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Abstract

The study illustrates the theory, fabrication and characterization of two photonic structures. The
structures are fabricated in order to manipulate the light when passing through them and thus,
exhibit a periodic well-defined structuring. We diverse our study in the fabrication of 3D silver
Split Cube Resonators (SCR’s) and gold/silver Helix structures.

SCR’s:

A three-dimensional (3D) infra-red conductive metamaterial proposed for 90 degrees
one way polarization rotator and asymmetric transmitter meta-device for linearly polarized light
[1] is demonstrated. The metamaterial structure, which comprises of Split Cube Resonator (SCR)
pairs rotated by 90 degrees with respect to each other along the wave propagation axis, was
fabricated by direct laser writing and selective electroless silver coating, a straightforward, novel
technique producing mechanically and chemically stable 3D photonic structures [10,11]. The
asymmetric transmission (A.T.) response of the structure results from asymmetric interplay of
electric and magnetic resonant responses of the SCRs, and equips the structure with almost total
opaqueness along one propagation direction versus satisfying transparency along the opposite
one, for linearly polarized incident way of a specific polarization. This asymmetric transmission
response was also indirectly demonstrated experimentally through reflection measurements, in
excellent agreement with the corresponding simulations. Additional simulations demonstrate that
the 30% transmission asymmetry results from asymmetric polarization conversion, as is expected
for reciprocal media, and it is associated with total opaqueness of the structure along the one
propagation direction and with one-way 90° polarization rotation. These features, along with the
possibility to modify the structure impedance adjusting properly the electric and magnetic
responses of the SCRs make the structure an excellent candidate component for polarization
conversion and isolation systems.

Helix:

Spiral structures that offer polarization control capabilities such as beam splitting effects,
circular polarization creation and strong circular dichroism have been extensively studied by
many research groups [16,21-22] in the last years. In order to fabricate a polarizer which leads to
broadband response concerning the separation of Right handed Circular Polarization light (RCP)
and the Left-handed one (LCP), we fabricate a spiral structure. The results indicate the blocking
of LCP for more than 35 THz. The deviation of the two different polarizations are extremely
high and recommends the structure for applications such as broadband circular polarizer, also we
are able to create both gold and silver spiral structures with selective electroless plating,
following a direct laser writing template formation.
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The fabrication success for both structures was verified by the Scanning Electron Microscopy
(SEM) and Electron Dispersion X-rays (EDX) characterization techniques. Moreover, we have

the ability to characterize electromagnetically (FT-IR) the structures with both circular and
linearly polarized waves.
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1. Theory of Electromagnetic Metamaterials

1.1 Definition of metamaterials

Electromagnetic metamaterials are man-made structured materials which are used to manipulate
electromagnetic waves. Their components can be dielectric or conductive materials; and their
properties are not found usually in nature materials. The unique properties attainable by such
metamaterials like negative index of refraction, rise from the well-defined structuring and their
geometry. A diversion exists from other photonic structures such as photonic crystals: the
operation wavelength in metamaterials should be greater than the unit cell size of the structure in
order the structure to illustrate a homogenous material response. The building blocks of these
metamaterials usually are called meta-atoms or meta-molecules.

1.2 History of electromagnetic materials and metamaterials

Investigation of materials for manipulating electromagnetic waves began at the end of the 19th
century by J. C. Bose; in 1898 he studied substances with chiral properties. K. F. Lindman
studied wave interaction with metallic helices as artificial chiral media early in 20th century.
Moreover, W. E. Kock explicated materials that had similar properties to metamaterials, and
artificial dielectrics were studied for antennas in the range of microwaves in the late 40s.
Materials with negative index of refraction, named also left-handed metamaterials, were first
proposed theoretically by V. Veselago at the end of 70’s; he showed that such materials
could transmit light showing also some unique propagation characteristics e.g. energy velocity
opposite to the phase velocity [1-5]. The first who found a conventional way to create a left-
handed metamaterial was J. Pendry, in 2000; Pendry's work was the one that led to a great
exploration of the metamaterials research field.


https://en.wikipedia.org/wiki/Chiral
https://en.wikipedia.org/wiki/Helices
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1.3 Split ring resonator: A novel metamaterial

A split-ring resonator (SRR), i.e. one or more concentric metallic rings with splits, is a man
made structure which is involved in many research studies in the field of metamaterials. The
reason for the huge utilization of this specific geometry is the achievement of the
strong magnetic response with susceptibility even negative in number. The magnetic response of
the SRR is a result of a magnetic resonance, where the SRR behaves as LC circuit [6,7,17]. The
eigenfrequency o, ¢ of this LC resonator is

O ~ (LC)-1/2,

with the inductance L produced by the loop current and the capacitance C, generated mainly in
the split (Fig. 1) [14].

&

Figure 1. (A),(B) Demonstration of the analogy between LC circuit and Split Ring Resonator (SRR). (C) An
electron beam lithography fabricated SRR [14].

A coupling to the LC resonance from a normally incident light is only possible if the vector of
the electric field has a component parallel to the SRR capacitor (air gap); then the SRR which
reacts as oscillator, acquires a resonant oscillating electric current, giving rise to a resonant local
magnetic field [14]. If we close the capacitor/air-gap then we destroy the resonant magnetic
response. This response is also not excited if the incident wave is polarized perpendicular to the
SRR gap. This allows the coupling to the SRR magnetic resonance to be controlled through the
polarization of the incident light. For such kind of structure (see Fig. 1B):

e The capacitance C and inductance L are given by:
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e The eigenfrequency o c is:

ch=\/%—C (l()f()

Thus, the corresponding wavelength A ¢ is:

d
Aic = l@”)ﬁ\[; 4)

In the above equations (Fig.1) d is the width of the gap of the capacitor, | is the size of the SRR, t
is the metal thickness, w the width of the metal, ¢, is the free space permittivity and ¢ the
relative permittivity. As we mentioned in the definition of metamaterials the wavelength A.c
should be much bigger than the size of the unit cell. Thus, the incident wave can "see” a
homogenous effective medium, i.e the structure (in our case a system of SRRs) illustrates a
homogenous refractive index. This "effective” refractive index, along with the effective
impedance of the structure, can be obtained through measurements or calculations of the
reflection and transmission. Having the refractive index and impedance one can obtain the
effective permeability (u) and permittivity (g) of the metamaterial under consideration.

To obtain a simple analytic formula of the magnetic permeability for a system of SRRs, one can
use Kirchoff voltage rule, considering the SRR as a LC circuit excited by a perpendicular to the
loop magnetic field (this corresponds to a plane wave propagating in the plane of SRR) [14, 27].
In that case we have Uc+U =U¢x, Where the Uc is the voltage drop through the capacitance of
the loop, Uy is the self-induction voltage of the inductance and Uey the external magnetic flux.
From Kirchoff’s equation one can obtain the current in the SRR and from the current, which is

m=IA, where | is the current of the loop and A= I? its area.

e From the magnetic moment, one can obtain the magnetization,

M = NCAI Ne
% 2 a,%yaz

(5)

where the Nc is the number of the SRRs in the system, V the volume of the structure, , a,,, a,

are the lattice constant in the plane and normal to the plane of the SRR [29, 30]. Then we use the
magnetization as a function of magnetic susceptibility xn and external field, H, M=Hyn,
w(w)=1+ym(w) and equation (2), and obtain the p as:

@ =14+ Fw?
)= oL —w?)
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Where F=At/a,a, is a dimensionless quantity smaller than one (apart from w? in the
numerator, the rest of the fraction represents a Lorentz type resonance for a magnetic atom). If ®
IS greater than o_c , the magnetic permeability is negative, p(w)< 0! Combing a system of SRRs,
showing negative p, with as system of negative electrical permittivity, it can be shown that the
resulting index of refraction n = /ex becomes negative, thus the structure characterized as
negative index metamaterial.

The most common negative electrical permittivity material is a system of thin metallic wires. In
accordance with literature [9] which shows that the combined SRR and wire systems lead to both
magnetic and electric response, we decided to combine both responses in a single dement, a split
cube resonator (see Fig. 4), which has the possibility of free standing with fully volumetric
geometry, and allows a much larger variety of structure designs and high transmission values due
to the substrate of supporter [10].

1.4 Design of the proposed structures

1.41 SCR’s:

Figure 4 presents the unit cell of our the first three dimensional conductive metamaterial which is
studied in the present thesis, it consists of two Split-Cube Resonator structures rotated by 90°
with respect to each other along the propagation direction (z axis). Interestingly, the structure
lacks mirror symmetry along all the three axis (x,y and z) as well as C4 rotational symmetry in
the x—y plane. According to the literature, [16,17] structures of this rotational symmetry are
expected to allow asymmetric transmission for linearly polarized waves. This comes from
asymmetric cross-polarization conversion of a linearly polarized wave incident on the two
opposite sides of the slab along the propagation direction and depends strongly on the
polarization of the incident wave in the x—y plane.

(a) - (b)isiv  x1400 TTopm

Figure 4. (a) The building block of the three dimensional SCR metamaterial. The dimensions of the fabricated
structure are ax = a, = 8.0 um, a, = 9.1 um, w; = 600 nm, and w, = 850 nm, respectively. The wave propagation is
along the z-direction. (b) Top view of the SEM image of the 3D SCR metamaterials under consideration, recorded at
x1400 zoom. The magnification scale can be seen below the SEM image, the structure dimensions are 40x40 um.



1.4.2 Helix:

Another interesting system that we studied here is that of an helix-type resonator. This can be
considered also derived from the SRR by pulling the one edge out of the 2D plane [20,21]. This
kind of helix/spiral geometry is similar to a 90 degrees twisted SRR dimer system [22]. The
interplay of electric and magnetic interactions in SRR dimmers leads to unique optical properties
that can be controlled by twisting the one dimmer with respect to the other.

