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This thesis presents two sensing regimes for the investigation of membrane 
proteins. One regime is the THz regime, where the research of characteristic 
fingerprints of membrane proteins is very interesting as they act as drug 
targets. They exhibit resonances between 200 GHz and 2 THz. For the investi-
gation, a plasmonic sensing platform consisting of highly doped germanium 
is designed with the Finite Element Method and the properties are analyzed 
by 3D-full-wave simulations. The sensitivity of the structure is demonstrated. 
In a further step, this platform is described with lumped circuit elements and 
an impedance matching approach is given to further improve the sensing 
properties.
The second regime is the infrared regime, where membrane proteins are 
examined. In this regime, a sensing platform consisting of undoped silicon 
is modelled with the Finite Element Method and analyzed with 3D-full-wave 
simulations and compared to measurements. Again, the sensitivity for bio-
molecules is demonstrated. Both structures presented here are compatible 
to the standard BiCMOS process and enable low cost production for lab-on-
chip architectures.
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Abstract

The subject area of biological sensing becomes progressively more attractive for
medicine and fundamental biological research. In these fields, the investigation
of characteristic fingerprints of membrane proteins is important, as they are
responsible for the communication and activity of biological cells. Moreover, these
complex structures are essential for the transport of various substances into the
cell and are suitable as a drug target. These kinds of proteins provide vibrational
resonances between 200 GHz and 2 THz.
In this work, the design of coupled plasmonic antenna structures for the THz-
regime utilizing 3D-full-wave simulations are shown. These antennas consist of
highly doped germanium on a silicon substrate and have a target frequency of
500 GHz. They provide high sensitivity for thin films in liquid water and are
suitable for protein characterization in the THz-regime. As the design with 3D-
full-wave simulations involves a significant computational effort, an alternative
for the design of such antennas is shown. Plasmonic antennas are described with
lumped circuit elements, which enables first designs with analytical calculations.
Due to the description with lumped circuit elements, an approach for impedance
matching for such antennas is given, and the structure is further optimized.
After the THz-regime, the infrared regime is examined. In this regime, protein
binding processes are observable. In this work, a novel structure consisting of
silicon micropillar arrays is investigated to estimate the refractive index dispersion
of proteins. These pillars provide high sensitivity for sub-monolayer films.
The main results of this work provide suitable sensor structures for THz- and
infrared protein characterization with high sensitivity. Furthermore, they are
compatible with the standard BiCMOS process, which enables low-cost production
for lab-on-chip architectures.
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Zusammenfassung

Das Gebiet der Bio-Sensorik wird für die Medizin und die biologische Grund-
lagenforschung immer bedeutender. In diesen Bereichen ist die Untersuchung
charakteristischer Eigenschaften von Membranproteinen unerlässlich, da sie die
Kommunikation und Aktivität biologischer Zellen verantworten. Darüber hinaus
steuern sie den Transport verschiedener Substanzen in die Zelle und eignen sich
als Ziel von Medikamenten. Diese Art von Proteinen weisen charakterisitsche
Resonanzen zwischen 200 GHz und 2 THz auf.
In dieser Arbeit wird das Design von gekoppelten plasmonischen THz-Antennen
gezeigt. Diese Antennen bestehen aus hochdotiertem Germanium auf einem
Siliziumsubstrat und verfügen über eine Resonanzfrequenz von 500 GHz. Sie
bieten eine hohe Empfindlichkeit für dünne Schichten in einer wässriger Lösung
und eignen sich für die Charakterisierung von Proteinen im THz-Bereich.
Der Entwurf dieser Antennen wird mithilfe von Finite-Elemente-Simulationen
durchgeführt. Da solch ein Entwurf einen hohen Rechenaufwand umfasst, wird ein
weiterer Ansatz gezeigt. Die plasmonische Antenne wird als RLC-Schwingkreis
beschrieben, was Designs mit analytischen Berechnungen ermöglicht. Aufgrund
dieser Berschreibung kann eine Anpassung der Impedanz zwischen Antenne und
Biomolekül durchgeführt werden, wodurch die Struktur weiter optimiert wird.
Neben dem THz-Bereich wird auch der Infrarot-Bereich untersucht. Dort sind
Proteinbindungsprozesse zu beobachten. In dieser Arbeit wird eine neuartige
Struktur untersucht, um die Brechungsindexdispersion von Proteinen zu messen.
Für diese Untersuchung wird ein Array aus Silizium-Mikrosäulen analysiert. Sie
zeigen eine hohe Sensitivität für sehr dünne Schichten.
Die Ergebnisse dieser Arbeit zeigen, dass sich die untersuchten Sensorstrukturen für
die Charakterisierung von Membranproteinen im THz- und Infrarot-Bereich sehr
gut eignen. Weiterin sind sie kompatibel zu BiCMOS Prozessen und ermöglichen
die kostengünstige Herstellung von Lab-on-Chip Architekturen.
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1 Chapter 1

Introduction

1.1 State of the Art in THz-Technology

The THz-regime lies between 100 GHz and 10 THz. This frequency-regime is
denoted as the THz-gap, as these frequencies were not technically utilizable for
a long time. The THz-gap is in between the microwave and the infrared regime.
Microwaves are used for high-frequency electronics. Such circuits are widely
used in broadcasting systems or communications technology, such as wireless
LAN. Frequencies above the THz-gap are optical frequencies. These are used in
lasers, LEDs, or optical fibers. Such systems are mainly used in communication
technology or material processing.
Due to technological advancements, electronics and optics close to the THz gap
are used to built sources or detectors for THz-frequencies. Sources are built, with
optical elements by photo-mixing or with high-frequency electronics by frequency
multiplier technologies. Detectors or waveguides can be integrated by using
subwavelength structures in combination with the surface plasmon effect as the
wavelength of THz-radiation lies between 30 µm and 1.5 mm. Compared to optics,
these wavelengths are quite large, and some materials are transparent. Due to the
transparency and characteristic properties of some materials, full-body scanners or
as security scanners are possible devices. Such can be used for finding explosives as
well as nondestructive testing in the industry. Furthermore, tomographic imaging
is feasible.
Furthermore, the energy of THz-radiation can be estimated and is in the range
of several meV. Due to this low energy, biological probes are not destroyed by
such radiation. It is below the binding energy of biological cells. This low energy-
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level and characteristic fingerprints of biomolecules in the THz-regime enable an
additional field of biosensing technology.
New sensor systems for the investigation of biological cells, as well as tumor
characterization, are potential applications. Such sensor systems need a very high
sensitivity and a well confined electromagnetic field because the biomolecules
are very small compared to the wavelength. Such sensing systems are already
state-of-the-art for the investigation of DNA or bacterial layers [1–5].

1.2 Background of Research

Next to the investigation of bacterial layers or DNA, the properties and func-
tionality of membrane proteins are very attractive for the drug industry, medical
diagnostics, or fundamental biological research. These proteins form the commu-
nication interface between biological cells and are responsible for the transport
of substances into the cells. Such properties are enabled by the conformational
organization of the proteins. For the detection of this kind of motion, a marker-free
technique is indispensable, as this does not change the protein properties. This
kind of technique is state of the art at optical frequencies [6–9]. Furthermore,
infrared techniques for the detection of protein binding processes are used [10].
The quantity of the extracted information from such investigations is weak, as
they deliver only mass information and nothing about the structural behavior or
identity.
As proteins provide strong absorption spectra between 100 GHz to 2 THz, which
include contributions from vibrational modes of the proteins and hydrogen bonds.
THz-spectroscopy is a useful tool for analyzing membrane proteins. Commonly
such proteins are surrounded by liquid water. The water molecules’ motion is
in the picosecond regime. This motion can be detected, and protein convolution
can be observed [11]. Until now, such detection of protein folding using label-free
techniques required a high amount of protein. As for pharmaceutical investigations,
where only micrograms of proteins are available, a sensor structure with very high
sensitivity is needed.
In this work, the design of a sensor platform for protein detection is proposed
(figure 1.1). Doped germanium antennas on silicon substrate are used to excite
localized surface plasmon resonances as doped germanium provides metallic
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a)

b)

Figure 1.1: a) Top view of the plasmonic germanium antenna on silicon. The red section
around the gap denotes the functionalization layer for protein capturing b)
A zoom in the gap region is shown. The red and blue sticks denote the
surface chemistry to catch the membrane protein monolayer. The green body
represents the membrane protein [12].

properties in the THz regime. The target frequency of these antennas is 500 GHz.
For a sensor structure with high sensitivity, an enormous electromagnetic field
confinement and field enhancement around the structure is needed. For this,
bowtie antennas with two arms are used. The antenna arms are separated by a
1 µm gap, which forms the sensor hotspot. Two model cases verify the functionality
of the sensor. Once water and DNA are used as hotspot materials, and the spectral
shift of the antenna resonance is calculated [12]. Another model case is a thin
film in a liquid environment. For this model case, a general sensitivity curve is
estimated and compared to the DNA case.
This structure is designed for the excitation by linear and circular polarized
light utilizing 3D full-wave simulations. Next to the approach of electromagnetic
modeling, the antenna is described with lumped circuit elements. With this model,
the gap impedance is matched to the antenna impedance to increase the field
confinement in the gap region. Electromagnetic simulations verify these results.
A significant advantage of using silicon and germanium is the compatibility with
standard BiCMOS processes. These sensor platforms can be produced in high
quantities at low costs.
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Figure 1.2: SEM picture of the pillar structure [81].

Next to the THz sensing platform, an IR platform is shown, which is based on
silicon micropillars (figure 1.2). These provide a regime for biosensing around
40 THz, where the refractive index dispersion of membrane proteins can be esti-
mated. This estimation is possible due to one feature of the chosen structure- the
rough pillar surface form a high overlap of the electromagnetic energy with the
pillar surface. This overlap enables a high sensitivity for thin molecular films. In
this work, a given experiment is analyzed electromagnetically, and the sensing
properties are shown. Furthermore, the impact of the geometrical parameters of
the structure is discussed.

1.3 Numerical Modeling in Engineering and
Research

Since James Clark Maxwell published his electromagnetic theory in 1837 [14], it has
had a significant impact on engineering and research. Maxwell’s equations describe
phenomena in nature mathematically and can prescribe the electromagnetic
behavior in modern technologies. The design and understanding of antennas,
sensors, and many more applications by solving Maxwell’s equations saves much
money in the industry. Moreover, this theory is scalable from the static case up
to the optical regime. Thus it covers the whole electromagnetic spectrum [15].
As these equations are quite complex and the solution is not solvable analytically,
for most cases, numerical methods are used. The difficulty of such methods is to
find elements for discretization, that are divergence-free for Maxwell’s equations.
As the Yee algorithm was developed, it was possible to split the 3D simulation
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domain into cuboids - well known as tensor grids or structured mesh - and solve
Maxwell’s equation with the finite difference or integration techniques. The
finite-difference time-domain (FDTD) or finite integration technique (FIT) for
electromagnetics was born [16,17]. These methods represent time-domain solutions
and can be used in the frequency domain as well. These are used nowadays in
commercial software like CST or Lumerical. A disadvantage of the Yee algorithm
is that the grid consists of either rectangles in 2D or cuboids in 3D, making round
structures hard to resolve. Due to this, an unstructured discretization is more
convenient. Since Nédélec published his approach of divergence-free edge elements
in 1980 [18]. The finite element method was born. This method is based on an
unstructured discretization with tetrahedrons for example. It can be solved for
region wise discretization and on any object. The finite element method is used in
commercial software like COMSOL or ANSYS. It can be used in the time domain
as well as in the frequency domain.
In this work, the finite element method is used in the frequency domain. The
3D vectorial Helmholtz equation is solved with a proprietary software tool called
FDMax. FDMax can calculate modes by solving homogeneous problems or source
problems [19].

1.4 Thesis Overview

Chapter 1: Introduction In chapter one, the motivation for this thesis is given.
One part describes the state-of-the-art in THz-technology. Another part
gives biological motivation and points out potential sensing systems, shown
in this work. Furthermore, an overview of numerical modeling in engineering
and research is given.

Chapter 2: Theoretical Foundations In this chapter, the theoretical background
for this thesis is given. Beginning with fundamental Maxwell’s equations,
all equations, need in this work, are derived. Furthermore, an insight into
antenna theory is given. All antenna parameters are shown, the description
of antennas as an equivalent circuit is given, and the properties of the used
antenna structures are discussed.
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Chapter 3: Simulation Model The Simulation Model chapter includes the de-
scription of the finite element method (FEM) as well as a description of slab
antennas with a circuit model and the transfer matrix method (TMM). Also,
the programming part of this work is pointed out. Here the implementation
and benchmarks of an additional total field scattered field source for the
proprietary software FDMax are shown.

Chapter 4: Germanium THz Antennas Chapter 4 discusses the design and mod-
eling of germanium THz-antennas. The modeling process is described, and
all sensor features are shown. In this chapter, antennas for linear and circular
polarization are discussed. Next to the designs with 3D-full-wave simulations,
the slab antenna is described with lumped circuit elements, and an approach
for an impedance matching between antenna and gap is shown.

Chapter 5: Silicon Micro Pillar Arrays for Infrared Sensing This chapter describes
the second approach for protein characterization in the infrared regime. The
sensor for this regime contains a silicon micropillar array, which has a peri-
odic surface roughness. This roughness has unique properties in the infrared
regime and enables the detection of thin films. Next, a comparison between
experiment and simulation, an electromagnetic analysis, leads to a suitable
regime for biosensing. Furthermore, a design analysis of the given parameter
setup is done.

Chapter 6: Conclusion and Outlook This chapter summarizes the main results
of this work and gives a brief outlook for future sensing structures.
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Theoretical Foundations

In this chapter, the fundamental physics necessary to understand this work is
listed. In later chapters, these principles are referred to again in order to explain
shown phenomena.
In the first step, Maxwell’s equations are used to derive the wave equation in time
and frequency domain. A solution for free space Helmholtz equations, also known
as plane waves, is calculated. These are transformed into the time domain, to
show their polarization properties.
The next step is to describe the material dispersion of metals with the Drude model
for free-electron gases and use this together with the homogeneous Helmholtz
equation to derive modes at a metal-dielectric interface - the surface plasmons.
Several characteristics of these are derived, too. Next to surface plasmons, the
modes of a subwavelength sphere in an electric field are calculated to show the
main features of localized surface plasmons.
After these fundamental steps, antenna theory is introduced to get to know about
antennas and point out the main differences between metal and semiconductor
antennas.

2.1 Macroscopic Maxwell’s equations

The association of single charges with currents is avoided in macroscopic Maxwell’s
equations. Instead, current densities J and charge densities ρ are considered.
It should be noted that for the microscopic Maxwell equations the Lorentz
force must be taken into account. The Lorentz force describes the force that a
magnetic field and an electric field exert on a moving charge. In the microscopic
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Maxwell equations, electric and magnetic fields are related to total currents and
charges as well as charges and currents in matter at the atomic level. In the
macroscopic Maxwell equations such effects are described by material polarization
and magnetization. The Lorentz force is thus implicitly described by the material
properties.
The following set of equations represent macroscopic Maxwell’s equations in
differential form and SI units

∇×E(r, t) = −∂B(r, t)
∂t

, (2.1)

∇×H(r, t) = ∂D(r, t)
∂t

+ J(r, t), (2.2)

∇ ·D(r, t) = ρ(r, t), (2.3)

∇ ·B(r, t) = 0 . (2.4)

Within this set of equations E, is the electric field with the dimension V m−1,
D the electric flux density in A s m−2, H the magnetic field in A m−1, B the
magnetic flux density in V s m−2, which are connected to the sources J , which
describes a current density in A m−2 and ρ. ρ represents a charge density in
A s m−3.
These equations are axioms and useful for various phenomena. In order to
find a self-consistent solution, a supplementation for Maxwell’s equations is
needed. This supplementation describes the behavior of electromagnetic fields in
various materials. The materials properties can be isotropic, anisotropic linear, or
nonlinear. The following equations describe this

D(r, t) = ε0E(r, t) + P (r, t), (2.5)

B(r, t) = µ0H(r, t) +M (r, t), (2.6)

Jl(r, t) = σE(r, t). (2.7)

P (r, t) describes the material polarization and M(r, t) the magnetization. The
quantities describe, whether material is linear or non linear, or isotropic or
anisotropic. For isotropic linear media a connection to the electric and magnetic
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field are given by P (r, t) = ε0χeE(r, t) and M(r, t) = χmH(r, t), where χe

represents the electric and χm magnetic susceptibility.
Equation 2.5 and equation 2.6 simplifies to

D(r, t) = ε0εrE(r, t) (εr = 1 + χe), (2.8)

B(r, t) = µ0µrH(r, t) (µr = χm). (2.9)

Here ε0 = 8.854× 10−12 A s V−1 m−1 is the free space permittivity and µ0 =
4π × 10−7 H m−1 free space permeability. It should be noted, that for anisotropic
media εr and µr are tensors of rank 2. If there are non-linear materials, the right
side of the equations should consist of terms of higher power [20,21].

2.1.1 Wave equations

The set of equations mentioned above can help describe natural phenomena
mathematically. Static phenomena, simplify Maxwell’s equations because the
time-dependent terms with ∂/∂t vanish. Other phenomena like the charge
conservation law also result from this set of equations. By a decoupling of these
equations, wave propagation and diffusion processes can be described, too. For
decoupling, the result depends only on the electric or on the magnetic field. A
second rotation is applied to equation 2.1 to decouple the electric and magnetic
field. As an example, in the following, a derivation of the wave equation for the
electric field is shown

∇×∇×E(r, t) = − ∂

∂t
∇×B(r, t), (2.10)

∇×∇×E(r, t) = −µ0µr
∂

∂t
∇×H(r, t), (2.11)

∇×∇×E(r, t) = −µ0µr
∂

∂t

(
∂D(r, t)

∂t
+ J(r, t)

)
, (2.12)

∇×∇×E(r, t) = −µ0µr(ε0εr
∂2E(r, t)

∂t2
+ ∂J(r, t)

∂t
), (2.13)
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∇×∇×E can be written as ∇∇ ·E −∇2E

∇∇ ·E(r, t)︸ ︷︷ ︸
∇ ρ(r,t)

ε0εr

−∇2E(r, t) = −µ0µr(ε0εr
∂2E(r, t)

∂t2
+ ∂J(r, t)

∂t
), (2.14)

∇2E(r, t)− µ0ε0µrεr︸ ︷︷ ︸
1
c2

∂2E(r, t)
∂t2

= µ0µr
∂J(r, t)
∂t

+∇ρ(r, t)
ε0εr

, (2.15)

∇2E(r, t)− 1
c2
∂2E(r, t)

∂t2
= µ0µr

∂J(r, t)
∂t

+∇ρ(r, t)
ε0εr

. (2.16)

The Term c stands for the velocity of light in a εrµr medium.
For lossy materials, the current density splits into two parts. One part is for
the current density Je(r, t) induced by real sources, the other part is from the
material, described by equation 2.7

J(r, t) = Je(r, t) + σE(r, t). (2.17)

By inserting this into equation 2.16, the wave equation for isotropic lossy media,
is described as follows

∇2E(r, t)− σµ0µr
∂E(r, t)

∂t
− 1
c2
∂2E(r, t)

∂t2
= µ0µr

∂Je(r, t)
∂t

+∇ρ(r, t)
ε0εr

,

(2.18)

∇2H(r, t)− σµ0µr
∂H(r, t)

∂t
− 1
c2
∂2H(r, t)

∂t2
= −∇× Je(r, t). (2.19)

The Laplacian ∇2 is the sum of the second order partial derivative in space.
In Cartesian coordinates it is ∇2 = ∂2

/
∂x2 + ∂2

/
∂y2 + ∂2

/
∂z2 . It should be

noted, that this operator can be transferred in cylindrical or spherical coordinated
systems, too.
The result of a second rotation operator decouples Maxwell’s equations. It leads
to one equation depending only on the electric field and source terms. The left
side of the equation depends only on derivatives in time and space of the electric
field, and the right side indicates source terms. The differential equation has
a first and a second-order derivative of the electric field in time and with the
Laplacian a second-order derivative in space.
The first-order derivative describes diffusion processes of the electric field or
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magnetic field in the lossy materials. This inhomogeneous equation is valid for
isotropic and lossy media. For the magnetic field, the derivation is the same, and
the result is shown in equation 2.19.
The wave equation is a hyperbolic differential equation, which can be simplified
further. For example in a vacuum, with no current sources and no charge densities,
it becomes homogeneous

∇2E(r, t)− 1
c2

0

∂2E(r, t)
∂t2

= 0, (2.20)

∇2H(r, t)− 1
c2

0

∂2H(r, t)
∂t2

= 0, (2.21)

where c0 is the vacuum velocity of light.
It seems that the homogeneous equations are decoupled. They are not; they are
always coupled physically by Maxwell’s equations.
In the next step, time and space-dependent wave equations are transformed into
the frequency regime to describe monochromatic fields. These equations are solved
for the homogeneous case to get to know about the properties of plane waves [20].

2.1.2 Helmholtz equations

In section 2.1 time and space-dependent Maxwell’s equations and the resulting
wave equations are shown. Using the Fourier transformation, these equations
can be transformed to the frequency domain. Now they have only dependence
on space for one particular frequency. These monochromatic equations for the
electric and magnetic field describe complex field spectra and are called Helmholtz
equations

∇2E(r, ω) + jωσµ0µrE(r, ω) + k2E(r, ω) = −jωµ0µrJe(r, ω) +∇ρ(r, ω)
ε0εr

,

(2.22)

∇2H(r, ω) + jωσµ0µrH(r, ω) + k2H(r, ω) = −∇× Je(r, ω). (2.23)

From these relationships the wave number k with the dimension m−1 is defined

k = ω
√
µ0ε0µrεr = ω

c
. (2.24)
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The wavenumber can be extend to be complex for lossy materials with

kc = k

√
1 + j

σ

ωε0εr
. (2.25)

The imaginary part of this wave number describes the decay in the material.
Therefore monochromatic wave equations can be written as

∇2E(r, ω) + k2
cE(r, ω) = −jZJe(r, ω) +∇ρ(r, ω)

ε0εr
, (2.26)

∇2H(r, ω) + k2
cH(r, ω) = −∇× Je(r, ω). (2.27)

Obviously there is only a connection to k and space. Z is the wave impedance

Z =
√
µ0µr
ε0εr

. (2.28)

Therefore the Helmholtz equation describes complex phasors of time harmonic
fields with source terms. For isotropic and homogeneous source free space like
vacuum, the monochromatic equations look like

∇2E(r, ω) + k2
0E(r, ω) = 0, (2.29)

∇2H(r, ω) + k2
0H(r, ω) = 0. (2.30)

Solutions of the homogeneous vectorial Helmholtz equation are for example plane
waves, such as surface plasmons and photonic band structures of photonic crystals.
In the next step, the homogeneous Helmholtz equation for the electric field is used
to derive plane waves [20].

