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Abstract 
Techniques for design, manipulation and characterization of nanoscale structures 
provide the basis for technological advances in areas like optics, electronics and 
biotechnology. The aim of this thesis is to develop new nanoscale methods and 
design schemes that extend the applicability of nanoscale devices. In particular the 
design of plasmonic antennas and formation of composite structures of lipid 
membranes and graphene oxide (GO) are in the focus of this work.  

Lipid membranes and lipid vesicles are relevant in the field of biotechnology where 
they are used to model cell-membranes and as carriers of various functional 
biological units. The ability to isolate neighboring membranes or to connect them 
to electrical conductors could prove valuable for future applications. With this in 
mind the interaction between GO and lipid membranes is studied. Results from 
quartz crystal microbalance with dissipation monitoring and dual polarization 
interferometry indicate that flakes of GO, which have negative ζ-potential, bind to 
lipid membranes with positive ζ-potential. Furthermore, GO induces rupture of 
immobilized lipid vesicles and together form composite structures in a layer-by-
layer fashion. Atomic force microscopy shows that these structures are stable in air.  

Metal nanoparticles host localized surface plasmon resonances (LSPR) at optical 
frequencies. These resonances couple to freely propagating light and greatly 
enhance the optical cross sections of the metal particles. Modifications of particle 
morphology and materials composition as well as interactions between near-by 
particles influence the characteristics of the LSPR. Here supported arrays of 
plasmonic optical antennas are designed with the purpose of light induced heating 
of the transparent surfaces. The optical properties of these surfaces are studied with 
optical spectroscopy and a method based on thermal imaging is developed to 
evaluate the light-to-thermal energy conversion efficiency.  

Keywords: thermo-optical materials, metamaterials, thermal imaging, plasmonics, 
lipid membranes, graphene oxide 
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  PMMA Polymethylmethacrylate  
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1 Introduction 
Nanotechnology regards the ability to process and analyze objects having at least 
one dimension on the nanometer length scale.1 The benefits of working on the 
nanoscale include one obvious: Miniaturization that makes it possible to fit more 
objects in the same area. This is especially evident in data storage where the 
storage capacity increases with the ability to miniaturize the storage devices. A 
second, perhaps less obvious, benefit with working on the nanoscale is the 
possibility to fine-tune the physical properties of a material. This can often be done 
just by changing its size or shape on the nanoscale. Such changes in physical 
properties are quite common, and the resulting materials are called nanomaterials. 

One illustrative example is what happens to carbon in the form of graphite. 
Ultimately thin graphite, i.e. when only one layer of carbon atoms remains, goes 
under the name graphene.2 Graphene has widely separate physical properties from 
graphite and currently provides the basis for a teeming field of research.3 

Metals provide a second example. Pieces of metal on the human scale are opaque 
and reflective but metal particles with dimensions on par with the wavelength of 
light have highly wavelength selective optical properties; they are transparent to 
some colors (wavelengths) but reflect and absorb others.4 

In order to produce nanometer sized structures in a reproducible way one relies on 
precise experimental methods and protocols. Over the years the number of these 
methods have grown and found wider applicability so that a great range of 
structures are possible to make and utilize. Still the number of available methods 
poses a restriction on what types of structures and functionalities can be realized. 
Therefore finding ways to fabricate new types of structures with new types of 
functionalities is always one of the focuses of nanoscience research.  

The rest of this chapter introduces the nanomaterials lipid bilayers, graphene oxide 
and plasmonic metal nanoparticles. Also the contribution of this thesis to these 
fields is introduced. 
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1.1 Lipid bilayers and graphene oxide.  

The human body is a complex machinery consisting of many organs that are 
strongly interdependent. Each organ is again a complex machinery consisting of 
different cell types. Every cell type has a specific functionality but all share 
similarities. All human cells are enclosed by a protective shell called the cell 
membrane. This membrane consists of a double layer of amphiphilic molecules. 
An amphiphilic molecule has one part that is attracted to water and another that is 
rejected by water. In the cell membrane the amphiphilic molecules arrange 
themselves with their hydrophobic (water-rejected) parts facing each other in the 
middle of the membrane and their hydrophilic (water-attracted) parts pointing out 
of the membrane.5 Figure 1.1 illustrates this type of arrangement.  

Human cell membranes consist mostly of a type of amphiphilic molecules called 
phospholipids. Phospholipids have a hydrophilic head consisting of glycerol 
phosphate with polar groups and a hydrophobic double tail consisting of fatty 
acids. The double tail makes it energetically favorable for this type of lipids to 
arrange themselves in the form of a membrane. Other types of lipids may arrange 
themselves in other ways. As it is energetically unfavorable to expose the 
hydrophilic membrane edges the membranes tend to close themselves in water and 
form spherical liposomes,5 c.f. Figure 1.1.  

Interactions between a cell and a foreign entity, for example, a nanoparticle, can 
affect the functionality of the cell and thus have great consequences to both the cell 
and the organism. As cell-particle interactions initiate at the cell membrane a 
natural interest is focused on studying interactions between lipid bilayers and 
various biological and non-biological (nanoscopic) entities.  

Supported lipid bilayers (SLBs) are the practical models to use when making 
controlled experiments related to the cell membranes. SLBs are membranes with 
controlled lipid composition that form on a flat surface, commonly SiO2.6 In this 
arrangement they can easily be characterized by surface probing techniques like 
AFM or QCM-D. 7, 8  

Part 1 of this thesis (Paper 1) investigates the interaction between SLBs having 
various lipid compositions and graphene oxide (GO). GO is a form of single-sheet 
carbon (graphene) having OH (hydroxide) and COOH (carboxyl) side groups. 
Because the functional groups disrupt the π-bonds of graphene, GO is not 
electrically conducting like pristine graphene but is instead polar and soluble in 
water. GO can be reduced to obtain graphene.9  
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Figure 1.1 Schematic view of amphiphilic molecules arranged in bilayers. 
The solid balls and zig-zag double lines correspond to the hydrophilic and 
hydrophobic parts respectively. Different colors represent different 
chemical compositions of the hydrophilic ends. The upper part of the figure 
illustrates a section of a membrane. The bottom part illustrates a cross-
section of a liposome.  

Interactions between lipid bilayers and GO are of interest to study for several 
reasons. As GO is water-soluble it can easily enter the body. Any health issues or 
potential usage as drug carrier relies on the interaction with the cell membrane. 
There has also been activity in combining lipid membranes with graphene and 
carbon nanotubes (CNTs) to form functional bio-devices10, 11 which makes the 
interaction interesting also from a technological point of view. This work aims to 
elucidate the fundamental characteristics of such interactions and to characterize 
physical properties of resulting structures with the purpose to build a foundation for 
future research. 

1.2 Plasmonic metal nanoparticles and nanoantennas 

Light, ranging in energy from infrared (IR) through the visible (VIS) to ultraviolet 
(UV), is a ubiquitous electromagnetic wave. It is an indispensable carrier of energy 
and information. Simply put: Without light we would freeze to death, blind.  
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In order to make technological use of light it must be captured. Plasmonic metal 
nanoparticles, that host the collective electron oscillations called plasmons, are 
highly interesting for this purpose as they have large optical cross-sections that can 
be tuned with respect to light energy, spectral line-width and angle of light 
incidence.12-17 As a consequence plasmonic materials help realize compact light-
harvesting devices with rich design possibilities.18 Furthermore, new methods of 
nanofabrication pave the way for cheap production of large area plasmonic 
surfaces19 bringing this concept closer to commercial realization.  

