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Abstract

During the last few decades there has been an increasing interest for investigation of
structures and devices that can control and manipulate light. Such a category of
structures are the so-called photonic crystals, i.e. periodic dielectric or metallo-
dielectric systems where the diffraction of light can lead to formation of allowed and
forbidden spectral regimes for light propagation, known respectively as bands and
gaps (or stop-bands).

In this work, we studied the fabrication procedure of a specific category of
photonic crystals, named woodpile, using a direct laser writing approach. The main
goal was to achieve good quality metallo-dielectric woodpile structures with the
smallest possible period (of nm scale). In order to achieve this goal, we fabricated
dielectric woodpile structures, (made of a hard polymer that was created in the lab),
using a technique called two-photon polymerization (2PP). 2PP is a direct laser
writing technique that allows the construction of 3D structures with sub-micron
resolution. After fabrication, the dielectric samples were metalized via electroless
plating process leading thus to metallic woodpile structures.

Following the aforementioned process we managed to show that our
experimental technique is suitable for the fabrication of metallo-dielectric woodpile
structures of nanometer scale and quite good structure quality. Specifically,
characterizing the morphology of the structures (resolution, average thickness, metal
disposition etc.) by varying different fabrication parameters, we showed that
resolution below 100 nm can be achieved for 600 nm periodicity structures, and we
examined and identified the optimal fabrication conditions as to achieve the highest
possible resolution. The electromagnetic characterization of these structures, using
transmission measurements, showed the creation of a photonic gap cantered at 450
THz approximately, which was in good agreement with corresponding theoretical
results.

Based on metallic woodpile structures like the ones obtained in our work, one
can fabricating devices that can reflect light waves over a desired frequency range,
allow or forbid light to propagate in certain directions (acting as a waveguide) or
confine it in a focal volume (photon localization), which can have huge technological
impact.
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Chapter 1

Theory of photonic crystals

1.1 History and fundamental properties of photonic crystals

1.1.1 Introduction

Throughout the history of humankind, there have been numerous of breakthroughs
that were responsible for the transition of one era to another. These transitions were in
close relation with the materials that people used more often in their daily activities.
As a consequence, these periods are called Stone Age, Bronze Age, Iron Age, and so
forth.

Over the last centuries, there have been enormous improvements towards the
electrical properties of the materials. The advances in semiconductor physics, in
combination with the description of the electron motion (through the Schrédinger
equation), brought the electronic era in our lives. As a result, each device nowadays,
needs electricity to function.

However, in the last few decades, a new frontier has emerged. The main
purpose in this case is the ability to create structures that can control light. Fabricating
devices that can reflect light waves over a desired frequency range, allow light to
propagate in certain directions (acting as a waveguide) or confine it in a small volume
(photon localization), would definitely have huge technological impacts. Since these
materials can manipulate the properties of light, they are called photonic crystals.

1.1.2 Properties of photonic crystals

In this section we are going to introduce the basic properties of the photonic crystals.
Photonic crystals (PhCs) are artificial periodic structures that exhibit spectral gaps in
the photonic density of states. The formation of bands (gaps) in PhCs is a result of
strong scattering and constructive (destructive) interference of electromagnetic (EM)
waves, according to Bragg’s diffraction law. The word “crystal” is mainly used
because, by definition, a crystal is a periodic arrangement of atoms or molecules. The
pattern with which the atoms or molecules are repeated in space is called the crystal
lattice.

For example, in the semiconductor a crystal lattice acts as a periodic potential
that can prohibit the propagation of certain electron waves. This explains the



formation of energy gaps, meaning that electrons with energies in these gaps can not
propagate in specific directions in the crystal. In the case of a strong lattice potential
without many defects, the gap can forbid all the propagation directions in a specific
frequency range, called thus a complete band gap.

The optical analogue to the previous paragraph is the PhC; here though the
atoms or molecules are replaced by macroscopic media with differing dielectric
constants (usually two) and the role of the periodic potential is played by a periodic
dielectric function. In most cases, PhCs consist of dielectric-dielectric or metallo-
dielectric units that repeat in 1, 2 or 3 directions (see Fig. 1). This repetition affects
the propagation of EM waves in the same way as the periodic potential in a
semiconductor crystal affects the electron motion by defining allowed and forbidden
electronic energy bands. However, since now the structure controls the flow of light,
we speak about photonic band gaps. Because of the previous definition, PhCs are
often called electromagnetic bandgap (EBG) materials or photonic bandgap (PBG)
materials. In the special case that a PhC prohibits the EM propagation, over a
frequency range, in any direction for both TE and TM polarizations, we say that the
crystal has a complete or full photonic band gap.

1.1.3 One-, two-, and three-dimensional photonic crystals

One great advantage of the PhCs is that the periodicity of the crystal can easily
change, conversely to the semiconductors in which periodicity is fixed for a given
system. Changing the periodicity and the size of elementary PhC building blocks (unit
cells) one can change the frequency of operation, obtaining band gaps in the
frequency regime of MHz (for cm unit cell size PhCs) to THz (for nm-scale PhCs).
One has to note that moving to higher frequencies the periodicity of the crystal has to
decrease significantly (more info about this topic in Section 1.1.5). Additionally, as
we can see in Fig. 1, the theoretical analysis and, especially, the experimental
fabrication techniques of PhCs become more and more frustrating as we move from 1
dimension to 3 dimensions.

1-D
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Figure 1: Typical sketches of 1D, 2D and 3D photonic crystals. Different colours correspond to
materials with different dielectric constants. Image was adopted from [PC1].



A widely known 1D PhC that is used in many optical devices is the quarter-
wave stack reflector (a basic building block of optical thin-film products), that
consists of alternating layers of two or more dielectric materials (like the left image of
Fig. 1). A beam of a proper wavelength that is incident on such a layered material is
completely reflected. The physical explanation of this phenomenon comes from the
periodicity of the layers. Each light wave is partially reflected at each layer interface,
and since the structure is periodic, the multiple reflections of the incident wave
interfere destructively along propagation direction and eliminating the propagating
wave; thus we have total reflection. Some other devices that are based on PhCs are the
Fabry-Perot filter and the distributed feedback lasers.

A very promising kind of 2D PhC is the photonic-crystal fiber (PCF). PCF is a
new class of optical fiber where the waveguiding is based on the properties of
photonic crystals. Because of its ability to confine light in hollow cores or with
confinement characteristics not possible in conventional optical fibers, PCF is now
finding applications in fiber-optics communications, fiber lasers, nonlinear devices,
high-power transmission, and highly sensitive gas sensors.

Finally, the most advantageous and, simultaneously, most challenging in
fabrication case is that of 3D PhCs. At this point it is good to move a little back in
time and mention the first attempts of 3D PhC fabrication. In the end of 1990, a
theoretical publication by Ho, Chan, and Soukoulis [1] showed the existence of full
PBG in a periodic dielectric structure. The proposed structure had a periodic
arrangement of dielectric spheres in a diamond lattice form. However, the fabrication
of diamond-like structures is very difficult, especially in the micrometer length scale
and below. At the same time, Yablonovitch [2] devised a structure (the well-known
Yablonovite structure) that was not diamond-like, but had the same symmetry of a
diamond lattice. This was achieved by drilling cylindrical holes through a dielectric
block. This structure was the first in history fabricated that depicted complete PBG, in
agreement with the theoretical predictions [3]. After this successful attempt, lots of
efforts were made in the construction of different unit cells (like spheres in a diamond
lattice or inverse colloidal-crystal spheres). However, the most successful synergy
between theory and experiment is encountered in so-called woodpile structure, in
which this thesis is relying on (read Section 1.1.5 for more information).

In general, the fabrication of PhCs can be either easy or extremely difficult,
depending upon the level of dimensionality (the more dimensions the harder the
construction) and the desired frequency of the band gap (smaller periodicity means
harder fabrication). Additionally, as we shall see in Section 1.1.4, the periodicity of
each structure must be on the same order with the wavelength of operation, which
simply means that, until to date, the most hard and challenging fabrication task is the
fabrication of 3D PhCs in the near-IR and optical regime.