Figure 5 shows our helix geometry (two pitches), where we investigate the transmission for both
Left handed Circularly (LCP/T..) and the Right handed Circular (RCP/T..) polarized light. The
results demonstrate strong and broadband extinction of one of the two different polarizations
which, recommends the structure for applications such as broadband circular polarizer. Using
selective electroless plating we were able to create both gold and silver structures. The

geometrical structure parameters for the structure as fabricated and characterized experimentally
are detailed in Figure 5.
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Figure 5.(a) The unit cell of the 3D freestanding spiral polarizer; the electromagnetic wave propagates along the z-

direction. (b) Top view of the SEM image of the 3D photonic metamaterial made by helical particles as the one of
panel (a); the size of the structure is 35um.
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2. Fabrication of Metamaterials

As we mentioned earlier the structures analyzed in this work have been fabricated by direct laser
writing (DLW), followed by electroless gold and silver plating. Direct laser writing usually
utilizes femtosecond laser pulses to impel two photon absorption (non-linear phenomenon) of a
photosensitive molecule (in our case photoinitiator) into the volume of a monomeric mixture,
this molecule after the irradiation creates free radicals and starts the polymerization procedure.
Thus, in the next chapter we introduce the theory of the two photon absorption, the mechanism
of the two photon polymerization and the fabrication technique.

2.1 Theory of two-photon absorption

2.1.1 Two photon absorption

Two photon absorption (TPA) is the procedure which describes the excitation of molecule or
atom from a lower energy state e.g. |n) (which can be the ground state) to next higher energy
level |n + 1); after the absorption of two photons (non-linear phenomenon). In TPA transition,
an atom/molecule is taken to an excited state by simultaneously absorbing two photons in a
single quantum event. It is known that the probability of n-photon absorption is proportional to
the n'™ power of the photon flow density. Thus, high population density of photons is required in
order to observe this phenomenon. Furthermore, high density of photons urgently required in
time and space. Thus, this kind of non linear phenomenon takes place only at focal point of laser
beam. Usually, these high flow densities can easily provided by a femtosecond laser source.

The theory of TPA was theoretically predicted by Maria Coppert-Mayer in 1931(during her PhD
studies) and was experimentally observed for the first time in 1961 when the invention of lasers
took place. Moreover, Isaac Abella experimentally proves the effect of TPA by using Cesium
vapor as the two-photon absorbing material, in 1962. TPA is a multiple photon excitation
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approach that can initiate photochemical changes, like e.g. photopolymerization. Most of the
photoresistances which polymerize under ultraviolet irradiation (hf) exposure can incur similar
reactions when two photons (hf/2) are absorbed, provided that the light intensity is high enough.
Two mechanisms have been reported for TPA Figure 6.

The first mechanism indicates on the existence of a real interstitial state, from which an already
excited electron is further pumped to a higher energy level by absorbing a single photon. Then
can absorb a second photon in order to pump to S2 energy state (Fig.6a). Such a process is
termed stepwise TPA. Compared to simultaneous TPA (Fig. 6b), stepwise TPA does not require
coherence of the laser source, and can be considered as two separate consequential single photon
absorption reactions.

(a) (b)
vy v,
S Actual Virtual
1 e e
Vi Vi
S, S,

Figure 6. Mechanisms of TPA: (a) stepwise excitation, (b) simultaneous two photon excitation.

Concerning the simultaneous TPA, virtual intermediate states exist. These states are created by
the interaction of the absorbing species with the first photon. Whether, a second photon with the
same energy arrives in the virtual state lifetime of the first one; then the energies of the two
photons added together and the molecule or the atom pumped to the excited state. Thus, it is
apparent that higher intensities are required for the simultaneous TPA, which usually requires
femtosecond pulsed lasers with enough high repetition rate of pulses. For femtosecond laser
micro-fabrication, simultaneous TPA is more accurate.

The photons that partake in the transition are able to have a time interval given by the formula:
h/AS (principle of Heisenberg), where AS is the difference of energy between the molecule’s
virtual state and the next real state, and h is the Planck constant. Consequently, the absorption of
two photons does not need to be totally instantaneous, once it occurs in an intermission given by
the Heisenberg principle.
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Figure 7.The laser beam in single-photon polymerization (a), and in two photon polymerization (b) (By Hiroaki
Nishiyama and Yoshinori Hirata, Osaka University, Japan). The darker magenta color shows the polymerized
material.

2.1.2 Mechanism of two photon polymerization

Photo-polymerization is the reaction of the light with photosensitive materials, after the exposure
of this kind of materials to light with specific wavelength solidification takes place. More
specifically, when a laser beam of high intensity is focused into the volume of a liquid or gel
photosensitive material that is transparent to near-infrared (NIR) light, the photoinitiator that is
used to enhance two photon activation, is excited by the simultaneous absorption of two photons,
and results in the generation of free radicals (initiation). This is the beginning of a free radical
polymerization. The radicals formed react with monomers, producing monomer radicals which
participate in a chain reaction (propagation). This reaction will continue until the monomers are
consumed, or until two growing radicals meet (termination).

This procedure is described the reactions (a)-(d) shown in Fig. 8. A point of attention is the
solubility of the photosensitive molecules, which usually are in powder form, to the mixture of
monomers. If the photosensitive molecules- photoinitiators are soluble in the hydrophobic
mixture, then provides desirable free radicals after the irradiation; and thus the monomeric
material can polymerized. We have the advantage in our lab to synthesize the photosensitive
materials, and moreover to test multiple photoinitiators. It is important to control the volume of
the materials which polymerized every time, in order to obtain polymeric structures with high
resolution. In view of the above mentioned consideration, we placed in the mix of the material a
molecule which acts as radical quencher. By that, we achieved control with great spatial
resolution the polymerization volume. Briefly, polymerization by light irradiation defined as the
chemical reaction that transforms the independent/repeating units (monomers) to macromolecule
chains (polymers).
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Figure 8. Polymerization process. Loose Matter Laboratory. Department of Material Science and Technology.
University of Crete.

2.2 Direct Laser Writing
2.2.1 Method

The growing and imperative demand of nanotechnology for increasingly smaller devices has
incited the invention of several methods and techniques owing the potential to manufacture
structures and devices beyond anything ordinary so far [11,12]. These techniques have already
been adopted by research laboratories worldwide and are in use throughout industry oriented
towards the matter micro-manipulation.

Direct Laser Writing (DLW), is a technique in which directly a surface or material exposed to
laser irradiation. In others words, that technique is likened with pen which can write precisely
and selectively to substrates. Many different research field use DLW for applications e.g. the
electronic properties of graphene-based devices can controlled by simple writing circuits on
it[13]. Also, flexible graphene emitters fabricated by DLW are already proposed [14-16]. The
majority of the groups worldwide uses DLW for the fabrication of dielectric polymeric scaffolds,
in order to obtain photonic crystals and scaffolds for tissue engineering or for bone restoration
application [17-20].

As far as it concerns our fabrication approach, the DLW method, it is a 3D printing technology
allowing the fabrication of 3D structures with resolution below 100 nm. Briefly, the beam of an
ultrafast laser is tightly focused inside the volume of a transparent and photosensitive material,
causing it to absorb two or more photons and polymerize locally. By moving the beam in three
dimensions inside the photopolymer volume, one can fabricate 3D structures of great accuracy.
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DLW is based on the principles of stereolithography with the difference that DLW relies on two
photon absorption (TPA) to initiate the polymerization of the hybrid photo-structurable material.
The majority of the photosensitive materials are usually transparent at the infrared (IR) light and
highly absorbing at the ultraviolet (UV) spectral region. An ultrafast laser emitting at 800 nm
with pulse duration less than 20 femtoseconds induces the absorption of two IR photons of
energy hf/2 each by the material instead of the absorption of a single photon of energy hf.

The absorption of two photons takes place only under high intensity conditions; that is to say at
the focal spot of the laser beam where these conditions are fulfilled. The TPA rate is proportional
to the square of the laser intensity. This quadratic dependence of TPA on laser intensity enables
the confinement of the photochemical changes into submicron dimensions near the focal point,
where the laser intensity exceeds a certain threshold value for TPA. The photochemical reactions
can be initiated at the volume below the diffraction-limit by controlling the laser energy and the
number of the applied pulses because of the threshold behavior of TPA.

Objective lens

Silicon Substrate

Figure 9. The DLW process: The laser beam is collected by a lens (100x N.A.=1.4) and focused into the volume of
the hybrid organic-inorganic photosensitive material. The polymerization will take place only at the focal spot of the
laser beam. The structure is fabricated on a silicon substrate in order to be used for straightforward transmission
measurements.
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DLW is an outstanding technique for micro-fabrication with great spatial resolution, offering the
potential for exceptional structures fabrication, beyond the diffraction limit. A large variety of
structure designs were constructed in our lab, some of those demonstrated in the figure below.
Figure 10 a) demonstrates a micro drum which was fabricated on the edge of the optical fiber;
this project brings the DLW achievements to optical fiber environment. Moreover Figure 10 b,c)
corresponds to tissue engineering application; Figure 10 b) shows a Burr-like, laser-made 3D
micro scaffolds for tissue spheroid encasement. Figure 10 c) demonstrates structure which used
for cell scaffold; and specifically for bone cells cultivation [17-19]. Figure 10 d) proves that the
DLW technique can obtain structures of any size and morphology. Recently, our group started to
work on a new project concerning the fabrication of three dimensional structures with total size
more than 1mm x 1mm; until now the fabrication of such big structures was impossible. Only
two dimensional photolithography techniques, such as stereolithography, allow the UV
irradiation of such large surfaces. Thus, 2D patterns of polymerized material are possible to
fabricate.

