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Abstract

Interaction of light with metallic nanostructures smaller than the wavelength leads to
excitation of collective oscillations of “free” conduction electrons. This effect leads to
locally enhanced electric fields inside and outside the nanoparticle and is called
localized surface plasmon resonance (LSPR). The history of this phenomenon goes
back to 4™ century where metallic nanoparticles were used to stain glass windows in
medieval church windows. It was not until hundred years ago, however, that the
physics behind the vibrant colors of noble metal nanoparticles was studied and
understood - a development that ultimately resulted in the foundation of a new field in
nanoscience, nanoplasmonics.

Nickel (Ni) is a transition metal, which is mainly used in the preparation of alloys due
to its strength, ductility and resistance to corrosion and heat. In nanoplasmonics, this
metal has so far received much less attention than the “classic” plasmonic metals such
as gold or silver. This is mainly due to its high ohmic losses and electronic interband
transitions, which induces large damping to its LSPR. However, since most metals
feature local or broad interband transitions, it is crucial to gain deeper fundamental
understanding of their interaction with the plasmonic excitations. As Ni features a
spectrally localized interband transition at 4.7 eV is a very good “model system” to
scrutinize the LSPR-interband transition interaction. The latter is crucial in view of an
increasing number of metals being considered for nanoplasmonic applications.

In this thesis, the interaction between a spectrally localized interband transition and
LSPR in nickel nanodisks is studied as a model system. This was done by spectrally
tuning the LSPR by engineering of the nickel nanoantenna geometry or by tuning the
refractive index of the surrounding medium. Using this approach, we show both
experimentally and theoretically that the plasmon-interband interaction can be
understood in the classical picture of two coupled harmonic oscillators, which
approach a strong coupling regime. That is characterized by characteristic “energy
anticrossing” behavior. These results can be generalized to all plasmonic metals,
which feature spectrally localized interband transitions, and contribute to the general
fundamental understanding of the role of interband transitions in plasmonic systems.

Keywords: Localized surface plasmon resonance, interband transition, nickel
nanoplasmonic, coupling, nanoantenna
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1 Introduction

Nanoplasmonics is the field that deals with the research about localized surface
plasmon resonance, a collective oscillation of free charge carriers in metallic
nanostructures excited by near-visible light.

Although there was no scientific understanding of the optical properties of metallic
nanoparticles before Faraday in the middle of the 19" century [1], the application of
these particles dates much further back in time, when gold and silver nanoparticles
were used in stained glass to create beautiful variation of colors in the windows of
many churches. An impressive example of this application is presented in figure 1.1.a.
Another example is the famous Lycurgus cup, crafted by a Roman glass artist in the
4™ century, which manifests different color depending on whether it is illuminated
from inside or outside as shown in figure 1.1.b. When the cup is illuminated from
outside the scattered light from the incorporated nanoparticles defines the color of the
cup and it appears greenish while, when illuminated from inside, the transmitted light
determines the reddish color of the cup since shorter wavelengths are efficiently
absorbed by the plasmonic particles.

Figure 1.1: Application of plasmonic nanoparticles dates far back in time, as exemplified by the gothic
stained glass rose window of the Notre-Dame de Paris cathedral (left most). The colors are created by
colloidal gold nanoparticles in the glass. (b) The Lycurgus cup, crafted by a Roman artist in the 4™ century
is another example of early application of plasmonic nanoparticles [2]. In the picture it is shown that, when
illuminated from outside, the scattering of light from the particles determines the color of the cup and it
appears green (middle), on the other hand, when illuminated from inside it’s the light transmitted through
the particles that gives rise to the color of the cup, which appears to be red since shorter wavelengths are
absorbed by the particles (right most).

The optical properties of metallic nanostructures were not explained theoretically
until the 20" century when Mie found an analytical solution for the Maxwell
equation, which could describe the light absorption and scattering of spherical
metallic nanoparticles [3]. During the last decades numerical methods have been
developed, which now make it possible to, on a daily basis, calculate both the near
and far field optical properties of nanoparticles with much more complex shapes [4].
Examples of such methods are the discrete dipole approximation (DDA) [5] or the



finite difference time domain (FDTD) method [6], which was used for the purpose of
calculating near-field enhancements in the appended paper.

When it comes to plasmonic materials, nickel has not been considered very interesting
due to its high ohmic losses [7,8]. Bound electron transitions, i.e. interband
transitions, have been considered unfavorable due to their optical absorption in the
visible range of the electromagnetic spectrum, which can interfere with the plasmonic
response. This is why the “classic” metals used in in the plasmonics field are the ones
that have their plasmonic response spectrally well separated from their bound electron
transitions, i.e. Au, Ag and Al.

In this thesis, I take another perspective on interfering plasmon resonance with
interband transitions by investigating in a systematical way, how an LSPR mode
couples spectrally to a localized interband transition. It has been reported that the
plasmonic response of palladium nanoparticles is strongly governed by Fano-
interference with a broad interband transition background [9,10,11]. Nickel, which is
the focus of my work presented here, has a rather sharp and spectrally localized
interband transition [12,13], which can interact strongly with the plasmon excitation
and give rise to new optical properties that are different than a simple linear
combination of the two constituents [14-18]. Therefore, linking localized plasmons
with interband transition can be regarded as a new approach to tailor optical
properties of materials. Specifically, in this thesis I studied the interaction between the
localized plasmon resonance (LSPR) and interband transition in nickel
nanostructures. I demonstrate both experimentally and theoretically that plasmons
strongly couple to interband transitions in metallic nanostructures. The coupling gives
rise to interesting effects like energy anti-crossing of the interband transition and
plasmon mode. The generated phenomenological concept can be applied to other
metals with their local bound transition in the UV-VIS range of electromagnetic
spectrum such as Al, Cu and Fe [12,13].