2.1.3 Plane Waves

Plane waves are solutions of non-physical nature for homogeneous Maxwell’s
equations. They have a constant space-independent intensity and transmit infinite
energy. Plane waves exist at every time everywhere in space. They are an
ideal representation of an electromagnetic wave. Nevertheless, they are useful in
understanding the physical properties of electromagnetic waves in a straightforward
way. With superposition, real wave phenomena can be described.
In this section, time-invariant and harmonic plane waves are discussed.
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Plane Waves in the Frequency Domain

Using equation 2.29 and the electric field in Cartesian coordinates

E(r, ω) = Ex(r, ω)ex + Ey(r, ω)ey + Ez(r, ω)ez, (2.31)

where ei are unit vectors and Ei are components of the electric field. The result
of this field for solving equation 2.29 is a set of differential equations,

∇2Ex(r, ω) + k2
0Ex(r, ω) = 0, (2.32)

∇2Ey(r, ω) + k2
0Ey(r, ω) = 0, (2.33)

∇2Ez(r, ω) + k2
0Ez(r, ω) = 0. (2.34)

These set of equations is solved with the separation Ansatz of the variables with
the condition α2 + β2 + γ2 = k2 and results in

E(r, ω) = E0(ω) exp(±jk · r),

E(r, ω) = E0(ω) exp
(
±jkk̂ · r

)
Ê0. (2.35)

equation 2.35 is the representation of a plane wave in space-frequency domain. It
is described by the wave vector k = kk̂, where k is the wavenumber and k̂ is the
vector of propagation. The projection of every point r in space on the propagation
vector k̂ is constant

k · r = const. (2.36)

This fact describes a constant electric field amplitude on every plane in space,
which is nothing else but a Hessian normal form in space for a plane. Due to this,
the result is called a homogeneous plane wave, which is illustrated in figure 2.1.
The amplitude E0(ω) is only frequency-dependent, which means the intensity is
constant in space for a plane wave. The vector of the electric field Ê0 is well
known as the polarization vector, which is discussed in section section 2.1.4.
In the next step the separation condition has to be fulfilled, which means

|k|2 = k · k = k2. (2.37)
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The wavenumber k is defined by equation 2.24, which describes the dispersion
relation of the medium the wave is propagating. Thus the consequence is, equa-
tion 2.35 is a solution of homogeneous Helmholtz equation if the wave vector
k fulfills the dispersion relation. What is more is equation 2.35 has to fulfill
homogeneous Maxwell’s equations. Thus the magnetic field should be calculated
and the divergence-free character ∇ ·E = 0 has to be checked, which leads to

k̂ · Ê0 = 0. (2.38)

This demand means, all components of the electric field vector E has to be
perpendicular to the propagation direction k. In the next step the magnetic field
of a plane wave is calculated using equation 2.1 in the frequency domain with
J = 0

H(r, ω) = ± 1
Z
k̂× Ê0 exp(±jk · r), (2.39)

where k̂ × Ê0 = Ĥ0 is the unit vector of magnetic field. By comparing equa-
tion 2.35 and equation 2.39, it is evident that both fields are perpendicular to
each other and have the same phase.

k

H0

E0

λ

Figure 2.1: Illustration of a plane wave travelling in k̂-direction

In conclusion, the electric field and the magnetic field are perpendicular to each
other, and to the wave vector, the fields have no components in the direction of
the wave vector. Due to this, it is defined as a transverse electromagnetic wave
and the Poynting vector gives the power of such a wave
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S(r, ω) = 1
2E(r, ω)×H∗(r, ω),

= |E0(ω)|2
2Z k̂. (2.40)

It can be seen that the total TEM wave energy, which is represented by the real
part of equation 2.40, propagates in the direction of wave vector [20].

Plane Waves in the Time Domain

The derivation of plane waves in the frequency domain was done by solving the
Helmholtz equation and using all boundary conditions to fulfill Maxwell’s equations.
By applying Fourier transformation for one particular frequency ω0 = 2πf0 the
solution for a time-harmonic plane wave is given by

E(r, t) = E0(ω0) exp
(
j(±kk̂ · r − ω0t)

)
Ê0. (2.41)

The result is a complex-valued plane wave for one particular frequency, which
propagates in the direction of the wave vector k̂. The periodicity of complex
exponential function leads to a 2π periodic behavior of the wave. The amplitude
has its maximum value concerning the 2π periodicity. The distance between the
wavefronts is at least λ, as shown in figure 2.1. A connection between wavelength
and wavenumber is given by

k = 2π
λ
. (2.42)

By substituting this dependence in equation 2.24 the relationship between wave-
length and frequency is given

c = λf. (2.43)

This essential feature shows that with high frequencies, small wavelengths are
connected. For the propagation of a real valued plane wave equation 2.41 simplifies
to

E(r, t) = Re
{
E0(ω0) exp

(
j(±kk̂ · r − ω0t)

)
Ê0

}

E(r, t) = E0(ω0) cos
(
ω0t∓ kk̂ · r

)
Ê0, (2.44)



16 2 Theoretical Foundations

which is useful for describing various polarization states of plane waves in the
next section [20].

2.1.4 Polarization of Plane Waves

The polarization of light is a well-known phenomenon in nature and can be useful
in engineering. There are many applications in communication systems for radio
frequencies or microwaves. For example, the signals of satellite TV are vertically
or horizontally polarized to distinguish channels. For this issue, the mathematical
description of elliptically polarized plane waves is shown. Exceptional cases for
elliptical polarization are linear and circular polarization. Especially antenna
designs are dependent on the polarization of the incoming and outgoing waves,
which is discussed later.
Mathematically a plane wave for the electric field is represented by equation 2.35.
It is now well known that the electric and magnetic field are perpendicular to
each other and the wave vector. For a wave propagating in z-direction, the field
components are only in the xy plane. The scalar product k · r = z, thus simplifies
to kk̂ · r = kz

A description of the polarization state of plane waves can be done in two ways.
On the one side, there is the Jones Formalism, which describes each complex
component of the electric field with its magnitude and phase. It determines the
phase shift between the components for the polarization state.
A more convenient way is to use the real part of the plane wave (equation 2.44)
and define a phase shift between the electric field components. The description of
a plane wave with a phase shift ∆φ is given by

E(z, t) = E0x(ω0) cos(ω0t− kz)Êx + E0y(ω0) cos(ω0t− kz + ∆φ)Êy, (2.45)

with α = ω0t− kz

E(z, t) = E0x(ω0) cos(α)Êx + E0y(ω0) cos(α + ∆φ)Êy. (2.46)

The convention α = ω0t− kz is introduced to get a clear overview of the different
polarization states. In the following different polarization states are discussed.
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Figure 2.2: Illustration of the different polarization states. a) Linear Polarization with
E0x(ω0) = E0y(ω0) = 1 and ∆φ = 0, b) TE or x-polarization, c)TM or
y-polarization, d) circular polarization with E0x(ω0) = E0y(ω0) = 1 and
∆φ = π/2 e) elliptical polarization with E0x(ω0) = 1, E0y(ω0) = 0.5 and
∆φ = 0.2π

1. ∆φ = ±[π, 2π]
For a phase shift for multiple integers of 2π, the electric field looks like

E(z, t) = cos(α)(E0x(ω0)Êx + E0y(ω0)Êy), (2.47)

obviously the amplitude changes from its minimum (−E0x(ω0),−E0y(ω0))
and its maximum (E0x(ω0), E0y(ω0)), which is a line. For a phase shift of
180° or multiple integer of π the y-component changes the sign and the
amplitude changes from its minimum (−E0x(ω0), E0y(ω0)) to the maximum
(E0x(ω0),−E0y(ω0)) Special cases for the linear polarization are E0x(ω0) = 0,
which is called TM or y-polarization. For E0y(ω0) = 0 it is called TE or
x-polarization.

In figure 2.2 a)-c) TE, TM and linear polarization for a phase shift, which is
multiples of 2π are illustrated.

2. E0x(ω0) = E0y(ω0) = E0(ω0) and ∆φ = ±π/2
Due to a phase shift π/2 and equal amplitudes equation 2.46 becomes

E(z, t) = E0(ω0) cos(α)Êx ± E0(ω0) sin(α)Êy, (2.48)
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which is simply the circular equation with a radius of E0(ω0). Due to the
fact, that the electric field is time dependent the amplitude rotates clockwise
in direction of k̂. For a positive sign of the sine the wave is right circular
polarized and for a negative sign the wave is left circular polarized. An
illustration of this polarization state is shown in figure 2.2 d).

3. E0x(ω0) 6= E0y(ω0) and ∆φ 6= ±[π, 2π]
An inequality of the field amplitudes and a phase shift which is not an
integer of π or 2π gives elliptical polarisation. The phase shift between the
components determines how the ellipse lies in the xy-plane. The mathematical
description is shown in the following equation

E(z, t) = E0x(ω0) cos(α)Êx ± E0y(ω0) cos(α + ∆φ)Êy, (2.49)

again the sign of y component determines the left or right elliptical polar-
ization of the wave. For a positive sign, the wave is right polarized, and for
a negative sign, the wave is left polarized. An illustration of the elliptical
polarization is shown in figure 2.2 e).

2.2 Plasmonics

The behavior of the interaction between metals and electromagnetic radiation
changes with frequency. From the RF-Regime up to infrared frequencies, free
conduction electrons are out of phase. Thus the complex permittivity of noble
metals possesses negative real parts. In the UV-regime, metals reach their plasma
frequency. At this, the electron plasma is in resonance. Beyond this, the real
part of the dielectric function becomes positive. These are described using a
simple Drude model, which is discussed in detail in the next section. Due to
the high amount of free electrons in metals, there is a high reflectivity for low
frequencies, i.e., microwaves. At optical frequencies charge oscillations can be
observed due to plasma resonances. Such oscillations at a metal-dielectric interface
are called surface plasmon. They can also occur in the volume due to longitudinal
electron oscillations. Surface plasmons can be excited by coupling to an external
electromagnetic wave. The result of the coupling is a propagating surface wave,
which shows strongly localized electromagnetic fields in the dielectric above the
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metal and charge oscillations within the metal. Such a surface wave is a surface
plasmon polariton. The excitation of volume plasmons is not possible with an
external electromagnetic field, because such a field cannot excite longitudinal
electron oscillations. Another phenomenon is the localized surface plasmon,
which is caused in particles much smaller than the wavelength. In this particles,
the positive charge of the metal lattice forces the restoration of the electron
displacement. This shift leads to an extreme plasmon resonance of such a particle
or antenna and is excited by an external electromagnetic field.
For noble metals, like gold, copper, or aluminum, the plasma frequency is given
in the visible regime. Thus these surface oscillations are due to the frequency-
dependent permittivity not scalable to the microwave regime due to the scaling of
geometry. For the plasmon excitation at microwaves, the plasma frequency should
be scaled by tuning the carrier density of the material or structure the metal to
create a metamaterial with a plasma frequency in the regime of interest. A sketch
of a surface plasmon resonance is shown in figure 2.3.
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|Ez|

Ex

Ez

kx

εdielectric

εmetal

Figure 2.3: Illustration of Surface plasmons traveling in x-direction [22].

In this work, doped semiconductors are used to excite localized surface plas-
mons(LSPR) in phosphorus-doped germanium antennas. An advantage of semicon-
ductors is the scalable plasma frequency, depending on the doping concentration.
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In literature, this procedure is shown for indium antimonide and silicon as well
as [23, 24]. In the next section, the description of complex permittivity of metals
or metal-like structures is derived, and the carrier density dependence is shown.
Then the conditions for plasmon excitation at a metal-dielectric interface are
derived as a solution for the homogeneous Helmholtz equation.

2.2.1 Permittivity of Metals

In this section, the Drude model for the complex permittivity of metals is derived.
Metals have a large number of free carriers, from the RF to far-infrared frequencies,
the electrons are completely out of phase. In the optical regime, metals can be
described as an electron plasma, which has its resonance in the UV-regime for
noble metals. Near this frequency, interband transitions can be observed, as seen
in figure 2.4 b). The Lorentz model describes interband transitions of resonant
bound carriers as harmonic oscillators. Below these transitions, the electron
motion and scattering are completely described by intraband transitions, which
are included in the simple Drude model. This model describes the oscillation
of free electrons, excited by an external electric field a second-order differential
equation can describe this motion with

m
d2r

dt2 +mγ
dr
dt = −eE0 exp(−jωt). (2.50)

In this equation, m is the electron mass, γ is the damping constant due to electron
electron scattering. e is the charge of an electron and E0 exp(−jωt) is the time
dependent external electric field. r describes the displacement of the carriers.
equation 2.50 can be solved with

r = r0 exp(−jωt). (2.51)

Using equation 2.51 as an ansatz for the solution, the prefactor r0 can be found
with

r0 = eE0
mω2 + jmωγ

. (2.52)

The multiplication of the charge density N and the electron charge e, the polar-
ization of the electron gas can be described with
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P = P0 exp(−jωt), (2.53)

P0 = −er0N = −e
2N

m

1
ω2 + jωγ

E0. (2.54)

The polarization relation to the electric field P (r, t) = ε0χeE(r, t) the electric
susceptibility

χe = −e
2N

mε0

1
ω2 + jωγ

. (2.55)

Together with equation 2.5 the description of the relative permittivity of an
electron gas is

ε(ω) = εr = 1 + χe = 1− e2N

mε0︸ ︷︷ ︸
ω2p

1
ω2 + jωγ

, (2.56)

where 1 represents the vaccum and χe the material properties. Thus the complex
permittivity of an electron gas is given by

ε(ω) = 1− ω2
p

ω2 + jωγ
., (2.57)

Re{ε(ω)} = ε1 = 1− ω2
p

ω2 + γ2 (2.58)

Im{ε(ω)} = ε2 =
ω2

pγ

ω(ω2 + γ2) (2.59)

where ωp is known as the plasma frequency of the electron gas. In the next step
equation 2.57 is analyzed for different frequency regimes for ω < ωp, because at
this metals still have metallic properties.
If ω is close to the plasma frequency, the imaginary part vanishes, because of
ω >> γ. In this regime, the permittivity of metal is dominated by the real part
and can be displayed as

ε(ω) = 1− ω2
p
ω2 . (2.60)

It should be noted that with real metals the damping does not disappear. In this
frequency range the damping is dominated by the interband transitions, which
are not considered in the Drude model. The Drude model considers only the
intraband transitions.
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For frequencies much lower than the plasma frequency - in the RF or THz regime -
ε2 >> ε1 and the imaginary part dominates over the real part of the permittivity.
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Figure 2.4: a) Real part of the dielectric function for silver calculated with the Drude
model(blue) and compared to an experiment from Johnson and Christy [25].
For values below 600 THz, it matches very well. Beyond Lorentz-oscillators
should be added. b) The imaginary part of the Drude dielectric function
compared to the experiment. Around 1000 THz, the interband transition can
be seen. Lorentz oscillators model these additional transitions. The parameters
for the Drude model are ε∞ = 2, γ =4.35 THz and fp =2.175× 1015 Hz

Due to this, the magnitude of the complex refractive index has a comparable order

n ≈ k =
√
ε2
2 =

√√√√ ω2
p

2ωγ , (2.61)

because for this case γ >> ω. In this regime the metals are mainly reflective and
electromagnetic radiation is not transmitted. The radiation is attenuated in the
material and can not travel through it. This attenuation can be described by the
absorption coefficient

α = 2k ω
c0

=
√√√√2ω2

pω

c2
0γ

. (2.62)

By introducing the dc conductivity σ0 = ω2
pε0/γ and using the Beer-Lambert law,

which describes the decay of the electric field or the decay of the intensity in
metals. The skin depth can be defined as
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δ(ω) = 2
α

=
√√√√ 2
σ0ωµ0

. (2.63)

This equation can also be derived by solving Maxwell’s equations for diffusion
processes. It is valid as long the mean free path of the electrons in the material is
smaller than the skin depth. This description is only valid for room temperature,
for low temperatures, the penetration depth of the field changes. This effect is
called the anomalous skin effect.
Up to now, the frequency was always below the plasma frequency. In the next, the
frequency regime for higher frequencies is assumed to describe effects above the
investigated regime. This assumption is needed for describing the permittivity of
real metals. They have a very high polarisation P∞ due to the positive background
of the ion cores. With P∞ = ε0(ε∞ − 1)E as an additional term in equation 2.5,
this issue can be considered and the permittivity of real metals is

ε(ω) = ε∞ −
ω2

p
ω2 + jωγ

. (2.64)

It should be noted, that ε∞ is a fitting parameter. For very high frequencies, the
charges of the material can not follow the electromagnetic field and its permittivity
becomes 1.
In figure 2.4, the complex dielectric function of silver compared to an experiment
from Johnson and Christy is shown, obviously the simple Drude model fits very
well up to 700 THz. In this work, germanium antennas in the THz regime are
investigated. In this regime doped germanium has no interband transitions, and
due to the absence of phonon resonances the simple Drude model for describing
permittivity is accurate [22,25,26].

2.2.2 Surface Plasmons at a Metal Dielectric interface

Eigenmodes can describe surface charge oscillations at a metal-dielectric interface.
These modes are solutions of the 3D vectorial Helmholtz equation for the electric
(equation 2.29) and magnetic field (equation 2.30).
For a general description of the solution, an interface at z = 0 is given. For
z < 0 the complex permittivity ε1(ω) is assumed. The dielectric real positive
permittivity ε2 is used for the dielectric half-space above the metal (z > 0).
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A sketch for this description is found in figure 2.5.

x

z dielectric

metal

Figure 2.5: Sketch of the problem for solving Helmholtz equation [26]

The description of electric and magnetic field in this 2D assumption is given by

E(x, y, z) = E(z) exp(jkxx), (2.65)

H(x, y, z) = H(z) exp(jkxx). (2.66)

The kx denotes the component of wave vector in x-direction. By substituting
equation 2.65 and equation 2.66 in the wave equations equation 2.29 for the
electric field and in equation 2.30, the solution leads to

∂2E

∂z2 + (k2
0εi − k2

x)E = 0, (2.67)

∂2H

∂z2 + (k2
0εi − k2

x)H = 0. (2.68)

These are the 2D wave equations for an electromagnetic wave travelling in x-
direction at an metal dielectric interface. As discussed previously these solutions
have to fulfill Maxwell’s equations. Using equation 2.1 and equation 2.2 a set of
six equations is given. Three of the describe TM-polarization (Ex, Ez, Hy 6= 0),
on the other hand TE-polarisation is described.
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There is no solution for the TE case, thus there are only three equations to
calculate the dispersion relation

Ex = −j
ωε0εi

∂Hy
∂z

, (2.69)

Ez = −kx
ωε0εi

Hy, (2.70)

∂2Hy
∂z2 + (k2

0εi − k2
x)H = 0. (2.71)

εi denotes, that the wave equation is solved for both materials separately. Due to
the evanescent nature of this wave, there is a change of sign of the z-component
for z > 0 and z < 0 to verify the exponential decay in both materials.
As of the Ansatz for solving equation 2.71 is given by

Hy,1 = A1 exp(jkxx) exp(−jkzz), (z > 0) (2.72)

Hy,2 = A2 exp(jkxx) exp(jkzz), (z < 0) (2.73)

which leads to the z-component of the wave vector, depending on the material

k2
z,i + k2

x = εik
2
0. (2.74)

In the next step, divergence freedom (equation 2.3 with ρ(r, ω) = 0) needs to
be checked, and the field amplitudes have to match at the interface at z = 0, to
have the required continuity from boundary conditions. Thus the amplitudes of
magnetic field are A1 = A2 at z = 0. Moreover, the z component of the electric
field needs to fulfill this requirement (equation 2.77).
These lead to another set of equations,

kxEx − kz,1Ez,1 = 0, (2.75)

kxEx + kz,2Ez,2 = 0, (2.76)

kz,1Ez,1 = kz,2Ez,2. (2.77)

By solving these equations simultaneously, the requirement for exciting a surface
plasmon at a metal-dielectric interface is given by

kz,2
kz,1

= −ε2
ε1
. (2.78)
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equation 2.78 shows that one material needs to have a negative permittivity for
the excitation of surface plasmons, which is given for ε1 in this case.
This requirement leads to the dispersion relation for kx and kz,i by substituting
equation 2.78 into equation 2.74

kx = k0

√
ε1ε2
ε1 + ε2

, (2.79)

kz,i = k0

√√√√ ε2
i

ε1 + ε2
. (2.80)

These equations describe the dispersion of a bound plasmon wave along with a
metal-dielectric interface. Due to the losses in both materials, the permittivities
become complex, and the wave vector components are complex numbers. Therefore
a plasmon wave propagating in x-direction is damped in x-direction as well as in
z-direction.
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Figure 2.6: Dispersion relation of a surface plasmon polariton. The calculation is done
with the permittivity of silver.

In figure 2.3 the solution is illustrated. Due to the evanescent nature, the wave
decays in z-direction. It is also damped in the x-direction.
Due to this issue, two figures of merit for surface plasmons can be defined with
the wave vector. On the one hand, there is the propagation length Lx and on
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the other hand, there is the penetration depth Lz. The wave character of surface
plasmons leads to the decay definition

Lx = 1
Im(kx) , (2.81)

which is well known as the decay length. It describes the length, until the
amplitude of the electric field is damped by 1/e. The penetration depth of the
surface plasmon describes the decay in z-direction, it is the inverse absolute value
of the z-component

Lz = 1
Im(kz)

, (2.82)

With the derived relations, plasmon resonances can be described. They can
also be excited in multi-layer systems such as Insulator-Metal-Insulator (IMI) or
Metal Insulator Metal (MIM). These systems, as well as the excitation of surface
plasmons, are well described in literature [26].

