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Preface: Only the start
We are still making new discoveries thanks to nanotechnology research.

Let me tell you a story about a small nanosphere, who one day will live in a coat
of paint on the outer wall of your house. Let’s call him Noa, little naNoa. His
neighbors live on the window surface, and on the roof. They live in these places
because they produce electricity for you. Other nanospheres live in these same
places to create beautiful colors, or to repel the water when it rains, but Noa’s job
is to catch sun rays and turn them into electricity. He knows that no one can create
energy. It’s only possible to change the energy from one form to another. This is
something Noa is very good at.

When the sun’s rays reach him, the electrons in his stomach tickles. Green is his
favorite color. That’s when the light tickles the most! In fact, it tickles so much,
that the electrons jumps out of his stomach and lands on the floor below him. The
floor and the ceiling in the coat of paint is made of very thin metal sheets, and when
the electrons land there, they quickly glide off to the battery. Noa doesn’t care that
he has lost an electron, he just finds a new one in the ceiling, and continues to
sunbathe.

The difference between us and Noa is that he is very small. In fact, ten million
times smaller than us. Noa is only 50 nanometers long, and you need special tools
to make him. Fortunately, we have such tools at the University of Bergen Nanolab.
Noa won’t experience the laws of physics in the same way on the nanometer-scale.
Sunlight looks like huge electromagnetic waves coming towards him, and makes
his electrons swing up and down. How much depends on his size.

Large waves will rock a small boat violently, but the big cruise ship laying next to it
will hardly notice the waves. In a similar way, the size of the nanospheres matters
a lot when it comes to how they experience light. Visible light has a wavelength of
390-700 nanometers, and some colors make the electrons swing more than others.
Noa’s mom likes blue, because she is a bit smaller than Noa, and his dad likes red,
because he’s a bit bigger. They are made of gold, but have a completely different
color than a big lump of gold, because they are so small.

The electrons in Noa’s stomach will experience the electric field in light the same
way the little boat did in a big storm. They will swing up and down, sometimes so
violently that the mooring breaks, so the electrons loose contact with the nucleus
and jumps out into free space. A storm might not sound very pleasant, but making
electrons swing in nanospheres can result in very efficient absorption of light. If
you hold a marble up to the sun, it will make a shadow that is the same size as the
marble itself. The sunlight is either absorbed or reflected at the surface. But Noa’s
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shadow is many times larger than himself. Effective absorption of light is a very
important feature when one is going to make electricity from sunlight. Many other
factors matters too; how the electricity is stored, transported and transformed is
important to ensure minimum loss from energy production to the power outlet.

A solar cell such as the one Noa lives and works in is not yet available on the
public market. At the University of Bergen we explore how light behave on the
nanometer scale, so that one day we can make a solar cell which easily can be
painted directly on the wall of your house. One thing we learned from studying
the relationship between nanostructures and light, is that the surface of a material
matters a lot to its appearance. But it is not just the appearance that changes for
different surfaces. You can for example make a material water repellent by cover-
ing it with Noa and his friends. A surface with many small nanospheres will repel
the water, making sure that the water can’t settle. The lotus leaf and the lady’s
mantle are two examples of such surfaces.

As a soon graduating science student, the oil crisis in 2014 has caused me to won-
der what my job opportunities are. What chances does a science graduate have
to get a job now? According to Hegnar.no 39,000 jobs have been lost (Septem-
ber 2016) and they’re not expected to return. Still it is the science graduates who
are the first to find jobs after graduation. The oil crisis should not discourage us.
There is still a huge need for scientists, especially in construction, IT, digitization,
machine engineering, and fortunately for me and Noa; renewable energy. There is
a shift in focus within science, not a change in the usefulness of this field of study.

Compared to other science subjects, nanotechnology is relatively new. Norway has
been behind the United States and Europe in the development of nanotechnology,
but has in recent years made an effort to catch up, through the Research Council’s
Nano2021 initiative. Today, nanotechnology is used in many other fields of ex-
pertise, for example drug delivery, where nanospheres help medicine find the sick
cells, or diagnostics in the health sector, smaller hardware within IT, cosmetics,
and perhaps most of all material technology, which can be used in clothing, build-
ing industry (materials become lighter and stronger), transport, energy, etc. We are
still making new discoveries thanks to nanotechnology research.

It’s possible that we are only in the starting phase of discovering the potential of
nanotechnology. How a material is structured at the nano level matters a lot to the
properties of that material. Once we get an overview of these properties, and how
to manipulate them, it would not be unlikely that there won’t be a single discipline
left that has not been infiltrated by nanotechnology. One of the biggest challenges
we have before we get to that point is how to do nanostructuring efficiently for
large areas. Today there are many instruments that can create incredibly small and
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advanced structures both in 2D and 3D, but it is a slow process for large areas.
Maybe if more of you came here and got to know Noa and his friends, we could
find out more about what they’re good at?

This text was originally published in Norwegian as an article in the newspaper
Bergens Tidene, see Appendix I.
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Abstract
The work presented in this thesis focuses on nanostructures, and what effect para-
meters like size, material, and surroundings have on their physical properties, with
special emphasis on optical properties. The motivation for this thesis has been
to provide foundational work, both experimentally and theoretically, for the ex-
ploration of metal nanoparticles for solar energy applications. The devices were
fabricated using electron beam lithography and electron beam evaporation. Char-
acterization and imaging were done with scanning electron microscopy and atomic
force microscopy. Optical performance was measured using thin film analyzer,
dark field microscopy and integrating spheres. Numerical analysis of optical beha-
vior was done using the software Lumerical. The experimental work was done at
the University of Bergen NanoStructures laboratory and at Rice University Halas
Nanophotonics laboratory.

The thesis consists of six articles, which can be divided into three categories. The
first, main category focuses on the optical and electrical properties of metal nan-
oparticles and metal nanostructures, and contains four articles. The first three art-
icles cover theoretical investigations of the absorption properties of a nanofluid,
experimental investigations of the effect of annealing on the optical properties, and
the influence of fabrication methods on optical properties of metal nanoparticles.
The fourth article presents a novel bimetallic metal-insulator-metal (MIM) device,
where two metals with different work functions have been used to create a bias
for hot-electron extraction. To the best of the authors knowledge this is the first
MIM-device that does not require an external bias.

The second category concerns non-optical effects of nanosized features. It contains
one article, which describes how wetting can be affected by surface treatment.

The third category has a more conceptual theme, and contains one article. It de-
scribes how to build an affordable nanoscience laboratory, which might help mo-
tivate people and local industry to develop nanotechnology in Norway and else-
where.
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Chapter 1

Introduction

1.1 Thesis structure
This thesis is divided into three main parts. Part I consists of 4 chapters: intro-
duction, theory, methods and conclusion and further work. The introduction is
chapter 1, and covers the motivation and background, objectives, state of the art
for nanostructures used in solar energy applications, and finally a summary of all
the articles that have come out of this work (which are presented in part II). Chapter
2 discusses the theory of optics at the nano-scale, particularly numerical methods
for calculating the optical behavior with an emphasis on the method used in this
work. Chapter 3 presents in detail some of the methods used, such as the "home
made" photocurrent instrument (PCI). Chapter 4 provide the conclusion and fur-
ther work. Part II contains all the articles that have been published during this
thesis work, and part III contains the appendixes.

1.2 Motivation and Background
It is becoming increasingly evident that human consumption of natural resources
has become unsustainable, and that global warming is not just caused by natural
fluctuations, but is a result of human pollution [1]. For future generations to thrive,
it is crucial that society as a whole changes its attitudes on this subject [2]. Scient-
ists may help motivate a shift in the energy generation industry towards renewable
energy by providing more efficient and cheaper clean energy solutions.

The sun is an abundant and highly reliable source of renewable energy. Many
devices already exist which are designed to harvest solar energy [3], particularly
semiconductor based devices have achieved commercial success. Unfortunately,
the energy and pollution associated with the production of these devices partially

3



4 Introduction

negates the advantage it has of providing clean energy [4]. Furnaces with high
temperatures is used in the production of pure silicon, which is the key ingredient
in about 90 % of solar arrays as of 2013 [5]. It produces bi-products like coal,
coke and charcoal. Other materials are also used during manufacturing, such as
cadmium, lead and nickel, which are particularly toxic for the local environment
when used at a large scale [6].

When comparing power generating sources, the carbon footprint and the energy
pay back ratio becomes two relevant terms. The carbon footprint considers the
CO2 emission of the product, not only during operation but also from it’s produc-
tion, and compares it to the power it has generated. Solar photovoltaic (PV) energy
has a slightly higher carbon footprint (approximately 60 grams of carbon dioxide
equivalent per unit of electricity gCO2eq/kWh) than hydro and wind power (ap-
proximately 10 gCO2eq/kWh) which are also renewable resources, but small com-
pared to oil and coal (800-1000 gCO2eq/kWh) [8]. The energy payback ratio is
significantly lower for solar PV than hydro and wind [6], motivating research on
improved efficiency.

In order to decrease the consumption of resources and the generation of pollut-
ants, "green nanotechnology" is proposed to replace less environmental energy
harvesting methods. All though nanostructured cells are initially thought to be
cleaner than semiconductor cells, the health and environmental risks associated
with this new technology is not fully known. The biological impact and life-cycle
of nanomaterials is not well known, nor the toxicity and long term health impact
of nanomaterials. This, and the environmental impact of manufacturing must be
considered [7] as research on this topic advances.

Whether nanomaterials proves to be more environmental than semiconductor based
solar cells or not, they hold another definite advantage, that is that a nanostructured
cell can absorb light from the entire solar spectrum, and is not limited to light with
energy above the semiconductor bandgap. When a photon is absorbed in the a
semiconductor based cell, an electron may be excited from the valence band across
the band gap into the conduction band, only if the energy of the photon exceeds
the band gap. The maximum theoretical efficiency of a single semiconductor p-n
junction, called the Shockley-Queisser limit [11], is approximately 34% (assuming
a band gap of 1.34 eV). Figure 1.1 shows the experimental efficiency of the best
research cells since 1975 (provided by the National Renewable Energy Laboratory
[9]). Figure 1.2 shows how much of the solar spectrum a silicon cell is able to
convert (Figure is reproduced from reference [10]).

Contrary to semiconductor based devices, the theoretical efficiency is higher for
photoelectric devices consisting of metallic nanostructures which utilize the plas-
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Figure 1.1: National Renewable Energy Laboratory (NREL) [9] Best Research-Cell Effi-
ciencies.

Figure 1.2: Silicon cell convertible spectrum compared with the solar spectrum (AM1.5).
Figure reproduced from reference [10].
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monic effect. The absorption process is not limited by a band gap, and can be
tuned to absorb light at any wavelength across the whole bandwidth of the solar
specter. Due to the small size of the nanostructure, the electric field of the light
displaces the electrons in the structure relative to the core, which in turn establish a
restoring field. This causes an oscillation which ultimately result in either absorp-
tion or scattering of the solar energy, an effect called the localized surface plasmon
resonance (LSPR). The amount and wavelength of solar light being absorbed de-
pends on factors like size, shape, material, and surrounding material. Plasmonics,
and specifically LSPR is described in detail in section 2.1.

With this in mind, nanoparticles and nanostructures present a promising addition
to semiconductor devices. Specific configurations are described in more detail
in section 1.4. Nanostructures are potentially very efficient at light absorption
through plasmonic effects, an advantageous quality to have for light harvesting
devices, and a great motivation for further investigation.

1.3 Objectives
The main objective of this thesis is to investigate, experimentally and theoretically,
plasmonic effects in metal nanostructures, with the ultimate aim of exploiting the
LSPR of nanostructures to create solar energy harvesting devices. The work may
prove useful in other applications such as photo detection/sensors and heat sensors,
and shed light on the effect of surface structures and photocurrent issues.

The work presented in this thesis has mainly been done at the University of Bergen
NanoStructures Laboratory, with the exception of the work described in article D,
which was mostly done at Rice University Halas Nanophotonics Laboratory. Elec-
tron beam lithography (EBL) and electron beam evaporation (EBE) have been im-
portant manufacturing tools due to the precession and flexibility of patterning and
thin film deposition on the nano-scale. For imaging, scanning electron microscopy
(SEM) and atomic force microscopy (AFM) have been the dominant techniques.
Thin film analyzer (TFA), integrating spheres, and dark-field (DF) spectroscopy
were used for optical analysis, and a source meter and lock-in amplifier (LIA)
were used for the electrical analysis. The fabrication methods are described in the
articles with additional details given in chapter 3.

The work is based on six articles, four of which have been published, one which
has been submitted, and one in manuscript form. The thesis defender Vårin R.
A. Holm is first author on three of the publications. All published or submitted
articles have been done so to well established journals accessible through the Web
of Science and PubMed. The articles can be divided into three categories: Optical
properties of nanostructures, which includes articles A-D, non-optical properties



1.3. Objectives 7

of nanostructures, which includes article E, and a conceptual category, containing
article F.

The first category of articles was originally inspired by the idea of a metal nano-
particle (MNP) based solar cell patented by the Bergen company EnSol [12]. One
of the key aspects of this solar cell is that it is made entirely of metals and in-
sulators. This eliminates the need for semiconductors, which is a material that
can be costly to produce and leave hazardous bi-products, as mentioned in section
1.2. It consists of MNPs suspended in a dielectric and sandwiched between two
electrodes made from different metals. The two metals have different work func-
tions, which give rise to an electric field between them, eliminating the need for
an externally applied bias. An example of how this would look is depicted in Fig.
1.3.

The four first articles investigate properties that are important for this device. Art-
icle A, named "A theoretical investigation of the optical properties of MNPs in wa-
ter for photo thermal conversion enhancement" [13] takes a theoretical approach to
exploring which metals and particle sizes gives the most efficient absorption, and
how they can be optimized to absorb as much sunlight as possible. Simulations are
done for metal spheres in water since there is an abundance of experimental results
to compare to in literature. The optimization of efficiency is relevant for the EnSol
patent, but also, it can be used as the basis for a simpler device: a solar thermal
collector. Thermal energy devices are discussed in section 1.4.2. Article B named
"Temperature induced color change in gold nanoparticle arrays: Investigating the

top electrode

bottom electrode

MNP / dielectric

load

λ

Wtop

Wbottom

E
h

e

Figure 1.3: Illustration of the EnSol solar cell which inspired the work presented in art-
icles A-D. The basic layout is seen from the side, and dimensions are not to scale. W is
the work functions, ~E is the electric field and λ is the wavelength of the incident light. The
electrons and holes are illustrated as e and h respectively.
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annealing effect on the localized surface plasmon resonance" [14] examines the
relationship between the shape of MNPs and the color. The article shows how
very minor changes caused by annealing can lead to major color changes of nan-
oparticle arrays. Article C named "Light absorption and scattering of 40 - 170
nm gold nanoparticles on glass substrates" [15] investigates how the size of nan-
oparticles on glass substrates affect the color, and compare the results with other
nanoparticles of the same size in literature. The results were also compared to
nanoparticles produced with a different fabrication process. Knowing this, we are
better equipped to measure hot electrons generated by absorption through LSPR,
which is done in article D named "Work function-driven hot electron extraction
in a bimetallic plasmonic MIM device". In this article, the plasmonic element is
incorporated into a metal-insulator-metal (MIM) device made with two different
metals, similar to the EnSol idea.