The outline of this thesis is such that chapter 2 gives a brief introduction to optical
properties of metals, basics of electronic band structure and the Drude-Lorentz model.
Chapter 3 presents an overview of concepts such as dielectric function, polarizability,
absorption/scattering/extinction efficiencies as well as absorption enhancement.
Chapter 4 describes the nanofabrication method used for the production of the
samples in this thesis. Chapter 5 provides an overview of different characterization
methods used to study the sample’s optical properties as well as topology and actual
structure. Finally, chapter 6 summarizes the appended paper and gives an outlook for
future work.



2 Optical properties of metals

In order to understand the behavior of different metals, one can look at their band
structure. The band structure describes the range of different energy states that
electrons can occupy in the material [19]. The energy of these states is given by the
Schrédinger equation for the motion of the electron in a periodic potential imposed by
the lattice structure. At room temperature, when a material is excited by an external
electric field, electrons can occupy these states up to a certain level of energy and the
states above that energy will be left empty. This specific energy level is called Fermi
energy (Ef) [19-21]. Another important concept in the band structure of materials is
the band gap, which is a certain region of energy that cannot be occupied by electrons.
This is the reason why some materials are efficient in conducting electrons and some
are not [22].

The size of the band gap as well as its energy with respect to the Fermi energy is the
key concept to differentiate between metals, semiconductors and insulators [23].
Schematics of Fermi level position in relation to the band gap in these different
material classes is presented in figure 2.1.

Metal Insulator Semiconductor

Figure 2.1: Schematics of band structure of different materials. Fermi level is located inside a band in
metals where for insulators and semiconductors the Fermi level is inside the band gap. For the
semiconductors however, the band gap is narrow enough to be overcome by applying an external heating,
doping or an electric field [20,23].

As it can be seen in this figure, for metals, the Fermi energy crosses the conduction
band, which makes it possible for the electrons to move back and forth freely, while
for the insulator and semiconductors the Fermi energy is located inside the band gap,
which means the electron needs to absorb some energy to overcome the gap and get
excited to the conduction band. For the case of semiconductors the gap size is small
enough to be overcome by exciting electrons with similar energy to the band gap,
where as for the insulators this is not the case. This explains why metals are such
good electrical conductors while insulators don’t conduct electrons [20,22].

2.1 [Electronic transitions and band structure

The electronic band structure shows the allowed electronic transitions inside a
material. Electronic transitions are the event when an electron from a filled state
below the Fermi level is excited to an empty state above the Fermi level [19]. Such an
excitation can occur either inside the same band (intra-band transition) or from one
band to another (interband transition). In these transitions the electron energy and/or
momentum can be changed. When the electron transfers to another energy level



without changing momentum, it’s a direct transition, while, when both energy and the
direction of the electron change, it’s an indirect transition. However, mostly a photon
in the visible range does not have enough momentum to change the momentum of the
electron and thus the direct transitions are mostly the dominant ones [24]. All these
transitions contribute to absorption of light, which manifests itself in the optical
response of the metals. A sketch of different types of electronic transitions is
presented in figure 2.2.
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Figure 2.2: Schematics of different types of electronic transition in metals. The first arrow shows an
intraband transition within the same band, where number 2 and 3 show indirect and direct interband
transitions, respectively. [24]

The band structure and the density of states (DOS) of nickel are displayed in figure
2.3 [24,25]. The outer electrons of this metal belong to the 3d and 4s bands, which are
in the vicinity of the Fermi level. As it can be seen in this figure, at some certain
energy (gray area), the metal has much higher DOS, which corresponds to the d-band
that is fairly close to the Fermi energy and plays a crucial role in the optical properties
of nickel.
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Figure 2.3: Density of states (DOS) and band structure of nickel. In the DOS figure, the gray region
corresponds to the d band, which is very close to the Fermi energy as it can be seen in this figure [24].




2.2 Drude-Lorentz model

The interactions of metals with electromagnetic radiation, i.e. their optical properties,
are wavelength dependent and can be conveniently described by the complex
dielectric function:

e(w) = &'(w) +ie"(w) 2.1

The dielectric function describes how an electric field affects and is affected by a
medium and as it can be seen in equation 2.1, consists of two parts. The first term is
the real part of the dielectric function, which is related to the stored energy within the
medium. The second term is the imaginary part of the dielectric function and relates
to absorption (loss) of energy within the medium. Under certain conditions, when the
frequency of the external alternating electric field matches the natural frequency of
metal surface electrons, one can induce a cooperative collective oscillation of the free
electrons in the system, a so-called plasmon resonance.

To describe the response of a single electron, Lorentz used a simple model where
electrons are considered as “damped” harmonically bound particles that are subject to
an external electric field [26]. A simple picture of this model is to assume the electron
as a small mass that is connected to its atom by a spring. Thus the material can be
approximated as an ensemble of harmonic oscillators. The motion of a bound electron
in an oscillating electric field can then be described as:

9%r

Me at2

+ yg—: + k.r = eEye 't (2.2)
where m,is the mass of the electron, y is the damping factor and k is a restoring
force. This leads to a dielectric function described by

Go(,l)(z)

e(w) = 1+w2

—w?—iTw

(2.3)

where w, = /mi, Go and T = Y- are the Lorentz central frequency, amplitude and
e

Me
damping factor, respectively [4,26,27]. However, for a free electron scenario where
k = 0, the dielectric function becomes:

2
Wp

e(w)=1- (2.4)

w2+iyw
where wpis the bulk plasma frequency, which is dependent on the electron density of
the material through

ne?

w, = (2.5)

p Mme€

where n is the electron density and €is the permittivity of vacuum. The Drude model
is efficient for approximating the dielectric function of metals without considering the
electrons from the bound states [28,29], i.e. to describe a free-electron metal.



