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1.1 Introduction

n 1915, William Laurence Bragg proposed the first Photonic Crystal, which consisted of an

I alternating sequence of transparent plane layers of different refractive indices that can reflect
99.5% of the incident light. The light (incident wave) is partially reflected and transmitted at each
interface between two layers and supposed to be close to the normal incidence, as illustrated in figure
1.1(a). In 1987, Photonic Crystals underwent a new birth with the pioneering works of Eli
Yablonovitch, trying to reduce the spontaneous emission of light in lasers and semiconductors
(Yablonovitch, 1987)He proposed to extend the concept of Bragg Mirabnsicrowave frequencies
for any incident angles by a design in two and three dimensions. In 1991, he proposed an artificial
photonic band gap material called "Yablonovit&ablonovitch, 1990, Yablonovitch, 1993} the
operating frequency of about 14 GKigure 1.1(b)). This structure is made of a blod&éxiglas that
has been machined in three dimensions in order to reproduce the crystal structure of diamond, which is
considered as the best natural structure in term of reflection. Professor Yablonovitch has demonstrated
theoretically and experimentally that the periodic structures have the ability to inhibit the propagation
of modes in certain frequency bands. The photonic bandgap materials have been designed first for
applications in optics such as: semiconductors light-emitting, high reflectivity mirrors, microcavities
and filters. Photonic band gap materials working at centimeter and millimeter wavelengths, which are
much easier to fabricate have also attracted the interest of researcher, particularly in the field of

antennas in order to suppress surface waves.

n
Incident
light
Ny | Ny
Reflected
light |
(@ (b)

Figure 1.1: (a) Principle of Bragg mirror, (b) "the Yablonovite", the artificial photonic band gap
material proposed by Eli Yablonovit€ifablonovitch, 1990, Yablonovitch, 1993)

In a photonic crystal, the propagation of photons is hampered by electrons giving rise to allowed
and forbidden frequency bands for photons. By analogy to photonic bandgap materials, researchers
have introduced a new terminology: Electromagnetic Bang Gap (EBG) structures to designate a new
class of artificial materials, which inhibit the propagation of waves at certain incidence angles and

certain frequency bands in the microwave regime. The equation of electromagnetic waves propagation
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in these structures, governed by Maxwell’s equations is similar to Schrédinger equation that describes
the wave function of an electron in a solid crystal. Due to their periodicity, these structures have the
ability to control electromagnetic waves and to act as a frequency and spatial filters. In the recent few
years, a new category of materials commonly called "metamaterials”, have revolutionized the world of
physics with their unusual properties that do not exist in nature such as: high impedance medium, in-
phase reflection, negative permittivity, negative permeability, negative refractive index, and so on.
Since the pioneering works of V. Veselgiteselago 1968)J. B. Pendry et &Pendry, 1998, Pendry,

1999), and R. A. Shelby et g5helby, 2001)a large number of researchers have contributeleto
development and the growth of this new generation of materials, which offer possibilities to
manipulate electromagnetic waves in an extraordinary(Wwagg, 2005, Schurig, 2006)he purpose

of our work, which has been performed within the framework of the project: GIS-AMA-SAMM
(Groupement d'intérét Scientifique — Advanced Materials in Aquitaine — Self Assembled
Metamaterials) is to develop metamaterials at microwave and terahertz frequency ranges with the aim
to provide improved functionalities and performances for millimeter and sub-millimeter applications.
This dissertation deals with the achievements of the project and is organized into five chapters:

In the first chapter of this dissertation, fundamental properties of negative refractive index
metamaterials are reminded. We will see that a metamaterial can be represented as an effective
medium characterized by constitutive and propagative effective parameters. A retrieval method used
to extract these effective parameters is described and discussed. A general presentation of different
categories of metamaterials is given and finally, a superlens, which is a promising application of
metamaterials is discussed.

The second chapter begins with a brief overview about the most common numerical calculation
methods, widely used for predicting and analyzing the behavior of metamaterials. Subsequently, we
will focus on different elements constituting experimental setups that have been used in our research.
Both Vector Network Analyzer (VNA) with horn antennas and Terahertz Time Domain Spectroscopy
(THz-TDS) have been used at microwave and terahertz frequency range, respectively in order to carry
out experiments on our fabricated prototypes.

The third chapter of this dissertation is dedicated to the study of metamaterials at microwave
frequencies. Different structures have been designed, fabricated and experimentally characterized,
such asFrequency Selective Surfaces and negative refractive index metamaterials, stfishled
metamaterials Both standard optical lithography and mechanical machining technique have been
used in order to fabricate our experimental prototypes. Simulations and measurements have been
performed using the full wave 3D simulator HFSS, based on the finite element method and a network
vector analyzer and horn antennas setup, respectively. The potential application of the FSS as a

Partially Reflecting Surface (PRS) reflector Fabry—Pérot (FP) cavity is proposed and evaluated in
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order to enhance the directivity of printed patch antennas. Finally the negative refractive index
exhibited by our proposed metamaterials is demonstrated numerically and experimentally.

In the fourth chapter of this dissertation, we present metamaterials studied in the teraherz
frequency range. Both All Dielectric (AD) metamaterials and fishnet metamaterials have been
investigated. Experimental prototypes have been fabricated and measured using THz-TDS in order to
demonstrate the theoretical predictions. The last chapter of this dissertation summarizes the work
performed and gives some potential perspectives to inspire further experimental and theoretical

investigations and perhaps some technological applications as well.

1.2 Fundamental Properties of Negative Refractive Index
(NRI) Metamaterials

In this section, we will discuss about the fundamental electromagnetic properties and the
propagation of an electromagnetic wave in a medium, where both permittivity and permeability are

simultaneously negative.

1.21 Propagation of Electromagnetic Waves in a Medium Characterized
by M and € Simultaneously Negative

Taking into account Maxwell’s equations governing the propagation of a monochromatic plane
wave in a linear, homogeneous, isotropic, free from sources, and non-dispersive media characterized

by a dielectric permittivite and a magnetic permeability one can write the following expressions:
kx E = apH, (1.2)
kx H = —ceE, (1.2)
For positive values gi andeg, the triplet of vectorg&, H, k is direct and is given by the right hand

rule (see figure 1.2(a)), however for valuesi@nde simultaneously negative, the wave vector triplet

is indirect and is given by the left hand rule as illustrated in figure 1.2(b). This rule confers to negative

refractive index materials the terminology "Left Handed Materials".

e ﬁi};

LHM

Figure 1.2: Triplet of vectors E, H, k in a Right Handed Material (RHM) and Left Handed Material
(LHM), respectively.
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The modulus of wave vector can be written as follow:

K= o,

(1.3)

For values ofu and € located in the second (Il) and the forth (IV) quadrant of figure 1.3, the

wavevectork is purely imaginary, giving rise

to an evanescent waves regime. Wl g are

located in the first (I) and the third (Ill) quadratt,is purely real and the medium allows the

propagation of electromagnetic waves. Note that the propagation in the first quadrant is very different

from the propagation in the third quadrant. The flow of energy carried by the wave is given by the

Poynting vectoB:

S=

N[

In the third quadrantS is anti- parallel tck,

phase velocity, and a positive group velocity,

ExH, (1.4)

and the propagation is accompanied by a negative

thus the resulting front waves are moving towards

the source rather then away from the source (veselago, 1986)

Vo

Vg—

%<, (1.5)
ow

>0, 1.6
W (1.6)

Further physical phenomena are reversed in the presence of negative refractive index materials

such as: Snell’s law, Doppler Effect and Cherenkov radigtieselago, 1986)

I.
€<0, >0
for : w< wpe
n=y 0
plasmas-metals
evanescent wave

u

l.
>0, >0
n=+,/us 00
isotropic dielectrics

Right Handed materials (RH)
forward-wave propagation

\>
V. €
Il >0, u<0
€<0, u<0 for: Om<WX< Wpm
n=-yueO0O n=,ue00

Left Handed materials (LH)
backward-wave propagation

—_—

Figure 1.3: Nature of electromagnetic waves

ferrimagnetic materials
evanescent wave

N

interacting with a medium for different signs of the

couple €, Her). The angular frequenciesye and wpy, represent the electric and magnetic plasma

frequencies, respectively ang, is the magnetic

resonant frequency.
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Most of isotropic dielectric materials belong to the first quadramt @ and &0), the second
guadrant /~0 ande&<0), is occupied by solid and gas state plasfwaselago, 1986and till now, no
natural material belongs to the third quadrgat @ and&<0). The last quadrani£0 and £0)
corresponds to the domain of magnetic materials such as ferrites, which are widely used in the
fabrication of a large panel of non-reciprocal microwave systems such as isolators, circulators and
phase shifters, taking advantage of the negativity of some elements of the[pdnsowvo main
constraints related to the principle of causality and the electromagnetic energy conservation law
should be taken into account for a Double NeGative (D&®,and u<0) metamaterial: spectral
dispersion and absorptiorertropy conditions in dispersive medidndeed, the propagation of
electromagnetic waves in DNG is neccessarily accompanied by frequency dispersion, according to the
following expression of the total energy Weselago, 1968)
Wzia(af(a))|E|2+}5(W(“))|H|2, (1.7)
2 Oa 2 da
If the external supply of electromagnetic energy to the structure is cut off, absorption ultimately
converts the energy \&htirely into heat. By the law of entrgmgpecifying that the entropy of a system
is an ever increasing quantity, there must be evolution and not absorption @famektu, 1984)We

therefore must have ¥, which leads in the general (dispersigage to the following conditions

0(“:@» -0 (1.8)
6(6«;1&()6«)) >0, (1.9)

These inequalities do not in general mean ghahdu cannot be simultaneously negative, but for
them to hold it is necessary thaiandu depend on the frequency (Veselago, 1968)
1.2.2 Boundary Conditions

The mathematical expressions that translate thedawsyrconditions (BCs) for electromagnetic

fields at the interface between two media, which are directly derived from Maxwell equations, are

given below:
AdD, -D,)= p... (1.10)
n{B, - B,) = p,.. (1.12)
nx(E, - E,)=-M,, (1.12)
Ax(H,-H,)=-J,, (1.13)

Where p.s and pys are electric and magnetic (virtual) surface charge densities on the interface,

respectively.n is a unit vector normal to the interface pointing from medium 1 to medium 2.
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Equations (1.10) and (1.11) state that in the absence of chgxgesd,s = 0) at the interface, the
normal components dd andB are continuous, whereas equations (1.12) and (1.13) state that in the

absence of sourceli{ = Js = 0) at the interface, the tangential and normal componeisanfl Hare

continuous as follow:

E, =E,, (1.14)
Hy =Hy, (1.15)
D, =D, (1.16)
Bi, = B.,, (1.17)

If we consider now the specific case of an interface between a right hand and a left hand media, as
depicted in figure 1.4 (medium 1: RH, medium 2 : L lthe relations (1.14) to (1.17) given above

reveal the following.

E?n

E‘In

Figure 1.4: Boundary conditions at the interface between a RH medium and a LH medium as reported
by (Caloz, 2006)

The boundary conditions on the tangential componersasfdH are unaffected at this interface,
since the relations on the tangential components do not deperahd. In contrast, the BCs on the
normal components are necessarily changed since they ingolred 4 with changes in signs.
Assuming that the LH medium is weakly dispersive and that the constitutive relatrosg andB=

MH are approximately valigCaloz, 2006)we obtain the following boundary conditions at ld/BH

interface:
E, =-2E,, (1.18)
&
H, =-t2H, (1.19)
™
E, =E,, (1.20)
Hy =Hy, (2.21)

Finally, we can conclude and say that the tangential componerisanfd H fields remain

continuous, while the normal components are discontinuous and change their signs.
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1.3 Homogenization of Metamaterials

The main purpose of the theory of homogenization is to describe in a simple and macroscopic way
the microscopic complexity of the response of objects to an incident electromagnetic radiation. Indeed,
the idea is to replace the composite system by an equivalent homogeneous system having the same
electromagnetic responses. The combination of materials with different natures such as: metallic
inclusions in a dielectric matrix give rise to a composite material with new electromagnetic properties,
related to different physical characteristics:

- High heterogeneities due to the dielectric contrast between metallic inclusions and dielectric

matrix.

- Currents induced by an exciting electromagnetic wave in metallic patterns, these currents can
oscillate dependent or independent of the incident wave giving rise to dynamic or static
resonances.

Heterogeneous composite materials can scatter the electromagnetic radiation in two different
ways. When the subset (heterogeneities) of the composite material are small and separated by
subwavelength distances, fields scattered by each particle interfere constructively and remain globally
focused in the specular directions (i.e. in the directions of transmission and reflexion), this composite
can be considered and replaced by a homogeneous material (figure 1.5(a)). Indeed, in the case of
metamaterials, the key to describe these structures as effective homogeneous media is that the
structures possess features much less than the operating wavelength, tygtEdly (

The second possibility for a heterogeneous material is to scatter the incident electromagnetic
radiation in multiple directions, as illustrated in figure 1.5(b). In this case, the composite can not be

considered as a homogeneous material.

(b)

Figure 1.5: (a) Scattering of the incident electromagnetic radiation in the specular directions for a
homogeneous composite (a) and in multiple directions for a non-homogeneous composite (b).
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1.4 Retrieval Method of Effective Parameters

The Nicholson-Ross-Wier (NRW) meth@Nicolson, 1970, Wier, 1974)sed in our research in
order to retrieve the effective parameters of our investigated metamaterials is easy to implement and is
widely used and discussed in scientific literat(8enith, 2002, Chen, 2004, Smith, 2005, Simovski,
2007) This method is based on the inversion of the complex reflectiamd transmissiort
coefficients determined for a slab of compound material (see figure 1.6(a)). Initially proposed for
normal incidence on the isotropic metamaterial (Smith, 2002, Chen, 2004) the procedure was modified
for oblique incidencéMenzel, 2008) bianisotropic(Chen, 2005, Li, 2009and chiral metamaterials
(Menzel, 2008, Kwon, 2008, Plum, 200#t first, the wave impedance and the refractivideinare
calculated; effective permittivity and effective permeability are then deduced. The wave impedance is

given by the following expression:

B (1+ r)z — 12 @2k _
Z= i\/(l_ ForeT 0, (1.22)

wheret' =t exp(jkd) is the normalized transmissiagh,is the thickness of the materiak, = 2174, is

the wavevector anl, the wavelength in free space. The choice of sign in equation (1.22) is fixed by
the requirement that R§E0 for a passive material, this criterion is demonstrated in section 1.5.2. The

expression of the refractive index is given below:

cognkd) = %[1— (r? —t’z)] =0, (1.23)
cos‘l(;, [1—(r2 —t'z)]j
Im(n) = £1Im - , (1.24)

cos‘l(l, [1— (r 2 —t’z)]j
Re(n) = R 2 £ 2m (1.25)
kd kd

When we solve the right-hand side of equation (1.24), we select which of the two roots yields a
positive solution for Im{), as we will demonstrate in section 1.5.1. The real part of the refractive
indexReg(n) is complicated by the branches of the arccosine function, wner@n integer. Whedis
large, these branches can lie arbitrarily close to one another, making the selection of the correct branch
difficult in the case of dispersive materials. For this reason best results are obtained for the smallest
possible thickness of sample, as has commonly been known in the analysis of continuous materials.

Even with a small sample, more than one thickness must be measured to identify the correct branches



Chapter 1. Introduction to metamaterials

of the solution which yields consistently the same values {&mith, 2002) The electric permittivity
and the magnetic permeability can be expresses as follows:
E=nlz, (1.26)
H=nlz, (1.27)
Further solutions have been proposed in the scientific literature in order to overcome the
ambiguity related to the determination of R¢ (Queffélec, 2000, Ziolkowski, 2003, Chen, 2004)
D. K. Ghodgaonkar et #Ghodgaonkar, 199(@roposed a solution to solve the ambiguity related
to the multiform nature of the effective dielectric and magnetic functions. Indeed, the authors started

writing the expressions of the complex permittiatyand permeabilityu* as follows:

guzl(l_rj’ (1.28)
Vo \1+T

n- y(1+D 1.29
“ [1—rj’ (129

wheree* and u* are defined ag *=e-je "= ¢ (1- j tan(d,)), and p*=p=ju = {1- j tan(s, ) the

propagation constant of the sampgte= log[(1/T)]/d, /I~ is a complex function depending on the
reflexion coefficientS;; of the air-sample interface and the transmission coeffi@gnthrough the
sample, as illustrated in figure 1.6(a)and g = ( j217A) are the thickness of the sample and the

propagation constant of free space, respectively.

S

Su

Transmission
phase reference

(@) o)

Figure 1.6: (a) lllustration of transmission and reflection coefficients through a planar sample with
thicknesgd, reference planes are defined for both transmission and reflection phases. (b) Visualization
of the Riemann surface of the complex logarithm funclamnx, the domains of the branches were
glued. The final result is a connected surface that can be viewed as a spiralling parking garage with
infinitely many levels extending both upward and downward. This is the Riemann siface
associated ttog x.

Reflection
phase reference

Since the parametdrin the expression gris a complex number, there are multiple valueg/for

If T is defined ag = | T|€?, thenyis given by:
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y=[togfL/T{)]/d + j{z’kd‘ ¢ } (1.30)

wherek = 0,%1, £2, ..., the real part oyis unique and single valued, but the imaginary papt bas
multiple values, So equations (1.28) and (1.29) will give multiples values®* aind . In
mathematics, particularly in complex analysis, the multiform functions (for each antededent
corresponds multiple images) are considered as the origin of Riemann Surfaces, as depicted in figure
1.6(b), which illustrates the Riemann surface of the complex logarithm function. The phase ¢ghnstant
is defined as:

B=(211A,) = imaginary part of)), (1.32)
where A, = AJ/vE is the wavelength in the material sampi, corresponds to the operating
wavelength in free space amdthe relative permittivity of the dielectric substrate, from equations

(1.30) and (1.31)/A,can be expressed as follows:

diA, =k-2, (1.32)
2

Fork =0, and -2 g0, (d/A,) is between 0 and 1. If the sample thickné$s chosen such that it is
less them,,, equations (1.28) and (1.29) will give unique values*adnd g which corresponds tl

= 0. Thus, the ambiguity related & andy* can be resolved. See appendix A, for the description in
details of this method.

Another criterion that can contribute in the choice of the right branch, thus helping to leave the
ambiguity related to the multiple values of effective parameters is related to the value of the real part
of effective permeability#. Indeed, this later must be equal to unity far away the magnetic resonant
frequency, in the low-frequency-side (quasi-static mode) if all elements constituting the investigated
metamaterial possess permeabilities equal to unity, as remindeddarkov, 2009)A more intuitive
explanation is that the artificial magnetic effective permeability (resonant behavior, magnetic activity)
is generated by induced currents that can exist only if the incident magnetic field varies in time,

according to Lorentz law.

1.5 Physical Meaning and Appropriate Signs of Effective
Parameters in Metamaterials

In this section, we will discuss about physical criteria that have been used in order to allow us to

choose appropriate signs of complex effective parameters of our investigated metamaterials.

-10 -
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1.51 Complex Refractive Index (n)

The complex refractive index provides information about the propagation of an incident
electromagnetic wave within a medium. If the absolute value of the real part of the refractive index is
larger than its imaginary part, the medium allows the propagation of waves. The refractive index of a

double negative metamaterigkQ ande<0) can be defined as follows:

n(w) = £./e(w)u(w), (1.33)

In order to demonstrate that for a material with bgtand £ negative, the refractive indexis
negative, we will study in this material, the radiating properties of a current sheet (current density

localized to the positiongklocated ak = X, (Smith, 2000) as depicted in figure 1.7.

Figure 1.7: Current sheetat= x, radiating into a medium witp<O ande<0, the sheet is considered
uniform and infinite along ynd zaxes, according t&mith, 2000)

The wave equation in the medium can be written as follow:

2 .

0° w Arjw
o E(x) + C—Z,usE(x) =- e

1bo(x= %)z (1.34)

whereE(x) is the component of the electric field alanglirection,j, &Xx-Xo) z is themagnitude of the

current density oriented along thexds. Equatior{1.34) has a solutioof the form
Z . )
E(x t)=-27= j exd (on— Xo| = at)), (1.35)
C

whereZ = /n, is the wave impedance, when the proggis real and positive, there are two types of
solutions, corresponding to the signrobeing positive or negative. Whew0, it means that wave

fronts of an incident plane wave propagate toward the source rather than propagate away from the
source. We employ a general method that will distinguish the physical solution of equation (1.35)
without presuming the sign of the refractive index. The average power supplied by the guoeneJ

volumeV is given by the following expression (Smith, 2000)

1 o M.
P:a)W——EJ H % w)J dx—rrajcf, (1.36)

-11 -
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To identify the physical solution, we require that the source on average do positive work on the
fields or that the quantitf? given above be greater than zero. Equation (1.36) represents the work
done by the source. SinBeis always positive, this implies that the rgtiéd n should be positive. If
is negativen is also negative. Note that the medium is a "propagative medium" and the solution of the
wave equation satisfies the condition of backward waves. The sign of the imaginary part of the
refractive index is restricted by a stability condition related to the propagation of electric and magnetic
fields. Indeed, if we consider a medium with refractive indexn' —j n" and the convention of time

dependence iaxp(4 at), the expression of the electric field can be written as follows:

E(F,t)= ‘E(F)‘ exp(— K, Efn")x exp(j(a)t ~k, EFn'))JE, (1.37)
wherek, is the wavevector in free spadéy is the unit vector in the direction of the electric field. In
order to have a stability in the propagation of the electric field, it is necessary that the amplitude of
E(r,t) decreases with time, implying thigt (Fn" must be positive:

k, (Fn">0=n">0, (1.38)

The imaginary part of the refractive inde% is positive, independently from its real part. We can

also show that n" >0, for the time conventiexp(jat) and n=n' +j n".

1.5.2 Complex Wave Impedance (z)

The concept of impedance initially applied to electrical circuits, has been extended to
electromagnetic waves. The analogy between the impedance exhibited by a medium illuminated by an
incident plane wave and the impedance exhibited by a transmission line is discugStctbyn,

1944). The notion of complex impedance wave is relatetthéoflux of energy within the investigated
medium. The values of the wave impedance are restricted by a fundamental physical limit related to

the passivity of the medium.

PRIM NRIM PRIM

= E B,

© Rl
k | S

H xS| H |H kS

® ©® ®

Figure 1.8: Orientation of vectors B, k and Sduring an interaction of a plane wave with a PRI and a
NRI materials.