Suggested applications of this type of surfaces span, to name a few, spectral and 
polarization sensitive bolometers,19, 20 Förster resonant energy transfer,13 sensing,16, 

17 surface enhanced Raman scattering,16 controlled thermal emission for thermo-
photovoltaics12, 14, 21, 22 and conversion of light into heat15. 

Plasmonic optically driven heat sources, apart from being highly tunable also offer 
new functionality. Examples of where heat generated via light absorption in 
plasmonic metal nanoparticles offers new or improved functionality include 
increased chemical reactivity,23 enhanced vapor formation offering a route to 
efficient light-driven distillation,24, 25 assisted CVD for fabrication of 
nanostructures,26, 27 focused magnetic recording (HAMR),28 assisted nano-fluidics, 
29 ‘nano-blade’ for cutting cell membranes,30 control of cell migration 31 and 
medical treatments32-37. Papers 2, 3 and 4 of this thesis deal with plasmonic 
materials that transform light into heat 

The papers concern the ability to tune the optical properties of plasmonic 
absorbers. Focus lies on the absorption of sunlight. In technical terms that is 
broadband absorption of light with energies predominantly in the visible and 
infrared regimes and with relatively low intensities so that no temperature gradients 
between particles and their surrounding are expected.  

Paper 2 presents a passive method to measure the temperature increase of a 
transparent substrate due to plasmon assisted light to heat conversion in 
metasurfaces consisting of discrete plasmonic nanoparticles. Absorbed power is 
quantified from the dynamics of the temperature increase. Using this method the 
heat transformation efficiency is evaluated for surfaces comprising particles with 
different shapes and material composition. 

Paper 3 builds on the conclusions from paper 2 and extends the particle geometries 
to stacked architectures – plasmonic nanoantennas. Individual geometries of the 
respective antenna elements induce the directionality along the light propagation. 
Hereby directionality in light to heat conversion efficiency can be obtained. The 
paper also explores the possibility to apply the plasmonic particles to window 
coatings.  

Finally, paper 4 capitalizes on the functional roles of the respective nanoantenna 
elements to further boost the solar absorption in these radiator surfaces and 
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explores the possibility to build plasmonic antennas from naturally abundant 
materials. 

These papers have the common aim to explore the possibility of producing 
absorbing, transparent, surfaces built from discrete functional entities - 
nanoantennas. The purpose of such surfaces is first-hand to improve the thermal 
economy of buildings with large glass facades.  
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2 Background check 
2.1 Optical response of nanoscopic metal particles 

Light is an electromagnetic wave that is, to great accuracy, described by Maxwell’s 
equations that connect the electric and magnetic fields and currents.38 The optical 
response of a metal nanoparticle in an environment can thus be determined by 
solving Maxwell’s equation for the specific geometry and material constants. 
Analytical solutions for spherical particles in a homogeneous environment were 
provided by Gustav Mie in 1908.39 For other geometries either approximations or 
numerical methods are used. The material constants put into the equations 
comprise the respective dielectric functions of the involved materials. Dielectric 
materials are sometimes defined by using the alternative, but equivalent, refractive 
index.  

Choosing the appropriate dielectric function for a metal is not always a 
straightforward task. If it is calculated, the Drude model40 is commonly used 
although it suffers from drawbacks. One major drawback is that the model does not 
account for the interband transitions of electrons. As several metals have interband 
transitions in the regions where plasmonic resonances occur, any solution to 
Maxwell’s equations based on Drude dielectric functions will not be entirely 
correct. Another common approach is to use tabulated experimentally obtained 
values for the dielectric function. Common values are those obtained by Johnson & 
Christiy41, 42 or Palik43 .  

Maxwell’s equations 
Maxwell’s equations bundle together the fundamental physical laws of 
electromagnetism in a coherent form.38, 44 Without discussions of their physical 
meanings the four central equations are given below.  

Coulomb’s law 

 ∇ ∙ E =  −4𝜋𝜋𝜋 (2.1) 
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Faraday’s law of induction 

 
∇ × E =  −

1
𝑐
𝜕𝐵
𝜕𝜕  (2.2) 

 

Gauss’ law of magnetism 

 ∇ ∙ B =  0 (2.3) 
 

   

Maxwell’s adjusted Ampère’s law 

 
∇ × B =  

4𝜋𝐽
𝑐 +

1
𝑐
𝜕𝐸
𝜕𝜕  

(2.4) 

 

Here e is the elementary charge, n is the number concentration of charge, c is the 
speed of light and J is current density.  

It is possible to separate n into next and nint for external and internal charges, where 
external charges drive the system and the internal charges are responding. A 
polarization field can now be defined as follows. 

 
𝑃(𝑡) = � 𝑑𝑡′𝐽𝑖𝑖𝑖(𝑡

′)
𝑡

 (2.5) 

  

Here Jint represents the current density from internal charges contribution. The 
continuation equation states that the following holds: (applying the divergence 
operator on both sides of (2.4)) 

 
−𝑒

𝜕𝑛𝑖𝑖𝑖
𝜕𝜕 =  −𝛻 ∙ 𝐽𝑖𝑖𝑖  (2.6) 

   

Consequently, the divergence of the polarization field becomes 

 𝑒𝑛𝑖𝑖𝑡 =  𝛻 ∙ 𝑃 (2.7) 
   

A displacement field can be defined as follows 

 𝐷 =  𝐸 + 4𝜋𝑃 (2.8) 
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Inserting this displacement field in the original Maxwell’s equation gives 

 𝛻 ∙ 𝐷 =  −4𝜋𝜋𝑛𝑒𝑒𝑒 (2.9) 
   

 
𝛻 × 𝐵 =  

4𝜋𝐽𝑒𝑒𝑒
𝑐 +

1
𝑐
𝜕𝐷
𝜕𝜕  (2.10) 

   

Linear relationships between the electric field and current density and displacement 
field are given by the conductivity σ and the dielectric function/constant ε 
according to: 

 𝐽(𝑟, 𝑡) = 𝜎 ∗ 𝐸(𝑟, 𝑡) (2.11) 
   

 𝐷(𝑟, 𝑡) = 𝜀 ∗ 𝐸(𝑟, 𝑡) (2.12) 
   

The Fourier transforms of which are: 

 J�k,ω� = σ(k,ω)E�k,ω� (2.13) 
 

 D�k,ω� = ε�k,ω�E�k,ω� (2.14) 
 

Finally, the following relationship can be deduced by combining equations from 
above: 

 ε�k,ω� = 1 +
4πi
ω σ(k,ω) (2.15) 

 

Equations (2.13) and (2.14) are central for solving Maxwell’s equations. Equation 
(2.15) is a powerful relationship when calculating the dielectric function.  

