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Chapter 1

Summary

Glancing angle deposition is a ballistic deposition technique in which the shadow-
ing effect is used to grow angled nanocolumns. In this thesis work, these columns
will be grown and their linear and nonlinear optical response will be investigated.

The nanostructured films were deposited via thermal resistive evaporation. As
substrate, silicon wafer pieces were used. The substrates were covered with 5
nm of chromium to increase the adhesion of the columnar structures. The rods
themselves were grown with gold.

To investigate the linear optical properties of the gold nanorod structures, the
dependence of the reflectance of p-polarized light at an incidence angle of 8° on
the wavelength of light was measured along with the orientation of the angled
columns in relation to the plane of incidence of the incoming light. To gain new
insight into the nonlinear optical behaviour of the structure, the second harmonic
generation was measured, again as a function of the orientation of the nanorods.
Rotational scans at set wavelengths were performed for different combinations of
polarizations of the incoming and outgoing light. To make predictions about the
optical behaviour of the angled nanocolumns for both the linear and the nonlinear
case, two different preexisting models from literature were used and the results
were compared to the experimental data.

The reflectance measurements revealed the presence of different types of sur-
face plasmon resonances on the sample, depending on the orientation of the nanowires.
For all cases, a gold bulk plasmon resonance and a localized surface plasmon reso-
nance could be observed. For the rods being rotated out of the plane of incidence,
an additional surface plasmon resonance was found. The model used to compare
to the experimental results had difficulties predicting the optical behaviour beyond
some characteristic points, as it fails to take several important properties of the in-
vestigated samples, such as the multi-layered substrate or the inhomogeneity of
the columns, into account.

Measuring second harmonic generation confirmed the existence of localized
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iv Chapter 1. Summary

surface plasmon resonances found in the reflectance measurements. They were
found to be the strongest in the transversal mode. These experiments revealed the
presence of cross-polarization as well. The model adopted from literature was de-
veloped using a symmetry similar in nature to the symmetry of the nanocolumn
layer developed in this thesis work. While reliable qualitative predictions about
the locations of the maxima and minima in second harmonic generations could be
made as long as no cross-polarization was present, the difference in the symme-
try of the two structures proved to be too strong for the model to make reliable
predictions when cross-polarization had to be taken into account.

Both the linear and the non-linear optical responses of the nanocolumn films
grown in this thesis show strong dependence on the polarization and the angle of
the incoming light, as well as on the orientation of the wires relative to the plane
of incidence of the incoming light. Glancing angle deposition is thus a powerful
technique for engineering of optical properties of thin films.
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Chapter 2

Introduction

Glancing angled deposition (GLAD) is an important tool for the fabrication of
nanostructured films that has been of interest for over 100 years. It is a ballistic
deposition method that uses shadowing mechanisms for the formation of columnar
structures. The growth of these structures is a one-step process, which is easy to
implement, fast and cost-effective [2, 1]. This makes GLAD a far superior method
for the growth of nanocolumns compared to other commonly used techniques,
such as e-beam lithography. Nanostructured films deposited using GLAD have
applications in a variety of different fields, such as energy harvesting and storage
where they can for example be used in photovoltaic cells, or sensor devices, such
as pressure or humidity sensors.

They can also be used in optical sensors, as their optical response is highly sen-
sitive to their surroundings. This is due to the localized surface plasmons present
in the wires. Optical sensors using surface plasmon resonance are able to mea-
sure small changes in the the refractive index of the surrounding medium fast and
precisely. Nanowires can help enhance this effect, as the localized surface plas-
mon resonance enhances the electric field around the nanocolumns, resulting in a
higher sensitivity.

The angled orientation of the nanowires ensures that the medium exhibits
anisotropic behaviour - meaning the optical response depends on the direction
and polarization of the incoming light. Both the angle to the nanocolumns relative
to the substrate and the angle of the incoming light to the substrate influence the
optical response of the material.

This can be seen in the second harmonic generation these nanotructured films
exhibit, which will be investigated experimentally in this thesis. Second harmonic
generation is a nonlinear optical process where incident monochromatic light at
a frequency ω generates light at twice the frequency 2ω. The second harmonic
generation in anisotropic media has previously been investigated in literature and
yields an angle-dependent intensity [3, 8].
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2 Chapter 2. Introduction

Just like the experimental results for the nonlinear optical investigations, the
linear optical experiments will be compared to previously used models from liter-
ature as well. Here, an effective medium approach can be used, as the columns are
structured as an optical metamaterial. In optical metamaterials, the sizes of their
individual structures and the distances between them have to be much smaller
than the investigated wavelength. Then their electromagnetic response can be ex-
pressed in terms of parameters of the whole material. This approach will be used
to model the optical response of the nanorod layer [4, 2, 18, 1].

The aim of this thesis is to grow angled nanorods using glancing angle deposi-
tion and to investigate their linear and nonlinear optical properties. More specifi-
cally, the structures examined in this work are angled gold nanorods deposited on
silicon substrates with a 5 nm layer of chromium to increase adhesion [1]. To gain
a deeper insight into their optical behaviour, their reflectance and second harmonic
generation are both measured and modeled using previously developed methods
from literature.



Chapter 3

Glancing Angle Deposition

3.1 Principles of glancing angle deposition

Glancing angle deposition (GLAD) is a thin film fabrication method, during which
the incoming vapor flux of particles arrives at the substrate surface at an oblique
angle. The material is typically deposited through physical vapor deposition using
evaporation. More specifically, in this work resistive evaporation under vacuum
was used. In the beginning of the deposition, initial nuclei will either form on the
substrate surface at random or will already be present. The latter could be the case
either due to random inhomogeneities on the substrate or a previously fabricated
pattern. The continuously incoming stream of particles will then be prevented
from reaching the regions behind these nuclei, resulting in a so called shadowing
effect. As the deposition continues, this effect will be amplified, resulting in the
growth of tilted columns [2]. The effect is illustrated in figure 3.1. The deposition
angle α relative to the surface normal is indicated in figure 3.1. It dictates the length
of the shadowed region via h · tan(α). If α increases, so does the shadowed area
on the substrate. For angles above 85°, the shadow length becomes larger than the
diffusion length, such that it dominates the deposition. This results in a columnar
growth and a reduced film density. The column tilt angle β, indicated in figure
3.1b as well, points in the direction of the incoming vapor flux, but will always be
less than α. Predictions about it can be made using Tait rule:

β = α − arcsin(
1 − cos(α)

2
) (3.1)

Even though Tait rule delivers values in high agreement with what was observed
in experiments, it is only a geometric analysis of intercolumnar shadowing effects.
Therefore, it does not take growth kinetics into account. Several other factors,
such as deposition rate and substrate temperature, have an influence on the final
column tilt angle. Several different more advanced models exist, which have fitting
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4 Chapter 3. Glancing Angle Deposition

(a) Start of the deposition process. Initial
nuclei are present on the substrate surface.
The vapor flux arrives at an angle α relative
to the surface normal.

(b) After a while, nanocolumns have grown
on the surface. β is their columnar tilt an-
gle relative to the surface normal.

Figure 3.1: GLAD process at the beginning and during the deposition.Inspired by [16], p.
624, Figure 13.2.

parameters and can be tailored specifically to experimental data of the deposited
material, but Tait rule can function as a reliable first estimate [16, 6].

The requirement for these tilted columns to grow is that the incoming atoms
are incorporated into the structure where they hit the substrate, which is referred
to as ballistic deposition. This is only the case if the diffusion of adatoms on the
substrate surface is low. The surface diffusion of the adatoms depends mainly on
two parameters, the surface temperature and the deposition rate. Higher depo-
sition rates give less time to diffusion processes on the surface and the incoming
flux of particles buries particles on the surface before they can diffuse. Therefore,
the deposition rate has to be sufficiently high for nanocolumns to grow. To limit
thermally activated diffusion processes, the temperature on the substrate has to be
kept low. For glancing angle deposition to result in columnar growth, the depo-
sition should take place in zone I of the Movchan and Demchishin structure zone
model [2, 16].