2.2.3 Localized Surface Plasmons

After the description of surface plasmons, which are traveling electromagnetic
waves coupled to the electron plasma of metals, localized surface plasmons (LSP)
are described. These are non- traveling resonances of the conduction electrons of
metallic structures much smaller than the wavelength.
Sub-wavelength structures show these plasmon modes in an oscillating electric
field. Such modes have their origin in a restoring force because the electric field
penetrates the structure and drives the free electrons. Due to this feature, the
field inside and outside of the particle is enhanced in the near field zone.
The advantage of LSP’s is the excitation technique. For the excitation of surface
plasmons at a metal-dielectric interface, the phase-matching criterion has to be
fulfilled. In contrast, localized surface plasmons can be excited directly plane
wave illumination. Promising examples are particles like spheres such as antenna
structures like dipoles or bowties.
Since the structure is smaller than the wavelength, the oscillating electromagnetic
field is constant along with the structure a quasi-static approach is chosen, and
the Laplace equation for the potential is solved (∇2Φ = 0),
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Figure 2.7: Illustration of sphere at (0,0) in an electrostatic field [26]

the electric field can be calculated with E = −∇Φ.
In the following, the resonance condition for a metallic sphere with the radius a
is derived. For this, it is convenient to write the Laplace equation in spherical
coordinates (r, θ), which is shown in figure 2.7. The analytical solution of the
Laplace equation is given by

Φ(r, θ) =
∞∑

l=0
(alrl + blr

−l−1)Pl(cos θ). (2.83)

Here al and bl are constant coefficients and Pl(cos θ) are Legendere polynomials of
order l. θ is the angle between the vector r pointing to point P and the z-axes. In
the origin, the potentials has to be finite, thus a inner potential inside the sphere
Φm(r, θ) and an outer potential Φd(r, θ) can be described with

Φm(r, θ) =
∞∑

l=0
alr

lPl(cos θ). (2.84)

Φd(r, θ) =
∞∑

l=0
(blrl + clr

−l−1)Pl(cos θ). (2.85)

In equations 2.84 to 2.85 the coefficients al, bl and cl can be determined by using
the boundary conditions at r = a and checking the limit value observation r →∞.
The last condition leads to b1 = −E0 and bl = 0 for l 6= 1. The boundary
conditions expect the equality of the tangential components of the electric field
and the equality of the normal components of the displacement field at r = a.
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∂Φm
∂θ

∣∣∣∣∣
r=a

= ∂Φd
∂θ

∣∣∣∣∣
r=a

, (2.86)

εm
∂Φm
∂r

∣∣∣∣∣
r=a

= εd
∂Φd
∂r

∣∣∣∣∣
r=a

. (2.87)

The evalution of the boundary conditions show that al, cl = 0 for l 6= 1. And the
last set of parameters a1 and c1 can be determined, which leads to the inner and
outer potentials

Φm = −E0
3εd

εm + 2εd
r cos θ, (2.88)

Φd = E0(−r cos θ + εm − εd
εm + 2εd

a3 cos θ
r2 ). (2.89)

Physically the potential outside the metallic sphere is the superposition of the
potential of the incident plane wave with an amplitude E0 and the scattered
potential of the sphere.
The solutions for the inner and outer potential are used together with E = −∇Φ
to calculate the electric fields inside and outside the sphere

Em = E0
3εd

εm + 2εd
(cos θer − sin θeθ), (2.90)

Ed = E0(cos θer − sin θeθ) + E0
εm − εd
εm + 2εd

a3

r3 (2 cos θer + sin θeθ). (2.91)

The electric field outside the sphere Ed is described by the superposition of the
incident field and the scattered field. The incident field is given by E0(cos θer −
sin θeθ). It should be noted that this approximation is only valid for particles
smaller than the skin depth.
Once the scattered field is known, the scattered power and the scattering cross-
section can be calculated. Other quantities are the absorbed power and the
absorption cross-section. These can be calculated as well. Both cross-sections
depend on the complex polarization α(ω) of the sphere

α(ω) = 4πε0a
3 εm − εd
εm + 2εd

. (2.92)
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The scattering and absorption cross-section of a sphere is then

σscatt = Pscatt
I0

= 8π
3 k4a6

∣∣∣∣∣
εm − εd
εm + 2εd

∣∣∣∣∣

2
, (2.93)

σabs = Pabs
I0

= 4πka3 Im
(
εm − εd
εm + 2εd

)
. (2.94)

The extinction cross-section of the sphere is a sum of the scattering and the
absorption cross-section.

σext = σscatt + σabs =

8π

3 (ka)4
∣∣∣∣∣
εm − εd
εm + 2εd

∣∣∣∣∣

2
+ 4πka Im

(
εm − εd
εm + 2εd

)
πa2. (2.95)

The absorptive part of the equation dominates the extinction cross-section for
particles smaller than the wavelength due to the dependence of the scattering cross-
section by multiples of (ka)4. For larger scatterers, the scattering cross-section
becomes dominant. Also, the physical cross-section in this term, which is πa2.
The extinction cross-section of the scatterer can be multiples of the physical cross-
section, if the Fröhlich condition (Re(εm) = −2εd) is fulfilled. By normalizing the
cross-sections, by the physical cross-section of the particle, absorption, scattering,
and extinction efficiencies are defined.
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Figure 2.8: A plane wave is travelling through the nano particle and the free carriers in
the sphere start oscillating. The field in the direction of the electric field is
enhanced. .
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This solution shows modes of a nanoparticle for the electrostatic case, and the
absorption cross-sections are derived. They are only valid for particles below
100 nm and can be extended to small ellipsoids as well. For particles bigger than
100 nm these electrostatic assumptions are not valid anymore, the dynamic case
should be analyzed. In this case, the Mie theory is used. It is a theory for
the description of scattering and absorption, which includes non-radiative and
radiative decay rates to calculate the scattering and absorption cross-section. It
can be extended for ellipsoids as well and is shown in literature [26].
A sketch of the behavior of a nanosphere, which is stimulated by an external
plane wave is shown in figure 2.8. The optical field drives the free carriers inside
the sphere, and they start to oscillate. Due to the oscillation, the electrons are
oriented in one direction. Due to this overhead of carriers on one side of the
particle, the field is enhanced.
Another point is the coupling of two particles. If these are only separated by a
small gap, the electrons inside are coupled together over this small distance. The
field enhancement in this small gap is huge due to the strong coupling of positive
and negative carriers [26].

2.3 Antenna Theory

Antennas are the link between a transmission line (waveguide or coaxial cable)
and the free space. Transmission lines guide electromagnetic energy from source
to antenna or from free space to a load. Thus the antenna is transmitting or
receiving and shown in figure 2.9.
The facts described can be illustrated with equivalent models, the Thevenin
equivalent antenna model and the Norton equivalent model. These models are
described later in this work.
An antenna is represented by a characteristic impedance ZA = (Rrad+Rohm)+jXA.
Also, the transmission line and the generator or the load have characteristic
impedances. In the case of the antenna impedance, the resistance Rrad represents
radiation, while the Rohm associates the losses of the antenna. The reactance XA

describes the radiation of the antenna.
In an ideal system, the total power is transferred from source to antenna; thus,
there are no losses. Due to the characteristic impedance of each part, this is not
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Figure 2.9: a)Illustration of an antenna in transmitting mode b) Illustration of an antenna
in receiving mode [20].

the case. If the impedance between the components is not matched, there will be
back reflections from the antenna via the transmission line to the source. Due to
reflection from the antenna, a standing wave could be inside the transmission line.
This effect is not desirable because of losses; thus, the impedances of components
should be conjugate matched, which is explained more in detail later on in this
work. For the receiving mode, the generator is replaced by a load impedance,
which should also be the conjugate matched of the antenna.
The next property, which is very important for antennas, is the directivity. The
directivity describes the power transfer of the antennas into particular directions,
and the suppression of power in other directions. The power direction should be
adapted to the application; thus, the antenna can have various forms, very sharp
or even broad. For this, there are various types of antennas like dipoles, bowties
aperture, or patch antennas. Even antenna arrays or reflectors and lenses can be
useful to reach an excellent antenna performance.
Antennas are a critical component of wireless communication systems. Due to a
good antenna design, the system performance can be increased.

2.3.1 Types of Antennas

In this section, the characteristics and the applications of optical antennas are
compared to classical RF antennas. It is pointed out, which antenna is best for
the sensor applications in this work.
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Classical Antennas

Classical antennas operate in the RF regime. As a material, metals are commonly
used. At RF frequencies, metals have very high conductivity and small losses.
They contain a low skin depth, so the currents that flow through the antenna arms
are surface currents. Due to the low losses and the sinusoidal current distributions,
the antenna length scales with the wavelength of operation. It is commonly an
integer of λ/2. At resonance, there are standing waves of the surface currents on
the antenna.
Various parameters describe the characteristics of an RF antenna. As every
antenna needs to be connected to a generator or a load, a description of the
antenna impedance is very important. This parameter is used to match the
antenna to the generator or load. This matching forces maximum power transfer
from the antenna to the load or from a generator to the antenna. Another
point is the efficiency of the antenna. It is defined by the ratio of the radiated
power to the input power. Another essential parameter is the directivity. This
parameter is a far-field quantity and gives information, in which direction the
antenna sends power. Common linear antennas like dipoles send or receive signals
omnidirectional, horns, or Vivaldi antennas have a directive behavior. Thus
dipoles or monopoles are used for broadband communications like radios. Horns
are used for point-point communications [27,28].

Optical Antennas

From the parameter point of view, optical antennas are comparable to classical
antennas. Parameters like directivity or input impedance are transferable to them,
but their functionality is completely different.
Plasmonic effects drive optical antennas. The thickness of the antennas is com-
monly in the order of the skin depth, and the material is near its plasma frequency.
Due to this, the particle resonances are localized surface plasmons. In contrast to
classical antennas, optical or plasmonic antennas are used to enhance and focus
near fields. Thus they have an additional figure of merit - the field enhancement.
This describes the enhancement of the local electric field around the antenna,
which is normalized to an incident field. This is increased by particle-particle
coupling at first. Each particle builds an arm of the antenna, and coupled slab
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antennas provide an enhancement of around one or two orders of magnitude
for coupled slab antennas. Compared to slab antennas, a bowtie increases this
enhancement again by one order of magnitude [21,24,29].
Another difference between optical and classical antennas is the scaling law. As
classical antennas are directly scalable to the wavelength in free space, optical
antennas are scaled by an effective wavelength. The antenna scales with this
reduced wavelength, as the material has to be treated as a strongly coupled plasma.
Thus the RF scaling rule is not valid for optical antennas any more [30].
The applications of optical antennas are utilizing the enhancement around the
antenna as receivers and form sensor systems or act as sources. Antennas as a
source are used to enhance the spontaneous emission of semiconductors like InP
and increase the rate enhancement by several orders of magnitude [31]. Receiver
optical antennas can be used to investigate small particles like biomolecules [32].
In this work, the properties of plasmonic antennas are applied to the THz-regime
using semiconductors. As these antennas are used to investigate membrane
proteins in an aqueous solution, a huge field enhancement is needed. Due to this,
bowtie antennas with a small distance between the antenna arms are utilized.

2.3.2 Radiation Pattern

The radiation pattern describes the direction of the radiated electromagnetic
wave as a function of the coordinates in space. Since the radiation pattern is a
far-field property, the representation is chosen in spherical coordinates for a fixed
distance in the Frauenhofer region (far-field). The electric and magnetic field can
be calculated in a sphere with a fixed radius and has only two coordinates left.
A convenient manner is to normalize this pattern to the maximum value of the
electric field on the sphere. The normalized pattern F (θ, φ) is given by

F (θ, φ) = E(θ, φ)
max(E(θ, φ)) . (2.96)

Thus they are only dependent on the angular coordinates on this sphere. With the
far-field representation of the electric and the magnetic field, the average power
density Wrad can be calculated using Poynting’s theorem
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Figure 2.10: Illustration of a directional and omnidirectional radiation pattern. In a) a
horn antenna, radiating in x-direction, with its radiation pattern is shown.
In b) the omnidirectional radiation pattern of a dipole or monopole antenna
is shown.

Wrad = 1
2 Re(E(θ, φ)×H∗(θ, φ)) = |E(θ, φ)|2

2Z0
. (2.97)

This pattern can be plotted in spherical coordinates, and the radiation pattern is
shown in figure 2.10.
The average radiated power Prad can be calculated using the surface integral of
Wrad over the entire sphere in the far-field region

Prad =
‹

S

Wrad · dS. (2.98)

The radiation pattern can be as mentioned above, omnidirectional or having a
maximum in one particular direction. In figure 2.10 a) the pattern of a dipole
antenna oriented in z-direction is shown. In the xy-plane, the power is constant.
Thus it has the described omnidirectional characteristic. figure 2.10 b) shows the
directional characteristic. As can be seen, there is a main lobe and various side
lobes. The main direction is along the y-axis. This pattern is an example for a
horn antenna [20,27,28].

2.3.3 Directivity and Gain

The directivity is a characteristic parameter to measure the directive radiation
of antennas. This feature can be calculated by using the radiation intensity per
solid angle, which is a common far-field parameter

U = r2Wrad. (2.99)
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This multiplication is needed because the radiation power density is propotional
to 1/r2 and the radiation intensity is independent of r. In general this pattern
can be expressed as a function of the normalized one like

U = Um|F (θ, φ)|2. (2.100)

Um denotes the maximum intensity and F is substituted from equation 2.96. This
intensity pattern can be integrated over the whole sphere to calculate the radiated
power, compared to equation 2.98.
The directivity is the normalization of the radiation intensity by U0. U0 is the
radiation intensity of an isotropic source. Solving the equations mentioned above
for an ideal source, U0 = Prad/4π. The directivity becomes

D(θ, φ) = 4πU(θ, φ)
Prad

. (2.101)

The directivity is a dimensionless feature. It shows the direction of maximum
transmitted power. Because antennas are reciprocal, the directivity of the antenna
is important for the receiving case, too. The best receivers have the highest
directivity in source direction [20,27,28].

2.3.4 Input Impedance, Radiation Resistance, Radiation
Efficiency

The input impedance is defined as the ratio of voltage to current at the terminals
of the antenna. It is a complex-valued number and frequency-dependent

ZA = RA + jXA. (2.102)

In this equation, the losses of the antenna are denoted by the resistance RA. It
contains the power dissipation due to ohmic losses Rohm and the power dissipation
due to radiation Rrad. The reactance XA describes the radiation due to capacitive
and inductive parts and build a resonant circuit. The complex power S of the
antenna can be calculated by using the current and the voltage at the terminals

S = UAI
∗
A = P + jQ. (2.103)
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The real part denotes power dissipated by radiation and ohmic losses, and the
imaginary part describes the power stored in the near field of the antenna.
The average power dissipated by the antenna can be calculated with the effective
value of the current and the real part of the impedance by

P = 1
2RA|IA|2. (2.104)

It can be done for the radiated power Prad and for the power losses Pohm as well.
Due to power conservation

P = Prad + Pohm. (2.105)

This implies a series resistance in the circuit model. Radiation and ohmic resistance
can be calculated with equation 2.104 and is, for this case, defined due to the
effective value of the current.
Another parameter is the efficiency. For transmitting antennas, the radiation
efficiency can be calculated by

erad = Prad
Pohm + Prad

= Rrad
Rohm +Rrad

. (2.106)

For receiving antennas, the efficiency is defined by the power delivered to the load.
For RF frequencies, the radiation efficiency is nearly 1, due to the low amount of
losses and the high conductivity of the antenna material. However, the parameters
introduced in this section can be used to design metal antennas with a circuit
model, as well as plasmonic antennas [20,27,28].
A circuit model for plasmonic antennas is shown later in this work.

2.3.5 Vector Effective Antenna Length

Receiving antennas are used to capture electromagnetic waves and deliver this
energy to load impedance. For this an effective length or effective area can be
defined

l(r, ω) = lθ(r, ω)eθ + lφ(r, ω)eφ. (2.107)

In particular, the effective length is a far-field quantity and useful to describe the
electric field in the Fraunhofer region together with the current at the antenna
terminals.
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For antennas, that are much smaller than λ/2 the dependence is given by

Efar(r, ω) = jZ0k0Iin(ω)exp(jk0r)
4πr l(r, ω). (2.108)

Another property is the description of an open circuit voltage VOC at the antenna
terminals as a function of the vector effective length and the incident electric field.
This voltage can be seen as the induced voltage from the incident field to the
antenna arm and is given by the projection of the incident field to the effective
length of the antenna

UOC = Einc(r, ω) · l(r, ω). (2.109)

This dependence describes the ability of polarization selectivity of receiver antennas.
It means for linear antennas if the incident electric field is a plane wave with a
polarization perpendicular to the antenna axis. The open-circuit voltage at the
antenna terminals is 0 [20,27,28].

2.3.6 Thévenin Equivalent Circuit Model of Antennas

In this section, the Thévenin circuit model description of antennas is shown. It
should be noted that there exists a Norton circuit model, too, and is well described
in literature [27, 28]. These models are suitable tools for antenna design. For
the description of an equivalent circuit model for antennas, a differentiation of
transmitting and receiving antennas is needed.

Thévenin Circuit Model for Transmitting Antennas

Transmitting antennas are connected to a transmission line and a signal generator.
For simplicity, it is assumed that the antenna is directly connected to the generator.
In a circuit model, the antenna is represented by an impedance ZA, the generator
by an internal impedance ZG, and the voltage source of the system is given by
UG. A sketch of this circuit model is shown in figure 2.11.
In figure 2.11 XA is the reactance of the antenna. This reactance contains a
capacitor and inductor and denotes a series oscillating circuit. The reactive power
of this circuit describes the power saved in the near field of the antenna.
In the first step, the complex current of the system can be easily calculated. The
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Figure 2.11: Equivalent circuit model of a transmitting antenna.

magnitude of the current can be used to calculate the radiated, the lost and the
generator power using equation 2.104

I = UG
Zges

= UG
RG +Rrad +Rohm + j(XG +XA) . (2.110)

From this, the magnitude can be calculated with

|I| = |UG|
|Zges|

= |UG|√
(RG +Rrad +Rohm)2 + (XG +XA)2

. (2.111)

In the next step the radiated, the lost and the generator power can be described
with

Prad = |UG|2Rrad
2(RG +Rrad +Rohm)2 + (XG +XA)2 , (2.112)

Pohm = |UG|2Rohm
2(RG +Rrad +Rohm)2 + (XG +XA)2 , (2.113)

PG = |UG|2RG
2(RG +Rrad +Rohm)2 + (XG +XA)2 . (2.114)

The antenna works, best with out back reflection to the antenna for the impedance
matched case.
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A closer look to the calculated powers shows, that they have their maximum value
for

RG = Rrad +Rohm, (2.115)

XA = −XG. (2.116)

Thévenin Circuit Model for Receiving Antennas

The circuit model of a receiving antenna is more difficult to describe because
there is at least no direct voltage source at the antenna terminals. The source
is an incident field of a transmitting antenna. The communication between a
transmitting and a receiving antenna can be modeled with a four-port network
with an impedance matrix. This is illustrated in figure 2.12.

Transmission Line

I1 I2

U2U1

Figure 2.12: 4-port model for a wireless transmission line between antenna 1 and antenna
2 [20]

The equations for the network are then

U1 = Z11I1 + Z12I2, (2.117)

U2 = Z21I1 + Z22I2. (2.118)

where Z11 is the self impedance or input impedance of antenna one, Z22 the self
impedance of antenna two, respectively. Z21 and Z12 are the mutual impedances
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due to antenna coupling. Due to the reciprocity of transmitter and receiver, Z21

and Z12 are equal, and the impedance matrix is symmetric. The term Z21I1 is
the induced voltage UOC to the antenna (equation 2.109). In most cases receiving
antennas are connected to a load with the complex impedance ZL.
The equivalent circuit model derived from the four-port network approach is
shown in figure 2.13

RL

CL

LL LA

CA

Rrad + Rohm

UOC

I

XL XA

Figure 2.13: Equivalent circuit model for a receiving antenna.

Again the equation for the current in the circuit can be described

I = UOC
RL +Rrad +Rohm + j(XL +XA) . (2.119)

Due to reciprocity, the induced voltage, UOC can be seen as the source of the
receiver in the circuit model. The magnitude of the current is then used to
calculate the average power dissipated by the antenna and delivered to the load.
For the lost power due to radiation and ohmic losses of the antenna, equation 2.112
and equation 2.113 can be used and substitute UG with UOC, RG with RL and
XG with XL. In this case, the radiated power is the scattered power from the
antenna.
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The power delivered to the load is given by

PL = |UOC|2RL
2(RL +Rrad +Rohm)2 + (XL +XA)2 . (2.120)

It can be seen that the most power delivered to the load is again for the case of
conjugate matching

RL = Rrad +Rohm, (2.121)

XA = −XL. (2.122)

In a later section, it is shown that these assumptions can be made for plasmonic
antennas, too. With this model for a receiving plasmonic antenna, the enhancement
inside the feed gap can be modeled [20,28].

2.4 Antenna Design

The design of an antenna depends on the application. It can be done in the
first step with a circuit model for simple antenna structures like dipoles. A more
complex design can be done with electromagnetic simulations. With such tools,
various parameters can be optimized- for example, the resonance frequency or the
radiation pattern. These depend on the geometry mostly.
After the geometry, the material is essential. For metals, there are low losses,
but also semiconductors are usable. Compared to metals, doped semiconductors
provide high localized fields around the antenna and are usable as high sensitive
sensor structures. Thus, such antennas can be useful for various applications.
In the next section, antenna materials and the geometrical design of dipole and
bowtie antennas for linear polarization, such as crossed dipole and bowtie antennas
for elliptical polarization is discussed.

2.4.1 Antenna Material

For THz frequencies, metals are suitable antenna materials. Metals have high
conductivity and low losses in this regime. For AC currents with an appropriate
frequency, the skin depth is very small, and the currents are almost at the
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interface. The electric field is nearly perpendicular to the antenna axes. The
geometrical parameters almost determine the resonance frequency of the linear
antenna. The counterpart for this are doped semiconductors. Due to their
bandgap of a few electron volts, they provide only intraband transitions in the
THz-regime. For the germanium case, interband transitions have to be considered
in the infrared [33]. Due to this the Drude model can be considered for the
descrpition of the permittivity. Furthermore they provide one main feature - the
tunability of the plasma frequency due to the control of the doping density. The
complex permittivity of gold, as a noble metal, is compared to doped germanium,
shown in figure 2.14.
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Figure 2.14: a) Illustration of the permittivity over frequency for gold and germanium.
Germanium is illustrated due to different doping levels (N =1× 1017 cm−3

and N =1× 1019 cm−3 ). The red curves represent the real part of the
dielectric function, and the blue curves are the imaginary part. The plasma
frequency shifts blue with an increasing doping density. The calculation
of the permittivity depend on equation 2.64, with ε∞ = 16. ωp and γ are
doping dependent. A doping dependent mobility model is used from [34]. b)
Skin depth over frequency. The skin depth becomes lower for higher doping
densities. These calculations depend on equation 2.63.

By tuning the carrier density, the conductivity is tuned, too.Next to the carrier
density, the conductivity is affected by the carrier mobility. Thus the skin depth
decreases while the doping density is increasing. As shown in figure 2.14. It is
a guideline for the antenna thickness. Due to the low amount of carriers in the
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semiconductors, it can be seen that the skin depth is in the order of some microns.
In contrast, the skin depth for the metal case is in the order of only a few
nanometers. If the skin depth is now comparable to the antenna thickness, the
whole radiation is penetrating the device. It drives the free electrons in the
material. The electron cloud begins to oscillate, and a restoring force leads to a
resonance. This is a so-called localized surface plasmon resonance.
For semiconductor antennas, the electric field is confined close to the antenna and
has an evanescent character. Due to this characteristic, semiconductors can be
used to build plasmonic antennas in the THz regime. They are useful to detect
thin dielectric films or biomolecules such as bacteria. In this work, the design of
germanium antennas on silicon substrates is presented [23,35].

2.4.2 Antenna Structures

In the previous sections, the main properties of antennas are described. In this
section, various antenna structures are introduced. The field of antenna structures
divides up into wire antennas, traveling wave antennas, reflector antennas, and
aperture antennas. It should be noted that the classification is not strict, and the
antennas could be allocated to other types as well.

Wire Antennas The class of wire antennas contains dipole, monopole and loop
antennas. Monopole antennas depend on a single arm of a dipole with
length L, due to a connection to a ground plate. Using image theory, the
equivalent source in free space is a common dipole. The radiation pattern
is equivalent to a dipole one, and the input impedance is half of a dipole.
The loop antenna is a closed circle or square. Circumferences usually classify
them in the order of the wavelength. For loops with a circumference smaller
than λ/10, the radiation resistance is smaller than the ohmic resistance and
results in a bad radiator. The dipole characteristics are discussed in detail
in the following section, as the dipole antenna is part of this work [27,36].