The second category of articles contain only article E. "Under-Water Superoleo-
phobic Sapphire (0001) Surfaces" [16] treats a somewhat different subject matter,
but has been included because it is a very nice illustration of how effects on the
nanoscale can affect other macroscopic properties apart from color, in this case
wetting. A cooperation with the company ProAnalysis on self cleaning windows
for subsea (oil industry) applications inspired this article. It is interesting to relate
how minor changes in surface topology makes such a large difference on the macro
scale, whether it be in the optical, electrical or wetting properties of that material.

The third category concerns ideas relevant in nanostructure research, and consists
of only one article also. Article F named "How to design a simple, small scale,
nano lithography research laboratory" share some of the tactics used at University
of Bergen NanoStructures laboratory to make it affordable at a low budget. The
newspaper article "Vi er bare i startfasen (Only the start)" [17] is not peer-reviewed,
but could also fit into this category. It is a popular-science feature article for the
local newspaper Bergens Tidene explaining some of the work in this thesis in a
language anybody can understand.

1.4 Solar Energy Applications using nanostructures: An over-
view of State of the Art

Before going into details of the presented articles, this section will focus on state of
the art, and explore various examples, of nanostructure technology being used in
solar energy applications. Solar energy is harvested for both electrical and thermal
energy use, so the section is divided into these two topics. The absorption capab-
ilities of photovoltaic (including MIM devices) and photo thermal devices can be
increased by incorporating nanostructures, thus improving the power conversion
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efficiencies [18], which is the common goal for energy harvesting devices.

1.4.1 Nanostructures in photovoltaic devices

Semiconductor devices

In order to absorb all the light in a semiconductor based photovoltaic device, it
must be sufficiently thick. This is because the Beer-Lambert law, which reads T =
e−τ , states that light traveling through a material decreases exponentially, and the
transmittance T is determined by the optical depth τ of the material. However, too
thick material layers are not good for electricity generation, as the thickness must
be several times smaller than the minority carrier diffusion length. Commercial
solar cells based on crystalline silicon usually have a thickness of 180-300 µm
[19]. In order to decrease the cell thickness, thin film devices with plasmonic light
trapping elements have been investigated. Nanoparticles or nanostructures can be
used to trap light in active layers, which in turn will help decrease the thickness of
the device, reducing the cost as well.

There are at least three methods for trapping light in thin film devices. The first is
to place MNPs directly above the semiconductor in order to scatter and redistribute
the angle of incident light, which help increase the path length of the light in the
semiconductor. Research on such devices are are done by for example Schaadt et
al. [20] for single crystalline silicon, and Derkacs et al. [21] and Matheu et al. [22]
for amorphous silicon. The second method is to embed MNPs into the semicon-
ductor to utilize the near field effect the nanoparticles, making use of the strong
local field to absorb light at the p-n junction. In order to avoid the absorbed energy
dissipating into ohmic damping in the metal, the absorption rate in the semicon-
ductor must be larger than the reciprocal of the typical plasmon decay time, which
is on the order of 10-50 fs [19]. This approach shows promising results for both
organic [23] and inorganic [24, 25] solar cells. The third method is the coupling of
light into surface plasmon polaritons at the metal-semiconductor interface using a
nanostructured metal back surface. A 26 % enhancement in short circuit current
is shown for an amorphous silicon thin film solar cell using this technique [26].
Traditional semiconductor based devices have a limited wavelength range due to
the semiconductor band gap. By introducing metallic nanostructures, the working
wavelength of these devices can be increased [27].

Metal-insulator-metal (MIM) devices

Metal-dielectric nanostructures are of great interest due to their optical properties
[28]. An MIM device is a non-linear, rectifying device. A number of research
groups have investigated MIM diodes using a variety of metals, showing that a
large difference in work function of the metals yield good rectification capabilities
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[29]. When combined with nanostructures, it is often refereed to as a rectenna
(optical antenna and rectifier). Tailoring the nanostructure results in the desired
optical response, for example high absorption for very thin films. Liu et al. reports
near perfect absorption at 6 µm for their nanostructured MIM device [30]. For
thin insulating layers, the LSPR will couple with the underlying metal film, affect-
ing the optical response [31]. While the nanostructure is responsible for optical
absorption and conversion to hot electrons, the MIM stack provides the rectify-
ing element, ensuring DC current. The rectenna is reported to have a theoretical
efficiency of 84% [32, 33].

The nanostructure and the MIM layers might be two different parts of the device
design, such as the Au nanoparticle/Al2O3/Au/HfO2/Al stack investigated by Atar
et al. [34]. Alternatively, the nanostructure and MIM can be combined, such as the
Ag nanostructured/SiO2/Ag structure reported by Aydin et al. [35]. They achieved
polarization independent averaged absorption of 0.71 across VIS (400-700 nm)
where the MIM stack had a total thickness of 260 nm.

The energy collection of metamaterials [36] and MIM [37] devices has also been
investigated. Chin et al. states that the efficiency in a rectenna is limited by the
impedance matching between the nanostructure and the rectifier [33]. They also
measure the asymmetry and non linearity of the current-voltage (I-V) characterist-
ics of Nb/Nb2O5/X MIM devices, where X is either Cu, Ag, Nb, Ni, Au or Pt. The
highest asymmetry of Pt is due to it having the highest difference in metal work
functions, which is also shown by Periasamy et al. [38].

The EnSol solar cell described in section 1.3 is a MIM device with a plasmonic ele-
ment. In plasmonic MIM devices hot electrons are generated by photo-illumination.
If the electron energy is greater than the barrier height of the insulator, it can travel
ballistically across the barrier to generate current. If the insulator is sufficiently
thin, electrons with lower energy may tunnel through. Article D of this thesis is
relevant to this topic. Similar to our experiments, Lee et al. investigate the hot
electron flow by a MIM device, revealing a decrease in photocurrent with increas-
ing insulator layer thickness, in their case for a Ti/TiO2/Au structure [39]. In the
case of the EnSol solar cell, one of the metal layers in the MIM structure is pro-
posed in the patetnt [12] to be replaced by a transparent material. ITO is such a
material, and in some cases it may support guided modes in the same wavelength
range the structure absorbs at [40]. An example of this phenomenon is shown in
Fig. 1.4 (reproduced with permission from Ref. [41]).
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Figure 1.4: Extinction spectra of two separate samples, both with 150 diameter gold
nanoparticles with 450 nm spacing on ITO, where the nanoparticles couple light into the
ITO waveguide. Figure is reproduced with permission from Ref. [41].

Hot electrons

The LSPR absorbed energy, which has a lifetime of approximately 10 fs, can be
transfered radiatively by re-emission of a photon or non-radiatively through the
creation of hot electron-hole pairs [42]. Electrons are deemed hot when their dis-
tribution can be described by the Fermi function with an elevated effective tem-
perature [43]. These hot electrons can be used to induce chemical reactions which
otherwise would be very energetically demanding, such as water splitting [44, 45]
or hydrogen dissociation [46]. Alternatively, if the electron-hole pair can be separ-
ated before they recombine, they can be extracted as current for energy harvesting
[34] or photo detection [36, 47].

After being generated, hot electrons may experience electron-electron and later
electron-phonon scattering, converting its energy to heat. These mechanisms con-
tribute to determine the hot electron lifetime, which have been reported to vary
between 0.05 to 1 ps [48, 49]. Manjavacas et al. shows that the exact value of
the lifetime is crucial for determining the energy distribution of the hot electrons.
Long lifetimes produce hot electrons with large energies. Also, smaller particles
creates more energetic hot electrons than larger ones, when their lifetimes are the
same. Since the total amount of energy is determined by the optical absorption,
highly energetic hot electrons means a low number of electrons, and vice versa
[49].
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1.4.2 Nanostructures in photo thermal devices

Despite thermal energy being more utilized than electrical (456 GW thermal com-
pared to 303 GW electrical energy world wide by the end of 2016 [50]), less at-
tention is given to solar thermal conversion processes [27]. The reason might be
because electrical energy is more widely utilized than thermal. A photo thermal
device should have high absorptance and a low emittance, as the photo thermal
conversion efficiency depends on these two factors. The heat can be stored and
used for electricity generation when needed, eliminating the need of a battery for
electricity storage [27]. It can also be used directly for heating, circumventing
electricity all together in the case where electric energy is used for heating.

Photo thermal devices can consist of solid materials, or fluids. In the case of
solid material, the nanostructured thermal absorbers can consist of metal/insulator
composites much like the structures described in section 1.4.1, only this time the
thermal heat is utilized rather than hot electrons. Two such promising configura-
tions are presented here. The first is cement-based solar absorbers, where MNPs
are embedded in a dielectric matrix, placed on a IR reflector and topped with an
anti reflection coating. An example is Ni-Al2O3 composite reported by Craighead
and Buhrman [51]. The second is multilayer absorbers, consisting of alternating
metal and insulator films. For example, Barshilla et al. achieved absorptance of
0.95-0.97 and emittance between 0.06-0.08 at 82oC from an aluminum/aluminum
oxide multilayer absorber [52].

Nanofluid based photo thermal devices consist of absorbing fluids which incorpor-
ate nanoparticles in order to increase absorption. Water, ethylene glycol, or oils
is used as the base fluid, while examples of nanoparticle materials are oxides, ni-
trides and metals [54]. Four photo thermal configurations are shown in Fig. 1.5
[53]. Mirrors shaped in the form of trough or dishes, or arranged as Fresnel lenses
focus the light at an absorber tube (or point) containing a nanofluid. While fluids
with large particles are subject to sedimentation which further cause flow resist-
ance and erosion, the application of nanoparticles provide nanofluids with stable
suspension. More interestingly, the increased surface to volume ratio of MNPs
improve the heat transfer between the MNPs and fluid [55]. The heat transfer cap-
ability and the absorption efficiency of the nanofluid are ultimately what limits the
photo thermal efficiency [56] of a photo thermal device. This topic is investigated
in article A of this thesis. The absorption and scattering of nanoparticles of various
sizes and materials suspended in water are investigated theoretically. Nanofluids
can be applicable not only in photo thermal devices, but also as coolant fluids for
microelectronic and other devices requiring advanced cooling [54].

Nanostructures used in thermal energy devices should be thermally stable, some-
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Figure 1.5: Four solar concentrating technologies: Parabolic trough collectors, linear
Fresnel reflector systems, dish-engine systems, and power towers, also known as central
receiver systems. The Figure is reproduced with permission from Ref. [53].

thing which is not necessarily the case. For example can the melting point of
MNPs differ drastically from the bulk melting point due to increase of surface
to volume ratios [57]. Bosman et al. [58] show that the extinction efficiency of
nanostructures increases when annealed due to the decrease of grain boundaries,
showing that heating nanostructures may be advantageous. In article B in this
thesis it is shown how annealing, which causes a seemingly minute change to the
nanoparticle shape, can lead to a strong change in the optical properties. Since the
effect of annealing is irreversible, it is thermally stable after annealing, and it can
increase the efficiency permanently.

1.5 Summary of the articles including additional work not presen-
ted in the articles

1.5.1 A theoretical investigation of the optical properties of metal nano-
particles in water for photo thermal conversion enhancement

Optical analysis carried out in this thesis was done using TFA, integrating spheres,
or DF spectroscopy. But how do you know that the results are as expected? One
solution is to compare the results to previously reported results in literature, though
sometimes it may be hard to find someone who has built the exact same structure,
and if they have, the work you do might be redundant. A better solution is to per-
form a theoretical investigation, through mathematical analysis or computational
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simulations, and compare the results. For this reason, the commercial software
package Lumerical was acquired. Details on this software is provided in the art-
icle and in section 2.2.1.

The thesis defender did all the numerical simulations and was the main writer of
the manuscript with contributions to the scientific discussion from the co-authors.
As the first person in our group to utilize this tool, the thesis defender was eager
to create an overview of how certain parameters affected the absorption and scat-
tering. Especially, what material and particle size will ensure the most efficient
absorption in our EnSol solar cell? Though the particle there will be placed in a
dielectric material, with metal films so close that they will surely couple, the choice
to simulate metal spheres in water was made for two reasons. Firstly, spheres
in water is a simpler system, more suited for exploring and getting to know the
simulation software. Secondly, water based nanofluids have been extensively in-
vestigated in literature and can be used in many already existing systems, making
experimental results to compare to abundant, and making a systematic overview
of the absorption and scattering of such nanofluids useful. Most of the literat-
ure investigated in this article use concentrations in the ppm range (by volume).
Concentrations in the % range can potentially present aggregation problems.

Supplementary information for this article is presented together with the article
in part II. Here are two results not included in the article: Simulations of a gold
sphere in water with diameter d=40 nm, and with the light source dimensions
ranging from 502 to 3002 nm2 were performed, verifying that the simulation is
unaffected by the source size, as long as it is larger that the cross section of the
sphere itself. The results are shown in Fig. 1.6. In the article, the results show that
40 nm silver spheres are the most efficient absorber at the LSPR peak wavelength
out of the tested metals, gold, silver, copper and aluminum. However, this is true
only for the LSPR peak wavelength, not for all light absorbed across the spectrum.

In order to find the best total absorber, the average absorption efficiency across
the wavelengths investigated are found by integration of the absorption efficiency
spectrum. This is presented in Fig. 1.7. As discussed in the article, though the
LSPR peak of 40 nm silver spheres is the most efficient, the peak is quite narrow,
and we see that it is not the most efficient total absorber. 60 nm gold and copper
spheres give the best results. Since copper is prone to oxidation, gold appears to
be the choice material, when cost is not an issue.
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Figure 1.6: The absorption cross section σabs as a function of wavelength simulated by
Lumerical for various source light injection cross sections σS ranging from 502 to 3002
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1.5.2 Temperature induced color change in gold nanoparticle arrays: In-
vestigating the annealing effect on the localized surface plasmon res-
onance

The environment in which the nanoparticles will be placed must be considered,
since it may affect the absorption performance. Nanoparticles in a solar cell will
be placed in the sunlight where they will be heated, which may change their op-
tical behavior. In this article we observe quite a dramatic change in color, when
annealing gold nanoparticles. The LSPR frequency and amplitude is determined
by particle size, shape, and material, and the surrounding medium [59]. The sur-
prising part of the results in this experiment is how little these parameters need to
change to cause such a large change in color. SEM and AFM images merely show
a smoothening of the particle surface and a slight decrease in height, no dramatic
change in size or shape. All the experimental work was done by the thesis defender.
The thesis defender was also the main writer of the manuscript with contributions
to the scientific discussion and experimental design from the co-authors.

These results may be used to tune the LSPR of a nanoparticle based solar cell, but
beyond that, the effect of annealing may be exploited in other sensor technologies.
The color change is clearly visible to the naked eye and is not reversible, which can
be advantageous for non electronic sensors. The nanoparticles can work as a tem-
perature sensor in remote locations which have no power supply or no continuous
monitoring. For example can a nanoparticle array be used as a product temperature
history, revealing if the product has been exposed to temperatures over a certain
limit.

One of the technical challenges in this experiment was how to image the same nan-
oparticle repeatedly with an AFM instrument with no stage positioning mechan-
ism. The University of Bergen NanoStructures laboratory has an Anfatec "Eddy"
AFM instrument, which is quite simple as far as AFMs go, and is intended for
student education purposes [60]. As a solution, the thesis defender made a design
where the cluster of nanoparticles were surrounded with arrows pointing toward
them, large ones if they were far away, and smaller ones if they were close. The
distance between the arrows were made short enough to make sure there would al-
ways be an arrow in the AFM image, no matter where the image was taken on the
sample. The nanoparticle cluster was found by pushing the sample in the direction
of the arrows.