15kV X850  20pm 15kV X250 100pm

15kV X500 50pm 15kV X300 50pm

Figure 10. (a) A micro drum DLW-fabricated at the tip of an optical fiber: such kind of structures is very promising
for sensing gases or liquids (b),(c) False colored cells cultures on DLW-fabricated 3D for tissue engineering
applications. (d) The potential of our technique is able to face all the difficulties of a structure design.
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In our case the set up it consist of a Ti-Sapphire femtosecond pulse laser, operated at 800nm
wavelength with repetition rate 75MHz and duration of pulses less than 20 fs. Through a dichroic
mirror and a CCD camera we are able to watch live the printing/writing process, which gives the
advantage to fabricate structures with great accuracy and control. The sample placed on
piezoelectric stages which can move in three axis, thus the three dimensional printing can be
possible. The structure fabricated layer by layer with the last layer on the surface of the
photosensitive material and the substrate. Moreover, with an acousto-optic modulator-shutter
which allows the intensity of light to be controlled and modulated even up to 50 MHz; we can
block and unblock the laser beam fast enough. Finally, we use an attenuator to change precisely
the intensity of the laser beam which irradiates the sample, thus to the same sample we can have
structures created by different laser intensities.

Alignment of the laser beam is necessary before the fabrication process. The laser beam passes
from many mirrors, beam splitters and attenuators before reach the sample, and thus a simple
misalignment of the laser beam can lead to wrong focus point. So, if we manage to bring the
beam in the correct position before the objective lens then the fabrication procedure leads to
good structures without any interruption of the shape and the size.

We can use DLW in many research fields, and thus this makes the technique unique. Our lab
divided to two major research fields. First is the photonic and metamaterials field which
concerns the fabrication and metallization of photonic crystals and metamaterials. Another field
is the fabrication of polymeric scaffolds which can use for cell cultivation. Subsequently, the
structures/scaffolds are suitable to use for tissue engineering e.g. tissue repairing and bone
restoration. Moreover, we explore fabrication of structures in the environment of the optical fiber
(see Fig.a) aiming to micro sensor devises with extraordinary sensitivity at minimum volumes of
gases. The great spatial resolution that DLW offers is suitable for the fabrication of complex
three dimensional structures beyond the diffraction limit. The material which used as template is
a liquid/gel mix of organic, inorganic components with photosensitive molecules, and we will
analyze it to the next paragraphs. The exposure of the material to UV light leads to solidification,
thus different properties exhibit to the irradiated material e.g. different viscosity, refractive index,
mechanical modulus etc.

The polymerized material present different refractive index from the monomeric one, thus the
beam should pass only once from the volume of the photosensitive material, in order to avoid
any further refraction of the focused beam. We should say to this point that the drop of the
photosensitivity material placed to substrate. All the previous consideration concerns a
transparent substrate at the infrared region; in order to obtain application at THz region. These
kind of substrates usually are Silicon Oxide close to ~100um thick, unfortunately these cover
slips are opaque to few THz frequencies, and thus we should explore the fabrication of the
structures to other substrates. A critical characteristic of the substrate is that should not interact in
any way with photo-structurable material.
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2.2.2 Substrate selection

Until now all the experimental measurements concern only reflection because of the opacity of
the substrate. For the first time we can use other materials for substrate which are more
transparent in the range of frequencies that we work (e.g. silicon Trans> 55%). To make this
happen we should fabricate our structure in a different way, now the focused laser beam can't be
passing through substrate because silicon isn't transparent in the optical-infrared wavelengths. So
we place the sample upside down with material face the objective lens. We must be very careful
because this time we close the sample from the side of the material.

Also we use an objective lens with high numerical aperture (100x, N.A. = 1.4, Zeiss, Plan
Apochromat) in order to achieve the minimum polymerization volume. Therefore immersion oil
(with the same refractive index as the glass) added between the lens and the material surface
which allows the beam without any refraction reach in the volume of the material. Point of
attention is that we should avoid leaving the material in contact with the immersion oil for longer
time than the writing process because the material drifts away from the oil. Thus, after the end of
the fabrication procedure we remove and clean carefully with a mix of ethanol and double
distilled water (ratio 8:2) first the objective lens and then the oil from the sample.

a) er

b) Glass Substrate

0.8
0.7 4
0.6
0.5

0.4 4
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: . e

0.3 4

0.2
0.1 4
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0.0 T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220
Freq (THz)

d)

Silicon Substrate

15kV  X10,000 1um

Figure 11.( a) Transmission spectra of glass in our interest range (20-80THz) shows clearly the unsuitability of this
material for substrate. (b) Fabrication process takes place in normal way (the beam passes first through the substrate
and then polymerizes the material). (c) SEM image of a structure in silicon substrate shows a waveform of the
polymerize material near to the substrate (its cause of the reflection). (d) Writing process but this time the beam
meets first the material, we can find the fabrication start position from the high reflection in the surface of silicon.
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In our study we use silicon wafers from Graphene Supermarket, the diameter of the wafers was
100mm. Then we manage to cut in small round pieces approximately at 15mm diameter. An
important point is the thickness of the wafer which is 525 um with the oxide thickness ~285nm.
The resistivity of the silicon wafer is p=10~ to 5*10° Qhm*cm. The structural orientation of the
wafer is <100>; and finally, it is n-type semiconductor doped with Arsenic atoms.

Appealing, the silicon wafers are thicker comparing to the silicon oxides substrates but at the
same time 55% more transparent. If we increase the thickness then as it is normal we decrease
the transparency. One further exploration can be the introducing of substrates which are more
elastic; in order to fabricate the structures on substrates were can be flexible. A huge capacity of
applications demands elastic substrates and devices which can bend; and deserved further
exploration.

2.2.3 Material Synthesis

The photo-structurable material employed in this study is hybrid organic-inorganic and we
synthesize it in our lab. The components of the material can be monomers with organic and
inorganic parts or inorganic molecules. Such materials have the advantage to combine different
properties of the components in one nanoporous organic-inorganic matrix [19-23]. In order to
synthesize our materials, the sol-gel process was used. The organic part combines monomer units
which carry photo-structurable functional groups that are attached to the inorganic network. The
ultraviolet (UV) photo-sensitivity of these materials arises from the use of photo-initiators. Such
molecules, when exposed with specific wavelength radiation (usually UV light), have the ability
of initiating polymerization of the organic part, resulting in the formation of an organic-inorganic
network.

For the formation of the inorganic network Methacryloxypropyl Trimethoxysilane (MAPTMS)
and Zirconium Propoxide were used. MAPTMS, 2-Dimethyl-amino-ethyl-Methacrylate
(DMAEMA) served as the monomers. As photoinitiator, 4,4’-Bis(diethylamino) benzophenone
(BIS) was used.

Figure 12 and13 shows the chemical formulas and the reaction of the above molecules. First we
mix MAPTMS (1,3031ml) with Hydroclorium (0,1303ml), the latter component hydrolyze the
MAPTMS. Thus, we produce hydrolyzed metal alkoxides or monomers; MAPTMS can provide
trialkoxysilane functional group which attached to the inorganic network. The inorganic network
it is important because keeps the polymeric structure with no or low shrinkage after the develop.
The mixing of the two components takes place for 10 minutes under stirring in 20ml vial.

In one separate vial we add first the DMAEMA (0,3792ml) and then the Zirconium Propoxide
(0,9957ml). It worth noting that, the Zirconium Propoxide is sensitive to the oxygen of the
atmosphere, thus we add the Zirconium Propoxide drop by drop in the volume of DMAEMA. By
that way the exposure time of the Zirconium Propoxide in oxygen is reduced as it is possible.
The mix of the two components takes place under stirring for 10 more minutes.
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The hydrolyzed MAPTMS was then added drop-wise to the ZPO solution, following another 20
minutes of stirring. It is important that the mixture should remain transparent. The mixture was
stirred for 15 minutes, following the subsequent addition of a small amount of nanopure water
(0,1891ml). The next step concerns the photoinitiator Bis (0,0166gr) which is in powder form,
was added in the mixture under 25 minutes of continuous stirring. In order to avoid big clusters
of not dilute components, especially from the photo-initiator the solution was filtered using 0.2
um syringe filters.
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Figure 12. Chemical formulas of the precursor molecules used for the synthesis of the hybrid materials. From the
top: Zirconium Propoxide, MAPTMS, DMAEMA and last the BIS

Finally, the samples were prepared by drop-casting onto thin glass or Silicon substrates, and the
resultant drops were dried under vacuum at ~50°C temperature for ~20 hours before
photopolymerization. We should be careful with the minimum thickness of the drops in order to
avoid any reflections, thus we prefer to prepare drop at least 150nm thick. After the heating of
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the samples the material transform to gel, thus it is more stable and provide the advantage for
photo-fabrication with the sample placed upside-down to the piezoelectric stages.

All chemicals are from Sigma Aldrich and were used without further purification. Analytically
one can see the synthesis procedure to [17-19]. The selection of the components of the material
IS important, its component has many advantages, e.g. DMAEMA is the molecule with metal
binding affinity and plays great role to the metallization procedure, which we will discuss
analytically to the next paragraphs.

Hydrolysis of MAPTMS

Figure 13. Chemical reactions leading to the Si-Zr composite. Fig(12,13) By lakovos Gavalas Department of
Material Science and Technology, University of Crete.
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2.3 Metallization Process

After the synthesis of our hybrid material which can change form from gel to solid after the
polymerization procedure, one can see that we fabricate template dielectric materials, and the last
step is the metallization process in order to obtain metallic nanostructures. The metallization
process took place under two different procedures: Gold and silver coating.

Both procedures are ideal to metalize three dimensional polymeric structures with:

e Size greater than 3x3x3um? (total size of the structure, not the unit cell); in order to create
a uniform layer of nanoparticles which is not comparable with the total height of the
structure.

e The surface of the laser fabricated structures should contain free amino groups. The
amino groups give the necessary selectivity for the metal coating.

e The mechanical and chemical stability of the polymeric templates should be high; and
thus the structures remain stable with any deformation of shape, size and orientation after
the multiple washes of the metallization procedures

2.3.1 Gold metallization:
1st experimental procedure

The methodology contains a sequence of sinking in solutions. At the beginning, the three
dimensional structures to be metallized are let either into an aqueous 0.05 mol/l gold salt
(HAuUCl,) from Sigma-Aldrich for different residence times (hr): 20, 25, 30, 35, 40, and 45, in
order to find the optimum immerse time. A critical point is that the amine groups (DMAEMA) of
the hybrid material become protonated and positively charged, bounding, thus, electrostatically
the metal species, acting actually as a metal trap for the metal ions.