1.1.4 Negative refraction in photonic crystals and metamaterials

This section analyzes a fundamental property of some PhCs, which is the refraction of
an incident wave in negative angles (negative refraction). Such PhCs are called
photonic metamaterials. By the term metamaterials (MMs) we characterize artificial
systems exhibiting, as a result of their structure, unique properties that are absent in
each one of their constituents and in many cases absent in natural materials. The



world metamaterial comes from the Greek word “meta”, which means beyond. Thus,
metamaterials donate structures that are beyond the conventional materials.

The term “beyond the conventional materials” usually means that the electrical
permittivity and the magnetic permeability of those structures present values that can
not be found in nature. Transparent materials (i.e. dielectrics) of the most usual types
present positive values for the electrical permittivity €(w) and for the magnetic
permeability p(w). On the contrary, certain metals and semiconductors, although they
have positive magnetic permeability, exhibit negative electric permittivity at specific
frequency ranges. On the other hand some antiferromagnetic systems may exhibit
negative p(w) for a limited frequency range, lower than the frequency range of
negative g(m) in metals or semiconductors. These materials are also at the same time
very anisotropic. When both &(®), u(w) of a given material are positive then the
refractive index (n*(®) = &(®) pw(w)) is positive too, and the EM wave propagates in
the medium with a velocity c¢/n(w). When one of them in negative, the refractive index
is imaginary and the EM wave can not propagate in such materials.

Until 1968, no scientist had researched the case where both &(®w) and ww)
were simultaneously negative, since no material had these properties. Veselago [4]
was the first person who, theoretically, studied such materials and predicted many
unique and unusual properties in those hypothetical media with negative index being
among these properties. In 2000, more than 3 decades later, Smith and his co-workers
[5, 6] presented experimental results of structures with both negative g(®w) and p(),
following theoretical predictions by Pendry [7]. This success has resulted in a
breakthrough in the development of metamaterials (MMs). Furthermore, a different
approach for achieving negative refractive index, using PhCs, has been proposed [8-
13], meaning that these two categories of materials are closely related each other.

At this point, it is reasonable to ask what is the difference between negative
index PhCs and MMs, since both of them can show the same effects. In PhCs
propagation is governed mainly by diffraction and the operation frequency regime
occurs when the wavelength inside the material is comparable to the period (for more
information read Ch. 16 of [PC2]). Conversely, the unit cells of MMs are much
smaller than the wavelength of operation, making these structures acting as
homogeneous media for the waves propagating into them [14]. The reason why both
negative index PhCs and MMs are fabricated has to do with the fact that each one has
its own advantages and drawbacks. For example, MMs could be used for the
miniaturization of devices, since their unit cells are very small, while PhCs, in
principle, have smaller absorption losses especially at high frequencies.

The main properties that making negative index PhCs and MMs unique are,
briefly, discussed below. a) The Doppler shift is reversed; this means that when a
source is moving away from a detector blue shift is observed and vice versa. b)
Opposite Cherenkov radiation; in a negative index material the energy flow will be in
the direction —k (k = wavevector). ¢) Creation of perfect lenses; Pendry [7] suggested
that negative index materials can act as perfect lenses reproducing images of an object
with unlimited details, overcoming the diffraction limit. d) The phase velocity is
opposite to the group velocity; an immediate physical consequence of this is that the
refraction of EM waves at the plane interface of a regular right-handed material
(RHM) and a MM would be “negative” (i.e. the refracted wave will be refracted at
negative angles). All these properties are thoroughly discussed in many books ([PC2]-
[PC4]). Negative index MMs are often called left-handed materials (LHMs),
backward mediums or double negative media.



1.1.5 Characteristics of woodpile structures

This work is dedicated to the construction of 3D metallic PhCs. Among 3D lattice
structures, the woodpile lattice is one of the most popular because it is simpler than
the other possible 3D geometries [15-19]. It was first designed by the lowa State
University (ISU) group [16] and fabricated [20] by stacking alumina cylinders; it
showed a complete 3D bandgap at 12 to 14 GHz (microwave region).

Woodpile structures have fcc [PC5] symmetry. The woodpile characteristics,
along with the first Brillouin zone for the fcc lattice, are shown in Fig. 2 [21]. The
structure consists of layers of one dimensional rods with a stacking sequence that
repeats itself every four layers. The unit cell (u.c.) height is c, the rod’s width w, and
the distance between two adjacent rods (i.e. the periodicity) is d (from center-to-
center). Each layer is rotated by 90° compared to its neighboring layers. Between
every second layer, the rods are shifted by d/2 (see Fig 2). For the special case of c/d

=/2, the lattice can be derived from a face-center-cubic (fce) unit cell with the basis

of two rods [22]. Fig. 2(b) demonstrates unit cell of the reciprocal lattice in the fcc
case. The colored line depicts the high symmetry points of k-space.

Figure 2: (a): Woodpile structure containing four layers of rods. The symbols w, d and c are for the
width of rods, the distance between two adjacent rods and the height of a unit cell respectively. (b): The
first Brillouin zone of the fcc woodpile structure. The colored line depicts the high symmetry points of
k-space.

1.1.6 Potential applications of PhCs

Up to now, we have seen that 2D PhCs have several potential applications in
microfabricated optical fibers [23-25], beam splitters and switches [26,27],
microwave planar antennas [28], photonic integrated circuits [29] and so on.
However, all the aforementioned applications are mainly function in microwave
frequencies or below. One of the most challenging task is to miniaturize PhCs as to
operate in the telecommunication regime, and use them in the construction of fully
photonic integrated circuits (PICs). To achieve this goal, 3D PhCs must be fabricated
with resonances around 200THz (A= 1.5 um) or higher. If that happens, electronic
integrated circuits (EICs), also known as microchips could be replaced by PICs and a



new evolution of communication devices will emerge which will be much faster than
the current devices that are on EICs.

One fundamental application of the PICs would be in the creation of optical
computers (also called photonic computers). An optical computer is a device that
uses photons of visible light beams, rather than electrons in an electric current, to
perform digital computations. An electric current creates heat in computer systems.
As the processing speed requirement increases, so does the amount of electricity
required. The resulting heat is extremely damaging to the hardware and is the most
critical factor for the decrease of computers’ lifetime. Photons, however, create
substantially less heat than electrons, on a given size scale. Thus, the development of
more powerful processing systems becomes possible. By applying some of the
advantages of visible and/or IR networks at the device and component scale, a
computer might someday be developed that can perform operations significantly
faster than a conventional electronic computer.

Another important application would be the usage of PhCs in order to enhance
the emission rate of light sources. In general, spontaneous emission can be controlled
by the geometry of the medium surrounding the fluorescent species. There have been
many experimental efforts studying the spontaneous emission of emitters that are
embedded in PhCs [30-33]. Additionally, it has been shown theoretically [34] that
having a dipole emitter inside and even in the near field above the structures a 2D
PhC membrane one can increase the spontaneous emission rate by more than ten
times compared to vacuum rate, and also can modify the directionality of the emission
for a given frequency. Thus, PhCs can achieve many of the long-standing goals of
photonic bandgap materials and also shield the source from unwanted interactions.

1.2 Electromagnetism in mixed dielectric-metallic media

In this part, we are going to discuss the basic relations for the electric and magnetic
field in the woodpile crystal. As we have seen in section 1.1.5, a woodpile consists of
two media, the air (=vacuum) and the material of the structure, which in our case is
silver. Silver metal is particularly appealing because it has high electrical conductivity
and shows unique physical properties in the nanometer regime [35, 36]. Our strategy
is to find first the wave equation for the EM fields in an arbitrary isotropic
homogeneous material. Starting from the four macroscopic Maxwell’s equations, in
SI units, we have:

VB=0 () VXE+%B:0 o)

(1)
V-D=p, (¢ VxH-% =J, @@

where E and H are the macroscopic electric and magnetic fields, D and B are the
displacement and magnetic induction fields, and pex and Jex are the external charge
density and current density, respectively, which in our case are zero.