Solutions and approximations for metal nanoparticles 
Solving Maxwell’s equations for small particles, with diameters considerably 
smaller than the wavelength of light, it is practical to assume that the exciting 
electric field is constant in space but varying in time. This assumption is known as 
the quasi-static approximation.  
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Solutions in the quasi static approximation can be found by using the electric 
potential Φ. The relation between the electric potential and the electric field is 
given by: 

   

 𝛻𝛻 = −𝐸 (2.16) 
 

For a metal particle in a static electric field Laplace’s equation is valid, stating that: 

 𝛻2𝛷 = 0 (2.17) 
   

Linear combinations of spherical harmonics give the general solution for this 
equation with spherical symmetry.45 For simplicity only the lowest order term 
(ℓ = 1) of the harmonics is used here. Higher order terms will include higher order 
oscillatory modes in the solution. The quadrupolar mode is an example that is 
prominent in larger spherical particles. However, for non-spherical particles it is 
effectively quenched.45 It is not relevant in this thersis. 

Assigning different dielectric functions to sphere and environment and paying heed 
to the boundary conditions at the interface between sphere and environment as well 
as at infinite distance from the sphere one arrives at specific solutions.  

 𝛷𝑟≤𝑎 =  −
3𝜀𝑒

𝜀𝑝 + 2𝜀𝑒
𝐸0𝑟 𝑐𝑐𝑐 𝜃 (2.18) 

   

 Φr>a =  −E0r cosθ +
εp − εe
εp + 2εe

E0a3
cosθ

r2  
(2.19) 

Here, a is the radius of the sphere, E0 is the amplitude of the driving electric field 
and θ is the angle between the position vector r and the electric field vector. εe and 
εp are the dielectric constants of the environment and particle respectively. 

Equation (2.19) describes the total electric potential outside the metal sphere. This 
potential can be regarded as a superposition of the driving electrical potential and 
potential arising from a dipole. The dipole being the polarized metal sphere. It is 
possible to rewrite the contribution from the dipole in the following form. 

 
Φr>a =  −E0r cosθ +

p ∙ r
4πεpr3 (2.20) 

 

 p = εpαE0 (2.21) 
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 α = 4πa3
εp − εe
εp + 2εe

 (2.22) 

 

The vector p corresponds to the dipole moment induced by the electric filed. Its 
magnitude is proportional to the polarizability, α, of the metal nanoparticle. As the 
dielectric functions are complex-valued information about both amplitude and 
phase is contained in the expression. Figure 2.1 shows amplitude and phase for the 
polarizability of a small gold nanosphere. A central property of the polarizability of 
small metal spheres is that it becomes singular when the following condition is 
fulfilled.  

 εp = −2εe (2.23) 
 

This polarization enhancement of the particle is commonly referred to as a 
localized plasmon resonance or LSPR for short. As εp varies as a function of 
wavelength the condition (2.23) can be fulfilled for various values of εe, i.e. the 
dielectric function of the environment, albeit at different wavelengths. This 
property makes plasmonic nanoparticles potent sensors for detecting changes in the 
dielectric function of the environment, as mentioned in the introduction. 

 

Figure 2.1Amplitude and phase (in arbitrary units) of the polarizability of a 
small gold nanosphere in vacuum. Dielectric function is given by Johnson 
and Christy.42 Here the LSPR occurs at approximately 520 nm. 

200 700 1200

Po
la

riz
ab

ili
ty

 p
ha

se
, a

.u
. 

Po
la

riz
ab

ili
ty

 a
m

pl
itu

de
, a

.u
. 

Wavelength, nm 

Amplitude

Phase



 

11 

The quasi static approximation catches essential optical properties of small metallic 
particles like the fact that their polarizability has a resonant behavior and that the 
spectral position of this resonance depends on the dielectric functions of both the 
particle and its environment. It misses, however, important features that become 
apparent when the optical properties of particles with different shapes and sizes are 
compared. These features can be elucidated by extending the quasi static 
approximation to arbitrary spheroids with three principal axes46 and further by 
considering radiation damping and dynamic depolarization due to increased size45, 

47, 48.  

A more general solution to the quasi static approximation is obtained by solving 
the Laplace equation in elliptical coordinates:46 

 𝛼𝑖 = 4𝜋𝑎1𝑎2𝑎3  
𝜀𝑙 − 𝜀𝑚

3𝜀𝑚 + 3𝐿𝑖(𝜀𝑙 − 𝜀𝑚) (2.24) 

 

 
𝐿𝑖 =

𝑎1𝑎2𝑎3
2

�
𝑑𝑑

(𝑎𝑖2 + 𝑞)𝑓(𝑞)

∞

0
 (2.25) 

 

 
𝑓(𝑞) = �(𝑞 + 𝑎12)(𝑞 + 𝑎22)(𝑞 + 𝑎32) (2.26) 

 

 �𝐿𝑖 = 1 (2.27) 
 

Here a1, a2 and a3 correspond to the principal half-axes and the polarizability 𝛼𝑖 
corresponds to the polarization of the particle when the external electric field is 
directed parallel to any of the axes. This expression is equal to (2.22) when the 
three principal axes are equally long. 

This model is useful for modelling the nanodisks or nanoellipses geometries. The 
different shapes are shown in Figure 2.2. In the case of a nanodisk two principal 
axes are chosen to be equally long and the third is considerably smaller. The 
external field is parallel to either of the two longer axes. In this way the nanodisk is 
modelled as an oblate spheroid. Still, this model is only valid when the particles are 
much smaller than the wavelength of light. 

Radiation damping and dynamic depolarization are effects that gain influence with 
increasing particle size. Within the framework of electrodynamics radiation 
damping is treated as the work that the radiation field exerts on the polarized 
particle. The dynamic depolarization is a result from the integral contribution of 
each infinitesimal volume element of the particle to the polarization of the center 
part of the particle. For large particles phase shifts in polarization due to the 
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dynamics of the radiation will cause the polarization to decrease and spectrally 
broaden and redshift.47, 48 

 

Figure 2.2 Spheroids of different proportions. Left to right: Sphere – all 
principle axes are equal. Oblate spheroid – two axes are equal and one axis 
is shorter. This is a simplified nanodisk. Prolate spheroid – two axes are 
equal and one axis is longer. Ellipsoid – All three principal axes have 
different lengths. This is a simplified nanoellipse. 

The modified long wavelength approximation (MLWA) takes these effects into 
account. Using the MLWA the quasi-static polarizability is first calculated for the 
specific geometry. Then the contributions from radiation damping and dynamic 
depolarization are obtained by integration over the particle volume. Hereby a 
perturbing factor is obtained that can be inserted into equation (2.21) to obtain a 
correct polarization.  For an oblate spheroid being polarized in the plane of the two 
major axes this factor is given by:45 

 
ܨ ൌ

1

1 െ
ଶ

ଷ
݅݇ଷߙ െ

௞మ

௕
ߙ

 (2.28) 

 

Here k is the wave number of the external field, α is the polarizability as obtained 
from the quasi-static approximation and b is the major axes.  

If analyzed, the models presented here reveal some rules of thumb regarding the 
spectral positions of the plasmonic resonances depending on size and shape of the 
particles. These rules apply if the particles are excited by an electromagnetic field 
impinging on the top of the particles as they are indicated in Figure 2.2. Larger 
particles and oblate particles will have resonances shifted to longer wavelengths. 
Smaller particles and prolate particles will have resonances shifted to shorter 
wavelengths.  