If we now want to describe the optical properties of a real metal and take both the free
and bound electron contributions into account, we combine the concepts put forward
by Drude and Lorentz in the so-called Drude-Lorentz model of the metal dielectric
function, resulting in:

2 2
w5 Gow,

g(w) =E4 — (2.6)

wltiyo  wi-w?-iTw

where the first two terms correspond to the Drude (free electron) model and the third
term corresponds to the Lorentz (bound electron) model [4,16]. Here we consider a
special case where we have only one interband transition. However, for optical
properties of the metal is also influenced from the other interband transitions
happening in much higher energies. This is taken into account by introducing Ej.,
which compensates for the contribution of interband transitions at higher energies.
This model, together with the Modified Long Wavelength Approximation (MLWA,
see chapter 3), was used in my work to calculate the dielectric function and optical
properties (extinction, absorption and scattering) of nickel nanodisks. An example of
such calculations is shown in figure 2.4, where we first calculated the dielectric
function based on the free electron and bound electron model separately, and then
combined both models to derive the Drude-Lorentz dielectric function.

Photon Energy (eV)

Figure 2.4: Dielectric function of nickel calculated by Drude model (a), Lorentz model (b) and Drude-
Lorentz model (¢). Eqc =3.6 eV, w, =11.7eV,y=14¢V,G;=4.6, wg=4,9eVand I' = 3.5 eV.



3 Nanoplasmonics

So far I have only described the optical properties of bulk metals without focusing on
nanostructures, and how light (electromagnetic waves) interacts with the latter. Thus,
in this chapter, I will discuss what localized surface plasmon resonance (LSPR) is and
introduce the basic concepts used in the nanoplasmonics field to explain the optical
response of metal nanoparticles. Finally, I will give a brief explanation of the antenna
effect in optical absorption of nickel nanodisks.

3.1 Localized surface plasmon resonance

When a metallic nanoparticle is illuminated by light with a wavelength longer or
comparable to the size of the nanoparticle, a collective oscillation of the free electrons
in the metallic nanostructure is excited, which is called the localized surface plasmon
resonance. During this oscillation, the conduction electrons are spatially separated
from the metal positive ions at the particle boundaries, which gives rise to highly
localized charge separation [20] with the following consequences:

I. The electric near field at the particle surface is strongly enhanced with respect to
the incoming (light) field that excites the resonance. The largest enhancement is
found right at the surface of the particle and decays exponentially with distance

(5 where r is the distance) [27.30].

II. In the far field the maximal extinction of light by the plasmonic particle occurs
at the plasmon resonance frequency. This extinction maximum is manifested by
a “peak” in the extinction spectrum, which indicates the LSPR frequency. The
latter is generally located in the near-visible range and depends on the size, the
shape, and the dielectric function of the particle (i.e. what material they are
made of), as well as the dielectric function of the surrounding environment
[4,27,31].

In order to calculate optical properties of metallic nanostructures, a simple analytical
model, called dipole approximation, can be used for spheroidal nanoparticles. This
model makes two main simplifying assumptions. First that the electric field incident
on the particle is constant in time and space, and second that the size of the particle is
much smaller than the wavelength of the incident light. Based on these assumptions
the dipole moment (p) of a particle subjected to an electric field E is:

p = Enak, (3.1)
where €,, is the dielectric function of the medium the particles are immersed in and «

is the polarizability of the particle. For a spherical particle with radius a and dielectric
function €,, the polarizability can be calculated as:

_ 3 £17¢&m
a = 4ma &1 2em (3.2)



if the electric field is not constant i.e. varying with time, the cross section of
extinction, scattering and absorption can be calculated as:

_ 3 €17€m
Coxt = 4mka’Im {€1+2€m} (3.3)
_ 8T, 4 6| E17Em
Coea = ka8 |52 (3.4)
Cabs = Cext - Csca (35)

From these equations it can be seen that a resonance will occur when the extinction or
scattering cross section is maximized, i.e. under the resonance condition:

& = —2¢&y (3.6)

Assuming that the spherical particle is metallic, one can describe the dielectric
function, in a first approximation, by the Drude model introduced above:

2
Wp

g, = (3.7)

T witiyw
where wpis the bulk plasma frequency and y is the damping factor. Combining this

equation with the previous one, we obtain the LSPR frequency (w) or wavelength (A1)
[29] of a Drude nanoparticle as:

_ Wp
wmax - \/m (3‘8)
Amax = Ap 26, +1 (3.9)

An example of such a calculation is presented in figure 3.1(a, ¢) where the dielectric
function of gold and nickel are calculated based on the Drude model with Drude
parameters of omega=8.55 eV and gamma=0.0184 eV for gold and omega = 11.7 eV
and gamma = 1.4 eV for nickel (dashed lines). For comparison, the experimentally
determined dielectric functions for both metals taken from Palik and Johnsson
Christy, respectively, are also plotted (solid lines) [12,13]. As it can be seen in this
figure, the Drude model cannot count for the interband transition at higher energies.
This is why one needs to take the bound electron contribution into account as well
when studying the optical properties of metals. The latter is done by adding Lorentz
terms to describe the interband transitions. The calculated plasmon response of a
gold/nickel sphere with diameter 60 nm is also shown in figure 3.1(b, d) based on
both experimental data for the dielectric function and calculations using Drude model.
As it can be seen in the plasmonic response of these two metals, nickel shows broader
response that spans across a wide range of the electromagnetic spectrum compared to
the one from gold. This can be explained by ohmic losses and non-radiative damping
where the decay of the LSPR excites electron-hole pairs, which via phonon coupling,
results in heating of the particle [7,20].
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Figure 3.1: a, ¢) Dielectric function of nickel and gold, respectively based on experimental data taken from
Palik [13] (solid line) and calculation by Drude model (dashed line) and in b, d) the plasmonic response of a
nickel and gold sphere respectively, with diameter 60 nm is calculated based on experimental data from
Palik (solid line) and Drude model (dashed line).