Traveling Wave Antennas Traveling wave antennas are represented by spiral,
helical, or Yagi Uda antennas. Helical and spiral antennas are used for
circular polarization. The helical antenna is connected to a ground plate.
It is directional and is also part of the reflector antennas. The sharpness
of the beam depends on the circumference. All antenna parameters like
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gain or input impedance depend on this geometrical parameter. The Yagi
Uda antenna has directional properties, as well. It is driven by a dipole or
a folded dipole and has a reflector on one side of the dipole. Next to the
driving dipole, various elements are for the guiding of the wave. The wave is
guided in the opposite direction of the reflector. This antenna type is used
for communication, as well. Due to the reflector, it has a high gain and a
small bandwidth.

a)

Q
P

Feed

x

y
b)

Reflector
Feed

c) d)

Ground planeSubstrate εr ht

W
L

Figure 2.15: a) Spiral antenna b) Example for a common reflector antenna c) Horn antenna
d) Rectangular patch antenna [27].

Furthermore, there are many design parameters. The number of guiding
elements can be varied, its distance to each other, etc. This is not discussed
here. Another example of a traveling wave antenna is the spiral antenna
(figure 2.15a), which is used with circular polarization as well as the helical
antenna. An example of a logarithmic spiral antenna is the Archimedian
spiral antenna. For a high number of spirals, the antenna is nearly frequency-
independent. It has a constant input impedance over a broad frequency
range — this causes higher losses compared to a small number of spirals. Due
to the frequency-independent operating function, it has a bandwidth ratio of
30 : 1 for example. Which means it works between 1 GHz and 30 GHz. The
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radiation pattern of the spiral antenna is directional and perpendicular to
the spiral [27,36].

Reflector Antennas Parts of the reflector antennas are the corner reflectors and
the parabolic reflectors. These antennas have an element like a radiating
dipole in front of a reflector (figure 2.15b). This dipole is used, as described
in diffraction theory. The radiated waves by the dipole are reflected. Their
superposition affects directivity. These antennas are highly directive and
have a high gain. Thus they are used for television and since the 1960s for
space radars. The distance of the active element to the reflector denotes the
shape of the directivity. For small distances, there is a broad slope. For a
distance of exactly λ, the behavior changes as the superposition cancel out
the signal. The behavior is different for different reflectors. [27,36].

Aperture Antennas Aperture antennas are horn antennas (figure 2.15c), Vivaldi
or slot antennas. The horn and Vivaldi antenna have a large directivity
and are suitable for point to point communication. The slot antenna is the
inverse of the slab antenna and can be explained by the Babinets principle
from optics. The radiation pattern is comparable to the dipole one [27,36].

Microstrip Antennas The last discussed antenna type are the microstrip antennas
(figure 2.15d). These antennas are good for integration, as they depend on
a patch, a substrate, and a ground plate. Due to the ground plate, the
antenna has a directional behavior as the ground plate acts as a reflector.
The advantage of such antennas next to a possibility for integration is the
opportunity to form antenna arrays. Such arrays may be used to form special
radiation characteristics [27, 36].

Next to the overview and classification of the different antenna types, a detailed
discussion of the used antenna structures in this work is given.

Dipole

The dipole structure can be built out of rectangular or cylindrical rods. These
antennas are either build-out of two symmetrical arms divided by a feed gap or
one arm.
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Figure 2.16: Half wave rectangular slab antenna with a width b, a height h and a length
of λ/2.

The length of the complete dipole is, in any case, multiple integers of the half
wavelength. The current distribution on such dipoles is sinusoidal and can be
estimated with Hallen’s or Pocklington’s integral equations. These antennas have
an omnidirectional radiation pattern and a small bandwidth in the frequency
domain. Thus they are designed for particular frequencies.
For the design of cylindrical dipole antennas, there at least three degrees of
freedom - the arm distance, the radius, and the arm length. If the distance of both
arms is too high, the arms are decoupled. In contrast to cylinders, rectangular
dipoles have the width, height length and arm distance as degrees of freedom.
These geometrical parameters have effects on the resonance frequency.
These features of metallic dipoles are transferable to their plasmonic counterparts.
A plasmonic dipole has another feature. For dipoles with two symmetrical slabs, the
field is confined in the feed gap for the receiving case. Thus there is another degree
of freedom for the design - the distance of the antenna arms. The enhancement
in the gap scales with the arm distance due to capacitive coupling. For small
distances, a carrier overhead near the gap and they are linked to each other. This
feature makes plasmonic antennas to promising sensing devices [20, 23,37].

Bowtie

The bowtie antenna is part of the dipole family. It has a comparable radiation
pattern, but due to its conical arms, it is a broadband antenna. The bowtie can
be triangularly rounded, blade-shaped, or trapezoidal. For simplicity in this work,
only the trapezoidal bowtie is explained. The other types are well explained in
literature [27].
The trapezoidal bowtie has much more degrees of freedom than the regular slab
dipole antenna. Thus there is an arms width, the antenna thickness, the antenna
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Figure 2.17: Half wave trapezoidal bowtie antenna with a base b, a height h , an arm
length of Larm and a peak width a.

length, and the distance between the arms. If the width of the peak is very
small, the antenna shape becomes triangular. Due to the trapezoidal shape of the
antenna, the field is focused on the gap. What is more, is the current distribution.
The current is divided up into two triangular arms and focused on the feed gap.
Thus the bowtie can be shorter than the slab antenna because the effective arm
length depends on Leff =

√
L2

arm + (b/2)2.
Plasmonic bowtie antennas have nearly the same properties than the slab antenna
ones, due to the triangular shape, they focus the field more in the feed gap. The
consequence is that the field enhancement of the bowtie is much higher than for
the slab [27].

Crossed Dipole

As mentioned above, receiving antennas are most efficient if the polarization of
the incident field is matched to the antenna effective length.
Thus the dipole and bowtie antenna is most efficient for linear polarization - in
particular, TE or TM polarization. However, there are other polarization types,
like circular and elliptical polarization. They have a phase shift between its x
and y-component of the electric field. In comparison to TE or TM polarization,
where only one component is given, a good antenna design would handle both
components. Thus one component would not be lost. For circular polarization,
the crossed dipole antenna is given. It has four arms perpendicular to each other
with the same length. There is one pair of arms for the y-component of the electric
field, and one for the x-component of the electric field. The length of one arm
should be a quarter of the wavelength. Thus the combination of both arm pairs
is in the order of a half-wave dipole. The responsible degrees of freedom for an
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Figure 2.18: Crossed rectangular slab dipole antenna

appropriate performance are the width and height of each rectangular slab, such
as the radius for the cylindrical counterpart.
The crossing of the dipole leads to a nearly isotropic radiation pattern. Due
to the sine-like radiation, the whole radiation is directed perpendicular to the
antenna axis. It is suppressed in the direction of the antenna axis. The sum of
both directivities gives the radiation diagram components in all directions; the
main slope is in ±z-direction.
This structure enables a double coupling inside its feed gap for plasmonic antennas.
The circularly polarized field occurs LSPRs in both parts of the antenna and
focuses the field in the feed gap. Thus circular polarization works fine for crossed
dipole structures [38].

Crossed Bowtie

The crossed bowtie structure also works well. In this case, the same degree of
freedom than for bowties are used to design this antenna. In the case of triangular

x y

z

Figure 2.19: Crossed trapezoidal bowtie antenna with a base b, a height h , an arm length
of Larm and a peak width a.

arms, the arm length, base length, and height of each arm have to be optimized.
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In the case of a trapezoidal form of the arm, there is additionally the width of the
gap. The radiation pattern is also nearly isotropic. This antenna type is again a
broadband one, like its counterpart for linear polarization. The great advantage
of these dipole type structures is for plasmonic antennas, the much higher field
enhancement in the feed gap. This enhancement is a multiple of the dipole ones,
and thus, it is more comfortable for sensing applications [38].
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Simulation Model

This chapter contains a description of all used models in this work. The theory
derived in chapter 2 is applied to numerical and analytical models to design
plasmonic sensor structures. Starting with the transfer matrix method (TMM) to
fit reflection measurements of a homogeneous doped germanium film on silicon.
The permittivity of a doped germanium film is modeled by the Drude model
(equation 2.64). This procedure leads to reliable data of the material permittivity
for the sensor design. Another tool is the circuit model describing the antenna
with lumped circuit elements, to investigate first designs analytically. This model
is shown in chapter 2 and is important to improve the design of the antenna by
especially impedance matching.
In a further step, the implemented source for describing scattering problems is
extended. Before this extension, only a homogeneous background was allowed.
The extended version can consider a dielectric halfspace within the simulation
domain. This extended source allows the simulation software to calculate the
scattering of objects on a substrate, partially embedded in the substrate or wholly
embedded in the substrate. For this, a volume source is implemented, and the
incident field is given analytically for both dielectric halfspaces. This additional
feature opens up calculation possibilities for the extinction and scattering cross-
sections of single scatterers. Thus single scatterers on or within substrates can be
investigated, which features the design of irregularly arranged arrays.
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3.1 Transfer Matrix Method

The transfer-matrix-method is a one-dimensional approach. It is used for the first
designs of laser cavities or optical filters. The approach assumes that the lateral
dimensions perpendicular to the exciting plane wave propagation is infinite. With
this assumption the solution of the wave equation (equation 2.29) is simplified.
Another simplification is to consider the power flux into the propagation direction
and not the field propagation itself. These considerations lead to two modes

ai = E0√
2Zi︸ ︷︷ ︸
a0

exp(±jβz), (3.1)

where Zi is mode impedance and beta the complex wavenumber, depending on the
material. It should be noted that equation 3.1 is given for the electric field, but it
is also possible to describe magnitude and phase for the magnetic field as well.
These modes are the square root of the power flux propagating in the positive
and negative z-direction, and then the product aa∗ = P+, the power flowing in
positive z-direction.
From waveguide theory, it is known that there is incident power and reflected
power. The incident normalized power waves are described with aj, and the
reflected ones are characterized with bj, where the index j describes the port or
reference plane. Thus the power flowing into one port is given by

Pj = aja
∗
j − bjb∗j . (3.2)

If there is a linear relationship between inputs and outputs a simple matrix
formalism can describe the output by

bi =
∑

j

Sijaj. (3.3)

Sij are the scattering coefficients and can be described by

Sij = bi
aj

∣∣∣∣∣
ak=0,k 6=j

. (3.4)

The scattering coefficients can be calculated, by setting all inputs to zero except
aj.
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This approach is for a network with n inputs, but can also applied to two port
networks. Thus the description looks like



b1

b2


 =



S11 S12

S21 S22






a1

a2


. (3.5)

These scattering coefficients build a transfer function from the input to the output
magnitudes. The diagonal amplitudes describe the complex reflection coefficients,
while the off-diagonal describes complex amplitude and phase of the output. These
matrices are symmetric for linear reciprocal networks. And the sum of the squared
diagonal and off-diagonal is one (|S11|2 + |S22|2 = 1 and |S21|2 + |S12|2 = 1), which
fulfills power conservation laws. These assumptions can be applied to calculate
the transmission and reflection of dielectric layers. For this, the reflection and
transmission at the interface can be calculated by using the scattering coefficients
and putting them in one matrix.
The reflection coefficient for normal incidence at the interface between two dielectric
layers is given by

r = n2 − n1
n1 + n2

. (3.6)

By calculating the reflection from figure 3.1 at an interface between two media,
the reflection coefficient looks like

S11 = b1
a1

∣∣∣∣∣
a2=0

= −r = n1 − n2
n1 + n2

. (3.7)

The convention is labeled in figure 3.1, that the reflection from n1 side is given by
−r. Than the second reflection coefficient from the other port is given by

S22 = b2
a2

∣∣∣∣∣
a1=0

= r, (3.8)

the off diagonal is calculated by applying the law of power conservation.

S12 = S21 = t =
√

1− r2 = 2√n1n2
n1 + n2

. (3.9)

The interface matrix for the scattering problem is given by

SI =



−r t

t r


. (3.10)
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In the next step the matrix for the propagating wave through the layer is derived
by consider the dielectric layer as transmission line. Here are two planes described
with no discontinuities in between. In this case starting at 0 up the thickness d the
forward and backward traveling waves, which are uncoupled, can be considered
with

SM =




0 exp(−jβd)
exp(−jβd) 0


, (3.11)

β = k0n = 2πn
λ
. (3.12)

β is the complex wavenumber in the dielectric medium, and n is the complex
refractive index. d is the length of the layer in propagation direction - the thickness.
As the scattering matrix calculates the complete reflection, by considering an input
signal, it would be more convenient to calculate once a transmitted and a reflected
part with one operation. With such an approach, it would be straightforward to
build a cascade network with many layers. It can be done by using the transmission
matrix, which can be easily derived from the scattering matrix. An example of a
transmission matrix is given by



a2

b2


 =



T11 T12

T21 T22






a1

b1


. (3.13)

A conversion between scattering and transmission coefficients can be found in
literature [39]. By describing the interface and the propagation matrix with
transmission coefficients, each layer can be described by a cascade of both. The
interface and the propagation matrix for transmission coefficients are given by

T I = 1
t



−r 1
1 −r


, (3.14)

TM =




exp(jβd) 0
0 exp(−jβd)


. (3.15)

A cascade of a layer stack is then calculated by matrix multiplication of the system
of layer stacks is calculated by
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T = T I0
m∏

j=1
T IjTMj, (3.16)

The illustration of the formalism is illustrated in figure figure 3.1.

a1

b1

b2

a2

Layer Stack

n1 n2
a1

b1

b2

a2

−r r

n

TM

TI

a1

b1

b2

a2

0 d

Layer 1...m

Figure 3.1: Conceptional sketch of the transfer matrix method. A layer stack can be
described be the cascade of interface matrices TI and the propagation matrix
TM are shown [40].

With these equations, a layer stack can be described by a cascade of transmission
matrices. If the source port is (a1, b1)T as shown in equation 3.13, the reflected
power of the layer stack is then

R =
∣∣∣∣∣
b1
a1

∣∣∣∣∣

2

a2=0
=
∣∣∣∣∣
T22
T12

∣∣∣∣∣

2
. (3.17)

And the transmitted power is

T =
∣∣∣∣∣
b2
a1

∣∣∣∣∣

2

a2=0
=
∣∣∣∣∣

1
T12

∣∣∣∣∣

2
. (3.18)

This method is used to extract the permittivity of highly doped germanium
on silicon from measurements. For this, the reflection of the film is measured
and fitted with the transfer matrix method. For this fit, the film thickness and
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refractive index of the germanium film are used as fitting parameters. This realistic
permittivity is used to design the sensor structures in this work [39].

3.2 Circuit Model for Plasmonic Antenna Design

In this work, plasmonic antennas are used as receivers. As mentioned in chap-
ter 2, each receiving antenna can be described by lumped circuit elements like
capacitances, inductances, and resistors, as a series oscillating circuit. This circuit
model can describe the fundamental antenna mode.
The description of the circuit elements is difficult, as they depend on the antenna
structure. In this work, only the circuit model for a rectangular slab antenna is
shown.

Calculation of the Antenna Inductance

In the first step, the inductance of the antenna is calculated. For plasmonic
antennas driven near the plasma frequency, this parameter contains a geometrical
and a material depending part. The geometrical part is called Faraday inductance
(LF). The material depending part is the kinetic inductance (Lkin). Thus, the
complete inductance of the antenna is the sum of kinetic inductance and Faraday
inductance.
The kinetic inductance is defined by the complex resistivity of the material. The
origin of this parameter is the equivalence of the frequency dependent dielectric
function and the frequency dependent conductivity.This equivalence is calculated
by the ampere law, which can treat a metal in a way that directly considers the
dielectric response

∇×H(r, ω) = jωε0εmE(r, ω). (3.19)

Another way to describe metallic behavior is to use Ohm’s law.It takes into account
the frequency dependent conductivity of the metal and the displacement of the
charge carriers

∇×H(r, ω) = σE(r, ω) + jωε0E(r, ω). (3.20)
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The equivalence of both equations leads to the complex conductivity of the metal
by

σE(r, ω) = jωε0(εm − 1)E(r, ω). (3.21)

A comparison of coefficients leads to σ(ω) = jωε0(εm − 1) for the complex
conductivity. The resistivity is than given by ρ(ω) = 1/σ(ω) [41]. The ohmic
resistivity and kinetic inductance can then described by the following relation

Rohm + jωLkin = (Re{ρ(ω)}+ j Im{ρ(ω)}) l
A
, (3.22)

where l is the length of the inductor and A = δskinw the effective cross sectional
area of the metal. The ohmic losses of the material are included as well.
Since the calculation of the Faraday inductance is quite difficult, an approximation
from literature is taken from [42] with

LF = µ0lant
2π

(
log

( 2lant
want + hant

)
− 0.2235 log

(
want + hant

lant

)
+ 0.5

)
. (3.23)

In the next step, the radiation capacitance of the antenna is calculated.

Calculation of the Radiation Capacitance

The radiation capacitance of the antenna can be described by a fringe capacitance
model from [43]. This model describes the capacitance between the plates of a
capacitor as a function of geometry and angle.

0 d
2

L
2

−

+

U

0

φ

Figure 3.2: Sketch of the fringe capacitance model [43].
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The electric field between the plates can be then described by

EFringe = U

xφ
, (3.24)

as defined in figure 3.2. The angle φ between the antenna arms is π and x is then
is the position on the arm.
With the definition of the fringe field of the antenna, the surface charge Q can be
calculated by

Qrad =
ˆ

L
2

d
2

wε0EFringe + wε0εsubEFringedx. (3.25)

εsub describes the permittivity of the substrate, in which the antenna is placed.
This can be easily calculated by the mean value of the substrate and air permittivity
by
With the description of of the surface charges and Gauss’ law Q = CU the antenna
capacitance is given directly

Crad =
ˆ

L
2

d
2

wε0
1
πx

+ ε0εsub
1
πx

dx, (3.26)

Crad = wε0
π

ln
(
L

d

)
+ wε0εsub

π
ln
(
L

d

)
. (3.27)

Here w is the width of the antenna, and L is the arm length, and d is the gap
width. With this model, the radiation capacitance of an antenna with two arms
can be described as shown in [44].

Calculation of the Radiation Resistance

The radiation resistance describes the antenna losses due to radiation. This
parameter is calculated as a far-field quantity by using equation 2.98. The
complete radiated power density can be described by

Wrad = 1
2(EθH∗φer − ErH

∗
φeθ), (3.28)
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The radial and angular components of the power density for an infinitesimal small
dipole are given by

Wr = Z0
8

∣∣∣∣∣
I0l

λ

∣∣∣∣∣

2 sin2 θ

r2

(
1− j 1

(k0r)3

)
, (3.29)

Wθ = jZ0
k0|I0l|2 cos θ sin θ

16π2r3

(
1 + 1

(k0r)2

)
. (3.30)

This description is now applied to equation 2.98 with the dS = r2 sin θdθdφer. It
can be seen, that Wθ vanishes as the scalar product ereθ is zero.
The complex radiated power over an entire sphere in the far-field is then given by

P =
ˆ 2π

0

ˆ π

0
Wrr

2 sin θdθdφ = π

3Z0

∣∣∣∣∣
I0l

λ

∣∣∣∣∣

2 (
1− j 1

(k0r)3

)
. (3.31)

The reactive part of the complex power vanishes for r → ∞, and the radiated
power of an infinitesimal dipole is given by

Prad = 1
2 |I0|2Rrad = π

3Z0

∣∣∣∣∣
I0l

λ

∣∣∣∣∣

2
. (3.32)

Finally the radiation resistance is given by

Rrad = 2π
3 Z0

(
l

λ

)2
. (3.33)

This equation describes the radiation of the dipole in vacuum. If the effective
medium around the antenna is different than vacuum, this equation as has to be
multiplied by a refractive index of the surrounding medium neff [45].
As the last parameter, the gap has to be described. Plasmonic antennas are driven
by oscillations of the free electrons. These follow the amplitude of the incoming
electric field. As this is happening, the carriers around the gap are positive in
one arm and negative in the other arm. This effect can be described as a parallel
plate capacitor

Cgap = ε0εgap
A

d
, (3.34)

where d describes the distance between the antenna arms, A is the cross sectional
area and εgap is the material permittivity inside gap [31].
With the descriptions of the single circuit model elements and figure 2.13, the
circuit model for a receiving plasmonic antenna is shown in figure 3.3.
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Cgap
Rohm/2

LF/2 + Lk/2

Rrad

Crad

UOC

I

LF/2 + Lk/2

Rohm/2

αCrad

Figure 3.3: Sketch of a circuit model for a plasmonic antenna with the derived circuit
model parameters. In parallel to the gap, a stray capacitance is added to
model the scattered field.

Figures of Merit

The derived circuit model allows describing plasmonic antennas as an electrical
circuit and proposes analytic designs. This tool is used to predict the field
enhancement inside the gap analytically.
The evaluation of the field enhancement of plasmonic antennas with a circuit
model is done by applying a voltage divider on the circuit and calculate the voltage
across the gap capacitance. It is given by

Ugap
UOC

= Zgap
Zgap + Zant

. (3.35)

Zgap is the impedance of the gap, and Zant the impedance of the antenna. The
voltage across a capacitance is given Ugap = |Egap|d, where d is the width of the
gap. The open-circuit voltage of the antenna is given by UOC = |E0|leff . leff is the
effective length of the antenna, which is calculated for an antenna with sinusoidal
current distribution by

leff =
´ l/2

0 I(x)dx
I0

= 2
π
l ≈ 0.64l. (3.36)

It describes the effective length for the fundamental mode. This effective length
is already introduced in [46] and is constant for calculations in this work.
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With these assumptions, the intensity enhancement of the antenna becomes

( |Egap|
|E0|

)2
=
(
leff
d

∣∣∣∣∣
Zgap

Zgap + Zant

∣∣∣∣∣

)2
. (3.37)

As the intensity enhancement is proportional to the leff/d ratio, this can be
explained by the voltage enhancement as well. In an RLC series resonant circuit,
the voltage dropped across a capacitor can become higher than the input voltage
because there is a phase shift of π between them.
The maximum of the enhancement is found by a minimization of the denominator-
the sum gap impedance and input impedance. This tool is used in chapter 4
to propose an approach for impedance matching of the antenna to increase the
intensity enhancement inside the gap.

3.3 The Finite Element Method

The Finite Element Method is a numerical procedure to solve differential equations,
like Maxwell’s equations. The solution of such problems on finite elements is rather
an optimization problem than a straight forward analytical solution. Such an
optimization problem can be solved by applying the variational principle [47, 48].
In electromagnetics, the Helmholtz equation is an example of using this principle.
The FEM is helpful to solve the Helmholtz equation for problems, where no
analytic solution is possible

∇× (µ−1∇×E(r, ω)) + k0εE(r, ω) = −jk0Z0J(r, ω). (3.38)

For a solution of this equation, the simulation domain is divided up into sub-
domains-the finite elements, which are represented by rectangles or triangles for a
2D domain or tetrahedrons or cuboids in a 3D domain.
Next to the Finite Element Method, there are other methods, which are suitable
to solve electromagnetic problems. These include the Finite Difference Time
Domain (FDTD) and the Finite Integration Technique (FIT). These methods
are based on a tensor grid discretization, which is based on cuboids or rectangles
only [16,17]. In this work, the frequency domain FEM is utilized to design the
sensor structures, and the description is restricted to this method.
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In the following, the domain discretization, the formulation of the base functions
and the functional is shown. These tools are used to describe a linear system of
equations to calculate the unknown electric field in equation 3.38. The description
of the methods and formulas is described in [15].