Optical cross-sections 
Optical cross-section, σ, is a physical quantity that relates to the tendency of a 
particle to interact with light. Experimental results obtained from optical 
spectroscopy are often directly proportional to the optical cross-sections. Individual 
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cross-sections can be attributed to extinction, scattering and absorption and they are 
related through the expression:46 

 𝜎𝑒𝑒𝑒 =  𝜎𝑠𝑠𝑠 + 𝜎𝑎𝑎𝑎 (2.29) 
 

In general, (elastic) scattering denotes the changing of light propagation direction 
due to interactions with the particle and absorption denotes transformation of light 
into other forms of energy upon interaction with the particle. Extinction is then 
corresponding to light that deviates from a straight line of propagation past the 
particle.  

The physical dimension of optical cross-sections is area. In a not very physical, but 
quite intuitive, way of regarding the cross-sections, the light is treated as 
infinitesimal particles or rays travelling along straight trajectories. The cross-
section is then the size of the particle projected onto a plane perpendicular to the 
light path. The larger the particle is the more light hits it. (In reality, however, the 
lateral physical dimensions of the particle has little to do with its optical cross-
section) 

A surface with homogeneously distributed identical nanoparticles provides a good 
example to illustrate the quantitative nature of optical cross sections. Say that the 
number density of the particles on this surface is 1 µm-2, 25% of the light intensity 
impinging on the surface is scattered and 50% is absorbed. Then the scattering and 
absorption cross sections of each of these identical particles are 0.25 µm2 and 0.5 
µm2 respectively. This example is valid for arrays of particles on surfaces. For 
particles in suspension the Beer-Lambert law correlates the cross-sections to light 
attenuation.4  

Sometimes the optical cross-sections are normalized to the physical extension of 
the particle. In that case the resulting ratios are called efficiencies. These 
efficiencies can have values larger than unity46, once again proving that optical 
cross-section have little to do with the physical dimensions of nanoparticles.   

2.2 Optical heating of plasmonic metal nanoparticles 

Whenever light is absorbed by a plasmonic metal nanoparticle the energy carried 
by the light is irreversibly transformed via localized surface plasmons into other 
forms of energy within the nanoparticle. This transformation of localized surface 
plasmon energy is a multistep process including several branches. This work 
focuses on the branches generating heat within the particles, other paths will only 
be mentioned briefly. 

The radiative decay path (scattering) is the way for the plasmon to decay without 
transferring energy to the plasmonic particle itself by instead emitting a photon. 
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The radiative decay paths are accessible as long as plasmon oscillations are 
coherent. 

Dynamics of non-radiative plasmon decay 
Localized surface plasmons are the coherent collective oscillations of the 
conduction electrons of a metal particle excited by the coupling of a photon to 
matter. The dynamics of such oscillations can be treated in terms of dephasing time 
(T2) and energy relaxation time (T1).49 Dephasing times can be experimentally 
determined either by extinction linewidth measurements50 or by degenerate four 
wave mixing (DFWM).51 Energy relaxation times are determined using 
femtosecond pump probe experiments.51 

Typical dephasing times of plasmons in nanoparticles are less than 10 fs but the 
energy relaxation time is much longer, typically on the picosecond scale.52 The 
energy relaxation time is proportional to the intensity of the exciting light while the 
dephasing time is not.51 

Dephasing can occur via two main processes; radiative and non-radiative. 
Scattering corresponding to re-emission of a photon having the same energy as the 
original photon4 and near field energy transfer53, 54 being a mechanism where the 
plasmon causes excitations in a nearby molecule or semiconductor are both 
examples of radiative dephasing processes. – They do not cause heating of the 
particle.  

Non-radiative dephasing occurs through the excitation of single electrons through a 
Landau-type process which causes an athermal electronic distribution.52 The 
electrons eventually thermalize through electron-electron scattering. Chemical 
interface scattering55 and hot electron enhanced catalytic reactions56 are the 
alternative decay paths at this stage.  

Electron-phonon scattering is the process by which the particle lattice increases its 
temperature.52 It is during this process the particles establish their local 
temperature. Finally, during particle-environment energy exchange the particle 
reaches an equilibrium temperature with its surroundings.52 Thermal equilibrium 
with the environment can take several nanoseconds to reach.57 

Local and environmental temperature 
Local temperature of and around a plasmonic metal nanoparticle can be calculated 
using the normal heat-equation, given that no phase transformations occur.58 
Calculations have been made for different conditions involving illumination with 
continuous and pulsed monochromatic light.57, 58 In these cases the environment is 
an infinite thermal reservoir and so only the temperature of the particles themselves 
and their immediate environment is affected by the illumination. The reservoir 
itself does not change its temperature.  
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Efforts to measure the temperature locally around plasmonic particles have also 
been made. Experiments have involved fluorescence polarization anisotropy, 59, 60 
melting of the particles, 43 plasmonic resonance shift due to temperature mediated 
refractive index change in host matrix 61 and measurement of the thermal 
expansion of the nanoparticles62. These measurements consider the temperature of 
the particles or their immediate environments. However, the thermal reservoirs are 
not infinite and could possibly change temperature during measurements.  

Figure 2.3 demonstrates the effect of local temperature on nano particles made of 
nickel. Such temperature increases in combination with the strong size- and shape 
dependent plasmonic resonance frequency have been utilized in schemes to narrow 
the size distributions of supported metal nanoparticles.63 

In comparison to the irradiances considered in the investigations above, i.e. focused 
laser beams, the solar irradiance of approximately 1 kWm-2 64 is vanishingly small. 
In addition, its spectral width exceeds that of most plasmonic resonances, 
whereupon only a fraction of the irradiance can potentially couple to plasmons. 
Extrapolating the results obtained in the aforementioned calculations to solar 
irradiances gives very modest, if any, temperature gradients between particles and 
environment.  

 

 

Figure 2.3 Demonstration of pairs of nanodisks composed of Ni that have 
been illuminated by a 9 µJ nanosecond pulse of 620 nm light. The spatial 
irradiance profile of the pulse spot is approximately Gaussian. In the center 
of the spot the high irradiance resulted in the evaporation of the 
nanoparticles (shown in the left pane). The intensity gradient on the slope of 
the Gaussian is visible as within a very narrow range the particles have 
melted without evaporating and outside that range they appear unaffected 
(right pane).   

However, a finite reservoir should eventually experience a temperature increase 
even at low irradiances and the lack of temperature gradients. Such temperature 
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increases could be measured even with relatively simple methods. This is discussed 
further in section 3.4. 

2.3 Blackbody radiation 

Objects with nonzero temperature emit electromagnetic radiation called thermal 
radiation or blackbody radiation. A perfect black object radiates according to 
Planck’s law. 

 
𝐵𝜆(𝜆,𝑇) =

2ℎ𝑐2

𝜆5
1

𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇 − 1
 (2.30) 

 

Two major traits of thermal radiation are that the emitted intensity increases with 
increasing temperature and that the wavelength of the spectral maxima shifts to 
shorter wavelengths with increasing temperatures.  