Once the cluster was located, every single nanoparticle must be identifiable in
the sea of other nanoparticles. This was achieved by arranging the particles in a
very specific pattern, like a bar code. The cluster consist of 15 × 15 arrays, each
array has 10 × 10 particles. In every array, one specific particle is removed. The
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position of the absent particle signifies the position of that specific array. Thus,
every particle is identified by its array’s identifying feature. This is described in
more detail in section 3.2.

Another technical consideration that had to be made relates to the SEM imaging.
If the electron beam is focused on a small area for several seconds, the gold nano-
particles start to melt/sputter, changing the appearance of the particle, see Fig. 1.8.
This was avoided by focusing the image at a spot adjacent to the desired image,
thus minimizing the exposure time of the particles of interest.

1

100 nm

Figure 1.8: SEM image of degraded gold nanoparticles after being imaged for several
seconds.

1.5.3 Light absorption and scattering of 40 - 170 nm gold nanoparticles on
glass substrates

All the spectral analysis performed in this thesis is done using a TFA or DF spectro-
scopy, except the results presented in this article, where integrating spheres (and
an extinction measurement setup) were used. Two spheres allow us to measure
both reflected and transmitted light. The thesis defender assisted in writing the
manuscript, and assisted in data collection from the integrating spheres and data
analysis/calculations. Figure 2 and 3 in the article and all numerical simulations
are done by the thesis defender. A detailed description of the calculations of the
raw data spectra are included in section 3.3.

In this article we are only interested in the absorption and scattering of the MNP,
not including the glass slide they sit on. By measuring and subtracting the re-
flected, transmitted and extinct light of the glass from the glass with MNPs, the
influence of the glass slide on the spectra can be removed. Dark spectra are also
obtained and subtracted.
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The normalized MNP reflection contains the back scattered light, and the transmit-
ted light contains the forward scattered light and the directly transmitted. Figure
1.9 shows the raw data from the integrating spheres of the 78 nm particle sized
array. We compare our results to a similar structure produced with a different man-
ufacturing procedure, hole-mask colloidal lithography, and find that their optical
properties are comparable.
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Figure 1.9: Top: Un-normalized, raw transmittance t and reflectance r data from integ-
rating spheres for the 78 nm particle sized array (sample C). Bottom: Normalized and
background subtracted transmittance T and reflectance R for the 78 nm particle sized ar-
ray (sample C). For more information on how the raw data is treated to calculate the
normalized transmittance and reflectance, see section 3.3.
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1.5.4 Work function-driven hot electron extraction in a bimetallic plasmonic
MIM device.

In this article, the optical and electrical properties of a bimetallic plasmonic MIM
device is investigated. All the experimental work done for this article was done
by the thesis defender, with initial assistance from Bob Zheng on the photocur-
rent measurements, and Martin M. Greve on the current voltage measurements.
The thesis defender was the main writer of the manuscript with contributions to
the scientific discussion and experimental design from the co-authors. All the ex-
periments in this article were performed at Rice University, apart from the FDTD
simulations and current-voltage (I-V) curve, which were done at the University of
Bergen.

The devices produced for these experiments are a simplified version of the EnSol
solar cell. By using rods instead of particles, and connecting the rods directly to
the top electrode, the rods are electrically in contact, making replenishing easier.
In addition, the distance between the plasmonic element and the top electrode is
removed, thus removing one variable.

In the article, only the peak position of the FDTD simulations are presented. Here,
the Poynting lines of the light wave at LSPR traveling through the thinnest device
with 3 nm Al2O3 is presented in Fig. 1.10. The Poynting line/vector is the cross
product of the electric and magnetic field, and describes the direction of the energy
flux. If the Poynting line ends up circling inside the particle, the light has been
absorbed.
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Figure 1.10: 2D FDTD simulation of the thinnest device with 3 nm Al2O3 from article D,
showing the Poynting lines of the light wave at LSPR.
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The devices from this article were used at the University of Bergen to investigate
the performance of the new PCI built by the thesis defender, which is described
in detail in section 3.4. It is designed to measure the current response of a device
when exposed at the nanostructured/active region with light of a given wavelength.
It was tested using a source meter for I-V measurements, where the I-V curve is
measured for the thinnest device with a 3 nm Al2O3 layer from article D under
illumination (with dark current subtracted). This measurement is done with both
the Rice University and the University of Bergen PCI, and are shown together
in Fig. 1.11, revealing a very similar result. Since the results were comparable,
the University of Bergen PCI was used to produce the dark I-V characteristics
presented in Fig. 2b in the article.
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Figure 1.11: I-V curve for the thinnest device with a 3 nm Al2O3 layer from article D,
measured using both the setup at Rice University, and the PCI built at the University of
Bergen (UoB), demonstrating the reproducibility of the I-V characteristics. The current
is measured under illumination, the dark current is subtracted, and is normalized by the
illumination power. The numbers in the legend refer to the illumination wavelength. The
laser used at the University of Bergen is not tunable, and is fixed at 655 nm.

1.5.5 Under-Water Superoleophobic Sapphire (0001) Surfaces

The motivation for this work, was to prevent the contamination of optical sensor
windows used in harsh environments (i.e. oil contaminated waters). The thesis
defender performed contact angle measurements for this article. An example of
the under-water application of optical sensors is the monitoring of hydrocarbon
levels in topside produced water discharge which is released to the environment
by the oil industry. Such monitoring must be done to satisfy regulations for oil
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pollution. Optical sensors can also be used for surveillance of subsea equipment,
cameras, and flow rate and turbidity measurements [62].

In the oil industry, optical equipment have to survive being exposed to hydrocar-
bons, salt and biological material, and potentially high pressure and temperature
variations. Precipitated salt fouling is formed by the crystallization of solid salts
onto a surface from saturated solutions. Hydrocarbon fouling is most often related
to the deposition of heavy hydrocarbon fractions, such as asphaltene and parafin
waxes. Both salt and hydrocarbon fouling is strongly dependent on pressure and
temperature conditions, and other chemical species in the fouling fluid [63]. Bio-
fouling of substrates is formed by the deposition of biological films, which are
often later covered with increasingly larger organisms.

Maintenance interventions at subsea is costly, and could involve risks related both
to safety and environment, and in some cases requires shutdown of production
processes, which could have large economic consequences. Therefore it is desir-
able to find an optical element that does not foul or break. Optical windows for
harsh environment sensors are typically made of sapphire, since it is transparent
and is the second hardest material after diamond [61]. The preparation of sapphire
windows affects the resulting surface structure, which in turn affects the wetting
properties of the window. In this article we investigate the relationship between
the surface preparation, the wetting properties and how this relates to the long
term hydrocarbon (oil) fouling.

This is a three way problem, and is addressed in three ways. Firstly, the ques-
tion of surface structure is investigated by taking AFM images of three differently
prepared sapphire windows. Secondly, the long term fouling is investigated by
imaging these same windows and recording the oil coverage, after being installed
in a water tank filled with 200 ppm oil in water for 12 hours. Thirdly, the wetting
angle of these windows are recorded using a contact angle measurement system.
Both water in air and oil in water wetting angles were measured.

Figure 1.12 shows the time evolution of the wetting angle for a hexadecane droplet
on the epi-polished sapphire window not included in the article, illustrating that the
timing of the wetting angle measurement is not arbitrary. Viscosity will affect how
the angle decreases and settles over time. Wetting angle measurement techniques
are discussed in more detail in section 3.5.
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Figure 1.12: The time evolution of the wetting angle of a 3 µL droplet of hexadecane in
water on an epi-polished sapphire surface.

1.5.6 How to design a simple, small scale, nano lithography research labor-
atory.

This article is somewhat untraditional, in that it concerns the establishment and
running of a low cost clean-room lab. The thesis defender did the contamination
experiment presented in table 1, took SEM images for Fig. 2 and 3, and assisted
in writing the manuscript.

In our group, we are very lucky to have excellent nanostructuring equipment, to
be used by a small number of people, giving each person plenty of lab time. By
carefully choosing the right equipment and lab design, a clean-room lab could be
built despite a limited budget. Students can be trained on several instruments, and
are involved in the running and maintenance, which is a great learning experience.
What makes the lab low cost, is the limited clean-room area, and the placing of
non-critical manufacturing steps outside the clean-room. Procedures such as lab
wear, sticky mats and routine cleaning helps limit the contamination, resulting in
successfully manufactured devices despite the increased contamination risk. Our
hope is that this article may be of assistance to other institutions or small businesses
who wish to invest in affordable clean-room labs.



Chapter 2

Theory

2.1 Optical behavior at the nano-scale
Plasmonics, which is a major theme in this thesis, falls under the category nano-
photonics. As the name suggest, nanophotonics is the combination of nano-scale
structures and the field of photonics. Photonics describes the physics of light, spe-
cifically the particle properties of light; photons. We all encounter phenomenons
like reflection and transmission, colors and brightness, on a daily basis, usually in
the context of bulk materials on a macro level. But on the nano-scale, when the ma-
terial structure is in the same order of magnitude (or smaller) as the wavelength of
light, the interaction of light and matter will vary from that of bulk matter [64, 65].
This is explored through plasmonics, which describes how electromagnetic radi-
ation (light) interacts with conduction electrons in metallic nanostructures.

In this thesis, MNPs and metal nanorods were illuminated. As the wavelength of
the incident light is larger than the structures itself, the electric field is relatively
constant over the whole particle at any given time, displacing the conduction elec-
tron with respect to the ion cores. Consequently, a restoring electric field occurs
between the cores and conduction electrons, resulting in a collective oscillation.
When the frequency of the incident light wave matches the frequency of the os-
cillating electrons, a resonance condition is achieved. This is known as localized
surface plasmon resonance, and is the main mechanism for the absorption and
scattering properties found for MNPs. The same is true for nanorods being illu-
minated by TE polarized light, since the electric field then oscillates across the
narrow width of the rod. For TM polarized light, with the electric field along the
length of the rod, the oscillation of electrons happens over a wide range of fre-
quencies. This also occurs for bulk material or for propagating surface plasmons,
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and results in dispersion.

One of the earliest examples of MNPs being used is for coloring the Lycurgus
cup, which is dated to approximately 300 B.C. and is made of silver nanoparticles
embedded in glass [66]. As early as 1871, Lord Raleigh explained that the sky is
blue due to the scattering of light by particles much smaller than the wavelength of
radiation [67]. In 1908, Mie presented a solution to Maxwell’s equation describing
the scattering of electromagnetic radiation by a sphere of arbitrary size [68]. In
1956, Pines described the collective oscillations of conduction electrons in metals
as plasmons [69], and in 1970, Kreibig and Zacharias used surface plasmons to
describe the optical properties of metal nanostructures for the first time [70]. The
field of plasmonics is now rapidly growing, due to it’s potential applications to light
detection and harvesting, and the advancement of nanostructuring instrumentation
and techniques [71].

There are several approaches to investigating the interaction between electromag-
netic waves and small particles. Possibly the simplest approach is called Raleigh
scattering, named after Lord Raleigh. One starts out with a spherical particle in a
medium, with an incident plane wave, and applying the quasi-static approximation.
In the quasi-static approximation the particle is much smaller than the wavelength,
so we can assume that the electric field is constant over the whole particle at a given
time. This is described by x << 1 and |m|x << 1, where the size parameter x
and the relative refractive index m is:

x = kr =
2πnr

λ

m =
km
k

=
nm
n

given the refractive index of particle n and medium nm, the sphere radius r, the
wavelength λ, and wavenumber of particle k and medium km. With this criteria
met, the particle can be thought of as a dipole, and the absorption and scattering
cross sections, σabs and σsca respectively, are given as [59, 72]

σabs = kIm [α] = 4πkr3Im
[
ε− εm
ε+ 2εm

]
σsca =

k4

6π
|α|2 =

8π

3
k4r6

∣∣∣∣ ε− εmε+ 2εm

∣∣∣∣2 (2.1)

where α is the polarizability, ε and εm is the permittivity of the sphere and sur-
rounding medium respectively, also known as the dielectric function. The refract-
ive index n and dielectric function ε of a material is related by: n(ω) =

√
ε(ω).
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From Eq. 2.1 it is easy to see why the refractive index of the surrounding me-
dium has such a significant impact on the absorption and scattering of MNPs, as a
resonance condition occurs when |ε+ 2εm| is at a minimum.

Mie theory is conceptually very similar, however, it deals with what happens when
the particle is no longer small enough to be though of as a dipole. The quasi-static
approximation is in that case not valid, since the electric field is no longer constant
across the particle. As a result, the oscillation of the conduction electrons does not
move in one collective motion, and as such can not be described by Raleigh scat-
tering alone. In Mie theory, the electromagnetic fields are calculated by expanding
the internal and external fields into a set of normal modes described by vector
harmonics [59]. The absorption and scattering can then be expressed as a super-
position of these normal modes. For these larger particles, higher-order resonances
may exist. Mie theory also explains the redshift of the resonance wavelength for
larger particles, due to the increase in distance between the conduction electrons
and ion cores [59, 72], this can be seen nicely in Fig. 3.2.

The smaller nanoparticles investigated in this thesis can be described by Raleigh
scattering, and the larger nanoparticles have properties which can only be de-
scribed by Mie theory. However, both approaches address nanospheres, not nano-
structures of arbitrary shape. In the following, we will look into the advantages of
numerical methods.

2.2 Numerical methods
The size, shape, and permittivity of the surrounding medium of the particles are
what determine which frequency the resonance occurs at [59]. When dealing with
varying boundary conditions, materials, and (sometimes non symmetric) geomet-
ries, electromagnetic problems are not always analytically calculable, with closed
form equations. A computational simulation is in order. Some of the object-
ives of computational electromagnetics are to provide efficient approximations to
Maxwell’s equations, to describe electromagnetic propagation when not in free
space, and specifically relevant to this thesis, describe the electromagnetic radi-
ation scattered and absorbed by small particles.

Depending on the specific problem at hand, there are many approaches and tools
for modeling electromagnetic propagation. A method may solve the electric and
magnetic fields, the power flow direction (Poynting), waveguide normal modes,
dispersion or scattering. Which one to choose is application specific. Picking the
right one is crucial, as choosing the wrong one may result in the wrong answer (if
the application does not meet the constraints of the method) or excessively long
computation time. Most of the methods (though not all) can be sorted into two
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categories; integral equation solvers and differential equation solvers.

One approach in the integral equation solver category is the discrete dipole approx-
imation (DDA). In DDA, an arbitrarily shaped nanostructure can be built using
many dipoles with a given dipole moment. The dipoles interact with each other
via their electric fields, resulting in in a linear system of equations based on the
integral form of Maxwell’s equations. This way, the scattering and absorption can
be found for an arbitrary geometry. A disadvantage of this technique is that the
electromagnetic field diverge at the grid point, where the dipole is located [73].
Also, the computational power required is quite high.

Another integral equation solver is the method of moments (MoM) [74]. In MoM,
linear partial differential equations which have been formulated as integral equa-
tions are solved. It is significantly more efficient than DDA for problems with a
small surface to volume ratio, because it requires only calculations of the bound-
ary conditions rather than all points through space. Compression techniques such
as multipole expansions may be used to decrease storage requirements and com-
putation times, but increases complexity, and is not suited for all applications.
For many problems these methods are less efficient than finite-element or finite-
difference methods which we will look at later.