3.2 Modified long wavelength approximation

When the size of a metallic nanoparticle is increased (i.e. it becomes comparable to
the wavelength of the incoming light), the electric field along the particle is not
constant any longer, which means that the electrons in the particle no longer are
homogeneously polarized. Experimentally this is manifested in a spectral red-shift
and broadening of the resonance. To account for this so-called dynamic
depolarization, the Modified Long Wavelength Approximation (MLWA) [32,33] of
the dipole model introduced above can be efficiently used for ellipsoidal particles. In
the MLWA the particle dipole moment is modified to:

p=a(E+E,q.q) (3.10)

where E,,4accounts for depolarization of the field and is given by:

. k2
Eraq = 2ikp +=p (3.11)



The first term accounts for radiative damping through increased scattering whereas
the second term accounts for the dynamic depolarization effect. The dipole
polarizability of a spheroidal particle becomes:

& — &
3g, +3L;(e; — &)

a; = 4mabc (3.12)

where L;is a shape factor to account for the modification of the dipole along each axis
due to the shape of the particle. It is given by:

(3.13)

_ abcfOo dq
C 2 ) (sP+ (g +ad)(q +bD)(q + D)

0

which for sphere (a = b = ¢) L;=1/3, result in the polarizability given in equation 3.2.
The modified MLWA polarizability that accounts for the non-uniform electrical field
due to finite size effect is then calculated by [34]:

Qi
Amiwa = 2 (3.14)

1 —%ik%{i +%ai

Here, 1 have used the MLWA to calculate the plasmonic response of my nickel
nanodisk arrays of diameter 60 nm and thickness of 20 nm by approximating the disks
as oblate spheroids (a = b # c) embedded in effective medium with a refractive
index averaging over the one of glass (1.5) and air (1) shown in dashed lines in figure
3.2. For comparison, the measured spectrum for the same nickel nanodisk array is
also plotted (solid line). As it can be seen in this figure there is a good agreement
between experimental measurements and MLWA calculations with minor difference
in absolute values of extinction efficiency.

T T
= = =MLWA
= Experiment

25r

3

extinction efficiency

0.5r 4

1 2 3 4 5 6
Energy(eV)
Figure 3.2: Experimentally measured and MLWA calculated optical extinction of nickel nanodisks with
diameter of 60 nm and thickness of 20 nm.
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As mentioned earlier in equation 3.9, the LSPR resonance frequency (wavelength) is
dependent on the dielectric function of the surrounding medium ¢,,. Thus one can
think of utilizing this resonance as a sensing tool to sense the changes in or around the
nanoparticles through tracking the LSPR position before and after the change. This
opens the door to many sensing applications in the nanoplasmonics field [35-37]. The
sensitivity of LSPR to the refractive index (RI) of the surrounding medium was used
in this thesis to shift the plasmon resonance to lower energies compared to a
spectrally localized interband transition in nickel. This was done by evaporating a thin
(20 nm) film of SiO,on top of the original sample, i.e. nickel nanodisks of diameter
60 nm and thickness 20 nm. This results in embedded structures in higher RI (1.5)
compared to the original sample surrounded by air RI (1.25) and thus a red-shift of
the plasmon resonance to lower energies, as can be seen in figure 3.3.

= n=125

= n=1.5

0 | L L I
2 3 4 5 6

Photon Energy (eV)

Figure 3.3: Optical response of nickel disk with diameter 60 nm and thickness 20 nm before (blue) and after
silica deposition.

3.3 Antenna effect in the optical absorption

As mentioned earlier, the electric dipole approximation of the plasmonic
nanoparticles can be used to calculate the scattering, absorption and extinction cross-
sections of metallic particles. The rate of the absorbed energy can be calculated by

P = o4l (3.15)
where P is the rate of absorbed energy in the particle per unit time (W=J/s), o, is the

absorption cross-section (m?) and I, is the intensity of the incident light (W/m?). The
rate of energy absorbed in the particle can also be calculated as [38]

P= %fffe”(a))EL(r,w).EZ(r, w)03r (3.16)

where €' (w) is the imaginary part of the dielectric function of the particle and
E; (r, w) is the local electric field and depends on both wavelength and the position (r)
and the integration runs over the volume of the particle [38-41]. We also have

11



Iy = %CO|E0|2 (3.17.a)
I(r) = %CO|EL(T)|2 (3.17.b)

|EL(r)?=E (1) - EL(r) (3.17.0)

where c,is the speed of light and I; is the intensity of the local electric field inside the
particle. Now combining equations 3.15 and 3.16 gives us:

P= %g”(m) [If I, (r)d3r (3.18)

Now if we define the field enhancement factor (M) as the ratio between the amplitude
of the local electric field in the particle over the amplitude of the incident electric
field. This is the same as the ratio between the intensities, respectively.

M(r) = 'ElLE—(Orl)' (3.19)
M?(r) = % (3.20)

Thus we will have the absorbed energy rate as

pP= %e”((u)lo [[f M2(r)d3r (3.21.a)
pP= :)—Oe"(w)lomv (3.21.b)

where Mis the average field enhancement factor and can be calculated by

Mz = oA (3.22)

