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Abstract

Metamaterials are artificial designed materials that can enhance nature’s
characteristics and provide extraordinary properties in varying fields. One
of the most important categories of metamaterials are the electromagnetic,
where specific architecture of the meta-atom can manipulate the electromag-
netic field in scaling frequencies and wavelengths. In the present thesis the
study is focused on low THz (0.1-10 THz) regime, which is an important
frequency band since there are no known nature’s materials that can interact
with electromagnetic waves in these wavelengths scale, known as the THz
gap. For this reason, it is of high interest to find ways to manipulate light
at these frequencies, to evolve and expand THz technology in sensing and
telecommunication applications.

In order to achieve the manipulation of low THz frequencies, the meta-
atoms have to be optimized to enhance the electromagnetic response in this
regime. Thus, it is crucial for the study and development of metamateri-
als to use simulations. For the simulations, Finite Different Time Domain
(FDTD) method was used that has been shown to be one of the most accurate
computational methods for electromagnetic research. For the fabrication of
the metamaterials, 2-photon polymerization (2PP) was used to provide the
high resolution that this frequency regime requires and the capability of fab-
ricating dielectric and metallo-dielectric structures. Theoretical models of
classical cross-shaped Split Ring Resonators (SRRs) were developed to ex-
plain the effects of broken symmetries in electromagnetic metamaterials and
introduce the main study which is the fabrication and characterization of
a state-of-the-art asymmetric pillar SRR that provides Electromagnetically
Induced Transparency (EIT) in the frequency band of 2 THz. The whole
complex and challenging process, from the synthesis of the photosensitive
material until the final characterization of the sample is highlighted through
the present thesis.

In addition, the final part of the thesis is focused on some of the applica-
tions that metamaterials and 2PP combined can provide, making the transi-
tion from virtual environment of simulations to reality in a straightforward
way, for varying frequency bands.
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1 Introduction

1.1 Motivation

Metamaterials changed the way we understand miracles of nature. The
original idea of metamaterials can be traced back to the origin of electro-
magnetism as it was described by James Clark Maxwell [1].
Maxwell’s equations:

Faraday:
∂
−→
B

∂t
= −

−→
∇ ×

−→
E −

−→
M (differential form)

∂

∂t

∫∫
A

−→
Bd

−→
A = −

∮
l

−→
Ed

−→
l −

∫∫
A

−→
Md

−→
A (calculus form)

Ampere:
∂
−→
D

∂t
= −

−→
∇ ×

−→
H −

−→
J (differential form)

∂

∂t

∫∫
A

−→
Dd

−→
A = −

∮
l

−→
Hd

−→
l −

∫∫
A

−→
J d

−→
A (calculus form)

Gauss for electric field: ∇
−→
D = 0 (differential form)∮ ∮

A

−→
Dd

−→
A = 0 (calculus form)

Gauss for magnetic field: ∇
−→
B = 0 (differential form)∮ ∮

A

−→
Bd

−→
A = 0 (calculus form)

AND THEN BECAME THE LIGHT

Figure 1: James Clark Maxwell [cosmosmagazine]
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Metamaterials comes from the Greek word ”µϵτα” which means ”beyond”
and materials. They are artificial materials that can enhance nature’s char-
acteristics and tuned in different ways to give the desirable results. The most
commonly used categories of metamaterials are electromagnetic, acoustic and
mechanical in order to manipulate light, sound and mechanical properties re-
spectively [2].

THz band remained unexplored for many years despite the rapid growth
of technology. The THz band is an area of convergence between the elec-
tronics field (up from lower frequencies) and the photonics field (down from
higher frequencies). Realization of THz applications in optical, imaging and
telecommunication industries seems challenging until now since no mature
systems and applications exist yet [3]. There are indications that this can be
solved using metamaterials instead of natural elements that can provide ex-
otic characterisitcs in scaling frequencies. But, fabrication of metamaterials
in the regime requires 3D printing techniques that can provide high resolu-
tion structures. One of the most suitable fabrication techniques for this kind
of metamaterials it is settled to be 2-photon polymerization.

Figure 2.3.1: Electromagnetic spectrum with applications in electronic’s and
photonic’s industry. [Obtained from LUNAinc.]
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1.2 State of the art

Metamaterials are made in the same way common materials are, made
of atoms. In common materials the design of the atoms gives the specific
characteristics and properties. Now, meta-atoms design and specific geo-
metric design can give to the complex system extraordinary characteristics
that it is impossible to find in common materials in nature. This is done
by aligning meta-atoms periodically. Also this behaviour can be achieved
at asymmetrical geometrical patterns as it is going to presented later, or by
changing chemical composition of some materials following counter-intuitive
custom properties. Metamaterials were first investigated at the early of 21th

century when the first experiments were conducted in order to control a ma-
terial’s permittivity ϵ, and permeability µ. Permittivity and permeability are
strongly related to the refractive index of a material since n =

√
ϵµ. Some ex-

otic characteristics of metamaterials that was studied in the beginning were
the negative permittivity and permeability for the electromagnetic metama-
terials that there were resulting to negative refractive index, n, metamaterials
or the epsilon near zero (ENZ) materials were the permittivity tend to reach
the value 0 at specific wavelengths. This application was first introduced
by J.Pendry in 1999 with the investigation of the breakthrough geometry of
split ring resonators (SRR) [2] which allowed scientists to search deeper in
the field of electromagnetic metamaterials.

Due to the applications that can take place in everyday life and help in
fields as telecommunications, energy harvesting, biological applications etc,
the most important and known category of metamaterials is the electro-
magnetic. The ability to tune ϵ and µ leads to the fabrication of photonic
crystals, perfect lenses, a big variety of sensors, invisible cloaks, antennas
and many other applications [4]. Depending on the size of the meta-atom
metamaterials can also be tuned to operate in different frequency regimes,
giving the opportunity to enrich sensing technology from microwave to opti-
cal wavelengths. This advantage led to the highly impact research that it is
conducted the last two decades. With the advance and the rapid growth of
technology, metamaterials nowadays are much easier to be fabricated and the
applications of electromagnetic metamaterials are expanding in many fields.

A very important characteristic of electromagnetic metamaterials is the
negative refractive index that they exhibit under specific circumstances that
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was first introduced by V. Veselago [5] and studied thoroughly later by D. R.
Smith and J. Pendry [6]. This had a huge impact on artificial materials and
their properties and negative refractive index metamaterials (or left handed
metamaterials) have been the main research interest for many researchers
for years. These materials can lead to insignificant losses [7] which is very
important due to the fact that metamaterials are build up of metallic or
dielectric meta-atoms which cause high dissipative losses. This extraordinary
characteristic can lead to the manipulation of light or electromagnetic waves
at specific wavelengths depending on the size of the meta-atom unit cell.
In order to achieve the negative reftactive index n, both ϵ and µ must be
negative. The negative ϵ is easier to achieved by using nature’s materials
and more specific metallic wires [8], but the challenging part is to create
negative permeability. This was achieved by the use of split rings resonators
(SRR) that they were designed properly and gave both negative ϵ and µ in
the same frequency band [9]. The first applications of SRR were focused on
chiral metamaterials in the microwave regime by D. R. Smith et al [10] and
opened the way to manipulate light in different wavelengths focusing on chiral
behaviours such as circular dichroism, negative refraction and polarizers from
circulary polarized light propagating through these chiral metamaterials [9].

Over the past few years metallic metamaterials have have gained enormous
interest in research because they can provide very interesting applications in
a variety of fields such as ultra-sensitive biosensors [11], plasmon resonance
chemical sensors [12], solar thermal energy absorbers [13], photoconductive
low THz metamaterials switchers [14] and perfect absorbers [15] just to name
a few. Another important field that had gain a lot of interest lately is low
THz electromagnetic metamaterials. In general, the term ”low” THz refers
to the regime 0.1-10 THz or from 3 mm to 30 µm. From this aspect, most of
the materials that can be found in nature lack of electromagnetic response
in THz band and the existing materials causes high losses due to their bulky
shape and zero magnetic response in these frequencies [16]. By using electro-
magnetic metamaterials in low THz band a powerful tool is created to fab-
ricate functional perfect absorption [17] , electromagnetic semi-transparent
and transparent devices [18] and wavefront shaping structures through the
manipulation of the phase (from 0 to 2π) and amplitude (from 0 to infite) of
electromagnetic waves [19].
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Depending on the application, low THz metamaterials can be constructed
by periodic [20] or non-periodic [21] arrangement of dielectric or more com-
monly used metallic meta-atoms that has specific geometry and architecture
to manipulate light at THz spectrum modulation, wavefront modulation and
polarization modulation [22] . Usually in this THz band, asymmetries in one
direction take place or intentionally not perfectly aligned meta-atoms are
used for the development and fabrication of the metamaterials.

In order to fabricate perfect absorption metamaterials for applications in
avoiding electromagnetic interference and be used as filters the tunability
and the designability of metamaterials provide a great advantage compared
to nature’s materials that are expressing high losses. To calculate the ab-
sorption coefficient at the desired frequency it is mandatory to measure the
reflection and transmission coefficients. From the aspect of metamaterials
this is something more than possible since by optimizing the architecture a
metamaterial absorber with the desired characteristics can be achieved, by
tuning the metamaterial to operate with values close to zero for the reflection
and transmission coefficients since the absorption coefficient is obtained by
the formula A(ω) = 1−R(ω)−T (ω), ω represents the frequency, where R(ω)
and T (ω) are the reflection and transmission coefficients [16], respectively.

The transmission and reflection coefficients can calculated by the Scatter-
ing parameters (S-parameters). S-parameters describe the electrical behavior
of linear electrical systems when undergoing various steady state stimuli by
electric signals and more specific in electromagnetic materials by electro-
magnetic waves. These parameters are calculated from the incident wave,
the reflected wave and the transmitted wave. What is more important in
studying metamaterials are the S-parameters |S11|2 and |S21|2 which repre-
sents reflectivity R and transmissivity T [23].

In order to optimize the efficiency of electromagnetic metamaterials is
mandatory to use simulations to find out the suitable architecture of the
meta-atoms. One of the most well known and reliable computational methods
for electromagnetic simulations is Finite Difference Time Domain (FDTD)
method. FDTD is a numerical analysis technique for simulating computa-
tional electrodynamics that was first introduced by Kane S. Yee on 1966 [24]
and it is suitable for solving Maxwell’s equations using partial differential
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equations. Since it is a time domain-method it can cover a wide frequency
range and handle nonlinear material properties in an effective way as the
evaluation of this method presented by Allen Taflove [25]. Using the FDTD
method, the S-parameters can be theoretically predicted precisely and fast
while the parameters that are inserted in the simulation tend to reach the
experiment’s conditions. Thus, this is a handful tool to develop and fabricate
electromagnetic metamaterials that can accurately be tailored to operate at
any desired frequency. Aspiration of developing and fabricating metamateri-
als is to match the Scattering parameters of reflection and transmission from
the simulations and the experimental results.

To manipulate low THz frequencies by metamaterials, the meta-atoms
should be ideally smaller than the wavelength of interest (depending on the
application and wavelength, the unit cell varies from λ/2 up to λ/10 [26]).
For the fabrication, using 3D printing by 2-Photon Polymerization (2PP)
is highly suitable since it provides the required resolution and enables to
manufacture true 3D dielectric and metallic (metallodielectric) meta-atoms
in a simple workflow [27]. This printing technique uses computer-aided de-
sign (CAD) that allows accurately designing of meta-atoms even at large
areas compared to the size of the unit cell (up to a few cm2 areas). It is a
non-linear phenomenon based on the theory of absorbing two photons quasi-
simultaneously and can reach a spatial resolution of 100 nm or sometimes
greater [28]. It can fabricate 3D structures which are highly important for
low THz regime [29], or even 2D structures with high accuracy [30]. 2PP
technique is one of the most suitable printing techniques in order to fabri-
cate dielectric/metallic structures at micro- and nanoscale and therefore to
fabricate electromagnetic metamaterials with multiple scale lengths in a fast,
repeatable and mask-less (in contrast with common lithography techniques)
way [31].
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2 Theoretical background

2.1 Electromagnetic metamaterials and Maxwell’s equa-
tions

In order to define metamaterials, and more especially electromagnetic
metamaterials, it is critical to create a flexible analogy to conventional ma-
terials that are found in nature. Matter consists of atoms and depending
on the architecture of the atoms that are arranged in space, matter gets
specific characteristics. In the same sense metamaterial is composed of its
elements, the meta-atoms [32]. These structural elements of metamaterials
are made of conventional materials that are made from normal atoms. This
periodic structure that build up the metamaterial resemble natural crystals
that have a specific periodically arranged atoms with predetermined atomic
radius which comes in an analogy with unit cell’s size of the meta-atom.
The unit cells in metamaterials are not made of physical atoms or molecules
but from small metallic or dielectric resonators which causes the electromag-
netic interaction. The way that the incident electromagnetic wave interacts
with these ”resonators” determines the artificial material’s electromagnetic
properties [33].

Figure 2.1.1: Illustration of the metamaterial concept in analogy to nature’s
materials, operating as small ”resonators” [32].
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By custom-designing meta-atom’s geometry and dimensions it is possible
to create extraordinary electromagnetic properties. One of the most charac-
teristic and important property is when the electric permittivity and mag-
netic permeability become at the same time (same frequency region) negative.
This response can be analyzed using the effective permittivity ϵeff = ϵ0ϵr,
where ϵeff = ϵ(ω) is the complex frequency-dependent permittivity of the
material, ϵ0 the vacuum permittivity and ϵr the relative permittivity which
is a characteristic of the material, and effective permeability µeff = µ0µr ac-
cordingly. The term ”effective” refers to the fact that is calculated averaged
over the volume of the unit cell. In order to have electromagnetic interaction
the size of the unit cell, α, has to be much smaller than the wavelength of
the incident wave (α ≪ λ) [33].

In the interest of introducing the terms permittivity and permeability it
is mandatory to study Maxwell’s equations thoroughly and understand how
these values affects the electromagnetic interaction between wave and mat-
ter. Maxwell’s equations are a set of partial differential equations providing
a mathematical model to explain how the electric and magnetic field are gen-
erated and how they change through the interaction with matter. It consists
of four -doubled- equations:

Faraday:
∂
−→
B

∂t
= −

−→
∇ ×

−→
E −

−→
M (differential form) (2.1.1.a)

∂

∂t

∫∫
A

−→
Bd

−→
A = −

∮
l

−→
Ed

−→
l −

∫∫
A

−→
Md

−→
A (calculus form) (2.1.1.b)

Ampere:
∂
−→
D

∂t
= −

−→
∇ ×

−→
H −

−→
J (differential form) (2.1.2.a)

∂

∂t

∫∫
A

−→
Dd

−→
A = −

∮
l

−→
Hd

−→
l −

∫∫
A

−→
J d

−→
A (calculus form) (2.1.2.b)

Gauss for electric field: ∇
−→
D = 0 (differential form) (2.1.3.a)∮ ∮

A

−→
Dd

−→
A = 0 (calculus form) (2.1.3.b)

Gauss for magnetic field: ∇
−→
B = 0 (differential form) (2.1.4.a)∮ ∮

A

−→
Bd

−→
A = 0 (calculus form) (2.1.4.b)
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The terms that are shown on Maxwell’s equations are:

−→
E : Electric field( V olts/meter)
−→
D : Electric flux density(coulombs/meter2)
−→
H : Magnetic field (ampers/meter)
−→
B : Magnetic flux density (weber/meter2)
A: Arbitrary 3D surface

d
−→
A : Differential normal vector that characterizes surface A(meter2)

l: Close contour that bounds surface A
d
−→
l : Differential length vector that characterizes contour l−→

J : Electric current density (amperes/meter2)
−→
M : Magnetic current density(volts/meter2)

and
−→
∇ =

[
∂

∂x
,
∂

∂y
,
∂

∂z

]
In order to describe the basic properties of metamaterials and introduce

the terms of ϵ and µ, Maxwell’s equations must be rewritten considering the

fact that
−→
D = ϵ

−→
E and

−→
B = µ

−→
H , where:

ϵ: electrical permittivity(farads/meter)
ϵ0: free-space permittivity(8.854 ∗ 10−12farads/meter)
ϵr: relative permittivity(dimensionless scalar)
µ: magnetic permeability (henrys/meter)
µ0: free-space permeability(4π ∗ 10−7henrys/meter)
µr: magnetic permeability (dimensionless scalar).

⌈ All of the above equations and definitions are obtained from A.
Taflove and S. C. Hagness book ”Computational Electrodynamics:
The finite-Difference Time-Domain method” [34] ⌋

Also, it is reasonable to consider that there are no generated field from

currents and set
−→
J =

−→
M = 0 as well as no losses appears to the system.

Then, Maxwell’s equations 2.1.1.a and 2.1.2.a become:

−→
∇ ×

−→
E = −µ0µr

∂
−→
H

∂t
(2.1.5.a) and

−→
∇ ×

−→
H = ϵ0ϵr

∂
−→
E

∂t
(2.1.5.b), respec-

tively.