Indeed, in the absence of activity within the structure, the real part of the wave impedaurste

be positive, we propose in this section to demonstrate that this restriction can be applied to any
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refractive index material. The passivity or the absence of activity in a medium implies that for an
incident propagating plane wave, the average flux of the electromagnetic energy should be oriented
inside the medium, in which the propagation of the wave oqtahlers, 1971 he orientation of
vectors E, H, andk) and the energy flus§ for a propagating plane wave, interacting with a PRI
(Positive Refractive Index) material and a NRI (Negative Refractive Index) material is depicted above
in figure 1.8. The wave impedance is defined as the ration of the electric field to the magnetic field in

the plane of propagation, the real parz ctn be expressed as follow:

RZ(w)| = R{; ﬂ;ﬂ?(jcos(m—%), (1.39)

where:
E(w) =|E(w) exr- i¢e ), and H (@) =|H () exl- i¢,,)

The sign ofRgZ(a)] depends only on the sign of c@s(- @), the average Poynting vectsy,

can be expressed as follow:

S, :% ReEE (F,0)xH " (F,) :%\E(r w|H (F w)|codg, -4, (1.40)
with:
E(r ,a)):‘E(F ,a))‘exp(— j$e) andH (F ,co)z‘I—T(r ,a))( exd- jd. ),

Us is the unit vector in the direction of the pointing vector. By definition, equation (1.40) is
satisfied for both PRI and NRI materials, taking into the count the passivity of the medium, the
Poynting vector should be oriented inside the medium&i.£r,a)>0), the expression cah(- @e) is
then always positive for both PRI and NRI materials. If we apply this restriction to equation (1.39), we
obtain the condition:

RéZ(w)]>0, (1.41)

The real part of the wave impedance is positive for any refractive index value and for any time
convention éxp(-jat) or exp(+j at) ]. This condition allows us to define physical solutions, during the
calculation of effective parameters. The imaginary part of wave impedance gives us further
information about the propagation. Indeed, whal(z)>Re(Z) (i.e. absence of propagation). The sign
of Im(2) allows to know which component of the electromagnetic wiver field) is inhibited. If
we consider thalim(2)>0 for the conventioexp(+jat) [or Im(2)<0 for the conventioexp(-jat) ], the
medium is inductive in nature, a static magnetic field is available within the medium, the electric field
E is inhibited and the electromagnetic wave can not propagate. The same reasoning can be done for a

capacitive medium characterized Iny(2)<0 for the time conventioaxp(+j at).
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1.5.3 Complex Permittivity (€) and Permeability (l)

The complex permittivitye is considered as the response of the medium to an incident electric
field. The real part of is representative of the alignment of electric dipoles with respect to an incident
electric fieldE. A positive value oRRe(g) means that the electric dipoles are parallel to the electric
field, while a negative value &¢(€) means an anti-parallel alignment. The imaginary pagtatfows
to quantify the dissipated energy due to the interaction of the electric field with the medium. The
complex magnetic permeabilify is the analogous of the permittivity, applied to the magnetic field.
The imaginary parts of the permittivig/’ and permeability.’’ of any linear, homogeneous, passive
(in thermodynamic equilibrium), dielectric-magnetic material are always positive, independent of the
signs of their real parts, thus assuming a time dependence of theef@(rjat), wherej = V-1, wis
the angular frequency artddenotes the time. The complex electric permittivity and the complex
magnetic permeability are defined abw) = ¢(w) + je"(w) and Uw) = w(w) + ju(w), respectively.

This criterion constitutes one of the most important theorems in the macroscopic electrodynamics as
reported by(Depine, 2004, Efros, 2004t has been demonstrated in several ways, by iCalieal

using the theorem of fluctuation-dissipati@uallen, 1951)for any linear and dissipative systems, and

by Landau et alLandau, 1984for electromagnetic waves. Indeed, uing maxwedhjuations, the

dissipated energy \t the frequency domain can be expressed as follows (Landau; 1984)
W = —Idwm( E(F,w) +,u"‘H F a))‘ ) (1.55)

Here,W is the dissipated energi(a) andH(a) are the electric and the magnetic fields, while
&'"(w) and u'"(w) are the imaginary parts of the relative permittivity and relative permeability,
respectively. This dissipated energy is written as a functiari'@) andu''(w). The terms of right
side of equation (1.55) are electric and magnetic losses, respectively. Taking into acount the law of
increase of entropy, the sign of these losses is determinate: the dissipation of energy is necessarily
accompanied by the evolution of heat, which implies Wa0. It therefore follows that imaginary
parts ofe andu are always positive for all substances and at all frequeljceesdau, 1984)as
follows:

&'"(w)>0 and u'(w) >0, (1.57)

It should be noted that the expression of Maxwell’'s equations and the Poynting theorem remain
valid and unchanged for a NRI material (Veselago, 196€ged, only the direction of the wavevector
k is changed in a NRI material, leading to the prod&dt:< 0. The expressions of the average
Poynting vector in a dispersive medium excited by a superposition of two monochromatic waves of

angular frequencieg anday, respectively is given below (Pacheco-Jr, 2002)
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<§(r t)>= £ ( Ka) |, k) ] (1.58)
2 (wplw)  wul(w,)

This equation shows the relationship between the direction of the Poynting $eetod the
wavevectork. The direction of the Poynting vect8ris independent from the sign of the refractive
index for any propagative medium (ileis real) we obtain a ratik/u > 0O, if k is negativeu is also
negative. Finally, the criterion of equation (1.57) is valid for continuous NRI material. It should be
noted that a NRI material is necessarily dispersive and it can be excited by a non-monochromatic
incident wave. Note that for a temporal convention of the fexp(Hwt), the dispersive parameters
are written in terms of their complex conjugate [i(&)& ¢(o) — je"(w) andw) = () - ju'(®) ],
and the imaginary parts efandu are then negative. Finally, we can summarize in table 1.1 the signs
of effective electromagnetic parameters in a left handed material according to physical phenomena

that have been discussed in previous sections:

time dependence expgl) | time dependence exp(et)
7 - ]
ﬂ” + -
& - -
£Il + -
7’ + +
7" +/- +/-
n’ - -
n” + +

Table 1.1: Summary of signs of effective parameters for a left handed material for the two time
dependence of the fields.

1.6 Different Categories of Metamaterials

In this section, we will discuss about different classes of metamaterials that have been proposed
over the last few years by several research groups, in order to obtain desired electromagnetic
properties.

1.6.1 Composite Metal-Dielectric Metamaterials

Composite metamaterials based on metallic inclusions in a dielectric matrix, have been the first
metamaterials to be proposed. They gave rise to the first negative refractive index by a superposition
of two different structures: Split Ring Resonat(?endry, 1998and continuous wire@endry, 1999)

in a frequency band, where both the permittivity Hrelpermeability are simultaneously negative.
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a. Continuous Wires: Negative Permittivity Medium

Plasmas are considered as the only dielectrics available with a negative permittivity. In order to
approximate the electrical properties of plasmas at microwave regime, a structure composed of a
dielectric material with an array of metallic rods periodically arranged, has been proposed in the early
50's (Brown, 1953, Rotman, 1962More recently, J. B. Pendry et @endrey, 1998introduced a
theory that allows connecting the quantum parameters of plasma to the geometrical dimensions of the

rods-array (figure 1.9).

Figure 1.9: First metamaterial (thin-wires array), proposed by J. B. Pendry exhibiting negative
effective permittivity € if E|lz (Pendry, 1998)the inter-element spacing, is much larger then the
radius of each rod.

The plasma frequency of metals is typically located in the visible and near ultraviolet spectrum (~
PHz) and the concept of plasmons, allows assimilating the behaviour of metals to plasma of electrons.
Once exposed to an electromagnetic radiation, the electron cloud of the metal atoms moves from one
region to another, which creates an excess of charges of opposite signs compared to the initial
equilibrium state. That gives rise to a return force due to a harmonic motion characterized by the

following angular frequency,:

W =N (1.59)
EoMey

where @, is the angular plasma frequendy,the charge’s volume concentratianand ms; are the
charge and the effective mass of electron, respectively. According to Drude model, the dielectric

function can be expressed as the following:

&)2

- 17)

whereyis the dissipation parameter. At lower frequencies (~ GHz), the dissipation is very important

ew)=1- (1.60)

and it makes virtually impossible the observation of this phenomenon. The solution proposed by J. B.
Pendry(Pendry, 1998onsists to use a metallic rods-array rather themetal sheet, which allows

reducing the average concentration of electronic charges in the medium. Moreover, it increases the

-16 -



Chapter 1. Introduction to metamaterials

effective mass of electrons due to the self-inductance of each rod, leading to the decrease of the

plasma frequency into microwave range, according to equation (1.59).

b. Split Ring Resonators: Negative Permeability Medium

In order to obtain structures with different magnetic responses without using magnetic materials, J.
B. Pendry(Pendry, 1999)proposed the insertion of both inductive and capecielements, as
depicted in figure 1.10(a). The functioning principle is based on the resonant interaction between the
self-inductance of a hollow metal and its capacitive elements. Once exposed to a magnetic field,
polarized along the axis of the cylinder, the conducting currents flowing around the cylinder give the
impression that this latter supports free magnetic poles, as in the case of a bar magnet. Each element of
the structure behaves as a magnetic dipole and the structure can be regarded as a medium with
permeability different from the unity, or even negative. To apply the effective medium theory to this
structure composed of a series of SRR periodically distributed in a dielectric matrix, the dimensions of
each element should be very small compared to the operating wave(@egitiry, 1999) The

effective magnetic permeability follows a Lorentz-like model according to the following expression:

AW’
) =1- e T (1.61)
mp

whereA is a constanta,, is the magnetic plasma frequency of the system /amgl the dumping

factor, representing all the losses and the scattering mechanisms. The effective magnetic permeability
shows a resonant behaviour, which leads to negative valyewittiin a frequency band between the
resonant frequencsy and the magnetic plasma frequeagy, as depicted in figure 1.10(b).

Hefl

m—

_’_// : -
T Her=l
: //

©Qmp

(0]
Mq

(@) (b)

Figure 1.10: (left panel) First negatigemetamaterial proposed by J. B. Pen@i?gndry, 1999)(a)
side view, (b) top view, (right panel) magnetic effective permeability of the SRR.

At this stage, it is important to establish a parallel and to point out the place of conventional
magnetic materials in the age of metamaterials. Indeed, it is interesting to remind the means used to

create a static magnetic inductiBnand those used to generate a magnetic effective respgnat
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high frequencies. Static fields can be generated by matg@lmgnent magngtscurrentgsolenoids,
Helmoltz coils, ..) or by the combination of materials and currdielectro-magnet In the case of
metamaterials, the magnetic effective response results from currents that are induced in inductive
metallic patterns, under the effect of an incident magnetic field H

Traditional magnetic materials are usually desired for their large values of permeabilities. For
applications such asnductor core, transformer core and magnetic recording head, we look for low
levels of losses. On the contrary, for filtering or high frequencies parasitic absorber applications, we
look for large levels of losses in the frequency band to be rejected. Figure 1.11(a) shows the typical

permeability of a thin magnetic layer.

(a) (b)

Figure 1.11: Comparaison between the magnetic permeability exhibited by a conventional magnetic-
material and that exhibited by a metamaterial based on non-magnetic materials, as regéxtbdrby
2009).

The region of the magnetic function located below the resonant frequency is very useful for low-
losses applications, while the zone of the permeability around the resonant frequency is more
appropriate for high loss applications. Beyond this latter spectral region, the real part of the
permeability is less than unif|and even negative in a part of the clQrwath low-loss level. This
spectral region is very promising since its offers the possibility to reduce the skin effect in classical
conductors Amiri, 2007).

Since most common applications based on conventional magnetic materials require high levels of
permeability, this latter seems thus to be a good criterion, which allows comparing performances of
both metamaterials and standard magnetic materials. The typical effective permeability of a
metamaterial is depicted in figure 1.11(b). Below the magnetic resonant frequency, the real part of
permeability tends to unity,=1 (Lagarkov, 2009) Beyond the resonant magnetic frequency, the
incident electromagnetic field is shielded by metallic patterns, the inclusions exhibit a diamagnetic
behaviour:u is negative and the generated magnetic induddion 4H is opposite to the incident

magnetic fieldH. At high frequencies, the permeabilgy, lies between 0 and 1. Below the magnetic
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resonant frequency, traditional magnetic-materials exhibit an extremely large level of permeagbility (
[1.0°), unlike metamaterials, which exhibit a high level of permeability (few dozen only) around the
resonant magnetic frequency. In conclusion, it has been demonstrated that conventional magnetic
materials remain more efficient than metamaterials, when high levels of permeabilities are desired,
and for an operating frequency below 10 GHz approximatather, 2009) However, at high
frequencies, metamaterials can exhibit levelg ahd spectral bandwidth, exceeding largely what can

be reached by traditional magnetic materials.

c. Negative Refractive Index Metamaterials

In 2001, R. A. Shelby et aShelby, 2001)have experimentally demonstrated that negative
refractive index is possible. The authors were inspired from the theoretical works of J. B, Pendry et al
(Pendry, 1998, Pendry, 1998ihd proposed a structure, which combines such eanswires and
SRRs elements, as depicted in figure 1.12(a). Using an appropriate polarization of the incident
electromagnetic waveE(// continuous wires anti 0 SRRs planes), both electric and magnetic
activities are simultaneously reached at the targeted frequency. This gives rise to negative permittivity,
negative permeability and thus to negative refractive index.

Figure 1.12(b) shows the experimental setup (based on a micro-structured prism) used by the
authors in order to demonstrate the negative refraction effect. Subsequently, a large variety of metallic
patterns have been proposed in order to obtain the desired electromagnetic properties,3uch as:
shaped structurg$luangfu, 2004)U-shaped structuré&nkrich, 2005) staplelike structure&hang,

2005), paired rods(Shalaev, 2005)At very high frequencies, when we deal with th&sels of

structures, two main difficulties should be taken into account.

Microwave absorber

Deteclor.”

£
3
-]
.
[‘F.—
"‘.\JV-VV\ ANIAARAAAAS

(a) (b)
Figure 1.12: (a) The negative refractive index structure of R. A. Shelby (&halby, 2001,) (b)
experimental setup used by the authors to demonstrate the negative refraction effect.
From the technological point of view, it is very difficult, or even virtually impossible to fabricate
unit cells of complex geometry with submicron or nanoscale sizes. Another limitation related to the
scaling law should be also taken into account. Indeed, concerning structures that exhibit a negative

effective permittivity, it is possible to shift the plasma frequency in the mid-infrared range, by
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modifying the thickness and the concentration of metallic wires. However, beyond this frequency
range, the medium is not sufficiently diluted and the behavior of the structure is affected by diffraction
effects. Concerning structures with magnetic activity, the increase in frequency can not only
performed simply by reducing geometrical dimensions, several physical contribution effects related to
the effective mass of electrons and energy absorption should be taken into account, as pointed out by
S. O’Brien et al(O’'Brien, 2002)who proposed a structure exhibiting a magnetic gégtat infrared
frequencies.

Fishnet metamaterial@olling, 2006)that will be discussed in great details at microwanel
terahertz frequency ranges in chapter 3 and chapter 4, respectively have been proposed as an
alternative to overcome some difficulties imposed by reducing geometrical dimensions and inertial
properties of electrons. Fishnet metamaterials are very simple to fabricate, moreover one single layer
illuminated at normal incidence is sufficient to exhibit a negative refractive index at the desired

frequency.

1.6.2 All Dielectric Metamaterials

The operating principle of this class of metamaterials is based on Mie theory. They are considered
as dielectric resonators, by analogy to metal resonators mentioned above and they can adopt different
shapes such as: spheres, cubes, rods ...etc. Once exposed to an incident plane wave with an
appropriate polarization, resonant modes can occur within each particle. Using dielectrics with high
relative permittivity, where effective wavelengths are considerably reduced; the excitation wavelength
becomes very large compared to the size of resonators. The definition of an effective medium could be
applied(Lagarkov, 2003, Vendik, 20047 his class of metamaterials will be discussedre@agdetails

in chapter 4.

1.6.3 Transmission Lines Based Metamaterials

It is well known that composite metal-dielectric metamaterials, can be described as an la@ray of
resonant circuits generating fields in response to an incident excitation wave. Eleftheriades et al in
their works(Grbic, 2002, lyer, 2003, Grbic, 2003, Eleftheriad2803)proposed a new approach to
design negative refractive index metamaterials, which consists to integrate periodically localized
circuit elements (inductances, and capacitances) on a microstrip propagation line. Using the basis of
transmission line theory, and taking into account the distributed model of the conventional
transmission line the inductande and the capacitanc€ can be connected to the magnetic
permeabilityu and the electric permittivitg, respectively. If we consider now a dual transmission line
of length 4z, as depicted in figure 1.13, the propagating consfantan be expressed as follows
(Caloz, 2004)
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1
N LCAZ

The phase velocitys and the group velocity, are anti-parallel according to equations (1.66) and

B=- (1.62)

(1.67), given below:

17
v, = Vi = -’y LCAZ <0, (1.63)
v, = 9¢ _ 2 JlCAz>0, (1.64)
0B
A negative refractive index can be defined for this structure:
h=C - 1 (1.65)
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Figure 1.13:Unit cell of a composite right/left-handed (CRLH) transmission line (TL) prototype
according tqCaloz, 2004)aw. anday, are the series and the shunt frequencies, respectively.

This structure supports backward waves, experimental prototypes has been proposed in order to
demonstrate this negative refraction effeatiyance phase transmission linat microwave and
terahertz frequency range, respectivéfeftheriades, 2002, Caloz, 2004, Crépin, 200%) first
glance, one can think that the terminology "metamaterial” is not appropriate to these structures, since
we deal in reality with microwaves transmission media loaded with locdli@eglements. However,
considering these structures as effective media leads to very interesting applications. Indeed, a super-
resolution effect has been demonstrated using 2D and 3D loaded microstr{glé#igwriades, 2002,

Grbic, 2005, Alitalo, 2006and figure 1.14 shows the experimental prototypédchvhas been used to
this aim, according to (Grbic, 2005)
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Figure 1.14: Experimental dual transmission line lens, accordifigrboc, 2005)

1.6.4 Photonic Crystals, a Particular Case

Photonic crystals are dielectric or metallic periodic structures in which diffractions effects occur,
leading to Electromagnetic Band Gaps (EBGs) that are exploited with the aim to modify the
propagation of electromagnetic waves. Once exposed to an incident plane wave at a frequency located
in a band gap, reflections within the photonic crystal are destructive and this later acts as a high quality
reflector. This property is already available as a commercial application in the optimization of optical
fiber sheaths(Russell, 2003) Although these structures are used in the Braggmes i.e. for
periodicities of the same order as the wavelength, it has been demonstrated that they can be used as a

homogenous materials, giving rise to an effective negative refractive (Bdegh, 2003)

1.7 Superlens, a Promising Application of Metamaterials

One of the most spectacular applications of metamaterials is probably the superlens or the perfect
lens. J. B. Pendry has already demonstrated that the propagation of electromagnetic wave in a left
handed material is accompanied by an inversion of phase for propagating components and by an
amplification of evanescent mod@2endry, 200Q)This result is particularly very interesting, snc
offers the possibility to restore a perfect image of an object. In a classical lens, the focusing process is
achieved due to the refraction of the beam on the curved shape of the lens, however in a superlens, the
focusing is made possible by the negative refractive index.

If the lens is sufficiently thick, a first focal point can appear within the flat-lens, which is not very
useful, but a second focal point occurs outside the lens. A superlens made of metamaterial can have a
plane shape, which enables eliminating totally the spherical aberrations produced by a standard lens.
Spherical aberrations in a biconcave lens give rise to a blurred image because the shape of the lens is
not optimal, in other words: the light that passing at the edge of the lens does not have the same focal
point, as the one that passing near the center of the lens. A superlens can reach a resolution, which is

much larger than that limited by the classical diffraction limit. This later implies that it is impossible to
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obtain a clear image of an active or passive source, which is much smaller than the working
wavelength. The part of the wave containing the necessary information to obtain this resolution is
dissipated rapidly, a superlens allows amplifying these parts of the wave, which offers the possibility
to image sources much smaller than the wavelength of the light used. The superlens effect has been
succesfully demonstrated in scientific literat@ifang, 2005, Liu, 2007)A better level of resolution

can be at the origin of huge number of applications. Indeed, it would be possible to improve the
storage capacity of optical discs (CD, DVD ...etc) since we could etch more finely on the disc. In the
field of microscopy, we would be able to observe in visible light very small objects, such as
mitochondria in cells. A superlens is characterized by two main properties: perfect focusing effect and

amplification of evanescent modes.

1.7.1 Focusing by a LHM-Based Flat Lens

Consider a LH slab sandwiched between two RH media, also called a “LH-lens”. By applying
Snell's law [EqQ. (1.66)] twice to the sytem, we obtain dloeible focusing effectepicted in figure
1.15.

n.sind, =n_sing,_, (1.66)

Two radiated rays with equal symmetric angles froreoarce at the distandefrom the first
interface are negatively refracted under an angle of same magnitude to meet at agiisténecslab;
then they focus again after a second negative refraction in the second RH medium at theddistance
from the second interface, wheres ©btained by simple trigonometric considerations as

tand,
tang, ’

(1.67)

where the angl#r is the incidence angle arj is obtained by Snell's lajEq. (1.66)] 6, = -
sin=1[(ngNn.)singg].

LH
RH (np) (L) RH (ng)

np = —ng

7

sou I'L'L/ refocus

i d 4 d-=1

Figure 1.15: lllutration of the double focusing effect itiflat-lens” as reported byCaloz, 2006)
which is a LH slab of thickness and refractive index, sandwiched between two RH media of
refractive index p with n_. = ng.
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Formula (1.67) shows that if the two media have the same electromagnetic density, i.e. refractive
indexes of same magnitud® (= —ng), focus is obtained at the mirror image of the sowsee, since

|6.| = 6 from Snell’s law.

1.7.2  Amplification of Evanescent Modes

If we consider an evanescent mode that propagates along the positive z axis, one can write the

following expression:

A (9= A ex-az), (1.68)
where A, is the amplitude andr the attenuation coefficienig>0. The component of the wave
increases exponentially within the superlens winere-1, as depicted in figure 1.16. Equation (1.68)
becomes:

A ( 2= Aexpl- ez = A explaz), (1.69)
The evanescent mode is amplified and the image of the original object is reproduced with a perfect

resolution.

Figure 1.16: Amplification of evanescent modes in a superlens.

1.8 Conclusion

In conclusion, a general overview about fundamental properties of materials with negative
refractive index has been exposed. We have presented a series of metamaterials proposed over the last
few years in order to obtain desired electromagnetic properties. We have seen that a metamaterial with
subwavelength features can be represented as an effective medium characterized by effective
constitutive fer, &) and propagativezfs, nes) parameters. The retrieval method used in our research
has been discussed and a particular attention has been focused on choosing appropriate signs of
effective parameters. The superlens, considered as a promising application of metamaterials has been

illustrated at the end of this chapter.
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Chapter 2. Non-Destructive Measuremefi®e Space Microwave Setup and Terahertz Time Domain Spectroscopy

2.1 Introduction

lectromagnetic waves are considered as the most efficient tool that can be used to observe,

Eanalyze and understand our environment. The electromagnetic spectrum is divided into
different frequency (wavelength) regions. The extent of the electromagnetic spectrum allows
observing a huge variety of physical phenomena. The frequency regions that have been targeted in our
research are microwaves and terahertz, respectively. Terahertz regime, which extends from few
hundreds of gigahertz to a few terahertz between microwave and optical frequencies (figure 2.1)
remained inaccessible for long time due to the absence of appropriate emitters and detectors. Recently,
the advances in semiconductors technology, have given rise to inexpensive sources and detectors
operating at terahertz regime, which constitutes a breakthrough for many applications.