This model describes the properties of the thin film in relation to the homol-
ogous temperature Th, which is given by the ratio between the substrate surface
temperature T and the melting point of the deposited material Tm. The structures
are then divided into three zones. Zone I is in the range of Th ≤ 0, 3. The resulting
thin film has very small Crystallinities with high defect density, surrounded by
void boundaries. A columnar structure grows due to insufficient diffusion. As Th
increases in zone II and III, the density and with it the number of defects in be-
tween the columns increase as well. In zone III, the thin film is made up of coarse
grains. Therefore, glancing angle deposition needs to be conducted in zone I of the
Movchan and Demchishin structure zone model, such that the desired columnar
structures can be obtained and the diffusion of the adatoms into the shadowed
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regions behind the grains is limited [12, 2].
Throughout the deposition, the structure of the nanopillars begins to deviate

more and more from the previously described ideal form. As the columns grow,
some will do so faster than others. The slower growing columns might fall into the
shadow of the larger ones, such that they can not continue to grow. This is referred
to as column extinction. The process is illustrated in figure 3.2.

Figure 3.2: The slower growing columns have fallen into the shadow of the larger ones and can not
continue to grow. This is referred to as column extinction. Inspired by [16], p. 624, Figure 13.2.

The shadow effect can also influence the structure of a singular column. As
the column surfaces are not homogeneous, the shadowing effect will cause them
to roughen further, which causes the columns to broaden as they grow and even
split into sub-columns. This effect is called bifurcation. It is counteracted by lateral
diffusion and can therefore be influenced by the substrate temperature. The effect
is more pronounced in wider and bigger columns, as their internal structures are
bigger. While the depositing angle α does not seem to have a clear influence on
the broadening of the columns, a clear relation to the substrate temperature is
apparent. The increase in width happens faster at higher temperatures [6, 16].

3.2 Applications

Nanostructured films deposited using glancing angle deposition have many ap-
plications in the field of optical sensing, as their refractive index and their overall
optical response depend strongly on the medium they are in. This is due to the
localized surface plasmons - the collective oscillation of free electrons in a nanos-
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tructured metal - which will be explained in greater detail in chapter 4.1. They
enhance the electric field around the nanocolumns, resulting in a higher sensitivity
[2, 1].

The localized surface plasmon resonance depends on the size and shape of the
nanocolumns as well as on their surrounding environment. For applications, these
films are typically composed of silver or gold. Their response to their surroundings
can be further tuned by changing their structure and composition along the axis of
the rods. One example this can be used for is to create a varying refractive index
along the film thickness to create antireflection coating. For these applications,
GLAD has the advantage that it allows a direct control of the composition and
shape of the grown structures.

GLAD nanostructured films have many other uses beyond their applications in
sensing. The increased electric field due to localized surface plasmon resonance
can also be used for metal enhanced fluorescence, where fluorescent particles ex-
hibit an increased emission intensity when they are around metal nanostructures.
When luminescent materials are deposited using GLAD, the tilted orientation of
the resulting nanocolumns results in a linear polarization of the luminescent emis-
sion [2].



Chapter 4

GLAD structures as optical meta-
materials

Optical metamaterials are materials that have an artificial structure, which influ-
ences their optical responses. The sizes of their individual structures and the dis-
tances between them have to be much smaller than the wavelength of interest.
When this is the case, the behaviour of these materials is governed by the whole
structure, not the singular components, and their electromagnetic response can be
expressed in terms of parameters of the whole material. This chapter will focus
on the properties of metals as metamaterials. Structuring metals as metamateri-
als makes them available for a wide range of optical applications, amongst others
in the field of sensing using localised surface plasmon resonance. Some of these
applications were discussed in section 3.2 [4, 2, 1].

4.1 Surface plasmon resonance

Plasmonics addresses the localization and propagation of light on a subwavelength
scale. Exposed to light at optical frequencies, the free electrons in a metal are
excited into collective oscillations, called plasmons. When the frequency of the
incident light matches the intrinsic frequency of the free electrons, a resonance
absorption happens. The surface charge density oscillations of the free electrons
in metals are referred to as surface plasmons, and their excitation as surface plas-
mon resonance. These plasmons can not be excited in single planar interfaces
without complicated experimental setups. However, localised surface plasmons
are characteristic for interactions between metal nanoparticles and light at optical
frequencies, where their excitation is more easily possible.

Regarding a free electron gas that is confined all three dimensions in the shape
of a small particle, the electrons will be displaced relatively to the positively charged
lattice, which results in a restoring force. This force will then in turn result in an

7



8 Chapter 4. GLAD structures as optical metamaterials

oscillation that is a particle-plasmon resonance, which will be characteristic to the
geometry of the particle. If the particles are suitably shaped, typically meaning
they are pointy, localized charge accumulations can occur. These accumulations
are then accompanied by strongly enhanced optical fields. When these surface
plasmons are present at a metal dielectric interface, they can result in strongly en-
hanced optical near-fields that are spatially confined to the near metal surface [13,
2].

One form these metal nanoparticles can take is nanorods grown by glancing
angle deposition like the ones described in chapter 3. The rods will then have two
different modes of localised surface plasmon resonance, one for polarization along
the axis of the rods (longitudinal mode LM) and one for polarization perpendicular
to the rods (transverse mode TM). If the aspect ratio of the pillars is high enough,
the resonance wavelengths for these two modes will be clearly distinguishable. One
of the two can then be chosen by choosing the polarization of the incoming light.
The wavelength of the localised surface plasmon resonance can also be influenced
by the distance between the individual rods, as localized plasmon fields can couple
when they get close enough together, which influences the wavelength [18].

4.2 The reflection coefficient

The reflection coefficient describes the fraction of the energy reflected when an
incoming plane wave of light hits an interface, while the transmission coefficient is
the fraction of the energy transmitted through the interface into the sample. The
light in this case can be described as a plane harmonic wave in the shape of:

E⃗(⃗r, t) = E⃗0ei(⃗k·⃗r−ωt) (4.1)

where k⃗ is the wave vector, ω is the angular frequency and E⃗0 is the amplitude of
the incoming field and determines the polarization. The corresponding magnetic
field is perpendicular to this electric field and can be found through Maxwell’s
equations. This general plane harmonic wave can be described as a combination
of two parts. The first part consists of the electric field that is perpendicular to the
plane of incidence and parallel to the interface is referred to as s-polarized light.
The second part consists of an electric field that is parallel to the plane of incidence
and perpendicular to the direction of light is the p-polarized light[14].