The last integral equation solver we will look at is the partial element equivalent
circuit method (PEEC), which combines electrodynamics and circuit analysis. The
integral equation is interpreted as Kirchoff’s voltage law (the conservation of en-
ergy around a closed circuit path) and is applied to a basic PEEC cell. The method
is widely used for combined electromagnetic and circuit problems, and applies to
both time and frequency domains [75].

Moving on to differential equation solvers, where the most common ones are the
finite-difference method and finite element method (FEM) [76]. Finite-difference
methods are intuitive and effective approaches, where the space in question is dis-
cretized by a rectangular mesh, and the electromagnetic fields, and other relevant
parameters are calculated for each element in the mesh. Calculations can be done
for increasing time steps, called finite-difference time-domain (FDTD) [77], or
for increasing frequency steps, called finite-difference frequency-domain (FDFD).
Each of these approaches have their advantages, FDTD is useful when investigat-
ing the time evolution of an electromagnetic field, FDFD is better at incorporating
material dispersion and is useful when studying periodic structures. Similarly,
FEM also divides up the simulation space into a mesh, but in this method, the ele-
ments are not rectangular. For 3D simulations, the mesh shapes can be tetrahedron,
quadrilateral pyramid, triangular prism, and/or hexahedron. This gives a much bet-
ter representation of structures with curved surfaces, and thus very accurate results,
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but is more complex than the finite-difference method. After dividing ut the space,
the method then find approximate solutions of partial differential equations, and
then combines them to a global solution.

Two of the most prominent commercial software packages available for solv-
ing nano-optics problems are Lumerical Solutions (Vancouver, BC, Canada) [78],
which use finite-difference method, and COMSOL Multiphysics® Modeling Soft-
ware (Burlington, MA) [79], which use FEM. Lumerical has been used in several
of the articles presented in this thesis because the FDTD method is well suited for
calculating the absorption and scattering of metallic and dielectric composites, and
it has an user-friendly interface. It will be presented in more detail in the following
section.

2.2.1 Lumerical

Lumerical software includes finite-difference time-domain (FDTD) solutions for
nanophotonic design, and MODE solutions for waveguide design. It can solve
optical scenarios, as well as charge and heat transport, and model circuit design.
Lumerical’s FDTD method is a fully vectorial Maxwell solver, and can be used for
design analysis and optimization of nanophotonic devices, processes and materials
[78].

All the Lumerical simulations done for this thesis are done using the FDTD solver
package. Some of the benefits of this method are that the solution is easily Fourier
transformed for frequency solutions, it handles non linear behavior, and it is a
robust and mature method. The drawbacks include that it is inefficient for highly
resonant devices, and square grid/mesh doesn’t match curved elements.

In Lumerical FDTD solver, Maxwell’s curl equations in non-magnetic materials
are solved

∂ ~D

∂t
= ∇× ~H

~D(ω) = ε0εr(ω) ~E(ω)

∂ ~H

∂t
= − 1

µ0
∇× ~E

(2.2)

where ~H , ~E and ~D are the magnetic, electric and displacement fields respectively,
and εr(ω) is the complex relative dielectric constant, and µ0 is the vacuum per-
meability. The magnetic and electric fields can be can be split into six components
Hx, Hy, Hz , Ex, Ey and Ez . Equation 2.2 are solved for each grid cell in a dis-
cretized space and time interval, though at slightly different locations within the
grid cell due to the nature of Maxwell’s equations, which describes how an elec-
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tric field induces a magnetic field and vice versa. This is illustrated in Fig. 2.1,
showing what is called the Yee cell. By calculating the magnetic field half a cell
step and half a time step away from the electric field, the calculations for both the
electric and magnetic fields can be made within the same loop iteration, decreas-
ing the total amount of loops necessary by half. The results are interpolated to
the origin of each grid point. This solver use a rectangular Cartesian mesh, with
a smaller mesh for a higher dielectric constant/refractive index in order to main-
tain a constant number of mesh points per wavelength. It can be set manually in
regions where we need the mesh extra fine, such as for complex structures or in
areas where the fields change rapidly.

Ex

Ez Hx

Hy

Hz

x

y

z

Ey

Yee cell

Figure 2.1: The Yee cell, showing where in a grid cell the magnetic and electric field
components are solved in Lumerical FDTD method.

The solver offers a range of boundary conditions, such as perfectly matched layer
(PML), periodic and Bloch, and a range of light sources, such as point dipoles,
beams, plane waves and total-field scattered-field (TFSF). For the simulations
presented in this thesis, the TFSF was used. This source type contains a plane
wave, but the computation region is separated into two by a rectangular box. In-
side the box, the total field exist, i.e. both the incident and scattered fields, and
outside only the scattered field exist. This is achieved by injecting a plane wave
from one surface of the source box, and subtracting it at the opposite side. This
type of source is useful when studying the scattering behavior of objects, as the
scattered field can be isolated.
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The electric and magnetic fields can be recorded through the use of monitors,
which integrate the total power flow across the surface of the monitor using the
following equation:

Power(ω) =
1

2

∫
Re
(
~P (ω)

)
d~S (2.3)

where ~P is the power at each point of the monitor surface ~dS. The monitor box
detect light coming from both inside and outside the box and subtracts the latter
from the former. In the case of a TFSF source, only scattered light will reach the
monitor if it is placed outside the light source. By placing a monitor inside the light
source box, it will receive incident light on the outside surface, and transmitted and
scattered light on the inside surface, leaving the net difference, i.e. the absorption.

In order to simulate the LSPR effect in Lumerical, we start out by defining a FDTD
simulation space. Within this space we place a light source, two monitors, one to
detect absorption, and one for scattering, and the nanostructure we wish to in-
vestigate. The library provides a variety of shapes and materials, which can be
combined to make the desired geometry. Power monitors can be added for dis-
playing the electric and magnetic hot spots, or Poynting vectors. A version of the
Lumerical simulation layout from article D is shown in Fig. 2.2.

Figure 2.2: Lumerical simulation layout of a device used in article D. The orange square
is the simulation boundary with PML, indicating a 2D simulation. The blue and magenta
arrows shows the electric field and injection direction respectively of the plane wave source
(yellow box). The gray box is a monitor. Gold rods are shown in yellow, theAl2O3 is dark
gray and aluminum is light gray. The silicon substrate is red.
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Chapter 3

Methods

In this chapter some of the experimental methods used in this thesis are presented
in more detail. Particular emphasis is on experimental procedures that have been
developed/used for the first time by the thesis defender during this Phd. Develop-
ment of manufacturing procedures and navigation of our simple AFM instrument
is described, the calculations used in the integrating spheres are given, and the PCI
at Rice University and a PCI made by the thesis defender is presented.

3.1 EBL procedures
Electron Beam Lithography (EBL) has been used extensively in this thesis to fab-
ricate samples used in the experiments. In EBL, an electron beam is extracted
from a filament by applying an acceleration voltage. The beam travels through
an aperture and is focused on the sample surface by electromagnetic lenses. The
surface is covered by either a positive or negative photo resist, which is sensitive to
the exposure of the electron beam, causing either clipping or cross-linking of the
polymer chains in the photo resist respectively. Depending on the type of photo
resists, different doses are required. The exposure time t in seconds is given as:

t =
D

I
(3.1)

whereD is the dose inC, and can be given per area, line or point. The beam current
I is given in A [80]. At the University of Bergen NanoStructures Laboratory we
have a Raith E-Line EBL instrument, which we also use for all our SEM needs.
It can distinguish structures down to approximately 5 nm, and working distance,
stigmation, brightness, contrast and sample position is easily controlled with the
instrument software. It provides 2D images of any (conducting) sample surface.
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A recipe had to be developed in order to produce structures with the desired size
and robustness. In literature, it is common to deposit a small layer of for example
titanium in order to make gold adhere better to glass substrates. Due to this rigor-
ous investigation of patterning parameters, such an adhesion layer was not neces-
sary in our case. First, the photo resist is distributed on the sample surface by spin
coating. The spin speed determines the PMMA thickness, and must be tested regu-
larly, as PMMA becomes more viscous over time due to evaporation of the diluting
solvent. A number of dose matrices of MNPs on ITO substrates were produced by
EBL, while varying source acceleration voltage (eht) and aperture (a), thus map-
ping out the resulting particle size, and is shown in Fig. 3.1. Figure 3.2 show some
of these arrays taken with optical (stereo) microscope. Proximity effects during
EBL fabrication causes larger particles which redshifts the macroscopic color.
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Figure 3.1: Size of hole in PMMA for various acceleration voltages (eht), apertures (a),
and point doses.

1 mm

Figure 3.2: Stereo microscope image of gold nanoparticles with increasing point dose
from left to right (9-61 fC) resulting in increasingly larger particles of approximately 50-
170 nm (top line). The interparticle distance is increased from 160 to 265 nm from bottom
to top. Macroscopically, the arrays have different colors and light intensity, due to their
difference in particle size and spacing (lower spacing leads to an increase in proximity
effects during EBL exposure).
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3.2 AFM navigation
Our lab has an Anfatec "Eddy" atomic force microscope (AFM), see Fig. 3.3. It
is a fairly simple instrument intended for educational purposes. In theory it has an
xy resolution of 5 nm, though in reality this is very dependent on the quality of
the tip, among other factors. SEM images of three different tips are shown in Fig.
3.4. The one advantage it holds over SEM is that it produces 3D images, and the
z resolution is in the range of 0.5 nm. Unfortunately, it can only scan over an area
of 30x30 µm2, and the only sample positioning mechanism is pushing it by hand.

Figure 3.3: Anfatec "Eddy" atomic force microscope intended for educational purposes,
and used for simple height measurements.
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200 nm

Figure 3.4: SEM images of three AFM tips. The left one is as specified with a tip smaller
than 35 nm, however a large portion of the tips from the same shipment are like the other
two, or worse.

For article B, it would be interesting to know the volume of specific MNPs. Be-
cause of the unreliable xy dimensions in AFM, the area data was collected from
SEM images and z data from AFM, combining the information to calculate the
volume. Previously, large arrays of MNP had been manufactured so MNPs could
be easily found when doing AFM measurements. Since the AFM instrument have
no specific position control, this would provide z data of some random MNPs,
and combined with some random SEM images, would give a statistical averaged
volume value. To get the volume of a specific particle, a sample where each particle
was identifiable had to be made, as well as a way to navigate to it by hand.

The solution was to make an array of 15x15 clusters of particles which could fit
within the AFM range of 30x30 µm2. The array can be seen in Fig. 3.5 and
3.7. Each cluster consist of 10x10 particles in a square array pattern, and for each
array one or two specific particles was removed, giving that array it’s identifying
mark. For example, the cluster in column 5, row 1, would have the particle in array
position 5,1 removed, as shown in Fig. 3.6. This way, there would be no confusion
about which particles was being shown in any AFM or SEM image within the
30x30 µm2.

In order to locate this array with AFM, a 3x3 mm2 area surrounding the MNPs
was patterned with arrows pointing towards the MNPs, see Fig. 3.7. More than
0.5 mm away from the MNPs the arrows were 10 µm, 20 µm apart. Closer than
0.5 mm, they were 5 µm, 10 µm apart. Within 50 µm of the MNPs, the arrows
were 5 µm apart. In order to find the MNPs with the AFM, an image was taken,
which is bound to contain at least one arrow, then the sample was moved gently
using a tweezer in the direction the arrow was pointing. The smaller and closer
the arrows were, the less the sample would be moved. Bear in mind, xy for the
sample is not necessarily xy in the image software, so some mapping is required
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Figure 3.5: AFM image of the array clusters and some of the arrows. Because AFM
is somewhat intrusive, and because gold does not adhere well to glass, it can potentially
cause MNPs to be shaved off. That is why some of the clusters are missing. The image is
30x30 µm2.

200 nm
200 nm

A B

Figure 3.6: SEM (A) and AFM (B) image of cluster 5,1 with the particle in column 5
row 1 removed. Particles appear larger in xy direction in the AFM compared to the SEM,
possibly due to a blunt AFM tip or static charging (particles and tip are of metal, but
substrate is isolating), however z data is provided.
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Figure 3.7: SEM images of (A) the lower right corner of the sample, (B) the transittion
between large and small arrows, and (C) the center of the sample with the MNP array
clusters in the middle. The MNP array is surrounded by small arrows close together,
further out are small arrows further apart, and even further away are large arrows. The
arrows point diagonally, except the ones on the axis lines, which point straight at the
MNPs. The MNPs are on a glass substrate, which creates electron charging of the substrate
when SEM images are taken, and is why some of the MNP arrays have a darker shade.
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to determine which direction in the software correspond to which direction of the
sample. Once the MNPs was located and imaged, they would be easy to find in the
SEM due to their identifying features.

AFM is a somewhat intrusive imaging technique, and gold MNPs does not adhere
well to the glass substrate it was built on. For contact mode AFM, this will always
lead to the MNPs being shaved off the surface, leaving nothing to image. Dynamic
mode AFM is better, because the tip is kept further away from the surface, but
would still occasionally shave the MNPs off the substrate. For this project, it was
found that the least damaging method was to use kelvin probe force microscopy
(KPFM), which is essentially like dynamic mode AFM, with an additional bias
applied to the tip. A more detailed description of contact mode, dynamic mode
and KPFM is included in appendix II.

A debate which often occurs when dealing with AFM images is whether what is
seen in the image is real or scanning artifacts. Combining AFM and SEM im-
ages of the same structures may aid in identifying features in both AFM and SEM
images.

3.3 Integrating spheres
In integrating spheres the (diffuse) reflection R and transmission T through a
sample can be measured. Figure 3.8 shows the integrating sphere setup. In art-
icle C we are interested in measuring R and T , as well as the directly transmitted,
i.e. the extinct light E (which is measured using a different setup, see article C).
R, T and E was then used to calculate the absorption and scattering of MNPs.
Since the nanoparticles were resting on glass substrates, R, T and E was meas-
ured for samples with MNPs on glass, and for the glass only (in the proximity of
the MNPs), so that R, T and E of the MNPs alone could be calculated.

Rglass =
I− II

V− VI
Rmnp+glass =

III− IV
V− VI

Tglass =
IX− X

VII− VIII
Tmnp+glass =

XI− XII
VII− VIII

Eglass =
XVII− XVIII

XIII− XV
Emnp+glass =

XIX− XX
XIV− XVI

(3.2)

Rmnp = Rmnp+glass −Rglass = SR

Tmnp = Tmnp+glass − Tglass = T

Emnp = Emnp+glass − Eglass = E

(3.3)

Equation 3.2 shows the calculations for R, T and E using the twenty necessary
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measurements given in table 3.1. The reflectance measurements are normalized by
a white reference measurement, and the transmittance measurements are normal-
ized by a measurement with no sample present. The extinction measurements for
no sample, which is used for normalizing the extinction spectra, are taken twice
corresponding to the setup geometry for measuring on the glass substrate and nan-
oparticles respectively. Dark spectra are subtracted from all corresponding light
spectra. Eq. 3.3 relates the calculations from Eq. 3.2 to the notation given in
article C. Expressions like absorption, absorbtance and absorbance are easily con-
fused, and are therefore addressed in appendix III.