By its position between optics and microwave, terahertz regime is considered as a
multidisciplinary domain leading to promising applications. Indeed, terahertz radiation is a non-
ionizing radiation and shares with microwaves the capability to penetrate a wide variety of non-
conducting materials without causing any damages. Terahertz radiation can pass through clothing,
paper, cardboard, wood, masonry, plastic and ceramics for example. It can also penetrate fog and
clouds, but cannot penetrate into metal or water.

In this present chapter, we will focus on different elements constituting experimental setups that
have been used in our research in order to carry out measurements at microwave and terahertz
frequency ranges. We have used both a non-destructive free space setup based on Vector Network
Analyzer (VNA) and horn antennas (AB millimeter) at microwave frequencies (20GHz-110GHz), and
terahertz time domain Spectroscopy (THz-TDS) at terahertz frequency range (0.1THz-3THz). But
first, we will present briefly the numerical tools that have been used in order to predict the

electromagnetic behavior of our samples.

R TR A

1) "
Radio waves Micro waves THz Infrared I I Ultraviolet I.-rays

FrequencyIl
vy 100 100 w0° 10" 10" 0" 10” o 0® 10“ 11:"

Figure 2.1: The Electromagnetic spectrum organized in different portions according to the
corresponding frequency ranges.

2.2 Numerical Calculation Methods

Numerical solution of EM problems started in the mid-1960s with the availability of modern high-

speed computers. Since then, considerable efforts have been expended on solving complex EM-related

-25 -



Chapter 2. Non-Destructive Measuremefi®e Space Microwave Setup and Terahertz Time Domain Spectroscopy

problems for which closed form analytical solutions are either intractable or do not exist. Based on
Maxwell's equations, each numerical method has its own unique advantages and disadvantages for
specific needs. These methods serve as means to present the fundamentals of applying EM theory to
the analysis of boundary-value problems. The study of metamaterials requires a priori an
electromagnetic modeling work before any experimental prototyping, in order to predict the behavior,
I.e. the spectral response of the investigated structures. Nowadays, a wide variety of dynamic and full
wave approaches of calculations are available such as: Finite Difference Time Domain (FDTD), Finite
Element Method (FEM), Transmission Line Matrix (TLM) and so on. The commercial calculators that
we have used in our research: HFSS and CST-MICROSTRIPES are based on FEM and TLM

methods, respectively. In this section we will briefly discuss about these two aforementioned methods.

2.2.1 Finite Element Method (FEM)

The finite element method originated from the need for solving complex elasticity and structural
analysis problems in civil and aeronautical engineering. Its development can be traced back to the
work by Alexander Hrennikoff and Richard Courant in the 4Ceurant, 1943)Few years later, it

was introduced in electromagnetism science to solve Maxwell's equations. It is considered as a
mathematical tool that solves in a discrete way and in a frequency domain Partial Differential
Equations (PDEs). Basically, the equation concerns a specific function defined on a domain and
characterized by boundary conditions, which ensures the existence and uniqueness of the solution. The
finite element method is based on a division of the considered space generally in a tetrahedral mesh,
which easily adapts to complex structures. The shape of the mesh can be modified depending on the
geometry of the domain in order to mesh more finely some regions than others (figure 2.2). The
resolution of partial differential equations cannot be performed directly in the mesh, it should be

written in the variational form, which includes information about the PDE and boundary conditions.

Figure 2.2: Example of adaptative mesh used by HFSS.

More details about the FEM can be found in the book of J. C. Sabonnadiére and J. L. Coulomb

(Sabonnadiere, 1996The software simulator that we have used in oloutations is HFSS, it is
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commercialized by ANSOFT society and offers the possibility to solve propagative systems by

solving the Maxwell equation given below at frequency domain:

. x[im N E(a))} e Ew)=0 @)

r

2.2.2 Transmission-Line Matrix Method (TLM)

Transmission line matrix method solves Maxwell equations in time domain. The basic principle of
this method is based on the analogy between the propagation of electromagnetic waves in a medium
and the propagation of voltages and currents, due to the similarity between Maxwell equations and the
telegraph equation, in transmission lines. For a given electromagnetic system, the computational
domain is filled with a transmission lines network and the calculated electric and magnetic fields are
given as a function of voltages and currents. For each step time, the voltage pulses that arrive on each
node of the transmission line are scattered in order to produce a series of new pulses that become
incident on adjacent nodes during the next step time. The relationship between incident and scattered
pulses is determined by the diffusion matrix, which must be compatible with Maxwell equations.
Figure 2.3 shows a simple example of a 2D TLM mesh with 1V amplitude incident voltage pulse on
the central node. This pulse will be partially reflected and transmitted according to the transmission
line theory. If we assume that each line has a characteristic impedathes the incident pulse sees
effectively three transmission lines in parallel with a total impedanc& 6f3. The reflection

coefficient and the transmission coefficient are given by:

Z_z

Rzg =-05, 2.2)
7+Z
3
2><E

T=— 3 - 405, 2.3)
7+Z
3

CST-Microstripes is a commercial software simulator based on TLM method, and unlike HFSS, the

mesh in this case is based on rectangular elements.

Figure 2.3: 2D TLM example: an incident voltage pulse in two consecutive scattering events.
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Further electromagnetic numerical methods (not presented here) are various and widely discussed
and used in scientific literature such as: Variational Methods (VM), Spectral Domain Method (SDM),
Mode-Matching Method (MMM), Method of Moments (MOM), Method of Lines (MOL) and
Artificial Neural Networks (ANN). Se¢Yagoub, 2007rand references therein, the authors present a
survey of existing electromagnetic techniques, highlighting their main specific advantages and

disadvantages for a circuit designer.

2.3 Free Space Measurement setup (ABmm) at Microwave
Range

In this section we will describe the non destructive quasi optical free space setup that we have
used (see figure 2.4 (a)) in order to carry out experiments at microwave frequencies from 18 GHz to
110 GHz. It is based on an AB-MillimetreTM Quasi-optical Vector Network Analyzer (MVNA 8-350-

2) with simultaneously 2 receiving channels (reflection and transmission). New versions of this
analyzer are available and can reach an operating frequency of about 1THz. Our setup is equipped
with four pairs of millimeter heads, scanning the following frequency ranges: 18-26 GHz, 29-51 GHz,
42-72 GHz and 70-110 GHz.

Theses frequencies are obtained from a 8-18 GHz source looking frequency counter, the output
signal is directed by SMA coaxial cables to frequency multipliers (Harmonic Generator) in order to
obtain the aforementioned frequency ranges. These multipliers are connected to horn antennas by
coax-waveguides transitions. The signal propagates in free space in the form of Gaussian beam and
samples are placed in the beam waist, where the beam is focused. The signal transmitted by the sample
is collected by a receiving horn antenna and a harmonic detector (Harmonic Mixer). The reflected
signal is recovered by a coupler, and then transmitted by waveguide to a harmonic detector. A
computer controls all the system and allows recovering data using acquisition cards, an oscilloscope
displays in real time the magnitude and the phase of the detected signal.

Since the signal is propagating in free space, we should adapt the wave-guided impedance to the
impedance of free space. To this aim, we use a pairs of pyramidal horn antennas in the frequency
band, which extends from 18 GHz to 26 GHz and a series of scalar corrugated conical horn antennas
for other frequency regions as illustrated in table 2.1. This type of corrugated horn antennas has a
radiating pattern with a rotational symmetry, and the Gaussian beam is obtained by coupling different
modes. The basic principle consists to convert a part of the enef@,ahode coming from circular
waveguide intof'M; mode and then combined together with the appropriate phase relation in order to
produce hybrid modedE;;. The TE;; mode is obtained fronTEq; by a transition "rectangular

waveguide — circular waveguide", which contributes to the impedance matchingMihenode is

-28 -



Chapter 2. Non-Destructive Measuremefi®e Space Microwave Setup and Terahertz Time Domain Spectroscopy

generated by the corrugations, which impose identical boundary conditions for the two polarizations of
the electric field. The amplitude of the beam has a Gaussian variation when we move far away from
the axis of the horn. The wavefront of a Gaussian beam is plane at the waist and curved in the rest of
the propagation axis, the sample is placed in the waist where the wavefronts are plane. More details
can be found about antenna theory in the book of C. A. BgRalanis, 1997)

SS—

] L3
S "
Horn S Position of

antenna

Figure 2.4: (a)Real images of our experimental quasi optical free space microwave setup, (b)
schematic of the microwave horn used, the setup is completed by the mirror image to receive the
transmitted signal through the sample

Frequency band  Type of horn Aperture (cm) Length (cm)
18-26 GHz Pyramidal 2.9 5.5
29-51 GHz Conical 5 24.2
42-72 GHz Conical 3.1 18
70-110 GHz Conical 2.5 12

Table 2.1: Dimensions of horn antennas depending on the targeted frequency region
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With a quasi-optical focalized setup, it is not necessary to use an anechoic chamber in order to
carry out measurements. However, parasitic reflections between the sample and the surrounding
environment can considerably reduce the accuracy of the measurements. Preliminary measurements
carried out in air for the transmission and on a metallic plane located at the waist position enable to
calibrate the experimental setup. Reflections due to the surrounding environment are then suppressed.

To approximate a plane wave, there are two requirements. First, to ensure that the field amplitude
is uniform over the samples, the beam waist at the sampteist be much larger than the transverse
extent of the sample. Second, to ensure that the wavefronts are planar, the Rayleighmarsgde
much larger than the longitudinal extent of the sample. The beam waist at the sample pladné.& w
cm for the 29-51 GHz frequency range andvigs [12.2 cm for the 70-110 GHz frequency range,
approximately. The corresponding Rayleigh ranggs (mw?3/A, whereA is the centre wavelength of
the working frequency band) for each frequency range at the sampitg;ard 3 cm andk, = 10 cm,
approximately (Oyhenart, 2005)

One can see thats; andws, are of the same order of the aperatures dimensions of the conical
horns (see table 2.1 given above) leading thus to a weak focusing. Indeed, the conical horns are long
enough, about 24 cm and 12 cm, respectively to prevent the systematic divergence of the beam at the
output of the horn. A good approximation to a plane wave is ensured because the latter two
dimensions are indeed much larger than the samples that will be studied in chapter 3. In other words
the number of unit cells illuminated at the position of the beam waist is rather enough. Indeed, about
12x12 unit cells (lattice periodicities x b = 3mmx 4mm and 3.6mnx 3.6mm, respectively) are
spatially covered by the beam waist for the 29-51 GHz frequency range, and akbitub@ cells
(lattice periodicity a = 2.5mm) for the 70-110 GHz frequency range.

2.4 Terahertz Frequency Regime

Terahertz frequency region has been explored intensively since about two decades due to the
development of ultrafast lasers, which are able to produce optical pulses substantially shorter than 1ps.
Terahertz time domain spectroscopy (THz-TDS) is considered as an optoelectronic method of
measurement, exploiting the wide band spectrum associated to ultra-short laser pulses. Terahertz
radiation covers a frequency band, where located vibration energies of many molecules such as
Hydrogen Fluoride HF (1.23 THz) and Hydrochloric Acid HCI (1.25 THz). These spectral signatures
of molecules in the far-infrared and terahertz regions are widely exploited in order to probe the
internal composition of molecular clouddiittelman, 2003) THz-TDS also find applications in
medical imaging. Indeed, due the low energy of a terahertz radiation (1 THz = 4.1meV), and since it is

absorbed by water molecules, it is therefore possible to differentiate biological tissues due to the
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contrast induced by the local concentration of water. The field of security imaging has also benefited
from the contribution of terahertz radiations, since they offer the possibility to image sequentially
hidden objects. For example, viewing objects that are inserted in a package optically opaque, or more
recently millimeter imagers available in some airports making possible the detection of hidden objects
(Karpowtrc 2005) Another application field is high-altitude telecommications, above altitudes
where water vapor causes signal absorption: aircraft to satellite, or satellite to satellite.

Terahertz (THz) spectroscopy, and especially THz imaging, holds large potential in the field of
nondestructive, contact-free testing. The ongoing advances in the development of THz systems, as
well as the appearance of the first related commercial products, indicate that large-scale market
introduction of THz systems is rapidly approaching. Industrial applications for THz systems,
comprising inline monitoring of compounding processes, plastic weld joint inspection, birefringence
analysis of fiber-reinforced components, water distribution monitoring in polymers and plants, as well
as quality inspection of food products employing both continuous wave and pulsed THz systems is
already usedJansen, 2010)Iin this section, we will briefly give the most coranly used optical

terahertz radiating sources.

a- Terahertz Diodes

We call terahertz diodes all active electronic dipoles enable emitting millimeter and submillimeter
radiations. In these semiconductors-based components, we observe in the characteristic current-
voltage a decrease of the current when the bias voltage increases. This effect commonly called
Negative Differential Resistance (NDR) is suitable to the generation of electrical oscillations. Gunn
diode (Hu, 2010)for example, is based on a simple bar of galliuneride (GaAs), which exploits a
physical property of the substrate: electrons move with different velocities due to their different
effective masses after transfert in sattelite valley.

There are several local minima of energy that exist in the conduction band, depending on the
displacement of electrons. The current then propagates as a burst of electrons, which means that a
direct current gives rise to an alternative current. This phenomenon can be used to realize microwave
oscillators, their frequencies can be controlled by the dimensions of GaAs and by the physical
characteristics of the resonator in which the diode is placed. For example, a Gunn diode operating at
100 GHz can generate 250 mW, but a Gunn diode functioning at 300GHz causes a decrease of the
power to 300MV. Currently, Gunn diodes are able to reach 100GHz with a power close to 200 mW.
Other examples such as IMPATT diodes (IMPpact Avalanche Transit {issle, 1998and RTD
diodes (Resonant Tunneling DiodéBrown, 1991)representing NDRs but exploiting different
principles are also used as terahertz sources. IMPATT diodes belong to the category of injections and

time transit diodes, they use the avalanche effect to generate charge carriers and can reach more than
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1Watt at 100 GHz, but the output power collapses dramatically beyond this limit. RTD diodes are
considered as solid oscillators functioning in the millimetre band that exploit quantum effects in a
double hetero-junction. This category of diodes has a lower emitting power compared to the
aforementioned diodes. The major limitation of electronic diodes is related to the decrease of their
generated electromagnetic power depending on the frequency and the small area of these high

frequency devices (Eisele, 1998)

b- HEMT (High Electron Mobility Transistor)

High electron mobility transistor is a promising submicron component for the terahertz generation.
The operating principle of a HEMT is identical to that of a field effect transistor with a MESFET
Schottky gate. It is based on the modulation of the conductance between the source and the drain,
under the electrostatic control of the gate. This basic component of the fast electronic can be used as
an amplifier in the microwave regime. M. Dyakonov and M. S. $Byakonov, 1993, Dyakonov,

1996) have proposed a theory about the instability ofmpkawaves in a bi-dimensional electrons gas,
which stipulates that a transistor can function as a terahertz source or detector, for a nanometer size of
the grid. Indeed, when an electric current is injected, the HEMT develops instabilities in the electronic
plasma under the grid of the nanotransistor.

Beyond certain amplitude of the current the excitation and the acceleration of charges generate a
terahertz radiation. Recently, studies have allowed generating a terahertz radiation at room
temperature, using nanometer HEMTs. These transistors can produce an output power of about 200
mW at 0.2 THz (Wang, 2001)

c- Backward Wave Oscillator (BWO)

Backward wave oscillators are tubes in which the submillimeter wave is generated by the Smith-
Purcell effect(Smith, 1953) The Smith-Purcell effect is obtained when an et¢écbeam propagates
with a grazing incidence over a metallic diffraction array. Electrons are emitted with a relative velocity
equal tove = v / c. During their displacement, electrons radiate an electromagnetic wave with a
frequencyf.= v, Cc/ d, whered is the spatial frequency of the radiated field. The frequency of the sub-
millimeter wave radiated by the BWO can be tuned by modifying the energy of electrons and the
structure of the tube. BWOs are considered as coherent, compact and powerful (10 mW) terahertz

sources. Table 2.2 illustrates some examples of BWO with their main properties.
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Table 2.2:Some examples of BWOs with their main properties, as reported in the following link
http://www.elva-1.com/products/microwave/bwo-180.htm

d- Laser Sources

The first laser source emitting in the terahertz range was the moleculgQesger, 1964)This
laser gas is pumped by dioxide carbon {Cfasers. The functioning principle is based on the
transitions between rotation levels and vibration levels of the gaseous medium that fills the cavity. The
best-known active media are methanol (OH) and formic acid (HCOOH). This source operates at
discrete frequencies imposed by the gas introduced in the cavity, and can provide an output power of
about some mW.

e- Quantum Cascade Laser (QCL)

A guantum cascade laser is based on a stack of ultrathin layers forming hetero-structures of
semiconductor materials. Unlike semiconductor lasers, based on transitions between conduction and
valence bands, the originality of QCLs lies in the use of inter-sub-band transitions in the conduction
band (Barbieri, 2000) The first demonstration of QCLs operating in tkeahertz range has been
performed by J. Faist and his collaborators in 1994. In 2002, Kfidheer, 2001)has shown the
possibility for these lasers to radiate in the terahertz regime &t &9d the next challenge is to
radiate at room temperature. The record temperature that has been reacheld is pGBed mode
with an output power of about 250 mW and 1K 7n continuous mode with 130 mW of power
(Williams, 2005)

2.5 Generation of THz Field

After this overview about optoelectronic emitting terahertz devices, we will discuss in the
following sections about different physical phenomena involved in the generation and the detection of
terahertz radiations. Basically, four main optoelectronic techniques are used to this aim: surface effect
(Greene, 1992, Zhang, 1992)on-linear processes generatidfang, 1971) photoconduction effect
(Auston, 1984) and beat frequency (Evenson, 1984, Brown, 1995)
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2.5.1 Generation by Surface Effect

One of the simplest methods used to generate terahertz signal is the surface effect emission. It
basically consists in illuminating the surface of a semiconductor material (GaAs, InP, InAs, ...) by an
impulse (ultra-short) laser. No technological fabricating steps are required for this kind of technique.
The generated terahertz field radiates in two directions. The first direction is almost collinear to the
reflexion of the optical beam and the second direction depends on the transmission properties of the
material. Since the propagation of terahertz pulse is limited from the point of view of the divergence,
we can deduce from the Snell's law the angles defining the emission directions of terahertz field as a

function of the incident angle of the optical beam (Zhang, 1990)

r]air (maser)Sinelaser = nair (a)THz)SinBR—THz = nSC(C"’II'HZ)SineT—THz (24)
wherelaser, Gh-tHz Gr-mHz@NdNsc are the incident angle of the laser beam, the direction of the reflected
terahertz beam, the direction of the transmitted terahertz beam and the refractive index of the

semiconductor in the THz frequency band.
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Figure 2.5: Emission of THz field at the surface of a semiconductor.

Two main physical phenomena are responsible for this electromagnetic emission: the acceleration
by surface field (Greene, 1992)nd the Photo-Dember effd@ekorsy, 1995)The generation of THz
field by surface emission effect has been performed using various semiconductor materials: InAs
(Sarukura, 1995, Adomavicius, 20040P (Zhang, 1990, Nakajima, 2008aAs (Kersting, 1998)
GaSb(Winnerl, 2004, InSi{Kono, 2000) Basically, the conduction and the valence banelsarved
near the surface of the semiconductor as illustrated in figure 2.5, due to the superficial defaults that
induce a spatial charge distribution at the surface of the semiconductor (symmetry breaking between
the air and the semiconductor).

This gives rise to a native residual electric figlg;, normal to the surface and penetrating the
semiconductor. When this latter is illuminated by a laser, the photo-generated charge carriers are
accelerated by the residual field. The resulting photo-induced current generates an electromagnetic

THz radiation as in the case of a Hertz dipole. Since the Hertz dipole is normal to the surface of the
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semiconductor substrate, this latter must be inclined with respect to the direction of the propagation of
THz waves (in other words the SC-crystal is illuminated at oblique incidence). The characteristics of
the radiated THz field strongly depend on the properties of the material used. The expression of the

surface static electric field can be written as follows (Robertson, 1995)

— eND

Esurf (Z) - £, (W_ Z)’ (25)

where Wis the width of the depletion region created at the surface, which depends of the doping of the
substrate and the electrical potential associated to the curvature of the bands (conduction and valence).
The expression of the current density created by the surface field can be written as (ihlamgs

1990y}

ot

1o)== o[ B Jeazfe " 1,(eht, 2
w 0 —00

wherea is the absorption coefficient, at the considered wavelepgththe mobility of carriersr is

the life time of free carriers in the depletion regityt) is the temporal profile of the optical pulse

excitation andR(@) is the reflection coefficient of the optical incident beam at the surface of the

semiconductor. In the case of the Dember effect, based on diffusion velocities of the photo-generated

carriers, the expression of the created electric field can be written as follows (Ascézubi, 2005)
0An
b

e 0z
, 2.7
e p+nb+An(l+b) @1
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whereb is the ratio between the mobility of electrons and the mobility of hales)dp are the
concentrations of the intrinsic carriedn is the concentration of the photo-generated electron-hole
pairs, Te is the equivalent temperature of plasma related to the excess of energy transmitted to the
carriers by photons. Numerical simulations performed using GaSb (Gu, 2000) have predicted values of
Ep varying from 100 to 4000 kih.

Lastly, non-linear optical processes resulting in THz radiation emission are bulk or surface-field
induced optical rectification of incident femtosecond laser pulses. The amplitude of a THz radiation
pulse generated by optical rectification in a non-linear optical crystal depends on the following
parameters: (1) amount of optical laser radiation transmitted into the crystal, (2) crystallographic
orientation of the crystal, (3) the non-linear electric susceptibility of the crystal, and (4) microcrystal
grain size. The amount of laser radiation transmitted into the crystal depends on the index of
refraction. The magnitude of THz generation due to surface-field induced optical rectification is

determined by the third order non-linear electric susceptibility of the material and THz generation due

-35-



Chapter 2. Non-Destructive Measuremefi®e Space Microwave Setup and Terahertz Time Domain Spectroscopy

to bulk optical rectification depends on the second-order non-linear electric susceptitelity
2005).