After completion of this process, we take them out and we wash off the metal which does not
take part in the metallization process with double distilled water. The cleaning procedure can be
repeated twice or thrice depending on the morphology and the porosity of the structure. After,
the specimens are subsequently dipped into an aqueous 6.6 M Sodium Borohydride (NaBH,)
solution in order to reduce the metal ions and form metal nanoparticles. The above mentioned
step is metal reduction step; so as to form the silver nanoparticles seeds on the three dimensional
nanostructures.

It is during this step that the material surface gets fully covered with densely packed either gold
nanoparticles allowing the selective plating of the structures. At this stage we explore the
optimum conditions for reducing times, so we split its previous time into two samples of 20 & 25
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hours remaining in solution. The table below describes the first and second step; the letters
correspond to different final samples. Finally, the samples rinsed again for four times with
double distilled water; as in the previous step, and were dried at room temperature under vacuum
for ~ 18hours.

The advantage of this procedure is that the nanoparticles that creates are small compared to
others metallization processes which describes below. Thus, complex three dimensional
metamaterial structures, such as helix, were allowed for metallization without any deformation of
the polymer template. Sometimes the structures overloaded with nanoparticles; and lose the well
defined structuring and periodicity. Thereby, the metallized structures cannot have the desired
response. Unfortunately, the conductivity of this procedure is ~10° S/m; one order of magnitude
lower than the silver metallization [23,33]. Therefore, this protocol is ideal for metamaterials,
meta-devices and photonic crystals which are resistant to lower conductivity values.

2nd experimental procedure

The procedure we followed is a variation of the procedure described in detail in [29], and
employs two liquid gold solutions at the final plating step. The divergence lies in the fact that
due to the polymeric nature of our scaffold, neither high temperature drying nor any use of
hydrofluoric acid solution was used. A point of attention is that in our case we didn’t apply
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surface amine enrichment because the structures already have exposed amino groups
(DMAEMA). Thus, the start position is the electroless gold deposition.

Analytically, we follow the protocol of the literature [29]. The gold deposition comprises three
main steps, first the samples immersed into a solution of 0.16 M Sodium Borohydride (NaBH, ,
Alfa Aesar, Ward Hill, MA, USA) with 60 vol% ethanol at room temperature, under continuous
stirring (preferred in a plastic container) for 18hours (in our case). Moreover, the samples rinsed
three to four times with ethanol in aqueous solution 60vol%. Next, were incubated with a
mixture comprised of 0.16 M Sodium Borohydride (NaBH,, Sigma Aldrich, Germany) with 60
vol% ethanol at room temperature. The reaction is very fast and should be completed within a
few minutes (~10 min), the structures immersed again but this time with de-ionized water for
three to four times, depending on the morphology of the polymeric template.

The final step includes immersing of the structures in a commercial electroless gold solution
(Bright Electroless Gold, Transene Company, Inc., Danvers, MA, USA) which had been diluted
by 50% in an aqueous solution of ethanol (60 vol%). A solution comprised of 0.16 M NaBHj,4
with 60 vol% of ethanol was then introduced under continuous stirring for maximum two
minutes at room temperature. The solution at this point turned to black, something that makes the
utilization of the structures more labored. The surface of the specimens then becomes colored
(gold) after the addition of NaBH,. In order to produce thicker metal coated structures we can
leave the samples for longer time into the solution. Eventually, the samples rinsed again for four
times with de-ionized water and once or two with anhydrous methanol (depending on the
morphology of the polymeric template), the gold-coated specimens were dried at 50 °C (no more
than 50 °C in order to preserve the form of the coated polymeric scaffolds) for 8-10 hours.

Juxtaposing the metallization techniques

The above described metallization techniques were compared towards the determination of the
optimum process which enables the conversion of the non-conductive polymeric scaffolds to
conductive devices. Upon this changeover procedure, no distortion of shape, morphology and,
especially in the case of metamaterials and photonic crystals; periodicity can be tolerated.
Having this requirement in mind, the first presented technique exceeds clearly the second one in
terms of the structures quality. In particular, by following the first experimental procedure, one
can avoid the final step of plating, having the same results with the second technique. The
advantage is that not only the metallization process takes place in shorter time but the number of
the solutions into which the structures are immersed is reduced.

Eventually, the hallmark of the 1st prescription is that the metal ions have sufficient time to form
enough electrostatic bonds with the unsheltered amino groups of DMAEMA. Therefore, during
this step we can obtain the majority of the amino groups occupied with metal ions so that the
subsequent step results to a layer uniformly decorated with metal nanoparticles. On the contrary,
if we increase dwell time in the solution of HAuUCI, the outcome would be the opposite,
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structures loaded more than normal. In this case the metalized structures lose the ability to
imitate the original template.

2.3.2 Silver Metallization

The silver metallization of the 3D microstructures was a modification of the method reported by
Kawata et al. [31]. For seeding, the samples were first immersed in a 0.05 mol/L AgNO3 solution
at room temperature for 38-42 hours, and after rinsing with double distilled water, they were
subsequently dipped into an aqueous sodium borohydride solution (6,6 M) to reduce the silver
ions and form silver nanoparticles. This process was found to be sufficient and leads to fully
covered film surface with densely packed silver nanoparticles allowing thus the selective silver
plating of structures in the next step. The amount of silver nanoparticles onto the structures was
found to be proportional to the immersion time in the solution of AgNO; and sodium
borohydride solution, and then the films turned out to be “mirror-like” only for the longer metal
seed and reduction times.

metal salt metal salt metal salt

H.C + CH; H,C + CH, H,C 4 CH,
N7 N7 N7

metal seeding
T P

H,C + CH, H,G 4+ CH;
N7 N7

—

@ .i

CH, H, & ©CH;, HC CH,
A e S

plating N

Figure 15. The graph demonstrates the role of DMAEMA. Electrostatic bonds are created between the polymer
structure and the metal ions (silver/gold).

We mainly follow the steps of reference [23,33] for the synthesis and metallization process,
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 (AgNO3, 99%), sodium
borohydride (NaBH,4, 99%), glucose (C¢H1206) and ammonia water (NHs, 25%). For the seeding
procedure we added 0.08493 gr of silver nitrate in 10 ml of nanopure water. We mix the samples
in the solution and let them for 38-42 hours. In the reduction process, we create a solution of
sodium borohydride with nanopure water (1.5 gr of NaBH, in 16 ml). The time ranges between
20 and 24 hours.
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Figure 16. SEM pictures with the silver parts at the surface of the polymer material and Electron Dispersion X-ray
(EDX) spectrum.

After the characterization by Scanning Electron Microscopy(SEM) and Dispersion Electron X-
ray’s (EDX) we are sure that the polymer scaffold is fully cover with silver nanoparticles. Finally
we achieve to fabricate conductive micrometer structures chemically and physically stable and
then we are ready for FT-IR characterization.

The conductivity of the structures strongly depends on the morphology and roughness of the
metallized surface. In our case, the specimens loaded with gold or silver nanoparticles; and thus
the surface is rough. One different approach, in order to transform the surface to smooth, is the
thermal annealing of the metallized samples. The procedure that we proposed comprised two
main steps; first, the rinsing for several times with de-ionized water and once with methanol of
aqueous solution 50%, then gold-coated specimens were dried at 50 °C for five hours. Second,
the thermal annealing procedure [24,25]; the samples placed in furnace and heated at 200 °C for
two hours. Then, the nanoparticles melt and create a uniform metal layer. Next, we decrease the
temperature in the chamber 10 °C per minute, in order to avoid the creation of big clusters of
metal.
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Finally, the metal on the surface cools down and creates a uniform metallic layer, which is
smoother compared with non annealing samples; and also enough thick compared to the skin
depth ~20nm at THz frequency range. By that way we aim at increased conductivity values. This
procedure not held in our study, but it is a promising processing to obtain metallic metamaterials
structures and photonic crystals with high conductivity values. The conductivity of the annealing
specimens is comparable with the conductivity of bulk materials (gold or silver ~10’S/m). As we
will discuss analytically to the next chapter the experimental and simulated conductivities of the
structures should by close. Otherwise, large diversion exists on the behavior of the structures;
thus, comparison and convergence of the two would be impossible.

Summarizing, in this chapter was presented the synthesis, fabrication and metallization of the
metamaterial structures. We began our consideration with the theory of two photon absorption
and then we explore the two photon polymerization. In the latter mechanism based the technique
which we use, the direct laser writing. Then we present the substrate selection; in order to obtain
transparent substrates at the THz frequency region. Moreover, we illustrate the synthesis of the
photosensitive material; which is a mixture of organic and inorganic components. After, we
explore multiple metallization procedures. First, we introduce two electroless gold metallization
processes. The first gold metallization protocol is suitable for the coating of complex three
dimensional meta-devices; the synthesized nanoparticles are really small (~5-10nm) compared to
second one (~30-50nm) [29]; and thus doesn’t affect the shape of the polymeric template.
Finally, we showed the improved protocol for silver metallization; which analytically discussed
in the literatures [11,12,31].

The above mentioned procedure is ideal for coating structures bigger than 3x3x3um?, in order to
create a uniform layer of nanoparticles which is not comparable with the total height of the
structure. Otherwise, one can see that if the structures are smaller than the predicted dimensions
then we have a foul loaded with silver nanoparticles specimens.