Very few objects are in fact perfectly black, i.e. absorbing all incoming 
electromagnetic radiation. Hence the concepts of grey bodies and emissivity 
emerge. Emissivity, ε, is a material-specific factor between 0 and 1 that is 
multiplied by Plank’s law to determine how much a body radiates. The emissivity 
of an object is the same as its absorption. Just as absorption, emissivity varies with 
the wavelength but often it is averaged out to a constant value over a relevant 
wavelength range. Figure 2.4 shows the spectral profile of blackbody radiation 
from three objects with different temperature and emissivity. 

Glass typically has an emissivity of 0.92. Metals on the other hand typically have 
low emissivity, close to zero.65 
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Figure 2.4 Showing spectral profile of blackbody radiation from two perfect 
black bodies with temperatures of 300 and 320 K respectively. Also 
included is the spectral profile of a grey body with emissivity 0.1 and 
temperature of 320K. 
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3 The Nuts and Bolts 
3.1 Hole-mask Colloidal Lithography 

Hole-mask Colloidal Lithography (HCL) is a process for fabrication of two-
dimensional amorphous arrays of an exceedingly broad range of nanostructures by 
deposition of material through a metal mask with nanoholes.66 The nanostructures 
include nanodisks, nanocones, nanoellipses, nanorings, various composite 
structures (dimers, trimers, stacks) and many more. The plasmonic structures in 
this thesis have been fabricated exclusively using the HCL process.  

HCL makes use of dispersed polystyrene beads (colloids) to define the pattern of 
the metal mask with nanoholes. This holes mask rests on a sacrificial layer that, in 
turn, rests on the substrate intended for the final nanoparticles. The sacrificial layer 
serves two purposes. First, dissolution of the sacrificial layer permanently removes 
it and the holes mask. Secondly, it is a mean to offset the mask from the substrate. 
This offset is a benefit that allows spatial freedom in the exact position of the final 
nanostructures.  

In pH neutral solution the colloids used in HCL typically have negative surface 
charge (as supplied by the chemical synthesis), thus they repel each other but are 
attracted to surfaces with positive surface charge. For this purpose a layer of 
polydiallyldimethylammonium (PDDA), which has a positive charge in neutral pH, 
is pre-deposited on the surface to be patterned. The colloids stick to the oppositely 
charged PDDA surface and simultaneously repel each other and so arrange 
themselves with a well-defined nearest neighbor distance but otherwise without 
any long-range ordering. Figure 3.1 shows colloids distributed on the surface.  

The colloids on the surface shadow discrete surface areas when an etch mask is 
subsequently deposited on the sample. Due to the relatively weak electrostatic 
interaction between the colloids and the surface they are easily removed by e.g. 
adhesive tape or a wet/dry cloth after the etch mask has been deposited. When the 
colloids have been removed, the etch mask have holes in the place of colloids, C.f. 
Figure 3.1. 
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Figure 3.1 Residual colloids lingering on a metal mask with elliptical 
nanoholes. Some colloids failed to come off during the colloid removal step 
of HCL. The elliptical holes tell that the hole-mask has been evaporated at 
an angle. 

Plasma etching removes the sacrificial layer locally beneath the holes and 
establishes a line of sight between the hole-mask and the bottom substrate. The 
hole-mask now allows area selective materials deposition, preferably by thermal 
evaporation, onto the substrate. Nano-stacks are possible to deposit through 
sequential evaporation of different materials. Figure 3.2 illustrates the HCL process 
in whole. 

 

Figure 3.2 Schematic drawing of the HCL sequence. Cross-sectional views 
and surface normal views of circularly and elliptically shaped nanoholes 
are presented. 1) The process starts with a clean substrate. 2) Deposition of 
a sacrificial layer. 3) Drop casting of a PDDA layer (thin) to make sure the 
surface is positively charged. 4) Positioning of colloids. 5) Evaporation of 
the metal mask (evaporation at an angle from surface normal results in 
elliptical holes) 6) Removal of colloids. 7) Plasma etching of sacrificial 
layer. 8) Deposition of nanostructures. 9) Removal of sacrificial layer and 
hole-mask.  
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Choice of Materials and Variations of HCL 
Fabrication of some structures and involving some materials require modifications 
of the HCL process. Evaporation of carbon is one example that can be problematic 
due to the immense amount of thermal radiation emitted during evaporation. This 
radiation heats up the sample causing Poly(methyl methacrylate) (PMMA), which 
is commonly used for sacrificial layer, to melt. Melting the sacrificial layer is 
totally detrimental to further evaporation of nanostructures through the hole-mask. 
However, several approaches circumvent this problem. 

One approach involves changing the material used for sacrificial layer. The main 
property of a sacrificial layer is that it dissolves in some agent that doesn’t affect 
the nanostructures or the substrate. Polymers are often used for this purpose as they 
dissolve in organic solvents while the nanostructures and substrates, usually 
consisting of metals and oxides, does not. Polysulfone is a polymer that has a 
higher melting point than PMMA and can thus be used when evaporating carbon. 
Another possibility is to use some metal for the sacrificial layer. Metals can be 
chemically etched by acids and the issue then reduces to finding an etching agent 
that only removes the sacrificial layer.  

Changing the sacrificial layer to a metal might also require a change of material for 
the hole-mask as this must have considerably lower dry etch rate than the 
sacrificial layer. The choice of sacrificial layer dictates which process is used for 
dry etching. From there a suitable material can be chosen for the hole-mask. 

A second approach is to deposit carbon, or any other material that cannot be 
evaporated through a hole-mask, as a continuous film. HCL can then be used to 
deposit material that locally protects areas of the film from later etching or ion-
milling. This etching or ion-milling removes the film material not covered by the 
protecting HCL structure. Multilayered structures can also be fabricated by this 
method simply by evaporating several continuous film layers before doing HCL. A 
version of this approach is used in paper 4 of this thesis.  

3.2 Techniques for Adding and Removing Material on the 
Nanoscale 

Spin-Coating 
Spin coating is a technique for coating substrate surfaces with thin films from 
liquid solutions. Deposition is done by placing the substrate to be coated on a 
rotatable holder, a spinner. The coating solution is applied on the sample surface 
whereupon holder and sample is spun for a given period of time. The apparent 
centrifugal force causes the solution to flow off the substrate and the liquid film 
thickness reduces. For each angular speed the residual film thickness will converge 
to some solution specific value. In order to improve the quality of the film, 
specifically its homogeneity, adapted acceleration rates and sequences of different 
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angular speeds may be employed. Many spinners may be programmed to execute 
this automatically. 

E-beam assisted thermal evaporation 
E-beam assisted thermal evaporation is an in vacuo method to deposit thin films of 
material from solid state sources onto substrates. In principle, a filament, shielded 
from the material source, emits electrons, usually thermionically. An electrostatic 
filed accelerate the emitted electrons by several kV while a magnetic field focus 
them on the source. The electron current heats the source material until it starts to 
vaporize. Due to the low gas pressure inside the process chamber the vapor species 
travel with molecular flow, meaning that their mean free paths are longer than the 
dimensions of the chamber. At high evaporation rates the evaporated species form 
a viscous region above the source. In this case a virtual source is positioned slightly 
above the real source. Because both virtual and real source are small and the gas 
travels with molecular flow .i.e. straight lines, clear shadow effects arise making 
this technique highly suitable for material deposition through HCL masks 67. 