In order to solve the above equations we need to employ appropriate
relationships between E — D and H — B. In general, D and H are given from the
following expressions:

D=gE+P (2)
H-1B-M 3)
Lo

where g ~ 8.854 x 1072 Farad/m is the vacuum permittivity and po = 47 x 107
Henry/m is the vacuum permeability. The P and M symbols are the polarization and
the magnetization fields which are defined in terms of microscopic total charges and
currents respectively. At this point three approximations must be made. We assume
the material is isotropic, homogeneous and linear so that the P is proportional to E
and M is proportional to H. Taking this into consideration, one can re-write (2) and
(3) according to the following equations:

D =¢cE 4)
H- 1B 5)
u

where ¢, p are called the electrical permittivity and magnetic permeability,
respectively, of a material. For vacuum P=0 and & = gj. For an arbitrary isotropic
material the permittivity can be written as € = g &, where &, is a scalar function called
the relative permittivity. Likewise, the permeability can also be expressed as pu = o Wy,
where 1, is called the relative permeability. Depending on the problem both ¢, and p,
could be constants, functions of space and/or frequency or even tensors. Using
equations (4) - (5) the macroscopic Maxwell’s equations take the form:

V-@H) =0 (a) vXEW%I:o ®)

(6)
V-EE) =0 (c) VXH-S%Ezo d)

To continue further, better examination of € and p is required. In this work, the
material where we consider propagation is silver. Silver is a non-magnetic metal; this
means that the relative permeability should be very close to unit (u, = 1). In this case
the permeability is constant and equal to p. However, this is not correct for the
permittivity. In general, the relative permittivity is a function of both space and
frequency (& = & (r,m)). In the previous paragraphs, we have made the assumptions
that silver is homogeneous (of course in reality there are always some defects on the
structures so this case is only an approximation). In this occasion only, € is



independent of the position r (&; (r,0) = & (®)). For metals, the dielectric function can
be approximated by the Drude model:

2 .
® lo
g(@=1-—"— =1+—
(@) o’ +ioy wE, )

where ®,, ¥ = 1/t and o are the plasma frequency (the resonance frequency), the
collision frequency (t is the mean free time between electronic collisions) and the
conductivity of metal respectively. The Drude model of electrical conduction was
proposed in 1900 by Paul Drude to explain the transport properties of electrons in
materials with high conductivity, such as metals. The model, which is an application
of kinetic theory, assumes that the microscopic behaviour of electrons in a solid may
be treated classically. In this state, electrons bounce off heavier relative immobile
positive ions (more information in [PC6]). The plasma frequency and the collision
frequency for silver are o, = 1.37 x 10"°s" andy=8.5x 10" s [37].

Finally, we should examine the electromagnetic fields and simplify them. In
general, E and H are complicated functions of time and space. However, because the
Maxwell equations are linear, time will be independent of space, thus one can write
the fields into a set of harmonic modes (so that the fields vary sinusoidally in time). A
very common mathematical trick is to write the EM fields as a complex exponential
function of time and remembering to take the real part in order to obtain the physical
fields (using the Euler formula, ¢ =cos() +isin(0)). The reason is that an exponential

function is invariant under derivative transformations and this is very convenient
during the calculations. Thus the EM fields can be written:

H(r,t) = H(r)exp[-iot]
E(r,t) = E(r)exp[-imt] (8)

Considering all the above, we can modify (6) and derive the final Maxwell equations
for a metallic media:

V-H(r) =0 (@ VXE(r)-iowH(r)= 0 (b)
V-(¢E(r)) =0 ©) VxH(r)+(ioce(w)Er)=0  (d) €)

From the above relations, (9b) and (9d) are functions of both the electric and the
magnetic waves. Since & (@) is invariant in space, we can decouple them by taking
the curl of (9b) and use (9d) to eliminate H(r). This will lead us to an equation for the
electric field only. Following the opposite direction (taking the curl of (9d) and use
the result of (9b) to eliminate E(r)), we can derive an equation of the magnetic field
as an unknown. The results are two independent equations:
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These are the wave equations in a homogeneous and isotropic metallic material.
Although the formulas seem to be complicated, the content of them is very simple: By
performing a series of operations on E(r) or H(r), the result should be a constant
times the original function, in order to be an allowable EM wave. This consequence,
explains the harmonic properties of waves. In mathematical physics, the above
relations are eigenvalue problems. The simplest solution of this type of problem is
plane waves of the form

E(r,t) = Eoexp[i(k - r - ot)]
B(r,t) = Boexp[i(k - r - t)] (12)

where kzmglr/Z(m)/C while Ey and By are the amplitudes of the electric and the

magnetic fields, respectively. It is also worth mentioning that the same solution is
valid in the case of a dielectric material (a polymer for example), with one basic
difference: The wavevector in an insulator is mainly real, contrary to the metallic
material where k has a significant imaginary part due to the conductivity that it has
(see Eq. (7)). In the case of vacuum, the conductivity tends to zero while the relative
permittivity is unit. Replacing &; (o) = 1 in equations (10) and (11) one can find the
wave equations in space ([PC1]).

Now, in order to solve the problem in a mixed dielectric-metallic media we
have to use the relations (9) taking into account that the permittivity now is a function
of space too. Thus the differential operations will not act only on the fields but also on
the permittivity too. This makes analytical solutions rare and generally confined to
very simple systems. Thus, computer methods are often used which solve these
problems numerically.

Despite the fact that there are lots of different numerical methods, the most
widely used are the plane-wave (PW) method, the transfer matrix method (TMM) and
the finite-difference time-domain (FDTD) method. All of them can be applied to both
PhCs and MMs but each one has its own advantages and disadvantages.

The PW method is basically used to calculate the dispersion relation in infinite
periodic systems [38]. It is the fastest and easiest to apply, and the main benefit is the
ability to plot the entire frequency spectrum for a given wavevector. Its main
disadvantages are the inability to be used it in finite systems, in systems where ¢ is
frequency dependent (dispersive materials), as well as in systems with defects.

Contrary to the PW method, TMM is able to calculate the band structure as k
varies for a fixed frequency. Furthermore, it is accurate even for dispersive materials
with arbitrary shapes and properties, such as lossy metallic structures. TMM however,
is less easy to apply than the PW and it also requires the discretization of the unit cell
which brings some numerical artifacts and constrains. This method was first proposed
by Pendry and MacKinnon [39] in 1992.



Finally, the FDTD method can also be used to visualize the band structure and
the scattering properties of PhCs and MMs. The most significant difference here is
that, while TMM is employed for steady-state solutions, FDTD method is used for
time-dependent solutions. Thus, it can give the transmission properties over a wide
frequency range in a single calculation. Additionally, it can plot the time-domain
pictures of the fields and the currents over the entire computational domain. FDTD is
a very fundamental tool for the study of transmission through finite slabs, the
investigation of systems with dielectric or metallic components [40-44], and in
materials with nonlinear dielectric properties [45-47]. As for the drawbacks, there are
about the same with the TMM, since they mainly have to do with the discretization of
the unit cell and the correct time step in the case of dispersive materials. More
information for these methods can be found in Ch. 8 of [PC3].
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Chapter 2

Fabrication of woodpile structures

2.1 Introduction

In this chapter we are going to discuss the fabrication procedure of the three
dimensional metallic woodpile structures according to the two-photon polymerization
technique. Over the last few years, there has been an increased interest in corrugated
metallic thin films and metal nanostructures. A lot of experiments have been realized
on transmission enhancement through sub-wavelength arrays of holes [1], Raman
scattering enhancement aimed at biosensing [2], and fabrication of metamaterials with
permittivity and permeability simultaneously negative [3, 4]. Most of these photonic
metamaterials [5, 6] have been structured by electron-beam lithography which is a
two-dimensional (2D) fabrication technology. Very few experiments have been
conducted on 3D micro- or nanofabrication, despite the fact that unique
electromagnetic properties have been theoretically predicted [7-10]. The reason for
this is in that the 3D fabrication of metallic, high resolution structures is challenging.
To date, the most popular method for the fabrication of 3D metallic nanostructures is
to prepare 3D dielectric structures using two-photon polymerization (2PP), and
subsequently metalize these structures using electroless plating.

2PP is a direct laser writing technique that allows the construction of 3D
structures with sub-micron resolution [11-13]. The major capability of 2PP lies in that
it allows the fabrication of computer-designed, fully 3D structures with resolution
beyond the diffraction limit. If the beam of an ultrafast laser is focused into the
volume of a transparent photosensitive material, the polymerization process is
initiated by non-linear absorption within the focal volume [14, 15]. Thus, by moving
the laser focus in a 3 dimensional way, 3D structures can be made. To date several
complex 3D devices have been fabricated [16-18], while resolution below 100 nm has
been achieved [19]. So, by using photosensitive materials and applying laser powers
that are only slightly above the polymerization threshold (via two-photon absorption),
3D structures with very high resolution can be achieved [20-22].