The next chapter discusses the final step of this study; which is the characterization of the laser
fabricated and electroless metal coated structures. All the structures were allowed to dry for one
day and then proceed to the characterization process. A point of attention is that the samples
should maintain into dehumidifier; in order to avoid oxidation effects. The oxidation of the metal
nanoparticles leads to decrease conductivity.
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3. Characterization of Metamaterials

The experimental electromagnetic (EM) characterization of the direct laser writing
fabricated photonic metamaterials discussed here was performed with both reflection
and transmission measurements. The measurements were curried out using a Bruker
Vertex 70v Fourier-transform infrared spectrometer with a collimated beam, attached
to a Bruker Hyperion 2000 infrared microscope and two linear ZnSe grid polarizers.
All the results of the measurements were successfully compared with corresponding
reflection/transmission simulations.

In order to simulate electromagnetically our photonic infrared metamaterials we used
a commercial three-dimensional full-wave solver (CST Microwave Studio, Computer
Simulation Technology GmbH, Darmstadt, Germany) based on the finite element
method.

3.1 Electromagnetic characterization of SCR system

For the numerical characterization of the SCR structure we considered a single unit
cell, as shown in Figure 4, with periodic boundary conditions along the x and y axes,
while an incident plane wave propagating along the z-direction was used to excite the
structure. For modeling the metallic parts of the structure (silver; yellow color in
Figure 4) we considered a lossy-metal model with a conductivity cag= 5.71 x 10°
S/m, in agreement with previous conductivity measurements [19,20].

3.1.1 Reflection Measurements

The SCR structures were fabricated on silicon oxide substrate (SiO,); this kind of
substrates are not transparent below 100 THz and therefore do not allow transmission
measurements. That’s why we experimentally characterized our structures by
measuring only the reflection components. Figure 17 illustrates four reflection
components which correspond to linearly polarized light (Rxx, Rxy, Ryx and Ryy) where
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the first and second lower indices indicate the output (reflected) and input signal
polarizations, respectively [9,10].
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Figure 17. Dashed lines: Simulation and Solid lines: Experimental magnitude of the reflection
components for the 3D SCR metamaterials under consideration and for a linearly polarized incident
wave. All four reflection components, Rxx, Ryy, Rxy, and Ryx, can be seen in (a), (b), (c), and (d),

respectively.

The good quality of the structures fabrication is reflected to the very good agreement
between simulations (dashed lines) and experiments measurements (solid lines). Some
differentiation is normal, resulting probably from sample roughness and imperfections
as well as from the finite (along x-y) nature of the sample and the particle-like form of
the metal that covers the DLW scaffold.

3.1.2 Transmission Properties: Asymmetric Transmission

In order to study wave propagation and transmission in anisotropic structures like the
one discussed here, usually the transmission matrix is employed, T, which connects
the transmitted with the incident fields as follows:

Et Tox Ty \ [ E

y yx “yy y
For an incident plane wave the matrix T above corresponds to propagation along the z
axis. In Eq. (1) Ef, Ej denote the Cartesian components of the transmitted electric

field, while the EL, E}, those of the incident field. The asymmetric transmission is

often characterized by the parameter 4. The parameter A indicates the difference in
transmittance of two waves propagating to opposite directions for example in our case
the forward and backward z-direction, i.e,
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4= =T (2)

For reciprocal systems like the SCR structure [10], the matrix which connects the
transmission matrix for the backward and forward direction according to the [9] is:

f
(Txl?x T)?y) _ < Tx];c _Tyx) (3)
- f
TR T2, -t/ 17

Thus, the asymmetric transmission for x-polarized incident wave is related to:
2 2 2 2 2
4=20 = |TL|" + 1L = 18P = T = T = T8 @

According to the above consideration similar equation exists for a y-polarized incident
wave:
_ _|7f P f2 2 2 _ 1S |2 f1%_
A=A = |Txy| + |Tyy| - |Txby| - |T3?y| - |Txy| - |Tyx| = =40

The last equation shows that for evaluating the asymmetric transmission for both
forward and backward directions, it is equal to calculate the transmission, only for the
forward direction for both x and y polarized incident waves. Figure 18 demonstrates
the calculated four transmission components for our SCR structure, for x- and y-

polarized incident waves.
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Figure 18. (a) Simulated transmission components (absolute values) for linearly polarized incident
waves propagating through the 3D SCR structure along the forward (positive) z-direction. The red solid
curve coincides with the blue solid curve. (b) Total transmitted amplitude for x- and y polarized
incident wave, [T(x)'| and [T(y)'], respectively, propagating in the forward z-direction. Note that for our
structure [T(y)" | = [T(x)"]; thus the asymmetric transmission response of the structure for an x-polarized
incident wave is demonstrated.

In our case Ty and Tyy are the same in all frequency regions; this can be concluding
also by observing the symmetry of the structure. On the contrary, the cross polarized
transmission amplitudes Tyx and Ty, are quite different especially in the region
focused at 21 THz, reflecting a strong asymmetric transmission, which is highlighted
better in Figure 19 where the parameter A is plotted. There, black-dashed and red-
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solid lines correspond to x and y linearly polarized incident waves propagating in the
forward z direction.
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Figure 19. The asymmetry factor curves show a quite broad-band peak with asymmetric transmission
close to 30%, centered at about 21.5 THz and two peaks of smaller asymmetric transmission, at around
32.5 THz, and 35.1 THz, correspondingly.

Where asymmetric transmission band at ~21THz comes from? Before 21 THz the
structure behaves as a total reflector with its response dominated by the metallic cubes
parallel to incident electric field, which respond as continuous wires. Thus, we have a
wire grid polarizer and a stop-band before 21THz. When we approach 21THz strong
magnetic field Hy is induced in the parallel to the incident magnetic field SCRs which
induces a strong magnetic field Hy in the second SCRs (due to the physical connection
of two), rising to give a y-polarized transmitted wave.

3.1.3 Polarization transformer response

The next analysis corresponds to the polarization characterization of the transmitted
wave, through calculation of its ellipticity and orientation angle (optical activity). The
results are shown in Figure 20, indicating at the asymmetric transmission band of
21THz ~90 degrees pure optical activity, i.e. optical activity associated with close to
zero ellipticity of the transmitted wave. This means that a X polarized incident wave is
almost totally transformed to y polarized wave when passing through the structure,
maintain the linear polarization character. This validates the potential of our structure
to be used as a 90 degrees one way polarization converter.
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Figure 20. Simulated orientation angle, y (blue solid line), and ellipticity angle, y (red dashed line), for
the 3D SCR metamaterial under consideration.

3.2 Helix Characterization

One different approach takes place in this part of the study; the fabrication of the helix
in Si substrate. Si is quite transparent compared with SiO; in THz region allowing the
characterization of the structures via transmission instead of reflection measurements.
The DLW gives us the advantage to fabricate quite complex structures with high
spatial control in polymerization process, i.e. 3d helix (spirals in three directions),
simple helix and gyroid geometries. It is important to note that the structures are
fabricated with great mechanical properties and chemical stability.

3.2.1 Scanning Electron Microscopy (SEM) Characterization

In this part of the work we demonstrate the fabricated simple helix and 3d helix
structures. The morphology of the helix for both the simple and 3d geometries is
shown in Fig. 21. We metalized with gold and silver nanoparticles the simple helix
structure in order to explore the possibilities of different metals coating processing.
Moreover, The electromagnetic response of the resulted structure was measured by
Fourier transformation infrared spectrometry and the results were compared with
corresponding simulation data.



Figure 11. Scanning Electron Microscopy images for both helical structures. (A)-(C) Simple helix for
different laser power. The thickness of polymer increases according to the increase of laser intensity, as
it is expected. (D) 3d helix; such geometry may be lead to phase separation and beam splitting effects,
and deserves further exploration.

3.2.2 Linear Polarization Characterization

In order to check how accurate the protocols of metallization with silver and gold
nanoparticles are, we measure transmission for linearly polarized light and we present
the results in Figs. 22 and 23. The data concern all transmission components for
linearly polarized incident waves: Ty, Tx,, Tyx and T,,. The transmitted field E' is
related to the incident field E' via the transmission matrix [27,39] (Eq. (1)),

The subscripts i, j correspond to the plane of polarization, x or y, as we mentioned
above for the SCR measurements.

Firstly, it is apparent from the graphs that the decrease of the conductivity leads to
smoother and lower intensity curves; this is normal and expected consequence.
Furthermore, Figure 22 and 23 present a stop band for all transmission amplitudes T x,
Ty, Tyx and Tyy for frequencies below 30 THz. Interestingly, the components T, and
Tyy illustrate good agreement between simulations and experiment for frequencies
lower than 40THz; above 40THz there is a deviation in case of silver helixes.
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Figure 22. The figure presents the four transmission amplitudes |Tx, [Tyy|,| Txy| and [Ty| for the gold
simple helix metamaterial shown in Fig. 5, for linearly polarized incident wave. The gold has been
simulated using conductivity 6~10°S/m. With dashed and solid lines are simulation and experiment,
respectively.
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Figure 23. The graph presents all four transmission amplitudes for linearly polarized light for the silver
helix-spiral structures. The silver has been simulated using conductivity ~10°S/m.

Possible reasons may be that the metallic surface is not so smooth as the metal which
is considered in theory or the substrate shows more absorption than the one taken into



~ 36 ~

account in the simulations. Moreover, it is known that the metal nanoparticles
oxidized by the oxygen of the atmosphere; by the procedure of oxidation the
conductivity declines as it is normal. A scenario of oxidation is also possibly in our
case. After the end of plating we keep the samples into dehumidifier but this is not
enough; we can avoid the oxidation by using dehumidifier with nitrogen flow.

3.2.3 Response to circularly polarized incident wave

This chapter describes the data analysis. The analysis is based on the investigation of
the transmission for circularly polarized waves. In our analysis we focus in the study
and explanation of the polarization filtrating effect by observing the magnetic field
distribution.