2.5.2 Generation by Optical Rectification

This technique(Zhang, 1992)is based on second order nonlinear effects thatraccsome
nonlinear dielectric crystals such as DA&Khneider, 2006and ZnTe, under optical excitation. The
main idea here consists in substracting the energy of two photons; we obtain a local and static
polarization, which lasts only the time of the optical illumination. The generation of THz radiation by
optical rectification requires intense electric fields and sufficiently important (intense pulsed lasers) to
induce nonlinear effects. The generated THz pulses obey to Maxwell equations as follows
n> 0%g,,,  oa:P?
IR
where P = gx?1 (1) is the second order polarizatigyfis the second order susceptibility agg()

AETHz - ’ (2.8)

is the laser intensity. The efficiency of the conversion dependg®cand also of the condition of
matching group velocity (sometimes also called matching phase condition). Indeed, if we consider a
Gaussian temporal profile of the pump laser pulse propagating and characterized by the guitation

spectral intensity can be written as follows

| () = 1, expl-72a? 12), (2.9)
wherewis the angular frequency of the radiation, we obtain:
PP (z,0) = ¥ (w)1(ew)exd iccz/ v, ), (2.10)

where y is the group velocity of the optical pulse, the expression of the THz field, generated in point

of the crystal, can be written as follows (Delagnes, 2010)
A 4
E.(zw)= zwz)((z)l(a))smc%, (2.11)

wheredkry, = kru, - alvy translates the mismatch between the group velocity of the optical pulse and
the phase velocity of the terahertz pulse. The total field is the integral along the sample thickness of
the local field that has been previously determined. If we neglect the dispersion of the group velocity,
the coherence length, which corresponds to the optimal length for the generation process can be

expressed as follows:

| = 77/ Ak= el (o, ) 2.12)

nopt - r"THz
C

I
nopt - Aopt(dn)pt / CM)_ nTHz

: (2.13)

C

) a)THz
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Depending on the material, and the wavelength of excitation, different dispersion regimes can
occur. In practice, very few crystals offer a phase matching in the THz band, due to the significant gap
between the optical group velocity and the THz phase velocity. Thus, when we want to generate a
broadband spectral region, using an ultra-short laser, the geometrical dimensions of the transmitter and
the receiver must be highly reduced down to few microns in term of thickness, in order to preserve the
spectral band, which is theoretically accessible by the duration of the laser pulse. Finally another
limitation is related to the absorption of these materials in the THz band, which can be very important
due to the presence of phonons characterized by frequencies typically located in the THz band. These

fundamentals limitations are accompanied by a reduction of the ratio S/N.

2.5.3 Generation by Photoconduction Effect

This technique requires the use of a photoconductive antenna. The device consists of a
semiconductor layer on which two metal contacts are deposited. The metallic plots act as electrodes
and allow applying a static electric field at the surface of the semiconductor material. When photons of
the incident laser beam interact with the semiconductor substrate, pairs of electrons-holes are created
(the inter-electrode gap is illuminated by a femtosecond pulse laser with a much larger energy then the
energy of the semiconductor gap). The conduction band is then occupied by electrons, while the
valence band is filled by holes; the conductivity of the semiconductor is then greatly enhanced. An
applied continuous bias voltagé, across the device allows photocarriers to move. The fast
displacement of charge carriers is responsible of the apparition of a brief transient jguvhaich
gives rise to a terahertz field radiated by the photoconductive device. A hemispherical silicon lens
positioned onto the backside of the wafer collects and allows formatting the terahertz beam. The
schematic view of the photoconductive device is shown in figure 2.6. In the case where the antenna's
gap is much smaller than the wavelength of emission, the mathematical formalism used to describe the
generation of terahertz field is based on equations of charges transport. This model supposes that the
THz radiation is generated by temporal variation of the surface density of charges, more precisely by
assimilating the photoconductive device to a Hertz dipole. In an isotropic medium characterized by a
refractive indexn, the radiated field at a distancelepends on the dipolar mome?(t) and can be
expressed as follow®orn, 1965)

1(1 n dP(t)  n? d?P(t)
E(r,t)=—| =Pt , 2.14
(r1) 4775(r3 ()+cr2 dt +02r dt? (@14

The different terms of equation (2.15) represent the static field, the near field and the far field,
respectively. We will focus on the far field that varies as The first derivative of the dipolar
moment is equal to the product between the photocujggtin the inter-electrodes gap and the

length of the dipole. The THz far field is proportional to the first derivative of the photocurrent:
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I, 0t
ETHz(r't):m#()’ (2.15)
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Figure 2.6: Emission of THz field by photoconduction effect.

The photocurrenji,(t) that flows in the antenna is defined as the convolution product between the

optical pulsd ,p(t) and the response of the semiconductor subgatéllaret, 2001)

ipe ()= Lo (§ D[ r{tav(t)] (2.16)

wheren(t), g andv(t) are the carriers density, the electric charge and the displacement velocity of

electrons and holes.

2.6 Detection of THz field

2.6.2 Detection by Photoconduction

Photoconduction detectors are identical to emitters of the same type that have been given above in
section 2.5.3 except that the device is not connected to a voltage source. The device is illuminated by a
pulse laser, creating charge carriers in the semiconductor. If the device is exposed to an incident
terahertz pulse, the carriers are accelerated, giving rise to an electric cyimethieJircuit (see figure

2.7). This current is proportional to the amplitude of the terahertz field at the moment of illumination.
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In the absence of terahertz pulse, the carriers recombine, and no current is induced. Thus, the detected

current is proportional to the convolution product of terahertz and optical pulses:
ja ()= [o,(t=t)Ep, (t)at, (2.17)
0

where t' is the time delay between the arrival of terahertz field and optical pulse on the detector.

)
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Figure 2.7 Operating principle of a photoconductive detector

If we consider a lifetime of carriers less than the duration of the optical pulse, the surface

conductivity can be expressed as follows:

o (t) = o,d(t 1), (2.18)
where,d (t-t) corresponds to the Dirac function. Equat{@riL8) allows writing the expression of the
electric fieldJy as follows

ja () = 00 (En., (2.19)

The photo-switches are not ideal detectors, because they do not transcribe the real temporal profile
of the terahertz electric field. Indeed, the lifetime of carriers and the inter-electrodes gap are the factors
that can limit the capacities of detection of the deyAseston, 1980) The spectral bandwidth of a
dipole antenna depends on the distance between its electrodes. A large inter-electrodes gap is very
efficient for detecting low frequencies, but its bandwidth remains very narrow. To overcome this
problem, we deal with small inter-electrodes gap antennas that allow detecting higher frequencies.
Photoconductive detection is characterized by two main advantages, their extreme dynamic greater
than 50dB and their sensitivity to the amplitude of terahertz field, not to its intensity. This technique

remains the most commonly used technique to detect THz field.

2.6.2 Detection by Electro-optic Effect

The electro-optic effect translates a change in the optical properties (refractive index) of a material

in response to an electric field that varies slowly compared to the the frequency of light. Judicious
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choice of the group and the crystallographic orientation of the electro-optic substrate, which is
illuminated by a THz-electric field, allows rotating the polarization of an optical incident radiation that
passes through the crystal. This rotation is proportional to the amplitude of the THz field and can be
detected using a standard experimental setup as illustrated in figure 2.8. The generated terahertz field
propagates in free space, and passes through the beam splitter and interacts with the ZnTe crystal. The
beam splitter is used to couple spatially the THz field and the optical radiation within the ZnTe. The
presence of terahertz field induces modification of the index ellipsoid in the crystal by Pockels effect.

Wollaston
Prism
= ~O
\
H
E Nonlinear )4 Balanced
crystal Photodiodes
Optical pulse

Figure 2.8: lllustration of the detection by electro-optic effect with\/@ plate and a Wollaston
polarizer.

The superposition of the optical pulse that is liyepolarized and the terahertz radiation within
the crystal gives rise to a phase shift, which is generated by the THz radiation, confers to this later an
elliptical polarization. The quarter-wave plate allows measuring polarizations along the two axes. The
two components are distinguished by a Wollaston prism before being injected in a balanced
photodiodes system. The difference of intensity between the two photodiodes is proportional to the
incident THz field as follows:

Al = |Op§ N°E;rul,, (2.18)

wherer,,=3.9 pniV is the electro-optic coefficient for ZnTk,, is the intensity of the optical field,
andL are the optical index and the thickness of the ZnTe crystal, respectively. The difference of
intensity4l is proportional to the electric THz field. If the THz field is not constant, but has the shape
of a pulse, the time delay between the THz radiation and the optical beam, should be varied. The
reconstruction of the temporal profile of the THz field is performed by raising different valuits of
versus time. The interested reader can find the rMugithematical formalism related to this

phenomenon with great details in the paper of G. Gallot(@allot, 1999)
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2.7 Terahertz Time Domain Spectroscopy (THz-TDS)

Terahertz time domain spectroscopy (THz-TDS) is a non destructive optoelectronic method for
materials studies over a wide range of frequency which extends from a few tens of Gigahertz to a few
terahertz. THz-TDS gives access to complex intrinsic parameters (refractive index, absorption,
permittivity, permeability, conductivity), of a wide variety of materials such as, diele(iosllaret,

1996), semiconductor®/an Exter, 1990) and liquids (Pedersen, 198Rythermore, THz-TDS allows
following the dynamics of ultra-fast charge carriers in semiconductors and interactions carrier-phonon
(Grischkowsky, 1990)

The analysis of molecular interactions in condensed phase systems and gazes is also possible by
terahertz time domain spectroscoffyarde, 1991) The determination of the parameters of the
material is achieved in a frequency domain, by analyzing the complex transmifi@gtand/ or
reflectanceR(w) functions. In this section, we will describe the experimental setup in a transmission
configuration that we have used in order to carry out measurements at THz frequencies. Figure 2.9
shows the schematic view of our experimental setup.

Indeed, our standard THz-TDS transmission setup is based on a mode-locked Ti-Sapphire laser
providing 80 fs pulses with a 76 MHz repetition rate with an output power of about 800 mWw, at the
central wavelength al,=800 nm. The laser output is split into pump and probe beams. The pump is
focused onto a bare InAs layer for surface field emission of the THz pulse which is further detected
with a photo-switch triggered by the probe. After emission, the THz beam is collimated and focused at
the sample’s location. The time-resolved field variation is measured using the current generated in the
LT-GaAs semiconductor receiver. The current induced by the probe beam in the detector is amplified
and processed with a lock-in digital amplifier (SRS 830). It is referenced with a mechanical chopper
located on the pump path, which is modulated at a frequency of about 1KHz before interacting with
the THz emitter. This set up provides a frequency response up to 3.5 THz. The optical path length of
the two paths (pump and probe beams) taken at the detector can be maodified by an optical delay line,
which offers the possibility to take several samples of the terahertz pulse that will be detected
according to an equivalent time sampling. Indeed, since we deal with sub-picoseconds laser pulses, the
measurement of this type of signals requires a sampling operation according to Shannon theorem. This
latter stipulates that for a given signal characterized by a maximum fregiigney the spectral
response, the sampling frequengghould be at least equal t&fg. :

fo=22xf (2.19)

max?
The conservation of information included in the signal is then guarantied. We can rapidly deduce

that for sampling a THz pulse in real time, we must have an electronic device with a bandwidth of
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several terahertz. In other words, it means to be able to take huge number of samples in a record time

below the picosecond.

7/
Y
beam optical pulse
\\splltter > >
--}--ch sample
chopper under test
Y > \ {

delectol

optical
¢ delay line D \/
Surfac
emitter teflon

lens paraboloidal
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Figure 2.9: Terahertz Time Domains Spectroscopy (THz-TDS), schematic view of our experimental
setup in the transmission configuration. The reflexion configuration has not been investigated in this
work, we will propose in chapter 4 an alternative method of measurement that give us the possibility
to obtain both the transmission and reflexion spectrum of an investigated sample with a single shot
transmission measurement at normal incidence.

Till now, the most commonly electronic devices exhibit bandwidths which extend from few tens
of gigahertz to few hundreds of gigahertz. Moreover, since the measured signals are generally very
weak ([ pA, OnA), the electronic device must have a great sensitivity in order to convey rapidly with
no losses nor dispersion or attenuation over few centimeters at least from the detector to the measuring
device. For these multiple reasons, it is virtually impossible to apply the standard real time sampling
technique on THz signals. The equivalent time sampling constitutes an alternative, which offers the
possibility to overcome this drawback. Indeed, this technique is possible using standard acquisition
systems for the measurement of fast signals (i.e. by using electronic devices with bandwidths that are
less than the bandwidths of the measured signals).

The THz radiation to be measured is a periodic signal, the different samples that will be used to
reconstitute this latter will be taken over different and successive periods of the signal (see figure
2.11). This indeed requires: periodic signals, synchronization between the measurement system and
the measured signals (performed by the chopper) and the possibility to delay precisely the

measurements of the signal to be sampled (performed by the delay line). Thus, the measurement of a
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THz radiation can be performed over a sufficiently large duration (on several thousands of periods of
the signal), which gives us the possibility to perform an average on the measurement for weak signals,
in order to increase the Sigfidbise ration. Note that the time incremeittan be deduced from the
spatial incremendix of the optical delay line as follows

At = 2Ax/c, (2.20)

wherec is the velocity of the light in vacuum (c = B® nmvs), the presence of the factor 2 in equation
(2.20) results from the round trip of the optical beam in the delay line. The generation of the THz
radiation in our experimental setup is based on the surface effect emission as described in section
2.5.1, while a photoconductive antenna is used for the detection (as described in section 2.6.1). The

equivalent time sampling is illustrated below in figure 2.9.

Figure 2.10: lllustration of the equivalent time sampling technique.

A quasi optical system (teflon lens and paraboloidal mirrors) as illustrated in figure 2.9 is required for
shaping the THz signal. Indeed, we have placed a teflon lens near the surface emitter, which is
accompanied by paraboloidal mirrors in order to focus low-frequency components, since these latter
are not sufficiently focused by the teflon lens that have dimensions of the same order or less than the
wavelengths of the components. The detected currents are generally very weak as mentioned
previously, so a synchronous detection amplifier characterized by a high gain and low noise is used as
an electronic measurement device (a current-voltage high gain preamplifier).

Figures 2.11(a) and 2.11(b) show respectively the typical time profile of the THz field that has
been measured using the experimental setup of figure 2.9, and the spectral response calculated using
the Fourier transform. Measurements are generally performed in a vacuum environment to get rid of
the water vapor that results in a series of absorption peaks as illustrated in figure 211(b), and can affect
the validity of the measurement. One can see that the useful signal extends from 100 GHz to 4 THz
approximately, and can note that the dynamics of the experiment is extremely large (about 50 dB).

Below 100 GHz, the THz field is poorly focused by the focusing optics elements and beyond 3THz the

-43 -



Chapter 2. Non-Destructive Measuremefi®e Space Microwave Setup and Terahertz Time Domain Spectroscopy

emitter radiates a very weak energy, and the signal is less than the noise. The transmitted signal
through the sampl&q,.{t) is normalized with respect to transmission in free space between the
emitter and the detectdry,(t). The determination of the intrinsic dielectric parameters of a given

material under investigation is performed by analyzing the complex transfer function in the frequency

domain Ta.
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Figure 2.11: (a) Typical temporal profile of the measured THz pulse, (a) magnitude of the spectrum
associated to the THz pulse that has been obtained by Fourier transform.

2.8 Conclusion

A brief description of numerical methods used in this work to predict the spectral behavior of our
investigated structures has been given (Finite Element Method and Transmission Line Matrix Method,
respectively). We have also described the quasi optical non destructive free space measurement setup
based on horn antennas and network vector analyzer used to carry out experiments at microwave
frequencies. A general overview of some terahertz sources has been given. The most common
techniques used in the generation and the detection of Terahertz field have been also given. Finally the

terahertz time domain spectroscopy (THz-TDS) setup has been presented.
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3.1 Introduction

eriodic stuctures have been used in many different applications, in the microwave field, and

Pan extensive and sophisticated periodic-structure theory has been developed over the past 50
or more years in connection with these applications. The applications include microwave tubes, linear
accelerators, filters, artificial-dielectric materials, leaky wave antennas, slot arrays, phased-array
antennas, frequency selective surfaces, and so on. Within the past few years, a new terminology has
been introduced in the microwave fieldElectromagnetic Band Gap Structures", this terminology
comes from the photonics field in reference to the "Photonic Band Gap Structures” due to the
similarities between the stop-band performance of optical periodic structures and solid state electronic
band gaps.

In the first part of this chapter, we propose to investigate a Frequency Selective Surface
calculated, fabricated and experimentally characterized around 40 GHz, and then applied as a Partially
Reflecting Surface (PRS) in a Fabry-Pérot cavity in order to enhance the performances of printed
antennas. This work has been performed in collaboration with our colleagues (Pr. André de-Lustrac
and Dr. Shah Nawaz Burokur) from Institut d’Electronique Fondamentale at university of Paris-Sud
11. The second part of this chapter is dedicated to the study of “new” class of metamaterials, the so-
called “fishnet metamaterials” which exhibit negative refractive index at millimeter frequency band.
Indeed, we will present the theoretical and experimental studies carried out on different fishnet
structures.

Initially, we used an electromagnetic software simulator based on the finite element method
(HFSS) in order to predict the spectral response of our metamaterials, then we applied the numerical
retrieval method(Smith, 2002)in order to extract the effective parameters of tumsidered
metamateriakes, Netr, Hert aNd & In this present dissertation we adopted the following expressions of
the effective parameteys= (/ +ju”, €= &’+j€”,z=2"+jz”andn =n’+jn”, and we assumed a time
dependence of the forgi“. Two different manufacturing procedures have been used to fabricate our
prototypes: standard optical lithography and mechanical micromachining technique. Experimentally,
we have used a non-destructive free space setup at microwave frequencies based on the use of a
Vector Network Analyzer, transmitting and receiving horn antennas in order to measure our fabricated

prototypes.

3.2 Frequency Selective Surfaces

Since the emergence of the Frequency Selective Surfaces (FSSs) in the early 60’s, many
researchers have contributed to their development and integration in modern telecommunications

systems, in order to achieve spatial filtering operafidmang, 1993, Huang, 1994, Romeu, 2000,
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Parker, 2001, Schoenlinner, 2004, Sarabandi, 2007, Lin, 20068)Frequency Selective Surface (or
dichroic structures) to space waves are the counterparts of filters in transmission lines. Once exposed
to an electromagnetic radiation a Frequency Selective Surface acts as a spatial filter, causing some
frequencies to be transmitted and some others to be reflected. FSSs have been used traditionally by
military in stealth technology for reducing the Radar Cross Section (RCS) of an antenna system
outside its frequency band of operation. FSSs are formed by periodic arrays of usually metallic
elements on a dielectric substrate; they may be also in the form of slots etched through metal plate.
The response of a Frequency Selective Surface is entirely determined by the size and geometry of the
unit element, periodicity, and also by electrical properties of the dielectric substrate. Considered as a
subclass of metamaterial surfaces also known as metasurfaces, FSSs with their remarkable properties
in controlling the propagation of electromagnetic waves have found many applications, which make
them promising solutions to antennas and microwave circuit’s problems. Some examples are reflector
antennas, radome design, polarizers, beam splitters and planar radar absorbers. In the following
sections, | will present the study hat has been performed on a planar Frequency Selective Surface
(FSS) operating in the microwave regime. It should be noted that the results of this study is the subject

of a paper that has been submitted for publication (Yahiaoui, 2011)

3.21 Design, Fabrication and Characterization of our Frequency Selective
Surface at millimeter wavelengths

The unit cell of our frequency selective surface is shown in figure 3.1(a). It consists of a 35um
thick metallic (copper) pattern printed on one side of a 0.5mm thick dielectric substrate (&poxy,

4.4, tand) = 0,02) using the standard optical lithography. The unit cell of our investigated structure is
repeated periodically along the electiic and magneticH field directions with the following
geometrical dimensionsa = 4 mm,b = 3 mm,c = 1 mm andd = 3 mm. Using the full wave
electromagnetic simulator based on the finite element method (HFSS), we performed simulations in
order to predict the frequency response of the structure.

It should be noted that for saving computing time, only one unit cell is designed in HFSS and
appropriate boundary conditions (electric and magnetic walls) are wrapped around the unit cell in
order to simulate an infinite bi-dimensional array. The sample is illuminated by a plane wave (TM
mode, E//lz, H/ly and k//X) at normal incidence with only one layer along the direction of
propagationk . Microwave measurements have been done on a fabricated prototype composed of 23
25 cells. The reflection and transmission measurements have been performed applying the AB
Millimetre™ vector network analyzer and horn antennas in a quasi-optical configuration (described in
chap. 2, sec.2.3). In the transmission measurements, the incident plane waves are normal to the sample

surface and the transmitted intensity is normalised with respect to transmission in free space between
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the two horn antennas. Similarly, the reflection coefficient, measured with a directional coupler in the
reflexion geometry, is normalised using a sheet of copper as reflecting mirror Figure 3.1(b) shows the
simulated and measured transmission response of the FSS. We observe a pass band frequency
behavior centered around 40 GHz with a bandwidth at -3 dB estimated at 6 GHz. The bandwidth is
rather wide, which indicates the poor selectivity of the spatial filter. Further simulations performed on
our FSS, taking into account the TE mode (Edly, H //zandk //X) over a wide frequency band up to

75 GHz, as illustrated in figure 3.1(c), reveal that the fundamental resonant mode which occurs at 40
GHz in TM mode, completely disappears in TE mode and remains only the higher mode orders
beyond 68 GHz. The transmission peak reaches a maximum value of about -1 dB at 40 GHz and a

fairly good agreement is reported between theory and experiment.
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Figure 3.1 (a) Unit cell of our investigated Frequency Selective Surface with the relevant geometrical
dimensions a=4mm, b=3mm, c=1mm, d=3mmm t=0.5mm. (b) magnitude of the simulated (solid line) and
measured (line and symbols) transmission coefficient. (c) comparison of the magnitudes of transmission
and reflexion coefficients for TE and TM polarization, (b) magnitude of the transmission coefficient of the
FSS measured for different incidence angles -45%45°.
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We also focused on the dependence of the frequency selective surface on the incidence angle of
the electromagnetic exciting wave. Figure 3.1(d) shows the transmission coefficient that has been
measured, for different values of the incident angle. The transmitting and receiving antennas are fixed,
while the sample under investigation is rotated. The spectral response of our FSS remains substantially
unchanged for incidence angles betweed5° which is potentially very interesting for oblique
incidence applications.

The dip in the measured transmission around 38 GHz near the resonant frequency is due to the
finite nature of the fabricated prototype, since we have simulated in HFSS an infinite 2D structure,
which is fully illuminated by a plane wave. Further numerical calculations that have been performed
but not shown here demonstrated the critical influence of a more realistic and finite prototype on the
spectral response. This dip is much more pronounced beiidstdncidence since the number of unit

cells illuminated by the incident wave-fronts is reduced.
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Figure 3.2:Magnitude of the calculated (solid lines) and measured (lines+symbols) transmission
coefficient for 1, 2, 3 and 4 stacked layers respectively along the direction of propagation k.