The reflection coefficients can then be found using boundary conditions at the
interface. Both the components of the electric field and the magnetic field that
are parallel to the surface have to be continuous at the surface, which leads to the
following equations for the reflection coefficient for s-polarized light rs and the one
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for p-polarized light rp:

rs =
ni cos(θi)− nt cos(θt)

ni cos(θi) + nt cos(θt)
(4.2)

rp =
ni cos(θt)− nt cos(θi)

nt cos(θi) + ni cos(θt)
(4.3)

In the same way, the equations for the transmission coefficients for s-polarized light
ts and for p-polarized tp light can be found:

ts =
2ni cos(θi)

ni cos(θi) + nt cos(θt)
(4.4)

tp =
2ni cos(θi)

ni cos(θt) + nt cos(θi)
(4.5)

In these equations, ni and nt are the refractive indices of medium i and medium
t, respectively, where the direction of the incoming light is from medium i[14]. nt

can be found through its relation to the dielectric function ϵr and the permeability
µr [7]:

nt =
√

ϵr · µr (4.6)

θi is the angle of incidence of the light and θt is the angle of the transmitted light,
which can be found using Snell’s law:

ni sin(θi) = nt sin(θt) (4.7)

The reflectance R is the fraction of the power in the incidence wave that is
reflected, it can be calculated using the following equation [14]:

R =| r |2 (4.8)

4.3 The optical response of metals

4.3.1 The Drude-Lorentz model

A simple model for the dielectric function for metals, which was mentioned in the
previous section, can be found by considering the electrons which can move freely
in the lattice of a metal. The electrons can be described by a Lorentz harmonic os-
cillator model, with no forces acting on the electrons. The resonance frequency ω0,
which is the oscillation frequency of electrons under an applied electric potential,
is zero. This leads to the Drude free electron model for the dielectric function:

ϵ(ω) = 1 −
ω2

p

ω2 + iΓω
(4.9)
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where ω is the frequency. Γ is the damping constant, that is proportional to the
electron collision rate. The plasma frequency ωp depends on the density of free
electrons in the metal n, the elementary charge e, the electron mass me and the
vacuum permittivity ϵ0:

ωp =

√
ne2

ϵ0me
(4.10)

To take the contribution from bound electrons into account in the Drude model, a
constant factor ϵ∞ can be added, bringing the dielectric function into the following
form:

ϵ(ω) = ϵ∞ −
ω2

p

ω2 + iΓω
(4.11)

The constant ϵ∞ is derived from experimental data. For wavelengths that are much
higher than the wavelengths of the interband transitions, almost all light is re-
flected. At low wavelengths, the optical response of the metal is dominated by
the interband transition. In the case of gold, this results in low reflectance at low
wavelengths [4]. When a fit is made using experimental data obtained by Johnson
et al. in their article Optical constants of the noble metals [10], the following values
can be found for gold: ϵ∞ = 9, h̄ωp = 9.1 eV and h̄Γ = 0.072 eV [4].

The contribution from bound electrons can also be taken into account in a more
rigorous manner. The Drude free electron model only takes the electrons of the
outer atomic orbital into account. For gold this is the 6s orbital. The Drude-Lorentz
model also includes interband transitions, such as the transition from 5s to 6sp for
gold. This interband contribution is given by:

ϵib = 1 +
ω2

1

ω2
0 − ω2 − iγω

(4.12)

where γ is the damping constant of bound electrons, ω0 is the resonance frequency,
and ω1 is proportional the density of bound electrons. To arrive at the Drude-
Lorentz model, this interband contribution is added to the Drude free electron
model [4]:

ϵ(ω) = ϵib(ω) + 1 −
ω2

p

ω2 + iΓω
(4.13)

A fit for gold is made using the parameters mentioned above for gold for the
intraband contribution as well as h̄ω1 = 3 eV, h̄γ = 0.6 eV and h̄ω0 = 2.8 eV [4].

For a more accurate model, more Drude-Lorentz terms can be added, with
each new term corresponding to an interband transition, leading to the following
expression:

ϵDL(ω) = ϵ∞,DL −
NDL

∑
i=1

A2
i

ω2 − ω2
i + iΓiω

(4.14)
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h̄Ai [eV] 8.31 3.28 3.31 4.8 10.4
h̄ωi [eV] 0.265 3.00 3.90 4.65 7.71
h̄Γi [eV] 0.0655 0.904 1.22 1.89 4.66

Table 4.1: Parameters for fitting the gold dielectric function to the experimental data from[10], cal-
culated in [5]. Besides the parameters in the table ϵ∞,DL = 1.87 is needed for the gold-fit.

NDL is the number of Drude-Lorentz terms that is used, in this case it will be five.
Ai is the amplitude and a product between the squared plasma frequency and the
oscillator strength. ωi is the respective resonance frequency of the term. Γi is the
damping coefficient, which governs the broadening of the resonance peaks. Ai, ωi
and Γi are in eV. The values for these constants are listed in table 4.1 for gold. This
approach will be used in chapter 7.1.2 [5].

4.3.2 Effective medium theory

Effective medium theory uses the homogenization of an inhomogeneous medium
with different components. For this approach to be valid, the investigated struc-
tures need to be large enough to keep their individual electromagnetic behaviour,
but small enough for the medium to appear macroscopically homogeneous. In
this work, the approach that Yanfeng Wang et. al. used in their paper "The IR
plasmonic properties of subwavelength ITO rod arrays predicted by anisotropic
effective medium theory" will be replicated [18].

In their work, Wang et.al. describe the path of the incoming light to go from
medium 1, air with the dielectric function ϵ1, onto the surface of medium 2 under
an angle of θ relative to the surface normal of medium 2. Medium 2 is composed
of nanorods. These are described as an effective medium layer. Below medium
2, there is medium 3; an optically anisotropic and semi-infinite layer. Both the
nanorods and the incident plane of the light are in the xz-plane. The structure is
illustrated in figure 4.1 [18].

The relevant parameters of the film are the height of the pillars l, the tilt angle
of the pillars relative to the surface normal β, the diameter of the pillars w and the
distance d between them. The dielectric tensor of the nanorod layer can be defined
in according to the coordinate system of the rods as:ϵx′ 0 0

0 ϵy′ 0
0 0 ϵz′

 (4.15)

where x′, y′ and z′ are the axes of the nanorod directions as can be seen in figure
4.1. The nanorod structure only has one optical axis, the z′ axis [18]. This leads to

ϵx′ = ϵy′ ̸= ϵz′ (4.16)



12 Chapter 4. GLAD structures as optical metamaterials

Figure 4.1: A schematic of the model with three media; a semi-infinite substrate, angled nanorods
and air. The incoming light for the p- and s-polarized case is indicated as well as both the axes of
the sample and the wires. Inspired by [18], p. 2, figure 1.

Then, ϵz′ has to be found, as it is the effective dielectric function ϵe f f of the layer in
the relevant direction. This can be done with the following equation:

ϵe f f − ϵh

ϵh + gj(ϵe f f − ϵh)
= frods

ϵm − ϵh

ϵh + gj(ϵm − ϵh)
(4.17)

frods is the volume filling factor of the rods which here is simply found as frods =
π(w/2)2

(w+d)2 . For equation 4.17 to hold, the material with dielectric constant ϵh must be
the host medium for the rods, meaning that frods << 0, 5. The host medium is air.
ϵm is the dielectric constant of the bulk material that the nanorods are made of.
The rods are modeled as elongated ellipsoid with a high aspect ratio, which the
geometric factor gj takes into account. For light polarized parallel to the rods, gz′

becomes [18]:

gz′ =
1 − e2

e2 (
1
2e

ln(
1 + e
1 − e

)− 1) (4.18)

where e =
√

1 − (w
l )

2 is the eccentricity. For perpendicular rods, gx′ = gz′ becomes:

gx′ = gy′ =
1
2
(1 − gz′) (4.19)

These equations are in the coordinate system of the angled nanorods and need
to be transformed into substrate coordinates, which can be done with equation
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4.20.

ϵ̄2 =

ϵx′ cos2 β + ϵz′ sin2 β 0 (ϵz′ − ϵx′) sin β cos β

0 ϵx′ 0
(ϵz′ − ϵx′) sin β cos β 0 ϵx′ cos2 β + ϵz′ sin2 β

 (4.20)

The reflectance for s-polarized light Rs
123 can be calculated from the reflection

coefficient rs
123:

Rs
123 =| rs

123 |2 (4.21)

The generalized reflection coefficient is:

rs
123 = rs

12 +
ts
12rs

23ts
21 exp (2i∅s)

1 − rs
23rs

21 exp (2i∅s)
(4.22)

The factor ∅s dependent on the nanorod layer thickness d2 is ∅s = 2πd2
λ

√
ϵx′ − ϵ1 sin2(θ).