9



From the equations (2.1.5.a) and (2.1.5.b) the general electromagnetic, time
dependent, equation is formed:

∇2−→E = −ϵ0µ0ϵrµr
∂2E

∂t2
(2.1.6).

Since there are no losses and ϵr and µr are real numbers, the wave equation
(2.1.6) is unchanged when the signs of ϵr and µr simultaneously change. If we
assume a time-harmonic plane-wave variation for fields in (2.1.5.a), (2.1.5.b)

and (2.1.6):
−→
E (x, y, z, t) =

−→
Eeiωt−i

−→
k −→r , where ω is the frequency and

−→
k the

wavevector (similar equation for
−→
H ), then (2.1.5.a) and (2.1.5.b) are taking

the form:
−→
k ×

−→
E = −ωµ0µr

−→
H (2.1.5.c) and

−→
k ×

−→
H = ωϵ0ϵr

−→
E (2.1.5.d),

accordingly. For ϵr > 0 and µr > 0 the vectors
−→
E ,

−→
H,

−→
k form a right-handed

triplet of vectors, while if ϵr < 0 and µr < 0 the vectors
−→
E ,

−→
H,

−→
k form a

left-handed triplet of vectors [33]. This is the first indicator for the existence
of left-handed materials (LHM) [35] (or negative-index materials [36]), the
origin of electromagnetic metamaterials.

Figure 2.1.2: (a) Right-hand orientation of vectors
−→
E ,

−→
H,

−→
k when ϵr > 0

and µr > 0. (b) Left-hand orientation of vectors
−→
E ,

−→
H,

−→
k when ϵr < 0 and

µr < 0 [33].

In order to understand better why this left handed system is so important
for metamaterials a deeper research of the small ”resonators” is needed. The
three basic characteristics that are responsible for the interaction between
the electromagnetic waves and matter are permittivity ϵ, permeability µ and
conductivity σ. These parameters are frequency-dependent for dielectric and
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metallic materials that can be found in nature and they have individual val-
ues for these properties [37]. These dispersive materials have a significantly
property that the electromagnetic wave travels through the medium with
variable speed depending on the frequency. The speed is defined by the wave

(or phase) speed u =
ω

k
(2.1.6.a), where ω is the frequency and k the wavevec-

tor. Phase speed is also defined as u =
1

ϵ(ω)µ(ω)
(2.1.6.b) so it is directly

depended on the frequency. For example, it is known that in the free space
ϵr = µr = 1. Thus, the phase or propagation speed of the wave is the speed

of light c0 which is defined as c0 =
1

ϵ0µ0

(2.1.6.c). Also, permittivity and

permeability values define the refractive index of the medium which is also
frequency-dependent: n =

√
ϵ(ω)µ(ω) (2.1.6.d). Since permittivity and per-

meability are complex numbers (ϵ = ϵ′ + iϵ′′(2.1.6.d), µ = µ′ + iµ′′(2.1.6.e)),
real part of refractive index (n = n′ + in′′)(2.1.6.f) can take negative values
when both of the ϵ′ and µ′ are negative simultaneously [38]. So the left-
handed system of axis is very important to define and explain on theory level
the existence of negative refractive index values [39].

Next, we considered that the meta-atoms of the medium are functioning
as small ”resonators” like the electrons inside the atom. This behaviour
can be perfectly described by the Drude-Lorentz model for dielectrics which
leads also to the reason why permittivity and permeability are frequency de-
pended is this category of materials [40]. First, there is an oscillation around
an equilibrium time where a bonding force is generated; F1 = −kx = −mω2

0x
(2.1.7.a), the known Hooke’s law and a second force due to the deadening

of vibrations F2 = −mγ
dx

dt
(2.1.7.b)[41], in a simplified model on one di-

mension. The third force origins from the electric field (or magnetic field)
F3 = qE (2.1.7.c). From Newton’s law, combining these 3 forces the gener-
alized equation that every material follows:

mẍ = Ftot = F1 + F2 + F3 =⇒ ẍ+ γẋ+ ω2
0x =

q

m
E (2.1.7.d).

Choosing again the electric field to be E(x) = E0e
iωt, then (2.1.7.d) will

change to −mx + jωγx + ω2
0x =

e

m
E (2.7.e) which is the electric dipole

generalized equation. Then, the electric dipole moment for N electrons per
unit volume will be:
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P = Np = Nex =

Ne2

m
E

ω2
0 − ω2 + iωγ

= ϵ0χ(ω)E (2.1.7.f). After, the electric

flux density D = ϵ0E+P =⇒ D = ϵ0(1+χ(ω))E = ϵ(ω)E (2.1.7.g). Finally,
equation (2.1.7.f) can be rewritten as:

ϵ(ω) = ϵ0 +

Ne2

m
ω2
0 − ω2 + iωγ

(2.1.7.h) and setting the plasma frequency as

ωp =
Ne2

ϵ0m
(2.1.7.i), it is finally done ϵ(ω) = ϵ0 +

ϵ0ω
2
p

ω2
0 − ω2 + iωγ

(2.1.8.a).

It is clear that the permittivity is now frequency-depended and equation
(2.1.8.a) is known as the Drude-Lorentz model for dielectric materials [42].
This can be also applied for the magnetic field to gain the permeability that
now will be frequency-depended. For example, for arbitrary values of ω0, ωp

and γ the real and imaginary part of ϵ(ω) seems like the following (Figure
2.1.3).

Figure 2.1.3: Real and imaginary part of electrical permittivity that follows
the generalized Drude-Lorentz model for materials [43].

⌈ All of the above equations and definitions that come to a conclu-
sion for the frequency-depended permittivity and permeability are
obtained from David J. Griffiths book ”Introduction to electrody-
namics” [44] ⌋
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It is proved that permittivity and permeability have strong dependence
on frequency. In Figure (2.1.3) it is also clear that permittivity (and per-
meability accordingly) can have negative values for the real part, which is
also lead to negative values of the real part of the refractive index (2.1.6.f).
Although, in the case that both of these parameters are simultaneously neg-
ative, the correct value for the effective medium’s refractive index is given by
neff = −√

ϵrµr (2.1.9) [45]. This is where metamaterials comes in order to
obtain these exotic properties to have both of the electric permittivity and
magnetic permeability negative at the same frequency region [46].

What is difficult to find in nature are magnetic dipoles. Although, meta-
materials can be designed in a way to give interaction with both electric and
magnetic field, causing tunable resonances and changing the electromagnetic
properties of the metamaterial. The tunability of the magnetic permeabil-
ity leads to interaction of the meta-medium with the magnetic field just by
controlling the design of the meta-atom which is functioning as a resonator
with variable frequency [47].

Now that permittivity and permeability varies with frequency of the elec-

tromagnetic field, now
−→
D = ϵ(ω)

−→
E and

−→
B = µ(ω)

−→
H and equations (2.1.5.a)

,(2.1.5.b) can be rewritten as:

−→
∇ ×

−→
E = −µ(ω)

∂
−→
H

∂t
(2.1.5.a.i) and

−→
∇ ×

−→
H = ϵ(ω)

∂
−→
E

∂t
(2.1.5.b.i).

From these equations there is a clear correlation with electric and magnetic
field which is now frequency-depended due to the varying ϵ and µ [48]. So, in
metamaterials both of the electric and magnetic field can be tuned simultane-
ously beyond static static applications to create exotic properties that there
cannot be found in nature and engineer electromagnetic space and control
propagation of waves [49].

In order to understand the electromagnetic response of metamaterials the
most important parameters that have to be calculated are the Reflection (R),
Transmission (T) and Absorption (A). The transmitted power is equal to the
incident power multiplied by the total attenuation factor which is relevant to
the properties of the medium. Then, the total absorbed power can me calcu-
lated by subtracting the total reflected power and transmitted power from the
incident power: Pa = PI −PR−PT (2.1.10.a), where PI is the incident power
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[50]. The calculation of all these parameters is based on the scattering param-
eters for electromagnetic waves. Since the waves are in a frequency-depended
matrix form, the scattering parameters shows the corellation between the in-
cident wave and the reflected and transmitted wave accordingly. The average
power that is delivered to an area when an electromagnetic wave interacts
with a medium and a part of it is absorbed is calculated by P = ⟨S⟩A
(2.1.10.b), where S is the Poynting vector

−→
S =

−→
E ×

−→
H (2.1.10.c) and A

represents the area that is hit by the wave. From the last equation it is clear
that the power is strongly dependent on both of electric and magnetic field
[51]. Thus, power is frequency depended (through equations (2.1.5.a.i) and
(2.1.5.b.i) with equations (2.1.10.c) and eventually with (2.1.10.b)) and this
is how tunable resonances on metamaterials can be achieved. Changing the
effective permittivity and effective permeability with frequency can change
the scattering parameters and give absorption, transmission and reflection in
different frequencies with narrow or wide bandwidths. These critical param-
eters for the architecture and operation of metamaterials are calculated by

R =
PR

PI

(2.1.10.d), T =
PT

PI

(2.1.10.e) and A = 1−R− T (2.1.10.f) [52].

As it was mentioned before, these critical parameters for the study of meta-
materials can be calculated by S-parameters S11 and S21. Since the study
of metamaterials is occurred in a steady-state procedure one of the most
well-established methods to numerically calculate the perfect matched pa-
rameters to design the meta-atoms and obtain the desirable operation of the
medium is the Finite-Difference Time-Domain (FDTD) method [53]. The
time/frequency domain and the capabilities of this computational method
fits perfect to overcome the complexity of the artificial electromagnetic ma-
terials by solving Maxwell’s equations on space and time in a wide range
of frequencies make it possible to solve hierarchy and design problems and
achieve the fabrication of materials that exceeds nature’s materials charac-
teristics [54]. By using FDTD, the critical S-parameters can be calculated
[55] for a big variety of geometries and scaling, making the study of tunable
metamaterials a straightforward process.
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2.2 The Finite Difference Time Domain (FDTD)

The FDTD method is a computational method which allows to solve
Maxwell’s equations for both the electric and magnetic field. The time
depended Maxwell’s equations (2.1.1.a-2.1.4.b) are distincted using central-
difference approximations to the space and time partial derivatives. The idea
behind this came from Kane S. Yee who first introduced ”Yee lattice” and
describes how the electric field components in the same spacial volume are
solved at a specific instant time and then the magnetic filed components are
solved in the same spacial volume at the next instant time step [24].

One big benefit of FDTD method compared to other electromagnetic
solvers is that it han handle arbitrary shaped structures naturally using a
numerical solution to Maxwell’s curl equations. The repeatable process of
calculating the electric and magnetic field at each space point and time step
is suitable for the complex calculations that electromagnetic metamaterials
needs due to the varying permittivity and permeability.

Yee’s lattice is crucial to understand the concept of the method. FDTD
methods store different field components for different grid locations. This
discretization is known as a Yee lattice. The vector components of E-field and
H-field are represented by rectangular unit cells of a Cartesian computational
grid and as a result each E-field vector component is located midway between
a pair of H-field vector components and inversely [25].

Figure 2.2.1: Illustration of FDTD Cartesian unit cell. (a),(b) For the el-
ements of E-field and H-field. (c) Combined unit cells build Yee’s grid.
[Wikipedia]
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As it is shown on Figure 2.2.1, the core of FDTD method is that each vector
component for both of electric and magnetic fields is strongly depended on the
previous and the next value of the other element. Thus, solving the complex
Maxwell’s equations is getting easier and straightforward since first the one
element is calculated on a determinate time and then the other element of
the curl product is calculated [56]. This happens in finite time and spacial
steps until the whole grid is completed. The electric and magnetic fields are
determined at every point in space inside this time domain method.

The freedom that FDTD method provides is precious for the study of
electromagnetic metamaterials. In order to specify the geometry and the
properties of the material that the electromagnetic wave will interact with
only three important parameters have to specified: permittivity, permeability
and conductivity [57]. Each of these parameters are showing up in discrete
Maxwell’s semi-differential equations as it is going to presented later.

To make a brief introduction to this computational method, a specific case
will be analyzed that is commonly used and fits perfect as an introduction to
FDTD method. What is highly important for the simulations and numerical
analysis with FDTD are the Maxwell’s equations (2.1.5.a.i) and (2.1.5.b.i).
Let’s first rewrite them in a more convenient form :

∂
−→
H

∂t
= − 1

µ(ω)

−→
∇ ×

−→
E (2.1.5.a.ii) and

∂
−→
E

∂t
=

1

ϵ(ω)

−→
∇ ×

−→
H (2.1.5.b.ii).

To solve these two equations transverse-magnetic (TMZ) mode is considered
which includes the electromagnetic elements Hy, Hx, Ez. As it is going to be
presented later this mode is perfect to study electromagnetic metamaterials
due to the two dimensional magnetic field and one dimensional electric field
only in the vertical plane. Considering these, the solutions of the equations
(2.1.5.a.ii) and (2.1.5.b.ii) will be [24]:

∂Hx

∂t
= − 1

µ

∂Ez

∂y
(2.2.1.a),

∂Hy

∂t
=

1

µ

∂Ez

∂x
(2.2.1.b),

∂Ez

∂t
=

1

ϵ

(
∂Hy

∂x
− ∂Hx

∂y

)
(2.2.1.c).
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The most important part now is to extrude equations (2.2.1.a-2.2.1.c) in
a computational form. In 1966, K. Yee originated a set of finite-difference
equations for the time-dependent Maxwell’s curl equations system that is
presented above. Yee’s algorithm solves for both electric and magnetic fields
in space and time using Maxwell’s equations. The benefit is that Maxwell’s
equations are not solved for the electric field alone and then for the magnetic
field alone using a wave equation and this lead to both electric and magnetic
material’s properties can be modeled in a straightforward way [58]. As it is

illustrated in Figure 2.2.1, the Yee algorithm centers its
−→
E and

−→
H elements

in three dimensional space so that every
−→
E element is surrounded by four

circulating
−→
H components and every

−→
H element is surrounded by four circu-

lating
−→
E components. This Yee space lattice provides central difference in

nature and second-order accuracy for the curl operators that end up in the
finite-difference expressions for the spacial derivatives.

In the case of two dimensional system Yee proposed a notation for space
points and functions of space and time. The space point is denoted in a
uniform, rectangular lattice as (i, j) = (i∆x, j∆y), where i and j are the
number of steps on x and y axis accordingly. ∆x and ∆y are, respectively,
the lattice space increments in x,y coordinate directions and i,j are integers.
Also, the contribution of time is introduced as n∆t, where n is the time steps
and ∆t the time increment. Using this notation, any arbitrary function u
of space and time evaluated at a discrete point in the grid and at a discrete
point in time can be expressed as u(i∆x, j∆y, n∆t) = un

i,j (2.2.2).

Yee used also centered finite-difference (central-difference) expressions for
the space and time derivatives that are included in Maxwell’s equations, that
are both simply programmed and provide second-order accuracy in space and
time increments. The partial derivative of the function u in the x-direction,
at fixed time tn = n∆t, will be:

∂u(i∆x, j∆y, n∆t)

∂x
=

un
i+1/2,j − un

i−1/2,j

∆x
(2.2.2.a).

For y-direction accordingly will become:

∂u(i∆x, j∆y, n∆t)

∂y
=

un
i,j+1/2 − un

i,j−1/2

∆y
(2.2.2.b),

17



while for the first time partial derivative of u, evaluated at the fixed space
point (i,j) will become:

∂u(i∆x, j∆y, n∆t)

∂t
=

u
n+1/2
i,j − u

n−1/2
i,j

∆t
(2.2.2.c).

Note: Computers cannot accept values ±1/2, as they get only integers.
Thus, the ±1/2 values will become ±1.

Using this central-difference method to Maxwell’s equations in the case
of TMZ mode at two dimensions, (2.2.1.a-2.2.1.c) will now get the desired
computational form:

∂Hx(i,j)

∂t
= − 1

µ

∂Ez(i,j)

∂y
=⇒

Hn+1
x(i,j) −Hn

x(i,j)

∆t
= − 1

µ

En
z(i,j+1) − En

z(i,j)

∆y
(2.2.3.a)

∂Hy(i,j)

∂t
=

1

µ

∂Ez(i,j)

∂x
=⇒

Hn+1
y(i,j) −Hn

y(i,j)

∆t
=

1

µ

En
z(i+1,j) − En

z(i,j)

∆x
(2.2.3.b)

∂Ez(i,j)

∂t
=

1

ϵ

(
∂Hy(i,j)

∂x
− ∂Hx(i, j)

∂y

)
=⇒

En+1
z(i,j) − En

z(i,j)

∆t
=

1

ϵ

(
Hn

y(i+1,j) −Hn
y(i,j)

∆x
−

Hn
x(i,j+1) −Hn

x(i,j)

∆y

)
(2.2.3.c).