Plasma etch 
Plasma etching is a method for removing atoms from a sample by immersing the 
sample into a plasma. A plasma is an ionized gas with zero net charge consisting of 
ions, electrons and neutral atoms and molecules. Plasma etching removes material 
by two main mechanisms. Ions that are accelerated towards the sample by means of 
an electric field may, by pure kinetic energy, knock out material from the sample. 
This is known as sputter etching. Alternatively, chemically reactive gas-phase 
species within the plasma undergo reactions with the sample material and form 
volatile products. This is known as chemical etching. Masks, made from materials 
with low etch-rates, render area selective etching when they are placed on the 
material to be etched.67 

Sputtering 
Sputtering is a method to deposit thin films on substrates from solid sources. 
Sputter sources are called targets and they have to be electrically conducting. The 
sputter process takes place a controlled low pressure atmosphere. Control is 
achieved by evacuating the chamber before process and then partially filling it with 
a gas that will be ionized during evaporation. Typical process gases are the noble 
gases: Argon, Krypton and Xenon. The target is negatively biased and attracts 
positive ions from the ionized gas. When the ions impact the target they transfer 
kinetic energy that makes other atoms leave the target. These atoms eventually 
condense on the substrate and form a film. In sputtering the target is rather large, 
typically having the same dimensions as the area being coated. Species leaves the 
target at a wide solid angular distribution and so there is relatively little shadow 
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effects. This makes it possible to coat topological samples but impossible to 
deposit nanostructures through an HCL mask. 

Reactive sputtering is a sputter process that facilitates sputtering of carbides, oxides 
and nitrides by adding a reactive gas into the process chamber. The gas prompts a 
chemical reaction with the element of the target and the resulting compound 
species are sputtered instead of the pristine target material.68 

3.3 Materials Characterization 

This section mainly deals with the different techniques used to assess samples with 
respect to various physical properties. 

Scanning Electron Microscopy  
Structural characterization of supported metal nanoparticles generally concerns 
their size, shape and areal number density. These properties, except from particle 
height, are readily assessable via Scanning Electron Microscope, SEM. For 
characterization of particles supported by an electrical insulator Environmental 
SEM, ESEM, is used instead. The general working principles are similar for both 
kinds of microscopes.  

SEM, in general, forms images, micrographs, by scanning a probing beam of 
electrons across the sample in a low pressure environment. The beam typically 
consists of 5 to 20 keV electrons and is focused on a spot less than 5 nm in 
diameter on the sample surface. Signal is obtained from detecting electrons emitted 
from the illuminated spot. Two imaging modes stem from the detection of 
secondary electrons, SE, and backscattered electrons, BSE, respectively. 69 

Secondary electrons have low energy and are residuals from the ionization of the 
sample by the probing beam. These electrons have a short mean free path within 
the sample. Consequently only species originating from a thin layer below the 
surface escape into the vacuum and are possible to detect. Contrast is given by the 
angle of incidence of the probing beam and the secondary electron yield of the 
material. This in combination with the surface bound origin of the electrons make 
secondary electron imaging suitable for topological studies. The resolution of 
micrographs from secondary electrons is often better than 10 nm. 69 

Backscattered electrons have energies identical to, or slightly lower than, the 
probing beam. They have longer mean free paths and consequently probe deeper 
into the sample than the secondary electrons. Contrast arises from the angle of 
incident beam to sample surface normal and from the atomic number of the sample 
material. This makes backscattered electrons useful for compositional analysis as 
well as topological. 
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As SEM involves shooting an electron beam on the sample, the sample needs to be 
electrically conducting in order to carry away excess charge. In the case of poorly 
conducting samples charges needs to be carried away by some other means. ESEM 
is designed to operate at higher sample compartment pressures and therefore allows 
excess charge to be carried away by ionized gas species 70.  

The higher pressure of the ESEM has consequences for imaging. Increased 
pressure leads to shorter mean free paths of electrons. For the probing beam the 
shorter mean free path leads to electrons being scattered and removed from the 
focused beam. The beam does not broaden by the scattering but it becomes less 
intense and the scattered electrons contribute to background noise. As a result the 
spatial resolution does not change but the contrast may deteriorate. 70 

Due to the high energy of backscattered electrons they are still possible to detect at 
high pressures with the same apparatus as for high vacuum SEM. Secondary 
electrons, on the other hand, are impossible to detect using the same sort of 
detectors. Instead advantage is taken by the fact that the emitted electrons ionize 
the chamber gas. The detection of ionized gas species may even lead to an 
enhancement of the signal as avalanche ionization of the gas is possible to achieve 
with an electrical bias. 70 

Quartz Crystal Microbalance with Dissipation Monitoring 
Quartz crystals pose excellent voltage-driven mechanical oscillators with low 
intrinsic losses and highly resolvable resonance frequencies. By virtue of a well-
defined relationship, laid out by the Sauerbrey equation, shifts in resonance 
frequency can be strictly related to the mass of rigid material added onto quartz 
crystals. As a result quartz crystals are widely used as microbalances in vacuum, 
gas and liquid.71  

However, in liquid the Sauerbrey equation only holds for thin, non-porous and 
evenly distributed films. Otherwise oscillating energy dissipates through couplings 
between the added material and the liquid which cause the result to become 
ambiguous. 71 

To circumvent this problem the quartz crystals can be driven intermittently 
whereupon both resonance frequency and dissipation can be measured 
simultaneously via the ring-down of the crystal oscillation. This setup goes under 
the name Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D). 

QCM-D is a highly suitable technique for studying sorption mechanisms involving 
biomaterials in aqueous solution as it gives information on both mass and 
viscoelasticity.72  
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Optical Spectroscopy 
Optical extinction-, absorption- and scattering cross-sections are often measured 
with a spectrophotometer. The kind of spectrophotometer used in this thesis uses a 
monochromator to illuminate a sample one wavelength at a time. Depending on 
which mode the instrument operates in only transmitted or transmitted plus 
scattered light intensities may be collected. Figure 3.3 shows the principles of the 
two modes. The collected light intensities are compared to a reference 
measurement to extract information about the optical cross-sections.  

Supported nanoparticles strongly interact with the substrate and the reference 
measurement should correspond to an empty sample compartment. In this way the 
combined optical cross-sections for glass and particles are considered. 

In the case of collected transmitted light the collected light intensities from sample 
divided by the collected light intensities from reference and subtracted from unity 
is proportional to the extinction cross-section. When instead transmitted plus 
scattered light is collected the same expression is proportional to the absorption 
cross-section. The scattering cross-section may be calculated from the optical 
theorem which states that the scattering cross-section equals the extinction cross-
section minus the absorption cross-section 46.  

The method described above is not sufficient to quantify the cross-sections of 
individual supported plasmonic metal nano-particles. Assuming that the particles 
covering a sample are homogeneous in size, shape and material composition, the 
dimensionless quantities obtained as above must also be divided by the areal 
number density of the particles. In this way quantities with area dimensionality are 
obtained. The cross-section area is an abstract construction that denotes the area 
perpendicular to light incidence required by each particle to geometrically intercept 
the proportion of light rays that are removed in measurement.  



 

25 

 

Figure 3.3 Schematic drawings of the two principal measurement modes for 
optical spectroscopy. The left drawing illustrates transmission 
measurements. Here the detector only collects light that travel in a straight 
line through the sample. The right drawing illustrates transmission + 
scattering measurements. In this case the detector collects both transmitted 
and scattered light.  