The Fresnel coefficients in equation 4.22 are defined as:

rs
mn =

Ym − Yn

Ym + Yn
, ts

mn =
2Ym

Ym − Yn
(4.23)

where the factors Ym and Yn are surface admittances:

Ym = − k0

ωµ0

√
ϵm − ϵ1 sin2(θ) (4.24)

with k0 = ω
√

1
ϵ0µ0

.

For p-polarized light, the reflectance Rp
123 is:

Rp
123 =| rp

123 |2 (4.25)

The generalised reflection coefficient for p-polarized light is:

rp
123 = rp

12 +
tp
12rp

23tp
21 exp[i(ϕp

+ − ϕ
p
−)]

1 − rp
23rp

21 exp[i(ϕp
+ − ϕ

p
−)]

(4.26)

where ϕ
p
± are the phase angles of the propagating (+) and reflecting (-) wave, which

can be calculated using equation 4.27.

ϕ
p
± =

2πd2

λ

(
−ϵxzn1 sin(θ)± ϵx′ϵz′Z2ϵ0c0

ϵzz

)
, (4.27)

with ϵxz = (ϵz′ − ϵx′) sin β cos β and ϵzz = ϵx′ cos2 β + ϵz′ sin2 β. The transmission
and reflection coefficients rp

mn and tp
mn are given by equation 4.28:

rp
mn =

Zm − Zn

Zm + Zn
, tp

mn =
2Zm

Zm + Zn
(4.28)
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where the surface impedance Zm is given by equation 4.29 for m = 1, 3

Zm =

√
k2

0ϵm − k2
x

ϵm
=

k0

ωϵ0

√
ϵm − ϵ1 sin2(θ)

ϵm
(4.29)

and by equation 4.30 for m = 2.

Z2 =
k0

ωϵ0

√
ϵzz − ϵ1 sin2(θ)

√
ϵx′ϵz′

(4.30)

with the vacuum wave vector k0 = ω
c and the wave vector in the x direction kx =

k0
√

ϵ1 sin θ [18].
Using the equations introduced in this chapter, the optical response of the

nanostructured layer grown in this work can be modeled. For this, an appropriate
dielectric function for both the nanorods and the substrate has to be chosen. The
dimensions of the nanorods have to be taken into account as well.

This theory only takes nanorods into account that are laying in the plane of
incidence of the incoming light. The reason for this is that if the system is rotated
such that the rods are no longer lying in the plane of incidence, the s- and p-
polarized light will be coupled and the theory will have to be amended[15, 11].



Chapter 5

Nonlinear Optics

Nonlinear optics is the effect of the modification of the optical properties of a
material by light. Only laser light is strong enough to cause these effects. When
an optical field is applied to a material system, it causes a response in the material
that depends nonlinearly on the strength of the applied optical field [3].

5.1 Second harmonic generation

The second harmonic generation is the part of the atomic response to light that
exhibits a quadratic dependence on the applied field. The intensity of this gener-
ated light has a quadratic dependence on the intensity of the incoming laser light
as well. The induced polarization P⃗ can be developed from the linear induced
polarization, which has the form:

P(t) = ϵ0χ(1)E(t) (5.1)

where ϵ0 is the vacuum permittivity, E(t) is the electric field and χ(1) is the linear
susceptibility. To get the nonlinear polarization, equation 5.1 can be expressed in a
more general form using a power series:

P(t) = ϵ0(χ
(1)E(t) + χ(2)E(t)2 + χ(3)E(t)3 + ...) (5.2)

where χ(2) and χ(3) denote the second and third order nonlinear susceptibilities
respectively [3].

The part of equation 5.2 that concerns the second harmonic generation will now
be investigated in greater detail, using a laser beam with the electric field E:

E = E0e−iωt + c.c. (5.3)

where ω is the frequency, t is the time, c.c. is the complex conjugate of the electric
field and E0 is the amplitude of the electric field. It is assumed that this electric

15
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field is incident on a crystal with χ(2) ̸= 0. The polarization is then:

P2(t) = 2ϵ0χ(2)E0E∗
0 + (ϵ0χ(2)E2

0e−i2ωt + c.c.) (5.4)

It can be seen that the polarization has two components. The first one is constant
over time. The second contribution results in a light at a frequency of 2ω. Equation
5.4 comes from the wave equation 5.5.

∇2E(t)− n2

c2
∂2E(t)

∂t2 =
1

ϵ0c2
∂2PNL(t)

∂t2 (5.5)

where n is the refractive index, c is the speed of light in vaccuum and PNL(t) is the
polarization from the nonlinear response.

Using both equation 5.4 and 5.5, it can be seen that both the right and the left
side of the equation must have the same time dependency. Therefore, it can be
concluded that the electric field is dependent on e−i2ωt, meaning that light at a
frequency of 2ω is being generated.

The process can be visualized as in figure 5.1. Two photons with a frequency
of ω are coming into the material system and one photon with a frequency of 2ω

is created in a single quantum mechanical process. The virtual level is the energy
of an energy eigenstate of an atom combined with that of one or more photons [3].

(a) Two incoming photons with the fre-
quency ω create one photon with the fre-
quency 2ω in a single quantum mechanical
process.

(b) Diagram showing the energy levels. The
virtual level is marked by the dashed line,
the atomic ground state by the dashed line.

Figure 5.1: Second harmonic generation of light. Inspired by [3], p. 5, figure 1.2.1.

These second harmonic nonlinear interactions only occur in noncentrosymmet-
ric materials, such as the angled nanorods described in chapter 3. The second order
polarization resulting from an electric field is given by:

P(t) = ϵ0χ(2)E(t)2 (5.6)

where the applied electric field can be described by:

E(t) = E0 cos(ωt) (5.7)
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E0 is the amplitude of the electric field. For a material with centrosymmetry, the
equation 5.8 must hold:

−P(t) = ϵ0χ(2)(−E(t))2 (5.8)

This results in:

−P(t) = ϵ0χ(2)(E(t))2 (5.9)

The equations 5.6 and 5.9 can only hold if χ(2) = 0. The average of the polarization
P⃗ for a centrosymmetric medium is zero over time. As a non-centrosymmetric
medium responds differently to the electric field pointing in different directions,
hence the polarization will not average out to zero over time [3].

5.2 Second harmonic generation in anisotropic media

The nonlinear response of a medium contains information about the symmetry of
its interface. This shows in the second harmonic response when the medium is
rotated around the surface normal. The rotational anisotropy can be caused by
the microtopography of the surface, like it is the case for the angled nanocolumns
investigated in this work.

In their paper Optical second-harmonic generation from vicinal Al (100) crystals, C.
Jakobsen, D. Podenas and K. Pedersen developed a set of equations to describe
the second harmonic generation from a surface structured as a regular array of
steps. The surface symmetry of this step structure compared to the bulk (100)
crystal is reduced to a C1v symmetry, which simplifies the non-linear surface dipole
polarization density Ps into [8]:

Ps
x

Ps
y

Ps
z

 =

d11 d12 d13 0 d15 0
0 0 0 d24 0 d26

d31 d32 d33 0 d35 0




E2
x

E2
y

E2
z

2EyEz

2ExEz

2ExEy


. (5.10)

where Ex, Ey and Ez are the linear fields just inside the surface and dij are the
components of the nonlinear susceptibility tensor [3].

From equation 5.10, retaining only the d11 tensor element describing the polar-
izability perpendicular to the steps, they calculated the p- and s-polarized parts of
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the second harmonic field that is generated by the stepped medium to be:

E(2ω)(p, p) = (App + Bppd11 cos3 ϕ)E2
p, (5.11)

E(2ω)(s, s) = Bssd11 sin3 ϕE2
s , (5.12)

E(2ω)(p, s) = Bpsd11 sin ϕ cos2 ϕE2
p, (5.13)

E(2ω)(s, p) = (Asp + Bspd11 sin2 ϕ cos ϕ)E2
s (5.14)

The fitting parameters App, Asp, Bpp, Bss, Bps and Bsp depend on the angle of
incidence and the refractive index of the investigated medium [8].