Experimental Technique and Data Processing

For the study of our metallic helix metamaterials the circular transmission matrix T,
defined by Ef = Tl-jEji, which describes the transmission properties for circularly
polarized waves is of particular interest. Here i, j correspond to Left-handed (LCP, -)
or Right- handed (RCP, +) circularly polarized waves, with the handedness defined as
the electric field vector's direction of rotation at a fixed point in space, seen by an
observer looking into the beam. The circular transmission matrix T can be calculated

from the linear transmission matrix T using the following basis transformation
[16,17,24,25]:

T _ <T++ T+—) — l x <(Txx + Tyy) + i(Txy - Tyx) (Txx - Tyy) - i(Txy + Tyx)) (5)
T_y T-- 2 (Txx - Tyy) + i(Txy + Tyx) (Txx + Tyy) - i(Txy - Tyx)

Figure 24 shows the calculated spectra for the spiral geometry (two pitches). As can
be seen there the extinction of the one of the two different polarizations is extremely
high and recommends the structure for applications as broadband circular polarizer.

From Fig. 24 it can be seen also that the polarization filter response seems better in
the case of the silver helix; this is expected due to higher conductivity. The structure
though shows good polarization filtering properties for both gold and silver, which is
a great advantage as it permits the application nature to decide for the metal coating.
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Figure 24. The All four transmission amplitudes (calculated) for circularly polarized light for both
silver and gold metallized helical structures.

To examine the physical origin/mechanism of the above mentioned polarization
filtering properties of the helix structure we examined the surface current distribution
at 35.15 THz for the incident field configuration considered in Fig. 25. Fig. 26 shows
the surface current along the helix for both left and right-handed circularly polarized
incident wave. For LCP wave one can see that the current is restricted in the first
pitch, resulting to strong reflected wave and not allowing transmission. This is not the
case for RCP incident wave.

a/m A/m
T 3 " 1.17e5
y 98754
84123
69493
54863
40233
25603

10973
0

Figure 25. Magnitude of the surface current distribution in our helical structures at 35.15THz for both
RCP (+) LCP (-) incident waves propagating along the axis of the helix.
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4. Conclusion and Future Aspects:

This thesis presents a systematical study, both theoretical and experimental, of the
electromagnetic wave propagation characteristics of two different novel THz
metamaterial structures fabricated by Direct Laser Writing. The first structure
concerns a reciprocal metamaterial with strong electric and magnetic response; the
results present interesting asymmetric transmission, almost 30%, and huge optical
activity without significant ellipticity for linearly polarized light. These render the
structure ideal for applications such as THz polarization rotators, filters and wave-
plates.

The second structure is as spiral-type structure which shows interesting response to
circularly polarized light. There we focused mainly on the exploration of new
metallization procedures. Although the fabrication process is difficult, we managed to
fabricate free standing, mechanically and chemically stable helixes. Furthermore, we
managed to metallize them with both gold and silver nanoparticles and we examined
the dependence of the polarization control properties on different metal responses.

The investigation of such a rich variety of phenomena as the ones afore-mentioned is
indication for plethora of possibilities for micrometer and nanometer scale
metamaterials. Especially when such structures operate in so called *’Terahertz Gap”’
[39] where there is a serious lack of electromagnetic wave manipulation components
but a great potential in applications.

Next we present our recent work published in American Chemical Society (ACS)
Photonics. The paper concerns the first structure (SCR’s) which already discussed
analytically. Moreover, we demonstrate the scaling down of the structure uniformly
by a factor of 100; the afore mentioned consideration leads to asymmetric
transmission and polarization control capabilities in the optical region.
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Abstract

A novel three-dimensional (3D) metallic metamaterial structure with asymmetric
transmission for linear polarization is demonstrated in the infra-red spectral region.
The structure was fabricated by direct laser writing and selective electroless silver
coating, a straightforward, novel technique producing mechanically and chemically
stable 3D photonic structures. The structure unit cell is composed of a pair of
conductively coupled magnetic resonators and the asymmetric transmission response
results from interplay of electric and magnetic responses; this equips the structure
with almost total opaqueness along one propagation direction versus satisfying

transparency along the opposite one. It also offers easily adjustable impedance, 90’
one way pure optical activity and backward propagation possibility, resulting thus to
unique capabilities in polarization control and isolation applications. We show also
that scaling down the structure can make it capable to exhibit its asymmetric
transmission and its polarization capabilities in the optical region.

Keywords: Metamaterials; Chiral media; Split-cube resonators; Asymmetric
transmission; Direct laser writing.

Introduction

Electromagnetic Metamaterials (MMs) are artificial complex materials, composed of
subwavelength-scale building blocks and having electromagnetic (EM) properties
beyond anything that can be found in nature; these properties are due mainly to the
geometric structure of the MM building blocks (often called “meta-atoms”), and less
due to their constituent materials. Adjusting properly the MMs geometrical features,
one can achieve properties such as negative refractive index, magnetism at optical
frequencies, perfect absorption, enhanced optical nonlinearities, etc. Driven by those
properties, several applications of two- dimensional (2D) and three-dimensional (3D)
metamaterials have been proposed, including sub-wavelength resolution imaging
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systems, compact polarization control elements, cloaking devices, filters, absorbers,
sensors and biosensors

An unusual and counter-intuitive phenomenon that becomes possible with
metamaterials and has attracted recently considerable attention is that of asymmetric
transmission (AT), i.e. of different transmission of a polarized wave if sent by the two
opposite sides of a metamaterial slab. This diode-like response, which originates from
the different wave-structure coupling if the wave incidents from the two opposite
sides of the slab, does not violate Lorenz’ reciprocity theorem, and can find use in

: . : . 6 .
many EM wave manipulation devices such as polarization rotators , isolators and
B 7
circulators .

The possibility of asymmetric transmission in reciprocal structures was
discussed first in the context of two-dimensional (2D) planar chiral metamaterials,

where asymmetric transmission for circularly polarized waves was observed i This
asymmetric transmission originates from the fact that an incident circularly polarized
wave sees different handedness for the two opposite propagation directions. Many 2D
planar metamaterials with asymmetric transmission for circularly polarized waves
have been proposed and discussed in the literature, including microwave and THz

. 8,9 12 . ; 13 . .
chiral structures , chiral plasmonic metamolecules and general anisotropic 2D

14
structures . These structures though, due to their 2D character which implies mirror
symmetry along the normal to their plane (propagation) direction, do not show

10
asymmetric transmission for linearly polarized waves , restricting thus the
possibilities of the asymmetric transmission effect in applications.

To achieve asymmetric transmission for linearly polarized waves one needs to
break the mirror symmetry also along propagation direction, avoiding simultaneously
any C4 rotational symmetry in the structure plane (considering it normal to the

15
propagation direction) . Recently, employing such anisotropic metamolecules,
various metamaterial structures showing asymmetric transmission for linearly
polarized waves have been proposed and demonstrated, and the conditions relating

. .. . . ] .. 15-19
asymmetric transmission and structure asymmetries have been discussed in detail

Most of the AT structures demonstrated to-date are structures based on the
planar bi-layer conductor configuration, i.e. the unit cell is formed by a pair of planar
conductors, electromagnetically coupled; transmission asymmetry originates from the
asymmetric coupling of electric dipolar resonant modes of the two planar conductors.
Despite the ease of fabrication, using such planar structures limit the possibilities
offered by fully three-dimensional (3D) volumetric structures, which allow much
larger variety of structure designs, allowing much more subwavelength scale
metamaterial resonators and larger flexibility in the coupling between adjacent
resonators-not only electromagnetic coupling but coupling via electric-current
connections is allowed. Moreover, they allow asymmetric transmission to be
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generated due to asymmetric coupling of magnetic rather than electric dipole
resonances.

The involvement of magnetic resonators, besides electric resonators, in the AT effect
offers the potential to adjust at will the structure impedance, matching for example the
free space impedance and achieving higher transmission values. Moreover, it offers
the potential to combine AT with backwards propagation, allowing e.g. backwards
propagation along the one direction versus forward propagation at the opposite
direction, leading to peculiar structure response.

In this work we demonstrate asymmetric transmission generated by magnetic
resonance coupling in a 3D volumetric structure based on two perpendicular split-
cube resonators (SCRs) - see Fig. 1. The structure was fabricated by direct laser

writing (DLW) o and selective silver coating * 23, a technique able to provide fully
3D structures with deep-subwavelength resolution. It operates in middle infra-red (15-
40 THz), a frequency region of significant technological interest, where the
requirement for EM wave control components is still high, despite substantial recent
developments. Our structure, which exhibits asymmetric transmission for linear
polarization only (and not for circular), while it is quite transparent along the one
propagation direction, shows almost total isolation along the opposite direction,
providing unique possibilities in polarization isolation applications. To achieve such
an isolation response (zero vs high transmission), both the electric and magnetic
response of the split-cube resonator components of the structure were exploited. This
involvement of both electric and magnetic resonances equips the structure also with

the possibility of one-way 90’ pure optical activity offering additional capabilities for
the control of the light polarization v

In what follows we present the structure design (Section 2), the fabrication
(Section 3, detailed in Supplementary Material), and the methods employed to analyze
the electromagnetic response of the structure, both theoretically and experimentally
(Section 4). In Section 5 we present the results of the electromagnetic characterization
of the structure, which include reflection measurements and simulations combined
with transmission simulation and analysis, followed by a detailed discussion of our
structure capabilities. Finally, in Section 6 we discuss a miniaturized, nm-scale
version of the structure, which offers optical (at 750 nm wavelength) asymmetric
transmission for linearly polarized light. The paper ends with our conclusions.