Incident

Reflected

Transmitted

Gloss trap

Figure 3.8: Integrating sphere setup photo with diagram. The spheres were used for
measurements presented in article C.
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Table 3.1: List of measurements done with integrating spheres and extinction measure-
ment setup.

Reflectance Transmittance Extinction
light dark light dark light dark

No sample VII VIII XIII, XIV XV, XVI
glass I II IX X XVII XVIII

MNP + glass III IV XI XII XIX XX
White reference V VI

3.4 Photocurrent Instrument
In order to realize the EnSol solar cell idea, it is crucial to investigate the relation-
ship between incident light and resulting electrical response. In order to achieve
this, we need an instrument which has a light source of known properties, a mech-
anism for focusing the light at the active region of a sample, electrical contact, and
source meter for readout. At Rice University, the Halas Nanophotonics group has
built such an instrument, which is described in section 3.4.1. The thesis defender
built one at the University of Bergen NanoStructures Laboratory based on a similar
principal, this is described in detail in section 3.4.2. This instrument will be vital
in the future investigation of photo-electric devices developed by the University
of Bergen Nanophysics group. When finished, the I-V characteristics and spectral
response of targeted nanostructures can be obtained.

3.4.1 PCI at Rice University Halas Nanophotonics Laboratory

Figure 3.9 shows a schematic of the Rice University PCI setup. It consists of three
separate functions. The first function is a white light lamp and camera, which
enables us to see what we are doing. It assists in the focusing and aiming of the
laser beam, and in the placement of the electrical contact probes. Beamsplitters
are used to direct the white light onto the same path as the laser and the light
reflected from the sample onto the camera. The second function is the laser with
accompanying mirrors and lenses, used for positioning and focusing. The laser is
tunable, allowing for photo excitation from 450 - 690 nm. The z-fold optics allows
us to control both the xy position and the incoming angle of the laser beam on to
the sample. Strategically placed parabolic mirrors decreases the laser spot size,
and the microscope objective focuses the beam onto the surface of the sample,
ensuring high laser light intensity at a small spot size. The third function is the
electrical setup. Two probes are placed on individual xyz controllers, so the probe
tip can be placed on the electrical connection pads of the sample. The probes can
be connected to a source meter for I-V measurements, or to a LIA. A LIA needs
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a pulsating signal, so the laser is chopped, and the chopper frequency information
is fed to the LIA. A detailed description of LIAs is included in appendix IV. The
Rice University PCI is shown in Fig. 3.10. For details on instrument names and
models, see the article D.
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Figure 3.9: Schematic of the photocurrent instrument setup.
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Figure 3.10: Photocurrent instrument at Rice University. White light path from source
to camera is shown in yellow, while the laser path through the z-fold and microscope
objective is shown in red. The parabolic mirrors are not installed at the time this picture
was taken.

3.4.2 PCI at University of Bergen NanoStructures laboratory

To be able to do similar measurements locally in the future, a similar instrument
was built at the University of Bergen NanoStructures laboratory by the thesis de-
fender. All optics were chosen to handle wavelengths between 400-700 nm. The
setup is essentially very similar to the Rice University PCI, except lenses are used
instead of parabolic mirrors to decrease the laser spot size, and a chopper and LIA
has not yet been implemented. The University of Bergen PCI is shown in Fig.
3.11. The camera is a Thorlabs CCD camera, and the microscope objective has
ELWD (extremely long working distance) and is from Nikon. An MRL 655 nm
(1W) laser is used temporarily. This laser is not tunable, so a signal can only be
measured at 655 nm. To measure the laser power, a Thorlabs PM100D optical
power and energy meter is used. From Quater Research and Development comes
the electrical probes, which are tungsten needles held by a collet probe arm with
coaxial cable. It is isolated near the needle/probe for less capacitance. All com-
ponents are placed inside an optically shielding box to keep noise light out, and
protect the user from strong laser light. A detailed list of the components used for
the University of Bergen PCI is given in appendix V.

The I-V curve presented in article D Fig. 3 is produced by the University of Bergen



42 Methods

Figure 3.11: Photocurrent instrument at the University of Bergen. White light path from
LED source to camera is shown in yellow, while the laser path through the z-fold (here
shaped like a u) and microscope objective is shown in red.

PCI. Also, as mentioned in section 1.5.4 and shown in Fig. 1.11, the University
of Bergen PCI was tested and compared to the Rice University PCI, giving very
similar results.

3.5 Measuring the wetting angle
Now we will discuss the measuring of a non-optical effect of nanostructures; wet-
ting. Wetting is a balance between adhesive and cohesive forces. It is a measure of
how well a liquid can maintain contact with a solid when it is surrounded by a gas
or another liquid, and is given by a contact angle. After taking a picture of a liquid
drop placed on a solid surface, the contact angle can be measured at the interface
where the liquid-vapor or liquid-liquid meets the solid. There are several meas-
urement methods. In the static sessile drop method, the angle is measured after
the drop has been placed on the surface by a syringe, as shown in Fig. 3.12. The
dynamic sessile drop method is done by measuring the angle while increasing and
decreasing the volume of the drop using the syringe. A hysteresis is obtained by
increasing the volume until the one finds the largest possible angle without increas-
ing the solid-liquid interface, and then decreasing the volume to find the smallest
possible angle. Measurements can also be done on a tilted surface, making the
angles at one side of the drop different from the other. Viscosity will affect the
settling time of the drop, so sometimes it may be advantageous to take a video of
the drop rather than a picture, in order to observe the time evolution of the contact
angle, as shown in Fig. 1.12.
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Figure 3.12: Measuring the contact angle of hexadecane oil droplet in water on a sapphire
surface using the static sessile drop method.
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Chapter 4

Conclusion and further work

The work presented in this thesis is motivated by the idea of a bimetallic plasmonic
MIM solar cell, but covers a wider field of nano-related topics. The articles in this
thesis can be sorted into three categories: Four articles concerning effects related
to the optics of nanostructures, one article related to non-optical effects (wetting)
of nanostructures, and one article related to nanotechnology laboratory design. In
this chapter the results are summarized very briefly and further work is proposed.

4.1 Optical properties of nanostructures
There are four articles in the first category. The first article simulates optical ab-
sorption and scattering of MNPs in water using the commercial software Lumer-
ical, and compares it to experimental results found in available literature. Simula-
tions show that aluminum spheres have a wide absorption range, and 40 nm silver
spheres have the most efficient absorption at a single wavelength. Efficient absorp-
tion across the whole VIS specter can be achieved by combining sizes and metals.
The results largely agree with experiments. Further simulations could be done on
nanofluids containing nanoshells, exploring absorption in the NIR. Simulations of
particular relevance for several experiments performed in the University of Ber-
gen NanoStructures Group are shapes placed on glass or indium-tin-oxide (ITO)
wafers. In particular it would be of value to the development of a solar cell to find
a structure configuration with total-absorption, meaning that it absorbs efficiently
across the whole solar specter.

The second and third article investigate variables that may affect the optical be-
havior, namely annealing and fabrication method. In the case of annealing, the
particle barely changes shape or size, and yet the extinction peak shifts from ap-
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proximately 580 to 520 nm when annealed up to 600o C. Only the surface rough-
ness seems to change slightly. In the third article we compare a sample made with
EBL to one made with HCL, and the difference in results are explained by vari-
ations in particle size, and the randomness of inter-particle distance in the HCL
case. One important aspect which is mentioned in the second article, that could
be investigated closer, is how the crystallinity of the metal affects the absorption.
For the metals investigated in the three first articles, the size and treatment of the
particles only affect optical behavior in a narrow range, except in the case of alu-
minum spheres. For full VIS-NIR absorption, finding a way to tune it in a wider
range should be investigated. A final suggestion for further work is to manufac-
ture and perform optical experiments on a potential total-absorption geometry after
designing one in simulations.

The fourth article addresses the optical and electrical response of a nanostruc-
ture in a bimetallic MIM device, where the two metals have different work func-
tions. This article is important because it is the first to address the electrical be-
havior of the proposed EnSol solar cell. The measured current is low, motivat-
ing two paths of further work. Firstly, the PCI should be further developed. A
tunable high power laser would provide optical and electrical response for dif-
ferent wavelengths, which is desirable. The implementation of a LIA would al-
low us to measure very low signals. Alternatively, 4-wire sensing could be util-
ized. Secondly, loss mechanisms should be investigated for the proposed solar
cell. What material combinations are best for efficient electron hole separation
and transport? How large is the portion of energy which is transfered to heat rather
than electron-hole pairs? Can this portion be minimized or utilized? These are all
questions that should be answered in order to optimize the efficiency of the solar
cell.

4.2 Non-optical properties of nanostructures
Non-optical effects are addressed in one article. The wetting properties of a sap-
phire surface is investigated in the hope of making a self-cleaning window in an
oil-fouling environment. Although we work with non-structured surfaces in this
article, the work falls under the category of nanostructure effects since we show
that a sapphire’s nano-sized features, namely its surface mis-cut, polishing method
and initial cleanliness, greatly affects the surface’s oleophobic properties. The pa-
per contains wetting angle measurements of water droplets in air and oil droplets
under water, in contact with the sapphire surface. The surface hydrophilicity in
air is linked to the oleophobicity in water, and by making the surface hydrophilic,
it remains cleaner in an oil-fouled environment for longer. Further work involves
nanostructuring of the sapphire surface, to see if it can not be made even more
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oleophobic, improving the self-cleaning effect further.

4.3 Laboratory design
In the third category one article addresses what is needed to build a clean-room
lab, and tricks to make it affordable. By placing non critical processes outside the
clean-room, it’s size can be decreased significantly. Clean-room cabins are used,
which requires less alterations to the building compared to a ceiling filter and per-
forated floor setup. Dust, temperature and humidity control is energy consuming.
By recycling the air, the running cost is reduced. Norway is in it’s infancy of tap-
ping into the global industry of nanotechnology. The information in this article
may help businesses locally and elsewhere getting a hand in the door of nanoin-
dustry, which may be difficult due to the high start up costs.
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a b s t r a c t

Nanofluids are used in photo thermal absorbers such as direct absorption solar collectors (DASC) to
improve the absorption and heat transfer. A range of experimental studies have investigated the photo
thermal conversion in nanofluids based on metal nanoparticles. The photo thermal conversion efficiency
depends mainly on the ability of the metal nanoparticle based nanofluid to absorb light which in turn is
governed by the particle localized surface plasmon resonance (LSPR). In this article we investigate the
optical properties of metal nanoparticles in water, and based on this we judge their suitability for use
in water based nanofluids. We simulate the optical properties and provide an overview of the absorption,
scattering and extinction properties of solid and spherical aluminum, silver, copper and gold nanoparti-
cles suspended in water. We study nanoparticle diameters between 20 and 140 nm for the wavelength
range 300–1350 nm (200–1250 nm for aluminum). We compare our simulation results with the available
experimental results presented in the literature, and find good agreement.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In the chase for cleaner, more efficient energy harvesting, solar
energy is an appealing source, being both abundant and free.
Between electrical, chemical, and thermal solar energy conversion,
thermal is the more simple and straightforward choice [1]. Com-
mon photo thermal collectors absorb light utilizing a black body,
and transfer the heat to a fluid. The fluid is then transported from
the point of absorption to be used directly for heating, or to a gen-
erator such as a steam engine to produce electricity. Some exam-
ples are flat plate collectors, parabolic troughs and power towers
[2]. The collector efficiency is limited by how effectively the heat
may be transfered from the black body to the fluid [3]. This limita-
tion can be circumvented by making the liquid absorb the light
directly. Such a device is called a direct absorption solar collector
(DASC) [4]. Nanofluids may be introduced in non-DASC devices
also, such as parabolic troughs [5]. In such cases, a nanofluid may
replace the fluid in order to increase absorption in the liquid.
Nanoparticles in a liquid will transfer the absorbed energy to the
liquid more quickly than that of an idealized black body pipe, since
nanoparticles will have a larger surface area in contact with the liq-
uid. Also, the thermal conductivity of the nanoparticles increases

with decreasing particle size [6], improving the photo thermal con-
version efficiency g.

The photo thermal conversion efficiency depends on the geo-
metric configuration, specific heat, and convection heat transfer,
but it is ultimately limited by the optical absorbtion of the nano-
fluid [7]. In the following we will focus on water as the liquid med-
ium. Water itself is highly transparent and not a great absorber [8].
Metal nanoparticles absorb light through the localized surface
plasmon resonance (LSPR). LSPR occurs when the electric field of
a photon causes the metal electrons to oscillate, and the photon
frequency is matched to cause an amplification of the oscillation,
determined by the nanoparticle size and shape, and the dielectric
properties of the surrounding medium [9].

In this paper, the absorption of a single particle is presented as a
cross section rabs [nm2]. The absorption coefficient babs of a nano-
fluid is given as

babs ¼ rabsN ð1Þ
where N is the number of nanoparticles per unit volume. The
absorption efficiency Qabs is given as

Qabs ¼
rabs

Anp
ð2Þ

where Anp is the cross sectional area of the particle (pr2 for a sphere)
[10]. At resonance, the nanoparticle can absorb light from an area
which is larger than it’s physical area making the efficiency greater
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than 1. Eqs. (1) and (2) are valid for the scattering and extinction
cross sections, rsca and rext as well, and are related to the absorption
cross section by the following definition [10]:

rext ¼ rabs þ rsca ð3Þ
In the context of photo thermal conversion for nanofluids, scat-

tered light can be absorbed by neighboring nanoparticles. For DASC
applications, there is therefore no immediate need to minimize
scattering. However, light must be absorbed in order to be con-
verted to heat, so the main objective is to maximize the absorption
efficiency. The absorbance spectra of nanofluids are usually mea-
sured experimentally using a transmission spectrometer, which
in reality measures the extinction. For small nanoparticles, usually
less than 30–40 nm (though this is material dependent), scattering
is negligible and the terms extinction and absorption are inter-
changeable [11]. As the nanoparticles becomes larger however,
scattering becomes the dominant process.

One should keep in mind that a high absorption efficiency is not
necessarily the same as a high photo thermal conversion efficiency,
g. g is given as

g ¼ ðclml þ cnpmnpÞ
IA

DT
Dt

ð4Þ

where cl and cnp is specific heat of the liquid and particle respec-
tively, ml and mnp is mass of the liquid and particle respectively, I
is solar intensity, A is the illuminated area of the fluid, and DT is
the temperature rise in the time interval Dt [12]. Some materials
may re-emit the absorbed light at longer wavelengths (fluores-
cence), and some materials may have low thermal conduction
despite a high absorption efficiency, thus yielding a low DT. For
example, Chen et al. observe that the photo thermal conversion effi-
ciency seems to decrease slightly for increasingly larger gold
nanoparticles, when investigating spherical gold nanoparticles in
water [7].