Metals are not transparent at the wavelengths that most femtosecond lasers
operate (i.e. near infrared); therefore 2PP cannot be used directly for the fabrication of
metallic 3D structures. A popular method for fabricating 3D metallic photonic
materials is to fabricate dielectric structures using 2PP, and then metalize them to
achieve the desired conductivity. The metalizing technique commonly used is
electroless plating (EP). EP is cost-effective and the metal deposition can be done
without using any electrical potential. This makes the technique very attractive for
dielectric samples [23]. It allows homogeneous coating and even structures with
arbitrary or complex shapes can be metalized [24].
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To date, the materials used for the fabrication and subsequent metallization of
3D structures have been acrylate photopolymers and SU8. In this work, we employ
hybrid organic-inorganic photostructurable materials, which incorporate metal
binding groups, and which have been prepared using the sol-gel method. The sol-gel
process, also known as chemical solution deposition, is a wet-chemical technique
widely used in a variety of fields of materials science. Such method is used primarily
for the fabrication of materials (typically metal oxides) starting from a chemical
solution (or sol) that acts as the precursor for an integrated network (or gel) of either
discrete particles or network polymers. It is a relatively new material technology, and
is a useful tool for the fabrication of 3D structures using 2PP. The sol-gel also benefits
from easy preperation, good mechanical stability, and good chemical and
electrochemical inertness after photopolymerization. In combination with their high
optical quality, sol-gel materials have found several applications in photonic devices
such as photonic crystals and waveguides [25-29].

In this chapter we analyze the fabrication procedure that was followed
throughout this work. Three basic stages were followed: First was the preperation of
the materials via the sol-gel process, then the fabrication of the structures using 2PP
and the final step was the metallization of them through electroless plating. Fig. 3
depicts schematically the processing flow for the fabrication of a metalized sol-gel

material.
Material Structuring o
Preperation H Using 2PP Metallization

Figure 3: Processing flow of a photosensitive metalized sol-gel material.

2.2 Chemical reactions and methods

2.2.1 Sol-gel and metallization reactions

The first materials employed in 2PP were acrylic photopolymers and the negative
photoresist SUS. Over the last few years, 2PP research has focused on photosensitive
sol-gel hybrid materials [19] such as the commercially available ORMOCER" [30-
32]. The sol-gel process is based on the phase transformation of a sol of metallic
oxides or alkoxides precursors to form a wet gel. A photosensitive sol-gel process
usually involves the catalytic hydrolysis of the sol-gel precursor(s) and the
polycondensation of the hydrolyzed products and other sol-gel-active components
present in the reaction medium to form a macromolecular hybrid network structure.
The gel formed is subsequently reacted through photopolymerization to give a
product similar to glass.
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3D structure fabrication generally involves four steps: The first one is
hydrolysis and condensation in which precursors or monomers such as metal oxides
or metal alkoxides are mixed with water and then undergo hydrolysis and
condensation to form a porous interconnected cluster structure. Either an acid such as
HCIl or a base like NH3 can be employed as the catalyst.

hydrolysis |
—Si-OR + H-OH———=—Si-OH+ R—OH

The second step is gelation, where the solvent is removed and a gel is formed
by heating at low temperature. It is at this stage that solvents are removed and any
significant volume loss occurs.

—Si-OH + —Si-R ——Si-0—Si— + R—OH

The third step of the process is the photopolymerization. Because of the
presence of double bonds, and provided a photoinitiator is present in the gel, the
photoinduced radicals will cause the polymerization of the unsaturated moieties only
in the area the radicals are produced. At this step there is no material removal and no
volume loss; the only reaction is the addition of the monomers to the active center.
The last step is the development; the sample is immersed in an appropriate solvent
and the area of the sample that is not photopolymerized is removed.

In this work, for the main backbone of the polymer we used a mixture of a
silicon alkoxide with a zirconium alkoxide. By copolymerizing a silicon alkoxide with
a zirconium alkoxide we can increase the material’s mechanical stability and also
modify its refractive index [33, 34]. The two main components of the copolymer used
in sol-gel process are methacryloxypropyl trimethoxysilane (MAPTMS) and
Zirconium n-propoxide (ZPO). Figures 4(a) and 4(c) demonstrate the hydrolization of
the previous chemicals. The photoinitiator (PI) was 1% 4,4-bis(diethylamino)
benzophenone (Fig. 4(d)). It is shown [35] that having 1% PI and 30% zirconium n-
propoxide (compared to MAPTMS) the woodpiles had the best structural quality.
However, ZPO concentration can not be increased above a critical point because there
are instabilities that take place, like make the unpolymerized material insoluble in the
developer. Lastly, dimethylaminoethyl methacrylate (DMAEMA, Fig. 4(b)) was
added, which enables in the creation of metallic bonds, for the metallization procedure
[36]. During gelation, the samples were heated and this resulted in the condensation
of the hydroxy mineral moieties and the formation of the inorganic matrix (Fig. 4(e)).
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Figure 4: Chemical types of sol-gel process leading to the formation of the inorganic matrix.

As it is mentioned before, the metallization of our structures has been
achieved through electroless plating (EP). The most common used metal particles are
silver (Ag) and gold (Au). In this work, the deposited metal particles were silver. It is
shown [37, 38], that the optical properties of silver-polymer composites depend
strongly on silver layer thickness and nanoscale morphology. It is also known [39],
that there is a shift to longer wavelengths as the metal nanoparticle diameter increases.
However, the above statement is valid only when the metal layer thickness that
surrounds the structure is larger than a critical value associated with the metal’s skin
depth. For silver the critical diameter is around 20 nm at 2-3 um wavelength [40].

Unfortunately, the adhesion between the metal particles and the structured
polymer is very weak [41]. Thus, a pretreatment is required in order to complete the
EP successfully [42]. To increase silver nucleation and adhesion on the polymer
structure, seeding and reduction steps are needed. In seeding process, a small
concentration of silver particles is added in water. During this step, silver ions bind to
the amine groups which remain open after polymerization. In reduction process,
natriumborohydride is added in water and the silver ions are reduced to silver atoms.
Finally, in electroless plating more metal particles are added (in higher concentration
this time) along with other substances in order to stabilize the reaction (like arabic
gum). By completing electroless plating, nanoparticles of silver are formed on the
seeded area of the polymer and thus, the woodpiles are metalized (Fig. 5(b)).
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Figure 5: Metallization through electroless plating.

2.2.2 Material preperation methods

The main materials we used were MAPTMS (99%, M,=248.35 gr/mol, d=1.045
gr/ml), DMAEMA (>99%, M,=157.22 gr/mol, d=0.93 gr/ml) and ZPO (70% in 1-
propanol, M,=327.57 gr/mol, d=1.044 gr/ml). The molar ratios were 7:3 for
MAPTMS/ZPO and 3:7 for DMAEMA/MAPTMS. The hydrolysis of MAPTMS was
performed using HCI solution (0.1 M) at a 1:0.1 ratio. In a different bottle, we mixed
DMAEMA and ZPO and let them stirred for 15 min. We then drop the hydrolyzed
MAPTMS in the above mixture and thus we initiated the ZPO hydrolysis. The
mixture was stirred for 30 min. Finally, we added the photoinitiator 4,4-
bis(diethylamino) benzophenone, at a 1% w/w concentration to the final solution
(MAPTMS + DMAEMA). The solution was filtered using 0.2 um syringe filters. For
gelation, we place a small drop of solution on a square glass and heated it at 50 °C for
30 min, approximately.