In this thesis the cross-sections are not quantified for individual particles, instead 
the non-normalized cross-sections are used and in particular the absorption. The 
information given by this measure is then the wavelength resolved fraction of 
irradiance that is absorbed by the sample. Given that the irradiance from a light 
source is known the total absorbed power can readily be calculated by multiplying 
the two spectra wavelength by wavelength and integrating. This calculated 
absorbed power can later be compared to the measured generated heat. 

Thermal imaging 
Different types of thermal imaging systems exist. The system used in this thesis is 
based on a non-cooled microbolometer array sensitive in the wavelength range 7.5 
to 13 µm 73. A bolometric detector is in principle a resistor with small heat capacity 
and a negative temperature coefficient of resistivity 65. The resistor is covered with 
an infrared absorbing film and reports a temperature increase that is proportional to 
the amount of absorbed radiation. A thermal imaging system comprises an array of 
micrometer-sized bolometers that is placed in the image plane of an infrared lens. 
Hereby they produce ‘images’ of the sensed infrared intensity. Such images are 
often called thermograms.  

Microbolometer arrays lack spectral resolution. The temperature is determined on 
the basis of total absorbed power in the sensitive wavelength range according to a 
camera internal algorithm. The exact algorithm is undisclosed65, but takes into 
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consideration user-specified values for object emissivity, object-camera distance, 
ambient temperature, atmospheric temperature and atmospheric relative humidity.  

Emissivity is a central concept in thermal imaging. The ideal amount of power 
radiated by an object is determined by Planck’s law. That law is valid if the 
radiating object is a perfect absorber, i.e. a black body. Real materials are rarely 
black bodies; instead their absorbance varies with the wavelength of light. Bodies 
with a wavelength invariant absorbance are called grey bodies. The amount of 
power radiated from a grey body is a fraction of the ideal black body radiation. 
This is compensated for in Plank’s law with a factor denoted emissivity having a 
value between 0 and 1.  

Ambient temperature affects the measurements as thermal radiation emitted from 
the surrounding environment, i.e. walls and the ground, is reflected by the imaged 
object and thereby adds to the reading. Object to camera distance, atmospheric 
temperature, and relative humidity plays a role as the atmosphere both absorbs the 
radiation from the object and also emits radiation by itself. For camera-to-object 
distances closer than one meter atmospheric influences are very small in the 7.5 to 
13µm wavelength band. 

Calibration of the thermal camera is usually done by assigning the object to be 
imaged with a specific emissivity 65. In practice this is achieved by measuring the 
temperature of a surface both with a thermocouple and with the thermal camera at 
some temperature elevated by some tens of degrees above the ambient. The user 
specified emissivity value of the object is then adjusted until the camera reports a 
temperature matching that of the thermocouple. 

Atomic Force Microscopy 
The Atomic Force Microscope (AFM) is, conceptually, a simple instrument for 
probing surface topologies at high resolution in atmosphere or liquid. A very sharp 
tip scans the surface and does the actual probing of the topology. The tip is situated 
on a cantilever that bends when the tip experiences attractive or repulsive forces 
from the surface. A laser beam is reflected off the cantilever onto a position 
sensitive photo detector. Bending of the cantilever causes the laser beam to be 
reflected onto a different position on the photodetector. In this way the photo 
detector reports what forces the probing tip experiences. Piezo-electric crystals 
move the tip in three dimensions. Final resolution is often limited by the sharpness 
of the probing tip.74 

3.4 Measuring temperature of plasmonic  
particle environment under solar illumination 

In this thesis temperatures of supported nanoparticles were measured under direct 
solar illumination. As was discussed previously those conditions does not imply 
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any temperature gradient between particle and support. In practice that means that 
substrate temperature equals particle temperature and that the two can be measured 
interchangeably. Figure 3.4 illustrates experimental setup for measuring the 
temperature of plasmonic particle decorated glass samples under solar illumination. 
In principle temperature increases due to optical absorption can be measured by 
this setup for any type of absorbing film.  

 

Figure 3.4 Thermal measurement setup. Top sketch illustrates the setup 
when light source is illuminating the pristine sample surface. Bottom sketch 
illustrates the setup when the decorated sample surface is illuminated. The 
thermal camera images the pristine surface in both setups. The different 
parts of the setups are not drawn to scale.  

A solar simulator, the sample and a thermal camera constitutes the setup. The 
sample can be oriented with either surface, pristine or decorated, facing the light 
source. The thermal camera has to image the pristine surface: The solar absorbing 
surface could affect the emissivity of the surface and add uncertainty to the 
measurement. The pristine surfaces of samples are also conformable when the 
absorbing surfaces are dissimilar, thus isolating any differences in results to the 
absorptive properties. 
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Figure 3.5 Graphs illustrating the temperature of a sample during a light on 
- light off cycle and the derived heat fluxes. Top graph, time on vertical axis 
and temperature on horizontal, shows the temperature dynamics of a 
sample that is initially kept in dark. At 60 s solar light is instantaneously 
turned on and at 240 s it is instantaneously turned off. The red and blue 
areas mark two sets of data-points that correspond to the light-on and light 
off responses respectively. The bottom graph shows the temporal derivative 
of the two temperature responses multiplied with the thermal mass of the 
sample (vertical axis) plotted against the temperature (horizontal axis). 
Solid lines are linear fits to the two data sets. The vertical difference 
between these two lines corresponds to the absorbed irradiance.  

The setup is used to subject samples to a light on - light off cycle and track their 
resulting temperature responses. Figure 3.5 shows the temperature profile of a 
sample and the result of post processing.  

Here, post processing relies on the establishment of a thermal equilibrium between 
the sample and its environment and that the environment has a constant 
temperature. The heat transfer mechanisms that govern this equilibrium are 
convection and thermal radiation. The amount of heat exchanged by convection is 
regarded to be directly proportional to the temperature difference between sample 
and environment while the amount exchanged by thermal radiation is regarded to 
be proportional to the difference between the fourth powers of the sample and 
environment temperatures. 75 As the temperature difference (in this case) is small in 
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relation to the absolute temperature, also the contribution from radiation can be 
regarded to be linear. 

Optical absorption shifts the equilibrium temperature of the sample when the light 
source starts to illuminate it. Heat begins to flow from the sample to the 
environment at the rate determined by the approximately linear relation between 
sample and environment temperatures determined for convection and thermal 
radiation. A new equilibrium temperature is reached when thermal radiation and 
convection release as much heat as optical absorption adds. Conversely, the sample 
returns to room temperature at a rate determined by its momentary temperature 
when illumination ends.  

Actual heat flow can be extracted from the time-resolved temperature 
measurements of the sample. A change in sample temperature corresponds to a 
change in its thermal energy as specified by the thermal mass of the sample. Since 
the thermal mass of the sample is known from material data, the change in energy 
and consequently heat flow is readily calculated.  