In order to make further simplification, it is reasonable to assume that the
increments of space are equal; ∆x = ∆y and to import speed of light at
vacuum c0 = 1/

√
ϵ0µ0 which is also connected with the propagation speed of

the wave in empty space as for example in x-direction c0 =
∆x

∆t
, when ϵr = 1,

µr = 1. Then, the equations (2.2.3.a-2.2.3.c) will take the form:

Hn+1
x(i,j) = Hn

x(i,j) −
1

µ

∆t

∆x

(
En

z(i,j+1) − En
z(i,j)

)
(2.2.4.a)

Hn+1
y(i,j) = Hn

y(i,j) +
1

µ

∆t

∆x

(
En

z(i+1,j) − En
z(i,j)

)
(2.2.4.b)

En+1
z(i,j) = En

z(i,j) +
1

ϵ

∆t

∆x

(
Hn

y(i+1,j) −Hy(i,j) −Hn
y(i,j+1) +Hn

y(i,j)

)
=⇒
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En+1
z(i) = En

z(i) +
1

ϵ

∆t

∆x

(
Hn

x(i+1) −Hn
x(i)

)
(2.2.4.c)

Hn+1
x(i) = Hn

x(i) +
1

µ

∆t

∆x

(
En

z(i+1) − En
z(i)

)
(2.2.4.d).

⌈ All of the above equations and definitions are obtained from A.
Taflove and S. C. Hagness book ”Computational Electrodynamics:
The finite-Difference Time-Domain method” [34] ⌋

Equations (2.2.4.a-2.2.4.d) are in computational form and can be used in
any simulation project in a straightforward manner. It is clear that the
computations are strongly dependent on permittivity ϵ and permeability µ.
In order to obtain a smooth computational process there are some restrictions
that the calculations must follow, in order for the electromagnetic wave speed
not to exceed the speed of light in vacuum or the increments of spacial unit
cells not to exceed the computational grid.

In computational methods there is an important factor that had to be taken

in advance, the stability factor S. Here S =
∆tc0
∆x

(2.2.5.a). The stability

condition in FDTD determines S ≤ 1 [59]. The value ∆x is depending from
the architecture of the system and how many ∆x cells there have to be in the
spacial grid that they form a wavelength λ. What is commonly used is that

∆x =
λ

10
, where λ is calculated by λmin =

c0
f0(max)

, where f0 is the centered

frequency of the pulse that is used in the simulation. Using Fourier transform
the spectrum in frequency domain can be calculated and from there to extract
the minimum wavelength that the source excites [60]. Fourier transform is
used often in electromagnetic problems due to the transformation of time
domain to frequency domain, and conversely, using the well-known Fourier’s
formula for an arbitrary function f(t) with t real number and ω the frequency

f̂(ω) =

∫
f(x)e−itωdt, f(t) =

1

(2π)n

∫
f̂(ω)eiωdω (2.2.5.b).

The final step for the FDTD method is to convert the complex numbers
of permittivity and permeability in a computational form. Since FDTD is
a time domain method, ϵ(ω) and µ(ω) must be transformed to time domain
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values. A simple example is to use a Debye medium that presents a frequency-

dispersive permittivity as ϵ(ω) = 1 +
σ

iωϵ0
(2.2.6.a), with ϵr = 1. Using the

Auxilliary Differential Equation (ADE) Method [61], this dispersion will be

transformed in finite differentiations. The electric flux density
−→
D = ϵ(ω)

−→
E

can be written as D(ω) = E(ω) +
σ

iωϵ0
E(ω) =⇒ D(ω) = E(ω) + S(ω)

(2.2.6.b), where S(ω) =
σ

iωϵ0
E(ω) =⇒ iωϵ0S(ω) = σE(ω). In time domain

the factor (iω) transforms to the first derivative to time: ϵ0
dS(t)

dt
= σE(t)

(2.2.6.c). Now, for the calculation of the derivative the finite differential
approximation will give the solution as for any given faction S the approx-

imation gives for the first derivative
dS(t)

dt
=

Sn − Sn−1

∆t
(2.2.6.d) and for

the second derivative, if there is a factor of (iω)2 in ϵ(ω), µ(ω) (for example

in Drude-Lorentz model (2.1.8.a)), will give
d2S(t)

dt2
=

Sn − 2Sn−1 + Sn−2

∆t2
(2.2.6.e), where n is the number of time step. Thus, (2.2.6.c) through

(2.2.6.d) will become ϵ0
Sn − Sn−1

∆t
= σEn and solving to S we finally take

Sn = Sn−1 +
σ∆t

ϵ0
En (2.2.6.f). Finally, the electric field can be calculated

from the equation En =
Dn − Sn−1

1 +
σ∆t

ϵ0

(2.2.6.g), Sn = Sn−1 +
σ∆t

ϵ0
En and

included in equations (2.2.4.a-2.2.4.d) to solve Maxwell’s equations in time
domain using the FDTD method [62]. There is also the Recursive Convo-
lution (RC) Method [63] which is based on Fourier transform to compute
permittivity and permeability in time domain and Z transform method [64]
which is used to transform the frequency domain to ”z” domain and from
there to time domain.

All of the above are just a brief introduction to the FDTD method. The
applications are infinite and cannot be fully analyzed in this thesis. For the
research that is done in this thesis, only commercially-available softwares
were used with integrated FDTD solvers for Maxwell’s equations in order to
run the simulations for the electromagnetic metamaterials.
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2.3 2-Photon polymerization (2PP)

2PP is a nonlinear phenomenon based on two-photon absorption. It en-
ables the processing of transparent photosensitive materials, but only in those
volumes where the photon density exceeds a certain threshold. Femtosecond
(fs) lasers are most suitable for this purpose and their use enable to fabricate
true 3D geometries when the laser beam is guided specifically through the
resist [65]. This absorption is based on non-linear optical effects. In non-

linear optics the polarization
−→
P of a material and the electric field

−→
E of the

electromagnetic wave are not linearly related [66]. In linear optics when a
field is applied to a material the polarization is linearly related to the field

as
−→
P = χeϵ0

−→
E (2.3.1.a), where χe is the optical susceptibility and ϵ0 the

vacuum permittivity. In non-linear phenomena the polarization is depended

from higher-order field terms as
−→
P = ϵ0(χ

1
e

−→
E +χ2

e

−→
E 2+χ3

e

−→
E 3+ ...) (2.3.1.b).

The first term is related to the linear effects while higher-order terms are
introducing the non-linear effects [67]. These higher-order terms are respon-
sible for the number of photons that are absorbed when an electromagnetic
field is applied to a photosensitive material. The probability of n-photon ab-
sorption in general is proportional to the nth power of the photon flux density
which is related to the electric field that it is applied (and subsequently to the
polarization through (2.3.1.b)). Thus, high photon intensities are required
to initialize the process. The basic idea behind this is that an atom of an
any given material can absorb two or more photons simultaneously allowing
electron transition to higher energy states.

Theory of 2 photon absorption (2PA) was first developed by M. Göppert-
Mayer in 1931 [68] and was experimentally proved after the inventions of
lasers, due to the high intensity that is mandatory to initialize the process.
There are two different mechanisms of 2PA, sequential and simultaneous
two-photon excitation [69]. The first mechanism relies on the existence of a
real intermediate state, where an excited electron is transferred to a higher
energy bound state by absorbing a photon and gaining all its energy. As
for the process, it does not require coherent light and can be considered as
two consequent single photon absorption process. On the other hand, the
second mechanism is about simultaneous two-photon excitation which leads
to a simultaneous two photons absorption. In this process the intermediate
state is virtual that is not created from the absorption of energy of a photon,
but from the interaction of the absorption with the first photon. This can
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happen only if another photon arrives within the virtual state lifetime and
this can be occur with high intensities that are provided by a tightly focused
femtosecond laser beam [27].

Figure 2.3.1: Schematic presentation of 2PA energy diagram, (a) sequential
two photon excitation, (b) simultaneous two-photon excitation. Obtained
from [27].

On the sequential two-photon excitation (Figure 2.3.1.a) the presence of
the intermediate state S1 implies that the material absorbs in this specific
wavelength. On the contrary, in simultaneous two-photon excitation (Figure
2.3.1.b) since there is no intermediate state with a lifetime of 10−9−10−4 sec,
the material is transparent to this wavelength. This can happen only if the
other photon arrives within the virtual state lifetime which is approximately
10−15 sec [70]. In order to initialize the process femtosecond lasers are com-
monly used because of the ability to produce ultrahigh peak power (the high
intensity that is needed), but also very short pulse width of approximately
100 femtoseconds (10−15 sec) or less (the virtual state lifetime condition that
is mandatory to be satisfied in order to get the second photon excitation).
These lasers are also commonly used in 2PP fabrication process because of
their central wavelength (approximately 800nm) which is close to half of the
wavelength of the polymerization (in order to excite the second photon) and
the initialization of the 3D micro-printing technique can straightforwardly
occur [71].
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In the 2PP technology, polymerization occurs in the focus volume inside
the material where the radiation intensity is enough to initialize two-photon
absorption. This focus volume is defined by the square dependence of the

intensity of the pulse, I(r0) = I0e

−2r20
ω2
0 (2.3.3) for a Gaussian-like pulse

where r0 is the radius of the beam, I0 the intensity and ω0 the radius of
the focus beam spot. The polymerization volume is only a part of the total
focus volume which is called voxel. Voxel is a complex parameter which
is depending on the transmitted power of the beam, the scanning speed of
the process, the Numerical Aperture (N.A.) of the objective lens and other
minor parameters [72]. If there is a linear response of the material to the
light intensity then there is a constant number of photons that are excited
at every cross-section of the focus spot and there is one photon absorption.
Otherwise, if the response is proportional to the square of intensity then 2PA
can occur, given the high intensity that is formed at the center of the focus
spot, inside the voxel.

Figure 2.3.2: Schematic presentation of the focus point and intensity of the
beam,(a) schematic diagram of laser focus point, (b) total single-photon ab-
sorption per transverse plane, (c) total two-photon absorption per transverse
plane, which is calculated by integrating the square intensity over the plane
with respect to the optical axis. Reproduced from [73].

As illustrated in Figure 2.3.2.c, if the material response is proportional
to the square of the photon intensity, the integrated material response is
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highly enhanced in the focus spot. In this spot the 2PA takes place and can
be initialized if the intensity is above the polymerization threshold. With
large values of intensity the transition rate is extremely small in general, so a
very high spatial resolution can be obtained inside the voxel, enhancing 2PP
ability to fabricate ultrahigh-resolution 3D micro- and nano- structures. The
difference of the focal point is presented below in Figure 2.3.3.

Figure 2.3.3: Schematic picture comparing the excitation volume of one-
photon excitation (a) and two-photon excitation (b). In 2PP, regions outside
the laser focus are less likely to exceed the polymerization threshold of the
photoresist. This phenomenon allows the fabrication of complex 3D struc-
tures. Reproduced from [74].

From a chemical aspect there are three conditions that have to be satis-
fied in order to fabricate via 2PP; initiation, propagation, termination [75].
In order to initiate the process of two photon polymerization, a high inten-
sity laser beam have to focus inside the volume of a photosensitive polymer,
as it is presented on Figure 2.3.3. The photo-polymerization realizes via
chain reactions that can reach thousands in value (Figure 2.3.4). The pho-
toinitiator that is used to enhance two photon activation is excited by the
simultaneous 2PA, resulting the generation of free radicals (initiation step).
The second step is that the free radical reacts with a monomer molecule to
form monomer radicals that participate in the chain reaction (propagation
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step). The final step is when two radicals meet each other and the chain reac-
tion is terminated, the center of growth is deactivated and the final molecule
is formed (termination step) [76]. This formation of polymer chains cause
a phase transition for specific photo-sensitive materials (resins) that under
certain circumstances can go under phase transition, from sol-gel to solid via
exposure only at a laser beam with high intensity and specific wavelength
[27].

As it was discussed, 2-Photon polymerization process follows the same
procedure like any other polymerization process. The difference is that the
initiation of the process and the chain reaction is happening by exposing the
material under a high intensity laser focused beam and not under specific
temperature. This can lead to the fabrication of arbitrary 3D geometries
with freedom of move in all the three axis. Also, the solidification of the
sol gel makes easy the removal of the excess un-polymerized material, which
leads to high resolution structures.

Figure 2.3.3: Presentation of the chain reaction steps to form a polymer-
ized molecule, (a) initiation step, (b) propagation step, (c) termination step,
where v is the photon frequency in the two photon excitation beam, I the
initiator, R the free radical and M the monomer, I∗, R∗ represents the excited
state of the initiator and the radical respectively. Reproduced from [27].

3D printing by 2PP offers high versatility due to the varying materials that
can be processed. Although, it is very important to form and develop the
correct initiators to begin the procedure of polymerization and then the for-
mation of polymerized material. As it is going to present below, the variety
of materials that can be used is large and this gives the benefit that the poly-
merized materials can have varying characteristics such as varying refractive
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index [77], Poisson’s ratio [78], or even with post-process chemical procedures
whether the material is going to exhibit dielectric or metallic properties[79].
In addition, as it was mentioned above it is a mask-less procedure that com-
bined with CAD designing results in high resolution 3D structures. Last but
not least, in the process no harsh chemicals are used and fabricated structures
are compatible to be further processed with conventional deposition processes
to result in extraordinary tunable properties, while the quality of the final
structure and the shape can last for years maintaining their properties.
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3 Materials and 2PP setup

3.1 Materials

In order to achieve two photon absorption and subsequently two photon poly-
merization there are many materials that can be processed. The mandatory
requirements that must be fulfilled is to have a high absorption at half the
wavelength is used for processing the material and high transparency of the
material at the specific laser wavelength. Organic-inorganic hybrid photo-
sensitive materials synthesized by sol-gel method [80] are commonly used for
the fabrication of high resolution micro structures using 2PP technique.

Using organic-inorganic components gives the benefit that both organic
and inorganic structural elements co-exist in atomic or nanoscale dimen-
sions. This give the opportunity to gain the combines properties of these
two different categories. The inorganic part is responsible for the mechanical
and thermal stability of the hybrid, affects the refractive index and induce
electrochemical properties. Further, the organic part tunes the mechanical
properties and can give individual chemical, physical or biological proper-
ties. The most widely used hybrid materials for 2PP printing technology are
ORMOCER®, OrmoComp®(both provided by Microresist Technologies)
and SZ2080TM (provided by IESL-FORTH). In the present thesis SZ2080TM

is used in all the experiments.

The Sol-gel method is based on two different mechanisms: Hydrolysis and
Condensation [27]. Hydrolysis is the reaction of certain molecules with water
which leads to decomposition of the molecules under the presence of an acid
or basic solvent, and condensation is occurs when these separated atoms
change their phase from gas to liquid [81]. The inorganic part is originated
from metallic alkoxides, which through these two crucial mechanisms form
an inorganic network inside the hybrid material. Also, the monomer units
that are extracted from the organic part, form photopolymerizable elements
that are attached to the inorganic network. After the creation of the sol-gel,
adding appropriate photoinitiators (PIs), which are consisting of free radicals
that when they are interacting with photons (laser beam) they are triggering
the two photon polymerization process, gives to the hybrid material an extra
linear and non-linear photosensitive behaviour. When these molecules are
treated with specific wavelength radiation they initiating polymerization of
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the organic part and subsequently the formation of organic-inorganic network
that is mandatory in order to achieve the two photon polymerization [27].

Below there is a schematic chemical presentation of hydrolysis and conden-
sation. Once the hydrolysis reaction is initiated, both mechanisms are occur
simultaneously. This is the initiation to form the gel-like material that af-
terwards is developed to present photosensitive characteristics. Usually, the
alkoxide precursor is Si, Ti, Zr, etc., and the acid and basic solvents are for
example hydrogen chloride (HCL) and ammonia (NH3), respectively [82].

Figure 3.1.1: Formation of sol-gel due to hydrolysis and condensation poly-
merization reactions, under the presence of Si for alkoxide and SN2 for acid.
Reproduced from [83].
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Using sol-gel materials comes with a great advantage to additive manufac-
turing of micro structures using two photon polymerization technique. The
variety of materials that can be used to form the sol-gel gives the ability to
tune the properties of the polymerized material. Depending on the alkoxide
and the condensation’s chemical element, the final polymerized material can
have different characteristics [84] regarding to the refractive index, porosity,
mechanical properties, optical properties etc. [85]. In addition, the excess
un-polymerized material can be easily removed using organic and inorganic
developers.

To sum up, the polymerized material can generally formed through a 4-step
procedure [27].

1. Precursors and monomers are mixed with water solution and through
hydrolysis and condensation reactions they form a porous intercon-
nected cluster structure.

2. The gelation of the material is done when the solvents are removed
by heating in low temperature or the material is stored in vacuum
conditions.

3. The presence of the photoinitiator triggers the polymerization process
only in the area that the laser beam is focusing and the photoinduced
radicals will polymerize the sol-gel.

4. Finally, the sol-gel material is immersed in proper solvent and the excess
un-polymerized material will be removed, leaving only the polymerized
structure.
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3.2 Synthesis of photosensitive hybrid materials

The novel active 3D printable hybrid material that is used in this thesis is
SZ2080TM [86], provided by IESL-FORTH. Basic components of the material
are zirconium (Zr) and silicon (Si). For the organic part 3-(Trimethoxysilyl)
propyl methacrylate (MAPTMS) and 2- (Dimethylamino)ethyl methacrylate
(DMAEMA) are used, where the DMAEMA component is the organic pho-
topolymerizable monomer. For the inorganic part Zirconium n-propoxide
(ZPO) was used. In combination with the alkoxysilane groups of MAPTMS,
that can undergo hydrolysis and condensation, served as the inorganic net-
work forming moieties. ZPO is used to provide mechanical stability to the
polymerized material.