"
we 'V

To study how the absorption is enhanced inside the nickel nanoparticles we use this
near-field concept in a reverse approach. Here, we used the absorption cross-section
o, that was calculated by DL model using MLWA approximation and divided this
over the volume of the nanodisks and the imaginary part of nickel dielectric function
to derive the average field enhancement factor. An example of such calculation is
presented in figure 3.4 for nickel nanodisks of various diameters (190 nm -10 nm) and
thickness of 20 nm. The first graph shows the absorption cross-section calculated by
the DL model using MLWA. The second graph shows when the absorption cross-
section is divided by the geometrical area of the nickel nanodisks yielding absorption
efficiency. Finally the last graph shows the result of dividing absorption cross-section
by the volume of nickel nanodisks and imaginary part of the dielectric function of
nickel yielding the antenna factor (M) as shown, i.e. how well the absorption is
enhanced due to LSPR in the nickel nanodisks. Phenomenologically, this
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enhancement can be understood as the LSPR “forcing” the light to stay longer in the
material and thus giving it more time to be absorbed.
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Figure 3.4: Antenna effect in optical absorption of nickel nanodisks of various diameters (190-10 nm) and
thickness of 20 nm. a) absorption cross-section, b) absorption cross-section divided by geometrical area of
the nanodisk (absorption efficiency) and c) the antenna factor, the absorption cross-section divided by the
nanodisk volume and imaginary part of dielectric function of nickel.

As it can be seen in figure 3.4 the antenna factor is enhanced when the diameter of the
nickel nanodisk was decreased from 190 nm to 10 nm. The same results can be
obtained by changing the refractive index of the surrounding medium as mentioned
earlier to tune LSPR spectrally.

3.4 Two coupled harmonic oscillators

So far, it has been described how the optical properties of metallic nanoparticles
depend on the interaction of their bound and free electron with the incident light. The
Drude-Lorentz model was introduced to calculate the dielectric function of metallic
nanostructures combining the free (Drude) and bound (Lorentz) -electron
contributions. However, the interaction between these two in the particle has not been
explained yet. In this section I try to describe this interaction by introducing the two
coupled harmonic oscillator concept, deriving the motion of electrons and
eigenfrequencies in such a coupled system.

Although the dominant factor in the optical response of metallic nanoparticles in the

visible spectral range in due to the free electron contribution, the interband transitions
also affect the interaction between these particles and incoming light noticeably. The
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interaction between the plasmonic response of nickel nanodisks and an interband
transition (IBT) can be described by a classical two coupled harmonic oscillator
model, as described by Novotny [42] where IBT (bound electron contribution) is
associated with oscillator A with spring constant of k4, and the plasmonic response
(free electron contribution) is associated with oscillator B with spring constant kp as
shown in figure 3.5. This is reasonable due to oscillator nature of the dielectric
function, i.e. that it can be well described by a Drude term for plasmon response and
Lorentz term(s) for IBT. This system will then have two eigenfrequencies. When
there is no coupling between these two oscillators (k=0), we have the

eigenfrequencies of wy = /Ky/my and wp = \/Kz/mg. However when these two
oscillators are coupled (k#0) the motion of the electron can be described by

myx, + Kyxg + k(x4 —x5) =0 (3.23.a)
mpxp + Kgxg + k(xy —x5) =0 (3.23.b)

the solution to this homogenous system of equations results in new eigenfrequencies

wi = %[wﬁ + wk + (02 + wd)? + 4F2wAa)B] (3.24)
where
s = T, (3.25)
on = T TR g (3.26)

Je/ma Je/ma (3.27)

wy/wp

m4 and mp are the mass of the two oscillators, k4 and k are their spring constants and
K is the coupling between the two.

System A System B

my Mg
...A...u.....:,';\‘_:f'.\r_: CTIRTeTr—
kA K kB
— —
X,(t) Xg(t)

Figure 3.5: Schematic of two coupled harmonic oscillators with spring constants K; and mass m; and
coupling factor of x, where system A represents the Lorentz term for an interband transition, and system B
represents the Drude term for the plasmon response of a metallic nanostructure [42].

In our case, we associate oscillator B to the plasmon response of nickel nanodisks and
oscillator A to the IBT of these structures. Since the interband transition is given by
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the band structure of nickel only, k4 = ko is set constant while one can easily change
kg through varying the size of nickel disks or the refractive index of the surrounding
medium since this spring constant associated with plasmonic response of nickel
nanodisk. In this way, one can study this interaction on an uncoupled system where
the plasmon and IBT response are spectrally well separated. This is the case for larger
nanodisks or higher refractive index of the surrounding medium. However, when the
size of the nanodisks or the refractive index is decreased, these two systems start to
interact in the form of a two coupled harmonic oscillators resulting in new frequencies
that are different from the original frequencies before coupling. Through engineering
the nickel nanodisk system, we can control this coupling and approach a strongly
coupled regime with a characteristic fingerprint of an “anticrossing” region, which is
a distinct frequency split where the two frequencies don’t intersect anymore (as was
the case for the uncoupled system). This interaction is studied in detail for nickel
nanodisks of various sizes and refractive index in the appended paper.
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4 Nanofabrication

The nanofabrication technique used for fabrication of the samples in this project is
hole-mask colloidal lithography (HCL). HCL is a very efficient technique that can be
used to produce large amorphous arrays of nanoparticles without long-range order by
means of self- assembly during the mask fabrication step. In this chapter, I will first
describe the different steps of HCL fabrication in detail, and then explain how the
specific samples used for this project were fabricated.

4.1 Hole-mask colloidal lithography (HCL)

As mentioned earlier HCL can be used for fabrication of large area (cm”2) arrays of
nanoparticles of various shapes, sizes and materials with the specific characteristic of
a lack of long-range order [43]. The main feature that makes this method different
from conventional colloidal lithography [36] fabrication methods is a sacrificial
polymer layer (to facilitate lift-off) covered with a thin metal film perforated by
nanoholes that can be used later as an evaporation mask. The sacrificial layer will be
dissolved in an organic solvent during the lift off process, thereby removing all extra
layers and leaving the desired pattern on the surface. Here I describe step-by-step how
HCL samples are made. Figure 5.1 also presents schematic sketches of each step.