It is hypothesized that the nanowires grown in this work, when viewed from
the direction of an incoming beam of light, are similar enough to this array of steps
for their second harmonic generation to be described by the same set of equations.
This hypothesis will be tested in chapter 7.2.



Chapter 6

Setup

6.1 Samples

Figure 6.1 shows a sample with gold nanocolumns grown on a piece of silicon
wafer with a layer of 5 nm chromium. The picture was taken using a ZEISS Gemini
scanning electron microscope. In order to be able to view the columns from the

Figure 6.1: Overview of nanocolumns deposited by glancing angle deposition along a scratch on the
sample surface.

side, a cut in the structure needs to be made without damaging the columns or
changing their configuration. After some trials with different methods, the most
effective approach for this proved to be to manually scratch the sample in the
growth direction of the nanocolumns. The parameters of the nanostructured film

19
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can be approximated from these pictures, as can be seen from figure 6.2. The

Figure 6.2: Parameters of nanocolumns deposited by glancing angle deposition measured along a
scratch on the sample surface.

average height of the columns is approximated as 200 nm, the average width of a
single column as 30 nm and the distance between the rods as 40 nm. The average
angle between the columns and the substrate is approximated as 40°, making the
average columnar tilt angle as defined in chapter 3 50°. From that, the thickness of
the layer is approximated as 130 nm.

A sample with a plain gold layer was deposited as well. The deposition cham-
ber from section 6.2 was used with a non-angled substrate holder.

6.2 Glancing Angle Deposition

Figure 6.3 shows the setup used deposit the samples at a glancing angle. As sub-
strates, silicon wafer pieces of two by two centimeters were used. To increase the
adhesion of the deposited film, they had a top layer of 5 nm of chromium [1]. The
sample is placed on the sample holder, which is angled at 85° relative to the vapor
source. Using both a roughening and a turbo pump, a vacuum with a pressure
below 10−6 mbar is created, before the deposition can be started.

The source material, in this case gold, is located in a crucible under the sample
holder. It will be deposited via resistive thermal evaporation. A filament placed
around the crucible can be heated up by increasing the current through it. This
will melt and evaporate the source material. The vapor rises in the chamber and
hits the surface of the substrate, which is located above the crucible at an angle of
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Figure 6.3: Setup used to deposit the angled nanocolumns.

85°.
To monitor the deposition, a quartz oscillator located at the top of the chamber

is used. As a part the rising vapor hits the substrate, another part of it will hit
the quartz oscillator at the same rate, allowing to monitor both this deposition rate
and the film thickness. Once the desired thickness is reached, the deposition can
be stopped.

6.3 Reflectivity measurements

The reflectivity measurements were performed using the PerkinElmer Lambda 1050
UV/VIS/NIR Spectrometer. Using the program belonging to the machine, UV Win-
Lab explorer, the reflectivity in a wavelength range from 250 nm to 2000 nm was
measured in steps of 2 nm. The measurements were done with the light hitting
the sample at an angle of 8°. A polarizer was inserted to measure with p-polarized
light.

6.4 Nonlinear optical measurement

Figure 6.4 shows the setup to measure the nonlinear optical response of the sam-
ples. The light is generated by a 5ns pulsed NdYAG laser (Continuum Surelite
II-10) with a repetition rate of 10 Hz. The average power of the laser is 10 nW.
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It contains a second harmonic generator (SHG), which generates light with a fre-
quency of 2ω and a sum frequency generator (SFG) generating light at a frequency
of 3ω. The outgoing beam contains light of the wavelenghts 355 nm, 532 nm and
1064 nm.

Figure 6.4: Laser setup used for the nonlinear measurements.

The 355 nm light is reflected by a dichroic mirror and directed into the optical
parametric oscillator (OPO). The 532 nm and 1064 nm parts hit the OPO as well.
The OPO outputs a signal beam of 250 to 690 nm and an idler beam of 720 to 2000
nm, which are separated by a beam splitter. The filter behind the beam splitter
removes remaining parts of the signal beam that were not removed by the beam
splitter. The idler beam is then focused using collimating lenses to control the
beam diameter.

The idler beam is redirected to a half-wave plate without dispersion that can
be used to turn the beam into either p-polarized or s-polarized light. A filter is
placed behind the half-wave plate to block the parts of the beam corresponding to
the second harmonic generation. For wavelengths between 720 nm and 1050 nm,
a KC10 filter is used, for wavelengths above 1000 nm it is a RG850 filter. A glass
lens with a focal length of 300 mm is used to focus the beam on the sample. The
sample is placed on a rotating stage and is hit by the incoming light at an angle of
45°.

The reflected light from the sample is focused in a collimating fused silica lens.
It also filters out the UV parts of the incoming beam. Behind this lens, a filter is
placed to block light of the pump wavelength and let light of the desired wave-
length range pass. For wavelengths between 720 nm and 1050 nm, a C23 filter is
used, for 1000 nm to 1400 nm, a KG3 filter is used. A polarizer is placed behind
the filter. It can be switched between s- and p-polarization.

The polarized light then hits the photomultiplyer tube (PMT). Here, a PFR 9816
is used. It has a peak power of 0,2 mW. Inside it, an additional C23 and KG3 filter
are located as protection from the incoming light.
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Four different combinations of polarizations of the incomig and outgoing light
are measured; p to p, s to s, p to s and s to p.

Both the laser power and the transmission of the optical components depend on
the wavelength. Therefore, reference wavelength scans were made using a quartz
crystal, as its signal has little dispersion in the wavelength range used in this exper-
iment. The dependence of the second harmonic generation signal from the samples
is presented relative to the quartz signal.





Chapter 7

Results

7.1 Reflectance Measurements

The reflectance of the nanostructure grown in this work will be investigated in this
chapter. This is done in order to characterize the optical response of the structure.
The reflectance measurements will reveal crucial information about the surface
plasmon resonances of these films, which plays an important role in a variety
of potential applications, as mentioned in chapter 3.2. To develop a model for
the nanostructured gold film and investigate its reflectance experimentally, the
procedure was first tested with a plain gold layered sample, as this structure has
been extensively investigated and the results can easily be compared to theory.

7.1.1 Bulk gold layer

The reflectance of the bulk gold layer sample was measured with the spectrometer
described in chapter 6.3. The results are shown in figure 7.1. The characteristic be-
haviour described in chapter 4.3.1 can be observed. For wavelengths above 900 nm,
the reflectance goes towards nearly 100%. For lower wavelengths, the characteristic
drop in the reflectance is present.

Figure 7.2a shows the experimental results compared to both the Drude model
and the Drude-Lorentz model explained in chapter 4.3.1. Both can not explain the
shape of the measurements. It is therefore necessary to employ a more advanced
model that uses a better fit to the experimentally obtained constants that are used
in these calculations, which are listed in chapter 4.3.

To improve the fit of the Drude-Lorentz model to the experimental results, the
form presented in equation 4.14 will be used. It employs more Lorentzians. Figure
7.2b compares the result to the experimental data. This improved model manages
to make accurate predictions about the decrease in reflectance.

25
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Figure 7.1: Reflectance of the plain gold sample at four different positions on the sample measured
at wavelengths between 2000 nm and 300 nm. Around 850 nm, a peak that is caused by a change in
grating in the spectrometer was removed.