Domain Discretization

A 3D simulation domain is divided up into small subvolumes. Each element is
associated with an integer; thus, the whole domain has k elements. The nodes or
vertices of each element get a global index as well. Each element is connected to
its edges and vertices.
A discretization with a very dense mesh is suitable for a good approximation.
However, the degrees of freedom and the discretization density are connected.
The computational effort increases for finer discretization. The discretization of
the simulation domain is done by using commercial software - the structure editor
from Synopsys Sentaurus [49].
In this work, only tetrahedral are used elements. Due to this issue, the description
of the base functions is restricted to these elements. It should be noted that this
description can also be done with cuboids or elements of other shapes.

Element Interpolation and Vector Base Functions

After the domain discretization of the 3D simulation domain. The electric field
is the unknown quantity from equation 3.38 and can be approximated at each
element with

Ek(r) =
∑

i

N k
i (r)φi, (3.39)

∇×Ek(r) =
∑

i

∇×N k
i (r)φi, (3.40)

where N are the vector base function to describe the elements, k is the number
of the element in the simulation domain and i is the i−th edge of an element. φ
is the degree of freedom at the edge.
The unknown electric field on the k-th element is the sum of the product of the
vector basis function or interpolation function N k

i (r) and the degree of freedom
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on edge φj. The degree of freedom is a complex potential, which is associated
with a geometric entity. such entities could be a face, a vertex, or an edge of the
element. If the i-th degree of freedom does not belong to the k-th element, the
base function is 0.
As the unknown electric field of an element is a function of the basis function,
these are very important for the accuracy of the solution. It should be noted
that the solution of the wave equation is due to this discrete description of the
elements not naturally divergence-free, which leads to spurious solutions. It is
suitable to choose vector base functions, which are divergence-free.
Vector base functions, postulated by Nédélec [18], support a divergence-free
solution; they assign the degree of freedom to the edges. These base functions
are first-order functions and can be extended to higher-order functions for a more
accurate solution. For higher-order base functions, the computational effort is
increased.
The first order base functions postulated by Nédélec are constructed with four
Lagrange functions. These are defined for each vertex. The gradients of these
functions are perpendicular to the opposite face of the vertex. A description of a
tetrahedron with the Nédélec base function needs this formulation for every edge.
Thus six base functions are needed. The connection of the base function to the
Lagrange functions is given by

N k = Li(m)∇Lj(m) −Lj(m)∇Li(m). (3.41)

It can be easily shown that ∇ · Nm vanishes in any case. To simplify the
computation , a simplex tetrahedron with its coordinates (0,0,0) , (1,0,0), (0,1,0),
(0,0,1) is used and mapped to any arbitrary tetrahedron in the simulation domain.
With this description of the unknown electric field on an element, the functional can
be described next. Together with the functional and an element-wise integration
technique, a system of equations can be built, and the unknown electric field is
calculated for the simulation domain.

Functional Formulation and Assembling of the linear System of Equations

The description of the vector basis functions or so called edge elements gives the
opportunity to describe the functional for equation 3.38 as a function of the edge



64 3 Simulation Model

elements and the degree of freedom. At first the functional has to be built from
equation 3.38 by utilizing the Raleigh Ritz variational principle

F (E) = 1
2

ˆ

Ω
E ·

(
(∇× µ−1∇×E + k2

0εE)
)

dΩ + jk0Z0 +
ˆ

Ω
EJdΩ. (3.42)

This equation can be formulated in its symmetric form by applying Green’s
Theorem

F (E) = 1
2

ˆ

Ω
(∇×E)µ−1∇×E + k2

0EεEdΩ (3.43)

−
ˆ

∂Ω

(
E × (µ−1∇×E)

)
· dS (3.44)

+ jk0Z0

ˆ

Ω
EJdΩ. (3.45)

The surface functional ∂Ω vanishes for appropriate boundary conditions. These
are discussed later in this work. The final form of the functional is given by

F (E) = 1
2

ˆ

Ω
(∇×E)µ−1(∇×E) + k2

0EεEdΩ + jk0Z0

ˆ

Ω
EJdΩ. (3.46)

This functional is given as a function of the basis functions and the degree of
freedom by describing the electric field, as shown in equation 3.39. This yields

F (φ) = 1
2
∑

i,j

φiφj
∑

k

ˆ

Vk

(∇×N k
j )Tµ−1(∇×N k

i )− (N k
j )T εN k

i dVk (3.47)

+ jk0Z0
∑

j

φj
∑

k

ˆ

Vk

(N k
j )TJdVk. (3.48)

This description can be given in the matrix representation in the form of

F (φ) = φTAφ+ k2
0φ

TBφ+ jk0Z0φ
Tu. (3.49)

Here A is the system matrix describing the magnetic energy in the system, B
describes the electric energy in the system, and the u is the right side of the
system of the equation - the source. The physical interpretation is an energy
change in the simulation area. This change must be minimized. The result is the
degree of freedom on the edges of each element. With this, the unknown electric
field can be calculated.
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A solution can be found by solving a linear system of equations. By comparing
the coefficients between the two formulations in equation 3.49 and equation 3.48,
the matrix entries and the source vector are calculated as follows

Aij =
∑

k

ˆ

Vk

(∇×N k
j )Tµ−1(∇×N k

i )dVk, (3.50)

Bij =
∑

k

ˆ

Vk

(N k
j )T εN k

i dVk, (3.51)

uj =
∑

k

ˆ

Vk

(N k
j )TJdVk. (3.52)

This representation of the matrix shows that there are sparse matrices to solve.
This sparse matrix system has two symmetric matrices A and B and for a
deterministic source problem, a solution vector u. The size of the system matrix
depends on the degrees of freedom in the system and is N ×N . The size of the
solution vector is N × 1

(A+ k2
0B︸ ︷︷ ︸

S

)φ = u. (3.53)

If the homogeneous Helmholtz equation is solved, this the vector u is equal to
zero.
In the next step, the built system of equations has to be solved. It can be done in
two ways. Once with a direct solver or an iterative method. For the direct method,
only one step is needed. In the case of an iterative method, an initial guess is
improved within every iteration. It converges to the solution of the system.
For such a calculation, a preconditioner is used. This tool utilizes Krylov subspaces
due to their excellent convergence. The preconditioner approximates the inverse
system matrix S−1 to calculate the degree of freedom by multiplying the inverse
system matrix to the left side of the system S−1S to create the unit matrix I. If
the initial guess is near the inverse system matrix, the iterative method converges
quickly, and a solution for the degree of freedom is found

Iφ = S−1u. (3.54)
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In this work, the software used for solving the 3D vectorial Helmholtz equations
is called FDMax. It is a proprietary tool and contains a direct solver as a
preconditioner called Paradiso [50]. The source problem is then solved using
the direct solver or the iterative method. The iterative solver is called GMRES
(Generalized Minimal Residual) [51]. These solvers are used for the deterministic
source problem, which is used for the sensor designs in this work. It should be
noted that for the calculation of the eigenvalues of the homogeneous Helmholtz
equation, a Jacobi Davidson QZ method (JDQZ) is used [52], but not part of this
work.
In the next section, the domain termination with boundary conditions is described.
These conditions have mirroring properties, which are discussed as well. Another
point is the simulation of an open cavity. For such simulations in FDMax, the
domain is terminated by perfectly matched layers (PMLs). It should be noted
that there are other possibilities, such as absorbing boundary conditions to get an
open cavity simulation. In this work, only the PML is used and described later in
this chapter.

Boundary Conditions

The termination of the simulation boundary has a huge impact on the solution,
as mentioned, the surface functional, which is shown in equation 3.45 vanishes, if
the transversal electric field vanishes

n×E = 0, (3.55)

n ·H = 0, (3.56)

where n is the normal vector of the boundary surface. The second condition for a
vanishing surface functional is, if the transversal components of the magnetic field
vanishes

n×H = 0, (3.57)

n ·E = 0, (3.58)

The disappearance of the transversal electric field is the so-called Dirichlet bound-
ary conditions (equation 3.56). This boundary condition has to be set explicit on
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the boundary itself and is essential for the solution. By setting this, the tangential
component of the electric field and the normal component of the magnetic field
are set to zero on the boundary edges. It is also the property of a perfect electric
conductor. Equation 3.58 describes the von Neumann boundary condition. It
builds the complementary boundary condition to the Dirichlet one, as the normal
component of the magnetic field and the tangential component of the electric
field vanish. These properties are fulfilled by a perfect magnetic conductor. The
Von Neumann boundary condition is set automatically during the solution of the
system of equations. Thus it is called natural boundary condition.
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Figure 3.4: a) Illustration of the field components on a perfect electric conductor (PEC)
b) Illustration of the field components on a perfect magnetic conductor (PMC)
These illustrate the behavior of the field components in a simulation domain
by setting Dirichlet or von Neumann conditions on a boundary.

By applying these features to the simulation domain, the field is mirrored at the
boundary, and the simulation domain has a symmetric continuation. For a von
Neumann boundary, the tangential component is continuous across the boundary.
In contrast, the normal component has an opposite sign and vanishes on the
boundary. Dirichlet boundary conditions have an opposite sign for the tangential
and the normal component is continuous.
Next, the boundary condition for an open cavity simulation is discussed.
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Perfectly Matched Layers

Another boundary condition to terminate the simulation domain is the perfectly
matched layer (PML). This part of termination is done by describing a lossy
material with a perfectly matched interface. Due to the matched interface, there
is no reflection of a plane wave for any frequency or angle. Within the PML, the
wave is attenuated in the direction of the normal component of the PML. The
attenuation is incorporated by describing the PML material as a lossy material. It
has an anisotropic permeability and permittivity. These properties are realized by
applying a stretching of the coordinate system with Λ. The resulting permittivity
within the PML is εPML = εΛ. The permeability is described in the same way
µ

PML
= µΛ. Inside PML, the coordinate Λ looks like

Λ =




sysz/sx 0 0
0 sxsz/sy 0
0 0 sxsy/sz



. (3.59)

The PML is normally set at the top and the bottom for array simulations and
around the simulation domain, since the only one particular object is investigated.
The stretching can be varied across the entire PML. At the interface, there can
be no stretching, and it can increase quadratically up to the outer boundaries of
the PML like

sx = 1 + jκPML

(
x− xi
xo − xi

)2
, (3.60)

sy = 1 + jκPML

(
y − yi
yo − yi

)2
, (3.61)

sz = 1 + jκPML

(
z − zi
zo − zi

)2
. (3.62)

(3.63)

xi, yi, zi are the inner boundaries and xo, yo, zo are the outer boundaries of the
PML. An advantage of the perfectly matched layer, is the physical interpretation
as a lossy material [53, 54].
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3.4 Scattering Problems

The definition of a scattering problem is the interaction of an object with an
incident electromagnetic field. The formalism is described with the Total Field
Scattered Field (TFSF) method, which has its applications in solar cells or sensing
devices. It is already implemented in FDMax, but extended during this work.
This method splits the total electric field into two parts. One is the incident field
Einc and the other one is the scattered field Escatt. The sum of the incident and
the other is the scattered field describes the total field E = Einc +Escatt.

Ω

ΩI
µ

m
, ε

m

Figure 3.5: Sketch of a scatterer embedded in an homogeneous medium.

For this, the simulation domain Ω can be split into two parts once the total
field domain ΩI and the scattered field domain Ω/ΩI (figure 3.5). With these
assumptions, the functional looks like

F (Einc +Escatt) = F (Escatt) + 2G(Einc,Escatt) + F (Einc) (3.64)

The last term vanishes, as the functional is minimized with respect to the scattered
field. The second term describes the impact of the source on the scatterer. This
functional is described as follows
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G(Einc,Escatt) =
ˆ

ΩI
∇×Escatt(µ−1 − µ−1

m
)∇×Einc (3.65)

+ k2
0Escatt(ε− εm)EincdV. (3.66)

This equations formulates the functional of the total field in the inner domain.
The scatterer is surrounded by a homogeneous medium with the permeability µ

m
and the permittivity εm. It should be noted, that the incident field has to fulfill
the wave equation in this medium (equation 2.29) and is described by a plane
wave (equation 2.35).
The incident field has to be defined in any case. For this issue, a volume source is
used, which defines the incident field in the complete total field domain. The field
is described analytically as a plane wave and mapped on the scalar potential of
the edges, which is simply the given by

φij =
ˆ vj

vi

E · dl. (3.67)

The scalar potential on the edge is simply the degree of freedom of the edge. vi
and vj are the vertices that are connected by the edge. As the incident field is
defined on any vertex in the domain, there are two ways to obtain this integral,
once

φij =
ˆ vj

vi

E · dl ≈ 1
2(Ei +Ej)eij, (3.68)

where eij = vj − vi is the edge between the vertex vi and vj. As the electric
field is defined as a plane wave (equation 2.35), the degree of freedom can also be
calculated by solving the integral analytically for the interface edges. The result
is used as a correction term for the total field

φij = E0 · eij exp
(
−jnmk ·

vi + vj
2

)
si
(
nmk ·

eij
2

)
, (3.69)

where si(x) = sin x/x. The correction term is only useful for boundary edges
because the edge is not in the direction of the propagation vector of the electric
field. Edge components such components cause a pole in the term - the scalar
product of k · eij becomes zero.
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This method can calculate the scattering of an object embedded in any dielectric
material. A dielectric interface between two media is not considered. For this issue,
the TFSF method is improved in this work based on [55]. The sensor structures
in this work are placed on a silicon substrate and excited by a plane wave. From
the TFSF point of view, an air-dielectric interface has to be considered. For this
issue, not only the incident field, described by an incident plane wave is required.
Also, the reflected and transmitted parts of the plane wave have to be considered.
In the next section, the formulation of the incident field for this case is described.

3.4.1 Modeling of partially embedded Scatterers

For the modeling of a scatterer between two dielectric media within the simulation
domain using a volume source in FDMax, the reflected and transmitted parts
have to be considered. This calculation is done by using Fresnel coefficients

r = n1 − n2
n1 + n2

, (3.70)

t = 2n1
n1 + n2

. (3.71)

Here n1 is the complex refractive index of the first medium, and n2 is the complex
refractive index of the second medium; the scatterer is in between medium one
and medium two.
With these terms for normal incidence, the incident field, the partially reflected
field, and the partially transmitted field look like

Einc = E0(ω) exp(−jn1k · r), (3.72)

Erefl = rE0(ω) exp(jn1k · r), (3.73)

Etrans = tE0(ω) exp(−jn2k · r). (3.74)

This issue is shown in figure 3.6. As seen, the incident field is divided into two
regions. Once the region above the dielectric halfspace, where a superposition of
the partially reflected wave and the incoming plane wave build a standing wave
and the transmitted part. The simulation domain is seen as an open boundary
and is limited by PMLs.
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Figure 3.6: Sketch for the new total field scattered field source. The total field domain are
denoted by ΩI,1 and ΩI,2. Both have different materials, which introduces a
dielectric half space in the simulation domain. The yellow scatterer is partially
burried in the substrate region.

The new description of the incident fields is now again analytically described
and mapped on the vector potential of the edges with equation 3.68. If the
incident wave travels from the above interface between medium one and medium
two, the incident field is in medium one is analytically described by the sum of
equation 3.72 and equation 3.73. In medium two, the transmitted part remains,
and the wave is described by equation 3.74.
The mapping to the vector potential now depends on the material of the element
to which the edges belong. If the element material has the refractive index n2,
the transmitted field is mapped on the vector potential. For the refractive index,
n1 the superposition of the incident field and the reflected field is mapped on the
vector potential.
The correction term from equation 3.69 only valid for the transmitted field
component since the incident field above the dielectric halfspace is the superposition
of two fields now. For this issue, the correction term looks like
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Figure 3.7: Illustration of the incident field. a) FDMax plot of the incident field in a 3D
Volume. It is calculated in air and silicon. In silicon, the wavelength is much
smaller than in air. The amplitude of the incident wave was one. Due to the
reflected and the transmitted parts only 0.45 is left. b) Comparison of an
analytic calculation compared to FDMax calculation of the incident field.

φij =
ˆ vj

vi

(Einc +Erefl) · dl, (3.75)

= E0(ω) · eijsi
(
n1k ·

eij
2

)
(3.76)

(
exp

(
−jn1k ·

vi + vj
2

)
+ r exp

(
jn1k ·

vi + vj
2

))
. (3.77)

This formulation of the incident field is used to minimize the functional from
equation 3.64 with respect to the scattered field.
The result of mapping the incident field on the edges of the simulation domain is
shown in figure 3.7.
An advantage of this description of a volume source for the incident field compared
to a surface excitation is that the simulation domain can be limited in all directions
by PML. Due to this, the scattering of single scatterers can be investigated, and
array effects such as a near field or far-field coupling between objects are avoided.
This approach is added to the FDMax code. In the next step, benchmarks to
verify the code functionality are done.
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3.4.2 Benchmarks

Germanium Film

In the next step, the implemented code is tested with a comparison of simulation
and analytical calculation. At first, a 2 µm thick undoped germanium film with a
refractive index of 4 on a silicon substrate is given. A TE polarized plane wave
is traveling from the airside down to the layer. Reflection and transmission are
evaluated by FDMax and compared to TMM calculations. The frequency range
for the calculations is from 12 THz to 27 THz.

x y

z

4 µm

PML

PML

Figure 3.8: Simulation Model in FDMax for the verification of the new total field scattered
field method.

The simulation domain has the following setup for this investigation. In lateral
dimensions. In x and y-direction 4 µm. In z-direction, the airside has a length of
25 µm, as well as the PML on top. The silicon side is scaled by the refractive index
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of silicon, which is n = 3.4 in this case. The refractive indices for this benchmark
are constant during the frequency sweep. As the PML is only on the top and
the bottom of the 3D domain, Dirichlet and von Neumann boundary conditions
are set on the non-PML boundaries in x and y-direction. Due to this, an infinite
array is simulated. In figure 3.8 these dependencies are illustrated.
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Figure 3.9: Comparison of simulation with FDMax and TMM calculations. The blue
dashed curve represents the reflection calculated by FDMax, the red curve
the analytical calculations.

In the next step, the electromagnetic fields are calculated, and the incident field
is compared to the analytic one. In FDMax, the amplitude of the electric field E0

and the propagation direction of the plane wave are set, and the incident field
is defined in the whole volume of the simulation domain. The transmitted, the
reflected and the absorbed power is calculated and normalized to the power of
the incident field. An energy integral provided by FDMax calculates the power
absorbed by the film.
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These are normalized to the power of the incident plane wave according to

Pinc = |E0(ω)|2
2Z0

S, (3.78)

T = Ptrans
Pinc

, (3.79)

R = Prefl
Pinc

, (3.80)

A = Pabs
Pinc

, (3.81)

where S is the area of the surface through which the incident plane wave passes.
By the illumination of the undoped germanium film with infrared frequencies,
there are back reflections from the rear side of the film. Due to this, Fabry-Pérot
oscillations are caused and seen in the spectrum. This is shown in figure 3.9.
It can be seen that the calculated reflection by FDMax and the analytic curve
fit very well. In the next step, a single plasmonic antenna from literature is
investigated. This step shows the advantage of the new source, as single scatterers
can be investigated.

THz Silicon Plasmonic Antenna

In the next step, a single antenna structure is investigated. It confirms the validity
of the source if the scatterer is surrounded by a PML. For this issue, a highly
n-doped silicon bowtie antenna is used. The antenna is placed on a SiO2 substrate
with a refractive index of nsub = 2. The doping of the silicon is 8× 1019 cm−3

and the dispersion relation of the material is modeled with the Drude model
(equation 2.64). The carrier mobility of highly n-doped silicon is modeled by using
the approach from Adachi [34]. The base of one arm of the bowtie is 40 µm, and
the height is 120 µm. The material is 1.5 µm thick. A 10 µm gap distances both
arms. A PML is placed around the antenna structure for the investigation of
single antenna properties and to avoid antenna cross-talk, such as a near field or
far-field coupling. A sketch of the structure is seen in figure 3.10
For the investigation, only a quarter of the structure is needed. The other parts
are mirrored due to Dirichlet and von Neumann boundary conditions. It saves
computational effort. Due to the PML around the antenna and a large area of the
incident plane wave compared to the scatterer, it is not convenient to calculate
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Figure 3.10: Simulation Model for a silicon bow tie on SiO2 from [23]

transmission and reflection. The power of the incident wave is due to the large area
much higher, than the scattered and absorbed power of the single antenna. The
antenna response would vanish. In such a case, the calculation of the extinction
efficiency is more convenient. It is calculated by normalizing the scattered power
and the absorbed power to the intensity of the incident field and the geometrical
cross-section of the scatterer

Qext = Qabs +Qscatt, (3.82)

Qabs = Pabs
I0σgeo

, (3.83)

Qscatt = Pscatt
I0σgeo

. (3.84)

With the TFSF approach, it is possible to calculate only the scattered field only,
which is very convenient for this approach.
In figure 3.11, the result of the calculation is seen and compared to the measure-
ments. In the measurements, the antennas are arranged in a dense irregular array,
to avoid far-field coupling. The extinction of the measurement is

Ext = 1− Tsamp
Tsub

(3.85)

The transmission of the wafer with antennas is normalized to the transmission of
the wafer without antennas. The extinction is then 1− T .
It can be seen that the resonance frequency and the shape of the simulation
are similar to the measurements. The resonance frequency is around 880 GHz.
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Figure 3.11: Comparison of simulation from the extinction calculated with FDMax and
measurements from literature [23]. The blue curve represents the extinction
efficiency calculated by FDMax, the red curve are the measurements.

Between the 700 GHz and 1.1 THz the simulated curve fits the measurements very
well. Only below and above becomes the measurements and simulation differ
from each other. One reason could be a lower carrier mobility in experimental
setup. Lower mobility leads to a higher scattering in the material. The resistivity
is increased — the width of the curve increases. Another reason could be found
in the production process of the antennas. Production process dependent effects
such as surface roughness or bad edges at the antenna border are not included
within the simulations.
In this section, the newly implemented finite element source was described and
tested. The numerical results are in excellent agreement with the measurements
from literature and analytical values. As a result, this new tool is used to design
the sensor structures proposed in this work.
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Germanium THz Antennas

In this chapter, the methods described in chapter 3 are used to investigate plas-
monic THz antennas sensing devices. TA goal of these structures is that they are
compatible with standard BiCMOS processes to build these platforms by low costs.
Thus the antenna material is chosen as germanium. These germanium antennas
are placed on a silicon substrate. In the first step, material characterization is
needed. It is done with reflectance measurements of a 1.5 µm thick germanium
film on silicon. The resulting reflectivity is fitted with the proposed TMM in
combination with the Drude model. This procedure enables the extraction of
realistic permittivity and material dispersion.
The extracted permittivity is used in combination with FDMax and Synopsys
Sentaurus to investigated the antenna structures. In the first step, the effect of
the geometrical parameters and material properties on the near-field and far-field
resonance is investigated. A further investigation is the polarization selectivity of
the antennas. Depending on these results, an appropriate design is chosen, and
the sensitivity properties of the sensor are shown.
After this, the illustrated design rules are used to design an antenna for circular
polarization. Furthermore, a slab antenna is described with lumped circuit
elements. This description is used to match the antenna load impedance- the gap-
to the antenna impedance. The potential of the procedure is illustrated.
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4.1 Dielectric Function of Germanium and Silicon

A realistic representation of the material is essential for the design of sensor
structures. This estimation is found by utilizing the TMM and the Drude Model,
to fit reflectance measurement data [56]. For the experiment, a 1.5 µm thick
homogeneously doped germanium film, is grown by chemical vapor deposition on
an undoped silicon substrate. The doping concentration of the germanium film
is 1.5× 1019 cm−3. The reflection measurement data is fitted using TMM. The
permittivity of the doped germanium is modeled utilizing the Drude model.
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Figure 4.1: a) Sketch for the estimation of the film reflectivity b) Comparison of experi-
mental data and theoretical data, generated by a combination of TMM and
Drude model. The measurement is done from 15 THz up to 150 THz [56].