In order to do the metallization procedure we, mainly, followed the steps of
reference [43]. However, not all the chemicals were the same. Nanopure water
(double distilled and heated) was used in all experiments. The materials that used
were silver nitrate (AgNO;, 99%), natriumborohydride (NaBHi, 99%), glucose
(C¢H1206), ammonia water (NH3, 25%) and arabic gum. For the seeding procedure we
added 0.1699 gr of silver nitrate in 20 ml of nanopure water. We put the samples in
the solution and let them for 38 hours. In the reduction process, we created a solution
of natriumborohydride with nanopure water (2.505 gr of NaBHy4 in 15 ml). The time
was ranged between 4 hours to 8 hours. For the plating procedure four solutions were
made. The first solution had 3.96 gr of arabic gum in 12 ml nanopure water, the
second 10.9534 gr of glucose in 32 ml nanopure water, the third 0.74 gr of ammonia
in 12 ml nanopure water and the last one, 0.6794 gr of silver nitrate in 20 ml nanopure
water. Then, we mixed the above solutions in a certain sequence. First we added
silver nitrate in the arabic gum solution, then the glucose and after that, the ammonia.
In the final solution we put the samples and let them for 6 min. The solution was
covered with aluminum foil, so there was no interaction with light. Finally, the
samples were rinsed in nanopure water and dried.
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At this point it is important to mention that the samples that were metalized
with the arabic gum as a stabilizer, proved not to be conductive (for more information
read Section 3.2.1). As a result we modified electroless plating procedure according to
Formanek’s report [44]. Keeping the same masses and volumes as before, and
completely removing the arabic gum from the procedure, aqueous ammonia was
added dropwise to an aqueous silver nitrate until brown precipitates were formed and
then dissolved. The electroless plating was initiated by adding the glucose solution to
the silver nitrate solution. Because there was no stabilizer in the final solution the
reaction was very rapid, thus the samples were left in the solution for 15-20 seconds
only.

2.3 Fabrication using two-photon polymerization (2PP)

2.3.1 Basics of 2PP

A variety of materials used for 2PP are designed for conventional lithographic
applications. There have been a lot of experiments using either negative or positive
photoresists [11, 13, 45]. Negative photoresists are mainly used because the two-
photon exposure results in the cross-linking of the polymer chains, making the
exposed area insoluble to the solvent used to remove the unpolymerised material
(developer). So, by using negative photoresists, there is a direct writing of the
structures in the sample. Conversely, positive photoresists causes the photoresist
polymeric chains to break and become soluble to the development solvent, so the
reverse structure is written in the sample. Thus, by using negative photoresists
together with the sol-gel technique we are able to develop photosensitive compounds
[25].

By photopolymerization the liquid or gel monomers are converted into a solid
polymer. As we mentioned before, the photoinitiator, PI, helps to start the reactions.
By illuminating the PI with UV, visible or IR light active species are formed (active
monomers). There are two kinds of PI depending on the nature of generated active
species, either radicals or cations. The most commonly free radical PI is
benzophenone and its derivatives, like the 4,4-bis(diethylamino) benzophenone we
used in this work. Such PI have high quantum yield in the generation of the active
moieties, high thermal stability and stability in darkness and are highly soluble in the
polymerization medium. Using light, instead of heat, to drive the reaction yields some
great advantages, such as the elimination of solvent, high reaction rates at room
temperature, and spatial control of the polymerization [15].

The free radical polymerization procedure has at least three different kinds of
reactions [30-32] that are summarized in Fig. 6. First step is initiation; the light
decomposes the PI in the presence of monomer to form active species (Fig. 6(a)).
Second step is propagation; the fragments of the initiator interact with a monomer and
create the active adduct that is capable of being polymerized. After that, there are
chain reactions and thus, more monomers are added creating macroradicals which
have an active site at the chain-end (Fig. 4(b)). The last step is termination; the word
termination means that the growth center becomes deactivated and thus, the
polymerization stops. Termination usually involves the reaction between two polymer
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chains and there are two possible mechanisms, combination (Fig. 4(c)) and
disproportionation (Fig. 4(d)), leading to the formation of one or two polymer chains,
respectively.

T b by > J® _R' (a)
R +M——>RM* — > RMM-— RM’ (b)
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Figure 6: Two-photon polymerization process.

The heart of 2PP lies in a phenomenon called two-photon absorption (TPA). It
describes the simultaneous absorption of two photons of identical or different
frequencies in order to excite a molecule from one state, usually the ground state, to a
higher energy electronic state. The energy difference between the involved lower and
upper states of the molecule is equal to the sum of the energies of the two photons.
Two-photon absorption is a second-order process, several orders of magnitude weaker
than linear absorption. It differs from linear absorption in that the strength of
absorption depends on the square of the light intensity, thus, it is a nonlinear optical
process. So, when the laser is focused into a material (liquid or gel) the PI absorbs two
photons and produces radicals. Because the material response is proportional to the
square of the intensity, polymerization will take place only in the tightly focal point
that the beam is focused leading us to very high spatial resolution [15].

TPA divides into two different types. One is sequential and the other
simultaneous absorption. In sequential case, electrons are excited to a real
intermediate state and, after that, a second photon is absorbed. This means that the
intermediate state is a real energy level and the material absorbs at this frequency
(Fig. 7(a)). In simultaneous absorption, which is the base of 2PP technique, there is no
real intermediate state. This means that the structure will not absorb a photon that
corresponds to that specific state and thus, the material is transparent. TPA happens
only if a second photon arrives within the virtual state lifetime in order to excite the
electron to the state S, [46] (Fig. 7(b)). This procedure demands the usage of very
high intensities, which can only be created by a femtosecond laser.

It is worth mentioning that simultaneous absorption was predicted by Maria
Goppert - Mayer in 1931 in her doctoral dissertation [47]. Her prediction was verified
in 1961 (after the invention of laser in 1960) by Werner Kaiser when two-photon
excited fluorescence was detected in a europium-doped crystal [48].
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Figure 7: Band diagram of a real and virtual state. In sequential case the intermediate state is a real
energy level (a), while in simultaneous it is virtual (b).

A reasonable question that generates is what is the highest resolution that can
be achieved. Theory predicts a limit in the resolution that can be achieved by a
focused laser beam. This limit is called Abbe’s diffraction limit. Ernst Abbe was born
in Germany in 1840. He spent most of his time in Jena where he developed a
mathematical description for the resolution limit of the microscope. The optical
resolution d is defined as the minimum distance of two structural elements to be
imaged as two objects instead of one. Abbe found the equation below [49]:

q= A
 2(N.A) (13)

where A is the wavelength of light and N.A. is the numerical aperture of the objective,
defined as the sine of the half aperture angle multiplied by the refractive index of the
medium filling the space between the cover glass and the front lens (i.e.
N.A.=n-sin(0)).

After this discovery, there has been an increasing interest of the scientific
community to decrease the wavelengths in a number of experimental techniques, like
atomic force microscopy (AFM) [50-54] and near-field scanning optical microscopy
(NSOM) [55-57]. However, these techniques allow 2D patterning, only. In order to
produce 3D structures, with photopolymerized voxels smaller than the diffraction
limit, materials with very well defined photopolymerization threshold are needed.

As we mentioned before, the laser light decomposes the PI and so radicals are
produced. These radicals are quenched, mainly, by oxygen. Generally, quenching is a
bad effect for photopolymerization, because the radical becomes inactive after
quenching and thus photopolymerization is difficult to initiate. However, in 2PP
quenching can be used to bypass the diffraction limit and creates materials with very
good resolution. This is possible by modifying the light intensity that passes through
the medium, in a way that the light produced radicals exceed the quenchers and
initiate 2PP only in a small volume where the energy of the beam is higher than the
threshold energy (for more information read [PC7]).
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2.3.2 Experimental setup

Fig. 8 depicts the experimental setup used for the fabrication of 3D micro-structures
by 2PP. The laser source is a Ti:sapphire femtosecond oscillator, operating at 800 nm,
with integrated dispersive mirrors. The pulse length of the laser is less than 20 fs
while the repetition rate is 75 MHz (Femtolasers Fusion). The maximum output
power of the oscillator is 450 mW, however, the output power that used in the
experiments of this report varied from 310 mW to 380 mW.

The laser beam passes through an attenuator (Altechna), in order to reduce its
intensity without appreciably distorting its waveform, and with the correct alignment
of mirrors, reaches the X-y galvanometric mirror digital scanner (Scanlabs Hurryscan
IT) controlled by SAMLight (SCAPS) software. In the beam’s path a shutter (Uniblitz)
is placed in order to forbid or allow the light to reach the samples. The scanner is
adapted to accommodate a high numerical aperture focusing microscope objective
lens (100x, N.A. = 1.4, Zeiss, Plan Apochromat). Because the numerical aperture of
the objective is higher than 1, immersion oil is used for index matching. Movement on
the x, y, z axis is carried out with a three-axis linear encoder stage. The control of the
stages, the attenuator and the shutter is achieved via a National Instruments LabVIEW
program. During photopolymerization the refractive index of the copolymer changes
and the structures becomes visible, that is why, a CCD camera is mounted behind a
dichroic mirror for online monitoring of 2PP process. It worth noting that, during this
work, a new fully 3-dimensional stage was purchased (Scanlabs Hurryscan 10)
replacing the galvanometric mirror digital scanner. Additionally, the programs that
were responsible for the control of the fabrication procedure were replaced by 3D Poli
software made by Vytautas Purlys.