7.1.2 Angled nanorods

The reflectance of the nanorod layer as a function of the incoming wavelength
was measured with the spectrometer described in chapter 6.3. The sample was
measured with the rods pointing up, down, left and right and the light coming in
at an angle of 8° in the plane horizontal to the sample. The results can be seen
in figure 7.3. For all four sample orientations, a minimum around 400 nm can
be observed. This is the bulk plasmon resonance of gold, which could also be
observed for the bulk gold layer. The minima present at higher wavelengths are
localized surface plasmon resonances from the nanorods.

For the wires pointing up and down, a minimum is observed around 600 nm.
This is in the range of the surface plasmon resonance for gold [17]. Around 1050
nm, there is a bent in the curve, which could possibly be a localized surface plas-
mon resonance. In this orientation, the wires are mostly orthogonal to the elec-
tric field component of the incoming p-polarized light. This means that the bent
around 1050 nm is most likely localized surface plasmons being excited in the
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(a) Reflectance of the plain gold sample
(colored lines) compared to the Drude-
Lorentz model (solid black line) and the
Drude model (dashed black line).

(b) Reflectance of the plain gold sample
(colored lines) compared to the 5 terms
Drude-Lorentz model (black line).

Figure 7.2: Reflectance of the plain gold sample measured at wavelengths between 2000 nm
and 300 nm and different models.

transversal mode TM and that the longitudinal mode LM can not be observed.
This will be confirmed in the next section when the nonlinear optical response is
investigated.

When the nanorods are measured while pointing left and right, only one more
minimum around 1030 nm can be observed in addition to the one from the bulk
plasmon resonance. This minimum coincides approximately with the bent that
could be observed for the wires pointing up or down. Considering the orientation
of the wires relative to the electric field component while the wires are rotated to
the left or right, it can be hypothesized that at 1030 nm, both localized surface
plasmon resonances in the longitudinal mode and in the transversal mode are
present, as they are rotated into the plane in which the light propagates.

The surface plasmon resonance at 600 nm can not be observed for the wires
pointing to the sides. It is unclear why this is the case. Further experiments using
s-polarized light and angles of incidence higher than 8° would be necessary to
investigate the reasons behind this behaviour.

The model explained in chapter 4.3.2 is then used to describe the experimental
results. The measured sample, which is described in chapter 6.1 in greater de-
tail, is a piece of silicon wafer with a 5 nm layer of chromium on which angled
nanocolumns were deposited. As can be seen in the figures 6.1 and 6.2, column
extinction seems to have taken place in the early stages of the deposition, as many
particles and short rods can be seen between the fully grown columns. To take this
into account when modeling the nanorod layer and its substrate, it is hypothesized
that it is a more accurate approximation to treat these small particles as a thin gold
layer on which the rods are grown than to assume that no gold is present between
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Figure 7.3: The reflectance of the nanorod layer with the rods pointing up, down, left and right.
Both bulk plasmon resonance and localized surface plasmon resonances can be observed for all four
orientations.

the singular rods. The nanorod layer is then modeled using the approach from
chapter 4.3.2. Three different substrates will be investigated in this chapter. As the
model uses a semi-infinite substrate, silicon, chromium and gold will be modeled
separately, treating each as semi-infinite. For the silicon substrate, the required
dielectric function and its parameters were provided by Professor Kjeld Pedersen.
For chromium, a typical dielectric constant of ϵCr = −0.57+ i21.2 was used, where
the dispersion was neglected for simplicity[9]. For the model, the height of the
columns is assumed as 200 nm and the width as 30 nm. The columnar tilt angle
is 50°. The thickness of the layer is 130 nm and the average distance between the
columns is 40 nm. The process to obtain these parameters is discussed in chapter
6.1.

Figure 7.4 shows the results of the reflectance measurements for the wires
pointing left and right, meaning that they are in the plane of incidence, compared
to the model with the three different substrates.

None of the three cases provide an accurate and quantitative description of
the experimental results over the whole measured range. All three curves show
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Figure 7.4: The reflectance of the nanorod layer with the rods being in the plane of incidence com-
pared to the model using p-polarized light.

the characteristic bulk plasmon resonance around 450 nm. The results using the
chromium and gold substrate exhibit a local minimum around 700 nm, which is not
present in the experimental data. This indicates that the model does not accurately
describe the system when using these substrates. The silicon and chromium curves
have a minimum around 900 nm and 1000 nm respectively. This corresponds
roughly to the resonance in the experimental data around 1050 nm. A slight bent
in the gold substrate model around 900 nm can be observed, which is suspected
to be caused by the same resonance. At high wavelengths, the curve calculated
using the gold substrate gets close to complete reflectance, while both silicon and
chromium predict too low values for the reflectance for higher wavelengths. This
indicates that the gold between the singular rods has an influence on the optical
response of the nanorods. A more accurate model would therefore need to take
this intercolumnar gold into account.

All three modeled substrates portray some of the characteristic behaviours of
the experimental results. Modeling a three layered substrate under the nanorods
with a thin layer of gold, followed by a 5 nm layer of chromium and a semi-infinite
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layer of silicon can therefore be expected to result in a more precise prediction of
the reflectance of the nanocolumn structure. This model was not implemented due
to time constraints.

When the sample is rotated such that the wires point up or down, they are not
in the plane of incidence anymore, causing the model to break down. For light
that is normal to the surface, this rotation of the sample can be implemented in the
model by using s-polarized light instead of p-polarized light. Since the light hits
the sample at an angle that is only 8° off from this case, it can be hypothesized that
the influence of this additional angle is small and the model should still be able to
make accurate predictions using s-polarization. Figure 7.5 shows the experimental
results for the rods being rotated out of the plane of incidence such that they are
pointing up or down, as well as the predictions made by the model when using
s-polarized light and the three different substrates.

Figure 7.5: The reflectance of the nanorod layer with the rods rotated out of the plane of incidence
compared to the model using s-polarized light.

All three versions of the model with the different substrates predict the bulk
resonance, similar to the model using p-polarized light. At wavelengths slightly
below the one of the bulk resonance, a minimum can be seen in all three curves.
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They lay between the bulk plasmon resonance and suspected surface plasmon res-
onance around 600 nm of the experimental data. These minima might correspond
to the resonance at 600 nm in the experimental results, but are shifted towards
lower wavelengths. All three cases of the model fail to make accurate predictions
concerning the bent in the experimental data around 1050 nm, which could be due
to the calculations neglecting the 8° angle of incidence of the light. Including this
angle in the model might lead to the minimum seen in Figure 7.4 becoming visible
for these orientations of the nanorods as well. This could be a reason behind the
bent in the experimental data.

The model fails to make accurate predictions about the reflectance when the
nanorods are rotated out of the plane of incidence. Just like in the case of p-
polarized light, the accuracy of the model could be significantly increased by im-
plementing the three-layered substrate. Nevertheless, the characteristic properties
of the experimental data can not be predicted by the model for the wires being ro-
tated out of the plane of incidence. This seems to disprove the hypothesis, that the
influence of the 8° angle on the reflectance is negligible. When the nanocolumns
are rotated out of the plane of incidence, the model breaks down. To take the effect
of the incidence angle into account, the reflection coefficients would need to be
recalculated. This was not implemented due to time constraints.

While each of the models manage to predict some of the characteristics of the
reflectance in the case of the nanorods being in the plane of incidence, the over-
all behaviour can not be accurately predicted. This is even more the case for the
nanorods being rotated out of the plane of incidence. One approach to make the
models more precise would be to implement the tree layer substrate. The irregu-
larities of the sample have a strong influence on the experimental results as well.
If the incoming light used to measure the reflectance hits a defect on the sample
surface, this will affect the reflectance. Furthermore, the columns themselves have
irregularities. They exhibit column extinction, broadening and bifurcation. These
effects will cause the uncertainty of the nanorod layer parameters used in the codes
- their length, distance, width, etc. - to increase. As these parameters have a strong
influence on the predictions the model makes, this will result in a further deviation
of the results predicted by the model from the experimental results.