Depending on the targeted application, the selectivity of a spatial filter can be a very important and
critical characteristic in its functionality, which should be taken into account during the designing
procedure. We propose here to enhance the selectivity of our FSS by staking several layers of our
prototype along the direction of propagatigrand regularly spaced by an air gap= 1 mm. Indeed,
the selectivity of the spatial filter is significantly increased as shown in figure 3.2 and a fairly good
gquantitative agreement between the simulated (solid lines) and measured (lines and symbols)
transmission coefficient for 1, 2, 3 and 4 FSS layers is observed. Indeed, the bandwidth of the filter at
-3 dB goes from 6 GHz to 3 GHz for 4 FSS staked layers, the same effect has been reported in
previous workgLunet,2009). This effect is very promising for highly selectifikering applications.

We also notice a decrease in the level of transmission at the 40 GHz resonant frequency, with a minor

shift towards low frequencies in the measured responses, in the case of 3 and 4 staked layers,
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compared to the simulated responses. This is may be due to the shift that can occur between the
metallic patterns when the layers are stacked.

3.2.2 Tunability of the Spectral Response of the Frequency Selective
Surface

Frequency tunable responses of electronic and electromagnetic devices are highly desired, since
they offer the possibility to operate at different frequencies. The most common method to obtain
tunability is to change the effective electric length or the effective permittivity of the structure, and the
techniques used to reach this goal are various and widely discussed in scientific literature. The design
and development of agile functions based on localized components is extremely dynamic, it consists to
integrate well-known and controlled elements such as Dipdmslaxoglou, 1993, Chang, 1996, de-
Lustrac, 2001, Yang, 2002, Mias, 2005, Djermoun, 2006, Mercier, 2006, Chen, 2006, Ourir, 2009)
MEMS and Transistor§Barlevy, 1999, Poilasne, 2000, Gianvittorio, 20@@)a standard passive
structure.

It is also possible to use materials such as liquid cryd@al$i, 1993, Busch, 1996, Takeda, 2002,
Chen, 2004)piezoelectric materialChang, 2002)ferroelectric{Parker, 1996, Kuylenstierna, 2003,
Yashchyshyn, 2005, Hidaka, 2005, Hu, 208@)l ferromagneti¢Pozar, 1993, Chang, 1994, Adam,
2002) in order to achieve reconfigurable structures. lis tection, we propose theoretically an
original way to tune the response of our Frequency Selective Surface. The basic idea consists in
stacking two layers of our FSS spaced by an airggap 1 mm, and to apply a lateral displacement

denoted by d along yxis to only one layer with regard to the other, as illustrated in figure 3.3(a).
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Figure 3.3:(a) configuration of our system which leads the tunability of the spectral response of the
double-FSS, one layer of the double-FSS translates horizontally along' theigjywhile the second
layer remains fixed (b) equivalent electrical circuit proposed of the unit cell of our system, which
consists of stack of two FSSs along the direction of propagrtiegparated by and air gagglmm.

-49 -



Chapter3. Investigations of Metamaterials at Microwave Frequencies

Indeed, the total structure can be regarded as an electric equiM@leimtuit that resonates at the
frequencyf, in the path of an incident plane wave as shown in figure 3.3(b). The resonant frequency
strongly depends of the electric properties of the material used and the geometrical dimensions of the
unit cell of the sample. The inductariceorresponds to the inductance of the metallic patterns of the
unit cell along the direction of the electric fiell and C corresponds to the capacitance created
between the two metallic patterns separated by the dielectric substrate (epoxy) and the air-gap. The
capacitance€ takes into account both the capacitangefChe so callesheck pairand the capacitance
C; of the so calledlab pairas detailed byKafesaki, 2008¥or the fishnet structure. This proposed
equivalent circuit will be discussed in details in section 3.4.4, related to fishnet metamaterials.

The electromagnetic frequency of the equivalent circuit is given by the following approximate
expressior(Yan, 2008) f, :1/273/ LC. The lateral displacement along ¢ axis of one layer in the

double-layered FSS causes a misalignment of the metal patterns, chagngimythus modifying the
resonant frequency of the structure. In this case, IbathdC, is unchanged. Figures 3.4(a) and 3.4(b)
show the tunability effect on the transmission and reflection spectra, respectively for different values
of the parameted. The resonant frequency decreases from its nominal value 41 GHz to 32 GHz,
approximately whem goes from 0 pm to 500 um (we obtained about 22% of tunability). From our
calculations, we have also noticed that the translation of one layer along the electricdiigction
(polarized alond:z’ axis) does not affect significantly the response of the FFS, creating only a minor
level of tunability.

In this type of translation, we will be in presence of two possible situations; eithaeeckiaces
anothemeckor oneneckfaces aslah In both cases;, will be similar. HoweverC; will be modified,
but only slightly,L remains also unchanged, the minor level of tunability is then expected. The main
transmission peak centred at about 41 GHz splits into new peaks which move in opposite directions.
The fundamental mode decreases in intensity and moves towards low frequencies from 41 GHz to 32
GHz approximately, whed increases from Oum to 500um. Furthermore, a resonant frequency of
about 25 GHz is reached for the fundamental mode, when the horizontal displagésreeitto 1mm.

Higher order resonant modes are observed around 42.5 GHz and 46 GHz on both reflexion and
transmission coefficients, as depicted in figures 3.4(a) and 3.4(b).

For a better understanding of the origin of these additional peaks, we have performed a series of
numerical simulations on our double-layerd FSS. Our investigations reveal that each peak is in fact the
contribution of different sub-elements constituting the unit cell of our double-layerd FSS, thus the
resulting response is the superposition of each sub-elsmesponse. Similar effects have been
already observed for multiple-frequency band applications in terahertz régirme, 2008, Yahiaoui,

2009, Yahiaoui, 2011)Indeed, the dissymmetrical unit cell of our invgeted double-FSS can be
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regarded as a combination of an array of shifted metallic long-wires pairs in the direction of electric

field and an array of double-plate pairs as illustrated below in figure 3.5.
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Figure 3.4:Evolution of the reflecion (a) and the transmission (b) coefficients for different values of
the displacemend alongyy’axis from O pm to 500 pum, the tunability is about 22 % from 41GHz to
32 GHz.

The first and the second higher order modes that appear at about 42.5 GHz and 46 GHz
approximately, comes from the metallic shifted continuous wires pairs and the third higher order mode
that occurring around 62.7 GHz corresponds to the contribution of the double-plate pairs. Figure 3.6(a)
shows the reflection coefficient of each individual sub-particle. Furthermore, the extraction of
effective parameters of our investigated double-FSS using the classical retrieval (Betlibd2002)
reveals that the additional peaks supported by the structure show both electric and magnetic activity.
Indeed, both effective permeability and effective permittivity of the structure exhibit a resonant

behavior at the aforementioned frequencies, as illustrated in in figures 3.6(b) and 3.6(c).
1|§ iR — 4+

Figure 3.5:Decomposition of the unit cell of our investigated double-FSS into long-wires pairs and
double-plate pairs in order to explain the origin of the additional peaks observed in the spectral
response.

At this stage, it is important to note that when the airggajand the horizontal shift are set to 0,
the double-layered FSS can be assimilated to the previously reported fishnet stikiafesaki, 2007,
Yan, 2008) presenting a negative refractive index. Howevag tb the air gap of 1 mm used in our

study, negative refractive index will not be observed. Indeed, in our case, the refractive index does not
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reach negative values, as illustrated in figure 3.6(d), because the negative electric and magnetic
regions do not overlap (see chap.1, sec. 1.5.1 related to the necessary condition leading to a negative
refractive index). Indeed, the electric plasma frequefat8.4 GHz is located below the first
magnetic resonant frequenty;=38.9 GHz, in other words the metallic parts of the structure are too
much diluted. Despite this drawback, further numerical calculations reveal that the aix;gap
contributes efficiently to obtain a much broader frequency region of negative permeability compaired

to what is commonly used to obtain in scientific literature in classical “magnetically active” resonant
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Figure 3.6:lllustration of the origin of additional peaks that appear on the reflexion coefficient of the
dissymmetrical ¢=100um) double-FSS. Extraction of the effective parameters: (b) permeability, (c)
permittivity, and (d) refractive index, (e) influence of the air ggpngthe enlargement of the region

of negative g, varies from 0.5mm to 2mm, where the horizontal displacemenset to zero.

Indeed, as we will see in the following sections, which are dedicated to the study of fishnet
metamaterials, these latter exhibit a very narrow (few gigahertz only) frequency band of negative
moderate air gap of about 1mm, with no horizontal displacerden(um) gives the best compromise
in terms ofthe frequency rangébout 16 GHz, from: 42.5 to 58 GHz) and #maplitude levelof
negativeu (see figure 3.6(e)). The third higher order mode around 62.7 GHz that arises from the

contribution of the double-plate, exhibits both electric and magnetic resonant behavior, as illustrated in
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figures 3.6(b) and 3.6(c), respectively. We notice that the electric resonance is much more pronounced
that the magnetic resonance at this frequency.

As a partial conclusion, we have theoretically and experimentally investigated a planar FSS that
has been designed, fabricated and characterized for an operation frequency in the microwave regime.
The selectivity of the studied FSS is considerably enhanced when stacking several layers. The angular
robustness of the transmission response was demonstrated, and an original technique has been
proposed in order to obtain a tunability on the spectral response. We will now propose, in the
following section, a potential and interesting application of this metasurface, as a Partially Reflecting

Surface (PRS) in Fabry-Pérot (FP) cavity in order to enhance the directivity of printed patch antennas.

3.3 Application of the Frequency Selective Surface as a
Partially Reflecting Surface in a Fabry-Pérot Cavity
Antenna

Antennas are devices that may radiate (transmitter) or receive (receiver) electromagnetic waves
and make it possible to liaise between two distinct areas. This means of transmission is advantageous
from an economic point of view, since the areas to connect are remote. It is also interesting in terms of
logistics and ergonomic, when the areas to cover are difficult to achieve using a traditional wired
system. Antennas are classified by different parameters su@uis Radiation Pattern, Directivity,
Operating Band and Bandwidth.

A first classification of antennas can be made using the criterion of directivity, depending on the
targeted application, we can seek for an illumination of the surrounding space, as uniform as possible,
or a localized illumination in a specific direction. Each of these categories of antennas has its own
applications. Indeed, non-directive antennas are usually used in the case where the position of the
receiver is not necessarily known, such as mobile phone applications and radio communications.
Directive antennas are used for point to point links, where the positions of transmitting and receiving
devices are well known, such as uplink (a link from terrestrial transmitter to satellite receiver) and
downlink (a link from satellite transmitter to terrestrial receiver) communications, or linksLtgpal
M ulti-point Distribution Srvice (MDS).

This type of antennas is very interesting to increase the scope of the radio communications links
and for increasing the flow of the transmissions. In this section, we will particularly focus in directive-
antennas. Several technologies can be used in base and mobile stations such as lens antennas
(Fernandes, 1999and printed antennas arrgyevine, 1989, Lafond, 2000)but the feeding
mechanism of the array leads to a significantly loss in efficiency. Another way to achieve directive
antennas is to place a source between two reflectors to form a Fabry-Perot resonant cavity antenna as
introduced for the first time by G. V. Trentini in the 5¢®™entini, 1956) With the phase constraint
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related to the multiple reflections suffered by the electromagnetic wave inside the cavity from a
reflector to another, a cavity thicknesses of abldu{A is the operating wavelength) were used since

each reflector presented a reflection phase of.180°

3.3.1 Fabry-Pérot Cavity Antenna

The purpose of this section is to use our investigated Frequency Selective Surface (FSS) in a
Fabry-Perot cavity, in order to realize high directivity antennas with narrow beam and low side lobes.
Figure 3.6 shows the quasi-optical cavity model proposed by G. V. Trentini in(T856@ini, 1956)
this structure simulates the operation of antennas array, and the functioning principle is based on the
Fabry-Perot interferometer and the optical ray theory. The Fabry-Perot cavity antenna proposed by G.
V. Trentini consists of a completely reflecting screen and partially reflecting sheet, separated by a
distancel as shown in figure 3.7. An electromagnetic wave source plac8dsirused to feed the
entire system, the reflection coefficient of the sheet can be writtété4sAssuming no transmission

losses, the amplitude of the direct ray 0, the once-reflected ray 1 and the twice-reflected ray 2, ...etc,

are proportional tdl— p?, p\/l— p?> and p2.1-p?, respectively, wher@ is the magnitude of the

reflexion coefficient. The Electric field intensity in the Fraunhofer zone (far field region) consists of
the vector sum of these partial rays, and for an infinite screen and sheet we may write the following
expression:
E=) f(@)E p'y1- p’e”, (3.1)
n=0
The phase angl8 is composed of the phase variations during reflections from the completely
reflecting screentf) and partially reflecting sheetf, and also of the path differences of the partial

rays. The phase difference between ray 1 and ray 0 may be written as :

_on oy 2m 2 ' .
{61 =52 tar{a)sin(a) 7 oda) +7T+l/ll, (3.2)

And between ray 2 and 0 as

2

_2n in(a)-2T_4__ 3.3
{92 ; 4 tar(a)sin(a) S a)+27r+wl, (3.3)

Which, somewhat transformed, gives
0, = nH:n[—A'TﬂI coda)+ 7T+l//}, (3.4)

Since K1, we obtain:

i(pejg) -1 TR (3.5)

-54 -



Chapter3. Investigations of Metamaterials at Microwave Frequencies

(t1£r) ]

Figure 3.7:Schematic view of the Fabry-Pérot cavity antenna proposed by G. V. Trentini in 1956
(Trentini, 1956)

Inserting (3.5) in (3.1), the absolute value of field strength becomes

- 1-p° 3.6
L @6)

And the power pattern is therefore

S= 1-p° £2(a), (37)
I+ p® - 2pcoz£t// + n—é;ﬂ I cos(a)j

We must take into account that the amplitédend the phase of the sheet reflection coefficient
are functions of the angle of incideneeMaximum power in the direction @f=0° is obtained when

4n

Yy+m——I =0, (3.8)
A
The equation determining the resonance distarafdhie sheet is
L =[ Y tos]dend, (3.9)
360 2 2

With ¢ represents the reflection phase of the partially reflecting surface (expressed in dagrie),
operating wavelength arid is an integer corresponding to the order of the cavity’s electromagnetic
mode. Taking into account the thickness of the antenna’s substeaid its relative dielectric
permittivity &, the resonant thickness of the Fabry-Perot cavity can be expressed as follow:
7 A A
|, =| =—=+05|=-tJ& £t N—, 3.10
' (360 2 \/_’ 2 ( )

In recent years, this class of antennas has received renewed interest particularly with the

development of metallo-dielectric periodic structures, and they have been studied as reflex-cavity
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antennas for their directive emissiof®&evenpiper, 2003, Feresidis, 2005, Zhou, 2005jrO2006,
Yahiaoui, 2009, Burokur, 2009If it is necessary that these antennas possessptormances and

low sidelobes to reduce the influence of multipath, they must also lead to low cost and compact
systems in order to integrate them into transmitting and receiving devices. In this context, if the
wavelengthA, the permittivity and the thickness of the substigt@ndt are fixed, the resonant
thicknesd, of the cavity can be minimized by reducing the reflection phase of the partially reflecting
surfacey according to equation (3.10).

Taking advantage of the phase dispersive characteristics of metasurfaces, several models of reflex-
cavity antennas have been proposed over the last few years in scientific literature. Indeed, Feresidis et
al (Feresidis, 2003)have proposed b=A44 thick cavity, which is slightly more compact than the
standard Fabry-Pérot cavity by using a meta-surface which exhibits a zero reflection phase at resonant
frequency instead of 180°. Zhou et(dhou, 2005)proposed a much more compact cavity antenna
with a thickness of abou=412, using dispersive characteristics of High Impedance Surface (HIS) of
Sievenpiper(Sievenpiper, 2003)Subsequently, Ourir et dDurir, 2006) demonstrated an ultra-
compacth=460 resonant Fabry-Pérot cavity antenna based on the use of low reflexion phase of

metamaterial structures.

3.3.2 Our FSS-based Fabry-Pérot Cavity

Following our investigations on the FSS in the above sections, we now propose a potential and
interesting application of the latter surface. Indeed, the FSS can be very useful as a metasurface
reflector in Fabry-Pérot (FP) cavities. Consequently, we propose to evaluate the studied FSS as a
Partially Reflecting Surface (PRS) in a FP cavity so as to enhance the directivity of antennas based on
the use of a single feeding source. For antenna experimental measurement setup availability, we carry
out this application investigation in the X band at around 9 GHz. Here we design our FSS in order to
act as the PRS in such a reflex-cavity antenna. Using a standard printed circuit board and optical
lithography, a planar prototype composed 09 @ells having optimized geometrical dimensicams
18 mm, b = 12 mm, ¢ = 3.5 mm and d = 12 mm, has been fabricated on the epoxy substrate of
thickness 1.6 mm angl€4, tanp)[D.05) in order to validate simulation results.

Measurements have been carried out in the anechoic chamber of IEF using a network vector
analyser, and two horn lens-antennas working in the [2 GHz - 18 GHZz] frequency band are used as
emitter and receiver, as shown in figures 3.8(a) and 3.8(b)). Figures 3.8(c) and 3.8(d) show the
calculated and measured magnitudes and phases of transmission and reflection coefficients of our
investigated FSS, with a good quantitative agreement between theory and experiment. Our proposed
structure can be regarded as a pass-band spatial filter, with a first resonant mode localized at about 7.5

GHz, which exhibits about 9% of transmission (|T|= -1 dB). At the working frequency of the Fabry-
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Pérot cavity, a high level of reflectivity is required (R should be as close as possible to unity) in order
to confine electromagnetic waves in the cavity. This confinement allows achieving high directivity,
since the expression of the maximum boresight directivity is givenpy D1+R)/(1-R)(Feresidis,

2005). From figure 3.8(c), one can see that beyond teenant frequency of the fundamental mode
particularly around 9.5 GHz, which corresponds to the operating frequency of our system, the FSS
plane exhibits a reflectivity of about 8 (R [00.890-1dB), which is quite enough to confine the
electromagnetic wave and then enhance the directivity of the source (patch antenna). The reflection
phase varying from18C to -180°and passing through zero at resonance 7.5 GHz (see figure 3.8(d)),

is used to determine the thickness of the cavity. The schematic view of the Fabry-Perot cavity and the

picture of our fabricated FSS, used as PRS are given in figure 3.9(a).

1
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Figure 3.8:(a)-(b) pictures of the experimental equipment frémstitut d'Electronique Fondamentale
(IEF) used for measurements. Calculated (solid lines) and measured (lines and symbols) magnitudes
(c) and phases (d) of the transmission and reflexion coefficients of our proposed FSS, used as Partially
Reflecting Surface in the Fabry-Perot cavity. The single feeding source is a square copper patch
antenna (6.2mmx 6.2mm) printed on 1.6mm thick epoxgr£4, tar{d)[D.05) operating at about
9GHz.

Taking into account the thickness of the antenna’s substrdi®iim), and its electric properties
(e,~=4, tanp)=0.05), we have depicted in figure 3.9(b)) the thickrieethe cavity versus frequency,
given by equation (2.10) from calculated and measured reflection phases, at which the maximum of

boresight directivity § = 0°) can be obtained. At the operating frequency of 9.5 GHz, the reflection
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phase is very close to -180°, suggesting a cavity thickpessibout 15 mniJA/2. A good agreement

is observed between the different results. From the return loss spectrum shown in figure 3.9(c), we can
see a clear deep around 9.5 GHz which corresponds to the resonance mode of the patch antenna. One
can see that the resonant frequency of the Fabry-Pérot cavity is slightly shifted towards low
frequencies at around 9GHz. Both the patch antenna and the Fabry-Pérot cavity exhibit a good
impedance matching (i.&,}|<-10 dB).
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Figure 3.9:(a) Schematic view of the Fabry-Pérot cavity antenna and the picture of our fabricated FSS
used as PRS, (b) Calculated (solid lines) and measured (lines and symbols) cavity’'s thickness versus
frequency, (c) return loss of patch antenna and FP-cavity, (d)-(e) radiation patterns in E- and H-plane
for both patch antenna (red color) and Fabry-Pérot cavity (black color), respectively.
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In order to illustrate the enhancement of the directivity, we have depicted in figures 3.9(d) and
3.9(e) the calculated and the measured radiation patterns in E- and H-planes for the patch antenna and
for a 15 mm thick resonant Fabry-Pérot cavity, respectively at about 9 GHz. Here also, we can observe
a very good quantitative agreement between simulations and measurements. The directivity of our
investigated system is considerably enhanced and goes from 8 dB for the patch antenna to 20 dB for
the cavity and the side lobes level of the cavity remains below -10 dB. These results show the potential
application of our proposed metasurface in a Fabry-Pérot cavity for enhancing directivity of planar
patch antennas. Furthermore, the study performed above in section 3.2.3 on the frequency tunability of
the double-layered FSS suggests the possibility fedguency reconfigurable cavitysing such type
of FSS as reflector. Indeed, this will be the subject of further investigations as reported in perspectives.
We will now move to the second part of this chapter, which is dedicated to the study of, the so called:

fishnet metamaterials.

3.4 Fishnet Metamaterials

Fishnet metamaterials (metal-dielectric-metal) were initially introduced as structures with negative
refractive index with low losses at near-infrared frequen¢#sang, 2005) and subsequently
demonstrated at microwave and terahertz frequencies (where metals are almost perfect conductors)
(Beruete, 2006, Beruete, 2007, Navarro-Cia, 2088he far-infrared frequency ran¢f@olling, 2005,
Valentine, 2008)and in the visible range (Dolling, 2007)

The fishnet structure also aims to be an alternative to the conventional structure consisting of a
combination of SRR (Split Ring Resonators) and continuous wires, initially proposed by J. B. Pendry
et al (Pendry, 1998, Pendry, 1999%pbricated and then characterized by R. A. Shelélyal at
microwave frequenciegShelby, 2001) Although the SRRg continuous-wires based metamaerial
exhibits a negative refractive index, the multilayer topology of the structure, which is illuminated at
grazing incidence, remains a major disadvantage of this class of metamaterials, making them very
difficult or even virtually impossible to fabricate at very high frequencies.