The organic photosensitive part have a weak absorption from IR to UV
and a low two photon absorption cross-section. Thus, even though the mate-
rial is transparent at the laser central wavelength at 800nm, the two photon
absorption is weak. Adding a photoinitiator that absorbs strongly at lower
wavelengths and triggers the two photon absorption mechanism, the initial
step of two photon polymerization, is suggested. At the thesis the photoini-
tiator 4,4’- Bis(diethylamino) benzophenone (Bis) is used, which absorbs
strongly at 400nm but weaker at 800nm [87]. Bis makes two photon poly-
merization more efficient in lower energy values and does not affect at all the
organic-inorganic network of the hybrid materials. Structural formula of the
4 basic materials that are used for the synthesis of the novel hybrid SZ2080
is presented in Figure 3.2.1.

Figure 3.2.1: Structural formula of a) MAPTMS (organic monomer), b)
DMAEMA (photopolymerizable material), c) ZPO (inorganic component),
d) Bis (photoinitiator) [SigmaAldrich]
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Synthesis of the hybrid material is a complex process where a variety of
reactions take place. First, MAPTMS and 0.1M HCL (diluted in water) at
10:1 ratio are combined in a flask and stirred for 15 minutes until the so-
lution become homogeneous and completely transparent. Hydrolysis takes
place in the solution immediately and after the stirring the hydrolyisis of
the alkoxysilane groups is completed. The second solution is ZPO with
DMAEMA. ZPO is highly reactive with moisture so it is diluted in 70%
w/w concentration of propanol. DMAEMA is slowly added to ZPO at a mo-
lar ratio 7:3, where DMAEMA serves as a carrier for ZPO and no reaction
takes place. DMAEMA is responsible for the photosensitive characteristic
of the material and provides also metal-binding moieties that are crucial for
the metallization of the material with a post-treatment technique that will
be analyzed later in this thesis. Again, the solution is stirred for 15 minutes
to become homogeneous.

After the two components have homogeneously disolved, the partially hy-
drolyzed MAPTMS is slowly added to the zirconate complex in a droplet-
by-droplet approach. In this case, the organic-inorganic network is formed
due to the Si atoms that are attached to the polymer matrix. The solution
is stirred for 15 more minutes until it becomes transparent. Finally, the pho-
toinitiator, Bis, is added to the final solution at 1% w/w concentration. The
final solution is stirred for 15 minutes until all of the components are dis-
olved. Afterwards, the final solution is filtered using 0.22 µm syringe filters
[88]. The material then is sealed and stored in a cool environment to protect
it from heat, light and moisture and make it last longer. A simplified scheme
of the 4-steps procedure is presented in Figure 3.2.2.

Figure 3.2.2: Schematic presentation of SZ2080 synthesis process.
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3.2.1 Sample treatment

There is a variety of substrates that are used in two photon polymerization
technology, depending on the application. In this thesis, square microscope
pure glass (2x2 cm2, 100 µm thickness) and silicon substrates (1x1 cm2, 1
mm thickness) are going to be used. Further details about the performance
of these substrates in low THz regime will be analyzed later. The samples
must be prepared with a post-process treatment in order to be ready for
use and the material after the printing process to attach to the surface of
the substrate and not be washed. The silanization protocol is consisting of
three steps. Firstly, the substrate is being immersed in ethanol for 1 hour
in the ultrasound machine in order to clean the surface from dirt and other
organic components that they may exist. Secondly, the substrate is being
immersed in a solution of MAPTMS and dichloromethane at volume ratio
80:1 for 4 hours at the ultrasound machine or overnight. This cause the
formation of a MAPTMS layer on the substrate that has free bonds and
the polymerized material can attach there. On the final step, the substrates
are being immersed in ethanol and can be stored. The protocol for the
silanization is the same for any substrate.

Figure 3.2.1.1: Schematic presentation of silanization protocol.

For the preparation of the sample, first the substrate must be dried using
an air pistol. Secondly, a drop of material is placed on the substrate using a
pipette. Then the sample must be placed on a hot plate for at least 1 hour
at 60 oC, or for at least 24 hours under low vacuum conditions. This has a
result the formation of the sol-gel material that the excessive solvents have
been evaporated. The samples can be stored in a low vacuum chamber for
about 20-30 days, until the DMAEMA component spoils and it is no more
photopolymerizable [86].
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Figure 3.2.1.2: Schematic presentation of the droplet-like sample formation
on the substrate, before and after the solvents have been evaporated.

Finally, to get the polymerized structure a post-process development must
be done. After the printing process, the sample is developed in a solution of
4-methyl-2-pentanone for at least 15 minutes and then rinsed in 2-propanol,
in order to remove the un-polymerized material. Then the sample must be
let it to dry [89].

Figure 3.2.1.3: Schematic of the final development process and final result.
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3.3 The Two Photon Polymerization setup

The irradiation source for the 2PP process is a Femto-second Fiber Laser
(FemtoFiber pro NIR, Toptica Photonics AG emitting at 780 nm with pulse
duration 150 fs, average output power 500 mW and repetition rate 80 MHz)
[84]. The beam splitter divides the beam at ratio 70:30 into two different
setups which are using different principle for guiding the beam. The setup
used more in the present thesis uses a galvo-scanner to deflect the beam in
the specific geometry of each layer which allows the fabrication of large areas
in small time. The other setup uses only the movement of the stage to print
the geometry of each layer and allows the fabrication of ultra-high resolution
structures with spatial resolution of a few nm. The beam is passing through
an acousto-optic shutter which which operates as a high frequency Q switch
blocking and allowing the beam to pass through the crystal, while rotating
the crystal can change the power of the laser beam using electric signals [90].

Then the beam is inserted in the Galvo scanner that it consists of gal-
vanometric mirrors that scans the laser beam on xy plane during the fabri-
cation process. Increasing the movement speed of the mirrors has a result
to increased scanning speed and reduced fabrication time. Then, the beam
passes through a telescopic lens that expands the beam to illuminate the full
back aperture of the microscope objective lens and achieve optimal focusing.
After, the beam is reflected on a dichroic mirror that has a CCD camera
mounted behind in order to observe the fabrication process and find the in-
terface where the beam focuses and fabrication should begin. The rest of the
laser beam is focusing in a microscope objective lens that magnifies the laser
beam with a high numerical aperture (NA) which varies depending on the
lens and focus it at the focal point onto the sample. Higher NA results in
higher resolution and working distance, while the field of view is determined
by the magnification of the microscope lens. The sample is placed on a high-
precision three-axis linear translation stage with accuracy of 100 nm. Since
it is a layer by layer printing technique correlated to the CAD design, Galvo
setup structures with 100 nm layer distance are able to be fabricated. The xy
movement of the stage provides the ability to fabricate large areas through
stiching process, a very useful tool for the fabrication of metamaterials and
metasurfaces. Finally, a green LED is placed under the stage in order to
pass through the transparent substrate and observe the fluorescence of the
material through the CCD camera as long as the fabrication procedure.
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The fabrication process begins with designing the structure in CAD soft-
ware. Then the stl file is uploaded in a custom-made software that controls
the whole procedure of printing, developed in FORTH. After, the beam has
to be aligned in the optical path to pass through the microscope objective
lens completely vertically. If it is not aligned then the layer by layer printing
will be done in an angle, resulting in low-quality structures. After the align-
ment, the sample is placed on the stage and the interface is spotted using the
photosensitivity of the material. When the beam focus inside a volume of the
material, then it starts to produce bright spots due to the polymerization.
This can be quite challenging when the fabrication has to be done on Si sub-
strates, since they are not transparent at visible spectrum and CCD cameras
cannot detect the brightness of the volume there. If the interface is inside the
material, then in the development process the polymerized material will flow
of the substrate. Then the ultimate variables of scanning speed and power
of the laser beam have to be adjusted in order to start the polymerization
process and write, but not destroy the material due to high power. After the
printing is completed, the development protocol as it was discussed above is
followed to get the final structure. A simplified design of the optical path is
presented below in Figure 3.3.1.

Figure 3.2.3: Two Photon Polymerization -Galvo scanner- setup.
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3.4 Scanning Electron Microscope (SEM) as a handy
tool for 2PP

2PP is a true 3D printing technique that provides high resolution struc-
tures at micro- and nanoscale. Observation of the fabricated structures is
mandatory in order to obtain optimal results. A common imaging tool that
is used for this situation is SEM, which produces images of a sample by
scanning the surface with a focused beam of electrons instead of light com-
pared to conventional optical microscopes. Most important function of SEM
is the high-magnification and high-resolution imaging of surface texture and
structure [91] allowing the detailed observation of the fabricated geometries.

Basic operational principle is the detection of secondary electrons that are
scattered due to the topology of the structure, resulting in different intensi-
ties depending on the spot the electron beam is focusing. The electrons are
accelerating through an electron gun, then pass through a group of converg-
ing and diverging lenses that magnify the electron beam and finally reach the
target [92]. In order to be scattered, the sample must be conductive. Thus,
in dielectric materials a pre-process is required by covering the sample with a
thin layer of conductive material using a ”sputter coater” machine. In metal-
lodielectric materials this process is can be omitted. The scattered electrons
are passing through a detector which analyse the intensity of the incoming
electrons, providing the high-magnification image. In Figure 3.4.1 a scheme
of SEM setup is presented, as well as an example of high-magnification image
of a fabricated structure with different scaling using 2PP.

Figure 3.4.1: a) SEM setup, obtained from [microscopewiki], b) SEM image
with high-magnification.
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4 Development and fabrication of electromag-

netic (EM) metamaterials combining FDTD

and 2PP

4.1 FDTD setup for simulating THz metamaterials

All the simulations are performed using a high performance 3D EM analy-
sis software package for designing, analyzing and optimizing electromagnetic
(EM) components and systems, CST Studio Suite (CST). The software uses
FDTD method to solve Maxwell’s equation for both electric and magnetic
field, performing complex calculations for arbitrary and complex 3D geome-
tries for ultrahigh-frequencies. Everything can be set in order to reach as
close as possible to real experiment’s conditions by controlling the electro-
magnetic interference that is present in measurements. The variety of materi-
als that can be used as well as the freedom to import custom made material’s
properties makes it makes it perfect for thoroughly study of electromagnetic
metamaterials.

The setup of the simulation remains the same for the analysis. What
changes in every experiment is the geometry of the meta-atom and the ma-
terial that is made of, to exploit the total benefits of metamaterial’s tech-
nology. Different materials give different scattering parameters through the
interaction of electromagnetic waves and matter. The important part is to
import a source that will generate the electromagnetic wave and a detector
which will make possible the extraction of the spectral characteristics at the
desirable frequency region, calculating the scattering parameters of the total
system. Simulations are also mandatory to get the optimum design of the
THz metamaterial by modifying the structural components of the meta-atom
to give the ultimate electromagnetic response.

In order to determine the size of the unit cell for the simulations, a virtual
box is created with vacuum’s material properties (permittivity ϵeff = 1,
permeability µeff = 1 and propagation speed u = c0). The dimensions of
the box are made so the x-y length defines the size of the unit cell and the
height z the vertical size of the structure combined with a free space that the
electromagnetic wave will propagate.
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For the determination of the simulation’s conditions, first the field has to be
defined. A field is imported as an exciting port at the top surface of the box
(Zmax) and can generate either Transverse Electric (TE) either Transverse
Magnetic (TM) modes of oscillation. The region of frequencies that must
be covered is set to be from 0.5 THz to 7 THz frequencies, providing a ps
(10−12sec) pulse. The (0,0) mode is selected in both of TE and TM case.
Second, two ports are also added to the system. The first at the top surface
of the box Zmax and the second at the bottom surface of the box Zmin. These
two analyzing ports are operating as detectors, measuring the incident and
transmitted power of the electromagnetic wave after been scattered from
the meta-atom that is designed inside the box. From these values, the S-
parameters are calculated after.

Afterwards, the boundary conditions of the system are included. Perfect
Matched Layer (PML) boundary conditions provides the tool to simulate
an infinite array of unit cells without designing individual unit cells. This
of course is not coming in agreement with the measurements, but since ev-
ery measuring system has a working field it is correct to consider that the
simulation approaches the experiment. On x-y plane, unit cell boundaries
conditions are selected in order to provide the infinite array. At z direction,
the boundaries Zmin, Zmax are selected as open and floquet boundaries are
set in order to have an infinite extension of the external medium in the ver-
tical direction and as a result an infinite propagation of the electromagnetic
wave without external interactions (commonly used for dispersion curves).
For the generated pulse it is considered that the angle of the incident wave
is at 0 degrees, thus it is propagating absolutely vertical to the medium.

After, the discrete units ∆x, ∆y and ∆z are set equal to 0, 01 µm. In
order to get more precise results, adaptive fine mesh settings are also set.
The maximum quality of mesh reach the value of 1, while 4 computational
cells per wavelength are chosen. For the external box made of ”vacuum”, a
triagonal mesh is done with maximum and minimum element size equal to
1 and 0, 05µm accordingly. For the geometry a free-tetrahedral mesh with
maximum and minimum element size of 10 and 0, 01 µm is selected. This
provides that the calculations will be more accurate and the final results will
be as close as to the experiment’s.
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From the modeling section, the geometry is designed as desired. Then the
material of the structure can be defined through the material’s library or
by defining the values for ϵeff , µeff and σ of the selected material at these
frequencies. The geometry and the material are the variables in the present
thesis, everything else is set as discussed above. The simulation is ready to
run. After this, the S-parameters are presented through calculations of the
output signal spectrum and input signal spectrum. From the S-parameters,
a linear and a dB graph are visualised. The dB unit graph is common in
measuring reflection, transmission etc. as it expresses the ratio of a power or
root-power quantities on a logarithmic scale.

The quantities of interest are the reflection and transmission for the study
of electromagnetic metamaterials. Depending on the electromagnetic mode of
the source that was chosen, there are curves with different S-parameters. For
the TE(0,0) mode, reflection is presented by SZmax(1), Zmax(1) and transmis-
sion by SZmin(1), Zmax(1). Accordingly, for the TM(0,0) mode, reflection is
extracted from SZmax(2), Zmax(2) and transmission from SZmin(2), Zmax(2).
The number 1 and 2 refers to the detecting port that was operating to mea-
sure these values [93]. Finally, the absorption spectrum can be obtained from
the post-process sector using the equation 2.1.10.f ; A = 1−R−T . Depending
on the resonances the simulation can run multiple times with varying sizes
of the geometry’s structural elements until the optimal results are achieved.
Ports of the simulation setup is presented in Figure 4.1.1.

Figure 4.1.1: Scheme of S-parameters ports. In the middle there is the CAD
geometry, while on top and bottom are the excitation port and detection port
accordingly. Depending on the polarization of incident wave, S-parameters
for TE (port 1) and TM (port 2) modes can be calculated.
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4.1.1 Simulations of cross-based SRR

One of the most well-established designs for the study of electromagnetic
metamaterials are SRR [6]. Split ring resonators are based on the fact that
the deformations in their architecture provides fertile conditions, such as
magnetic response, to create metamaterials that can operate from microwave
to NIR frequencies. SRR’s geometries can vary depending on the frequency
that they operate. Most of the SRR are designed as circular SRR [94] or
rectangular SRR [95] that they have a hole in the geometry. The consept
of metamaterial in these structures comes from the fact that they show a
symmetry-asymmetry pattern which can lead to electromagnetic interference
using a repeated complex of unit cells. The sub-wavelength periodicity that
is easily scaled, makes this SRR designs perfect for applications.

Another design that seems to operate in the same manner as the classic
SRR, is the cross-shaped SRR that it is shown to enhance perfect absorption
at low THz frequencies [96]. A variation of the cross-shaped metamaterial
was done in order to obtain a dual band perfect reflection and transmission.
The idea behind the design was to create an ”imperfection” at the edge of
every side of the cross to enhance the interference of the THz field and create
a strong reflection-transmission behaviour. The designs and simulations were
done in collaboration with Ioannis Sakellariou, Bachelor student at Physics
Department at University of Crete.

The first CAD design that indicates the existence of at least one resonance
in low THz frequencies is the above with dimensions a=25 µm, b=112 µm,
w=5 µm, h=25 µm and periodicity 130 µm.

Figure 4.1.1.1: CAD design of symmetric cross-shaped SRR metamaterial.
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In order to obtain the electromagnetic response of this metamaterial at low
THz frequencies, an infinite array of the unit cells is considered. The material
that was chosen is PEC (Perfect Electric Conductor) operating as perfect
dielectric such metallic materials. For the source, the frequency ranges from
0.5-3.5 THz, which generates a ps pulse. The excitation signal of the source
in time domain is presented in Figure 4.1.1.2.

Figure 4.1.1.2: Excitation signal of the source for low THz (0.5-3.5 THz).

The results of the simulations for reflection and transmission for the cross-
shaped metamaterial are presented in Figure 4.1.1.3, for the TM(0,0) mode.