The design

The unit cell of the 3D metamaterial design employed in the present study is shown in
Fig. 1. It consists of two split-cube resonator (SCR) structures rotated by 90° with
respect to each other along the z- (propagation) direction. The geometrical structure
parameters for the structure as fabricated and characterized experimentally are
detailed in the caption of Fig. 1.
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As can be seen, the structure lacks mirror symmetry along all X, y, z directions as well
as C4 rotational symmetry in the x-y plane. It consists of two conductively coupled

0
identical magnetic resonators with the back one (along z) rotated 90 in respect to the

front one. According to literature, o structures of this symmetry are expected to
allow asymmetric transmission for linearly polarized waves only. This comes from
asymmetric cross-polarization conversion of a linearly polarized wave incident on the
two opposite sides of the slab (along z-direction) and depends strongly on the
polarization of the incident wave in the x-y plane.

(b) x1,500 10pum

Fig. 1: (a) Schematic of the unit cell of the 3D SCR metamaterials under consideration. The
dimensions of the fabricated structure are a = ay= 8.0 um, a = 9.1 um, w = 600 nm, and w, = 850 nm,

respectively. The wave propagation is along the z direction. (b) Top view of SEM image of the 3D SCR
metamaterials under consideration, recorded at 15 kVolts. The magnification scale can be seen below
the SEM image.

Structure fabrication

As was mentioned in the introduction, our structure was fabricated by Direct Laser
Writing (DLW) followed by electroless silver plating. DLW by multi-photon
polymerization is a 3D printing technology that allows the fabrication of 3D structures
with resolution below 100 nm. Briefly, the beam of an ultra-fast laser is tightly
focused inside the volume of a transparent and photosensitive monomer, causing it to
absorb two or more photons and polymerize locally. By moving the beam in three
dimensions inside the photopolymer volume, one can fabricate 3D structures of great
accuracy. The photosensitive material used for the fabrication is an organic-inorganic
composite, produced by the addition of Methacryloxypropyl Trimethoxysilane
(MAPTMS) to Zirconium n-Propoxide. 2-(dimethylamino)ethyl methacrylate
(DMAEMA), acting as a metal-binding moiety, was also added and copolymerized
with MAPTMS upon photopolymerization. Michler’s ketone (4,4-bis(diethylamino)
benzophenone, BIS) was used as the photoinitiator. Further information on the
fabrication technique and the photosensitive material synthesis can be found in the
Supplementary section.
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Electromagnetic characterization

The experimental EM characterization of the structure discussed here was performed
in the frequency region 15-40 THz, through reflection measurements, performed
using a Bruker Vertex 70v Fourier-transform infrared spectrometer with a collimated
beam, attached to a Bruker Hyperion 2000 infrared microscope and two linear ZnSe
grid polarizers.

The results of the measurements were compared in all cases with corresponding
reflection simulations. For these, we used a commercial three-dimensional full-wave
solver (CST Microwave Studio, Computer Simulation Technology GmbH, Darmstadt,
Germany) based on the Finite Element Method. We considered in the simulations a
single unit cell, as shown in Fig. 1, with periodic boundary conditions along x and y
directions, while an incident plane wave propagating along z-direction was used to
excite the structure. For modeling the metallic parts of the structure (silver; yellow
color in Fig. 1) considered a lossy-metal model with a conductivity of aAg:5.71x106
S/m, in agreement with previous conductivity measurements %,

Results and discussion
Reflection measurements

Since the 3D SCR structure was fabricated on glass, which is not transparent in the far
infrared region of interest, we characterized the structure experimentally by measuring
the reflection rather than the transmission coefficients. The transmission coefficients
were concluded indirectly, through simulations. Thus, for linearly polarized incident
wave four reflection components were measured: R, where is the incident y-polarized
electric field and is the reflected x-polarized electric field Ryy, ny’ Ryx and Ryy’

where the first and second lower indices indicate the output and input signal
polarizations, respectively, e.g. R,, = ET/EL ,where E}, is the incident y-polarized

2
electric field and E7 is the reflected x-polarized electric field ?

In Figures 2(a)-(d) we present both the experimental (solid lines) and the simulated
(dashed lines) co-polarized and cross-polarized reflection amplitudes (|Ryyl, |Ryy| and

|RXy| |RyX| respectively) for the 3D SCR structure under consideration. One can

observe in Figs. 2 the very good quantitative agreement between simulations and
experiments, indicating the very good quality of the fabrication of the samples (slight
disagreements in few cases are probably due to the better resolution in the simulation
compared to the experiment, and to the slight sample roughness and imperfections;
this is the origin also of the not-well resolved experimentally double dip of simulated
Ryy around 21.5 THz — the double character of the dip is due to the coupling (leading

to splitting) of the magnetic resonant modes of the two SCRs of the unit cell, as we
will discussed latter). This very good agreement between simulations and experiments
also allows us to base the subsequent calculations and analysis to the simulation
results.
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Fig. 2: Simulated (dashed lines) and measured (solid lines) magnitude of the reflection components for
the 3D SCR metamaterials under consideration and for linearly polarized incident wave. All four
reflection components, Ry, Ryy' ny and Ryx' can be seen in Fig. 2(a), Fig. 2(b), Fig. 2(c) and Fig.
2(d), respectively.

Transmission properties — Asymmetric transmission

In order to study wave propagation and transmission in anisotropic structures like the

one discussed here, usually the transmission matrix is employed, T, which connects
the transmitted with the incident fields as follows:

E,E _ (Tex Ty E,Z; o

Ey Tyx Tyy Ey
In Eqg. (1) propagation of an incident plane wave along z-direction is considered and
E%, E; denote the x and y component of the transmitted electric field, respectively.

By definition, asymmetric transmission, often symbolized as A, is the difference in the
transmittance (transmitted intensity divided by the incident intensity) for waves
propagating along two opposite directions (in our case the forward (positive) and
backward (negative) z-direction), i.e.

A=|TF|" = T2 (2)
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with |T|? = [E!|?/ |Ef|” = (|E§|2+|E§| )/|E‘| , and the superscripts f and b
denote the forward and backward z-direction respectively.

Let us consider the incident wave to be a linearly polarized wave polarized along x-
direction, i.e. E;, = 0. The transmitted wave then will have in general both x and y

components and the normalized transmitted intensity will be |T|* = |T(x)|2 =

ITex|? + | T,|* . (For ay-polarized incident wave it will be|T|? = |T(y)|2 =|1,|" +
2

|Tx37| )

In systems containing only reciprocal materials, as the one studied here, the
transmission matrix for the backward propagation direction is connected to the
transmission matrix for the forward direction as follows *.

f
<Txbx Txby> _ < Tx];c _Tyx) (3)
b - f
Tyx Ta?y T}, Ty,
Thus, the asymmetric transmission for a x-polarized incident wave becomes

2 2 2 2
4 =40 = |TL + |15 =182 = [Ta " = T4 — |15 @)

(For a y-polarized incident wave, 4 = A0 = |Txfy|2 + |T;y|2 — Ty =1 |" =

| = 1L = —a®))

Eq. (4) shows that, in the case of reciprocal systems, asymmetric transmission is in
fact asymmetric cross-polarization conversion between two perpendicular incident
wave polarizations. This shows that to evaluate the asymmetric transmission instead
of performing a transmission/reflection experiment (or simulation) for two opposite
propagation directions one can realize the experiment/simulation only for the forward
direction and for both x- and y-polarized incident waves.

Following this approach, in Fig. 3(a) we present the simulated transmission
components Tu, Ty, Txy, Tyx (absolute values) for waves propagating along the
positive z-direction in the 3D SCR structure; in Fig. 3(b) we show the total

transmitted field amplitude for x and y incident wave polarizations, |T(x)|2 =

(I Ty |? + |Tyx|2)1/2 and |T(y)|2 = (|Tyy|2 + |Txy|2)1/2, respectively. As can be seen
in Fig. 3(a) in our case Tx= Tyy in all frequency regions; this can be concluded also by
observing the symmetry of the structure. On the other hand the cross-polarized
transmission amplitudes Tyx and T,, are quite different, especially in the region
centered at 21.5 THz, indicating strong asymmetric transmission. This strong
asymmetric transmission for frequencies between 21 and 22 THz is demonstrated
clearly in Fig. 3(b) where the total transmission is shown (note that due to the equality
of co-polarized transmission amplitudes Ty and Ty, the total transmission for a y-
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polarized incident wave propagating along the positive z-direction is equal to the total
transmission of a x-polarized incident wave propagating in the negative z-direction,

2 2 . . .
y)| = |T,|"). The strong asymmetric transmission of the structure is

highlighted further in Fig. 4, where the parameter A is plotted, according to Eq. (4).

le. |T(f
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Fig. 3: (a): Simulated transmission components (absolute values) for linearly polarized incident waves
propagating through the 3D SCR structure along the forward (positive) z-direction. The red solid curve
coincides with the blue solid curve. (b): Total transmitted amplitude for x- and y-polarized incident
f f
T¢y|and |T(y)|

|T(’;)| = |T(‘;)| thus the asymmetric transmission response of the structure for a x-polarized incident

wave is demonstrated.

wave, respectively, propagating in the forward z-direction. Note that for our structure

Observing the results of Fig. 3(b) one should note that, contrary to most of the
structures discussed so-far in the literature, the asymmetric transmission band here at
around 21.5 THz appears as pass-band imposed in a broad region of forbidden
propagation and transmission (from zero to ~28 THz). This broad stop-band is due to
a negative permittivity response provided by the metallic cubes which are parallel to
the incident electric field direction (the metallic cubes act as a wire-grid-polarizer),
resulting to small co-polarized transmission amplitudes [Ty and |Tyy|, as shown in Fig.
3(a). The transmission band around 21.5 THz (i.e. the asymmetric transmission band)
is due to a magnetic resonance of the parallel to the external magnetic field cubes,
coupled to the equivalent magnetic resonance of the perpendicular cubes, and
superimposed to the negative permittivity response of the cubes, as we will
demonstrate later on. (The double-peak character of that band is a result of the mode-
splitting due to this magnetic resonance coupling.)