Further drawbacks related to physical phenomena, as already mentioned in the first chapter also
limit the functioning of this structure at very high frequencies. The advantage of the fishnet
metamaterial is its simplicity of manufacture, furthermore only one single layer excited at normal
incidence is sufficient to exhibit a negative refractive index at the desired frequency. In the following
sections, we will study two main fishnet metamaterials based on a double-sided metal grid and a
perforated metal-dielectric-metal structure that exhibit a negative refractive index around 40 GHz and

85 GHz, respectively.
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3.41 Double-Sided Metal Grid Metamaterial, Design Specifications

Figure 3.10(a) shows the schematic view of the unit cell of our investigated fishnet metamaterial.
It consists of 0.5mm thick dielectric substrate (Epaxy4, tan)=0,02) with 35um thick identical
metallic cross patterns printed on his both sides. Figure 3.10(b) shows our fabricated prototype, using
standard optical lithography. The geometrical dimensions of the unit cell of our metamaterial
a=3.6mm,b=1.5mm were chosen for functionality within the frequency band [30 GHz — 50 GHZz] for
the resonant frequency of about 40 GHz. The structure is illuminated with a plane wave at normal
incidence with TM polarizationg//z andH//ly) and only one layer is taken into account along the
direction of wave propagatiok . Simulations and measurements were performed using HFSS and
guasi optical free-space setup, respectively. Note that the geometry of the unit cell of our investigated
structure confers to this latter a dual-polarization functioning (both TE and TM polarizations), which

is a first and promising step in designing isotropic metamaterials independent from the incident

polarization.
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Figure 3.10: Schematic view of the unit cell of our investigated metamaterial with relevant
geometrical dimensions: a=3.6mm, b=1.5mm, t=0.5mm, the experimental prototype that has been
fabricated using the standard optical lithography is also shown in the left panel.

3.4.2 Simulations and Experimental Verifications

In order to demonstrate the validity of the simulation in free-space environment, a prototype
sample is fabricate(see figure 3.10(b)and tested using free-space measurement setup. Figure 3.11
shows both magnitudes and phases of the calculated and measured spectral response (transmission and
reflexion) of our metamaterial, with fairly good qualitative agreement between experiments and

theoretical predictions. The structure exhibits a resonance around the frequency of 40 GHz, the dip in
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the reflection near 47.5 GHz for the simulation and at about 45 GHz for the measurement is due to the
fact that the real part of the sample impedande equal to 1 at these frequencies, and so no reflexion

is possible, a high level of transmission is then expected as illustrated below inJfigli{e)) We

think that there are two potential causes for the shift between simulations and experiments: (1) the
actual dielectric constant of the circuit board material may be slightly higher than the value used in the
simulations. (2) The metallic patterns on the top and bottom sides of the dielectric layer may be
slightly misaligned. At these same aforementioned frequencies, the phase reflexion undergoes a jump
of +180° It should be noted that theoretically, we simulated in HFSS an infinite 2D structure which is
fully illuminated by plane wave, while the fabricated prototype has more realistic and finite
geometrical sizes. The number of unit cells that have been exposed to the electromagnetic radiation
during the measurement is then restricted. However we arranged so that the lateral dimensions of the
experimental prototype are larger (100 mil60 mm) than the apertures of the transmitting and

receiving horn antennasl €50mm) which avoid diffractions at the edge of the sample.
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Figure 3.11:magnitudes (a) and phases (b) of the simulated (solid line) and measured (line and
symbols) response (transmission and reflexion) to electromagnetic radiation incident on the double-
sided metal grid fishnet metmaterial.
3.4.3 Extraction of Effective Parameters

Using the numerical retrieval procedure ran@mith, 2002) we can extract the effective
parameters from the transmission and reflexion results. A particular attention has been paid in the
choice of the right branaim, as explained in chap.1, sec. 1.4. The extracted permeability, permittivity,
wave impedance and refractive index are shown in figure 3.12. The plots show that the real part of the
permeability (figure. 3.12 (a)) follows a Lorentz-like model dispersion and exhibits a resonant
behaviour around 40 GHz, which leads to negative values over a very narrow frequene0l@ahid:

< f < 425 GHz. The imaginary part of the permeability is given in the insert for a better

identification of curves.
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The real part of the permittivity (figure. 3.12 (b)) is negative over most of the frequency band
below the plasma frequen&y47 GHz and exhibits a hybrid anti-resonant dispersion. The real part of
the wave impedancg=1 near 47.5 GHz for the simulation and at about 45 GHz for the measurement
(figure. 3.12 (c)), which indicates a good impedance matching of the metamaterial with its host

medium (the surrounding environment) at these frequencies.
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Figure 3.12:Extracted electromagnetic properties simulion (solid lines) measurements (line and
symboils) of a periodic array of our double-sided metal grid fishnet metamaterial, using the simulated
and measured data of figure 2.11. Real and imaginary parts of : permittivity (a), permeability (b),
impedance (c) and refractive index (d). (e) FOM =/i*)’and values of the expressidtri/ £'+1/' €.

To guide the eye, the spectral regions corresponding to the (DNM) and (SNM) are highlighted by
different shadowed areas.
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The extracted real part of the refractive index is negative over a narrow frequency bar8¥7feom
GHz to 42.5 GHz, including the single-negative baid@ and&'<0) from 37.5 GHz to 40 GHz and
the double negative bang/€0 and&<0) from 40 GHz to 42.5 GHz. Although the real part of the
effective permeabilityy/ does not reach negative values at the low-frequency side, the negative
refractive index1’'<0 can be achieved at the whole frequency range from 37.5 GHz to 42.5 GHz (see
figure. 3.12 (d)) when the conditioR:= (/&' + 1'€<0 is satisfiedDepine, 2004) (the refractive index
is negative by absorption). Note that there are two frequencies on both sides of the resonant frequency
(040 GHz) where Raen} =—1, which is an important criterion for sub-wavelength focugitendry,

2000). A negative refractive index can be obtained for a sufficiently large imaginary term without
requiring bothy/ and¢ to be simultaneously negative, however this type of negative refractive index
n' should not be considered as left handed behaviour. To achieve a negative refractive index
metamaterial with low losses, i.e. a small imaginary part of the refractive index, the double negative
condition is required.

The figure of merit of a metameterial is usually defined agniRd / Im{nes}, it is mainly
considered as a losses-indicator, which evaluates the “quality” of the negative refraction and this is
plotted in figure 3.12(e). Basically, large values are associated with small losses, the double negative
metamaterial (DNM) has a maximum FOM of 4.6 at about 41.7 GHz, contrasted to the significantly

lower FOM values of the single negative metamaterial (SNM) as shown in (figure. 3.12(e)).

3.44 Resonance Mechanism, Dispersion Diagram, and Stability of the
Spectral Response for Different Field Polarization Angles

In this section, in order to explain the mechanism of resonance, we use the common approach of
describing the artificial magnetic structures as equivalent effective RLC c{iait, 2008) We
examined the distribution of conduction surface current density at the electromagnetic resonant
frequency 40 GHz. We depict the flow of the induced conduction curgexittie upper and lower
metallic patterns in figure 3.13(a).

Obviously the two current directions are opposite to each other and these currents can produce
magnetic resonance. The other resonance observed is related to the current flows near the so-called
“neck-regions” along theE direction. They are opposite to those located in the slab areas, thus
producing different transient charges localization in the zones where the two opposing flowing
currents meet each other. As a result, a capacitaicgenerated between regions Al and B1, as well
as between regions A2 and B2 denoted by arrows in figure 3.13(a). In other words, the capacitance
takes into account both the capacita@ge®f the neck pair and the capacitaief the slab pair. But

from figure 3.13 (a), we can see that the charges mainely accumulate near the two “neck-regions”,
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thus the capacitance between the two slabs primarly results from the “neck-régiomstonductive

currentJ, starts from the point Aand flows through the upper metallic pattern to WhenJ. arrives

at A, it runs toward the point Bon the lower metallic pattern in the form of displacement cudgent
through the parasitic capacitor C that is between the two points ahd\B. Finally, after going

through a similar way on the lower pattedpandJ, form a Virtual Current Loop (VCL), which gives

the impression that the structure supports free magnetic poles as in the case of a bar magnet. The
structure behaves as a magnetic dipole and the negative magnetic response is then expected. From
these analyses, we can draw the simple effective RLC circuit model describing our investigated fishnet
metamaterial as is illustrated in figure 3.13(b)represents the inductance arising from a parallel
connexion along the electric field, between the inductance of the continuous wires denotéd by

and that of the slab region denoted byrl.the unit cell.

Figure 3.13: (a) The flow of the conductive surface current density on top and bottom sides of our
investigated fishnet metamaterial, (b) correspondence between the RLC effective circuit elements and
our fishnet metamaterial to explain the negative effective permeafilitfhe arrows show the
direction of the currents at the magnetic-resonance frequ€rmyresponds to a parasitic capacitance
through which, displacement currents flowing from one side to another of the unit cell, thus giving rise
to Virtual Currents Loop (VCL). Signs related to surface charge density areas are depicted in the
equivalent electric circuit.

Taking into account the effectiteC circuit description, the resonance frequency of the strutture
can be calculated aIs::J/Zn\E:. Moreover, the resonant behavior of the magnetic response of our
investigated metamaterial can be explained by the common approach used to describe the artificial
magnetic structures as equivalent effectRieC circuits (see figure 3.13(b)). Indeed, using circuit
theory and basic electromagnetic considerations, we can determine the frequency-dependence of the
effective magnetic permeability(w). Indeed, assuming our investigated system shown in figure
3.13(a) illuminated by a magnetic field of the fortmH.e'“, and applying the Kirchhoff voltage rule,

one can obtain the following expression:

0% Jd 1 0° .
LSRR ol = —a_jt"z Wy ltH e, (3.11)
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@is the external magnetic flugp=poatH, po=1.257.10 H.m™ is the magnetic constart,andt are the

lattice constant and the thickness of the dielectric substrate of the unit cell (see figure,3.18)dR

C are the resistance, the inductance and the capacitance of the system, respectively. The obvious
solution of equation (3.11) isl,e’™, with

P plt/L]
a?-1/LC+iaR/L

Ho, (3.12)

o

Having the current one can easily obtain the pair magnetic dipole moment, mxanmgant =
atx|, wherea is the lattice constant ands the thickness of the metal. The magnetization is given by
M = (N.c/ V) xatl = (1/V,o) X atl, N.¢c is the number of RLC’ circuits in the volume/, andV,=ae
ay a¢ is the volume per unit cell, wheeg, ay, anda, are the system lattice constants alongEhE
and k directions, respectively. Finally, usitdd=x(w)H, p(w)=1+xn(c), with x(«) the magnetic
susceptibility, one obtains:

1V It)?/L|a?
u(w):uo{l— a)u;[—uzfz )+iw]y } (3.13)
LC

with
1 _ R

W _F, y—t
w ¢ is the magnetic resonant frequency of the systenyasthe dumping factor, representing all the
losses and the scattering mechanisms. Our proposed fishnet metamaterial acts as a low frequency
plasmon system above its plasma frequency. From these analyses and taking into account the effective
LC circuit description of the fishnet structure, the effective magnetic resonant freqyeatyhe
structure can be calculated from the relevant geometrical dimensions and the dielectric properties of

the substrate of the unit cell of our investigated metamaterial, as follows (Yan, 2008)

f-t /1)1, 1, (3.14)
27VLC 27| LC LC

where,
L = _“Oa;meta' , (3.15)
— uobtmetal
L, = , 3.16
* = (a-b) (3.16)
ba-b)
gogsubstrat 2
C= Cn = , (3.17)
2t

substrat
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The evaluation of each lumped element was made assuming the following parameters:
Ho=1.257.10F H.m*, &=8.854.10" F.m", a=2.5mm, tmew=351Um, b=0.6mm and&ustae about 2.17,
we calculate @J0.8pF, L; 0100 pH and LO30pH, and find a resonant frequency of about 37 GHz,
which is a rather good prediction. One can see that about 40 GHz was predicted by the simulation and
confirmed by the experiment, this indicates that the LC circuit model can rougly describe the

electromagnetic resonance of the fishnet structure.

T

~
o

3" stopband

Frequency (GHz)
()]
o

A : : : :
RSO SR / 3" passband:| I SSURUONE SN SO
2" stopband . (PRI

:2" passband

u
o

D
o

1%' passband ~

(NRI) :