Theoretical calculations of optical nanostructures can be per-
formed using for example Mie theory [9], Raleigh scattering
method [10], or finite difference [13] or finite element simulations
in the time or frequency domain, depending on the system one
wishes to investigate. In the Raleigh scattering method, the electric

field is assumed to be constant over the entire particle, and it is
therefore only valid for particles much smaller than the wave-
length of radiation. For larger particles, Mie theory can be applied.
Mie theory describes the interaction of an electromagnetic plane
wave with a homogeneous sphere. For non-spherical particles, dis-
cretization of Maxwell’s equations may be appropriate. For tran-
sient behavior of the electromagnetic field, a time domain
approach is desirable. Frequency domain calculations are particu-
larly useful when studying periodic structures. In the following,
four examples of Raleigh scattering calculations are given. Metal
nanoparticles dispersed in water have been investigated by Saidur
et al. [11], who investigated aluminum nanoparticles in the range
1–20 nm suspended in water, and found the absorption peak at
approximately 300 nm. Taylor et al. [14] found the extinction peak
for 40–200 nm silver spheres in water to be at 400 nm using
Maxwell-Garnett modeling. Gorji and Ranjbar investigated silver
spheres and found an extinction peak at approximately 390 nm,
but did not get corresponding experimental results for 20 nm
diameter spheres in water [15]. Khlebtsov et al. investigated
15 nm gold, and 15 and 60 nm silver spheres and found extinction
peaks at 515, 380 and 412 nm respectively [16].

In this paper we simulate the absorption and scattering of a
solid metal nanoparticle dispersed in water by solving Maxwell’s
equations using the finite-difference time-domain (FDTD) method
in the commercial software package Lumerical [17].

H
!

t þ Dt
2

� �� H
!

t � Dt
2

� �
Dt

¼ � 1
l
r� E

!
ðtÞ

E
!
ðt þ DtÞ � E

!
ðtÞ

Dt
¼ 1
e
r� H

!
t þ Dt

2

� � ð5Þ

Eq. (5) show the one dimensional Maxwell’s equations solved in
the time domain using finite difference approximation [13], where
E is the electric field and H is the magnetic field, l and � are the
permeability and permittivity respectively, t is time, and Dt is
the time step (i.e. t ¼ Dtn, where n is an integer). For every increas-
ing time step, the values of E and H are updated from the previous
ones. A light source is an area where the electric and magnetic field

Nomenclature

Abbreviations
AM 1.5 solar spectral irradiance for air mass 1.5 (Wm�2 nm�1)
DASC direct absorption solar collector
FDTD finite-difference time-domain
FWHM full width half maximum
IR infrared, 1050 nm and longer
LSPR localized surface plasmon resonance
NIR near infrared, 700–2500 nm
PML perfectly matched layer
VIS visible, 390–700 nm
wl wavelength (nm)

Symbols
b coefficient
� permittivity (m�3 kg�1 s4 A2)
g photo thermal conversion efficiency
l permeability (kg m s�2 A�2)
r cross section (nm2)
A area (nm2)
c specific heat (m2 K�1 s�2)
d diameter (nm)

E electric field (kg m s�3 A�1)
H magnetic field (A m�1)
I intensity (Wm�2)
m mass (kg)
N number density (particles/nm3)
P power (W)
Q efficiency
t time (s)
T temperature (K)
z zenith angle (�)

Subscripts
abs absorption
exp experiments in literature
ext extinction
l liquid
lum lumerical simulation
np nanoparticle
sca scattering
sim simulations in literature
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components are initiated, from here the fields are free to propagate
in three dimensions. Knowing the electric and magnetic fields, the
power flow through a virtual surface can be recorded within the
simulation space. By strategically placing such virtual surfaces
(see methods section) the absorption or scattered power can be
found. Finally, the cross section is calculated using P ¼ rI where
P is the recorded power flow and I is the source intensity.

We vary the size and metal of the spherical nanoparticle, and
investigate the effect of the water on the absorption and scattering.
We also investigate the effect of oxidation of aluminum, which is
likely to occur in practice. The simulation results are compared
to experimental results in literature.

2. Methods

Lumerical FDTD Solutions version 8.16.884 was used for all sim-
ulations. The setup is shown in Fig. 1. Simulations are done for
gold, silver, copper, and aluminum nanoparticles with diameters
d ranging from 20 to 140 nm centered at the origin. In order to sim-
ulate the LSPR effect, we start out by defining a FDTD simulation
space. The boundaries of this space are perfectly matched layers
(PML) which absorb radiation, but can reflect evanescent fields.
The size of the FDTD simulation space should be chosen sufficiently
large so the structure in question do not interact with the evanes-
cent fields [18]. Here the FDTD simulation space was chosen to be

700 nm in X, Y and Z direction centered at the origin. This leaves a
rather short distance between the sphere and the perfectly
matched layers (PML) boundary, but it was chosen to make the
total simulation time as short as possible. Simulations with larger
FDTD spaces up to 1400 nm were done for 140 nm diameter gold
nanoparticles (not shown) to ensure that the size of the FDTD sim-
ulation space did not significantly affect the absorption and scat-
tering spectra.

The structure shape (sphere) and material is defined. The sphere
is surrounded by water which is set to have the same size as the
total simulation space. Lumerical uses experimental data (Palik
[19], CRC [20] and Johnson and Christy [21]) as a basis for calculat-
ing the refractive index of the chosen material within the desired
wavelength range. The mesh size is automatically generated, being
inversely proportional to the refractive index. In areas where the
refractive index changes rapidly or the geometries are small, the
mesh can be overridden with a finer mesh to ensure accurate mod-
eling. The mesh override area used here is the same size as the
scattering monitor. The override mesh sizes dx, dy and dz are set
to 2.5 nm. This mesh size yield minor ripples on the absorption
and scattering spectra for the smallest spheres. They can be elim-
inated by reducing the mesh size further, though this dramatically
increases the simulation time. Since the ripples are small com-
pared to the absorption and scattering spectra, and they quickly
disappear as the sphere size increases, the mesh size was not
decreased.

The light source is defined as a plane wave in the shape of a box,
where the structure must fit completely inside. One side is defined
as the injection plane, and the propagation direction and polariza-
tion is defined. When the plane wave reaches the boundary of the
box, that same plane wave is subtracted, so no light is transmitted
past the boundary (apart from the scattered light, which no longer
has the same direction as the incident plane wave). The light
source has a space of a few nm around its boarders where the val-
ues for the electric and magnetic field are non-physical. Simula-
tions on a 40 nm gold nanoparticle in water with a light source
where the dimensions vary from 50 to 300 nm were performed
(not shown), confirming that the results did not change for various
light source sizes. The wavelength range was chosen to be 300–
1300 nm for gold, silver and copper, and 200–1200 for aluminum,
because although the solar radiation spectrum extends up to
2500 nm there is practically no absorption or scattering above
1200 nm for any of the metal spheres in water investigated here.
Simulations of 140 nm gold, silver, copper and aluminum spheres
were done with wavelengths up to 2500 nm (not shown) to verify
this fact. The wavelength data collection is set so that there is 5 nm
between every data point.

Two monitors, one for absorption, and one for scattering are
included. A monitor is a box that detects light coming from both
inside and outside the box and subtracts the latter from the former.
By placing a monitor outside the light source, only the scattered
light will reach it. By placing a monitor inside the light source
box, it will receive incident light on the outside surface, and trans-
mitted and scattered light on the inside surface, leaving the net dif-
ference, i.e. the absorption. The absorption and scattering monitors
are placed a small distance of 12.5 nm away from the source
boarders.

Finally, a field time monitor is placed at an arbitrary position
outside the scattering box and inside the FDTD simulation space
to record the time evolution of the electric and/or magnetic fields.
This is to verify that the fields have enough time to decay before
the maximum simulation time is reached [17].

The settings for the simulation elements are listed in Table 1. All
other advanced settings not mentioned here are the same as
Lumerical’s ‘‘Mie Scattering 3D” [17].

Fig. 1. Simulation geometry. Lumerical [17] is used to simulate the absorption and
scattering of light by a metal nanoparticle. The 3D layout (top), simulation elements
(bottom left), and the 2D layout in the XY plane (bottom right) are shown in the
figure. One side of the gray box is defined as the light injection plane, with the
magenta arrow showing the propagation direction, and the blue arrows showing
the polarization. The absorbed or scattered light is detected by the yellow boxes
which are the absorption and scattering monitors. The metal nanoparticle is placed
in the center. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3. Results and discussion

Fig. 2 shows the absorption cross section spectra for gold, alu-
minum, copper and silver spheres in water. The scattering cross
sections are included in Fig. 3, and the extinction cross sections
is shown in the supplementary material Fig. S1. The dotted line
shows the actual (geometrical) cross section of the sphere Anp.
We see in Fig. 2 that gold and copper absorb some blue light, but
the peaks drop rapidly towards the red.1 The smaller silver
nanoparticles have one relatively narrow peak, and as the nanopar-
ticles become larger, another peak emerges, possibly due to quadru-
pole excitations [22]. Aluminum has wide absorption peaks, making
it well suited for absorbing light over a wide range, but we also see
that the absorption cross section is low compared to the real sphere
cross section. This could be compensated by increasing the volumet-
ric concentration [11]. However, if the concentration is increased
past an absorption saturation threshold, the solar energy will be
absorbed only at a shallow layer near the surface, increasing the pos-
sibility of heat loss [1]. A high particle concentration could also lead
to aggregation and sedimentation. In fact, improvements in thermal
efficiency only occurs for low concentrations, as reported by Coccia
et al. [5] who states that for concentrations higher than 0.01% by
weight, the efficiency decreases compared to pure water. The inves-
tigation was done on gold nanofluids in a parabolic trough.

Figs. 4 and 5 show simulations done with Lumerical for gold,
aluminum, copper and silver spheres in water, gold spheres in vac-
uum, and aluminum spheres in water with a native oxide layer of
3 nm on the surface. In Figs. 4 and 5 only the absorption and scat-
tering cross section peaks and peak wavelengths are presented.
The extinction peaks and peak wavelengths are presented in the
supplementary material Fig. S2. The horizontal bars represent the
width of the peak, indicating the wavelengths where the peak
has dropped to half its maximum value. The term full width at half
maximum (FWHM) is not used in this context since the peaks are
not Gaussian distributions. Further the peaks are strongly assymet-
rical and many peaks do not drop to half their value for shorter
wavelengths. This is due to interband transitions [24]. In these
cases the horizontal bars are simply covering the full lower wave-
length range. The solar spectral irradiance after traveling through
1.5 air mass (corresponding to a solar zenith angle of z = 48.2�mea-
sured at sea level) is included.

Table 1
Simulation parameters. The dimensions column refer to width in both x, y and z
direction, all centered at 0 nm.

Parameter Dim. [nm] Comments

Metal sphere 20–140 Diameter
Water 700

FDTD sim. space 700 Sim. temperature is 300 K
Mesh override 270 Override mesh dx = dy = dz = 2.5 nm
Light source 245 Wavelength range is 300–1350 nm

(Au, Ag, Cu), 200–1250 nm (Al)
Field time monitor 0 in position 210
Absorption monitor 220
Scattering monitor 270

Fig. 2. Absorption spectra. The absorption cross sections for gold, aluminum,
copper and silver spheres in water are presented here. The dotted line shows the
respective sphere (real) cross sections, illustrating that the spheres absorb from an
area which is larger than their physical area, at and near resonance.

Fig. 3. Scattering spectra. The scattering cross sections for gold, aluminum, copper
and silver spheres in water are presented here. The dotted line shows the respective
sphere (real) cross sections, illustrating that the spheres scatter from an area which
is larger than their physical area, at and near resonance.

Fig. 4. Absorption cross section peaks and peak wavelengths. Simulations done
with Lumerical on gold, aluminum with and without a native oxide layer, copper
and silver spheres in water, and gold in vacuum are shown here. The plot shows
absorption cross section peaks and peak wavelengths. If the spectrum has multiple
peaks, the plot branches out, and the horizontal bars represent the range where the
peak has dropped to half its maximum value (there is no bar between branches as
the peak does not drop to half value between peaks). The arrow indicates that
absorption increases for increasing particle size. The solar spectral irradiance for air
mass 1.5 (AM 1.5) [23] is included for comparison.

1 For interpretation of color in Figs. 2, 4, and 5, the reader is referred to the web
version of this article.
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The scattering cross section is larger than the absorption cross
section for particles larger than 100, 100, 60, and 40 nm for gold,
copper, silver, and aluminum respectively, and 120 and 50 nm
for gold in vacuum and aluminum/aluminum oxide respectively.
The complete set of all absorption, scattering and extinction spec-
tra of spheres ranging from 20 to 140 nm for gold, silver, copper,
aluminum and aluminum with 3 nm native oxide layer in water,
and gold in vacuum is presented in the supplementary material
Fig. S4.

Again, we see that gold, in water and in vacuum, and copper
have essentially no absorption in the near infrared (NIR) and infra-
red (IR) range. In order to absorb light at longer wavelengths with
these materials, one could use nanoshells, a metal particle with a
dielectric core, of various sizes [1,25,26]. Alternatively, one could
use other materials than metals, such as Vakili et al. who use gra-
phene nanoplatelets in water to achieve absorption over the entire
visible (VIS) range [27], or Han et al. who use carbon black aqueous
nanofluids to absorb across the VIS-NIR range [28].

The absorption cross section peak increases with increasing
particle size for all materials. For both aluminum and silver, two
absorption peaks at different wavelengths are observed (for
spheres larger than 60 nm for aluminum, and 100 nm for silver).
This is beneficial when trying to absorb over the entire VIS range,
however, this is not the size range where the absorption is most
efficient for these materials, as we shall discuss later.

To investigate the effect of water, the absorption and scattering
of gold spheres in vacuum is also included in Figs. 4 and 5. The
absorption cross section peak wavelength is slightly blue-shifted
in vacuum, however the largest difference is the peak amplitude,
which is considerably lower in vacuum. This shows that water is
beneficial to the absorption proses, due to the difference in refrac-
tive index.

Figs. 6 and 7 show the absorption and scattering efficiencies
(Eq. (2) based on the cross section peak) as a function of particle
size. The extinction efficiencies are shown in the supplementary
material Fig. S3. Although the 40 nm silver sphere has the highest
Qabs value, the peak is quite narrow. High efficiency absorption

across the entire VIS range can be achieved by combining materials
and geometries, i.e. different nanoparticle shapes.

Since aluminum quickly develops a native oxide layer on it’s
surface, a simulation of aluminum spheres with a 3 nm aluminum
oxide surface layer is included. The layer’s effect is only dominant
for small nanoparticles (less than 30 nm), where the absorption
efficiency becomes increasingly smaller compared to pure
aluminum.

In order to test the validity of our simulations, we compare
them, where available, to experimental results in Table 2 and to
other simulations in Table 3. The simulations done here do not
consider particle interaction and aggregation, since most of the
experimental work we compare out results to have very low con-
centrations, and therefore negligible particle-particle interaction.
They are below 0.01% by volume for all references included in
Table 2 except Xuan et al. [1] who has 1% volume concentration.
Tsai et al. [30] and Tsuji et al. [34] does not provide concentrations.
All simulation peak wavelengths wlmax

lum are within 15 nm of the
experimental peak wavelengths wlmax

exp given in literature, except

Fig. 5. Scattering cross section peaks and peak wavelengths. Simulations done with
Lumerical on gold, aluminum with and without a native oxide layer, copper and
silver spheres in water, and gold in vacuum are shown here. The plot shows
scattering cross section peaks and peak wavelengths. If the spectrum has multiple
peaks, the plot branches out, and the horizontal bars represent the range where the
peak has dropped to half its maximum value (there is no bar between branches as
the peak does not drop to half value between peaks). The arrow indicates that
scattering increases for increasing particle size. The solar spectral irradiance for air
mass 1.5 (AM 1.5) [23] is included for comparison.