All the structures were fabricated layer-by-layer with the last layer on the
surface of the glass coverslip, which means that the fabrication was started from the
top layer and moved negatively to the bottom. This was done in order to avoid the
laser beam to pass through an already polymerized layer a second time. After the
building process was completed, the structures were developed first in 4-mehyl-2-
pentanone, after in 1-propanol, and lastly in dimethyl sulfoxide solutions (10 min in
each one).
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Figure 8: A common experimental setup for the 2PP. The image shows a fs laser, a galvanometric
mirror scanner, moving stages, directional and focusing optics and a monitoring camera.
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Chapter 3

Characterization of woodpile
structures

3.1 Introduction

To date there have been numerous experimental work on the optical characterization
of woodpile photonic crystals [1-4]. Both fct [5] and fcc [6] geometries have been
examined, while complete photonic bandgap with a ratio of 6.9% (gap-to-midgap)
near the telecommunication regime (~1.55 um) has been achieved recently [7].

In this chapter we are going to discuss the characterization results of our
metalized fcc woodpile structures. The first section (3.2.1) investigates the resistance
of the samples in order to find out if the metalized woodpiles have high or low
conductivity. The second section (3.2.2) depicts some structure images for two
different periodicities, namely 600 nm and 900 nm, and analyzes the influence of
various experimental parameters (like the intensity power during fabrication, the
metallization time during pretreatment and so on) on the structural quality of the
woodpiles. This analysis helps us to find the best experimental conditions that allow
as to fabricate high resolution structures. Finally, the last section (3.2.3) demonstrates
some experimental transmission results of the woodpiles and compares them with the
respective theory.

3.2 Characterization results

3.2.1 Measurement of resistance

The first part of the characterization process was to examine the resistance of the
structures. As we have already discussed in Section 2.2.2, the structures were
metalized with silver. Thus, we expect the samples to have a resistance of only a few
Ohms in order to be highly conductive. Additionally, to have metallic behaviour, the
dependence of intensity and voltage should be linear (so that the Ohm’s law keeps).
The equipment used for analyzing the current-voltage (I-V) characteristics of the
metalized structures was a Tektronix 370 curve tracer. Through needles, the voltage
was applied and the resistance was calculated by the slope of the line of the I-V curve.
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At this point it is important to mention two problems that came up during this
procedure. The measurement device can not be used for structures of area smaller
than 150° pum?® due to the quite large lateral size of the needles. Taking into
consideration that the average time to fabricate a woodpile of 40> um? is around 5
hours, it will be very time consuming to reach the size of 150> pm”. Additionally, if
we do manage to achieve the desired structure area, the needles will destroy, locally,
the structures when placed on them. To overcome these obstacles we created solid
bulk boxes of the same material as of our structures, and then we metalized them
following exactly the same steps as in the woodpile metallization. During the
measurements all the samples that were metalized with arabic gum as a stabilizer
were proved to have a non-Ohmic behaviour while the resistance was high. The
experimental results, for the samples that were metalized without the presence of
stabilizer, are demonstrated in Fig. 9.
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Figure 9: Current-voltage diagrams for 12, in total, samples (metalized without the presence of
stabilizer). The legends show the calculated resistance for each sample. Both (a) and (b) images show
Ohmic behavior and low resistance.

The area of those samples ranged from 150% to 200> pm® while the height
remained fixed, at 10 um approximately. However, no significant change occurred in
calculated resistance so; the resistance was independent of the area (at least on that
scale). We have to note here that all the measurements were taken with the needles to
be on the opposite corners of each square. The graphs shown in Fig. 9 are linear fits of
the plots acquired by the curve tracer at low currents. From those graphs it is clear
that all the samples showed Ohmic behaviour while the average resistance was 4.46 +
0.49 Ohms for the samples of Fig. 9(a) and 3.46 + 0.21 Ohms for those of Fig. 9(b).
The same procedure was repeated two more times with, approximately, the same
results (not shown here). Although the previous technique can not calculate the
resistivity, the conductivity of the samples should be rather high since all the samples
showed very low resistance. Thus the woodpiles should have about the same
conductivity as in the case of pure silver (~ 10’ Ohms™ m™).
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3.2.2 Resolution analysis at different experimental parameters

In this section we are going to demonstrate some images of the woodpile structures
that were fabricated, before and after the metallization process. As we have mentioned
in the introduction of this chapter, the woodpiles that were fabricated had 600 nm and
900 nm period. Since we investigate the fcc geometry the unit cell height was cg =
848.5 nm and ¢y = 1272.8 nm, respectively. Thus, the distance between two adjacent
layers (from center-to-center) was dg = Ceoo/4 = 212.1 nm, and aggy = Copo/4 = 318.2
nm. All the 900 nm periodicity structures were fabricated with the x-y galvanometric
scanner while the decrease in periodicity was achieved using a 3D movable stage. We
should also note that the images were taken either with Scanning Electron Microscope
(SEM) or Field Emission (FE) analysis, so, from now on, all the images will have the
SEM or FE acronyms in the explanation text under the photos. Figure 10 shows a
typical dielectric woodpile structure.

20kV  X4,000 5pm

(b)

20kV  X2,300 10pm

Figure 10: (SEM) Typical images of a dielectric woodpile structure (900 nm period). (a) shows a top
view and (b) a 45° side view of the structure.

The area of the structure is 30° um” and the height 7.5 um approximately. This
means that there are 6 unit cells fabricated along the height axis. During each
woodpile fabrication, the laser was programmed to structure some layers inside the
substrate (which in our case was glass) in order to be sure that the structure will not
wash away during the development. In Fig. 10(b), the layers which are under the
topmost one are not visible. That is because the laser beam polymerized the perimeter
of each layer, apart from the structure, in order to increase the stability of the layers.
However, this option has been removed in order to examine the other layers too.

e Role of the incident beam intensity
An interesting case is to examine the dependence of the resolution (i.e. the

width of rods) on the intensity of the incident beam. This is a critical step in this work,
because the primary goal is to maximize the resolution of the structures; that is to
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make rods as thin as possible. Fig. 11 depicts four dielectric woodpile structures that
were fabricated at different intensities.
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Figure 11: (SEM) Dielectric woodpile structures obtained at different laser beam intensities (900 nm
period). The average width of each rod is 510 nm at 3.15 mW (a), 460 nm at 2.77 mW (b), 440 nm at
2.55 mW (c), and 360 nm at 2.20 mW (d).

The pictures presented in Fig. 11 show that the resolution increases when intensity
lowers. As we move from 3.15 mW (Fig. 11(a)) to 2.20 mW (Fig. 11(d)) the mean
width of the rods decreases from 510 nm to 360 nm. As the intensity increases the
average focal polymerization spot increases too, explaining thus the change in the
width of the rods. The above observation is in agreement with earlier results both
theoretical [8] and experimental [9]. The same behavior was experienced on the 600
nm periodicity structures.

So, the next step in this work is to find the minimum intensity (threshold
intensity) that is enough to fabricate structures of a given periodicity. Since, threshold
intensity is not the same for metalized and non-metalized structures (the structure that
has been fabricated by 2PP may be washed out or ruined after metallization) threshold
intensity will be measured after metallization.

Another important topic, related also with the laser intensity, is shrinkage. It
should be mentioned that most of the volume loss takes place during the gelation
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process. However, there is also shrinkage due to 2PP. This shrinkage is non-uniform
and it is difficult to avoid it when polymerized microstructures are attached to
substrates. If the intensity is well above the threshold limit, the shrinkage is almost
absent; but in the case of high structural resolution which demands intensity values
near the threshold one, the phenomenon is rather intense [10]. It is also shown, in
reference [36] of chapter 2, that the linear strain of a zirconium-based sol-gel
composite (like the one in this work) increases exponentially by decreasing the
average laser power. Figure 12 demonstrates two woodpile structures with a
characteristic deformation shape due to shrinkage.