1. The first step is to cover the flat surface of the substrate (glass, fused silica, Si
wafer) with a thin homogeneous sacrificial PMMA layer by spin coating. The
thickness of PMMA depends on the viscosity of the polymer solution used as
well as the rotation speed during the spin coating process (the faster the
thinner).

2. After covering the substrate with PMMA, it is soft-baked either in an oven or
on a hot plate at 180°C for 10 minutes in order to remove remaining solvent
from the polymer layer. This is followed by a mild and short (3s) oxygen
plasma etch to increase the hydrophilicity of the PMMA surface, which is
crucial for the next steps.

3. To achieve the appropriate surface charge of the PMMA for the subsequent
step, a  monolayer  of  positively  charged  polyelectrolyte,
Polydiallyldimethylammonium (PDDA), is deposited onto the sample through
pipetting the solution on the surface and letting it incubate for a certain
amount of time. After incubation, the sample is rinsed with de-ionized water,
followed by blow-drying in a nitrogen stream. Now the substrate is positively
charged (in water) and can be used as a basis for self-assembly of negatively
charged Polystyrene nanoparticles in the next step.

4. In this step we pipet an aqueous suspension of negatively charged polystyrene
colloidal particles onto the positively charged substrate for self-assembly. Due
to the electrostatic repulsion between the particles themselves and the
attraction between negatively charged particles and the positively charged
surface, a sparse monolayer of particles will be formed on the surface,
following a typical random-sequential-adsorption process. The substrate is
rinsed again with de-ionized water and dried off in a stream of nitrogen to
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remove excess colloids on the surface and prevent any rearrangements of the
particles due to capillary force during drying process.

Now we have a surface with PS particles. A thin metal film is then evaporated
onto the PS particle-decorated surface. This metal film will, in a later step, be
used as evaporation mask and should be able to withstand oxygen plasma
etching later in the process. Therefore the mask layer is typically made from
Au or Cr.

In this step, after the metal film evaporation, the PS particles are removed by a
simple tape-stripping procedure. For successful stripping it is important to
assure a good contact between surface and tape and to avoid air bubbles. After
removing the tape (on which the PS particles now are stuck) the metal mask
layer is remaining on the sample surface but now perforated by nanoholes
with a diameter corresponding to the one of the PS nanoparticle. This “hole-
mask”, resting on the sacrificial PMMA layer, can now be used as a mask for
the main evaporation step.

Reactive oxygen plasma etching is now used to etch the PMMA layer where it
is exposed in the nanoholes in the mask layer. In this way, the mask is
“developed” in such a way that the substrate material becomes exposed in the
nanoholes. The duration of etching as well as the gas used will determine the
shape and size of the holes used as a mask for the main evaporation. For
example, oxygen plasma is used to etch through the PMMA layer only where
CF4 can be used to etch through both sacrificial layer as well as the substrate
for fabrication of embedded structures. With this technique we can produce
various types of structures such as nanodisks, nano-ellipses, nano-cones and
dimers.

In the second-last-fabrication step the material, from which the targeted
nanostructures should consist of, is evaporated into the nanoholes that are now
used as evaporation mask. This can be a single material evaporation, or
successive evaporations to produce different layers of materials such as
nanosandwiches, dimers, etc.

The last step is to remove the excess evaporated material as well as the
PMMA and the mask layer by sonication of the sample in acetone. In this lift-
off step, the PMMA is dissolved in the acetone and will thus carry along all
the material layers resting on top of it. This will finally leave the sample
surface covered with the desired nanostructures only. The surface is rinsed
with de-ionized water and blow dried with nitrogen at the end.
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Figure 4.1: HCL fabrication method step-by-step: glass surface, covered by PMMA then covered by a
positively charged polyelectrolyte nanolayer and negatively charged PS beads consequently. Au mask is
evaporated on the sample surface and tape stripped afterwards, leaving the hole-mask pattern, which is
then developed in oxygen plasma. After nickel evaporation, the sample goes through acetone sonication, (lift
off), which leaves the nickel nanodisks on the surface of the sample.

4.2 Fabrication of specific nanostructures for this thesis

As mentioned earlier, for the purpose of this project, nickel nanodisks of different
sizes were used and, here I will explain how these samples were fabricated.
Moreover, I will also briefly mention some other examples of nanostructures
fabricated for associated work, which is not part of this thesis. All these samples were
fabricated using the HCL method, but some of the parameters were altered to achieve
desired shapes and thicknesses.

4.2.1 Nickel nanodisks

In my work, the main goal of using nanofabrication is to tune the LSPR frequency in
nickel nanoparticles towards the intrinsic nickel interband transition region around 4.7
eV. This is possible by specifically adjusting the nickel disk diameter/thickness (i.e.
the aspect ratio between diameter and thickness by either increasing diameter of the

18



PS beads while the thickness of the nickel evaporated is kept constant as well as the
refractive index of the environment these nanodisks are embedded in. For tailoring the
diameter of the nickel disks I simply used different sizes of PS particles, which
resulted in different sizes of nanoholes after tape stripping, and eventually in different
sizes of nickel disks on the sample surface. The PS nanoparticles used for the mask
fabrication for this particular case had diameters of 40, 52, 60, 76, 110, 140, 170 and
190 nm.

For the purpose of changing the RI of the medium surrounding the nickel nanodisks
to shift the resonance at constant disk geometry and volume, a 20 nm layer of SiO,
was evaporated on to the sample to embed the nickel nanodisks. The latter increases
the effective RI of the surrounding medium to a higher value of 1.5 compared to it’s
initial value RI (1.25) and results in red shift of LSPR related peak in the optical
response of this sample towards the interband transition region. A schematic
illustration of the used different nickel nanodisk designs as well as a SEM image of
one of these samples is presented in figure 5.2.
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Figure 4.2: Schematic illustration of nickel nanodisk design by changing the diameter (a), thickness (b) and
RI of the surrounding medium (c). SEM image of nickel nanodisks with diameter of 140 nm and thickness
of 20 nm.