Fig. 6. Absorption efficiencies. The efficiencies are calculated using Eq. (2) for
various sphere sizes. (The peak values of rabs are used.)

Fig. 7. Scattering efficiencies. The efficiencies are calculated using Eq. (2) for
various sphere sizes. (The peak values of rsca are used.)
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the 53 nm silver spheres reported by Chen et al. [32], and the cop-
per nanofluid presented by Chang et al. [36]. The deviation for the
silver nanofluid could be explained by aggregation or non spherical
nanoparticles in the experimental sample, which could cause the
extinction spectrum to redshift. In the copper nanofluid case, our
simulations does not include the whole size range reported by
Chang.

4. Conclusions

In this paper, we have investigated the absorption and scatter-
ing properties in the range 300–1350 nm (200–1250 nm for alu-
minum) for nanofluids consisting of metal nanoparticles (gold,
silver, aluminum and copper) ranging from 20 to 140 nm in diam-
eter, suspended in water. We compare our simulations with exist-
ing experimental results and find good agreement. Our simulations
show that aluminum, despite a low absorption efficiency, and sil-
ver nanoparticles above 100 nm are particularly suited for absorp-
tion over a large wavelength range in the VIS. High efficiency
absorption across the entire VIS range can be achieved by combin-
ing materials and geometries.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.enconman.2017.
07.027.
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gation of the optical properties of metal nanoparticles in water for photo
thermal conversion enhancement”.

Figure S1 show extinction cross sections for gold, aluminum, copper and
silver spheres in water. Figure S2 show the extinction peaks and peak wave-
lengths. The horizontal bars represent the wavelength range between the two
wavelengths where the peak has dropped to half its maximum value. In some
cases the peak stays above this value for the whole small wavelength range.
This is discussed in the main text. Figure S3 show the extinction efficiencies
for various sphere sizes. Finally, all the absorption, scattering and extinction
spectra of spheres ranging from 20-140 nm for gold, silver, copper, aluminum
and aluminum with 3 nm native oxide layer in water, and gold in vacuum
are presented in Fig. S4. These spectra have been used to compile all other
figures in the paper.
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Temperature induced color change in gold nanoparticle arrays: Investigating
the annealing effect on the localized surface plasmon resonance
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The localized surface plasmon resonance (LSPR) effect in metal nanoparticles is important for a

range of applications, including photovoltaics and sensors. The actual LSPR effect is difficult to

predict, because it can vary strongly with the size, shape, surface structure, and surrounding media

of the nanoparticles. In order to understand this better, more experimental data are needed. Here,

the authors present a study of the LSPR effect in macroscopic two-dimensional square arrays of

gold nanoparticles, 50–80 nm in diameter with a pitch of approximately 160 nm, fabricated on

borosilicate substrates. The arrays were exposed to different annealing temperatures in steps of 50

up to 600 �C. The authors observe an irreversible blue-shift of the LSPR extinction peak, from

around 580 to around 520 nm at annealing temperatures of only 450 �C, an effect clearly visible to

the naked eye. The authors also present measurements of the shape of the nanoparticles at the dif-

ferent annealing steps. These measurements were obtained using a combination of scanning elec-

tron microscopy (SEM) and atomic force microscopy (AFM). A carefully indexed pattern allowed

us to measure the exact same nanoparticles with separate AFM and SEM instruments. The only

clear effect that can be observed is that the nanoparticles appear to get smoother with annealing.

Our results demonstrate that seemingly minor changes in the metal nanoparticle appearance can

lead to a strong change in the LSPR effect. Our results also open up for potential applications in

temperature sensing. The fact that the effect of temperature exposure can be observed with the

naked eye without any need of electronic readout or power supply is particularly advantageous.
VC 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4963153]

I. INTRODUCTION

A metal nanoparticle (MNP) is smaller than the wave-

length of visible light. If the nanoparticle is small enough,

the electric field in the incoming light will act uniformly

over the whole nanoparticle, displacing the electrons.

Combined with the restoring force of the atom cores, this

system can be described as an oscillator with a resonance

frequency.1 This effect is referred to as the localized surface

plasmon resonance (LSPR) effect, and the macroscopic color

of a MNP is determined by the wavelength at which the reso-

nances occur. Varying the shape, size, material, and sur-

rounding medium of the nanoparticles will result in different

resonance frequencies. The shape and dielectric function

may in turn be affected by external effects applied postfabri-

cation, such as annealing.

There are some investigations on the effect of annealing

of nanoparticles of various materials.2–7 Cai et al.8 reports

first a blue-shift and then a red-shift of the absorption peak

when annealing 3–5 nm sized silver nanoparticles dispersed

within the pores of monolithic mesoporous silica, at temper-

atures between 500 and 800 �C. Bi et al.9 demonstrate that

by alternate annealing in air and H2, silver nanoparticles dis-

persed within pores of monolithic mesoporous silica change

color. This is attributed to a redox of the Ag nanoparticles,

and the process is reversible. Oxidation is not likely to be an

issue when annealing gold. Annealing can cause nanopar-

ticles to sink into a glass substrate as reported by Karakouz

et al.10 This would mean that a larger portion of the nanopar-

ticle will be surrounded by the substrate rather than air,

changing the dielectric function of the surrounding medium

and leading to an increase in the refractive index. The quasi-

static approximation description of the interaction between a

nanoparticle and an electromagnetic field predicts the posi-

tion of the LSPR to depend on the dielectric function of the

surrounding medium1 so that we would expect a red-shift,

should the nanoparticles sink into the substrate. This is

assuming that there are no structural changes to the nanopar-

ticles. Bae et al.11 and Jensen et al.12 reports a red-shift for a
decrease in nanoparticle height.

Hulteen et al.13 observe a blue-shift when annealing gold

nanoparticles located within the 45 nm sized pores of porous

alumina membranes up to 400 �C. They present TEM images

which shows that the gold nanoparticles goes from being

irregular to becoming denser and more uniform, especially

the smaller ones. Kessentini et al.14 have investigated the

effect of surface roughness on the LSPR, theoretically. They

predict a blue shift of approximately 25 nm, for a cylinder

with 50 nm diameter and 20 nm height, and a surface root

mean square roughness going from 1.6 to 0 nm. Qian et al.15

calculate theoretically that the extinction spectrum blue shift

for hollow gold cubes when the corners are rounded. Liu

et al.16 show the same for bipyramids when the tips are

rounded using finite-difference time-domain (FDTD) simula-

tions; the absorption peak is shifted 40 nm by a change in the

radius of curvature from 4.4 to 2.0 nm. All of these examples

demonstrate that a change in shape, even a really small, subtle

change, can affect the extinction peak significantly.a)Electronic mail: varin.andvik@uib.no
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Here, we present an experimental study of the color

change of gold nanoparticle arrays when annealed at a range

of temperatures. We combine spectral measurements with

atomic force microscopy (AFM) and scanning electron

microscopy (SEM) to investigate how the color change cor-

relates with the alteration of the nanoparticle size or shape.

II. METHOD

A total of six gold nanoparticle arrays were made, follow-

ing the manufacturing procedure used by Greve et al.17 The
samples were labeled A–F. Samples A–E were prepared on

24 � 24mm2 borosilicate glass substrates (Menzel-Gl€aser).
Sample F will be discussed later. After an initial cleaning

using acetone, methanol, and isopropanol, the glass sub-

strates were spin-coated with PMMA to a thickness of

approximately 190 nm. A 3 nm chromium thin film was

deposited on top of the PMMA using Temescal FC-2000

electron beam evaporation (EBE) to make the substrates

conductive for electron beam lithography (EBL). Raith

eLINE EBL was used for patterning the samples A–E with

square arrays of 2 nm pixels. A pattern resulting in holes of

approximately 50–80 nm diameter and an interparticle dis-

tance of 160 nm was patterned. The interparticle distance was

chosen to avoid optical coupling between the MNPs.18 A total

area of 4 � 4mm2 was patterned. The dose was 0.0090 pC

per dot, the acceleration voltage was 15 kV, and the beam

aperture was 30lm in diameter, resulting in a beam current of

0.175 nA and a dwell time per pixel of 0.051429ms. The

working distance was approximately 10.7mm.

After patterning, the chromium was removed using a

chromium etchant (Transene chromium etchant 1020). The

PMMA exposed by the electron beam was removed by sub-

merging the samples for two minutes in developer (Micro

Resist Technology developer mr-Dev 600). Approximately

25 nm gold [estimated using a quartz crystal microbalance

(QCM)] was deposited using EBE. In order to avoid unde-

sired optical effects no adhesion promoting layer was used

for the gold film. It was still possible to produce large, high

quality arrays. Lift off was done by soaking the sample in

N-methyl-2-pyrrolidone heated to 80 �C for 2 h. This

removed the PMMA, leaving only the gold nanoparticles on

the substrate. Figure 1 shows SEM images of samples A and

D, taken both perpendicularly and tilted at a 45� angle. It has
been discussed in the literature that gold does not adhere

well to glass substrates, but this was not an issue for the sam-

ple preparation and optical experiments presented here.

However, it became an issue for the AFM characterization

which will be discussed in Sec. II.

Annealing was done in a Nabertherm GmbH (LE2/11/R6)

furnace. The furnace operates in air at atmospheric pressure

and was preheated to the set temperature before a sample was

inserted. Annealing was done for 5 min for each temperature.

To characterize the color change resulting from anneal-

ing, a spectral analysis was performed. For samples with lit-

tle or no scattering, the terms extinction and absorption are

interchangeable. The extinction for samples with low reflec-

tance is given as

extinction ¼ �logðtÞ; (1)

FIG. 1. (a) SEM image of sample A, showing the unannealed square array of gold nanoparticles with 66 nm diameter, 25 nm height, and 160 nm particle dis-

tance. (b) SEM image of sample A, taken at a 45� angle. (c) SEM image of sample D, which has been annealed at 450 �C. (d) SEM image of sample D, taken

at a 45� angle. The hemispherical shape of the particle can be seen. The samples were coated with 3 nm chromium before imaging.
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where t is transmittance through the sample.1,18 This was

measured on samples A–E using a Filmetrics F10-RT thin

film analyzer. This instrument has a wavelength range from

380 to 1050 nm. Illumination from a white light source with

normal incidence on the sample, and the transmitted spec-

trum was detected and analyzed using a spectrometer. Each

measurement has been background corrected by subtracting

the bare glass substrate signal, and five measurements were

done for each temperature at random positions within the

MNP array. To determine the peak extinction, each spectrum

was fitted with a two term Gaussian model using MATLAB.

Both Lorentzian19,20 and Gaussian21,22 fittings are com-

monly used in the literature. Macroscopic images of samples

A-D were taken using a Nikon D80 digital camera (see Fig.

2).

After the optical measurements had been completed, the

samples were coated with 3 nm chromium to avoid charging

during the SEM investigation, where the size of the nanopar-

ticles in the respective arrays was determined. Sixteen

images were taken, 1.4mm from all four corners (1mm

from the edges) for each of the 4 � 4mm2 MNP arrays.

Every image contains 35 nanoparticles, resulting in 560

nanoparticles imaged for each of the samples A–E. Using

IMAGEJ software,23 the diameter and area was calculated for

all the nanoparticles. The results are presented in Table I.

Sample F was designed to be used for detailed AFM and

SEM analysis. To avoid charging effects in the SEM images,

a 20 � 20mm2 ITO coated glass (about 350 nm thick) with

15–30 X/cm resistance was used as the substrate. We cannot

exclude that this change in substrate can lead to a change in

the interfacial energy between gold and the substrate, thus

leading to a change in the wetting behavior of gold on these

surfaces. We did notice that it appeared to be slightly easier

to scrape off particles from the ITO covered substrate in the

AFM. The same PMMA thickness was used for samples

A–E, but no chromium layer is needed since the substrate is

now conducting. The EBL pattern used was also changed, so

that the nanoparticles only cover 30 � 30 lm2, split into 15

� 15 arrays, each with 10 � 10 nanoparticles. Each array

was configured with a marker in the form of a selectively

missing nanoparticle, so that every array and thereby every

nanoparticle is uniquely identifiable. In addition, the nano-

particle arrays are surrounded by an area of 3mm2 filled

with arrows, 5 or 10 lm in size depending on whether they

are closer or further from the arrays than 0.5mm, respec-

tively. All arrows are pointing in the direction of the nano-

particle arrays and are included to aid in locating the arrays.

The arrows were necessary because our AFM (Anfatech

“Eddy”) does not have built in optics for sample positioning

or similar; hence, the arrows were vital for locating the gold

nanoparticle arrays. After EBL patterning, the sample was

developed, and 35 nm gold was deposited with EBE. A

thicker gold layer was used (35 nm) in order to give a larger

topographic change for the AFM, where particles are relative

to the substrate. The lift-off step is the same as for samples

A–E. See Fig. 3 for an overview SEM image of sample F.

AFM characterization of sample F was performed using

Anfatech “EDDY” in the Kelvin probe mode (KPFM).

KPFM was used because here the scanning probe retains a

relatively large distance from the surface and it was found

that using both dynamic and contact mode settings resulted

in nanoparticles being scraped off the surface. The instru-

ment used a NSC18/Ti-Pt cantilever from Ultrasharp, which

has a 3.5N/m and radius of curvature less than 35 nm. The

drive amplitude was set to 2.0V. Our AFM could not resolve

the lateral dimensions of the nanoparticles. Therefore, the

AFM is only used for measuring the topological response in

FIG. 2. (Color online) Macroscopic scale optical image of gold nanoparticle

arrays. Sample A is not annealed, B is annealed at 150 �C, C at 300 �C, and
D at 450 �C.

FIG. 3. SEM image of the indexed sample F, with a 30 � 30lm2 area cov-

ered with gold nanoparticles with 69 nm diameter, 35 nm height, and 160 nm

pitch, and surrounded by 5 lm sized arrows. Sample F is used for line profile

and area analysis of specific nanoparticles using AFM and SEM. The dark

stripes across the arrays are caused by the Moir�e effect.

TABLE I. Average and standard deviation values of the diameter and area for

samples A–F calculated using IMAGEJ software and SEM images is presented.

Five hundred and sixty nanoparticles were measured for each sample (sam-

ples A–E). For sample F, the same 99 nanoparticles were measured after

each annealing step. Samples A–E has a height of 25 nm, whereas sample F

has a height of 35 nm (estimated using a QCM).

Sample Temp. (�C) Diameter (nm) Area (nm2)

A 0 506 5 14006 200

B 150 596 10 20006 600

C 300 756 8 34006 600

D 450 666 10 26006 700

E 600 506 5 16006 300

F 0 696 7 27006 500

F 150 666 7 26006 500

F 300 676 7 27006 500

F 450 656 6 27006 500

06K501-3 Holm, Greve, and Holst: Temperature induced color change in gold nanoparticle arrays 06K501-3

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. IP:  129.177.47.118 On: Wed, 28 Sep 2016 08:47:24



the z-direction. For nanoparticle diameter and area measure-

ments, the SEM images were used. Our AFM instrument

does not have any stage positioning mechanism, but by tak-

ing an AFM image, and pushing the sample manually with a

pair of tweezers in the direction of the pointing arrows in the

pattern described above, individual nanoparticles could be

repeatedly located. The topographical images were analyzed

using the software GWYDDION.24 First, the images were

adjusted for tilt, and then, the nanoparticle profile was inves-

tigated by line analysis, both in the vertical and horizontal

directions.