In figure 4.1a) a sketch of the measurement is shown. The doped germanium film
is illuminated at room temperature from the airside with an FT-IR Vertex 80v
with an A510/Q-T accessory from Bruker and the reflectance is measured between
15 THz and 150 THz with a resolution of 30 GHz. In figure 4.1b) the results are
shown. For the fit represented by the blue curve, the layer height h, the doping
density N , the effective electron mass meff , and the carrier mobility µ are critical
parameters. The electron mobility has an impact on the Drude scattering rate γ,
which is calculated with

γ = q

µmeff
. (4.1)
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q describes the electron charge, µ the carrier mobility, and meff the carrier effective
mass. For this fit the conductivity effective mass is chosen with meff = 0.12m0 - m0

is the mass of a free electron [57]. For the fit, meff and ε∞ is taken from literature,
the doping concentration is taken from the experiment and γ is extracted from
the fit, as the approximation with a single parameter is only a simplified model.
This parameter contains impurity density, the energy and the temperature of the
crystal.
The reflectance, shown in figure 4.1b), is for low frequencies very high. It indicates
metallic behavior. It drops to a minimum at 27 THz. This minimum is the
plasma edge of the material. Up to this point, the material is metallic. Beyond
the plasma, edge oscillations occur. These are Fabry-Pérot oscillations with a
periodicity of 22 THz, because of the layer thickness h = 1.5 µm. They occur due
to reflections of the rear side of the germanium film. The measured and fitted
curve is comparable to literature values [57].
With this procedure, a realistic permittivity for the germanium is extracted from
measurements. The growing of the film and the measurements were done by
partners from IHP in Frankfurt an der Oder. The fit parameters are summarized
in table 4.1. In the next step, this permittivity is used with FDMax to design the
plasmonic sensor structures.

ε∞ N [cm−3] µ [cm2 V−1 s−1] meff/m0 h [µm]
16.6 1.5× 1019 330 0.12 1.58

Table 4.1: Overview of the material parameters for Drude model to fit the re-
flectance curve.
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4.2 Antenna for linear Polarization

4.2.1 Simulation Model

The simulation model for the investigation of the antennas contains a single
germanium antenna. In this work five geometrical parameters are investigated
and shown in figure 4.2.

x
y

z

Larm

d

b

a

h

Figure 4.2: Simulation model of the sensor structure.

These are the arm length Larm, the distance between the antenna arms - the gap
d, the thickness h, the peak width a, and the base b. The germanium antenna
is placed on a silicon substrate. This substrate has a constant permittivity with
low losses- εsilicon = 11.9 + j0.1 [57]. Around the structure, a PML is placed. The
silicon substrate is surrounded by a silicon PML and the air by an air PML. The
edges of the metallic structure are rounded with a radius of 100 nm. This rounding
is important because sharp edges cause singularities in the solution of Maxwell’s
equations. The discretization is done with tetrahedral elements. These elements
are generated by supporting the meshing algorithms of Synopsys Sentaurus. These
elements provide a good resolution for the local refinement.
With this geometry setup, the antenna is illuminated from the airside with a
linear polarized plane wave. The polarization is along the antenna arm. This
illumination is modeled with FDMax, and the extinction cross-section is calculated.
The enhancement over frequency can be calculated by sampling the intensity in
the middle of the gap and normalize it to the intensity of the incident plane wave.
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This model is used to investigate the influence of geometry and material on the
resonance frequency and enhancement and to modify the material within the gap
to show sensor properties.

4.2.2 Design of THz Plasmonic Antennas

In this section, the design of the antenna is described. It is designed using the
simulation model mentioned above. The antenna acts as a receiver and will
be used to detect the convolution of membrane proteins. These proteins have
characteristic resonances between 100 GHz and 2 THz [58, 59]. Due to this, the
target frequency for the antenna is chosen at 500 GHz.
The detection of protein folding requires a maximum intensity increase in the gap.
In the next step, the influence of geometry and material on far-field resonance
and plasmonic field enhancement is investigated.

Far-Field Properties

The antenna dimensions are set to a =10 µm, b =30 µm, d =1 µm and h =1.5 µm
as start parameters. At first, the effect of the arm length Larm is investigated to
reach the target frequency. The material parameters, the peak width, and the
base of the trapezoid, the height, and the gap width are kept constant.
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Figure 4.3: Variation of the arm length of the bowtie.
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The variation of Larm is done from 30 µm to 90 µm. These values correspond to
literature values for indium antimonide bowtie antennas without substrate for a
resonance frequency of 2.1 THz [24]. With a substrate, the antenna length should
scale inverse proportional to neff . Which is given by

neff =
√
εair + εsilicon

2 . (4.2)

Thus, the resonance frequency shifts red with a substrate. The result of the
variation is shown in figure 4.3. This far-field resonance frequency is inverse
proportional to the antenna length, which is well explained in chapter 2.
For antennas with an arm length of 30 µm, the resonance frequency is higher than
1 THz. The target frequency is met for a length of 74 µm.
In the next step, the impact of peak width a is investigated between 300 nm
and 21 µm. All other geometrical parameters are kept constant. The result is
illustrated in figure 4.4a) - the smallest value in the investigated range results
in a resonance frequency of 600 GHz. If the antenna tip broadens, the resonance
frequency shifts and the target frequency is reached for a value of 10 µm, by
setting the maximum value for the antenna tip results in a resonance frequency of
470 GHz. The impact of the peak width on the resonance is due to the capacitive
coupling. The carriers are focused around the peak of the antenna and can be
described as a parallel plate capacitor

C = ε0εr
ah

d
. (4.3)

For small peaks, the capacitance of the gap is smaller than for the broad peaks, as
seen in equation 4.3. This coupling capacitance has an impact on the resonance
frequency of the RLC-resonating circuit. This circuit is built due to the distributed
antenna inductance, capacitance and the gap capacitance. Furthermore, there are
several scattering capacitances. Additional information on this can be found in
chapter 3.
This sensor should be used for the detection of protein folding. The volume of
proteins must be high. Thus the peak width is chosen to be 10 µm. The next
parameter for investigation is the base of the trapezoid b, its impact is seen in
figure 4.4b). Again all other parameters are constant, and the investigation starts
with a = b and ends with b =46 µm.
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Figure 4.4: Impact of the geometrical entities a, b, d, h on the resonance frequency.

The impact on the resonance is not very high. It is between 490 GHz for the
largest base width and 520 GHz for a = b.
In the following, the distance between the antenna arms is changed. Starting with
a gap size of 1 µm, this investigation has a maximum of 40 µm. The resonance
frequency shifts 100 GHz between the smallest and the highest distance. A
separation of 40 µm eliminates the capacitive coupling. Due to the mirroring of
the simulation domain, only cross-talk between the antenna arms is possible. This
effect is also formulated in equation 4.3. The gap capacitance decreases rapidly as
d increases.
The curve rises quickly and saturates for higher distances against 600 GHz. As
the coupling is essential for the sensor, d =1 µm is chosen.
It is also a compromise; the distance can also be reduced, but replacing the
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material to be detected is very difficult for gaps smaller than d =1 µm. The last
investigated geometrical parameter is the layer thickness h. As a start value,
1.5 µm, because the skin depth is with δ =2.2 µm at 500 GHz in the same order.
Thinner antennas with the doping concentration would lose performance, as the
incident wave would travel through the structure and would have only a small
interaction.
A growing antenna thickness up to 5 µm has no impact on the antenna resonance.
The increasing gap capacitance is compensated by a decreasing distributed antenna
inductivity (equation 3.23).
After this systematic investigation of the geometric parameters, optimal values for
far-field resonance frequency were found. The subsequent investigation is done for
the doping concentration and the carrier mobility of germanium. Now the impact
of the carrier mobility and the doping concentration on the resonance frequency
are investigated.
For the variation of the doping concentration, a doping dependent mobility model
at room temperature from Adachi is utilized

µ(N) = µmin + µmax − µmin

1 + ( N
Nref

)α
, (4.4)

where µmin =0 cm2 V−1 s−1, µmax =4500 cm2 V−1 s−1, Nref =1× 1017 cm−3 and
α = 0.45 [34].
All subsequent calculations, the geometrical parameters are set to a =10 µm,
b =30 µm, d =1 µm, h =1.5 µm and Larm =74 µm.
In a first step, the carrier mobility is varied around the extracted value of
µ =330 cm2 V−1 s−1. The doping concentration is constant with 1.5× 1019 cm−3.
In figure 4.5 the extinction cross-sections for three different mobilities of are shown.
It can be seen that a decrease in carrier mobility reduces the amplitude, and the
curve gets broader(figure 4.5). This effect is a result of a higher resistance of
the antenna for smaller mobilities. The resonance frequency is not affected by
this. For a well-performing antenna, the carrier mobility should be maximized.
The theoretical maximum depends on equation 4.4. For a doping density of
1.5× 1019 cm−3, it is 430 cm2 V−1 s−1.
In the next step, the doping density is varied. From literature, it is shown that
this parameter should tune the antenna resonance [24]. For an increasing doping
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Figure 4.5: Investigation of the carrier mobility of highly doped germanium antennas.

concentration, the plasma frequency of the material shifts blue.
The antenna material becomes more conductive at the target frequency, and the
imaginary part of the conductivity decreases. This part describes an inductive
contribution, which has a high impact on the antenna resonance near the plasma
frequency. This inductive contribution is called kinetic inductance. For higher
doping concentrations, this contribution diminishes, which should shift the reso-
nance frequency of the antenna. The inductivity of the antenna depends only on
geometrical parameters.
In figure 4.6, the different extinction cross-sections of a doping density variation
is given.
An increasing doping concentration results in a higher amplitude and sharper
resonances. The variation starts with 5× 1018 cm−3 and ends with 3× 1020 cm−3.
A high impact on the resonance is not observed. Thus the antenna is not tuneable
with the doping as proposed in [24]. For a doping density of 3× 1020 cm−3, only
a shift of 30 GHz is observed.
The target frequency is for doping densities of 1.5× 1019 cm−3 and 3× 1020 cm−3

far away from the plasma frequency. Thus the contribution of the kinetic induc-
tivity is small. A tunable antenna due to the control of its kinetic inductivity
is not possible. The antenna shows a localized plasmonic resonance due to its
significant skin depth. The incoming THz wave drives the free electrons in the
material. Due to the geometrical limitations in x, y, and z-direction, a dipolar
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Figure 4.6: Impact of the doping concentration of the antenna arms with regard to the
extinction cross-section.

resonance at the target frequency occurs.
Another point is the quality factor, which is increased by a higher doping density.
It leads to higher conductivity and lower losses in the system. A lower resistivity
of the antenna material leads to a higher quality factor.
The section above gives insights about the impact of the geometrical parameters
and the material properties on the far-field antenna resonance. In a further
procedure, it will now be investigated how these parameters affect the near-field
properties.

Near-Field Properties

The far field resonance frequency is defined as the maximum of the extinction
cross-section. The extinction cross-section is a computation of the power scattered
or re-radiated by the antenna and the absorbed power of the antenna. It can
be assumed that the scattered power in the Frauenhofer area is calculated far
away from the antenna. In this section the near field properties of the antenna
are investigated. In this case the near field is not defined as the reactive field
area near the antenna. It is defined as the field confined around the antenna -
especially in the hotspot of the antenna within the gap.
Starting with the geometrical parameters a =10 µm, b =30 µm, d =1 µm, h =1.5 µm
and Larm =74 µm, the intensity enhancement is sampled in the middle of the gap
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Figure 4.7: Frequency response of the antenna structure divided in the near and far-field.
For the near-field frequency response, the average enhancement is calculated
inside the gap region.

at (0,0,0.75 µm) and compared to the extinction cross-section. This is illustrated
in figure 4.7. The near-field resonance peak is at 400 GHz. It is red-shifted
around 100 GHz. The maximum possible enhancement with this configuration is
1.213× 104 at 400 GHz. At the far-field resonance at 500 GHz, the enhancement
drops down to 0.99× 104. The origin of this shift can be explained by the study
of the damping of a harmonic oscillator. Antennas can be described as such.
Due to the damping of this resonator, the amplitude for maximum oscillation
will shift red and occurs at a lower frequency. The maximum power dissipation
by the antenna does not depend on damping. Thus, there is no observable red
shift for this. The maximum oscillation amplitude corresponds for plasmonic
antennas to the near-field resonance, as this resonance depends on the resonance
of free electrons. The maximum power dissipation by the antenna is comparable
to the maximum of the extinction cross-section. This comparison shows that the
material damping causes this inevitable shift. [60–63].
The goal is to improve the enhancement at the far-field resonance because this
resonance is measurable for spectroscopy. Thus all subsequent investigations are
done at the far-field resonance for the current parameter configuration.
In the next step, the impact of the geometry parameters and material parameters
is investigated to reach the maximum intensity enhancement inside the gap. For
every point, a cut through the middle of the antenna is created along (x,0,h/2).
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The maximum enhancement is extracted and plotted against the varied parameter.
For an investigation of a, b, d and h, the aforementioned geometrical properties
are taken, and the enhancement at the far-field resonance is calculated.
At first, the enhancement for the peak width a is investigated. The sweep values
are between 300 nm and 21 µm.
These are the same values as for the investigation of the far-field resonance
frequency.
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Figure 4.8: Investigation of the impact of the geometrical entities a,b,d,h on the intensity
enhancement inside gap.
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In figure 4.8a), the maximum of the enhancement is plotted for the resonance
frequency of the starting configuration.
A tiny width makes the trapezoid nearly to a triangle, which focuses the field best
inside the gap, and the enhancement is highest. An increase of the parameter
leads to a decrease of the field focus. As the application of this antenna is the
detection of protein convolution, a trade-off between intensity enhancement and
sensor volume should be found, and the peak width is set to 10 µm.
Next to the peak width a, the base width b tailors the focus as well. This parameter
when varied between 10 µm and 46 µm, increases the enhancement in the up to
1.2× 104 at 490 GHz. For a = b =10 µm, the enhancement is half of the chosen
configuration of b =46 µm. For an increasing base width, the enhancement begins
to saturate at b =46 µm. Thus, the maximal base width should be chosen, and
the arm length should be adjusted slightly to match the target frequency- the
new arm length is Larm =72 µm.
For the variation of d, it can be seen; it is the most critical parameter, the
gap width is essential for the antenna coupling. For a minimum gap width, the
enhancement increases exponentially. For higher distances, the coupling is weaker,
and the enhancement decreases. This result is highlighted in figure 4.8c). Due to
the weak or no coupling. The antenna arm acts as a single element.
Next to the distance between the antenna arms, the height h of the antenna is
investigated. This parameter is not critical for the far-field resonance, but thicker
antennas increase the enhancement inside the gap, as the antenna resistance is
reduced. This is shown in figure 4.8d). The investigation starts at 1.5 µm and ends
with 5 µm. The smallest thickness results in an enhancement around 0.9× 104. For
thicker antennas, the enhancement increases rapidly and saturates. For h =5 µm,
the enhancement is 1.4× 104. Thicker antennas with a homogeneous doping
concentration are difficult to produce. Thus the thickness is set to h =1.5 µm- the
thickness of the experimental film.
Next to the geometry, the material properties are relevantly for the enhancement.
The carrier mobility has a direct impact on the damping in the system. Thus it
is responsible for the shift between near and far-field resonance, and it has an
impact on the loss resistance of the antenna. The enhancement inside the gap
decreases for higher losses and vice versa; this is the reason why carrier mobility
should be as high as possible. The described facts are illustrated in figure 4.9a).
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Figure 4.9: Investigation of the impact of the material parameters.

As the carrier mobility can not be varied. In the following, the doping concentration
is investigated. An increasing doping concentration reduces the resistivity of the
material. A smaller resistivity increases the enhancement of the antenna, which
shows the direct connection between enhancement and doping concentration
(equation 2.63). This is shown in figure 4.9b). As a target doping concentration,
the extracted one is chosen, as those values are most realistic.
The investigation of the influence of geometry and material properties leads to
optimal values for the application of the sensor. These are summarized in table 4.2.

Larm [µm] a [µm] b [µm] d [µm] h [µm] max(|E|2/|E0|2) N [cm−3]
72 10 46 1 1.5 10200 1.5× 1019

Table 4.2: Overview of the design parameters.

4.2.3 Plasmonic Intensity Enhancement

The parameters from table 4.2 are taken, and the intensity enhancement is plotted
at 500 GHz. Detailed features of the enhancement are shown.
In figure 4.10, it can be seen that the enhancement is focused on the gap. This
hot spot is built due to the capacitive coupling of the antenna arms. In the middle
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Figure 4.10: Enhancement plot of the optimized bowtie antenna.

of the antenna, between the arms, there is a small amount of the field. At the left
and right border of the antenna, there is another point of the enhancement. The
highest amount of carriers is around the gap. On one side of the gap, there is a high
amount of positive carriers; on the other side, a high amount of negative carriers.
This configuration describes a parallel plate capacitor and exists due to the dipolar
formation of the carriers in resonance [21]. This description is emphasized by a
cut through the middle of the antenna along the x-axis (x,0,0.75 µm).
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Figure 4.11: a)Cut along through the middle of the antenna along (x,0,0.75 µm) b) Zoom
into the gap region.

The cut shows an enhancement in the gap region around 1× 104. It drops down
in the middle of the antenna, where the field is around 1× 10−1. At the left and
right border, the enhancement is about 1× 102. Right next to the antenna at
(100 µm,0,0.75 µm), the enhancement is 1, as the local intensity is normalized by
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the intensity of the incident field. A closer look at the gap region is illustrated in
figure 4.11b). The enhancement is highest close to the antenna arm and decreases
inside the gap. The carriers are at the border of the antenna arm. For a higher
distance between the antenna arms, the enhancement inside the gap drops down
exponentially. In the following, the sensing characteristics are described, and the
shown features are used for thin-film detection.

4.2.4 Plasmonic THz Antennas for Sensing Applications

In the previous sections, the influence of geometry and material properties on the
enhancement and the resonant frequency is investigated. In the next step, the
material in the hotspot region is changed, to utilize the enhancement to detect a
change of the far-field resonance. This feature is shown in an aqueous environment
by using water as a gap material. The permittivity of water is modeled utilizing
the Debye model, which describes the relaxation of liquids with two modes in the
THz-Regime [64]. The description of the Debye model is given in the following
equation

εLiquid = ε∞ + ε1 − ε2
1 + jωτ1

+ ε2 − ε∞
1 + jωτ2

. (4.5)

τ1 and τ2 denote the relaxation time, ε∞ is the high frequency dielectric constant
- comparable to the Drude model- and ε1 and ε2 determine the strength of the
two modes. In literature the validity of this model for a frequency range between
100 GHz and 1 THz for water and DNA is shown [65,66]. With both materials, a
model case is created to show the antenna response by changing the gap material to
water and DNA. The permittivity of DNA is described within its hydration layer;
thus, the model parameters are determined for DNA in its natural environment.

Solution ε1 τ1 [ps] ε2 τ2 [fs] ε∞

H2O 76 9.49 3.29 231 5.5
DNA 78.9 9.46 3.41 229 5.7

Table 4.3: Overview of the fitting parameters for water and DNA [65, 66]. The
parameter are for a temperature of 20 ◦C.
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The chosen model parameters are summarized in table 4.3. Next, the calculated
permittivity for water and DNA are used to calculate the extinction cross-section
for three model cases. The whole gap material is changed from air to water
and to DNA to show the sensing feature. A sketch of this setup is illustrated in
figure 4.12a). The resulting extinction spectra are shown in figure 4.12b). Due
to the high absorption of water in the THz-regime, the amplitude drops down
≈ 15%.
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Figure 4.12: a) xz-view of the sensing hotspot. The gray part represents the antenna
hot spot. The hotspot material is changed between air, water, and DNA
as a model case. b) The frequency response in the form of the extinction
cross-section is shown. In blue, the air curve is given; the red curve represents
the water case and the green curve the DNA case. A shift for each material
is detected.