4.2.2 Nickel nano-ellipses

Similar to nickel nanodisks one can produce elongated structures such as ellipses just
by tilting the sample holder during the hole-mask evaporation step in HCL. The latter
results in elliptical holes in the hole-mask, rather than circular ones, due to the
shadowing effect of the PS nanoparticles. The size of the ellipses will depend on the
diameter of the PS particles used, as well as the tilt angle during mask evaporation
(larger tilt = more elongated particles). The short axis of the ellipse will correspond to
the diameter of the used PS particle, while the long axis length is dictated by the tilt
angle. For the specific sample fabricated for a paper not included in this thesis, I
fabricated nano-ellipses with short axis of 190 nm and long axis of 300 nm. Figure 5.3
presents the schematic drawing of the made elliptical structure as well as an SEM
image of this specific sample.
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Figure 4.3: Schematic depiction of a nickel nano-ellipse with a showing the long axis and b representing the
short axis. SEM image of nickel nano-ellipses with short axis of 190 nm and long axis of 300 nm.
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5 Characterization

In the nanoplasmonics research field, to measure the optical properties of materials
and plasmonic nanostructures, we usually investigate the interaction between these
structures and incoming light. The latter is the fundamental basis of conventional
spectrophotometry. However, in order to investigate the structural appearance, i.e.
take an image of how the plasmonic nanostructure looks like in reality, conventional
optical microscopes cannot be used due to (too) small sizes of the structures (below
diffraction limit). This is why, instead, electron microscopy plays an important role in
imaging plasmonic particles. In this chapter, I will first discuss the fundamentals of
spectrophotometry and give a brief introduction of the spectrophotometer used for far-
field characterization of the plasmonic nanostructures of interest. In the second part,
scanning electron microscopy is introduced.

5.1 Spectrophotometry

Spectrophotometry is a tool to monitor the interaction between light and a plasmonic
sample in order to investigate the optical properties of that specific sample. The
spectrophotometer used for the purpose of characterization in this thesis is a Varian
Cary 5000 (5.1) which is comprised of a light source, a monochromator, a sample
holder and two light detectors (one for the UV-Vis and a second one for the NIR
spectral range), as schematically depicted in Figure 5.2.a.

Figure 5.1: Varian Cary 5000 spectrophotometer together with the computer and software set for
calculation of transmission, absorption and extinction.

The light irradiated from the light source passes through a diffraction grating, which,
by being rotated in a step-wise fashion, produces monochromatic illumination, which
can sweep the entire UV-Vis-NIR spectral range. Hence, in this spectrophotometer,
one can measure the light-sample interaction each wavelength at a time. After the
monochromator, the light hits the sample, where it is absorbed, scattered or
transmitted in forward direction.
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Figure 5.2: Schematic of transmission based (a) and absorption-based spectrophotometry using Cary
Varian 5000. In transmission based spectroscopy the transmitted light through the sample is collected by
the detectors and used for deriving the extinction spectrum. In absorption based spectroscopy the light
reflected (blue arrow), transmitted (red arrow) and scattered (green arrows) by the sample that is located in
the middle of the integrating sphere is collected by the detector, yielding an absorption spectrum [20].

The transmitted light is then collected by the detector and analyzed as a function of
wavelength. The so-called transmittance of light through the sample as a function of
wavelength can then be calculated by taking the ratio between the intensity of light
impinging on the sample (Ip) vs. the intensity of the light detected at the detector after
interaction with the sample (I), as shown in equation 5.1.

I
T—E (5.1)

The transmittance is related to optical extinction through

E=1-T (5.2)

Furthermore, since we know that light upon interaction with a material is either
transmitted, scattered or absorbed, the sum of these should be equal to one. So we
have

A+T+S5=1 (5.3)

E=A+S (5.4)

To measure the fraction of light absorbed by the sample (instead of transmitted as
described above), an integrating sphere accessory to the Cary 5000 spectrophotometer
can be used. In brief, the key asset of the integrating sphere is the high reflectivity of
the surface of a sphere-shaped detector (up to 99%), which efficiently collects all
transmitted and scattered light from a sample positioned in the sphere center (Figure
5.2.b). From an integrating sphere measurement absorption is calculated by

A=1-1L (5.5)
Ip
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where I is the intensity of the incoming light and [, is the intensity of the light
detected at the integrating sphere detector. On the other hand, from Beer-Lambert
law we have

T=ed= ol (5.6)

where a is the absorption coefficient and 1 is the path that light passes through in the
material, o is the absorption cross-section and N is the density (number per unit
volume) of absorbing particles. From equations 5.1-5.6, we can obtain experimental
absorption, extinction and scattering cross-sections.

Figure 5.3.a shows an example of experimentally measured extinction, scattering and
absorption spectra for nickel nanodisks with diameter 60 nm and thickness of 30 nm.
Figure 5.3.b contains the corresponding analytically calculated (by MLWA — see
chapter 2 for more details) spectra for an oblate nickel spheroid with long axis 60 nm
and short axis 30 nm. The qualitative agreement is very good.
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Figure 5.3: Extinction, absorption and scattering for nickel oblate spheroids (nanodisks) of diameter 60 nm
and thickness of 30 nm. a) Calculations based on DL model and MLWA and b) experimentally measured
spectrum by integrating sphere.
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5.2 Scanning electron microscopy (SEM)

In order to see how samples actually look like in reality we need to image the
nanostructures in some way. As conventional optical microscopes are limited to the
light diffraction limit, we need to use a microscope that can go beyond this limit to be
able to image nano-sized structures. Electron microscopy opens the door to imaging
these particles and thus is one of the most well known techniques used for
characterization and imaging of nanostructures in the plasmonic field.
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Figure 5.4: Schematic drawing of the scanning electron microscope optics with all its components to the left.
Picture of a typical scanning electron microscope to the right.