SEM characterization of sample F was carried out using

an acceleration voltage of 10 kV, the aperture was 30 lm,

imaging was done using an InLens detector, and the contrast

and brightness was kept the same for all images. Ninety nine

nanoparticles were imaged, and the diameter and area of

each nanoparticle was extracted using IMAGEJ. For finding the

nanoparticle area, the software uses a threshold contrast to

determine the edges of each nanoparticle. By counting the

number of pixels within the nanoparticle, and using the cor-

rect pixel to nm2 ratio, the area of the nanoparticle was deter-

mined. The diameter was found as a statistical average

obtained by rotating the nanoparticle 360� with 2� incre-

ments. The results of the image analysis are presented in

Table I.

III. RESULTS AND ANALYSIS

Figure 2 shows the macroscopically observed effect of

annealing. The samples appear to turn red when annealed

because more of the blue light is absorbed (the extinction

peak blue-shifts). All samples A–E looked identical to the

naked eye before annealing with respect to the color.

The extinction spectra for samples A–E for the different

annealing steps are presented in Fig. 4(a). Sample A was not

annealed, B was annealed at 50, 100, and 150 �C, C at 200,

250, and 300 �C, D at 350, 400, and 450 �C, and E at 500,

550, and 600 �C. Spectra were taken for each sample before

they were annealed and are included as the top five extinc-

tion spectra in Fig. 4(a), and as the extinction peak data

points at 20 �C in Fig. 4(b). The extinction peak became nar-

rower with annealing, shrinking from 500 to 150 nm

FWHM. The peak position (derived from a two term

Gaussian fit) is plotted against the annealing temperature in

Fig. 4(b). The uncertainty given here is the root mean square

error of the Gaussian fit. As can be seen, all samples had

extinction peaks between 570 and 580 nm before annealing,

and the extinction peak shifted from 580 to 520 nm as the

annealing temperature increased to 450 �C, followed by a

light red-shift of a few nm up to 600 �C. The shift in extinc-

tion peak can be seen to be not so closely linked to the size

of the nanoparticles, as the effect is very consistent, even

with rather large nanoparticle size variation between 50 and

75 nm for samples A–E.

To investigate the relationship between the optical effect

and the appearance of the nanoparticles, a total of 99 nano-

particles on sample F were imaged by SEM and AFM before

annealing, and for annealing temperatures of 150, 300, and

450 �C. As discussed earlier, SEM and AFM imaging was

done for exactly the same 99 nanoparticles. The combined

AFM and SEM images allow us to obtain more information

about the sample appearance. The results are presented in

Fig. 5 and Table I. The technique for measuring the topo-

graphical response with the Kelvin probe is identical to that

of the dynamic mode AFM. However, the additional tip bias

and the fact that our sample is not grounded can result in

charging effects in the image. The measured topographical

response of the nanoparticles decrease from nominally

366 3 to 266 3 nm for annealing up to 450 �C. However, it
is not certain that this is due to a true height change. It

appears more likely that this is caused by a more strongly

varying response in the unannealed nanoparticles, due to

them being rougher. The measurements suggest that the

nanoparticle surfaces get smoother with annealing and that

the corners get less sharply defined, indicating a transition

from the starting cylindrical shape to a more hemispherical

FIG. 4. (Color online) (a) Extinction spectra for gold nanoparticles samples A–E. The spectra are normalized and offset from each other for clarity. (b)

Extinction peak position for gold nanoparticles done at annealing temperatures ranging up to 600 �C. As annealing temperature increases, the extinction peak

blue-shifts. Macroscopically, this will cause the array to appear red because more of the blue light is absorbed.
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shape. As can be seen from the SEM images and the area

measurements presented in Table I, there does not appear to

be a change in the area of the nanoparticles. We quantified

the smoothening effect by using the SEM images to compare

the perimeter length, also obtained from IMAGEJ analysis,

to the circumference of a hypothetical smooth circle using

an average radius calculated from the area data. We see that

the surface root mean square roughness decreased from

approximately 1.6 to 1.0 nm (estimation is sensitive to image

resolution), a decrease of 35%, after annealing at 450 �C for

the same sample. This is quantitatively in line with the pre-

dictions of Kessentini et al.14 It is interesting that the effect

seems to be so strong given the relatively low annealing tem-

peratures. Considering the manufacturing process for sam-

ples A–F which would produce cylinders, it is plausible that

the shape of our nanoparticles, initially cylindrical would

become more hemispherical upon annealing. This would

contribute to an even stronger blue-shift.15,16

In Fig. 1, the gold nanoparticles appear to have facets at

their edges. The facets may indicate some level of crystallin-

ity. Bosman et al.7 show that annealing may increase the

crystallinity of gold nanostructures, at least if it is low at

first. It is not possible to say for certain if this occurs in our

samples. The inset in Fig. 5(a) shows sub-10-nm particles

near the edges. These particles come most likely from evap-

orated gold during EBE. The PMMA mask has an undercut,

allowing room for stray gold to attach to the substrate near

the gold particle edges. From Figs. 5(a)–5(d), we see an indi-

cation that some of these sub-10-nm particles appear to be

consumed by the larger particle when annealed. This process

seems to have no impact on the diameter or area of the par-

ticles (see Table I). A FDTD LUMERICAL
25 simulation of a

50 nm gold nanoparticle placed on glass with two 5 nm par-

ticles placed 5 nm from the larger nanoparticle reveals that

the presence of sub-10-nm particles increases the amplitude

and FWHM of the extinction peak slightly, but does not

change the peak position. This is consistent with the

decrease in FWHM observed in Fig. 4(a), as the sub-10-nm

particles are consumed by the nanoparticle when annealed.

Karakouz et al.10 reports that gold islands start sinking

into a glass substrate at 550–600 �C. We observe the blue-

shift in the extinction peak at lower temperatures. However,

the slight red-shift occurring between 500 and 600 �C seen

in Fig. 4 can potentially be attributed to this effect, as sink-

ing into the substrate would not only change the surrounding

medium, but in a sense also make the particles shorter rela-

tive to the substrate, which would cause a red-shift.11,12

Borosilicate glass does not change refractive index signifi-

cantly over the temperature range used in this experiment.26

IV. CONCLUSION

In this paper, we present optical measurements of gold

nanoparticle arrays which change color when annealed up to

600 �C. The extinction peak blue-shifts from 580 to 520 nm

already after annealing to 450 �C, after which a weak red-

shift is observed. The visual appearance of the nanoparticles

changes from blue to red. We conclude that the shift of

60 nm is mainly caused by two factors: first, a smoothening

of the nanoparticle surface which is observed in SEM and

FIG. 5. (Color online) (a)–(d) SEM image of sample F gold nanpoarticles. Upper right inset shows the leftmost particle between the red lines, magnified.

Bottom inset shows area analysis of nanoparticles between the red lines. (e)–(h) AFM line analysis taken over the same nanoparticles as the SEM area analysis.

Inset show AFM image with red line indicating where the line profile is taken from. Images are taken before annealing [(a) and (e)], and after annealing at

150 �C [(b) and (f)], 300 �C [(c) and (g)], and 450 �C [(d) and (h)]. All the images are taken of the same nanoparticles. Note that due to the small arrays a slight

dose variation can be seen (due to proximity effects), visible as a slight size variation from center to edge of the nanoparticle array.
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AFM images; second, we hypothesize a rounding of corners

in the original cylindrical shape. Both of these effects would

cause a blue-shift according to theoretical predictions. The

final red-shift can be contributed to the nanoparticles starting

to sink into the substrate. Our results demonstrate that seem-

ingly minor changes in the metal nanoparticle appearance

can lead to a strong change in the LSPR effect. We suggest

that nanoparticle arrays, implanted in various devices, for

example, using nanoimprint, could have potential applica-

tions for controlling the temperature product history (i.e., as

a test to ensure that the temperature was never above a cer-

tain limit). The fact that the effect of temperature exposure is

irreversible for these nanoparticle arrays and can be

observed with the naked eye without any need of electronic

readout or power supply is particularly advantageous.
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Appendix II
AFM modes

The Anfatec AFM instrument "Eddy" is used for height measurements of MNPs in
article B, where it is observed that some imaging modes may remove nanoparticles
which adhere poorly. The thesis defender also taught an AFM laboratory exercise
for bachelor students using this instrument. For these reasons the probe-surface
interaction and the different imaging modes mentioned in section 3.2 is described
in more detail here.

An AFM takes images of a surface by scanning the surface with a probe. A laser is
reflected on the backside of the tip and directed to a photo-detector. The deflection
of the probe is recorded by the position of the laser light in the detector. The
potential energy between the probe and the surface changes depending on their
proximity to each other. At a distance, the tip will feel an attractive pull towards
the surface (the potential is below zero). If the tip gets close enough it will start
repelling the surface. Images taken with AFM contact mode (CM) operate in the
region where the tip and surface is repelling each other. Changes in the surface
topology will directly affect the tip-surface potential and thus the probe deflection.
In dynamic mode (DM), the tip operates at a greater distance and is in the attractive
regime. In this case, the tip is also excited with an oscillation, vibrating at the
resonance frequency of the tip. When the topography changes, the amplitude and
phase of the vibration changes. In both cases, a distance-force curve is measured
in order to convert the tip deflection or the amplitude/phase data into height data.

Kelvin probe force microscopy (KPFM) is also done in the DM/attractive regime,
with and oscillating tip, but in this case, a DC potential is applied to the tip. The
tip and surface form a capacitor, and the oscillating tip creates an additional AC
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potential. The potential V can be expressed as

V = (VDC + VCPD)VACsin(ωt) (4.1)

where VDC and VAC are the DC and AC potentials respectively, and VCPD is
the contact potential difference. ω and t is the frequency and time respectively.
Equation 4.1 can be used to calculate the electrostatic force F = FDC+Fω,+F2ω.
FDC is used to calculate the topography, and Fω can be used to calculate the work
function of the surface. F2ω can be used for capacitance microscopy.



Appendix III
Absorption, absorptance,
absorbance

When studying the interaction between electromagnetic waves and nanostructures,
some words and terms become very important. When dealing with terms like ab-
sorption, absorptance and absorbance, one wants to keep them straight. In this
section we look at some terms, and evaluate the difference or relation between
them. For more details on terminology and equations, see IUPAC’s "Compendium
of Chemical Terminology" [81] and the International Organization for Standard-
ization catalog "ISO 9288:1989" [82], where the following information is taken
from.

Absorption =
1

Φe

dΦe

dz
(4.2)

Absorption is the term used when the energy of a photon is taken up by matter. It is
sometimes described as interchangeable with the attenuation coefficient, given in
Eq. 4.2, where Φe is radiant power and z is the path length of the beam. This can
sometimes cause confusion, since attenuation may be caused by scattering as well,
in this case the term extinction would be more appropriate. Absorption has the unit
m−1, since the amount of light absorbed depends on the path it has traveled in a
given matter.

Absorbtance =
Φa
e

Φi
e

(4.3)
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Absorptance is a measure of how effective a surface is at absorbing radiant energy,
and is given as a fraction of the absorbed Φa

e to incident Φi
e light at that surface.

The key word here is surface. While absorption describes how a photon might
be affected while traveling through a matter, absorptance describes how it might
experience the encounter with an interface.

Absorbance = −log
(

Φt
e

Φi
e

)
(4.4)

Absorbance comes from the Beer-Lambert law which reads T = Φt
e

Φi
e

= eτ =

10−A, where T is transmittance, Φt
e and Φi

e is transmitted and incident radiant
power, τ is optical depth and A is absorbance. It is a measure of the optical depth
of a matter, but is unitless. The analogy of density might help.

The same confusion may occur between transmittance and transmission coeffi-
cients, or reflectance and reflection coefficients. Transmittance and reflectance is
the ratio of transmitted and reflected radiant power to incident power respectively.
The transmission and reflection coefficients are the ratio of transmitted and reflec-
ted electric fields to an incident electric field, at an interface.

When dealing with nanoparticles, as an alternative to the absorption, scattering and
extinction, the coefficients β can be expressed as cross sections σ or efficiencies
Q. They are related by:

β = Nσ (4.5)

Q =
σ

A
(4.6)

where N is the number of particles per unit volume N = n/V , and A is the cross
sectional area of the absorbing and/or scattering particles [72]. In this context,
the concentration affects the amount of light being absorbed or scattered as well.
Concentrations can be expressed by volume, by cross section or by weight:

fv = n
Vnp
Vm

(4.7)

fc = n
Anp
Am

(4.8)

fw =
mnp

mm
= nfv

gnp
gm

(4.9)

where f is concentration, V is the volume, A is the area, m is the mass, g is
the density with unit g/cm3, and n is the number of particles. Subscript np is
nanoparticle, m is matter and refers to the matter the nanoparticle is suspended in
or resting on, v is by volume, c is by cross section, and w is by weight.



Appendix IV
Lock-in amplifier

The lock-In Amplifier (LIA) is an instrument that uses phase sensitive detection
to measure small signal amplitudes buried in noise. It can detect signals buried in
noise thousands of times larger. The LIA requires a reference frequency. In article
D, the frequency is obtained from a chopper.

Consider a reference signal Crsin(ωrt+ φr) and a measured signal Cssin(ωst+
φs). ωr, ωs, φr, φs, Cr and Cs are the reference and measured signal frequencies,
phases and amplitudes respectively, and t is time. In the LIA, the two signals are
multiplied to make the output C.

C = CsCrsin(ωst+ φs)sin(ωrt+ φr)

=
1

2
CsCrcos([ωs − ωr]t+ φs − φr)

−1

2
CsCrcos([ωs + ωr]t+ φs + φr) (4.10)

Since the reference frequency is taken from the chopper, the reference signal and
the measured signal has the same frequency. Equation 4.10 is therefore reduced
to a signal with a constant term 1

2CsCrcos(φs − φr) and a time varying term
1
2CsCrcos(2ωt + φs + φr). The signal is then passed through a low pass filter
eliminating the time varying term, and the phase of the reference is adjusted in the
LIA, making φs − φr = 0. The only term left in the signal is then:

C =
1

2
CsCr (4.11)

The strength of this signal treatment is that the low pass filter will only allow
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frequencies very close to the reference frequency to pass through. Even when high
levels of noise is introduced will neither (ωnoise−ωr) nor (ωnoise +ωr) generally
be close to 0. Only noise frequencies very close to the reference will be able to
pass through the filter. This is advantageous when measuring very low currents.

Three parameters are important to optimize the signal recovery. The time constant
of the low pass filter and the roll-off determines the attenuation of the alternating
signal. The time constant should be chosen high enough and the roll-off steep
enough to give an acceptable signal-to-noise ratio. The dynamic reserve is the ratio
of the largest tolerable noise signal to the full-scaled signal, and is controlled by
the sensitivity/gain. The sensitivity should be chosen large enough for the analog
to digital converter noise not to be a problem, but not so large that the output signal
saturates [83].



Appendix V
PCI components

This appendix contains table 4.1, listing all optical and electrical components used
in the University of Bergen PCI. Posts, post holders, clamps, lens and mirror
mounts etc. are not included in this list. Figure 4.1 show the PCI with the com-
ponents numbered according to table 4.1.

1

2

3

4
5

6

78
9

10

11

12

11

13

14

15

Figure 4.1: Photocurrent instrument at the University of Bergen with components
numbered according to table 4.1.
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