A higher refractive index of water compared to air increases the gap capacitance and
the extinction cross-section shifts red. The red shift is around 20 GHz. Next, the
material is changed to DNA; it is assumed that DNA is in an aqueous environment,
and the absorption is equal to water. DNA has a higher refractive index than
water. Due to this, the extinction curve shifts 30 GHz and the amplitude increases
due to higher scattering.
In a further step, not the whole gap is filled with DNA. As the proteins are quite
small and functionalized at the antenna arms, most of the gap material is water.
The next model case to prove the sensor concept is a gap full of water. Only at
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Figure 4.13: a) xz-view of the sensing hotspot. The blue part represents water in the
antenna hot spot and the green part is the representation of the biofilm
on the antenna walls. An offset on the real and imaginary part of the
biofilms refractive index is set, and the impact on the resonance frequency is
investigated. b) The frequency response for each offset is detected, and the
frequency shift between no offset and offset is detected.

the border of the gap - at the antenna arms a 20 nm thick biofilm is placed. This
description is illustrated in figure 4.13a). The complex permittivity is changed,
and the resonance frequency calculated. ∆n and ∆k are the difference between
the biofilm and water. In any case, a red shift is detected. For the ∆n curve,
∆k = 0 -equal to water and vice versa.
For every difference between water and the protein film, another resonance
frequency is detected. The curve is nearly linear and a general curve for the
sensitivity of germanium plasmonic antennas. For the DNA case, ∆n = 0.36
and ∆k = −0.1 at 500 GHz. Thus the shift of the curve would be smaller than
500 MHz.
Better results could be achieved by utilizing finer meshes in the gap region. It
is not possible for 3D meshes, as the computational effort increases significantly.
Another model should be used to describe such thin films- a resistance sheet
model [67]. However, these results show that germanium antennas are a feasible
CMOS compatible structure for biological sensing.
Now, the reported results for germanium bowtie antennas are compared to state-
of-the-art structures from literature. These antennas are the silicon bowtie
antennas [23], which are used for benchmarking of the new total field scattered
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field source (chapter 3). At first, the antenna material is compared. The silicon
antennas from literature are n-doped with N =8× 1019 cm−3. It is a factor of ≈ 5
higher than the antennas in this work. But the effective mass of an electron in
silicon is with meff = 0.26m0 higher than for germanium with meff = 0.12m0.
From the Drude model point of view, the same plasma frequency for doped
germanium compared to doped silicon can be achieved for

q2NGe
ε00.12m0

= q2NSi
ε00.26m0

, (4.6)

NGe = 6
13NSi. (4.7)

Thus, approximately half of the doping concentration can be used for approx-
imately a comparable dielectric function. Another advantage of using germa-
nium is its higher electron mobility for the same doping concentration. Germa-
nium has for a doping concentration of N =8× 1019 cm−3 a carrier mobility of
µGe =211 cm2 V−1 s−1, silicon has a mobility µSi =107 cm2 V−1 s−1. Thus, germa-
nium is approximately twice as good. These values depend on the mobility models
of Adachi [34].
This dependency has an impact on the enhancement which is shown in figure 4.9a).
Thus, germanium antennas would have a higher enhancement compared to silicon
antennas with the same doping concentration, the same geometry and substrate.
The silicon antennas are used to detect inorganic thin films around 800 GHz [23]
and organic bacterial layers around 300 GHz and 1 THz [5], where the monolayer
which is with 1 µm very thick. The frequency shift for the silicon antennas with a
one micron bacterial layer on the wafer is with 150 GHz a factor of 5 higher at
an operation frequency of around 1 THz. For a better comparison, the refractive
index between DNA and the bacterial layer should be compared. In literature, the
refractive index of the dried bacterial layer is unfortunately not found. Another
point is the intensity enhancement of the silicon antennas. It is comparable with
1× 104 to the enhancement of the antennas shown in this work.
It shows that the presented antennas are suitable for such operations. However,
they have only a doping concentration of 1.5× 1019 cm−3.
Next to the silicon antennas, there is literature about indium antimonide antennas.
These structures have air as a background material [24] and its operation frequency
at 2.1 THz. From the material point of view, indium antimonide is very suitable
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due to the very low effective electron mass with meff = 0.014m0. Furthermore, it
posses plasma frequencies in the THz-regime for low doping densities as well as
germanium. Another point is its very high carrier mobility. Indium antimonide
provides µInSb =2016 cm2 V−1 s−1 for a doping concentration of N =8× 1019 cm−3,
which is a factor of 10 higher than for germanium. From the material point of
view, indium antimonide would be perfect for such an application. The antenna
would have a high carrier mobility and a much higher enhancement than a
comparable germanium antenna. A disadvantage of compound semiconductors
like indium antimonide is the low yield and integration level [68]. Next to the
material characterisitcs, the biocompatibility is discussed. As shown in literture,
silicon plasmonic structures are used to investigate bacteria. Thus silicon is
biocompatible. Germanium is biocompatible as well. In litereture, it is shown,
that the surface of germanium can be treated with an appropiate surface chemistry
to get a stable passivation against oxidation. This passivation layer can interact
with biomolecules [69]. Next to such a passivation, a novel approach enables the
selective protein capturing and immobilization of on germanium surfaces [70].
Compared to to silicon and germanium indium antimonide is toxic for living
organisms. These properties make germanium a good choice as a material for a
plasmonic bio sensor.
In the next section, the polarization angle is varied, and the polarization selectivity
is shown.

4.3 Polarization Selectivity

In the previous section, design parameters for antennas for linear polarization are
investigated, and the sensing operation is verified. In this section, the antenna
is taken, and the polarization angle α of the incident light is changed. α is the
angle between the x-axis and the incident light. It is varied between 0° and 90°.
For every angle, the extinction cross-section is calculated.
Figure 4.14 shows, that the highest extinction cross-section is given for 0°. The
amplitude decreases for every angle. For 90°, the resonance shifts completely to
a higher frequency. At this frequency, the base of the trapezoid shows a dipolar
resonance.
These results show an on and off state of the antenna for the target frequency. The
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Figure 4.14: Variation of the polarization angle with respect to the main antenna axis.

polarization is filtered. If the polarization of the incident light has no component in
the direction of the antenna axis, the antenna posses no resonance in the frequency
regime of interest. This selectivity is used in the next step. An antenna for circular
polarization is shown and designed with the guideline for linear polarization.
Both have the same features. An analysis of the near- and far-field resonance is
done. Furthermore, the enhancement at the target frequency is discussed.

4.4 Antenna for circular Polarization

Next to the antenna excitation with linear polarization of the incident light, circular
polarization is also possible. Furthermore, in case of unpolarized radiation, the
following estimations are also valid.
It is essential to have an antenna arm in the direction of light polarization,
circularly polarized light has two components of the electric field, with the same
amplitude. The properties of this polarization are discussed in chapter 2. Due to
the properties of circularly polarized light, the single-arm antennas can be excited
as well. The incident power is split in two directions. Thus it will not be very
effective to use it in this constellation. For this issue, a crossed antenna is used.
With one arm in x−direction and one arm in y-direction. Thus both polarization
components of the electric field excite one pair of arms. In the following, the
properties of the crossed antenna with a target frequency of 500 GHz, are discussed.
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4.4.1 Simulation Model

The investigation of the crossed antenna is done by the utilization of FEM. The
geometry is created with Synopsys Sentaurus. The antenna is placed on a silicon
substrate. One antenna arm of the length Larm is placed in x-direction and one
antenna arm is placed in y-direction. All arms are symmetric. An unsymmetrical
investigation is not part of this work. The distance between the four arms is
d in x- and y-direction. The peak width a and base width b are equal for all
antenna arms. The description is shown in figure 4.15. Only a quarter of the
structure is used to save computational effort, and the edges of the antenna are
rounded with a radius of 100 nm to avoid singularities in the solution of Maxwell’s
equations. The antenna is surrounded by a perfectly matched layer to investigate
single antenna elements. The structure is discretized with tetrahedral elements.
Material and thickness are the same as for the linear polarized antenna -germanium
with a doping concentration of 1.5× 1019 cm−3.
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Figure 4.15: Simulation model for antenna for circular polarization.

After the discretization, the quarter of the antenna is illuminated from the airside
by a circular polarized plane wave. Moreover, the extinction cross-section and
the intensity enhancement are calculated. The illumination is modeled in the
following way. At first, the structure is illuminated with a plane wave, polarized
in x-direction. After this calculation step, the structure is illuminated with a
y-polarized plane wave, and the phase is shifted by 90°, as seen in equation 2.48.
After the calculation, both results are added. This procedure is necessary because
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of the boundary conditions for x and y-polarization - the Dirichlet and von
Neumann faces flip. This polarization of the electric field is discussed in chapter 2.
In the following, the near and far-field properties of the crossed shape antenna are
shown. According to the design shown in section 4.2, the geometric parameters
are chosen as shown in table 4.4 to reach the target frequency at 500 GHz.

Larm [µm] a [µm] b [µm] d [µm] h [µm]
88 2.5 30 5 1.5

Table 4.4: Geometric parameters for the crossed shape bowtie.

4.4.2 Frequency Response of the Crossed Shaped Bowtie

In the next step, the frequency response of the antenna is calculated between
200 GHz and 1 THz. For the near-field response, the enhancement is sampled in
the middle of the gap at (0,0,0.75 µm); for the far-field, the extinction cross-section
is calculated.
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Figure 4.16: Frequency response of the crossed shape bowtie.
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The result is illustrated in figure 4.16. The target frequency for the far-field
resonance is at 500 GHz. The near-field resonance is shifted; this behavior is
comparable to figure 4.7 and well explained in section 4.2.2. The height of the
enhancement is very poor compared to the linear polarized antenna. It is due to
the high distance between the antenna arms. This value is chosen because, in
future applications, the proteins should reach the sensor hot spot with microfluidic
channels. If the antenna arms are too close together, this not possible. Another
point is the peak width of the bowtie. This parameter scales with arm distance
because the peaks should not overlap. For a very small d, a would be very small
as well, and the enhancement increases, but also the whole arm length as it can
be seen in figure 4.8a). The result is a tiny quadratic sensor hotspot.
However, it can be seen that the design rules for linear polarized antennas are
valid for crossed shape bowties as well.

4.4.3 Plasmonic Intensity Enhancement

In the next step, the intensity enhancement at the target frequency is calculated.
At first, the parameter is visualized on the geometry, in a further step two cuts
through the geometry the points of the highest enhancement.
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Figure 4.17: Intensity enhancement of the crossed shaped bowtie antenna.

In figure 4.17, it can be seen that the antenna arms oriented in x-direction, and
the antenna arms, oriented in y-direction are in resonance. The electromagnetic
energy is confined to the sensing hot spot. Both arm configurations build a
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superposition, and the maximum energy is confined to the sensor hotspot. Due to
this, the field near between the arms in x-direction and y-direction is enhanced as
well. The field at the end of each antenna arm is enhanced. These properties are
comparable to figure 4.10, which shows the field for the linear polarized bowtie.
In a next step, a cut in x-direction at (x,0,0.75 µm) and in y-direction at (0,y,0.75 µm)
is created to compare the intensity enhancement along the antenna arms. This is
illustrated in figure 4.18.
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Figure 4.18: a) Intensity Enhancement along the x-axis at (x,0,0.75 µm) b) Intensity
Enhancement along the x-axis at (0,y,0.75 µm)

It can be seen that at the sampling point, the enhancement inside the gap is
at the minimum. For points near the antenna arm, the enhancement raises
exponentially and is around 1000. In the middle of the antenna, the field is very
weak. The carriers form a dipole and they are mainly located in the tip and at
the border. This observation is confirmed by an additional amplification at the
antenna border. However, this enhancement is only 100. Next to the antenna
arms, the enhancement is 1, as it is normalized to the incident field amplitude.
This description is valid for both cuts, as both configurations are at resonance.
With such a configuration, the circularly polarized antenna can be used for protein
characterization, as well.
It was shown that the design rules for linear polarization and circular polarization
are similar.



104 4 Germanium THz Antennas

In the next step, it is shown how to improve the design of such antennas utilizing
a circuit model. With this model, an impedance matching approach is derived
and verified with full-wave simulations. With this, a tunable sensor structure up
to 2 THz is shown and analyzed.

4.5 Impedance Matching of Plasmonic Antennas

In the previous section, bowtie antennas are analyzed utilizing the finite element
method. As already mentioned, single molecules should be analyzed with such
sensor structures. An efficient sensor should capture the incoming electromagnetic
energy and deliver it to the sample through an efficient near field interaction with
the molecule. From RF antenna point of view, this is fulfilled by an impedance
matching of the antenna load to the antenna impedance. In this case, the antenna
load can be seen as the molecule, which should be matched to the sensor it self.
This step increases the localized electromagnetic coupling and increases sensitivity
of the sensor. Such an approach is investigated in the following by describing a
slab antenna with lumped circuit elements [29].
In the next step, the slab antenna are described utilizing the circuit model
mentioned in chapter 3. The gap of the antenna is described as a capacitance
using equation 3.34. Due to the low distance of 1 µm between the antenna arms,
the capacitance for the slab antenna with a width of 10 µm and a length of 76 µm
is 13 fF. Its impedance for the target frequency 500 GHz is 2.4 kΩ. The absolute
antenna impedance for the described slab is 345Ω. The gap includes the object
of interest; thus, maximum enhancement should ensure the highest sensitivity.
This goal can be reached by an impedance matching of the gap impedance to the
antenna impedance [29].
Due to the circuit model, it is convenient to find the first designs and investigate
methods, to match the gap impedance to the antenna one. In the further steps,
an approach for the impedance matching of the antennas is proposed and verified
with 3D full-wave simulations. In the next step, a model case for a 5 THz slab
antenna is investigated. Its near-field resonance is around 4 THz. This design is
achieved with the circuit model. For these frequencies proteins have characteristic
resonances, as well [71].
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4.5.1 Simulation Model

For the impedance matching of the slab antenna to its load, two simulation models
are introduced. In the first steps, the impedance of the gap is matched to the
antenna utilizing a circuit model introduced in chapter 3. In a further step, the
results of the circuit model are analyzed with 3D full-wave simulations utilizing
FDMax.
For the impedance matching, the circuit model from figure 3.3 is extended by
a parallel resistance and inductance to the gap capacitance as proposed in [31].
This inductance is chosen in a way, that the equation 3.37 is maximized. An
illustration of the extended circuit model is given in figure 4.19.
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Figure 4.19: Sketch of the extended circuit model for the impedance matching of an
plasmonic antenna.

A detailed discussion for an appropriate material for the impedance matching
is discussed in the next section. All parameters for the circuit description are
described and discussed in detail in chapter 3.
In the next step, the results of the circuit model are verified using FEM and
FDMax. At first, the setup of the geometry is done with commercial software
Synopsys Sentaurus. This software is utilizing tetrahedral elements as discussed
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before and can resolve tiny edges of the geometry very well. As seen in figure 4.20,
the antenna has rounded edges of the slab and is placed on a silicon substrate
(purple). The rounding is very important because there are singularities in the
solution of Maxwell’s equations for very sharp edges of metallic structures. The
radius of the rounding is 100 nm.
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Figure 4.20: Simulation Model for a 5 THz slab antenna [56].

After the setup of geometry, the structure is illuminated from the airside with a
TE-polarized plane wave. The extinction cross-section is calculated as described
in chapter 3. The intensity enhancement over frequency is calculated by sampling
in the middle of the gap.
The impedance matching is realized by using a very thin sheet with metallic
properties. This thin sheet is not possible to resolve in 3D. For this special case,
an additional simulation model comes into account. A so-called resistance sheet
model. It can be used to model 2D sheets with an effective thickness in a 3D
environment. The sheet resistivity with the dimension Ωsq−1 is given by

R = Z0
jk0(εr − 1)deff

, (4.8)

where Z0 is the vacuum impedance, k0 the wavenumber,εr the complex sheet
permittivity and deff the effective thickness of the sheet. This model provides high
accuracy for sheets with a thickness much smaller than the wavelength [67].
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In the next step, the impedance of the gap is matched with the circuit model.

4.5.2 Design with the Circuit Model

The calculation of the different parameters are described in section 3.2. For
the operation of an antenna close to the plasma frequency of the material, the
kinetic inductance becomes very important. For a 5 THz antenna, designed
with the circuit model, the geometrical dimensions are found with h =2 µm,
Larm =7 µm and a = b =3 µm and d =1 µm. The resulting kinetic inductance
is with Lkin =1.2 pH at 5 THz in the order of the Faraday inductance. which
is LF =7 pH. For frequencies much smaller than the plasma edge, the Faraday
inductance dominates. The kinetic inductance diminishes.
The enhancement over frequency can be calculated by the circuit model with
equation 3.37 and compared with full-wave simulations.
As seen in figure 4.21a), the enhancement can be modeled with the circuit model.
The shape and the near-field resonance frequency is comparable to the 3D full-
wave simulations. The height of the enhancement utilizing the circuit model is
underestimated. It can be corrected by additional scattering capacitances, which
describe the scattering of the rectangular slab in the near-field. These are not
added in this work because the circuit model is only a tool for first designs and
should not replace full-wave simulations.
In the next step, another part is added to the circuit model. As seen in figure 4.19,
an inductance is added in parallel to the gap capacitance. This additional RLC
resonating circuit is designed to match the antenna impedance. For matching the
gap impedance to the antenna impedance, the enhancement will be maximal

( |Egap|
|E0|

)2
=
(
leff
d

∣∣∣∣∣
Rgap + jXgap

Rgap + jXgap +Rant + jXant

∣∣∣∣∣

)2
. (4.9)

Equation 4.9 gives an insight to this. For matching of the impedance of the gap
to the antenna, the sum of Zant and Zgap will be minimal. The design of Zgap is
done in a way, that

Xant = −Xgap. (4.10)

The enhancement increases, if equation 4.10 is met.
There are different options to reach this matching. One approach, this matching
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can be reached is using metals. They have a minimal resistance due to their
high conductivity, but also a very small kinetic conductance. Due to this, a big
matching circuit is needed as the gap impedance is very high, and the inductivity
only depends on the geometry.
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Figure 4.21: a) Comparison of enhancement calculations between the circuit model and
full-wave simulations of the unmatched antenna. b) Comparison of enhance-
ment calculations between the circuit model and full-wave simulations c)
Illustration of the antennas input impedance for the unmatched case. d) The
input impedance of the matched antenna [56].

Another way would be a matching with doped semiconductors. They provide a
high kinetic inductance near the plasma frequency but also have high losses. High
losses increase the resistivity of the material and the enhancement decreases.
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A potential material is graphene. Its properties depend highly on the band
structure. With an increasing Fermi level, the number of free carriers can be
adjusted. The material becomes metallic in the THz and near-infrared regime.
These features have an impact on its conductivity. It is described by intraband
and interband transitions. Both have contributions to the conductivity; thus it
is convenient to describe the whole conductivity as σ = σinter + σintra. These are
described by the following integral equations

σintra = j
q2

π~2(ω + jγ)

ˆ ∞

0
[f(E − EF) + f(E + EF)]dE (4.11)

σinter = j
q2ω

π

ˆ ∞

0

[f(E − EF)− f(−E − EF)]
(2E)2 − (~2 + jΓ)2 dE, (4.12)

where f(E) describes the Fermi energy, Γ the thermal broadening, γ the carrier
damping constant [72]. For graphene with an effective thickness of 2 nm the
resistivity at 5 THz is ρgraphene =(1.0033× 10−8−i5.3321× 10−6)Ωm [73]. It can
be seen, that the resistive part is two orders of magnitude smaller, than the
inductive part.
In the next step, graphene with a Fermi level EF =100 meV and a carrier mobility
of 200.000 cm2 V−1 s−1 is chosen and embedded on the substrate inside gap.
In figure 4.21b), the results of the circuit model and 3D full-wave simulation and
are shown and compared. A second resonance is detected at 670 GHz, as the
impedance matched for this frequency. The fact that the impedance is matched can
be verified by a closer look at the input impedance, which is strictly defined with
the enhancement. The input impedance is calculated with the circuit model, as a
parallel connection between the antenna impedance and the gap impedance and
is shown for the unmatched case in figure 4.21c) and matched case in figure 4.21d.
Due to the additional RLC parallel resonating circuit, an additional open circuit
resonance is introduced around 670 GHz. The reactance is exactly zero at this
frequency, and the resistance has its maximum. The gap reactance becomes as
positive as it cancels the antenna reactance out at this frequency. In contrast
to this matched case, the input impedance for the unmatched case is shown in
figure 4.21c). It is shown that the input impedance is capacitive for the unmatched
antenna. Due to the additional inductor, a matching is possible.
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It can be seen that the circuit model describes the enhancement of the antenna
very well. In the next step, the structure is analyzed in its near- and far-field
properties with full-wave simulations. Furthermore, the impact of the graphene
properties on the open-circuit resonance is examined.

4.5.3 Analysis with Full Wave Simulations

At first, a comparison of the near and far-field resonances is done. In figure 4.22 the
blue curve represents the extinction cross-section and the red curve the sampled
near-field enhancement.
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Figure 4.22: Near- and Far field frequency response of the matched antenna.

The extinction cross-section has its first maximum at 670 GHz.
It is the maximum for the near-field resonance, as well. This matching of the near
and far-field resonance frequency is due to the high mobility of graphene. The
second resonance peak describes the common dipole resonance of the antenna.
Since the attenuation of germanium is high, this resonance peak is shifted by 1 THz
between the near- and far-field resonance. The origin of this shift is discussed in
detail in section 4.2.2.
A closer look at the two resonances of the extinction cross-section shows a very
sharp resonance at 670 GHz. This sharp peak has advantages for the detection of
very thin films, as the resonance frequency shifts only a few MHz. For such sharp
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Figure 4.23: a) xz-cut at y = 0. Intensity enhancement of the matched antenna at
670 GHz. b) xz-cut at y = 0. Intensity enhancement of the matched antenna
at 4.1 THz [56].

peaks, a comparison between extinction cross-sections for different materials inside
the gap region would be much more comfortable than for broad peaks. In the
next step, the electromagnetic field distribution is calculated for both resonances
and compared to each other.
In figure 4.23 the intensity enhancement for both near-field at 670 GHz and 4.1 THz
resonances is shown. It can be seen that the antenna has a huge enhancement in
the entire gap region for the first resonance. For the second resonance, it is quite
poor, which is also the result of frequency response for the intensity enhancement.
For the unmatched antenna, no plot is shown, because this plot would look like
the plot for 4.1 THz.

Variation of the Fermi Level

In a next step, the Fermi level of graphene is varied, between 10 meV and 500 meV,
the carrier mobility is kept constant with 200.000 cm2 V−1 s−1. The impact is
shown in figure 4.24. For higher Fermi levels, the enhancement shifts to higher
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Figure 4.24: Variation of the graphene’s Fermi level [56].

frequencies. The antenna resonance is tuneable. This tunability is realized by the
kinetic inductance of graphene. The matching of the antenna is only a function of
the kinetic inductance of graphene. This inductivity changes with the number
of carriers. For a higher Fermi level, the sheet becomes more metallic, and the
kinetic inductance diminishes. The matching criterion is fulfilled for a higher
frequency. It can be realized by an external voltage or doping. Due to this feature,
a tuneable sensor platform between 100 GHz up to 2 THz is proposed.
Compared to the standard dipole mode at 5 THz, the enhancement is by a factor
of 64 higher at its maximum at 400 GHz. Due to this feature, the antenna
can investigate two resonant features of biomolecules. Once the first resonance
is adjusted by the Fermi level of graphene, a second resonance feature of the
molecules can be investigated at 5 THz.

Variation Carrier Mobility

In a further step, the mobility is varied, because there are many values for mobility
found in literature [72–75].
This is now varied between 500 cm2 V−1 s−1 and 200.000 cm2 V−1 s−1. The Fermi
level is kept constant at 10 meV. With this Fermi level, the highest enhancement
was found at 400 GHz. In figure 4.25a) the enhancement against the mobility is
plotted. The curve shows a saturation for a high carrier mobility.
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Figure 4.25: a) Carrier mobility vs. maximum intensity enhancement inside gap b)
Frequency response for the carrier mobilities µ =200.000 cm2 V−1 s−1 (red),
µ =20.000 cm2 V−1 s−1 (blue) and µ =2.500 cm2 V−1 s−1 (green) [56].

For a very low mobility, the enhancement decreases. For the high resistance results
from the low mobility, the enhancement vanishes. This is shown in figure 4.25b).
A higher resistance does not affect the near-field resonance frequency, only on the
enhancement. As seen in figure 4.22, the near and far-field resonance matches.
This matching is because of the low resistivity of graphene. If the carrier mobility
decreases, these curves shift against each other. Due to this issue, a material with
very high carrier mobility should be chosen to achieve the desired effect [56].
In the next step, this configuration should be matched to water inside the gap.
With this matching, the antenna is optimized for material with significant losses.
By doing this, the protein convolution is detectable by shifts of a peak, with a
very high-quality factor, but this is not part of this work.