7.2 Second Harmonic Generation

The measurements to investigate the second harmonic generations were performed
using the setup described in chapter 6.4. With the filters used in the setup, the
only light that passes through them is the one resulting from the second harmonic
generation.

On the sample shown in chapter 6.1, a wavelength sweep from 720 to 1400 nm
was performed while both polarizors were set to p-polarization. The light used
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in these measurements hits the sample at an angle of 45°. This was done to find
the wavelength at which the highest second harmonic generation can be measured.
Figure 7.6 shows the recorded spectrum. The maximum can be found at 1028 nm.
This coincides approximately with the plasmon resonance wavelength observed
from the reflectance spectra in chapter 7.1, but could also be due to a possible
resonance at the wavelength of the second harmonic generation, which is 514 nm.

Figure 7.6: Wavelength sweep from 720 nm to 1400 nm in the p to p configuration. The light hits the
sample at an angle of 45°. The maximum in SHG is determined to be at 1028 nm.

The dependence of the second harmonic generation at a pump wavelength of
1000 nm on the orientation of the nanowires was measured by rotating the nanorod
sample described in section 6.1 around the surface normal. The polarization of the
incoming light was varied between s- and p-polarization. Then, the components
of the outgoing light that had the same polarization as the incoming beam and
the components of the outgoing light that had the opposite polarization as the
incoming beam were measured. This means the four measured configurations of
the setup are p to p, s to s, p to s and s to p. The experimental results can be seen in
figure 7.7. They will be compared to the predictions made by the model described
in chapter 5.2. The fitting parameters for all four investigated cases can be found
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Figure 7.7: SHG for a pump wavelength of 1000 nm for all four configurations.

in table 7.1. Next to the parameters introduced in chapter 5.2, a shift in the angle ϕ

- meaning along the x-axis - and a shift in the intensity - meaning along the y-axis
- was also introduced to achieve a better fit to the experimental results.

Figure 7.8a shows the second harmonic generation for p to p. It can be seen that
the maxima and minima match well between the model and the measurements,
once the fitting parameters are adjusted to the data and a shift in the angle and
second harmonic generation by a constant factor is implemented in the model.
This is done to account for an offset in the setup for the angle and background
noise for the second harmonic generation. The highest signal is measured at zero

Wavelength App Bppd11 Cpp Bssd11 Css Bpsd11 Cps Asp Bspd11 Csp Shift
1000 nm 0.014 1.04 0.15 0.515 0.025 1.64 0.05 0.16 0.7 0.0 -16
1200 nm 0 0.47 0.06 0.27 0 0.85 0.028 0.190 −0.194 0 -18

Table 7.1: The fitting parameters App, Asp, Bpp, Bss, Bps, Bsp and the shift used to fit the experimental
data. Shift refers to the shift in the angle ϕ. The constants Cij refers to constants being added to the
overall SHG intensity.
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(a) p to p setup. (b) s to s setup.

Figure 7.8: SHG for a pump wavenlength of 1000 nm in the p to p and s to s setup and the corre-
sponding fit.

degrees where the rods are pointing down and at 180 degrees where the rods
are pointing up. Here, the polarization of the incoming light is perpendicular to
the rods, meaning that the present localized surface plasmon resonance is in the
transversal mode. This matches with the observations from chapter 7.1.2.

The same is the case for the s to s polarization, which can be seen in figure
7.8b. Here, the wires are perpendicular to the direction of the polarization at
approximately 90° and 270° taking the offset into account. At these angles, the
highest second harmonic generation can be observed. Just like for the p to p case,
the model gives a reliable prediction on the positions of the maxima and minima,
but it should also be noted that the minima are not as broad as predicted by the
model. The peaks seem to overlap, resulting in this deviation in the shape of
the curve. The model does not have the necessary fitting parameters to take this
into account. The broadening of the peaks might be caused by background noise.
Another reason might be the experimental error caused by the misalignment of the
rotational scan. Due to the near infrared wavelengths used in this experiment being
invisible to the eye, precise alignment is difficult. If the spot on which the laser
beam hits the sample does not coincide with the rotational axis, the spot will move
on the sample and hit different inhomogeneities throughout the measurement.
This will contribute to the peak broadening visible in figure 7.8b. It can also appear
as intensity variations, which could explain the double peak observed around 300°.

Despite these deviations, the model explained in chapter 5.2 seems to be a fit-
ting qualitative description of the behaviour of the second harmonic generation
in relation to the orientation of the nanowires for the s to s and the p to p config-
urations. This supports the hypothesis from chapter 5.2 that the symmetry of the
nanowire film and the array of steps described in the work of Jakobsen, Podenas
and Pedersen are similar enough to use the same model to make predictions about
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their second harmonic generation.
Figure 7.7 shows that for the p to s configuration, the maxima lay at a 45° angle

compared to the maxima of the p to p curve. This shows that cross-polarization is
present when the sample is oriented with the nanorods pointing at a 45°, 135°, 225°
and 315° angle relative to the starting position, once the offset in the orientation is
taken into account. The presence of these cross-polarization components support
the argument from chapter 7.1 that the model calculating the reflectance would
need to be extended.

(a) p to s setup. (b) s to p setup.

Figure 7.9: SHG for a pump wavelength of 1000 nm in the p to s and s to p setup and the correspond-
ing fit.

From figure 7.9a, it can be seen that the wires pointing down, corresponding
to the outer left and outer right peak in the plot, give a lower second harmonic
generation than the wires pointing up, corresponding to the two peaks in the center
of the plot. This suggests that the p to s configuration shows that the symmetry
assumed in chapter 5.2 is broken. The model for the p to s case deviates more from
the experimental data than for the previous two cases. Nonetheless, it exhibits the
characteristic peaks. The center peaks seem to overlap, resulting in the minimum
between them to not be as pronounced as the model predicts. This might be caused
by background noise or imperfections in the nanocolumn film. The outer peaks
are shifted towards the center in the experimental results compared to the model.
Furthermore, the model predicts a constant amplitude for all four peaks, while the
experimental data shows a higher second generation for the wires pointing up.
As equation 5.13 can only be fitted by adjusting the amplitude, a better fit to the
experimental data is not possible.

As can be seen in figure 7.9b, the experimental data for the s to p case exhibits a
relatively weak second harmonic generation compared to the previous three con-
figurations. The characteristic maxima and minima of the curve are covered up by
the high noise to signal ratio. A maximum at zero degrees can be recognized, simi-
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lar to the p to p case. Overall, four peaks are present in the data, with the two center
peaks being strongly overlapped by the noise. Figure 7.9b furthermore shows that
the results for this configuration can not be described well by the model. This
could be due to the high noise to signal ratio. It could also be caused by defects
in the nanostructured film having an increasing influence on the second harmonic
generation with a decrease in intensity. As explained earlier in this chapter, due
to misalignment in the rotational setup, these defects can look like intensity varia-
tions.

When looking at the regions of maximal cross-polarization, it becomes appar-
ent, that the hypothesis made in chapter 5.2 does not hold. The symmetry of the
layer of nanorods deviates too strongly from that of the microstructured array of
steps used to develop the model. It assumes that only the d11 tensor element domi-
nates the rotational dependence. Introducing other tensor elements is difficult and
would require additional experimental data. Nevertheless, it can be used to make
qualitative predictions about the orientations of the nanorods at which the second
harmonic generation will be the strongest, as well as the overall behaviour of the
second harmonic generation.