20kV  X1,400 10pm

Figure 12: (SEM) Two woodpile structures (900 nm period) with a characteristic deformation shape (a
curve at the center of each structure) due to shrinkage.

e Role of the laser beam alignment

Next step was to examine the woodpile images that were taken after the
metallization procedure. The geometrical characteristics were the same as before.
However, before we continue the analysis, it is important to discuss a phenomenon
that has to do with the correct calibration of the laser beam. Fig. 13(a) shows six
fabricated and metalized structures. The laser intensity is 3 mW for structure a and,
gradually, goes down to 2.37 mW for f. It is clear that, as we move to lower
intensities, the structures start to be destroyed. However, as we are going to show in
the next pages, all the intensities higher than 2 mW are enough for a stable fabrication
for both periodicities. Furthermore, if we examine structure f (Fig. 11(b)), we will see
that the polymer chains are stable and well structured. So, what causes this collapse, if
it is not the intensity? The phenomenon has to do with the correct alignment of the
laser beam and the sample’s substrate (glass). If the beam is not centered very well on
the sample, the intensity will be inhomogeneous and thus, the error will continuously
increase as we move away from that point. Additionally, the substrate where the
sample (hard gel) is on must be perpendicular to the laser beam at all times during
fabrication. Even a small tilt from this orientation can cause big fabrication errors
since part of the structures could be fabricated inside the glass, explaining the
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characteristic behavior of Fig. 13(a). For these reasons, structure a is well fabricated,
but, as we move to structure f the upper left corner of the woodpiles starts to collapse.

FORTH-IESL SEI 15.0kV HADD WD 249mm  10pm
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Figure 13: (FE) (a) Top-view of 6 woodpile structures obtained at different laser beam intensities. The
laser beam is not well centred that is why the top left corner of the structures start to collapse as we
move from a to f. (b) A magnified top-view of structure f. From the image it is clear that the intensity is
enough for fabrication.

e Role of the reduction time and stabilizer

Since we clarified the issue of the correct alignment, we continued the analysis
by examining the shape and the metallization of the samples. Fig. 14 demonstrates a
typical metalized woodpile structure (900 nm period) from different viewpoints. From
the images we can make the following observations: a) In Fig. 14(b) we have drawn
horizontal lines that follow a layer of the structure. It is clear that as we move to the
corners the rods start to deviate from the lines. This phenomenon is due to shrinkage
and has already been discussed. However, the shrinkage is small, so there is little
distortion. b) There is a formation of big silver particles on and around the structures
(Fig. 14(a)-(c)). This means that the time during the reduction process was higher than
it should be.
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Figure 14: (FE) Woodpile structures (900 nm period) after metallization. Corner (a) and side (b), (¢)
views of structure. The layers are ramped due to shrinkage while the silver particles that are formed on
and around the structures mean that the reduction time was high.

In order to find the appropriate reduction time, the reduction time for various
samples was examined. Fig. 15(b)-(d) depicts three woodpile structures at different
reduction times. The times are 4, 6 and 8 hours for structures (b), (c) and (d)
respectively, while the periodicity is fixed at 900 nm. The electroless plating time was
the same for all structures (~6 min). It is clear that when the reduction time increases
there is, also, a significant increase of the average diameter of the accumulated silver
particles. Although this accumulation is part of the metallization procedure (i.e. the
metal coating is achieved through the deposition of the silver particles), the very rapid
accumulation of silver should be avoided. From the images, one can see that there is a
critical time (between 6 and 8 hours) beyond which the silver deposition is so rapid
that it forms huge particles of silver (Fig. 15(d)). The average diameter was measured
to be around 20 nm for structure (b), 30 nm for (c) and 180 nm for (d). The periodicity
of structure (d) is destroyed due to the formation of very big silver particles which
means that the reduction time was well above the proper one. Even structure (c)
which is homogenously silver-deposited has quite big particles. This leads us to the
conclusion that lower reduction times are needed (possibly around 4 hours) in order to
achieve the optimum resolution. However, the above results are valid only in the case
where the stabilizer (arabic gum) was present during the electroless plating. Fig. 15(a)
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shows a 600 nm periodicity woodpile, metalized without the stabilizer in order to be
highly conductive. The reduction time was only 30 min, while the electroless plating
time around 20 sec. Despite the low times, it is clear that the metallization is so rapid
that metal particles of a diameter of 50 nm approximately are formed around the rods,
thus it is quite difficult to control the thickness of silver deposition with the absence
of stabilizer. However, this was the preferred method in our work since it has allowed
us to make highly conductive structures (see Section 3.2.1 for more information).

(d)

Figure 15: (FE) Top-view of four different woodpile structures obtained at different reduction and
plating times. Fig. (a) was metalized without stabilizer, while (b)-(c) with. The reduction time for
structures (b), (c) and (d) was 4, 6 and 8 hours respectively (plating time was fixed at ~6 min); while
for structure (a) it was 30 min (plating time ~20 sec).

e Threshold intensity

Finally, the threshold intensities were investigated and measured for the two
different periodicities. Fig. 16(a)-(b) depict two 900 nm periodicity woodpiles
fabricated at 2.05 mW (a) and 1.96 mW (b), while the next two images demonstrate
two 600 nm periodicity woodpiles fabricated at 1.90 mW (c) and 1.82 mW (d). Apart
from the accumulated silver particles mainly at the edges, the rods of structures (a)
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and (c) are stable and not broken. On the contrary, structures (b) and (d) are unstable
with lot of distorted and broken regions (especially at the edges). This means that the
threshold intensity should be around 2 mW and 1.85 mW for the 900 nm and 600 nm
periodicities, respectively. At this point we should remind that the above threshold
intensities are valid only for the discussed geometrical characteristics and molar ratios
(7:3 for MAPTMS/ZPO and 3:7 for DMAEMA/MAPTMS).
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Figure 16: (FE) Finding the threshold intensities for the 600 nm and 900 nm periodicity structures. (a),
(b) Side view of two 900 nm periodicity woodpile structures. (c), (d) Top-view of two 600 nm
periodicity woodpile structures. The fabrication intensities were 2.05 mW (a), 1.96 mW (b), 1.90 mW
(¢), and 1.82 mW (d). Structures (a) and (c) are stable and well-formed, while (b) and (d) are distorted
and broken. Thus, threshold intensity is around 2 mW and 1.85 mW for the 900 nm and 600 nm
periodicities respectively.

It is also interesting to take a closer look at the 600 nm periodicity structures
(Fig. 16(c) and (d)) in order to examine the resolution that has been achieved at the
lowest intensities. The related images show that the corresponding average thickness
for these structures is 103 nm for Fig. 16(c) and 82 nm for Fig. 16(d). If we consider
the fact that during metallization the rod thickness increases, the resolution is very
high.
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Figure 17: (FE) (a) (b) Resolution analysis for the images of Fig. 16(c) and (d), respectively. The
average resolution of (a) is about 100 nm, while just under threshold intensity, resolution of 80 nm,
approximately, has been achieved (b).

Summarizing, in this section we examined the influence of various
experimental parameters (laser intensity and alignment, reduction time etc.) on the
geometry and the quality of the metallic woodpile structures. Thus, we identified for
our structures the threshold intensities (2 mW and 1.85 mW for the 900 nm and 600
nm periodicities respectively) and the optimum times for the reduction and electroless
plating procedures with (reduction time ~ 4 hours, electroless plating time ~ 10 min)
and without (reduction time ~ 30 min, electroless plating time ~ 20 sec) the stabilizer.
These results lead us to very high resolution structures (~100 nm).

3.2.3 Transmission analysis

In this part, the EM wave transmission through our structures was measured and
compared with the corresponding theory. The scheme of Fig. 18 demonstrates the
experimental setup for the transmission measurements. Synoptically the steps are the
following: A source creates white light (pump center at 1064 nm) and emits it through
an optical fiber (100 um diameter). The beam, with the correct alignment of mirrors
and lenses, is focused on the sample. The diameter of the focused beam in the sample
is 24 pum, approximately. The transmitted light focuses in the optical fiber (100 um
diameter) of the optical spectrum analyzer which is connected with a computer that
shows the transmission graphs. We should note that the spectrometer can measure a
frequency range from 300 THz to 750 THz (1000 nm-400 nm). Due to this range
limitation, the 900 nm periodicity structures could not be characterized since the first
transmission band starts at a frequency of 200 THz (~1500 nm) approximately.
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Figure 18: Scheme of the experimental arrangement for the transmission measurements.