5 Chapter 5

Silicon Micropillar Arrays for
Infrared Bio Sensing

In the previous chapter, plasmonic antennas with its target frequency in the
THz-regime are proposed. These antennas are used to detect the dynamics
of protein convolution. In this chapter, the frequency regime is shifted to the
infrared. At these frequencies, the protein binding processes can be observed
using refractometry [10,76]. Furthermore, the detection of specific resonances of
biomolecules in the infrared is done with plasmonic nano-antennas or graphene
[77,78]. In this work, another approach is chosen. Rectangular pillar arrays are
used for biosensing. These structures consist of undoped silicon on an undoped
silicon substrate and are fabricated by a wet etching process [79]. Two kinds of
structures are introduced. On the one hand, there is the micropillar array. On
the other hand, there is a nanostructured cladding the pillars. This structuring
has its origin in the fabrication process. This rough pillar surface and an increase
of the surface to volume ratio of the enables to carry a high amount of proteins at
the pillars, which can be analyzed due to an overlap of the electromagnetic energy
between the nanostructured pillar walls and the pillar itself. A high sensitive
method opens the detection of monolayers at the pillar walls. For this detection,
a model case with two different layers is investigated. Once there is a polymer
layer, for the immobilization of the proteins, and the protein layer itself.
In the next step, the simulation model is discussed.
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5.1 Simulation Model

The experimental micropillar array contains hundreds of pillars in a square
arrangement. The pillar footprint is 2 µm× 2 µm, and the distance between the
pillars is 4 µm, which is denoted as the lattice constant ∆. In figure 5.1b) can be
seen as the rough surface of the pillar. The origin of this surface roughness is due
to the wet etching process. The depth of this periodic nanostructure consisting of
native SiO2 is 50 nm and the distance between the ripples is 200 nm. On top of
the silicon-pillar is native silicon. The native SiO2 is removed here [79].

a)

x

y
z

b)

Figure 5.1: a) Simulation model for a pillar array. The grey part in the figure represents
the artificial layer. b) SEM picture of the pillar array. At the pillar walls, the
grooves can be seen [13].

For the modeling of the described pillar array, only one quarter of one pillar is
needed. This undoped silicon pillar is set on an undoped silicon substrate. The
nanostructure around the pillar is modeled with a 50 nm thick artificial layer.
This layer is used to describe the electromagnetic scattering of the nanostructure
around the pillar. For this model, only ∆/2 is needed. The discretization with
finite elements is done by utilizing the algorithms of the Synopsys Sentaurus. A
sketch of the described structure is shown in figure 5.1 a).
After the discretization of the structure, the model is given to FDMax. The
reason why only a quarter of the structure is needed are the boundary conditions
FDMax chooses for array simulations. Due to Dirichlet and von Neumann
boundary conditions in the x− and y-direction. The structure is mirrored, and the
simulation result depends on an array with infinite extension. More information
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about the boundary conditions is found in chapter 3. Compared to the antenna
structures from chapter 4, the simulation domain is only canceled in positive and
negative z−direction by a PML.
In the next step, the simulation domain is illuminated by a TE polarized plane
wave from the substrate side. The frequency range is between 27 THz and 60 THz
and the transmission is calculated according to equation 3.79. The complex
permittivity of undoped silicon in this frequency range is taken from literature [80].
In the next step, measurements of the given structures are compared to simulations.
With an analysis of peaks, the best sensing regime can be found.

5.2 Electromagnetic Analysis of Measurements

At first, the given pillar array is characterized by Fourier Transform infrared
(FTIR) spectroscopy in transmission mode between 27 THz and 60 THz [81]. The
excitation is from the substrate side. The incident plane wave travels through
the wafer and couples into the pillars. From this point of view, the pillars act as
waveguide structures. The measured and simulated transmission is normalized
to the transmission of an unstructured wafer T0. This normalization is done for
better comparability. In the first step, the simulated transmission curve should fit
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the experimental one. In the next step, an electromagnetic analysis is done at
the resonance peaks to find a suitable regime for biosensing. A critical parameter
for this fitting is the refractive index of the artificial layer around the pillar. The
best matching between simulation and experiment is found for a refractive index
of n = 6.0 + j0.1 for the artificial layer. In figure 5.2, the experiment and the
simulations are juxtaposed. The measurements show maximum transmission
values, which are higher than one. This issue is found in the normalization
by T0. The structured waver posses strong oscillations, which are the reason
of a high transmission. The reference wafer shows low oscillation with a quite
lower amplitude. The normalization of the structured wafer transmission to the
transmission of an unstructured wafer lead to values higher than one due to this
issue [81]. For a better comparison, the simulation curve is shifted by 1.0 in a
positive y-direction. There is good consistency between experiment and simulation.
Electromagnetic analysis of the resonance peaks can be done with this setup to
find a sensing regime.
In figure 5.2, a strong sine-like modulation is seen. A first peak is at 32 THz,
where the transmission is nearly zero. The next peaks have a higher transmission
value at its minimum; thus, an amplitude decay is observed. What is more, are
various side peaks. An explanation for the amplitude decay is a leakage of the
electromagnetic energy to the air environment around the pillar. At the first peak
at 32 THz, nearly the total electromagnetic energy is coupled to the pillar, and
back-reflected to the source. The dependency is shown in figure 5.3 a).
For the peaks at higher frequencies, more energy is leaked to the air and transmitted
through the structure. Thus, the whole structure can be described as an effective
medium with a height of 9 µm. It has a frequency-dependent refractive index. At
the first peak, it has a refractive index near silicon but still smaller than silicon.
The total energy is coupled to the pillar. The refractive index drops down, and
the nano ripples come into account. An energy leakage to the air around the
pillars leads to the amplitude decay for the higher frequency peaks. The nano
ripples have nearly no impact at low frequencies, as they are not in the order of
the wavelength of the incident field. For higher frequencies, more side peaks can
be observed as the ripple size is now of the order of a wavelength. A combination
of the ripples around the pillar and the leakage of electromagnetic energy cause
an overlap between the guided wave and the dissipating electromagnetic energy



5.3 Micro Pillar Arrays for Bio Sensing 119

on the pillar surface. It is observed at 41.4 THz - a side peak of the sine-like
modulation. This combination of the modal energy overlap to the rough pillar
surface enables the detection of thin films at the pillar surface, which is shown in
the next section.
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Figure 5.3: a) Electromagnetic field intensity at 32 THz b) Electromagnetic field intensity
at 41.4 THz [81]

5.3 Micro Pillar Arrays for Bio Sensing

The electromagnetic analysis of the micropillar array leads to a regime, which is
excellent for the characterization of thin films. The high overlap and the high
surface to volume ratio lead to an advantage of the micropillar array compared to
a flat surface. In the next step, the micropillar is coated with two layers. Once
there is a polymer layer (LA-HTL) [12], which is used for the biofunctionalization
and immobilization of the membrane proteins. This layer has a thickness of 2 nm
and a refractive index of n = 2.25 + 0.1j [82]. The next layer is the protein itself.
The immobilized protein layer is modeled with a thickness of 5 nm and a refractive
index of n = 2.0 + 0.1j [83]. Both layers are not restricted to the pillars; the whole
simulation domain is coated with both layers.
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These dependencies are illustrated in a sketch in figure 5.4.
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Figure 5.4: Sketch of the coated simulation model. The grey part denotes the artifical
layer. The blue part represents the polymer and the green part the proteins.
The pillar dimensions are shown and the dots stand for a periodic continuation.

The simulation model is extended by these two layers. For simplicity, the refractive
indices for polymer and protein are constant over the entire frequency range, as
there is no dispersion relation for both layers defined. In FDMax, the configuration
is the same as for the uncoated pillar, and the structure is illuminated from the
substrate side with a TE-polarized plane wave. First, the structure is only coated
with the 2 nm thick polymer layer. As shown in figure 5.5, the blue curve shifts
about 15 GHz to the red for the additional thin layer. This red shift is the result
of the nano ripples and the corresponding overlap of the electromagnetic field.
In a further step, the proteins are added to the structure, and the simulation is
repeated. For the simulation domain with polymer and protein layer, there is a
further shift of the transmission peak detected. The peak is red shifted by 45 GHz
and is represented by the green curve in figure 5.5. This red shift is a factor of
three higher than for the polymer layer. These results propose the high sensitivity
of the silicon micropillar approach for thin-film detection. This novel method
opens an additional field of the refractive index sensing of membrane proteins in
the infrared and regime.
In the next step, the impact of the geometrical parameters of the micropillar array
is investigated.
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Figure 5.5: Sensitivity simulations with polymer and protein [81]

5.4 Design of Silicon Micro Pillar Arrays

The previous analysis shows a good description of the structure and explanation
of the experiments. In the next step, the periodicity, the refractive index of the
artificial layer, the width and height of the pillar are examined. As the artificial
layer describes the surface roughness of the pillars, which can be controlled by
the etching process, this parameter describes the scattering of nano ripples for
small wavelengths. The investigation is done between 27 THz and 60 THz.

Variation of the Pillar Footprint

In a first step, the pillar footprint is varied between 0.25 µm× 0.25 µm and
2 µm× 2 µm. The lattice constant is kept constant with 4 µm, as well as the
height and the refractive index of the artificial layer. The transmission through
the structure is calculated and is compared for each setup.
As mentioned above, the regular arrangement of the pillar array with its air gap
can be seen as an effective medium of the pillar height. By changing the width
of the pillar, the impact of this effective medium changes, and the composition
of the refractive index changes. For a tiny pillar footprint of 0.25 µm× 0.25 µm,
the refractive index of the effective medium is close to air. There are no modes
excited in the investigated regime, and the transmission does not differ much from
the solution of the Fresnel equation for an air silicon interface. Another approach
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for an explanation comes from waveguide theory. The diameter of the waveguide
determines the coupling of a wave into the waveguide. For the thinnest diameter,
no mode is excited, and the excitation wavelength shifts to higher frequencies [84].
It is illustrated in figure 5.6 with the red curve.
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Figure 5.6: Transmission calculations for different pillar widths

The second investigated pillar footprint is 1.5 µm× 1.5 µm. For this setup, a
strong sine-like modulation comparable to the experiment is represented by the
blue curve in figure 5.6. The diameter of the pillar structure is chosen to allow
a possible coupling of the incident wave to the structure. In comparison to the
2 µm× 2 µm array, these peaks are shifted blue, and the side peaks are not as
significant as for the 2 µm× 2 µm pillar. This blue shift is again the result of the
smaller cross-section of the structure. The transmission curve for the structure of
the start values is given in green.
Next to the blue shift, there are not as many side resonances in the blue transmis-
sion curve compared to the green one. Thus, the sensing regime is not mapped to
the blue curve and the thinner micropillar.
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Variation of the Pillar Height

In the next step, the pillar height is varied. Starting with a height of 1 µm, it is
increased up to 9 µm. This parameter controls the height of the effective medium
between air and silicon substrate. All other parameters are set to the experimental
ones. The height of the effective medium describes the interaction between the
incident electromagnetic wave. For very thin films compared to the wavelength of
the incident wave, the resonances are quite weak- or the electromagnetic wave
travels through this medium without an interaction. For thicker films, in the order
of one wavelength or its multiples, strong modes occur. The effective medium is
acts then as a Fabry-Pérot resonator.

30 40 50 60
0

0.2

0.4

0.6

0.8

1

f [THz]

T

h =1 µm
h =5.5 µm
h =9 µm

Figure 5.7: Transmission calculations for different pillar height

In figure 5.7 three transmission curves are illustrated. The red curve represents a
pillar height of 1 µm. The wavelength of the incident wave in silicon is at 32 THz
2.75 µm. Thus the structure is smaller than half of a wavelength. It shifts the first
weak minimum to a higher frequency. Here is the first resonance of the structure.
For thicker pillars, more energy is traveling through the pillar and is reflected.
For a 5.5 µm thick effective medium, the structure acts as a Fabry-Pérot cavity
and below 30 THz (blue curve in figure 5.7), the transmission is nearly 0. The
total electromagnetic energy is back-reflected to the source. The second minimum
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of has the same frequency as for the 9 µm thick medium. Only the quality factor
of the curve is smaller than for the higher pillars. The sensing regime is shifted
red, but this side resonance is mapped to the blue curve. The third minimum
occurs not as strong as for the 9 µm pillars, it is split into two minima next to
each other, and it is broader than the third minimum of the green curve.

Variation of the Properties of the artificial Layer

In a further step, the refractive index of the artificial layer is varied. This artificial
layer is responsible for the scattering of the nanostructuring around the pillar.
From the waveguide point of view, it could be seen as the cladding of the waveguide.
The refractive index of the cladding controls the scattering by the nano ripples.
This parameter is varied between n = 1, 0 + j0, 1 and n = 6, 0 + j0, 1. For the
lowest index, there is nearly no scattering by the nano ripples. For the highest
refractive index, the scattering is huge. The result is shown in red in figure 5.8.
The whole curve is shifted blue, compared to the experiment. The first resonance
does not change its quality factor. For the second peak, the minimum is shifted
blue as well, and the side peak of the sensing regime vanishes. The third resonance
is out of the regime of interest.
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Figure 5.8: Transmission calculations for a change of the artificial layer refractive index
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In the next step, the refractive index is increased to n = 3.0 + j0.1. Compared
to the red curve, the blue curve shifts red. Again the first resonance has the
same shape for both curves — only the first side peak increases. At the second
resonance, the first side peak is observed. Two peaks can be observed. The
side peak in the sensing regime is also not detected. The third peak is now in
the regime of interest but has less transmission than the experiment. As a last
parameter, the refractive index is set to the start value n = 6.0 + j0.1. It can be
seen that the artificial layer is essential for the description of the nanostructure
around the pillar.

Variation of the Array Periodicity

The last parameter is the periodicity of the distance between the pillars - the
lattice constant. This parameter is varied between 1 µm to 6 µm, again all other
parameters are constant. The lattice constant has an impact on the effective
refractive index of the 9 µm thick effective medium. A change of the lattice
constant shifts the effective refractive index more to silicon, for a denser lattice or
more to air for a higher lattice constant. For a very dense array, with a distance of
1 µm, between the pillars, the first minimum vanishes and the second minimum has
a strong and broad peak with less then 5 % transmission. The second minimum is
very broad as well and is shifted to 57 THz. This dependency is shown with the
red curve in figure 5.9. At the first minimum, the leakage to the air environment
can be seen as well. However, this time, the energy is not transmitted through
the structure; it is coupled between the pillars in x− direction, as the incident
wave is TE-polarized. Due to this property of the structure, the energy is not
reflected to the source and not transmitted. It is absorbed by the artificial layer.
For both minima, about 70 % of the energy is absorbed.
For a lattice constant of 4 µm - the start value, three minima are observed and
tailored, the quality factor of the second minimum increases and the side minima
are observable again. The sensing regime is now noticeable as it vanishes for the
1 µm lattice. Due to the strong energy between the pillars, 1 µm, the lattice has
the potential for sensing applications as well. This investigation is not part of this
work. The lattice is further increased to 6 µm and shown with the blue curve in
figure 5.9. For this curve, the first minimum is comparable to the starting curve,
but the peak is not as strong as for the denser array. This can be again explained
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Figure 5.9: Transmission calculations for a change of the array lattice constant

by the effective refractive index. This index shifts more to the air refractive
index, and the reflectivity is not as high as for the denser structure. The second
minimum vanishes progressively as more power leaks into the air environment,
and the energy overlap has not a high impact on the transmission curve at this
point. The third minimum is again comparable to the green curve. A red or blue
shift of the minima is only for dens arrays observed, for the 4 µm and 6 µm lattice,
the resonance frequencies are nearly the same.
In this chapter, a highly sensitive infrared structure is shown. Due to a nanos-
tructured rectangular pillar array, proteins can be detected. This protein film is
captured with a polymer. Due to the polymer layer, proteins can be captured from
living cells. It is a label-free procedure. With such measurements, the refractive
index of membrane proteins in the infrared can be estimated.
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Conclusion and Outlook

6.1 Major Results

In this work, sensor structures for two different frequency regimes are presented.
These structures can be used for the characterization of membrane proteins.

Germanium THz-Antennas

One the one side, there is the THz-regime. In this regime, the membrane proteins
provide vibrational resonances. Furthermore, their conformational organization
can be detected. For this detection, plasmonic bowtie antennas excited by linear
polarized light are proposed. These antennas consist of highly doped germanium
and a silicon substrate, and due to the coupling of two antenna arms, an intensity
enhancement of 1× 104 is shown. For a realistic representation of the antenna
material, the dielectric constant of germanium is fitted from measurements utilizing
the transfer matrix method. Optimization of a single antenna element is performed
using the finite element method in combination with a total field scattered field
source. The optimized structure is then used to show sensitivity properties. This
feature is shown with two model cases, once the whole gap material is changed
between air, water, and DNA. For each material, a unique resonance frequency is
detected, and a redshift is observed. The dielectric properties of water and DNA
are extracted from literature utilizing the Debye model. The second model case is
the detection of the dielectric thin film within a liquid solution with absorption in
the regime of interest. A 20 nm thick film is placed at the border of the antenna
gap. The remaining volume is filled with water, and the real and imaginary parts
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of the thin film are varied compared to the water refractive index the frequency
shift is calculated. The frequency shift is not more than a few MHz. Next to the
antenna for linear polarized light, antenna design for circular polarized light is
shown, and the features are compared to each other. The mentioned results are
found with 3D-full-wave simulations, which contain high computational effort.
Another approach for antenna design is to describe the antenna with lumped
circuit elements. The dimension of these elements is calculated, and the intensity
enhancement of the slab antenna is approximated with the circuit model and
verified with full-wave simulations. In the next step, the quite huge gap impedance
is matched to the antenna impedance by introducing a conductor in parallel
to the gap capacitance. As a conduction material, graphene is chosen, and the
results are verified by full-wave simulations again. Further analysis of the matched
antenna features a strong tunability between 100 GHz and 2 THz and very sharp
resonances.

Silicon Micropillar Arrays

The second regime is the infrared regime. The sensing system is represented by a
silicon micropillar array. Each micropillar in the array has a very rough surface,
which has its origin in the production process. The surface roughness provides a
nanostructure around the pillar. Due to a good consistency between simulation
and experiment, electromagnetic analysis of the structure is done. This analysis
shows that the nanostructure features an electromagnetic overlap, which confines
electromagnetic energy to the pillar walls. This feature opens a structure with
very high sensitivity for thin films. An appropriate sensing regime is found, which
can be used to estimate the refractive index dispersion of membrane proteins in
the infrared.
Both proposed structures are compatible with current BiCMOS processes. Thus,
they can be produced by low cost and integrated lab-on-chip architectures can be
built.
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6.2 Outlook

The shown structures provide an opportunity for label-free detection of protein
characteristics for THz- and infrared frequencies. Both structures provide high
sensitivity, but still can be improved. In future antenna structures, a microfluidic
channel can be added to the structure. This channel can deliver the protein to the
gap. Inside the gap, the protein is immobilized and characterized by the antenna.
This channel has to be investigated as it changes the structure and has an impact
on the antenna resonance. The impact of the channel on the antenna resonance
should be investigated.
Another point is the detection of a thin film. In the best case, this sensor provides
sharp resonances, to detect this thin film, as the frequency shift is minimal.
Such sharp resonances are not provided by bowties. They provide the highest
enhancement, but they are broadband antennas and are not suitable for this. An
approach is the utilization of the impedance matching approach for the antenna.
By matching a gap full of water, to the antenna, the sensitivity for the thin protein
film should increase. Another approach is to use fano-resonance. This approach
is already used for DNA characterization by metallic split-ring resonators [85].
Moreover, it could be used with semiconductors as well. A coupled antenna system
can increase the antenna enhancement for slab antennas; this is postulated for
optical antennas [86]. The resulted fano-resonance can build a system with a huge
sensitivity in the THz-regime based on semiconductor antennas.
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[19] Friedhard Römer, Bernd Witzigmann, Oscar Chinellato, and Peter Arbenz.
Investigation of the purcell effect in photonic crystal cavities with a 3d finite
element maxwell solver. Optical and quantum electronics, 39(4-6):341–352,
2007.

[20] Karl-Jörg Langenberg. Theorie der elektromagnetischen Wellen. Manuscript,
Kassel, 2003.

[21] Lukas Novotny and Bert Hecht. Principles of nano-optics. Cambridge
university press, 2012.

[22] Babak Dastmalchi, Philippe Tassin, Thomas Koschny, and Costas M
Soukoulis. A new perspective on plasmonics: confinement and propagation
length of surface plasmons for different materials and geometries. Advanced
Optical Materials, 4(1):177–184, 2016.

[23] Audrey Berrier, Pablo Albella, M Ameen Poyli, Ronald Ulbricht, Mischa
Bonn, Javier Aizpurua, and Jaime Gómez Rivas. Detection of
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F Javier Garćıa De Abajo, Valerio Pruneri, and Hatice Altug. Mid-infrared
plasmonic biosensing with graphene. Science, 349(6244):165–168, 2015.

[79] Oliver Skibitzki, Giovanni Capellini, Yuji Yamamoto, Peter Zaumseil,
Markus Andreas Schubert, Thomas Schroeder, Andrea Ballabio, Roberto
Bergamaschini, Marco Salvalaglio, Leo Miglio, et al. Reduced-pressure
chemical vapor deposition growth of isolated ge crystals and suspended layers
on micrometric si pillars. ACS applied materials & interfaces,
8(39):26374–26380, 2016.

[80] Deane Chandler-Horowitz and Paul M Amirtharaj. High-accuracy,
midinfrared refractive index values of silicon. Journal of Applied physics,
97(12):123526, 2005.

[81] Julia Flesch, Maximilian Bettenhausen, Marcin Kazmierczak, Wolfgang
Klesse, Oliver Skibitzki, Olympia Psathaki, Rainer Kurre, Giovanni Capellini,
Subhajit Guha, Thomas Schroeder, Bernd Witzigmann, and Changjiang You.
Three-dimensional interfacing of cells with hierarchical silicon



140 Bibliography

nano/microstructures for mid-infrared interrogation of in-situ captured
proteins. Technical report, University of Osnabruck and University of Kassel
and IHP Frankfurt Oder, 2020.

[82] Aliff Hisyam A Razak, Peter Szabo, and Anne Ladegaard Skov.
Enhancement of dielectric permittivity by incorporating pdms-peg multiblock
copolymers in silicone elastomers. RSC Advances, 5(65):53054–53062, 2015.

[83] Thomas Simonson and Charles L Brooks. Charge screening and the dielectric
constant of proteins: insights from molecular dynamics. Journal of the
American Chemical Society, 118(35):8452–8458, 1996.

[84] Leonard Lewin. Theory of waveguides: Techniques for the solution of
waveguide problems. New York, Halsted Press, 1975. 356 p., 1975.

[85] Christian Debus and Peter Haring Bolivar. Frequency selective surfaces for
high sensitivity terahertz sensing. Applied Physics Letters, 91(18):184102,
2007.
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This thesis presents two sensing regimes for the investigation of membrane 
proteins. One regime is the THz regime, where the research of characteristic 
fingerprints of membrane proteins is very interesting as they act as drug 
targets. They exhibit resonances between 200 GHz and 2 THz. For the investi-
gation, a plasmonic sensing platform consisting of highly doped germanium 
is designed with the Finite Element Method and the properties are analyzed 
by 3D-full-wave simulations. The sensitivity of the structure is demonstrated. 
In a further step, this platform is described with lumped circuit elements and 
an impedance matching approach is given to further improve the sensing 
properties.
The second regime is the infrared regime, where membrane proteins are 
examined. In this regime, a sensing platform consisting of undoped silicon 
is modelled with the Finite Element Method and analyzed with 3D-full-wave 
simulations and compared to measurements. Again, the sensitivity for bio-
molecules is demonstrated. Both structures presented here are compatible 
to the standard BiCMOS process and enable low cost production for lab-on-
chip architectures.
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