The difference in heat flow, at any sample temperature, between the light-on and 
light-off data sets simply correlates to the heat added by optical absorption. This 
method provides an alternative way to determine optical absorption and at the same 
time provides insight into the correlating temperature effects.  
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4 Summary of Appended Papers 
4.1 Paper 1 – Graphene Oxide and Lipid Membranes: 

 Interactions and nanocomposite structures 

This paper is a study on the basic interactions between lipid membranes and 
suspensions of graphene oxide (GO) flakes (0.5 – 5 µm in size). Real time 
observations of interactions are made independently by QCM-D and DPI. Sample 
surface topography is post-studied by AFM. 

GO has negative ζ-potential and is expected to be attracted by positive ζ-potentials. 
Exposing supported lipid bilayers having either positive or negative ζ-potentials 
depending on lipid composition to GO suspension shows that GO is taken up by 
lipid membranes having positive ζ-potential but not by membranes having negative 
ζ-potential. The GO binds flatly to the lipid membranes with both gaps between the 
GO flakes and overlaps.  

Alternating exposure of GO suspension and positively charged liposomes allows 
layer-by-layer growth. Exposing a surface of GO flakes bound to a lipid bilayer to 
liposomes will cause the liposomes to adhere to the GO flakes but not to rupture. 
Subsequent exposition to GO-flakes will induce rupture of the liposomes and 
formation of multilayer stacks. These stacks remain intact even after sample 
drying.  

4.2 Paper 2 – Nanplasmon-enabled thermal management 

This paper compares the light-to-heat conversion efficiency of the surfaces 
comprising the amorphous arrays of nanodisks or nanoellipses of Au or Ni. The 
surfaces are fabricated on transparent glass substrates using HCL. The paper 
furthermore presents a method to measure the thermal energy, generated by these 
surfaces, in units of power per area. This method relies on the time resolved 
thermal imaging of the substrate under the light on/light of cycle. The light source 
in this paper is a solar simulator of AM1.5G solar light.  
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Conversion efficiency is estimated both by the integration of optical absorption 
spectra and by the thermal imaging. Plasmonic particles of Au and Ni have 
qualitatively different optical responses following their respective material 
properties. For the single wavelength absorption Au would obviously be the best 
materials choice having strong peak absorption. For the broadband absorption of 
solar light, however, Ni has the highest heat conversion efficiency of the two.  

 

4.3 Paper 3 – Solar transparent radiator using optical 
antennas 

Paper 3 merges the conclusions from paper 2 with the antenna designs used in the 
previous work by Tong et. al.76 These antenna designs comprise multiple 
plasmonic elements and dielectric spacer elements in a stack configuration.  

Such nanoantennas built from the circular nanodisks of Au spaced by silica (SiO2) 
or alumina (Al2O3) show strong dependence of the light-to-thermal energy 
conversion efficiency on the direction of light propagation. Nanoantennas of a 
single plasmonic element are more efficient in heat conversion of light that is 
incident on the antennas from the transparent substrate side. Adding more Au 
elements to the nanoantenna and forming a vertical stack reverses this behavior and 
the nanoantenna of three Au elements becomes a more efficient converter of light 
incident from the air side. Furthermore, spectral broadening of the optical response 
as a consequence of added plasmonic elements with mutually offset resonance 
frequencies contributes to the overall increase in light-to-heat conversion efficiency 
of the solar light.  

Changing the geometries of the antennas and switching to lossy materials, 
analogously to paper 2, doubles the conversion efficiency. However, further 
addition of the plasmonic elements to the nanoantenna stacks doesn’t improve the 
conversion efficiency considerably.  

These surfaces have potential use as window coatings for the increased indoor 
thermal comfort. As such, their optical filtering the incident light is critical. Quality 
of the transmitted (illuminating) light is often determined by assigning a color 
rendering index. Due their smooth and broad optical spectra these coatings provide 
excellent color rendering up to 98%.  

4.4 Paper 4 - Absorbing nanoplasmonics with naturally 
abundant materials for solar energy harvesting 

This paper studies the materials that by themselves have a modest set of properties 
as plasmon resonators or absorbers, but combined in nanoantennas deliver superior 
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ability to convert solar light into thermal energy while keeping the transparency of 
the supporting material.  

Specifically the naturally abundant materials Al, Fe and C are targeted. These 
materials are interesting from an economical point of view but are relatively 
unexplored in nanoplasmonics. Here they are employed in the different parts of the 
plasmonic Yagi-Uda antenna analogues. These elements include a reflector, an 
absorber (feed) and, optionally, a director. C and Fe are highly optically and 
electrically lossy materials and are thus very suitable for the use as absorbing 
elements. Al has relatively strong plasmonic resonances and is suitable for the 
reflecting and directing elements. 

C-Al antennas comprising reflector and absorber are fabricated by HCL on the 
transparent substrates in two different configurations. The first configuration builds 
on the inherent property of the supported plasmonic particles to have the higher 
absorption when illuminated from the transparent support. The positions of the 
reflector (Al) and absorber (C) are changed to elucidate the effects of the antenna 
design on the optical absorption. 

With the help of FDTD simulations we determine the optimum antenna element 
separations to reach the most efficient light absorption. The Al-Fe nanoantennas 
with the reflector, absorber and director elements are the fabricated following the 
recipes from the electromagnetic simulations. Thus the simulations are 
experimentally validated and high optical absorptions are reached with these 
nanoantennas.  

The results point out that absorption is indeed enhanced by these antenna 
geometries, further producing sizeable directionality in absorption. 
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5 Conclusions and Outlook 
Results from paper 1 point at a new fabrication method to form composite 
structures with GO intercalated between lipid membranes. Exactly where these 
structures find application poses an open question to be answered in the future. As 
of now the method adds another tool to the nanofabrication toolbox.  

In the context of plasmon-assisted light harvesting this work has pointed out a 
route towards absorptive transparent surfaces. Window coatings for increased 
indoor thermal comfort pose one possible application for these surfaces.  

In order to generate maximize the light-to-thermal energy conversion efficiency of 
the plasmonic antennas the spectral position of the absorption was set to coincide 
with the maximum intensity of solar light. This maximum lies in the visible part of 
the solar spectrum. Naturally, absorption in this region strongly affects the 
visibility through the coating. A considerable part of the energy of solar light lies in 
the infrared part of the spectrum. Tuning the absorption spectra of the plasmonic 
antennas to cover also this part is a possible future undertaking.  

One approach to extend the bandwidth of the antennas could be to merge multiple 
antennas individually tuned to different wavelengths. A compact way of realizing 
this could be to stack two Yagi-Uda antennas and combine the director element of 
the bottom, long wavelength, antenna with the reflector element of the top, short 
wavelength, antenna.   

The lateral extensions of the coatings are also a matter of future interest. The areas 
of samples coated in this thesis are limited to 2 cm2. Window panes used in 
contemporary buildings can be four orders of magnitude larger. The fabrication 
process obviously needs to be adapted in order to allow deposition of plasmonic 
antennas over such larges surfaces.  

Apart from window coatings the Yagi-Uda antenna design could be applied to the 
local heating of nanoscopic particles. Typically particles with large optical cross 
sections are used for this purpose. However, with this method even particles with 
small optical cross sections could be optically heated with relatively low light 
intensities. This could be of interest in the area of magneto optics. 
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In general, and that’s the beauty of science, you never know to what use results 
may come. All that can be said with certainty is that a small piece of information 
has been added to the collective knowledge, free to use by anyone. 
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