Concerning the theoretical analysis, as we mentioned in the last page of Ch. 1,
there are various numerical methods for the calculation of the bandgaps of a structure.
For our woodpile structures, the most preferable method was FDTD, since it can
measure the transmission properties over a wide frequency range in a single
calculation. The program we used for the simulations was CST Microwave studio®.
Figure 19(a) depicts a perspective view of the simulated woodpile structure. The
structure contains 4 unit cells along the propagation direction (z-axis) while periodic
boundary conditions are employed along the other directions. Each cell has 4 elliptical
rods that intersect with their neighbors in order to be as close to the experimental case.
The two red squares shown in Fig. 19(a) correspond to the source, which creates
Gaussian pulses, and the analyzer, that collects the transmitted light. The material of
the rod is silver that follows the Drude model we described in the last section of Ch.
1. Of course in reality, the rods are made by a polymer surrounded by silver rather
than by bulk silver. However, at the THz frequencies the silver skin depth is only a
few nanometers so that it is always lower than the thickness of the silver deposited on
the rods. Thus, light does not interact with the dielectric material but only with the
silver particles.

(a) (b)

Figure 19: (a) Simulated silver woodpile structure that contains 4 unit cells along propagation
direction. The red squares represent the source and the analyzer. (b) Closed-up view of 1 unit cell
showing the fundamental geometric parameters used for the simulation.
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There were four basic geometrical structure parameters that could be modified
during simulations: The rod distance, o, which by definition is the distance, from
center-to-center, of two adjacent rods along z-axis (see Fig. 19(b)), the period (lattice
constant), d, of the structure, and the small (R1) and big (R2) radius of the elliptical
cylinders. To compare with experimental data we chose periodicity 600 nm. For the
periodicity of 600 nm the lattice constant was fixed at 212 nm, so that c4/d = 400/d

= \/5 (where cq, as we mentioned in Section 3.2.2, is the unit cell height along z-
axis). By modifying the radii of the cylinders the filling ratio of the unit cell was
changed.

In order to find the appropriate radii for the modeling as to approximate the
experimental structures, we took some field emission (FE) images of a chosen
woodpile of d=600 nm (the area of the structure was 40> pm?) which are shown in
Fig. 20. Fig. 20(a) and (b) show that the structure is clean since it does not have any
big metal particles on or around. From Fig. 20(c) and (d) we see that the average
small diameter is around 120-130 nm (R1 = 60-65 nm) while the big one is 310-320
nm (R2 = 155-160 nm) approximately. At this point we should note that it is frequent
some layers at the bottom of the structure to collapse due to shrinkage. That is why
some of the bottom layers of Fig. 20(e) seem to have twice the thickness of the top
ones. The same image (Fig. 20(¢e)) also shows that the height of the structure is 4-5
unit cells. Lastly, From Fig. 20(f) we observe that the dimension of the metal particles
is around 40-50 nm, which is greater than the skin depth of light in the THz region.
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Figure 20: (FE) (a) (b) Top and diagonal view of a structure of 600 nm period. (c) (d) Measurement of
the small (~125 nm) and the big (~310 nm) diameter, respectively. (¢) Some of the bottom layers have
been merged due to shrinkage, while the total height of the structure is 4-5 unit cells. (f) Close view
showing that the average dimension of the silver particles is around 40-50 nm, greater than the skin
depth.

By changing the filling ratio (i.e. R1 and R2(=3R1)) of the unit cell and keeping
a and d fixed, multiple simulations were achieved. We should note that during all
simulations there were 4 unit cells along k-axis (the same number as in the
experimental structures). The space between the silver rods was considered to be
vacuum. The results that were closer to the experimental ones were for R1 = 60 nm
and R2 = 180 nm and are demonstrated in Fig. 21(a).
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Figure 21: (a) Normalized transmission diagrams for the structure of Fig. 20 (two different
measurements). The image also depicts the normalized background noise (baseline) along with the
theoretical simulation. (b) Characteristic diffraction pattern of the reflected wave due to the fcc
geometry.
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Before starting the analysis of our data we should explain how the
experimental measurements were taken. Because there was lot of noise during the
experiments we had to change the integration time of the spectrometer after each
measurement in order to have a spectrum as smooth as possible. For that reason the
transmission amplitudes of the different measurements can not be compared thus, the
transmission axis is not calibrated. First we took two measurements of the intensity
without placing the structure. We divided them and checked if the intensity was
fluctuating a lot or if it had a constant behaviour. The resulted ratio (baseline) is
shown in Fig. 21(a). Next we tried to focus the incident beam on the centre of the
structure. We mentioned that the focused beam on the sample had a diameter of 24
um while the area of the structure was 40% pm”. This means that the correct alignment
of the beam is not easy to be achieved since the diameter is comparable to the sample
area. Thus to find the best spot, we were checking the diffraction pattern as the
sample’s base was moving. When the diffraction pattern colors were visible and clean
(see Fig. 21(b)) the focused beam was very near to the centre of the structure.
However, because we can not be sure where exactly the structure centre was, we
measured the sample twice, for two different points (Datal and Data2 in Fig. 21(a)).

Analyzing Fig. 21(a), we observe the following: Both experimental data have
about the same behavior in all the frequency range we examine while the baseline
follows a linear form with only small fluctuations. This means that the resulted
experimental diagrams should not contain much background noise. Comparing the
experimental data with the theoretical curve we can see that the agreement between
them is satisfactory. From 300-450 THz the experiment follows theory with only a
few deviations. However, as we move to higher frequencies (>450 THz), the
experimental plots start to deviate from the theoretical curve. This phenomenon has to
do with the very narrow bandgaps that are formed at higher frequencies. For example,
we can observe a theoretical dip at around 500 THz. The full width at half maximum
(FWHM) is about 10 THz at this dip, while the dips at 510 THz and 530 THz are even
narrower. However, it is very difficult to observe so narrow peaks during an
experiment, due to scattering. Thus, the spectrometer shows only a broad peak which
is the superposition of all these narrow bands and gaps. In Fig. 21(b), we can see the
diffraction pattern of this structure. The characteristic cross form is due to the fcc
geometry of the woodpile. Additionally, we can observe that all the colors from red to
green are visible. The reason for that lies to the periodicity of the structure. Only the
wavelengths that are comparable with the periodicity can strongly interact with the
unit cell and form a photonic gap around this frequency. For example it is clear, both
theoretically and experimentally, that there is a gap around 450 THz (~665 nm). The
red color has frequencies from 400-484 THz (620-750 nm). From the diffraction
pattern we can see this color, which means that no transmitted wave can pass through
the structure around these frequencies, explaining thus the decrease of the
transmission and the formation of photonic gap.
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4 Conclusion

In this work we investigated the fabrication procedure of metallic woodpile photonic
crystals at the THz region. Through the sol-gel, two-photon polymerization and
electroless plating metallization techniques we were able to create the appropriate
polymer network, fabricate the structures in it and metallize them. We focused on the
construction of woodpiles with 900 nm and 600 nm periodicity. The main
achievements were the identification of threshold intensity for the discussed
periodicities (2 mW and 1.85 mW respectively), the fabrication of structures with
resolution below 100 nm, and the demonstration of the Ohmic behavior of metalized
woodpiles through measurements of the resistance. Furthermore, we measured the
transmission spectra of the structure with the smallest period and showed that the
behavior was in agreement with the theoretical results at least for frequencies below
450 THz.

There are lots of experimental methods for the construction of metallic
photonic crystals. The method that was followed throughout this work overpasses the
others due to easy fabrication procedure and low cost materials employed.

In the last few decades there has been an increasing interest in both photonic
crystals and metamaterials because of their ability to control and confine light. The
greater potential applications of these structures can only be applied when they are
made to function at the optical frequencies. In this work we showed that this step is
feasible although more theoretical and especially experimental work is required in
order to increase even more the resolution and minimize the scattering due to defects.
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