Figure 7.10 shows the second harmonic generation for the 4 different polar-
ization cases recorded at a pump wavelength of 1200 nm. All cases exhibit lower
values than their counterparts at 1000 nm. This can be attributed to the spectra
being recorded further away from the peak wavelength found in the sweep, which
also corresponds to the wavelength of the plasmon resonance. This effect is the
most apparent for the s to p case, where for the 1200 nm pump wavelength, the
noise becomes so dominant that the model can not be fitted to the measured data
anymore. At most, it can be adjusted for the peaks to slightly coincide with those
of the experimental results. For the p to p, the s to s and p to s case, the same char-
acteristic behaviour can be observed for the 1200 nm pump wavelength as it is
described above for the 1000 nm pump wavelength.
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(a) p to p configuration (b) s to s configuration

(c) p to s configuration (d) s to p configuration

Figure 7.10: SHG for a pump wavelength of 1200 nm for all four configurations and the
corresponding fits.





Chapter 8

Conclusion

In this thesis work, thin films with nanocolumnar gold structures were grown using
glancing angle deposition. The films were deposited on silicon substrates with a
5 nm layer of chromium for increased adhesion. Their parameters such as their
length and tilt angle was approximated using the scanning electron microscope.

To characterize their optical properties, two different types of optical measure-
ments were performed on these samples. First, the linear optical properties in the
form of reflectance were investigated. In order to do this, a plain gold sample was
grown and measured to ensure a well working characterization process. Then, the
reflectance of the nanocolumn thin film was measured. Depending on the orienta-
tion of the sample relative to the incoming light, different types of surface plasmon
resonances could be observed. For the columns laying in the plane of incidence,
both a bulk plasmon resonance and a localized surface plasmon resonance was ob-
served. For the columns being rotated out of the plane of incidence, an additional
surface plasmon resonance was present as well.

For both the plain gold sample and the nanocolumn sample, models were em-
ployed to make predictions about their optical behaviour. While a precise descrip-
tion of the experimental results was possible for the plain gold layer, the model for
the nanorods needs to be further improved. While correct qualitative predictions
about parts of the behaviour could be made, the influence of the three layer sub-
strate and the rotation out of the plane of incidence were strong and could not be
taken into account by the model in its present form.

The nonlinear optical properties in the form of the second harmonic generation
were measured on the nanocolumn layer as well. First, a wavelength sweep was
performed to determine the wavelength at which the strongest second harmonic
generation can be observed. Then, four different combinations of polarizations
for the incoming and outgoing light as a function of the rotation of the nanorods
were measured; p to p, s to s, s to p and p to s. The strongest second harmonic gen-
eration for the case of p to p polarization could be observed at 0° and 180° where
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the nanowires were pointing up and down, suggesting that the strongest localized
surface plasmon resonance is in the transversal mode. For p to s polarization, cross-
polarization could be observed at angles shifted by 45° relative to the p to p spec-
trum. The behaviour of the second harmonic generation on the nanocolumns was
modeled using symmetry considerations from literature, which were developed for
a similar structure. While this model managed to make reliable qualitative predic-
tions for the p to p and s to s cases, for the configurations with cross-polarization,
the experimental results differed strongly from the predictions made by the model.
This suggests a strong difference between the symmetry of the investigated sam-
ple and the symmetry of the structure modeled in the paper. The measurements
themselves were affected by misalignment of the laser beam. Due to the beam not
being aligned along the optical axis of the sample, it moved on the surface during
the rotational measurement, causing it to hit different defects throughout the mea-
surements. These defects appear in the spectra as variations in intensity and cause
peak broadening.

The linear and nonlinear optical properties of thin films with gold nanorods
were thoroughly measured and analysed in this work. They showed a strong
dependence on the polarization and angle of the incoming light, as well as the
orientation of the rods in relation to the plane of incidence of the incoming light,
proving glancing angle deposition to be a powerful tool for the engineering of
optical properties of thin films.



Chapter 9

Outlook

To further investigate the optical behaviour of the nanostructured films grown in
this work, more measurements should be done. The effect of the polarization of
the incoming light on the reflectance should be investigated. In order to do this,
the measurements discussed in chapter 7.1 should be repeated with s-polarized
light. Since the light used to measure the reflectance hits the substrate at a nearly
orthogonal angle, it is reasonable to expect that for s-polarized light, the reflectance
looks as if the sample was rotated by 90°. Since this is not the case according to the
model used to predict the reflectance, the behaviour of the sample with s-polarized
light should be investigated experimentally.

The model for the reflectance of the nanorod film itself can be further improved
as well. First, a three layered substrate should be implemented with a semi-infinite
silicon layer in the bottom, followed by a 5 nm chromium layer and a thin gold
layer on top. Like this, the model should be able to take the different characteristic
influences of the different components of the substrate, which became apparent
in chapter 7.1.2, into account. Furthermore, when the sample is rotated out of
the plane of incidence, the model is no longer valid, leading to strong deviations
between the predictions it can make for the rotated sample and the experimental
results. Therefore, to improve the model such that predictions about the reflectance
can be made for all four measured orientations of the nanorods, these rotations of
the substrate coordinate system around the surface normal should be added.

Apart from further analysing the properties of the films grown in this work,
the quality of the structure itself can also be increased. For this, the homogeneity
and regularity of the nanorods should be improved. One approach to improve the
regularity of the columns is a technique called seeding. Here, instead of letting the
nuclei at which the columns start to grow be distributed randomly on the surface
at the beginning of the deposition, nuclei are introduced to the substrate surface
in an ordered pattern and with a regulated size before the deposition. The seeds
can for example be created using e-beam lithography [16]. It was attempted to
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create a seeding pattern using this method, but due to limitations of the available
equipment, it did not succeed. For nanocolumns of the dimensions as they were
grown in this work, seeds around 50 nm in height and diameter should be grown
with a distance of around 600 nm between them [16]. As the available scanning
electron microscope used to attempt the creation of a seeding pattern is commonly
used to develop line and area e-beam patterns, the beam blanker was not adjusted
properly to be able to write a point pattern. This resulted in the area between
the points being exposed as well. The adjustments to fix this problem could not
be made in time. Implementing a seeding pattern in the fabrication process would
significantly increase the regularity of the films, as it would prevent column extinc-
tion. This would improve the optical properties, as it would reduce the influence
of defects and irregularities on the measurements.

Another factor contributing to the irregularites of the films was the substrate
with 5 nm of chromium on top. They were cleaned before they were deposited on.
Nevertheless, irregularities in the film could be observed. This is most likely due
to contamination of the silicon that is trapped under the chromium layer. These
irregularities then function in a similar way to the seeds, but in a non-ordered way,
decreasing the regularity and thus the quality of the grown nanorods. Therefore,
the preparation of the substrates should be optimized.

A more regular nanocolumn film could be described more accurately in the
theoretical model. As is mentioned in chapter 7.1, the film parameters such as
length or distance of the columns have a strong influence on the predictions the
model makes, but the model can not take irregularities in these parameters into
account. By making the columns and the distance between them more regular, the
behaviour of the film would become more easy to model. Reducing the column ex-
tinction and the material deposited between the singular columns might also make
it possible to model the substrate as only having two layers, 5 nm of chromium
and a semi-infinite silicon layer.

The nonlinear measurements can be improved by developing a more reliable
way to align the sample. A beam at wavelengths visible to the eye could be added
during the alignment process, such that the spot on which the laser beam hits the
sample can more easily be aligned with the rotational axis. This would decrease
the influence of inhomogeneities on the measurements and thereby also the peak
broadening. Furthermore, more measurements per configuration should be made
to achieve more statistically significant results. The model used to make predic-
tions for the second harmonic generation of the samples can be improved as well.
It was developed for a structure with a similar, but not identical symmetry. The
model assumes that all the tensor elements besides d11 can be neglected. Investi-
gating the symmetry of the sample grown and measured in this thesis work and
introducing other tensor elements to the model could improve it significantly.
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