Figure 4.1.1.3: Simulation results of Reflection (R) and Transmission (T) for
cross-shaped metamaterial, TM(0,0) mode.
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A dual-band resonance is showing up at 1.1 and 2.6 THz respectively. A
heat-map design of the absolute value of current that circulates the geometry
originating from the interaction between the electromagnetic field and the
medium is shown below.

Figure 4.1.1.4: Surface currents induced in cross-shaped metamaterial by
1.75 THz plane wave.

The fabricated array of the design, using 2PP is also introduced in Figure
4.1.1.5 (using a 40x objective lens, with N.A. 0.95), exploiting the resolution
of the printing technique.

Figure 4.1.1.5: Sem images of the cross-shaped metamaterial.
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Although the material is dielectric, it is obvious from Figure 4.1.1.3 and
4.1.1.4 that the architecture of the cross is suitable for the generation of
a low THz electromagnetic metamaterial that enables -theoretically- zero
absorption due to symmetrical features. At the resonances, there is quasi-
perfect reflection with zero transmission, resulting in total absorption with
significantly low energy losses (calculated from equation 2.1.10.f).

Figure 4.1.1.5: Calculated results of Absorption spectra.

From the absorption spectrum also on Figure 4.1.1.5, the medium can turn
completely transparent with total transmission and zero absorption in a wide
frequency band around 1.8 THz. A sensor for low THz frequencies could be
based on a design like this with these specific electromagnetic response. Flow
of the current that is generated from the interaction of the electromagnetic
field with the components of the structure creates a magnetic response that is
capable to manipulate specific wavelengths. As a result, a transparency can
be achieved in order to create a low THz sensor to construct a THz modulator
in a narrow frequency band, with the reflected wave amplitude acting as the
modulated signal can be strongly modulated, and the zero transmitted wave
amplitude to create a quasi-perfect mirror. In conclusion, the device can
operate also as a switch that totally reflect and transmit the incident wave,
accordingly, depending on the given wavelength. In addition, modifying the
geometry the alternate designs can give a better modulation performance.
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4.1.2 Cross-based SRR with 1 asymmetry simulation

In order to improve the electromagnetic response of the cross-shaped SRR
metamaterial a reasonable idea is to create an one direction fold asymmetry.
Asymmetries have been studied on a great scale in metamaterials and it
has been proved that including them in the architecture can give better
performance that conventional symmetrical geometries.

Asymmetries can enhance the Electromagnetically Induced Reflectance
(EIR). EIR is an interference phenomenon where a narrowband state opens
a reflectance window inside the broader absorption band of the whole state.
Next step is to create a Plasmonically Induced Reflectance (PIR), where this
phenomenon allows very narrow reflectance resonances in the electromag-
netic response spectrum. For the plasmonic behaviour, at least one sharp
reflection peak in the EM spectrum is formed [97]. This fulfills the condi-
tion in order to make devices suitable for ultra-fast switching in a narrow
frequency band, signal processing and sensing [98]. Especially in low THz
frequencies, this behaviour is almost impossible to be found in natural ele-
ments so metamaterials become significant for the development of this kind
of devices.

For the creation of the one direction asymmetry in the cross-shaped design
a feature of same width as the cross is inserted, at the edge of one cross’s
part. The CAD design is exhibited below. The dimensions for the design
are a=25 µm, b=112 µm, c=45 µm, w=5 µm, h=25 µm and periodicity 130
µm.

Figure 4.1.2.1: CAD design of asymmetric cross-shaped SRR metamaterial.
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For the simulation, the material that was chosen is again PEC, while for
the source the range of 0.5-3.5 THz was included (with excitation signal same
as Figure 4.1.1.2). The mode that was selected was TM(0,0), exploiting the
magnetic response of the structure. The results of the simulations for the
asymmetric cross-shaped metamamaterial are presented in Figure 4.1.2.2.

Figure 4.1.2.2: Simulation results of Reflection (R) and Transmission (T) for
asymmetric cross-shaped PIR metamaterial.

A heat-map of surface currents flowing the asymmetric cross-shaped meta-
material is also provided in Figure 4.1.2.3.

Figure 4.1.2.3: Absolute value of surface currents induced in cross-shaped
metamaterial by 1.75 THz plane wave.
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The electromagnetic response of the proposed structure, as taken from
Figure 4.1.2.2 reveals a magnetically–tunable quad–band resonance with high
tunability in the frequency range of 0.95–2.65 THz. The four resonances in
a such narrow bandwith indicates the existance of PIR phenomenon. From
the scheme of Figure 4.1.2.3 the flowing current at the asymmetric element
of the geometry can be detected. The broken symmetry system leads to
excitation of surface plasmon resonance (SPRs) which results in near field
coupling between the plasmonic modes [99]. As a result, this may lead to an
on/off switch performance due to the simultaneous total reflection while the
transmission tends to be zero for specific wavelengths. In order to achieve
PIR, the wide band absorption spectrum has to be zero when the resonance
takes place. The calculated absorption (from equation 2.1.10.f) is presented
below.

Figure 4.1.2.4: Calculated results of absorption for the asymmetric cross .

At the resonances, there are sharp reflection peaks while the absorption
goes to zero. In combination with the zero transmission, low losses are ob-
tained from the system. This means that no information is lost due to the
architecture of the total system. When the incident field interacts with the
cross the plasmons are excited. But, due to the asymmetry now there is
higher-order excitation that leads to multiple resonances of the system. This
characteristic is significant for metamaterials operating as electromagnetic
filters, cutting the signal or letting pass in a very small frequency region.
The narrow perfect reflection in combination with the zero transmission and
absorption at specific wavelengths leads to a system that can reflect perfect
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the electromagnetic signal as a mirror with no absorption and let transmit
completely in a very narrow frequency band accordingly. Designs as the pro-
posed one, can lead to the development of functional biological sensors that
needs to have very narrow resonances in order to detain the signals at low
THz frequencies which is a critical condition for sensing technology.

Finally, the fabricated array of the asymmetric cross-shaped design, using
2PP as a fabrication tool is presented in Figure 4.1.2.5 (using a 40x objective
lens).

Figure 4.1.2.5: Sem images of the asymmetric cross-shaped metamaterial.

In Figure 4.1.2.5 the resolution of 2PP can be observed in different angles.
This makes 2PP a highly suitable technique for the fabrication of metama-
terials with complex geometries.
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4.1.3 Cross-based SRR with double symmetry simulation

Following, it is critical to understand where the asymmetries in the archi-
tecture start to interact with each other and destroying the resonances. The
basic component of the geometry remains the same, the cross-shaped SRR
with the deformation at the edges. Now, two identical asymmetries can create
a double symmetry. A x-y/y-x symmetry can enhance the electromagnetic
interference of the wave and the medium but sometimes symmetries tend
to cancel out the generated currents and fields. Although, the existence of
the surface currents again is more than enough to create an LC system and
provide oscillations for the electromagnetic resonance and leads to tuning
magnetic response. Devices as the proposed one, can provide systems for
sensing technology or filters for low THz but usually not as sensitive as with
the one asymmetry theory.

The proposed geometry now, consists of the cross-shaped SRR as in sub-
section 4.1.2 with two symmetric parts added. The parts are inserted at
the edge of the cross and have different length in order to create the double
symmetry-asymmetry perspective. For the creation of the double symmetry
cross-shaped design features of same width as the cross are inserted, at the
edge of each cross’s part. The CAD design is exhibited below. The dimen-
sions for the design are now a=25 µm, b=112 µm, c=45 µm, d=50 µm, w=5
µm, h=25 µm and periodicity 130 µm.

Figure 4.1.3.1: CAD design of double symmetric cross-shaped SRR metama-
terial.
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For the simulations, the material that was chosen was PEC for better
electromagnetic response. In order to get the H-field characteristics, TM(0,0)
mode was chosen for the source. The range of frequencies are 0.5-3.5 THz, for
studying the low THz behaviour of the meta-structure (signal Figure 4.1.1.2).
The simulation’s results of the proposed system are presented below.

Figure 4.1.3.2: Simulation results of Reflection (R) and Transmission (T) for
double symmetric cross-shaped PIR metamaterial.

Besides the resonances, in this situation is important to observe also the
absolute value of currents flowing through the medium.

Figure 4.1.3.3: Absolute value of surface currents induced in double symmet-
ric cross-shaped metamaterial by 1.75 THz plane wave, Phase=0.
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Figure 4.1.3.4: Absolute value of surface currents induced in double symmet-
ric cross-shaped metamaterial by 1.75 THz plane wave, Phase=200.

From the results of Figures 4.1.3.3 and 4.1.3.4 it can be observed that
the current flows in all directions of the extra features of the design and
depending on the phase of the H-field it can decreased a lot. This can cause
the resonances to neutralize each other and reduce the surface current. As
a result, from Figure 2.1.3.2 the resonances now have change. There is a
wide peak of reflection at 0.97 THz and a dual band narrow resonance at 1.9
and 2.9 THz respectively. The calculated absorption of the system is shown
below also.

Figure 4.1.3.5: Calculated results of absorption for the double symmetry
cross.
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Similar to the previous suggested designs in subsections 4.1.1 and 4.1.2,
a strong resonance band is noticed. The electromagnetic response is bet-
ter that the one observed in the total symmetric cross-shaped metamaterial
in Figure 4.1.1.2, but of lower rank than the one asymmetric cross-shaped
metamaterial in Figure 4.1.2.2. This is a first indication that in geometries
such as the proposed cross-shaped metamaterial, asymmetries can enhance
the electromagnetic response of the system. Although, the phenomenon of
zero absorption is observed again since when the reflection tends to a value of
one (a.u.), transmission simultaneously tends to zero, providing an ultra-low
losses device. The suggested device can be used as an attenuator, providing
reduction in the strength of the signal depending on the wavelength that is
operating. The last two ultra-narrow band resonances enhance the capability
of the metastructure to be used as a switch for specific wavelengths. Also, the
symmetry of the resonances in the frequnecy band provides Fano resonances
with very sharp resonance features, theoretically leading to nearly zero losses
[100], especially in the case of the third resonance at 2.9 THz.

Additionally, the fabricated proposed structure using 2PP technology is
presented in Figure 4.1.3.6 (using a 40x objective lens).

Figure 4.1.3.6: Sem images of the double symmetric cross-shaped metama-
terial.
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4.2 Summary for using simulations in study and de-
velopment metamaterials

Using simulations for the study of low THz metamaterials provides a very
strong tool for the optimization of the electromagnetic characteristics of the
structured geometry. As it was demonstrated above, changing the architec-
ture of a unit cell by just adding -a few µm in size- elements can enhance
the electromagnetic interference of the wave and the medium.

Although the material that is used is for ideal conditions, PEC provides a
good indication about the characteristics of the geometry at the specific fre-
quency band. Especially, in comparison with natural materials these geome-
tries can provide manipulation of THz fields, something that is not possible
to find in nature. Thus, even though ideal conditions are taking place in sim-
ulations, they are mandatory to find the ultimate design for the development
of the device.

Changing the geometric parameters of the system the manipulation of the
operation of the device can be easily done. In low THz frequencies, most
of the metamaterials can operate as sensors, filters and switchers, due to
the multi-band resonance that is noticed in this regime generated via the
interaction of the electromagnetic field with the structural elements of the
metastructure. This can lead to a highly promising development process for
the fabrication of such devices that due to the luck of metamaterial’s studies
they are very challenging to be completed.

As it was presented above, using asymmetries in classic SRRs systems can
enhance the electromagnetic response. This can lead to new capabilities for
designing the optimized devices for new applications in low THz frequencies.
But modifying the geometries can be really challenging due to the multiple
and mutually reliant procedures that occur inside the system. Even though
the material remains the same, changing the structural elements provides
different operational characteristics. That is why, simulations are strongly
corresponding with the study and development of metamaterial’s technol-
ogy and are very important to understand the exotic characteristics of the
artificially constructed meta-atoms.
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Comparing the results of transmission coefficients for the 3 proposed ge-
ometries, it was found that resonances were spotted at the same frequency
band (0.5-3.5 THz), as it is presented in Figure 4.2.1. This happens due
to the consistent size of the unit cell, which is highly correlated with the
frequency of the resonance and the wavelength of the incident wave.

Figure 4.1.3.2: Comparison of Transmission (T) spectra for the three pro-
posed Cross-shaped SRR designs.

In the case of the cross-shaped metamaterial with one asymmetry included
there are the most resonances, while in the simple cross metamaterial there
are the least. This indicates that asymmetries are very important since they
provide fertile conditions for the electric and magnetic field individually, to
interact with the specific elements of the geometry. Thus, TE and TM modes
give increased number of resonances enhancing the electromagnetic response
of the metamaterial. This, results in different operation modes providing
a variety of applications that are related with sensors, filters, switches and
mirrors, just to name a few, for these specific wavelengths that cannot be
manipulated with materials that can be found in nature.

What is even important with the simulations although, is the transition
from virtual environment to reality. This can be done using 2PP in a straight-
forward way, just by changing the CAD design. Thus, fabrication of complex
metamaterials with different geometric elements can be achieved and with
high resolution which is required in metamaterial’s technology.
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Figure 4.2.2: Sem images of the fabricated cross-shaped SRR, underlining
the accuracy this printing technique provides and the straightforward way
that different designs can be printed.

Emphasizing also the requirement of resolution in the development and
fabrication of electromagnetic metamaterials, 2PP can provide the necessary
accuracy and detail in the final fabricated structure. In Figure 4.2.2 and 4.2.3
is highlighted that using 2PP can fabricate changeable, versatile, geometries
with high resolution and very smooth surface which can be related to the
low losses that are important in a metastructure.

Figure 4.2.3: Sem images of the fabricated cross-shaped SRR, exploiting the
resolution and surface quality, as well as versatility of the 2PP technique.

Creating metamaterials with asymmetries has a high influence in the de-
velopment of state-of-the-art metamaterials that can operate at low THz
frequencies and provide new applications that can be used in THz technol-
ogy. Inspired from the theoretical study of asymmetries induced in classic
SRR metamaterials, in chapter 5 the whole process, from simulations to pro-
duction and measurements, will be presented for a futuristic geometry.
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5 Asymmetric pillars SRRs for low THz ap-

plications

Recently, filling the ”THz gap” where nature’s element are not able to
modulate terahertz wave effectively has an increased interest in scientific
community for the fabrication of artificial designed materials that are suit-
able to manipulate waves of these frequencies. As it was discussed before, low
THz regime refers to electromagnetic waves in the frequency range from 0.1
to 10 THz. These frequencies require high resolution printing process, mak-
ing the realization of the theoretical designed structures challenging. The
complete study and development of state-of-the-art low THz metallic meta-
material design based on asymmetric pillars resonators is presented below,
using FDTD for the theoretical study to achieve the optimal response of the
design and two photon polymerization for the fabrication process.

5.1 State-of-the-art metamaterial filter for low THz

A novel design of pillars creating free-standing U-shaped SRRs with asym-
metry in one direction will be presented. Recently, this kind of metamaterials
have attracted quite some interest because of its promising behaviour for a
low-loss slow-light medium. Slow-light media can exhibit very slow prop-
agation velocity of the electromagnetic wave [101] or even stop the light
entirely [102]. One of the mechanisms that are responsible for such opera-
tion in electromagnetic fields is Electromagnetically Induced Transparency
(EIT) where a medium turns transparent in a narrow transmission window
with low absorption and sharp dispersion, resulting in slow light and optical
storage applications [103]. The characteristic features of EIT, simultaneously
low absorption and sharp dispersion, can be observed in classical systems as
coupled resonators [104] and described by a simple model of two coupled
harmonic oscillators resulting in dark and bright resonances [105].

In the present thesis, the individual oscillators are sub-wavelength elec-
tromagnetic elements that compose an electromagnetic metamaterial in low
THz regime (approximately 3 µm). The excitation of a dark mode now can
be described by the microscopic electric or magnetic dipole moment that
is created in the unit cell of the metamaterial with broken symmetry, ful-
filling the essential requirement of EIT: ”two coupled resonances that are

55



asymmetrically driven by the external force” [105]. The external force in

electromagnetic fields are the components of the electric (
−→
E ) and magnetic

field (
−→
H ), accordingly. Probing EIT in 3D bulk materials can be challenging

since most EIT metamaterials are single-layer structures.

Figure 5.1.1: CAD design of the double U-shaped SRR and metasurface with
axis orientation and direction of the electric (E) and magnetic field (H). The
incident wave is propagating vertically to the surface (k) (grey=silver).

The original idea behind the ”cactus” 3D structure is to couple the electro-
magnetic response of two different U-shaped free-standing structures, with
the one consisting of a broken symmetry in one direction compared to the

56



other one. Dark and bright plasmonic eigenmodes in the medium are en-
hanced by the TE and TM electromagnetic modes correspondingly, that are
parallel to the x-y plane and placed properly compared to the direction of
the broken symmetry. Transmission results for the proposed metasurface in
Figure 5.1.1 obtained from simulations are presented in Figure 5.1.2. For
frequencies above 3.75 THz, periodicity (80 µm) overcomes the wavelength.
Thus, sub-wavelength size condition is no longer fulfilled and there is excita-
tion of higher diffraction orders.