From the results of Fig. 3(b) one can see also that in the asymmetric transmission
band around 21.5 the structure looks quite transparent along one propagation direction
and quite opaque if “seen” from the opposite direction (for a linearly polarized wave
polarized along one of the principal lattice directions). This “zero” versus “large”
transmittance (which results from the large difference between |T,,| and [Ty combined
with the small values of the co-polarized transmission amplitudes [Ty and [Tyy| %) is a
highly desired feature in polarization control applications.
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As was mentioned also earlier, from the results of Fig. 3(a) one can notice that for our
structure, Ty = Tyy. This results in the asymmetric transmission occurring for only
linearly polarized waves, while the transmission for circularly polarized incident
waves is fully symmetric, as shown in literature > *'. The asymmetric transmission for
linearly polarized waves in this case is a function of the polarization angle, ¢,

2 2
according to the relation 40 = (|fo — |t )cos(2g0)15.
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Fig. 4: Simulated AT parameter A for the 3D SCR metamaterial under consideration. Black dashed and
red solid lines correspond to AT of x- and y- linearly polarized incident waves propagating in the
forward z-direction. The asymmetry factor curves show a quite broad-band peak with asymmetric
transmission close to 30%, centered at about 21.5 THz (see inset), and two peaks of smaller
asymmetric transmission, at around 32.5 THz, and 35.1 THz, respectively.

The asymmetric transmission response of our structure can be also indicated, but not
definitively concluded, from the reflection measurements and simulations presented in

Fig. 2. Taking into account that due to the symmetry of the structure |T(ljc)|2 =
2 2 2
f b |2 _ |nf f b |2
|T(y)| and [R?,|" = |R(y)| (y)| (|RGo|") is the reflectance of a forward

(backward) propagating incident wave polarized along y-direction (x-direction), and
IRoo|” = IRexl? + |Ryxl”s [Rey|” = |Ryy|” + |Ray|” (see Fig. 2 for the reflection
components), one can see that in the absence of absorption the asymmetric

, Where |R

transmission formula of Eq. (4) can become A® =|T,.|" — |T,,|" = Ry, | -
IR, |? (here the superscripts f, b have been omitted for simplicity, since the formula is
valid for both forward and backward incidence directions), i.e. the asymmetric
transmission can be expressed also through reflection amplitudes. This expression
though is based on the fact that [R|? + |T|? = 1 and it is not valid in the presence of
absorption. However, for small absorption, a significant difference in the reflection
amplitudes |R,,| and |Ryy| , as in the case of Fig. 2 in the frequency region around
21.5 THz, can be considered as a signature of asymmetric transmission. (Note that the
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equality of the cross-polarized reflection amplitudes |R,,| and |R,,|, which was
assumed above, is a direct result of reciprocity and the structure symmetry '.
Asymmetric transmission origin

To investigate the origin of AT band at ~21.5 THz, we examined the field distribution
in this spectral region. An example is shown in Fig. 5(b) where we plot the magnetic
field amplitude at 21.5 THz for the incident field configuration shown in Fig. 5(a).
The dominant magnetic field direction in the SCRs is indicated with arrows in Fig.

5(b).
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Fig. 5: (a): Unit cell of the 3D SCR metamaterials with the incident EM field considered. m,and my are
the resonant magnetic moments induced in the SCRs; (b) the total magnetic field amplitude in two unit
cells (along E direction) of the structure under consideration. The dominant direction of this field is
shown with arrows.

Observing the fields (both amplitudes and phases) for the configuration of Fig. 5(a)
(i.e. for a x-polarized incident field) one can see that below 21 THz the structure
behaves as total reflector, with its response dominated by the metallic cubes parallel
to the electric field, which behave as continuous wires 2 %, Approaching 21 THz, a
strong magnetic field Hy is induced in the parallel to the incident magnetic field SCRs,
which induces a strong magnetic field Hy in the second (perpendicular) SCRs (due to
the physical connection, i.e. the conductive coupling, of the two SCRs), giving rise to
a y-polarized transmitted wave. In other words, the incident magnetic field (along y-
direction) excites circulating currents creating a resonant magnetic dipole moment my
in the first SCR; these currents, due to the physical connection of the two SCRs, lead
to a potential difference between the two parallel to x-y plane sides of the second
SCR, and this difference is compensated with circulating current creating a magnetic
moment my at the second SCR, and providing thus cross-polarization conversion. This
coupling is different in magnitude if the wave propagates towards the opposite
(negative z) direction (note that in the opposite direction to excite the parallel to the
incident magnetic field cubes the incident wave has to “penetrate” a grid of metallic
cubes parallel to its electric field — also the generated cross-polarized wave in order to
be transmitted needs to “penetrate” a metal cube grid parallel to its electric field; the
result is much smaller transmitted intensity). The magnetic resonance origin of the
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transmission at ~21.5 THz is confirmed also from the fact that the 21.5 THz
frequency almost coincides with the magnetic resonance frequency of a single SCR.

The asymmetric transmission band at ~21.5 THz implies a combination of magnetic
resonance with electric response of wires-like systems, making our SCR system
analogous to combined split-ring-resonator and wires systems, extensively discussed
in previous literature #. This analogy suggests some important capabilities of our SCR
system ?°: (a) by modifying the cross-section of the SCRs and/or the size of the unit
cell one can greatly tune the structure impedance, matching that to the impedance of
free space and achieving the highest possible asymmetric transmission through the
structure; (b) by modifying the structure one can combine electric and magnetic
responses in such a way as to achieve backward propagation in the asymmetric
transmission band, realizing thus one-way backward asymmetric transmission
components.

Polarization transformer response

Analyzing further the response of our structure at the AT band at ~21.5 THz by
examining the transmission matrix components shown in Fig. 3(a), one can see that a
x-polarized incident wave is almost totally transformed to y-polarized wave when
passing through the structure. This indicates a close to 90° “one-way” optical activity
of the structure. To confirm this response we calculated the ellipticity and the optical
activity for an x-polarized incident wave transmitted through the structure along the
positive z-direction. For the calculation, we followed the approach of Ref. #; the
details are discussed in the Supplementary Material section. The results are shown in
Fig. 6, indicating at the asymmetric transmission band more than 90° pure optical
activity, i.e. optical activity associated with close to zero ellipticity of the transmitted
wave. This validates the potential of our structure to be used as a 90° one way
polarization converter.
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Fig. 6: Simulated orientation angle, v (blue solid line), and ellipticity angle, x (red dashed line) of the
polarization ellipse for the wave transmitted through the 3D SCR metamaterials under consideration,
when the metamaterial is excited by a x-polarized incident wave propagating along the forward z-
direction.
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Nanometer-scale SCR structure

The asymmetric transmission and the resulting polarization control capabilities of the
proposed here SCR design prompted us to examine the possibility to apply and
exploit the same design also in the optical region. As has been shown quite recently
though * *, the high losses and the large kinetic inductance of the metals in the
optical region result to non-scalability of the magnetic resonance response of
magnetic metamaterials with the structure size; in particular they lead to weakening
and frequency saturation of the magnetic resonance in nanoscale magnetic
metamaterials as the present SCR structure. Despite that, as we show here, the
asymmetric transmission properties and capabilities of the proposed design can be
also achieved and exploited in the optical region. The weakening of the magnetic
response and the modification of the electric response of the structure (due to the
change in the metal response from IR to visible) result, besides higher losses, to
alteration of the structure impedance making it better matched to the free space
impedance and thus beneficial for the AT response.

Scaling down the design of Fig. 1 uniformly by a factor of 100 and calculating the
asymmetric transmission response of the resulting structure one achieves the results
shown in Fig. 7. Fig. 7(a) shows the transmission amplitudes for a linearly polarized
incident wave polarized along x- and y- direction while Fig. 7(b) shows the
asymmetric transmission parameter A, obtained through Eqg. (4). Observing the results
of Fig. 7, one can see that the asymmetric transmission here is even larger than the
one of the similar infrared structure (compare Fig. 7(b) with Fig. 4) despite the larger
losses of the metal in the optical region. This larger transmission is a result of the
above mentioned better impedance match of the structure with its environment,
associated with smaller reflectance. (A related slight disadvantage is the larger co-
polarized transmittance which degrades the “zero” vs “large” transmittance picture
which we discussed in Section 5.2). The results of Fig. 7 show the possibility to
transfer and exploit our structure potential and functionalities also in the optical
region, despite the non-size-scalability of magnetic metamaterial response up to this
region (implying also that the strength of the magnetic response is not always
essential for significant asymmetric transmission achievement).
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Fig. 7: Simulated magnitude of the linearly polarized transmission components (a), and simulated
asymmetric transmission parameter A (b) for the 3D SCR metamaterial shown in Fig. 1 scaled down
uniformly by a factor of 100. The silver in this case is simulated using the data by P.B. Johnson and
R.W. Cristy *.

Conclusions

We studied theoretically and experimentally the asymmetric transmission properties
and the polarization control capabilities of a novel 3D infra-red metamaterial structure
obtained by employing direct laser writing and selective silver coating. The structure

is composed of two layers of split-cube-resonators (SCRs), mutually twisted by 900.
The experimental study was done through reflection measurements while associated
transmission and reflection simulations revealed quite large asymmetric transmission
for linearly polarized waves, zero versus quite large transmittance if the structure is

“seen” from two opposite directions, and 900 one way pure optical activity. The
achievement of these nice asymmetric-transmission-related properties of the structure
is due to the combination of both electric and magnetic responses of the SCRs, and
offers additionally the possibility of impedance control (adjusting thus the asymmetric
transmission values), and of “one-way” backward propagation. Finally we showed
that the nice asymmetric transmission properties of the structure can be transferred
and exploited also in the optical region by uniformly scaling the structure unit cell.

In summary, the present study showed that this type of three-dimensional asymmetric
transmission structures as the one discussed here which involve both magnetic and
electric resonators offer unique capabilities in polarization control, something that
makes them significant candidates for polarization manipulation components in
optics.
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