: (PR : : :
30 P IR AT ERI E R S 1 L 1 L 1 L L 1
-3-2-101 2 3 -4 -30 -20 -10 O
B(rad.m'l) Magnitudes (dB)
0 T T T T
C - (d
() sample under -2 ,( ) N
i investigation I
_ ! 4L i
Einc |:| : r
inc ' . -6+
| on L
! o
~~~~~~~~~ : — -8+ .
obligue A [ —00
incidenct v T -10 - 8=+10°
I r 8=+20°
| -12 B=130°
: 0=140°
R kinc | -14 ¢ =+50°
@é,..6=0° 36 38 40 42 44 46 48 50
Frequency (GHz)

Figure 3.14: (a) Dispersion diagram on the confoXinormal incidence) of the first Brillouin region,

(b) theoretical magnitudes of transmission &nd reflection § spectra of the double-sided grid
metallic fishnet metamaterial, (c) illustration of the scenario used for the angular study, (d)
transmission magnitude of the investigated fishnet metamaterial for different incident &hgles (
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The dispersion diagram on the contduX of the first Brillouin region calculated from the
simulated complex reflection and transmission coefficients is depicted in figure 3.14(a),Bwvhere
means a propagation constant in the z-direction in the metamaterial. The plots exhibit a negative
refractive index (NRI) passband that corresponds to about 40 GHz to 42.5 GHz (shaded area on the
dispersion diagram and transmission and reflexion spectra), characterized by a negative phase velocity
w/k<0, which is one of the necessary signatures of LHM.

At the end of the " passband (NRI), the structure exhibits a stop-band from 42.5 GHz to 47.5
GHz (highlighted area), where the refractive index is zero and the evanescence is negligible. At the
beginning of the positive refractive index (PRI) passband, the transmission coefficient (see figure
3.14(b)), reaches its maximum value at about 50 GHz, and then decreases in amplitude from 55 GHz
and continue throughout th& 4PRI) passband, which begins at about 65 GHz. The sudden drop level
of the transmission around 83 GHz and 87 GHz respectively, corresponds to the absence of the right-
hand modes.

The influence of the incident field polarization angle has been also analyzed. Figure 3.14(c) shows
the typical scenario used for the oblique incidence study of a our structure. The transmitting and
receiving antennas remain fixed, while the sample under investigation is rotated. The transmission
magnitude of the fishnet metamaterial has been calculated and depicted in figure 3.14(d) for different

incident field g,__polarization angle}.

When the incident angle varies from ©°+ 50°, the sensitivity of the metamaterial results in a
shift towards higher frequencies of the spectral signature characterizing the negative refraction zone.
This shift is accompanied by a more selective behavior around the frequency of the impedance
matching, located beyond the electromagnetic resonant frequency around 47.5 GHz for the simulation.
One can see that the frequency of the impedance matching moves towards low frequencies from 47.5
GHz to 44 GHz approximately, when the incident angles goes fram#3%0° as illustrated in figure
3.14(d).

Globally, our investigation reveals a very interesting sensitivity of the frequency response to the
incident angle of the exciting electromagnetic wave, particularly in the frequency range of the negative
refractive index (where the electromagnetic properties are not dramatically affected and remain
substantillay unchanged). This can be very potential and promising for oblique-incidence applications
and for high selectivity filtering applications.

In conclusion, we have investigated a negative refractive index metamaterial in both simulations
and experiments, and a very good agreement has been reported. We will now move to the study of a

variant of the fishnet structure, which is the holes-array metamaterial.
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3.5 Holes-Array Metamaterials

3.51 Design Specifications, Simulations and Experimental Verifications

In this section, we propose to investigate a variant of the double-sided metal grid metamaterial that
has been studied in the previous section and which consists of a holes-array metamaterial. This
structure has been widely investigated in scientific literature at millimeter wavelengths and in the
terahertz regiméBeruete, 2009, Kuznetsov, 2009he unit cell of our proposed negative refractive
index holes-array metamaterial is shown in figure 3.15(a). It consists of dielectric substrate coated on
both sides with 3pum thick copper and holes with a diameféof 1.9 mm are achieved mechanically
by a milling machine entirely through the substrate with a periodicig=@f5 mm along andy
directions.

The commercial Isoclad-Arlon printed circuit board, which has a thickhefs100 um, a
moderate relative permittivity; of about 3.16 and a low loss tangent §aof about 0.009, is used for
fabrication. The chosen PCB has a good mechanical flexibility due to its low thickness, which is very
potential for conformity applications like radomes. The structure operates obviously with a dual-
polarization TE E,, Hy, k;) and TM g, H,, k,). Due to the periodic structure, only one unit cell is
simulated in HESS, and only one single layer of the metamaterial is taken into account along the
direction of propagation,k
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Figure 3.15(a) Schematic view of the unit cell of our invetigated holes-array fishnet mtamaterial with
the relevant gometrical dimensioas2.5 mm,/7=1.9 mm,t=0.1 mm, (b) image of our manufactured
prototype.

Our proposed metamaterial is very simple to manufacture without using traditional lithography
techniques which is a major advantage for a transfer to industrial applications. Figure 3.16 shows the

magnitudes and phases of the simulated and measured transmission and reflexion coefficients. From
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our characterization results, we will find that the electromagnetic resonance wavelasgtiuch
larger than the size of the unit celthickness of the metamaterial along the direction of propagation
2) (M=35), the effective medium model is then successfully employed. Although the sizes of the unit
cells of our metamaterial along tleandy directions are not much smaller thandiffraction still
cannot occur.

The reason is that electromagnetic waves are not propagating alongritlg directions(Yan,
2008). The photograph of our manufactured prototype @vshin figure 3. 15(b). Using HFSS, which
is full wave commercial software simulator based on the finite element method we calculated the
magnitudes and phases of the transmisSigrand reflexionS,; coefficients. Experiments have been
done using a non-destructive free-space setup, based on a vector network analyser (AB Mlimetre
with transmitting and receiving horn antennas. The result of our characterization is depicted in figure
3.16. The structure has a resonance around 85 GHz and exhibits a good impedance matchatg (
about 107 GHz for the simulation and near 104 GHz for the measurement (see figure 3.16(a)). At
these frequencies the reflexion undergoes a phase jump df. i1&0dip in the phase of transmission

around 85 GHz indicates the presence of a negative refractive index band (see figure 3.16(b)).
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Figure 3.16 magnitudes (a) and phases (b) of the simulated (solid line) and measured (line
and symbols) response (transmission and reflexion) to electromagnetic radiation incident on
the holes-array fishnet metmaterial.

3.5.2 Extraction of Effective Parameters

Using the S-parameters retrieval meth&inith, 2002) the complex effective permeabiliy,
permittivity & wave impedance and refractive indexn have been extracted in figure 3.17. The
permeability shows a resonant Lorentz dispersion (figure 3.17(a)), while the permittivity is analogous
to the Drude dispersion of the continuous wires (figure 3.17(b)). The negative permeability is the
result of a strong resonance response to an external magnetic field while negative permittivity can be

achieved by either plasmonic or a resonance response to an external electric field. Around the
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frequency of resonance, the real part of the effective wave impedanaeal positive with very low

imaginary parts, which attests the passivity of the structure (see figure 3.17(c)).
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Figure 3.17:Extracted electromagnetic properties of a periodic array of our double-sided metal grid
fishnet metamaterial unit cell, using the simulated and measured data of figure 3.16. Real and
imaginary parts of: permittivity (a), permeability (b), impedance (c) and refractive index (d).
Simulated (solid lines) and measured (lir@gnbols) curves of real part of the refractive index n’

P=u &'+u'e and FOM=(-n/n") (e). To guide the eye, the spectral regions corresponding to the (DNG)
and (SNG) are highlighted by different shadowed areas.

According to what we have mentioned in the previous section, the real part of the effective wave
impedancez’ = 1 near 107 GHz in the simulation and at about 104 GHz in the measurement, which
confirms a good impedance matching between the structure and its host medium. Our extracted

effective refractive index is negative over a frequency band from 80 GHz to 90 GHz, which includes
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both Single NeGative metamaterial (SN@>0 and &<0) from 80 GHz to 85 GHz and double
NeGative metamaterial (DNGu<0 and &<0). The negative refractive index is achieved when the
conditionP = p'e"+u'€< 0 is satisfied, as clearly shown in figures 3.17(d) and 3.17(e), respectively.
Several prototypes have been fabricated for different operating frequedtiésiz, 55 GHz, 85 GHz

and 94 GHz, which leads to cover a very broad spectral range of functioning, depending on the
targeted application. At about 86.3 GHz, the double negative metamaterial (DNM) has a maximum
FOM of 3.5 in simulation and about 1.4 GHz in measurement, contrasted to the significantly lower

FOM values of the single metamaterial (SNM) as shown in figure 3.17(e).

3.5.3 Stability of the Spectral Response for Different Field Polarization
Angles and Dispersion Diagram

The influence of the incident ang#. on the stability of the response of our investigated holes-
array fishnet metamaterial has been studied numerically. The spectral response of our metamaterial is
very sensitive to the incident angha., as illustrated in figure 3.18(a). Indeed+a0°, an additional
peak appears around 105 GHz and splits into new peaks, which move gradually toward lower
frequencies as the angle of incidence increases.

The resonance at 85 GHz that characterizes the negative refractive zone is not modified up to an
incident angle o#20°. Beyond this angle of incidence, the negative refractive index signature is
significantly affected and completely disappears for an incident angle of #@uin other words, it
seems that the structure supports higher order modes that might be very useful for multiple-frequency
band applications. The origin of this anomaly still remains unknown.

The theoretical and experimental first mode dispersion diagram ohXheontour of the first
Brillouin zone of our studied metamaterial is depicted in figure 3.19. The structure exhibits a left-
handed propagation, characterized by a negative stipé dk < 0) within the frequency range 85
GHz - 90 GHz (highlighted regions in figure 3.19) which demonstrates that the phase velocity and
group velocity are anti-parallel.

The structure also exhibits a band gap between 90 GHz and 105 GHz approximately in simulation
(right horizontal dashed regions in figure 3.19) and between 90 GHz and 98 GHz approximately in
measurement (left vertical dashed region in figure 3.19). Beyond the experimental and theoretical
frequencies of 98 GHz and 105 GHz respectively, which correspond to the plasma frequencies of the

structure, the metamaterial allows a right-handed propagation of electromagnetic waves.
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Figure 3.18:Transmission magnitudes of the investigated holes-array metamaterial for different
incident anglesf,;) from 0°to £50°.
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Figure 3.19: Simulated (solid lines) and measured (dashed lines) first-mod dispersion diagram on the
contour "Xof the first Brillouin zone of the holes-array fishnet metamaterial.

3.5.4 Demonstration of the Negative Refraction

In order to demonstrate the existence of a frequency band where the refractive index is negative,
and give a direct image of the negative refraction of the electromagnetic wave for the holes-array
fishnet metamaterial, a two dimensional metamaterial prism is designed for simulation and composed
by stacking 12 to 2 metamaterial unit cells from right to left. Both simulations and experiments have
been performed on the prism characterized by a refractive index that reaches a maximum negative
value of about -4 around 35 GHz.
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Using the full wave commercial code based on the Transmission Line Matrix (TLM) CST
Microstripes, we have depicted in figure 3.20(a) the calculated electric field distribution at the
resonant frequency of 35 GHz. The simulation results demonstrate the negative refractive behaviour.
Indeed, the refracted beam, which corresponds to Alfield, propagates toward a left-handed region
with a negative refraction angle of about -1®°other words, the beam is transmitted in the same side

than the incident beam, with respect to the normalfgxis

One can clearly observe that the magnitude of the Electric field is considerably enhanced within
the metamaterial-based stacked prism, which demonstrates the amplification of evanescent modes.

Figure 3.20(b) shows the experimental prototype that has been manufactured and tested using the
experimental setup depicted in figure 3.20(c).
Plane wave incidence

Metamaterial

stacked prism
Left-handed

refraction (n <0)
0 [ -15°

Normalized transmitted power in dB
& ) \
o
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Figure 3.20:(a) stacked-metamaterial-prism-based negative refraction simulation at 35 GHz, (b) the

fabricated fishnet-based microstructured prism, (c) normalized transmitted power measured through
the prism for different frequencies with a beam steering to the negative angles.

1

The results of the measurement show a beam steering toward negative angles, depending on the
operating frequency within the negative refraction region. We have obtained refractive angles of about

-10° -12° and -16° for operating frequencies of about 35.88 GHz, 34.74 GHz, and 34.61 GHz
respectively.
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3.5.5 Influence of the Holes’s Geometry on the Spectral Response and the

Refractive Index

In order to demonstrate that the geometry of holes is of only secondary importance and that the
dielectric and magnetic functions follow the same tendencies, we considered a fishnet structure with
square holes instead of circular one, as illustrated in figure 3.21(a). The simulated transmission curves
of the structures are presented in figure 3.21(b). Globally, the transmission properties remain
substantially unchanged as observed by other au{Paiéng, 2007) with a frequency shift of the
resonance from 84.5 GHz for a metamaterial with circular holes to 86 GHz for a metamaterial with
square holes. Moreover, after the numerical extraction of the effective refractive index (see figure
3.21(c)), we find that the minimum of the refractive index is not considerably affected by the geometry
but primarily depends on the dielectric losses. This results in a better flexibility in dimension
tolerances during the fabrication steps. Further simulations have been performed in order to obtain a
tunability effect on the spectral response of our metamaterial, by filling the holes-array with a
dielectric substrate whose relative permittivatyaries from 1 to 3. Indeed, as clearly shown in figure
3.21(d), the resonant frequency varies from 85 GHz to 80.9 GHz, when the relative dielectric

permittivity & goes from 1 to 3.
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Figure 3.21Unit cells of different investigated metamaterials, (a) calculated transmission magnitudes,

(b) calculated refractive index for different shapes of holes (circular and square), (c) variation of the
resonant frequency of the circular holes-array metamaterial, when the holes are filled with a dielectric
substrate whose relative permittivigyvaries from 1 to 3.
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3.6 Conclusion

In conclusion, we have investigated composite metal-dielectric metamaterials at microwave
frequencies. Calculations based on the finite element method have been performed in order to predict
the spectral response of our proposed structures. Prototypes have been fabricated using both the
classical optical lithography and the mechanical machining technique and measurements have been
carried out using a non-destructive free space setup based on a vector network analyzer and horn
antennas, in order to validate the numerical predictions. Good agreements have been reported between
simulations and experiments. One of our proposed structures has been used as a partially reflecting
surface in a Fabry-Perot cavity in order to enhance the directivity of printed patch antennas. The
negative refractive index exhibited by our structures (fishnet metamaterials), has been calculated and
measured, and the left handed behaviour has been demonstrated numerically and experimentally in the
last part of the chapter.
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Chapter 4. All-Dielectric (AD) and Composite (Metal-Dielectric) Metamaterials for Terahertz Applications

4.1 Introduction

his chapter is dedicated to the study of metamaterials in the terahertz frequency range. This
Tfrequency band0.1 THz — 10 THZ that allows bridging the gap between microwaves and
optical frequencies remained inaccessible for long times and rarely used for a lack of suitable sources
and detectors. But recently, due to the advances of the semiconductor technology, scientists have
fabricated in laboratories inexpensive lasers that emit in terahertz regime and operating at temperature
close to the room temperature, which constitutes a promising breakthrough for many applications. In
the first part of this chapter, we focused on a new category of metamaterials, the so called: All

Dielectric (AD) metamaterials.

The conventional method which consists to have sub-wavelength metallic patterns in a dielectric
matrix is very difficult to fabricate, particularly for unit cells of complex geometry with submicron or
nanoscale sizes. Another drawback of the conventional approach is the anisotropy of theses metallic
patterns, which makes the desired electromagnetic properties only available in certain directions. We
will consider a new approach based on the Mie resonances with high relative dielectric permittivity
(&) particles, as an alternative way which offers a simpler route for achieving low-loss and

homogenous metamaterials.

Two main different structures have been investigated, the first one consists of a series of
Strontium Titanate (SrTi¢) rods-arrays, characterized by high relative dielectric permittivity and low
loss level at room temperatutg= 300, tanf)=0.025 at 0.25 THzand which exhibit an artificial
magnetism that leads to negative magnetic permeability, i(ge#R€0. The spectral response of our
metamaterials have been tuned in frequency by changing the temperature in a cryostat. Our second
investigated AD metamaterials, consists of a series of Titanium dioxide-basejl disE@dered and
polydisperse (in size and shape) micro-particles layers that have been fabricated and characterized at

terahertz frequencies and exhibit a negative effective permeability.

In the second part of this chapter, we investigate the Extraordinary Optical Transmission (EOT)
effect, induced in sub-wavelength apertures-based metamaterials. We have also investigated both
single and double layer fishnet metamaterials, which have been designed, fabricated and characterized
for an operating frequency of about 1 THz. Standard optical lithography, laser micromachining
technique and chemical synthesis have been used in order to fabricate our experimental prototypes and

Terahertz Time Domain Spectroscopy has been used for the measurements.
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4.2 Ferroelectric Materials

Ferroelectric materials are dielectrics with permanent electric dipole moment, which exists even if
an external electric field is not applied. The moment per unit volume corresponds to the polarization
P of the material. In a ferroelectric, this polarization can be reversed by applying a strong external
electric field in the opposite direction. The polarization depends on the temperature and disappears
beyond a critical Curie temperatufig. For temperatures above the critical temperatdig, ‘the
ferroelectric is in paraelectric state, with no spontaneous polarization as shown in figure 4.1(a). There
are two types of ferroelectric materialdisplacement and order-disorder ferroelectrics. The Strontium
Titanate material (SrTi¢) that we have used in our research is considered as displacement
ferroelectric materials, which posseses a Perovskite ABO3 structure that changes its symmetry during
the ferroelectric-paraelectric phase transition.

At high temperatureT > T.”, the material is in a paraelectric cubic phase. The Titanat&ifdn
occupy the center of the unit cell, the Stontium catioAiSa®e located at the summits of the cube and
the oxygen ionsO* are located at the center of each face, as illustrated in figure 4.1(b). For
temperatures below the critical Curie temperatdié&, “a tetragonal distortion of the cell occurs, and
the oxygen octahedron elongates in the direction of-ieés and instead of the equilibrium state, two
different positions are possible for th&”* ion, shifted in one direction or another with respect to the
midplane of the cell as illustrated in figure 4.1(c). The shifttofiy, up or down alongc axis
corresponds to the two states of spontaneous polarizaBgnin this case the material is in the
ferroelectric phase. As mentioned above, materials typically demonstrate ferroelectricity only below a
certain phase transition temperature, called the Curie temperBiuesd are paraelectric above this
temperature.

Most materials are polarized linearly by an external electric field; nonlinearities are insignificant.
This is called dielectric polarization. In the paraelectric ph@ise T.), a more pronounced nonlinear
polarization is observed. The electric permittivity, corresponding to the slope of the polarization curve,
is thereby a function of the external electric field. In addition to being nonlinear, ferroelectric materials
(T < T, demonstrate a spontaneous (zero field) polarization (see figure 4.1(d)). The distinguishing
feature of ferroelectrics is that the direction of the spontaneous polarization can be reversed by an
applied electric field, yielding a hysteresis lo§pTiOsis known to exhibit a high dielectric tunability
in the THz range with a reasonable level of dielectric lossesd{f@nQ25 at 0.25 THzNémec,

2005) The temperature dependence of the relative pérityitof the SrTiG thin single Crystal in the

paraelectric phase usually obeys the Curie-Weiss law in a broad temperature range (Kuzel, 2008)

£, (T): , (41)
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where C is a material-specific Curie constank, and T, is absolute and Curie temperatures,
respectively, measured in Kelvins. The law predicts a singularity in the temperature-dependence of the
relative permittivity &(T) at T= T.. Above this temperature the ferroelectric loses its intrinsic

polarization and becomes paraelectric.
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Figure 4.1:(a) evolution of the spontaneous polarizatiBnof a ferroelectric as a function of
temperature with the structure of SrEi@ the insert. The red spheres are oxygens, blue &fe Ti
cations, and the green ones ar&,3b) at high temperature, (c) below the critical Curie temperature
“Tc”. The dashed square indicates the available positions for thaffj in the paraelectric phase (b),
there is only one equilibrium position located in the central plane of the cell. In the ferroelectric phase
(c), there are two positions on either side of the mid-plane. (d) Polarization versus external electric
field for the two possible phases: ferroelectric and paraelectric.

4.3 Negative Effective Permeability induced in All-
Dielectric Strontium Titanate (SrTiO;) Rods-Array
Metamaterials

In recent years, All-Dielectric (ADjnetamaterials based on the Mie resonances, have been the
subject of intense research activity. Indeed, AD metamaterials are usually based on magneto-dielectric
(Holloway, 2003) ferroelectric (Vendik, 2004) polaritonic (Wheeler al., 2005)spheres, and
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ferroelectric rodgHuang, 2004)respectively. Zhao et glzhao, 2008demonstrated experimentally
at microwave frequencies a negative magnetic permeability in a three-dimensional dielectric
composite metamaterial based on high relative dielectric permittivity cubic particles of
Ba0.5Sr0.5TiQ (BST) coated in Teflon. In another paper of Zhao e{Zilao, 2008)in order to
demonstrate the isotropy of the negative permeability, the authors used a composite material based on
BST-MgO to fabricate the cubes and the host medium remains Teflon. VendiK\étradik, 2006,
Vendik, 2008, Vendik, 2009n their works at microwave frequencies investigaaedlytically and
numerically a periodic composite medium consisting of two lattices of different dielectric spherical
particle.

Indeed, the authors showed that effective isotropic double negative media @N®B¢ realized
in the frequency region where resonance of TM mode in one kind of particles and TE mode in another
kind of particles are presented simultaneously, under the conditions of concentration and particle size
ration. Moreover, Peng et glPeng, 2007pbserved experimentally a left-handed behaviournn a
array of standard dielectric resonator. More recently, Shibuya(&tathuya, 2008)n their theoretical
works, predicted the same left handed behaviour at terahertz frequency range, ustup&i@rrays,
and Lepetit et al.(Lepetit, 2009) have measured a negative refractive index in aledidgc

metamaterial at microwave frequency range.

4.3.1 Periodic Medium of Our Investigated Metamaterial

This section covers the works carried out in collaboration with the group of Professor Petr KuZel,
from the Institute of Physics of Prague in Czech Republic. The investigated metamaterials consist of a
series of rods, made of SIrIHCETO) thin single crystal plate characterized by high dielectric relative
permittivity with reasonable low level of dielectric losses at room temperger800, taiid)=0.025

at 0.25 TH2 as depicted below in figure 4.2 dMec, 2005)

Figure 4.2: Evolution of the measured (symbols) and the simulated (solid line) defect mode frequency.
Inset, temperature dependence of the permittidtyad the loss tangent (tal of a SrTiO3 single

crystal at 0.2 THz measured by THz time-domain spectroscopy, (Points) measured values (solid line)
analytical fits of the data, as reported byiiéc, 2005)
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First, plane parallel wafers of STO were prepared by mechanical polishing with a thickhess of
52 um, the thickness of some samples was reduced dotvn 22 um by a subsequent wet etching in
Orthophosphoric acid (¢f0O,). A series of grooves with a widthand periodP (structure A:d = 33
um, P = 75um, andt = 52 um; and structure Bt=28um, P = 96 um, andt = 22 um) were drilled in
the wafers by femtosecond laser micromachining. The grooves were directly etched by a Yb:KGW

1.03 pm femtosecond laser at Alphanov technological cehtgy://www.alphanov.com/uk/
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Figure 4.3:(a) Schematic view of our All-Dielectric-Metamaterial with the appropriate fields
polarization and the geometrical dimensions (structurea#33pm, P=75um, andb=52pm; and
structure B: a=28pm, P=96um, andb=22pm). (b) Scanning Electron Microscope Image (SEMI) of
our investigated metamaterial. (c) Simulated and measured magnitude of transmission.

The ultrafast regime offers an enhanced control in producing the desired microstructures as laser

energy absorption occurs on a time scale much faster than heat transport and electron-phonon
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coupling. The resulting patterns covered areas up t@28r2 and the technological challenge was to
fabricate a large area pattern in a very thin brittle material. Indeed, one can note the high aspect ratio
between thickness and area. Figures 4.3(a) and 4.3(b) show a schematic representation and a Scanning
Electron Microscope Image (SEMI) of our investigated metamaterial, respectively. The metamaterial

is illuminated by plane wave at normal incidence with the appropriate polarization of the electric and

magnetic fields €[] rods andH/ rod9, as depicted in figure 4.3(a). Our metamaterials are basically

birefringent, and only one layer is taken into account along the direction of propagation
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Figure 4.4:Magnitudes and phases of our metamaterial, calculations (solid lines), measurements (lines
and symbols), using the Transfer Matrix Method (TMM) and Terahertz Time Domain Spectroscopy
(THz-TDS), respectively for different values of the temperature, (a) structure A, (b) structure B.

The modes considered here are transverse electyi¢ JilBce the magnetic field of the incident
wave is polarized along the axis of the resonators. A series of Mie resonances occur on the spectral
response of the metamaterial at 0.263THz, 0.383THz, 0.547THz, 0.643THz and 0.691THz,
respectively (see figure 4.3(c)). This resonant behavior is closely connected to the high value of the
relative permittivity of STO at room temperatyg= 300. Indeed, high values of permittivity are
necessary for supporting resonances in the partiglesdik, 2004) thus providing to the particles
sizes which are considerably less than the wavelength in the surrounding medium. The effective
medium is then successfully employed. The dielectric resonators to the photons are considered as the
counterparts of potential wells in quantum systems, which confine electrons. For further details related

to the Mie theory, see appendix B. Figures 4.4(a) and 4.4(b) show the calculated and measured
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magnitudes and phases of transmission coefficient for the structures A and B, using HFSS and
Terahertz Time Domain Spectroscopy (THz-TDS), respectively, for different values of the
temperature. A fairly good quantitative agreement is reported between theory and experiment. These
characterizations were done in a cryostat available in Protl'Kggoup.

The spectral response and the effective properties of our metamaterials can be tuned by a
temperature control of the permittivity of Srki©Over a broad spectral range from 0.18 THz to 0.29
THz for the structure A when the temperature goes fromKL80°324K, and from 0.2THz to
0.36THz for the structure B when the temperature goes fronK120300K, thus leading tdl33%
and O 55% of tunability, respectively. Indeed, according to equation (4.1) when the temperature
increases the relative dielectric permittivity of the STO decreases, the spectral response of our
investigated metamaterial is then shifted towards high frequencies. Note that it was the first
demonstration of tunable spectral response in the THz range. Our present work has been the subject of

publications of the following journal articlé¢slémec, 2009, Yahiaoui, 2011

fs laser .
( a ) output Emitter
e %
Sample in
T cryostat

%;} = Detection
* | Sensor

Figure 4.5:(a) Schematic view, and (b) real time image of the experimental THz-TDS setup used for
measurements at the institute of physics of Prague in the Czech Republic.

Figure 4.5 (pand 4.5 (b show the schematic view and real time images of the experimental setup,
respectively that has been used in order to carry out measurements at the institute of physics of Prague
in the Czech Republic. The setup is based on the electro-optic emission and detection, as explained in
chapter 2, section 2.6.1. The frequencies where the Mie resonances occur depend strongly on the

optical thickness of the rods, i.e. the relative permittigitgnd the geometrical dimensions.
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Figure 4.6:(a) resonant frequencies as a function of real part of relative dielectric permitti¢gty Re
of the SrITiQ, (b) resonant frequencies as a function of the thick(tessf the rods, calculations

(lines), experiments (symbols).

In figures 4.6(a) and 4.6(b), we have depicted the evolution of the fundamental, the second and the
third modes of Mie resonances, for different values of the thickness and the relative permittivity of
SrTiO;rods. Beyond the good quantitative agreement between numerical and experimental results, our
investigation reveals a hyperbolic decay of the resonant frequencies with an increase of tharkahess t

relative permittivity of the rods.

4.3.2 Retrieval of Effective Parametets

Using the retrieval method, the calculated effective param@igrsés, z« andnes) have been
extracted from the complex transmittance and reflectance spectra and depicted in figure 4.7. It can be