Figure 5.1.2: Simulation results of Transmission for TE and TM mode.

First of all, it is interesting to investigate the electromagnetic response of
the individual elements of the design. The two separate U-shaped designs are
combined perpendicularly at the final design (Figure 5.1.1). The first element
is a classic analog of U-shaped SRR where both pillars have the same height.
We consider that both of the pillars are positive charged (conventionally)
and there is one resonance created from the pillars,due to the coupling of the
positive charges. Since the aim is to study EIT, the transmission spectra has
to be calculated theoretically with FDTD method for TM(0,0) and TE(0,0)
modes, respectively. These two modes are defined by the polarization of the
incident electromagnetic wave regarding to the plane. Propagation is along
the z axis and it is considered that electric field (E) is pointing along x axis,
while magnetic field (H) is pointing along y axis. Schematic presentation of
the unit cell of the symmetric U-shaped SRR, as long as the transmission
spectra for TE and TMmode (using PEC as material) as they were calculated
through the simulations are presented in Figure 5.1.3.
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Figure 5.1.3: CAD design of the U-shaped symmetric structure with TE and
TM mode’s orientation and results of transmission spectra for TE and TM
modes (gold=PEC).

It is clear from the transmission spectra in Figure 5.1.3 that in TM mode
there are no charged elements and subsequently no interaction with the elec-
tric field. Thus, transmission remains constant to a value of one. At the
same time, the pillars in the direction of the magnetic field (y axis) create
a magnetic dipole that results in broad resonances of zero transmission in
specific frequencies.

Figure 5.1.4: CAD design of the U-shaped asymmetric structure with TE
and TM mode’s orientation and results of transmission spectra for TE and
TM modes.
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Similar to the previous U-shaped SRR, the other element is rotated 90 de-
grees in the plane to enhance the electric field from TM mode (along x axis).
In order to create different dipole moment and enhanced electromagnetic re-
sponse, the one pillar is slightly shorter than the other resulting in broken
symmetry. Schematic presentation of the unit cell, as long as the transmis-
sion spectrum for TE and TM mode as they were theoretically calculated are
presented in Figure 5.1.4.

From the results in Figure 5.1.4 it is clear now that only TM mode and
subsequently electric component of the field is interacting with the elements
of the structure, since transmission for TE mode is constantly in value of
one making the meta-atom completely transparent. In addition, the broken
symmetry creates different resonant response not only in electromagnetic field
components (TE, TM) but also in the frequencies that resonances occur.

Figure 5.1.5: Schematic presentation of the pillars, including the charges
and the electromagnetic field components that are creating the electric and
magnetic dipole moments.
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In order to be more clear how the charges are distributed in the new dipoles
and subsequently the electric and magnetic dipole moment changes, result-
ing in extraordinary transmission response of the meta-atom, a schematic of
the system with the asymmetric pillars is presented in Figure 5.1.5. Excita-
tion of different resonance mode that is depending not only on the coupled
resonators, but also on the external force of the incident field, is possible
to occur if a displacement from the microscopic electric or magnetic dipole
moment is present in the system. Combining the two proposed U-shaped
SRR, a new design with different operating mechanism is generated. In this
situation, it is reasonable to consider that each separate U-shaped design
has opposite charge from the other. Thus, interaction between the pillars of
the same U-shaped element will neutralize both the electric and magnetic
response that was observed in the individual components and there will be
no coupling from opposed pillars.

As it is presented in Figure 5.1.5, it is considered that opposite elements
have the same charge, creating current loops with each nearest-neighbor,
while there is no cross-interaction between the parallel features. Since the
pillars are positive and negative charged, an electric dipole moment is gener-
ated with direction from positive to negative charged element, while at the
same time a magnetic dipole moment is generated with direction depending
on the Right-handed coordinate system (see section 2.1) that is assumed, as
it is presented on the left side. The electric field is propagating along x-axis
providing the TM mode, while the magnetic field is propagating along y-axis
creating the TE mode. The incident electromagnetic wave is propagating
perpendicularly to the plane of the meta-atom. As a result, a coupling re-
sponse is produced by the two SRRs. From the aspect of the electric current,
the charges of the pillars are the same, thus, the electric dipole moment that
is generated is neutralized and does not affect the electric response of the
system. For the magnetic dipole moment, the vector of the shorter pillar is
different from the near one, resulting in non-zero total magnetic dipole mo-
ment. The broken symmetry of the system result in alternating the direction
of the magnetic dipole moment. Bigger asymmetries imported in the system
of the pillars and larger difference in height of one element results in larger
difference in magnetic dipole moment, while the average dipole moment must
be proportional to the electric field at the surface.
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The surface loop current that is created through the propagation of the
electromagnetic wave through the metasurface is presented below, in Figure
5.1.6. The heat-map (blue color refers to zero current) that is presented shows
the case of propagation of the electric field where the asymmetry takes place.

Figure 5.1.6: Absolute value of surface currents generated from the current
loop of asymmetric pillars in TM mode.

Distribution of the surface current in Figure 5.1.6 shows that the surface
currents at the resonance frequency of 1.5 THz (Figure 5.1.2) are reaching
to a value of zero at the top of the pillars as it was predicted in Figure
5.1.5 though the opposite charges that formed on the pillars. Combining the
two U-shaped SRRs results in one new resonance mode superimposed from
the coupling of the two separate resonators, as it is theoretically calculated
in Figure 5.1.2 from the simulations. Thus, it is expected to show a sharp
peak in transmission between the two broad resonances that are exhibited in
Figures 5.1.3 and 5.1.4 in low THz frequencies.

From the results of transmission in Figure 5.1.2, it can be observed that
in TE mode, where the symmetric pillars are placed, the resonance remains
unchanged and are similar to the results of Figure 5.1.4 of the symmetric
SRR. What is very interesting is the transmission in TM mode, where the
asymmetric pillars are designed, that a sharp peak is exhibited between the
two resonances where transmission tends to zero. This is aligned with our
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above mentioned claims about the expectation of a sharp peak in transmis-
sion spectra within a narrow frequency band. The steep transition from the
value of one to zero and from zero to one, and then again in zero, in such
a narrow frequency regime (approximately in just 0.2 THz) indicates the
presence of bright (transmission close to a value of one) and dark resonances
(transmission tends to a value of zero). On one side, there is a bright res-
onance occurs due to the broken symmetry followed, by a dark resonance
due to the symmetric pillars in opposite direction. This superposition of the
resonances comes in agreement with the two transmission spectra in Figures
5.1.3 and 5.1.4 in the frequency that the resonances occur.

This transmission behavior indicates that EIT occur in this ”cactus” meta-
material design. The double resonance with a sharp peak existing between
them and the steep transition from dark to bright oscillations makes the
recognition of EIT in this theoretical model possible. Now there are losses
from the silver and the roughness of the surface inserted in the simulations
in order to make the calculations as close to the experimental environment.
Bright resonance can be observed at 2.1 THz. Thus, the theoretic model
about EIT in low THz metamaterials seems to come in an agreement with
the predictions.

Figure 5.1.7: Simulation results of Transmission for TM mode using lossy
silver as material and other losses imported in the calculations.

It is also reasonable to assume that due to the large, narrow, transmission
and small absorption, the transmission phase will exhibit a large normal
dispersion, with a fast phase shift in narrow frequency’s window (Figure
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5.1.8) which also leads to a significantly enhanced group delay [105], since
the group velocity is strongly correlated with the slope of transmission phase
shift (τg = −dϕ(ω)/dω). This slight difference in frequency superimposed
in the transmission spectra (Figure 5.1.7) will also results in different group
velocity that can enhance the slow light mechanism for promising results in
applications for light storage, even when the medium is getting transparent
at the bright resonance.

Figure 5.1.8: Simulation results of Transmission phase for TM mode using
lossy silver as material and calculated group delay of the metasurface.

From the theoretical results in Figure 5.1.8, and in combination with the
frequency depended transparency of the metasurface in Figure 5.1.7, there
is something remarkable takes place. At the bright, transmission peak res-
onance (Figure 5.1.7), it can be observed that value of transmission phase
(Figure 5.1.8) is reduced in a very narrow region. This results in high slope
which subsequently results in large, positive values of group delay. As it is
exhibited in the right graph in Figure 5.1.8, group delay is constant until
the resonance’s deep, where the metasurface becomes non-transparent and it
reaches high negative values of delaying in a very narrow frequency window.
Almost simultaneously, at the bright resonance the group delay reaches at a
value of approximately 0.8 ns, which indicates that even though the meta-
surface is transparent at this frequency regime, the wave that is propagating
through the metamaterial is delayed due to the high group delay value. In or-
der to experimentally prove that this mechanism can exist in the suggested
metasurface, electromagnetic response of transmission as it was calculated
in Figure 5.1.2 has to be measured for TE and TM mode at the resonance
frequency.
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5.2 Fabrication of the proposed structure

For the fabrication of the proposed ”cactus” design, a high resolution print-
ing technique is required. Thus, 2PP is suitable to fabricate this kind of
structures for all the reasons that have been mentioned above. The CAD
design is presented in Figure 5.2.1, with a unit cell of 80µm and the basic
elements of the design to be arm1 = 40 µm, arm2 = 32 µm, resulting in
broken symmetry, L = 40 µm and diameter of the cylinder to be d = 9 µm.

Figure 5.2.1: CAD design of the proposed asymmetric pillar SRR.

For the fabrication the setup with the Galvo-scanner was used as it was
presented in section 3.3, using an 40x objective lens with N.A.=0.95. The
power was set at 100mW, while the scanning speed was 3000mm/s.
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Figure 5.2.2: Sem images of the fabricated asymmetric pillars SRR, underlin-
ing the accuracy this printing technique provides and the detailed fabrication
of the asymmetric cylinders.

Using the setup including the galvo-scanner mirrors provides a handful tool
for the fabrication of detailed structures. In addition, it is a high-detailed
fabrication process with small fabrication time consumption due to the capa-
bility of printing large areas with high scanning speed of the laser beam in the
photosensitive material. Thus, the fabrication of the proposed metasurface
is done in a straightforward manner. In order to measure the transmission
response of the metamaterial design experimentally, the structures had to be
covered with a highly conductive material, such as silver and fabricated on a
high resistivity silicon substrate which is transparent in low THz frequencies.
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5.3 Electroless coating with silver nanoparticles

In order to create metallic metamaterials, an Ag-based metallization pro-
cess is required. The following process is a modification of the one estab-
lished by K. Terzaki [106] and further demonstrated by M. Manousidaki [11]
for the photoresist SZ2080 with 30% DMAEMA that is used in the present
thesis (synthesis was discussed above in subsection 3.2). The photosensitive
material is doped with metal-binding tertiary amine moieties (DMAEMA).
This metallization technique is 100% selective as Energy Dispersive X-ray
Spectroscopy (EDX) measurements shown compared to other metallization
techniques (for example Physical Vapor Deposition (PVD) [107] and Chem-
ical Vapor Deposition (CVD) [108] that are used widely) providing a useful
tool to exploit the exotic properties of electromagnetic metamaterials. Con-
ductivity measurements showed that the experimental conductivity of these
silver nanoparticles is σ = (5.71± 3.01)× 106 S/m [109] which is very close
to the pure Ag conductivity σ = (6.3× 107) S/m.

The process consists of three steps: seeding, reduction and silver plating.

1. Ag seeding: The sample is immersed in 0.05M AgNO3 inH2O for 38-42
hours. This creates pores on the surface of the polymerized material.
Subsequently, the sample is immersed in distilled water and let it dry
completely.

2. NaBH4 reduction: Immersing the sample in 6.6M NaBH4 aqueous
solution for 22.5 hours. In this step the surface is prepared so the
Ag nanoparticles can be attached on the polymer. This is a violent
chemical interaction, so if the fabricated structures have a big ratio of
base and total volume then it is suggested to prepare the solution from
the previous day. Subsequently, immerse the sample in distilled water
and let it dry competely.

3. Ag plating: In the final step there are three solutions that have to be
prepared; (a) 0.2M AgNO3 in H2O, (b) 5.6% NH3 in H2O, (c) 1.9M
glucose in H2O at volume ratios 5:3:8, at room temperature. First, (b)
is poured in (a) drop-by-drop until the solution becomes completely
transparent. Then (c) is also added to the solution. Finally, the sample
is immersed in the solution for 1-2 minutes. This step is to cover
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the surface with densely packed silver nanoparticles. The sample is
removed and rinsed with distilled water and let dry completely.

The final step of the process can be repeated from 2-5 times, depending on
the thickness of silver layer required for the application’s needs. From SEM
measurements it was found that the thickness of the silver was varying from
20-180 nm, depending on how densely the silver nanoparticles are distributed.
Also, it was observed that after 5-6 baths in the final solution the silver on the
structures started to aggregate causing deformations on the sample. Some
indicative values for the preparation of the solutions are:
1. 20ml H2O +0.1698gr AgNO3

2. 20ml H2O +1.875gr NaBH4

3. (a) 0.339gr AgNO3 + 6ml H2O, (b) 0.37gr NH3 + 6ml H2O, (c) 5.47gr
glucose + 16ml H2O.

In order to observe how the silver nanoparticles are arranged on the surface
of the polymerized material the samples underwent through SEM.

Figure 5.3.1: Sem images of fabricated structure after the metallization pro-
cess.

From the SEM images in Figure 5.2.1, it can observed that the Ag nanopar-
ticles are attached only on the polymerized material and not on the substrate.
Also, another notice is that silver rocks are formed in an irregular way and
size. Furthermore, EDX measurements were conducted to prove that the
process is competely selective.
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Figure 5.3.2: EDX spectrogram of the metallized structure. Silver (Ag) peaks
are clearly visible.

Figure 5.3.3: EDX spectrogram targeting at the substrate of the sample.

From EDX measurements in Figures 5.2.2 and 5.2.3 it is evaluated that
the Ag particles are attached only onto the polymer.
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5.4 Measuring system

The characterization of the sample conducted in collaboration with Ul-
trashort Nonlinear Laser Interactions and Sources (UNIS) research group in
IESL-FORTH. In order to detect the response of the fabricated sample in
THz frequencies, Time Domain Spectroscopy (TDS) was used [110]. THz
time-domain systems use the time-resolved pump-probe method to measure
the shape and intensity of the THz pulse, or waveform.

Generation of THz waves is done using a fs laser pulse which generates
transient photo-carriers in photo-conducting antennas (PCAs). A PCA con-
sists of two metallic electrodes which are placed on the top of a semiconductor
substrate with specific band gap. Applying bias voltage between the elec-
trodes accelerate the photo-carriers which are generated by the laser pulse.
Depending on the band gap of the semiconductor and the applied bias, THz
radiation is generated [111] (Figure 5.4.1). The THz PCA emitter and de-
tector have to be fully aligned above and below the sample, respectively, in
Transmission measurements. When PCA is placed as a detector, the photo-
current generated by the probe beam across the electrodes gap and biased by
the THz electric field is measured. This results in the detection of an electric
pulse in time domain which is subsequently transforms in frequency domain
using Fourier Transform.

Figure 5.4.1: Detection layout of THz radiation using PCA.
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A typical spectrum in time domain of the THz pulse detected on reference
metal and thick glass is presented below in Figure 5.4.2. The time delay of
the two signals and the intensity of the pulse provides the information that is
required in the Fourier Transform to calculate the intensity of the scattering
parameters of reflection and transmission.

Figure 5.4.2: Electric signal detected from PCA.

After the Fourier transform, in order to calculate the transmission of the
sample, the transmission response of the silicon substrate is measured as a
reference. For the final result, the transmission response of the sample in
frequency domain is divided by the transmission response of the reference
sample (substrate) which results in the transmission of the metasurface.

As a way to measure the TE and TM mode of the metamaterial, the
sample first was placed horizontal (TE mode) and then it was rotated 90
degrees (TM mode). The orientation refers to the propagation of the electric
and magnetic field in x and y axis accordingly (Figure 5.1.1).
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5.5 Results and discussion

In order to characterize the electromagnetic response of the fabricated
sample, the structures had to be fabricated on the top of a silicon substrate
and then metalized with silver nanoparticles. It is mandatory that only the
structures must be conductive and covered with Ag particles, and not the
substrate in order to create the different refractive index and conductivity
ratio that is required for measurements in low THz regime. The final sample
was fabricated in large a area (3.2×3.2mm2) compared to the size of the unit
cell (80 µm) to achieve better focus and fulfill the minimum focus spot of the
beam in the measurements instrument as it was discussed above. In Figure
5.4.1 images of the fabricated sample undergoing through the metalization
process are exhibited.

Figure 5.4.1: Images of the final sample, through the metalization process
highlighting the change of the surface refractive index and color of the sample.

From the pictures in Figure 5.4.1 it can be clearly observed that the fabri-
cated structures are changing color through the metalization process. This is
a first indication that the structures are being coated with a thin layer of sil-
ver nanoparticles. Although, in order to detect the signal from the structures
at low THz frequencies, thickness of the silver has to be much more than a
thin layer. It is estimated that in 1-3 THz the thickness of the silver must
be at least 80-100 nm. For this reason, the final step of Ag plating process
is repeated approximately 5-7 times. This can cause damage to the sample
since it is a highly reactive chemical procedure and sometimes it creates a
very thin layer of Ag even at the substrate, as it is observed in the right
picture of Figure 5.4.1. It can also lead to aggregation of silver nanoparticles
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on the structures, as well as on the substrate in random places. In order to
get a rough estimation of the silver thickness, as long as the quality of the
fabricated structures after the metalization process the sample underwent
into SEM again.

