere with the operation of the nanocone, it would be
required to have a lower refractive index than the glass on which the nanocones are placed
on. Such a material is not easily available. Another option is to increase the refractive
index of the substrate, which allows for a wider variety of protective mediums. A one
way to ease the requirements for the protective medium would be to sandwich it with the
nanocones between two glass panels where one of the panels functions as the waveguide
and one functions as weather protection.
Based on this study the nanocone is a promising waveguide coupler but additional research
is required before the WISC-window can be realized. Outside of the WISC-project, should
the nanocone idea work it could be used in detectors where it is desirable to extract
and separate certain wavelengths from an emission spectra while letting majority of the
emission spectra through.
The pay-back time of a would be functional WISC-window is not known, but as the
study by Fraunhofer institute indicates that the energy pay-back time of a roof mounted
multicrystalline silicon photovoltaic panel is approximately two years even in northern countries, one could expect that the time scale of a WISC-window would not be
uneconomical [2].
Another way of attempting at the creation of a window for extracting solar energy was
published by Zhao et al., who approached the problem by placing fluorescent molecules
inside the window glass [39]. Their idea has the merit of bypassing backscattering and
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absorption with suitable molecules as a large enough Stokes-shift with non-overlapping
emission and absorption spectra will allow light to be trapped inside the waveguide without
offering it a way to couple out of it.
A problem with fluorescent molecules is photobleaching which would cause the window
by Zhao et al. to lose effectiveness over time. The photobleaching has been discussed in
literature, for example by Berglund [40]. Our approach has the merit of using plasmonic
nanoparticles which do not lose their resonance unless subjected to physical harm. Another
group by Meinardi et al. have reported success with giant quantum dots in the place of
fluorescent molecules inside a window [41].
The attempt of creating an unidirectional waveguide coupler is not the only way the
harvesting of solar energy that has been undertaken but it is a non-traditional approach.
There is still much to be done in the field of solar energy but advances have been made
and hopefully continue to be made as time goes on.

56

7

Conclusions

We studied the asymmetrical coupling of light into a waveguide by a single gold nanocone
on a glass surface with finite element method simulations in 2D and 3D. Our conclusion is
that the nanocone is capable of the asymmetrical coupling in a narrow wavelength region
650 nm–750 nm observed at tilt angle 20◦ . The results and literature indicate that the
nanocone contains two dipoles which together form an elliptically polarized dipole which
in the observed conditions allows for asymmetric coupling by near-field interference.
The 2D computations were hoped to be lightweight simulations capable of representing
3D computations but after the results from 2D and 3D simulations were compared, the
2D simulations were concluded to not represent the behaviour of the real 3D nanoparticle
accurately.
The nanocone did not reach the goal of the WISC-project completely as the observed
resonance was in the optical region. Additional research is required to transfer the
resonance to the desired infrared region and to ensure that the nanocone is capable of
functioning in the desired task when the absorption of the nanocone and out-coupling and
backscattering caused by other nanocones is taken into account. Further optimization
of the geometry of the nanocone is possible with the knowledge that the two dipoles
within the nanocone need to overlap and exist with similar strength. The operation of the
nanocone has to be studied with different incident light angles and polarizations as the
intended idea is to convert solar energy which is not a laboratory styled source of light.
The results provide an important step considering the goal of the WISC-project which
may provide mankind with another form of solar energy exploitation.
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