In electron microscopy, as suggested from its name, electrons (instead of light)
interact with the sample, and are thus used for “imaging”. A focused electron beam is
scanned over the sample and the electrons collected from this interaction are used to
create the image of the sample [44]. A depiction of SEM electron optics as well as a
picture of how this instrument looks is presented in figure 5.4.

In scanning electron microscopy, the electron beam scans the surface of the sample in
a raster pattern and the electrons emitted back from the sample surface are analyzed
for each “pixel”. Two types of electrons are produced and analyzed: (i) So-called
backscattered electrons, which are the result of elastic scattering of the probe electron
beam from the sample. (ii) Secondary electrons, which are the result of inelastic
scattering of the primary electron beam. Based on which type of electrons that are
analyzed one can obtain different kinds of information about the sample.
Backscattered electrons have the same energy as the primary electron beam due to
elastic scattering. The number of backscattered electrons depends on the atomic
number of the structure, i.e. heavier elements (higher atomic number) backscatter the
electron beam more effectively than lighter elements (lower atomic number), which is
why these electrons are used to detect contrast in materials with different chemical
compositions and also the reason that heavier elements such as gold or nickel look
brighter in SEM images compared to lighter elements like Si0,. However, secondary
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electrons are the result of inelastic scattering of the incoming electron beam, which
means the incoming beam loses energy inside the material when colliding with
sample atoms and this energy can be transferred to the electrons of the sample itself.
Since this energy is much lower compared to the primary electron beam energy, it is
only high enough for the electrons from the surface to escape from material and hit
the detector but the electrons from deeper layers inside the sample cannot make it to
the surface and are scattered along the way. The combination of the data gathered
from the secondary and backscattered electron detectors provides us therefore with a
detailed image of structure topography as well as chemical composition of the
materials used in fabrication of the sample [44,45].

Although SEM is a valuable tool for imaging nanostructures, it has its own
drawbacks. When it comes to imaging structures that are fabricated on non-
conducting substrates such as silicon or fused silica, which I typically used in my
work, the electron beam tends to build up negative charge on the specimen. This
results in an electrical potential that deflects the electron beam from the scanned point
and makes it almost impossible to achieve a high-resolution image of the structures
with a conventional SEM. Fortunately, there is another type of SEM that makes it
possible to image non-conducting substrates and even live/natural/bio samples that
need to be kept humid during the imaging process. Specifically, this is done by using
a so-called environmental scanning electron microscope (ESEM). Such instruments
can operate (due to differentially pumped electron optics) in a water vapor
background during imaging, which neutralizes the charges from the imaging electron
beam and, hence, makes imaging of non-conducting substrates possible [46]. The
images of nickel disks in this project were taken by ESEM.
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6 Summary and outlook

In the appended paper, in order to explore the interaction between the plasmon
resonance and the interband transition in the optical response of nickel nanostructures,
I used two different approaches. The first approach was based on tuning the LSPR
energy in nickel nanodisks via engineering the geometry of the particles. This was
achieved by using different sizes of polystrene beads in the hole-mask colloidal
lithography-based fabrication of the disks. The thickness was kept constant. In the
second approach I used the sensitivity of LSPR to the refractive index of the
surrounding medium to tune the LSPR peak in the optical response of nickel
nanodisks with identical geometry. This was done by evaporating a thin layer of silica
on top of the nickel nanodisks.

We made the following key observations: There are two distinct peaks in the far-field
optical response of nickel nanodisks — one at low and one at high photon energies.
Decreasing the size of the nickel nanodisks results in decreasing extinction efficiency
of the low energy peak in the optical response, whereas the high energy peak
extinction increases. Both peaks also shift to higher energies as the disk size is
decreased. These experimental results are well reproduced using a Drude-Lorentz
model along with modified long wavelength approximation (MWLA) to calculate the
dielectric function of nickel and extinction/absorption/scattering efficiencies of nickel
nanodisks, respectively. Of particular interest was the role of the interband transition
at 4.7 eV in bulk nickel, which is defined by the band structure. This means that it is
not expected to change by varying the geometry of nickel nanodisks in the size range
considered (i.e. no quantum effects expected). However, as mentioned above, we
observed two peaks, which both spectrally shifted upon engineering of the nickel disk
size or it’s dielectric environment. As we show in the appended paper this observation
can be explained in a simple coupled harmonic oscillator model, which indicates that
the LSPR and IBT in nickel nanodisks are a coupled system if their energies overlap.
The coupled system has two new eigenfrequencies and exhibits a characteristic
fingerprint of an energy anticrossing region. In this coupled regime with the distinct
frequency split the LSPR and IBT “switch places”, i.e. the IBT stays put around the
constant value of 4.7 eV while LSPR shifts to higher energies - beyond the forbidden
anticrossing range - with decreasing nanodisk diameter.

My study mainly focused on nickel as a model for other transition metals with
interband transitions in the UV-VIS range. However, since the nickel interband
transition is localized in the Deep-UV range, it was quite difficult to study the optical
properties of nickel nanodisks above 6 eV. Therefore, metals such as Al, Co and Fe
with lower IBT energies are definitely worth to investigate, specifically in the coupled
regime.

I also investigated the amount of enhancement in the optical absorption of nickel
nanoantennas imposed by the presence of the LSPR. Based on an approach developed
in my project, the antenna enhancement factor on optical absorption could be derived
by dividing the absorption efficiency of nickel nanodisks by the imaginary part of the
dielectric function of nickel and the particle volume. We found the enhancement
effect to be largest for small nickel disks. This enhancement phenomenon might be of
interest for hot electron pair formation or heating in catalysis and photovoltaics [47].
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