Figure 5.4.2: Sem images of the fabricated, metalized final sample.
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In order to get the correct theoretic electromagnetic response of the final
sample, after the SEM the unit cell of the design in the simulations was alter-
nated. More specifically, the height of the pillars changed a bit which in these
wavelength results in significant resonance shift. Moreover, the material that
was used in the simulations changed to lossy silver with specific conductivity
of the coated silver as it was presented in chapter 5.3 and finally a roughness
of 500 nm was imported in the coating layer of silver. These parameters
change remarkably the resonance, but not the operational characteristics.
Thus, due to the losses that are inserted in the simulation we expect to get
lower intensity of transmission but unchanged behaviour of the sharp peak
between the two transmission resonances. The theoretical and experimental
results are presented in Figure 5.4.3, for the TE and TM mode accordingly.

Figure 5.5.1: Simulation and experimental results of Transmission for TE and
TMmode, accordingly, for the final sample. Orange line shows the theoretical
results from the simulations, blue line demonstrates the experimental results.

For the experimental procedure, TE mode refers to the placement of the
sample with direction that the incident field is propagating through the sym-
metric pillars of the geometry, while on the other hand TM mode refers to the
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placement of the sample that the field propagates through the asymmetric
pillars.

Results shown in Figure 5.5.1 seems quite interesting. First of all, there
is different response of the sample regarding to the direction it was placed,
exhibiting the different behaviour of the structure when the incident field is
propagating through the symmetric pillars (TE mode) and asymmetric pillars
(TM mode). In both occasions, irrespective of the intensity in the transmis-
sion, the resonances occur where the theory predicted to. For TE mode, the
drop that was expected is at the frequency of 1.9 THz (blue curve), even
though it is not so clear with all the losses that are included in the character-
ization of the sample, coming in agreement with the theoretical calculations
(orange curve). For TM mode the sharp peak exhibited at 2.1 THz, while the
narrow drops occur at 1.95 and 2.35 THz respectively (blue curve), aligned
with the theoretical results of the simulations (orange curve). In spite of the
fact that the intensity is not the expected one, the results are very promising
and indicate that EIT occurs in this electromagnetic metamaterial due to the
response that is shown above and as it was analyzed previously in section
5.1.

The decreased intensity of the transmission is something that was expected
because of the significant losses that take place not only during the devel-
opment of the sample, but also in the measurements. From experimental
aspect, there are two main parameters that have to be taken into consider-
ation that are able to explain the existence of high losses. First, regarding
to the silver coating, there are losses due to the silver nanoparticles that
are attached on the polymerized material. As it is shown in Figure 5.4.2 in
SEM images, even though the fabrication quality is quite satisfying, silver
nanoparticles are like small rocks growing at the surface of the fabricated
structure creating a rough surface. This is getting more intense as the met-
alization process is repeated multiple times resulting in decreased intensity
of the signal that reaches the detector. Also, as it can be observed from the
SEM images (Figure 5.4.2) the repeated metalazation process forms a very
thin layer of silver nanoparticles (roughly 5 nm) on the substrate because of
the aggregation of the particles. This can cause, in small amount regarding
to the wavelength, additional losses to the electric signal that is finally de-
tected. These two parameters that are originating from the silver coating,
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are capable of reducing the electric signal and subsequently resulting in lower
intensity compared to the expected one.

Second parameter from the experimental aspect, losses are also included
because of the sensitivity of the measurements system. As it was analyzed in
section 5.4, the characterization of the sample relies on the photoconductive
mechanism. This is a sensitive detection mechanism of electric signals and
strongly depending on environmental conditions such as humidity and tem-
perature. Thus, it is reasonable to get losses just from the characterization
procedure. Also, regarding to the placement of the sample, this is done by
guiding it by hand resulting in displacement errors due to the fact that the
incident wave cannot be 100% aligned with the sample. Last but not least,
an important parameter for the characterization is the silicon substrate that
was used. Since the detection of the signal relies on the varying response of
the electric current that is stored in the detector, a high resistivity Silicon
substrate is required. As it can be observed from the experimental results in
Figure 5.5.1, there is a strong absorption of the signal (approximately 25%)
in the frequency region from 0.5-1 THz, that indicates that the substrate
”blocks” a small part of the signal. Thus, the signal that reaches the de-
tector is lower from the initial due to the absorption of the substrate and
the interference of the signal that takes place in the connection point of the
fabricated structure with the substrate. This can be possibly solved in a
straightforward way, substituting the substrate with a higher-resistivity one.

Figure 5.5.2: Transmission measured from the silicon substrate.
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Besides the systematic errors that occur during the characterization, there
is also a physical parameter introduced in the experimental results. Trans-
mission losses result in lower signals than the math would indicate [112].
In the sharp peak of transmission, the losses are proportional to a factor
of ∝ Im(ϵ)|E|2, where Im(ϵ) is the imaginary part of the electrical permit-
tivity which is proportional to the real part of conductivity (Re(σ)) and E
relies for local electric field [113] that is concentrated in the pillars due to the
coupling resonances that take place (see Figure 5.1.6 for the surface current
distribution in the resonance’s frequency where the electric field results in
concentration of current in the base of the pillars). Thus, the concentrated
local field reaches high values of |E| resulting in high losses in transmission
spectra, while at the same time conductivity of the chosen silver cause also
losses due to the Im(ϵ) factor. As a result there are losses from physical
aspect that have to be taken into consideration and can potentially explain
the reduced signal’s intensity at the experimental results.

In conclusion, the suggested low THz metamaterial electromagnetic re-
sponse seems to align with the mathematical predictions in basic operational
characteristics. Thus, this provides a strong indication that EIT can occur
in such structure in the THz frequency regime around 2 THz. Although,
from the experimental results the intensity of the transmission does not pro-
vide optimized results due to multiple loss factors that are included in the
development and characterization of the sample. These losses are not orig-
inating only from systematic errors, but also from transmission losses that
occur physically in this kind of systems, especially from the concentrated
local fields as it was briefly explained above. Moreover, as the transmis-
sion properties depend strongly on the polarization and the incident field,
this complicates the interpretation of experimental and numerical data when
electromagnetic metamaterials are characterized for their transparency. Fur-
ther experimental demonstration is required, with main focus to be on elim-
inating the systematic errors, to make the experimental results come to an
agreement as much as possible with the theoretical predictions and reach to
a better result regarding the intensity of the transmission and subsequently
to the transparency of the metasurface.
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6 Other applications combining metamateri-

als and 2PP technology

Two photon polymerization technique has been proved to be one of the
strongest tools to fabricate structures in micro and nano scales. The potential
applications generated combining this fabrication technique with metamate-
rial’s growing technology are countless. The easy scaling process in 2PP
gives the ability to fabricate structures that can operate in a wide range of
frequencies. Some potential applications from fabricated structures that -
theoretically- operates in visible, mid IR and microwave wavelengths will be
presented below. Also, a potential fabrication method for creation of ultra-
high resolution metasurfaces with smooth surface that can provide high Q-
factor resonances will be highlighted. The existence of smooth surfaces in
fabricated structures is very important to avoid losses from scattering, and
here 2PP technology overcomes the fabrication issues of conventional lithog-
raphy techniques.

6.1 Photonic crystals metamaterials for biosensing

Photonic crystals (PCs) are periodic structures composed of periodic ele-
ments with different refractive index , high and low respectively. These
exotic structures are indicated in order to manipulate light due to the peri-
odicity that they exhibit, which is proportional to the wavelength of light in
the band-gap. Depending on the period, certain wavelengths are allowed to
pass from the crystal while the rest are forbidden to propagate through the
medium [114]. Thus, it operates as an artificial atom with energy band where
allowed and forbidden states inside the band-gap takes place, like nature’s
elements.

First identification of the photonic crystals and the way they operate came
in 1987 by E. Yablonovitch [115] and S. John [116], where they demonstrate
the way a periodic slab of different refractive index materials can manipulate
light. After that, research and publications about photonic crystals have
been increased impressively. The application that PCs takes place are count-
less since they can significantly enhance the interactions between light and
matter just by tuning the periodicity and the refractive index of the layered
geometry.
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A lot of novel research has been conducted the last decades for manipu-
lation of light. Since light acts as a wave, PCs have been used for several
applications. K. M. Ho, C. T. Chan, and C. M. Soukoulis [117] proved the ex-
istence of a photonic gap in periodic dielectric structures ”solving Maxwell’s
equations for the propagation of electromagnetic waves in a periodic lattice
of dielectric spheres in a uniform dielectric background”. This was the first
indication that 3D structures with refractive-index contrasts can provide pho-
tonic band-gap when the elements are arranged in diamond lattice structure.
After, E. Yablonovitch et al. [118] came up with the experimental exis-
tence of photonic gaps using non-spherical elements in 3D structures with a
face-centered-cubic (fcc) lattice. After that, woodpiles geometries have been
commonly used for the fabrication of 3D PCs, where rods with diameter of a
few nanometers are periodically arranged in fcc lattice, where lattice constant
a now presents the periodicity. In order to manipulate optical wavelengths
microfabrication can be very challenging to achieve the resolution of tens of
nanometers, which was solved using 2PP technology.

Initially, the PCs were made of periodically arranged dielectric elements
with periodicity of a few hundreds of nanometers in order to manipulate
visible light. But as the period decreases, the low ratio of refractive index
through the dielectric material and air causes interactions that lead to losses
and not clear photonic band-gaps, making the medium operating as a bulk
material. In order to overcome this issue at optical wavelengths where small
periodicity is mandatory, the use of metallic elements gave the solution [119].
Using metallic PCs cause stronger interactions while at these frequencies met-
als are operating as perfect reflectors with low absorption, with higher ratio
of refractive index through the two mediums, leading to low losses systems
which cannot be observed at dielectric PCs. Some of the applications that
metallic PCs have been used are filters [120], different kind of sensors [121],
high resolution imaging [122], as well as energy harvesting and photovoltaics
since they can operate at optical regime with high efficiency [123].

Since in these structures electromagnetic interference is very strong and
detection of changes in the system is quite sensitive, metallic PCs lately have
been also used for the development of ultra-sensitive chemical and bio sen-
sors [124]. In 2009, Kabashin et al. [125] made a major breakthrough in
sensing technology where they used plasmonic nanorod metamaterial in 2
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dimensions for biosensing. In consequence of the metallic PCs properties,
nanostructured metal-surfaces can detect minor molecular-binding events,
since ”localized plasmons demonstrate orders of magnitude lower sensitiv-
ity compared to modern nanobiotechnology architectures”. Using plasmonic
metamaterials this characteristic can be improved a lot since metamaterial
is able to provide an enhanced sensitivity to refractive index variations of
the medium between the rods. An issue that emerges is that some biological
systems need higher sensitivity in order to detect the response when they
interact with electromagnetic waves.

Later, A.I. Aristov, M. Manousidaki et al. [11] conducted a research where
this high-sensitive biosensing behaviour was further improved, using 3D plas-
monic metamaterials. Inserting a third dimension to the geometry generates
more plasmonic states that can be excited and wider photonic gaps. This
plasmonic crystal can exploit a delocalized plasmonic mode which results in
extremely high spectral sensitivity, measured as nm or phase per refractive
index unit (RIU). Molecules-binding interactions can be detected in real-time
using the excitation of plasmons from the plasmonic metamaterial while they
cause changing in the reflection. Using this, study of biomolecular binding
events can be studied through plasmonic transduction which is caused by
the difference of the refractive index between molecules and aqua solutions.
When a detection occurs, a big rise of the phase can be observed indicat-
ing that there is interaction between the molecules providing the sensing
application.

6.1.1 Plasmonic metamaterial for tissue sensing

In collaboration with professor A. Kabashin (Aix Marseille University), a
novel metallic photonic crystal with active plasmonic resonators has been
developed and fabricated and remains to be measured for the plasmonic
response and the sensitivity that can provide. The aim of the project is to
provide an ultra-high sensitive detector which will be used as biomedical tool
to detect breast cancer cells, using the plasmonic excitation with high phase
transition in the electromagnetic field as an indication that a molecular event
takes place at the targeted tissue. For the purpose of this, a photonic crystal-
based architecture was designed in the same way as a woodpile geometry
[117]. The woodpile photonic crystal geometry is composed of layers of one-
dimension rods with a stacking sequence that repeats itself every four layers.
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In each layer, the rods are parallel to each other, with a distance within them
to be defined as a which is also the period of the crystal. The adjacent layers
are rotated by 90o. In order to achieve the fcc unit cell with a basis of two
rods, each layer is shifted proportional to the previous layer by a/2. Scheme
of the woodpile geometry is shown in Figure 6.1.1.1.

Figure 6.1.1.1: CAD image of the photonic crystal’s geometry (top view -
side view).

6.1.2 Fabrication of 3D metallic plasmonic metamaterial

For the fabrication of the plasmonic metamaterial, the metal-binding pho-
toresist SZ2080 with 30% DMAEMA was used (synthesis in section 3.2 of the
thesis). The experimental setup employed for the fabrication is a Nano-cube
setup (similar to the Galvo setup in section 3.3 of the thesis). The irradi-
ation source is a fiber pulsed fs laser operating at 780nm which is focused
inside the photopolymer using a high numerical aperture microscope objec-
tive lens (100x, N.A.=1.4, Zeiss, Plan Apochromat) witch operates with oil
immersion providing spacial resolution of a few nm [126]. The laser beam,
in comparison with the Galvo setup, is now in a fixed position and all x-y-z
movements are performed by three piezoelectric stages (Physik Instrumente
M-110.1DG, 50nm minimum incremental motion), making it suitable for the
fabrication of structures at scale of optical wavelengths.

The plasmonic crystal metamaterial is designed to have a period of 650 nm
and the thickness (diameter) of every rod is in average 250 nm. The size of
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the plasmonic crystal is set at 50 µm. For the fabrication, the average laser
power that it was used was 2.5 mW, while the scanning speed of the printing
process was set to be 20 µm/s. For this experiment, the photonic crystal
consisted of 7 unit cells (each unit cell has 4 layers, as it was mentioned
before).

Figure 6.1.2.1: Scanning electron microscopy (SEM) images of the plasmonic
metamaterial before the metallization, a) top view, b) top view magnified
exploiting the resolution of the 2PP technique, c) tilted view, d) side view.

From the SEM images (Figure 6.1.2.1) it was measured that the period of
the fabricated structure is almost 647 nm (very close to the designed one)
and the diameter of the rod in average is 270 nm. The high percentage of
DMAEMA in the photoresist cause the material to look like melting at the
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edges of the structure (Figure 6.1.2.1 c,d) but this does not cause any issue
to the performance of the medium.

After the fabrication process, a post-process must take place for the plas-
monic metamaterial to become metallic in order to obtain the desired sensi-
tivity. The protocol that is followed is the same as in subsection 5.3. For the
results, ellipsometry measurements are going to be conducted to see the size
of the change in polarization that trigger the sensitivity when light reflects or
transmits from the crystal [127]. In ellipsometry, the polarization change is
represented by the changes in amplitude Ψ (ratio of amplitude reflection co-
efficients for light polarization parallel, p, and perpendicular, s, to the plane
of incidence) as well as the phase difference ∆ between the s- and p- compo-
nents [11]. It is strongly depends on the optical properties that the material
exhibits and thickness of the medium. High scale of changes in these values
indicates strong sensitivity in order to detect molecular interactions under
specific circumstances. The results will be compared with simulation results
they are will conducted using FDTD method.
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6.2 Mid-Infrared (MIR) metamaterial for sensing ap-
plications

Mid-IR optical gas sensors generated from electromagnetic metamaterials
systems play a vital role in atmospheric research. Sensitivity and tunabil-
ity that electromagnetic metamaterials can provide are the most important
characteristics that have to be taken in consideration for the advance and
development of novel metamaterial structures that can operate as gas sen-
sors, especially in Mid-IR regime where the atmospheric window exists and
greenhouse gases radiate in high intensity [128]. Also, high selectivity that
can be achieved through meta-structures provides a strong tool for sensing
different gases with high accuracy, since each molecule has a specific radiation
signature. Developing metamaterials for gas sensing can also deal with issues
such as power consumption and large volume devices , since down scaling in
size can be easily achieved and result in next generation gas sensors that will
be small in size and controllable compared to conventional devices.

6.2.1 High absorption mid-IR metamaterial

The central axis for the development of the novel metamaterial structure
is to exhibit high absorption characteristics in specific wavelengths. In this
case, the study is focused on the limit of MIR region, from 10-15 THz (or
20-30 µm in wavelength scale). In these frequencies greenhouse gases such
as carbon dioxide (CO2) and water vapor (H20) present an intense footprint
in the radiation they emit [129]. This is something that has to be taken
in advantage in order to create a small, light-weight and with low-power
consumption sensor operating at these specific wavelengths.

Manipulation of THz wave propagation in layered media can create fer-
tile conditions for the absorption of radiation. More specifically, fabricated
metallic unit cell structures that are periodically arranged can change the
emission and absorption spectra as a results of surface waves coupled to the
external radiation [130]. These micro-resonators can also create narrow-band
absorption for specific wavelengths due to thermal radiation emission [131].

Gas molecules due to the vibrations that take place and the interference
with the atmospheric radiation have the ability to absorb and emit radia-
tion at specific wavelengths. In the atmospheric window, gases that emit
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with high intensity radiation such as CO2 and water vapor can be detected
if the artificial designed medium absorbs at the same wavelength. This kind
of sensors is based on the interaction of light with gas molecules and can
offer high sensitivity [132]. The idea of optical gas sensors rely on absorp-
tion spectroscopy, which is calculated through reflection and transmission
coefficients, where a gas can be detected by measuring the light it absorbs
in specific wavelengths [133]. The above mentioned molecules have charac-
teristic absorption lines in the MIR spectral region which is expanding at
20-30 µm. The absorption spectra for major greenhouse gases in Earth’s
atmosphere is presented below.

Figure 6.2.1.1: Absorption spectrum of major greenhouse gases in atmo-
sphere. Obtained from [134].

From Figure 6.2.1.1 it is observed that CO2 and water vapor (H2O) have
a strong absorption and emission of radiation above the atmospheric window
for infrared radiation. In order to create the MIR gas sensor, the medium
has to absorbs strongly at the same wavelegth, approximatelly at 20-22 µm
which is equal to a frequency of 13 THz.
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6.2.2 Design and fabrication of the gas sensor

The proposed metamaterial design for gas sensing applications is a complex
”2D+1” metamaterial structure. CAD design is presebelow. The dimensions
that are included are: a=20 µm, b=16 µm, c=6 µm, h1=4 µm, h2=4 µm,
w1=1 µm, w2=2 µm, w3=3 µm.

Figure 6.2.2.1: CAD design of the metamaterial absorber.

Simulations where done in order to find the optimized geometric param-
eters, following the same protocol as it was described in section 4.1 of the
thesis. Now, the range of the excitation signal was set to be 10-15 THz.
The material that was used is Silver, which provides low losses at these fre-
quencies. The results of the simulation for the TM(0,0) mode are presented
below.

Figure 6.2.2.2: Simulation results for reflection and transmission.
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Scheme of the absolute value of current generated from the radiation that
propagates through the medium is also presented below. It is clear that the
generated currents are very strong for the proposed geometry.

Figure 6.2.2.3: Absolute value of surface currents induced in metamaterial
absorber by 12.5 THz plane wave.

In order to observe the response of the proposed structure in the wave-
lengths that molecules mentioned before emit, the absorption spectrum has
to be calculated using equation 2.1.10.f, depending on the results of Figure
6.2.2.3. High absorption will indicate that in this region the device can detect
signals from the radiation of the gases. The results are presented below.

Figure 6.2.2.4: Calculated results of absorption spectrum for the sensor.
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Taking into consideration the results of Figure 6.2.2.4 for the absorption
spectrum, a near-perfect absorption is observed at 13.7 THz (21 µm in wave-
length scale), where it reaches a percentage of almost 80%. The wavelength
that this metallic metamaterial is able to absorb in high percentage indicates
very promising result for detection of greenhouse gases that were discussed
above using light-weight and low-consumption power device that can operate
with high sensitivity for specific wavelengths.

Moreover, using silver instead of PEC was not an arbitrary selection. Ag
nanoparticles have been reported to show a very good absorption perfor-
mance in MIR frequencies [135], providing very low losses which are critical
for the detection of sensitive and wavelength selective signals such as the ra-
diation from gas molecules. For comparison, simulations were repeated using
the same parameters for the system but now using PEC material to highlight
the difference in absorption spectra between the two materials. The results
of the calculated absorption for the two systems are presented below.

Figure 6.2.2.5: Calculated results of absorption spectrum for the sensor; red
line with silver, blue line with PEC.

From the results in Figure 6.2.2.5 it can highlighted that using a polymer
provides in the same frequency region the half absorption than using a silver
medium. Also, using PEC does not provide clear absorption peaks making
the device less sensitive. As for the complete application, this metamatate-
rial could be fabricated on silicon substrate (as a semiconductor) with high
conductivity and then place in an electrical circuit that will provide a small
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voltage supply in order to stimulate the absorption performance of the ma-
terial [136] and detect the existence of the gases depending on the intensity
of the absorption spectrum that is obtained behind the device.

For the fabrication of the metallic metamaterial, 2PP setup with Galvo
scanner was used that is presented in section 3.3 of the thesis. A 40x objec-
tive lens (Zeiss, Plan-Apochromat with N.A.=0.95) was used to achieve the
details in the geometry of the design. The average laser power was set at
200 mW, while the scanning speed of the printing process was 2000 mm/s.
Images from SEM are presented below.

Figure 6.2.2.6: SEM images of the fabricated metamaterial, (a) top view, (b)
tilted view.
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The proposed near-unity narrow-band terahertz absorber is seized of con-
siderable potential in the application of gas sensing due to the sensitivity the
absorption peak provides in Figure 6.2.2.4. In addition, one of the necessary
requirements for metamaterials absorbers to get near-unity absorption, is the
impedance matching [137]. The effective impedance of the perfect absorber

is evaluated by [138]; Z(ω) =

√
(1 + S11(ω))

2 − S21(ω)
2

(1− S11(ω))2 − S21(ω)2
, where S11 and S21

are the reflectance and transmission coefficients, respectively. Calculated ef-
fective impedance for the MIR absorber metamaterial is shown in Figure
6.2.2.7.

Figure 6.2.2.6: Real and imaginary part of the effective impedance of the
absorption peak.

At the resonance in Figure 6.2.2.6 is observed that the impedance is match-
ing, since the real part of the equivalent impedance is near to the unity, while
the imaginary part is near zero. Thus, the proposed MIR metamaterial ab-
sorber achieves the impedance matching with the impedance of the free space
at the resonant frequency (where real part equals to one and imaginary part
equals to zero), resulting in high absorption effect [139].
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6.3 Far-Infrared (FIR) metamaterial for energy har-
vesting

The exotic property of scaling the size of metamaterials has been a usefull
tool to fabricate structures that can operate in different frequency regimes
using the same architecture. Re-size and tuning the dimensions of the meta-
atoms can provide strong electromagnetic interactions that lead to many
applications in different wavelengths. One of them, that is essential for the
development of high efficiency renewable energy sources, is metamaterials
absorbing at FIR regime.

6.3.1 High absorption from FIR metamaterial

FIR regime refers to wavelengths that range from 15 µm up to 1 mm (in
frequency scale from 20 THz to 300 GHz) [140]. This specific region is highly
interesting for energy harvesting applications since absorption of far infrared
wavelengths, especially in visible light, can be very challenging. Research
is focused mainly on the development of devices for efficient solar energy
harvesting, such as photo-voltaic based solar cells. These devices have been
proved to have fundamental limitations based on the physical mechanisms
that convert light into voltage. Theoretical limits of photo-voltaic systems
showed that the maximum efficiency that a photo-voltaic system can reach
is around 43% using very complex and unstable systems, while in lab con-
ditions using the most common semiconductors, Si, it reaches 25% [141].
Thus, developing light-weight and high efficiency absorption devices using
metamaterials is major interest in the field of improving renewable energy
sources.

Most of the solar energy is reflected and returns back in atmosphere in
a photo-voltaic system due to the limitation in absorption spectrum that
conventional materials exhibit. Thus, artificial made materials such as meta-
materials can imporve this performance. Adding an FIR absorption device
in a photo-voltaic system, a high percentage of the reflected radiation can
be absorbed before it returns and lost in atmosphere. The idea is to create
a compact device that will absorb one part of the wasted light and resulting
in the increase of the efficiency of solar panel systems. Silicon and other
commonly used materials in solar cells can absorb wavelengths until yellow
(approx. 570 nm), reflecting lower wavelengths such as green (approx. 500
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nm) and blue (approx. 460 nm) [142]. These two reflected wavelengths can
excite infrared photons that enhance FIR radiation [143] providing fertile
conditions for the development of a metamaterial selective absorption geom-
etry that will absorb the wavelengths that cannot be absorbed from Si solar
cell. Then, more photons are going to be absorbed from the total surface
(solar cell including the metamaterial geometry), providing higher total ab-
sorption of light and resulting in increased solar cell efficiency. This means
that more voltage can be generated from the same amount of incident sun-
light. Also, manipulating high energy blue light can also lead to even higher
power efficiency in solar panels.

Figure 6.3.1.1: The visible spectrum in wavelength scale (Light).

6.3.2 Fabrication and development of FIR absorber

Electromagnetic absorbers are artificially made designs that can inhibit the
reflection and transmission properties of the electromagnetic radiation simul-
taneously. The design is based on SRR geometry [6] and the simulations were
conducted in the novel research of M. R. AlShareef and O. M. Ramahi in
2013 [144]. Electromagnetical small resonators based on the SRR classic de-
sign can produce ”electrically small resonators to harvest microwaves energy
to the infrared frequency regime”. The absorbed power can be converted to
electric signal providing a triggering motion to the electrons in the substrate
which has to be a semiconductor, collecting the FIR radiation. The mod-
eled design was composed of a metallic SRR with permittivity dispersion to
correspond with the targeting frequency of approximately 450 GHz.
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For the design, under the metallic SRR the substrate that was used is
Silicon in order to provide semiconducting properties for triggering electron
motion and conversion of light to electric energy. The Silicon substrate also it
is not able to absorb the blue and green wavelength’s radiation, guaranteeing
that the loses of the total system will be minor. The metallic metamaterial
will be covered with Silver (Ag) in order to provide the metallic properties
that are needed and follow the Drude model complex dielectric dispersion
[145]. Silver exhibits low absorption losses compared to other metals and
can provide a dielectric permittivity constant [146] that shows dispersion
from millimiter until UV waves and is commonly used as a layer in solar cell
technology for its characteristics.

Advance of 2PP technology give the opportunity to fabricate this kind
of complex metallic components on silicon with high accuracy avoiding di-
formations compared to conventional lithographic techniques and using a
post-process electroless silver plating process to compose a selective silver
design with silicon substrate. The proposed silver design is presented below,
with dimensions a=40 µm, b=20 µm, c=10 µm, d=15 µm and thickness
h=10 µm.

Figure 6.3.2.1: CAD design of the proposed SRR FIR absorber.

The simulations were done by M. R. AlShareef to verify that this specific
geometry has the potential to harvest energy measuring reflection and trans-
mission coefficients using the FDTD method, following the same protocol
that it was discussed on chapter 4.1 of the present thesis. The simulations
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were also done for symmetric array of SRR and asymmetric array. Asym-
metric array resulted in higher efficiency than the symmetric array. The
optimized array is obtained by rotating the SRR across the y plane to create
deformations that enhancing the electromagnetic response of metamaterials,
as it was discussed thoroughly on chapter 4. This occurs due to capacitive
and inductive mutual coupling between adjacent cells at which optimal en-
ergy harvesting is achieved. Adjacent currents induce a stronger electric field
across the gap of the SRR, providing increased absorbed power through the
medium. The power efficiency, that is calculated by the ratio of total infrared
power that strikes the medium to the maximum infrared power received by
the SRR using a resistive load to obtain the difference, is exhibited in Figure
6.3.2.2.

Figure 6.3.2.2: Simulation results of power efficiencies of symmetric and
asymmetric SRR absorber loaded by a 2kΩ resistance, obtained from [144].

For the fabrication of the asymmetric SRR array, Galvo setup using 2PP
technique was used as it was presented in chapter 3.3 of the thesis. The pho-
tosensitive material that was used is SZ2080 with 30% DMAEMA (chapter
3.2), placed on Silicon substrate. In order to get the metallic properties that
are mandatory for FIR absorption, the sample was further processed follow-
ing the protocol for metallization with silver as it was analyzed in chapter
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5.3. Scheme of the array (Figure 6.3.2.3) and SEM images of the fabricated
structure (Figure 6.3.2.4) are presented below.

Figure 6.3.2.3: Scheme of the proposed design with silver SRR, placed on
Silicon substrate.

The structure fabricated using Zeiss 20X Objective, Plan-Apochromat (0.8
NA), with the average laser power that it was used was 190 mW and the
scanning speed of the printing process was set to be 1500 µm/s.

Figure 6.3.2.4: SEM image of the fabricated SRR, exploiting the resolution
that 2PP printint technique can provide.
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7 Conclusions

7.1 Synopsis of the thesis

Electromagnetic metamaterials changed the way we understand nature.
With the rapid growth of technology, metamaterials started to be a topic
of high interest for researchers in the field of photonics, nanotechnology,
telecommunications and sensors just to name a few. The experimental ob-
stacles of the poor fabrication techniques started to overcome, especially in
the last decade providing high impact accomplished not only in research, but
in industry also. More especially, metamaterials provide the opportunity to
manipulate wavelengths of light that cannot be done using nature’s materi-
als which are limited by their electromagnetic characteristics such as electric
permittivity and magnetic permeability. Using specific architecture for the
meta-atom, metamaterials are acting like nature’s materials with tunable
properties, providing a straightforward way to manipulate the complete elec-
tromagnetic spectrum. In the present thesis, the metamaterials that were
studied focused on low THz frequencies, which is a band that nature’s ele-
ments exhibit limitations in their electromagnetic response. Since the archi-
tecture of the meta-atom has crucial impact on the response and behaviour
of the material, the suitable technique that was used for the fabrication of
the meta-atoms was 2PP, which is a real 3D printing technique providing
high resolution and a large variety of materials.

In the first part of the work (Chapter 2), the theoretical background
was briefly explained in order to connect classical electromagnetism, from
Maxwell’s equations, with nowadays complex electromagnetic media such as
metamaterials. After, the FDTD method, that was used for the simulations
of the metamaterials to find the optimize response and architecture of the
meta-atom, was analyzed to highlight the importance of combining theoreti-
cal calculations with real life experiments and finally 2PP was explained from
theoretical aspect.

In the next chapter of the thesis, the suitable photosensitive materials
that was used for fabrication of the structures were analyzed, including the
synthesis of the material and the sample handling before the polymerization
process. After, the fabrication process was further analyzed presenting the
2PP setup and the fabrication steps.
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In order to introduce the main research of the thesis, in Chapter 4 an intro-
duction in low THz metamaterials were done, combining theoretical models
with the fabrication process, mathematical results and SEM images of the
fabricated suggested structures. Starting from a classical cross-shaped SRR
design, the electromagnetic response was calculated. After, an asymmetry
was included to the design to observe how the broken symmetry will result
to different behaviour of the material. Finally, a doubly-symmetry was in-
cluded to observe that in broken symmetries the electromagnetic response is
enhanced compared to plain geometries or symmetric architectures.

In Chapter 5, the complete study and development of a suggested electro-
magnetic metamaterial with high transmission response in low THz regime
was presented. First, the idea behind the design was analyzed. After, the
fabrication process and the results of the fabricated structures were exhibited
through SEM images. Then, a post-process state of the art electroless silver
coating method was studied and operated in the fabricated structures, in
order to get metallic structure with high conductivity so it would be suitable
for characterization in low THz regime, benefit from the physical mechanism
of photoconductivity. Finally, the characterization and the theoretical pre-
dictions of the fabricated sample were presented. Theory and experiment
come in alignment in the aspect of the resonance frequency, but not in the
intensity. The extensive losses that occur during the post-process metaliza-
tion method, as well as physical parameters that are induced in the char-
acterization methods, result in significant losses in the experimental results.
Although, the results are quite satisfying taking everything into account,
providing strong indication that the suggested metamaterial can enhance
the Electromagnetically Induced Transparency (EIT) at the frequency of 2
THz. Further experiments can be operated, trying to avoid some systematic
errors that are included in the whole procedure, from the fabrication until
the characterization of the metamaterial.

In the final chapter, a demonstration of the capabilities that 2PP and
metamaterials combined can provide was done in a variety of frequency
bands. Starting from NIR regime, developing a photonic crystal for promis-
ing biosensing applications, to a gas sensor metamaterial at MIR regime
and finally in a promising energy harvesting metamaterial operating at FIR
regime that can enhance photovoltaics efficiency and performance.
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7.2 Future plans

The main aim of this work was to design functional metamaterials that
can enhance the electromagnetic response in THz regime, where nature’s
elements shows limitations. One of my major future’s plans is to fabricate
a more efficient sample and get optimal results which will result in better
transparency of the metasurface.

Some of my side projects had to deal with metamaterials in varying fre-
quency regimes, that theoretically have some interesting characteristics. Thus,
I would like to prove experimentally the behaviour of the FIR metamaterial
for energy harvesting, as well as the MIR metamaterial for gas sensing ap-
plications. Both of them have a high impact in scientific community since
they are relevant with the environment and renewable sources of energy, a
challenging deal we have to face up with in order to keep our planet viable
for next generations.

Last but not least, metamaterials are very interesting to investigate, but
research means that you can always learn something new and this is some-
thing I would like also to do.
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