seen that the aforementioned Mie modes, are accompanied by a series of electric and magnetic
resonances. Indeed, the first mode (J Bf Mie resonance at 0.263THz results in a resonant effective
permeability, an anti-resonant behaviour of the permittivity associated with a negative imaginary part
appears at the same frequency, which is inherent to periodic structures (metamaterial) as pointed out
by (O’brien, 2002, Koschny, 2003put their validity have not been discussed andt iégin not
demonstrated by the authors. This anomaly has been the subject of intense investigations by other
authors, for a negative refractive index media consisting of split-ring resonators and metallic wires in
the microwave regime (Seetharamdoo, 2005)

The second mode (T of Mie resonance located at about 0.383THz exhibits a resonant electric
permittivity. As for the first mode (TH of Mie resonance, the third (Tft and fourth (TE;) modes
result also in a resonant magnetic permeability around 0.547THz and 0.643THz, respectively. As
noticed previously, an anti-resonant behavior related to these later modes is expected. The last fifth
mode (Thks) exhibits once again a resonant electric permittivity at about 0.691THz. The effective
wave impedance is positive over the entire frequency band of study, thus demonstrating the passivity

of the structure and the real part of the refractive index remains also positive.
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Figure 4.7: Extraction of the effective parameters, using the retrieval mé&moidh, 2002) (a)
permeability, (b) permittivity, (c) wave impedance, and (d) refractive index.

From the experimental point of view, while the complex transmittance spectrum can be easily
measured in the THz range, the determination of the reflectance phase with a high precision, so as to
allow a subsequent unambiguous determination of optical properties, is a challenging task requiring

specific experimental approaches (Pashkin, 2003)

Moreover, during a THz-TDS measurement, it is very complicated to obtain simultaneously both
transmittance and reflectance spectra witkirggle scan configuration measurement, at normal
incidenceby analogy to microwave measurements, using network vector analyzer and horn antennas
(see chap. 2, sec. 2.3). We propose here an alternative m&8&btM( Single Scan Measurement

Method) to retrieve the complex effective parameters.

The main idea consists to put the investigated metamaterial into optical contact with a 2-mm thick
high-resistivity silicon waferg [ 11.7, measured by THz-TDS) that was polished to achieve an
excellent plane parallelism of input and output fagdsuf), as illustrated in figures 4.8(a). The THz
wave transmitted through this structure consists of a series of time-separated Tpu{s@ect
transmission) and; (first echo) (see highlighted regions in figure 4.8(b)) originating from internal

reflections within the sample (see figure 4.8(a)).

The time-windowing approach allows us to analyze their spectra one b{poundaret, 1996)
and to retrieve the complex permeability and peiwtigt (Smith, 2002, Nmec, 2006)rom complex
transmittance and reflectance of the metamaterial encoded in these signals. Note that the sample must

be sufficiently thick to enable this approactei¢c, 2006)
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Figure 4.8:(a) Configuration of the Single Scan Measurement Method (SSMM) used to retrieve the
effective parameters of our metamaterial, (b) spectra of time-separated pulses corresponding to
internal reflections in the samples (metamatetiadilicon, silicon alone)m the y-axis is given in
arbitrary units, (c) extraction of the theoretical and experimental effective permeability and
permittivity related to the structure A: a=38pP=75um, and b=52um at 324 K.

To provide a physical understanding of the phenomenon involved within the structure, we plot in
figure 4.9 the spatial distribution of the electric and magnetic fields for different resonance frequencies
in a single unit cell of our metamaterial (structure A: d¥83p=75um, and=52pm). The wave front
of an incident plane electromagnetic wave undergoes a strong distortion close to the metamaterial in
order to satisfy simultaneously the continuity and discontinuity conditions of tangential and normal

electric-field components at the STO-air interfaces, respectively.

The electric field, which develops inside an STO rod, is then predominantly tangential close to the
surface of the bar. This leads to the creation of displacive eddy currents within the bar cross section,
which enhance the magnetic field in STO polarized along the bar, as shown in figure 4.9. A resonant
behaviour is then expected at specific frequen@igsnec, 2009)The frequencies of the resonance

modes depend on the geometrical dimensions and are given by

2 2
f o © \/(m”) +(””) , 4.2)
21\ &, U, a b

wherem andn are integersa andb are the dimensions of the cross section of the unit cell of the

resonator, and c is the velocity of ligi&uillon, 1977, Sethares, 196&jince the magnetic field of the
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incident wave is polarized along the axis of the resonators, the modes considered here are transverse
electric (TE,-
x-y plane

f0=0.263 THz f0=0.263 THz

|Eno|=143A0V/Im | |H,,|= 12840 Am

f,=0.383 THz f,=0.383 THz
E..|= 21540V/m | [A,,|= 41810 Am

fo=0.547 THz f;=0.547 THz

Erel =17%16VIM | A |= 0110 Am

Figure 4.9: Electric (left panel) and magnetic (right panel) field distribution inside one unit cell of the
rod for the lowest three order modes,;JHE;5, and TEzat 0.263 THz, 0.383 THz and 0.547 THz,
respectively in the-y plane. The corresponding vector fields of the electric field E are also shown and
the surface charge density areas are shown with related sign on electric vector fields (left panel).
The transmission spectrum is depicted above, in figure 4.10(a) and reveals fivenddes of
Mie resonances, respectively (FETE;, TE;3 TE4 and Ths,) in the frequency band of interest from
1THz to 0.8THz. The effective permittivity and permeability have been extracted, using the standard
retrieval methodSmith, 2002)and plotted in figures 4.10(b) and 4.10(c). Fromdkeacted effective
parameters, we can see that the first;(;Bhe third (Thks), and the forth (TE) order modes,
occurring at 0.263THz, 0.547THz and 0.643THz, respectively result in resonant effective
permeability, and the SrTiJdod is very similar to a magnetic dipole. Anti-resonance behaviors of the

permittivity associated with a negative imaginary part are expected at the same aforementioned
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frequencies, which is inherent in metamater{&sschny, 2003, Koschny, 2004)he second (Tg)
and the fifth (TEs) modes occurring at 0.383THz and 0.691THz, respectively result in a resonant

effective permittivity, and the SrTidod behaves as an electric dipole.
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Figure 4.10: (a) Calculated and measured transmission coefficient, using the finite element method
and THz-TDS, respectively, (a) calculated effective permeability, (a) calculated effective permittivity.

In the next section, | present an extended version of the STO-based metamaterial that exhibits a
multiple (more than two) negative permeability frequency bands. Indeed our investigations clearly
show that there exist three frequency bands where the effective permeability is negative. Furthermore
a much broader continuous frequency range of negative effective permeability will be also

demonstrated.

4.3.3 Multiple-Frequency Band Negative Effective Permeability

We have seen in the previous section that the properties of our metamaterials can be tuned by
changing the temperature. This is higly desired, since it offers the possibility to operate at different
frequencies. In this section, we will investigate a variant of our Sfi@Sed metamaterial rods that
exhibit a negative effective permeability over several frequency bands (more than two). Chen et al
(Chen, 2004proposed at microwave frequencies, an extendedoveddi S-shaped metamaterial that

exhibits two frequency bands where the effective refraction indgxié negative (i.e. a double left-
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handed pass-bands). More recently, Yuan etYalan, 2008)reported in their work a design,
fabrication and measurement of a dual-band electric resonances, planar metamaterials at terahertz
regime, which results from the mutual coupling between the different resonances in the metamaterials.
This multiple-frequency-bands metamaterials are very useful in various applications such as bandpass
filters, wavelength division multiplexes, and antennas.

The unit cell of our investigated metamaterial consists of a set of Srddd separated by an air
gapg=20um, with three different widths denoteddy50um,b=30um ancc=20um. The thickness of
the rods is identicalt£50um), as depicted in figure 4.11(a). The effective permeability is the

superposition of individual responses of the three kinds of rods (see figure 4.11(b)).
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Figure 4.11: (a) Schematic view of our investigated multi-frequency-band metamaterial with the
relevant geometrical dimensiong=50pm, b=30um, c=20pum, t=50pum, g=20um, (b) real and
imaginary parts of the calculated effective magnetic permeability.

The calculated patterns of the magnetic field inside the rods (see figure 4.12(c)) show that each
rod is individually resonant and that the mutual cross couplings are negligible. We also varied the air-
gap widthg within 2-50um while the dimensions of the rods were fixed. This confirmedghats a
minor influence on the effective magnetic properties and leads only to a shift by a few gigahertz of the
entire effective response. Virtually no electric and magnetic coupling between adjacent rods occurs,
even ifg is decreased down topn. Furthermore, the resonances are weaker than those observed in a

metamaterial with a uniform width of rods, since the number of rods with each dimension is lower (see
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figure 4.12(a) and (b)). Our proposed multiple-frequency band structure can be used as a spatial filer

for THz antenna application¥ &hiaoui, 2009, Yahiaoui, 2011)
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Figure 4.12: Real part (a) and imaginary part (b) of the calculated effective permeahilioy a
periodic structure of alternating rods with three different widths, andc, filled circles,a=b= c=30

pum, g=20 um, t=50 um, hollow symbolsa=50um, b=30 um andc=20um, g varies from 2um to 50

um. (c) Sections of a unit cell of the MM with the spatial distribution of the resonant magnetic field.
The ratiosHmaxHinc of the maximum and incident fields are 2.6 at 0.240 THz, 2.9 at 0.334 THz, and
2.4 at 0.458 THz.

4.3.4 Broad-Frequency Band Negative Effective Permeability

Due to the resonant behaviour of our investigated metamaterials, the frequency band of the
negative effective permeability is intrinsically very narrow. In this section, we propose to extend this
frequency band. Indeed, a much-broader continuous band of negative effective perngadilin
be achieved in structures with a high aspect r@#et) (Yahiaoui, 2009, Yahiaoui, 2011Here we
consider structures each made of a single type of rods with widénied over a broad rangé0 to
200 pum) while g=30 um andt=20 um are kept fixed. The transmission coefficient and effective
permeability spectra of such structures are shown in figures 4.13(a) and 4.13(b). The position of the
first Mie resonance does not shift significantly as pointed out above, it is mainly imposed by the

thicknesst for a=100 um. By contrast, upon increasiag the distance between the first- and higher-
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order resonances decreases, and in the (aritt) the resonances overlap (see figure 4.13(a)). This
leads to a broadening of the region of negatjug) [see figure 4.13(b)]. For example, the retrieved
effective pfor a=50 pum is negative within 480 GHz and 600 GHz, but for higher rod widths this range
IS much broader; namely f@=200pum it spans over 250 GHz, corresponding to nearly 50% of the
central frequency value. Figure 4.13(c) shows the effegiivier a=200 um and values of tan
(9)=Im(&)/Re(&) from 0.1% to 5%.
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Figure 4.13: (a) Calculated amplitude transmittance for several vddih§TO rods g=30um, t=20

um, =300, tand =2.5%), the unit cell of our investigated metamaterial is represented as an insert, (b)
the corresponding real part of the effective permeability. (c)-(d) real and imaginary parts of the
effective permeability foa=200 pm, g=30 um, t =20 um and tad)( from 0.1% to 5%.

We observe clear magnetic resonances resulting in peaks in the effective response. Between the
peaks, the effectivg is negative over a broad frequency range only if the dielectric losses reach a
sufficiently high level(tan(d>1%). Upon the increase of tan(dhe resonances become smoother and
their magnitude decreases. The imaginary papto§hows a similar behaviour, the increase irfdan
leads to smaller effective magnetic losses at the resonances, while the mean level of losses increases
proportionally to tafy) in the range of Re<0 [see figure 4.13(d)].

Further analysis reveals a compromise between a high negatinéted by the value of tgqid)
and a large bandwidth wherg0. We propose an optimum thickness a2@¢im for a=200um. Then
the range of negativges spans from 430 to 680 GHz. Figure 4.14 shows the field distribution at

resonant frequencies in this case.
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Figure 4.14: Spatial distribution of the resonant magnetic field inside the raasZ00um, t=20 um,
and tand =2.5%, the ratio$l,/Hinc Of the maximum and incident fields are 19.6 at 0.435 THz, 15.4
at 0.450 THz, 12.2 at 0.483 THz, and 8.7 at 0.527 THz.

In conclusion, we have proposed metamaterials exhibiting negative effective permeability in the
THz range. We have demonstrated the tunability of the spectrale response by changing the
temperature. We have also proposed variants of the original structure that exhibit an artifical
magnetism over multiple frequency bands and over a broad-frequency range, as well. These structures
can found various applications such as bandpass filters, wavelength division multiplexes, and

antennas.

4.4 All Dielectric Metamaterials Based on Titanium
Dioxide (TiO,) Micro-Particles Layers

This work has been done in close collaboration with our colleagues from (CRPP: Centre de
Recherche Paul Pascal) and (ICMCB: Institut de Chimie de la Matiére Condensée de Bordeaux)
laboratories, within the framework of the proje@iS-AMA-SAMM, which involves both theoricians
and chemists. In order to synthesize isotropic - all dielectric metamaterials, we have simulated and
experimentally tested some potential meterials such as: MgO, L&@OTiIQ single crystals. Indeed,
the challenge was to find the material which exhibits simultaneously a large relative dielectric
permittivity &, and a low level of tangential lossesdaand the potential material that offered the best

compromise was Ti© See appendix D, where the measured dielectric properties of a 1.55 mm thick
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TiO, single crystal, is given. Calculations based on Maxwell Garnett thé@ynébere, 2010)
allowed providing our colleagues chemists with an abacus as a benchmark during the fabrication
process in order to target easily the required parameters (size and volume fraction) for desired
electromagnetic properties at the desired operating frequency (see appendix D for more details).

In this section, we have investigated a new approach in the fabrication of all dielectric
metamaterials, the so-called “bottom-up” based on synthesis route and chemical assembly. A series of
All Dielectric metamaterials based on TGi®nicro-particles have been manufactured using this
approach, which have been randomly deposited on thin films layers, transparent at terahertz

frequencies.

() (b)
() standard commercial () standard commercial
TiO, powder TiO, powder + GHsOH
(1) pellets under ¥ent (1) liquid suspension -
of pressure spray drying techniqt
( (Il sintering at (" (1) microspheres - calcination)
150C°C - 6 hours at 1200C — 2hours
J & J
e A e I - )
. . (V1) sieving, microspherds
L (V1) grinding and S|evmg) with different sizes )

(d)

Figure 4.15: Fabrication sequences of our metameterials (a)-(b), real time images of ICMCB
laboratory facilities used to fabricate our metamaterials, (c) presse, (d) sintering furnace (e) mill, (d)
spray draying system.
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The result of our investigations reveals a magnetic activity within our metamaterials, which
exhibit a negative effective permeability. Starting with a standard commercialp®ifder in rutile
form, which is the most common and stable available form, two main techniques have been used to
manufacture our metamaterials. Note that our experimental prototypes have been fabricated by Dr. U-
Chan Chung from ICMCB laboratory.

The first technique, as illustrated in figure 4.15(a) consists to produce a series of pellets of about
13 mm diameter, under 1000 kg.éwf pressure. The pellets were heated at 1500 °C for 6 hours under
oxygen-enriched atmosphere in order to obtain a much more cohesion and densification of pieces. The
pellets have been crushed and sieved to obtain polydisperse (in shape and size) micro-particles.
Subsequently, the fabricated microparticles have been randomly deposited ontpra tHO€k film
layer, completely transparent at terahertz frequenni€sl(05, and tad [0 0, measured by THz-TDS)
in order to carry out measurements, using THz-TDS.

The second technique (see figure 4.15(b)) offers a possibility to fabricate particles with much
accuracy on the shape of the particles. The, p@vder is mixed with Ethanol (8s0H) to obtain a
liquid suspension, which has been sprayed through flame, using spray drying technique. We obtain a
spherical microparticles-based clusters, but still very fragile. Our microspheres are then sintered in a
tube furnace at 1200 °C for 2 hours, in order to solidify and minimize the porosity of aggregates.

Figures 4.15(c)-(f) show the ICMCB facilities used during the manufacturing process.

(a) (b)
Figure 4.16: Scanning Electron Microscope Images (SEM) of the fabricated micro-particles with a
diameter comprises between 38um and 40um (a), and microspheres before sieving (b).

The microspheres are finally sieved and sorted into different diamete88jdm, 38ume<40um,
40pm<d<50pum, 50pume<53pum, and 100pna106pum. This method was used as starting point for
fabricating monodisperse micron-sized spheres and is still under intense investigations. Figures
4.16(a) and 4.16(b) show the Scanning Electron Microscope (SEM) images of the fabricated micro-
particles and microspheres, respectively that have been obtained using the two aforementioned

fabricating techniques.
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4.5 Results of Experimental Characterizations

Using our Single Scan MeasurementMethod (SSMM) and the classical retrieval method
(Ghodgaonkar, 1990We have extracted the effective parameters ofr@tematerials, as depicted in
figure 4.17. The retrieved effective permeabilities are strongly dispersive and exhibit a Lorentz-like
resonant behavior with R&<0 over a broad frequency band from 0.39 THz to 0.6 76 THz, as shown
in figure 4.17(b) for microparticles with sizes betweenm&Oum. Typically, since we deal withC
and/ or Mie resonances in the most common case, the negative effective permeability region is
intrinsically very narrow. This behaviour (broad frequency range of negative p) is probably due to the
polydisperse character in size and shape of our investigated samples, which gives rise to coupling

effects between many spectrally-adjacent resonances, the broad frequency range ofpnegtter®
expectedYahiaoui, 2011)
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Figure 4.17: Experimental extraction of effective parameters of our investigated metamaterials, for
38ums<size-particles<40um (a), and 40um<size-particlesab(y), respectively.

Indeed, as observed Kyannebere, 2010, Lannebére, 201d1)the case of polydispere-size
spherical particles, calculations based on Clausius-Mossotti formula show a broadening of the

negative effective permeability region accompanied by a reduction in depth, as the standard deviation
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to average sizéGaussian distributigndoes not exceed 10%lote that, a resonant behavior is also
observed in the electric response for the two ranges of particle-sizes, thus leading to negative effective
permeability also over a wide frequency range. Indeed, the negatiagyion extends from 0.8 THz

to 1 THz approximately in the case of particle-sizes betweem38)d 40um and from 0.8 THz to

0.96 THz approximately for: 40p - 5Qum particle-sizes range.

One can see that the magnetic resonance is more pronounced then the electric resonance.
Unfortunately, the negative regions&f and .+ do not overlap in frequency, and then the refractive
index does not reach negative values. Indeed, as pointed out by Vend{ketdik, 2006, Vendik,

2008, Vendik, 2009)a double negative (DNGhedia can be realized in the frequency region where
electric resonance of one kind of particles and magnetic resonance of another kind of particles are
presented simultaneously. It also needs the conditions of concentration (filling factor) and particle size
ration between the two kinds of particles.

In our case, the first technique of fabrication described above does not offer the possibility to
control all the critical parameters (particle sizes, shapes, filling factor and size ration) that may lead to
a negative refractive index. Indeed, as mentioned previously, our first fabricated microparticles (that
have been spread randomly on a 100um thick transparent layer) exhibit a large polydispe distribution
in shape and size. But despite these aforementioned drawbacks and despite the rudimentary aspect of
our fabricated samples issued from the first technique of fabrication, the results of our experimental
characterizations are rather good, which demonstrate that metamaterials do not require sophisticated
fabrication techniques.

The results of experimental characterizations related to microspheres (figure 4.16(b)) are not
presented here, since these latter are still under intense investigations with the aim to solidify and
minimize the porosity of micro-particles-based aggregates, thus may leading to better results of
magnetic response. We will now move to the second part of this chapter, which is dedicated to the

study of composite (metal-dielectric) metamaterials.

4.6 Composite Metal-Dielectric Metamaterials

In this section, we investigate a series of composite metal-dielectric metamaterials, which have
been designed, fabricated and characterized in the terahertz regime. Indeed, we report on the
investigation of the Extraordinary Optical Transmission (EOT) effect induced in sub-wavelength
holes-array metamaterial. Subsequently, we will discuss about a single- and double-layered fishnet
metamaterials fabricated using thin flexible polymer films as substrates and standard optical
lithography technique in the fabricating process. Simulations of electromagnetic wave propagation

were performed using finite element method software simulator. The experimental work was carried
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out by means of time domain terahertz spectroscopy and we employed the Single Scan Measurement
Method (SSMM) approach.

4.6.1 Subwavelength Apertures-Array Metamaterial

Nowadays, periodic sub-wavelength apertures constitute an intense and wide research field within
nanophotonics. EOT and negative refraction are the two main remarkable phenomena which results
from these structures. It is well kown that the negative refraction effect arises from the structurating
and shape of metamaterials rather than the intrinsic composition. It has to be stressed on that it is the
periodicity of the structure (holes-array) which enables coupling between the incident light and
Surface Plasmon Polaritons (SPPs) (i.e. coupling from external light to guided modes). As a result a
multiple EOT peak appear in the spectral response, and an enhancement of the transmission higher
than that predicted for a single hole in a perfect conductor is exp@xeet, 2007, Ortufio, 2010)

Since the pioneering theoretical description of SPPs of R. H. Ritchie in (Fifhie, 1957) E.
Economou in 1969Economou, 1969)followed by the works of Ebbeseas al in 1998 (Ebessen,
1998), SPPs attracted the attention of fundamental researicty rise to the field of plasmonics
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Figure 4.18: (a) Schematic of the subwavelength holes-array metamaterial fabricated by

micromachining laser and characterized by terahertz time domain spectroscopy (THz-TDS). The
geometrical dimensions are: a=160 um, b=110 um, ¢=36 um, d=120 um, t=15 nm, t=50 um. (b)

Calculated (solid lines) and measured (lines+symbols) transmission amplitude spectra of the studied
sample for TM polarization.
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In this present section, we investigate a subwavelength holes-array metematerial that has been
designed, fabricated and characterized at terahertz frequency range. The technique used here for the
fabrication employs a direct hole etching process (femtosecond laser micromachining) through the
metal-polymer-metal structure. The dielectric used in the fabrication is rather thicker (50pm). The
substrate is covered by 40 nm gold layers on both sides and is subsequently exposed to a Yb:KGW
1.03 um femtosecond laser. The ultrafast regime offers an enhanced control in sculpting the desired
microstructures as the laser energy deposition occurs on a timescale much shorter than heat transport
(electron-phonon coupling). The schematic view of our proposed metamaterial is shown in figure
4.18(a) and the polarization that has been considered here is illustrated in the same figure. The relevant
geometrical dimensions area = 160 um,b =110 um,c = 36 um,d = 120 um,t = 50 um (the
dimensions of the apertures aréd:pmx 40 pum i.eJA5 x ¥10, respectively).

The transmission spectra of the fishnet structure is depicted in figure 4.18(b) and clearly shows a
fairly good agreement between simulation and measurement. We notice a minor shift towards high
frequencies for the measured spectrum, which is probably relative to dimension discrepancies induced
by laser micromachining technology. The negative refractive index should be near the first peak, the
second peak that occurs at about 1.5 THz in simulation and around 1.65 THz in experiment, reaches a
maximum value of about 0.7 in theory and 0.5 in experiment and plays no role in achieving the
negative refractive index. It is also possible to predict the frequencies for which surface plasmons
polaritons appear and also the nature of each plasmon, using mathemathical formalism, as described
below.

Indeed, it is well known that Surface Plasmon Polaritons (SPPs) are oscillations of surface charges
at the metal interface and are excited when their momentum matches the momentum of the incident
photons according to the following momentum conservation relébegiron, 2005, Garcia-Meca,

2009, Ortufio, 2009, Li, 2010)

e =| K £ G £ 1G, 4.3)
‘kPP‘ =‘ ksing+ né& * rrf;y‘, (4.4)
where Kepp is the surface Plasmon wave vectgrkssing is the in-plane component of the incident

photon’s wave vectoq@‘ =om/aand ‘(;y‘ =2;7/b are the reciprocal lattices wave vectors for the given

array,a andb being the lattice periodicity amgm are both integers. If the angle of incidertbearies

the incident radiation excites different SPPs modes. The surface modes on the input side couple
evanescently to the exit side before being re-emitted into freely propagating light. The role of the
surface modes is to enhance the field amplitude above the apertures which then compensates for the

exponential attenuation of the evanescent field in the depth of the non propagating aperture. As a
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consequence, the transmission spectrum is characterized by a series of peaks corresponding to the
appearance of modes together with their interference and scattering in and out of the plane. The
transmission peaks are due to the excitation of different SPP modes and their positions are given by

the following approximating equation (Degiron, 2005, Ortufio, 2009, Li, 2010)

e _(w)e ab
A =R M | x : (4.5)
peak {\/sm(wﬁej i%%+ j2a’

whereen(w) andgy are the dielectric constant for the metal (Au) and the substrate material (air or

polymer),a andb are the lattice constantsandj are the scattering orders from the array. Each peak
can then be labelled by a set of integérf,(as shown in figure 4.18(b). I-SPP and E-SSP denote the
internal (dielectric / metal) and external (air / metal) Surface Plasmon Polaritons, respectively.

Using an adapted and optimized version of our proposed retrieval m&8MM Single Scan
MeasurementMethod, first demonstrated in(Némec, 2009) the transmission and reflexion
coefficients can be obtained simultaneously in terms of magnitudes and phases, and then the effective
parameters can be retrievé@hodgaonkar, 1990)See appendixC for more details about the

description of the adapted and the optimized version of our proposed SSMM.
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Figure 4.19: Simulated (solid lines) and measured (lines and symbols) magnitude of the reflection (a),
phase of the reflection (b), magnitude of the transmission (c), phase of the transmission (d).

Indeed, our investigated metamaterial is enclosed between two thick sapphire crystals. In this

configuration, possible unwanted air gaps between the metamaterial and the wafers can be
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substantially reduced. Moreover, by this arrangement the metamaterial is entirely embedded in a
medium with a homogeneous refractive index and not positioned at an interface between two different
media, as reported previously in section 4.3.2nfac, 2009)

Figures 4.19(a)-(d) shows the calculated (solid lines) and measured (symbols and lines)
magnitudes and phases of transmission and reflection coefficients of our investigated metamaterial.
The reflexion coefficient shows a very good quantitative agreement (in both magnitude and phase)
between simulations and measurements as illustrated in figures 4.19(a) and 4.19(b), while the
simulated transmission coefficient exhibits a disagreement in both magnitude and phase compared to
the measured one (see figures 4.19(c) and 4.19(d)).

A first intuitive cause that can explain the origin of this disagreement is the imprecisions and
imperfections that can occur during the fabricating steps. Indeed, viewed under an electronic
microscope, our investigated structure revealed impurities such as: cutting metallic-patterns and non-
metalized areas, as well. The active zone corresponding to the real number of “undamaged-cells” that
have been illuminated during the measurements is then reduced. This can modify critically the spectral
response and the electromagnetic properties of the structure, as we have already pointed out in chap. 3,
sec. 3.2.1.

The dielectric used in the fabrication was characterized by terahertz time domain spectroscopy.
The electrical response of the substrate exhibits a dispersive behaviour within the frequency band of
interest, with tangential losses that vary between 6% and 15% approximately (see figures 4.20(a) and
4.20(b)). This behaviour can be also, in part at the origin of this unexpected disagreement between the
simulated and the measured transmittance function.

Furthermore, a series of numerical simulations have been performed, taking into account different
parameters that can be very critical in the determination of the spectral response of the structure.
Indeed, different thicknesses of the metallic patterns, the air gap that may exist between the sample
and the host medium (since the investigated sample is enclosed between two thick sapphire crystals),
and different conductivities of the metal have been taken into account in order to attempt elucidating
the origin of this anomaly. Our study reveals the following

The thickness of the metal layers is a very critical parameter in the determination of the spectral

response of a composite metal-dielectric structure, since it is related to the skin depth effect, which is

5= 2 4.7)
27t Lt lor

wheref, is the working frequency, = 411107 [T.m/A] is the magnetic constant aoet4.5 10 S/m is

given by the following expression:

the hypothetical conductivity of the gold layer. One can see that the skin depth strongly depends on the

conductivity o of the metal layer, which is a very critical parameter for ultra thin layers. The
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calculated skin depths at 0.5 THz, 1THz, 1.5 THz and 2THz from equation (4.7)0&ren, 75nm,
61.3nm, and 53nm, respectively which are much larger then the thickness 40nm of the coated gold
layers. Indeed, the skin depth is supposed to confine the electromagnetic wave and prevents its

transmission through the metallic parts of the structure.
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Figure 4.20: Experimental extraction of the relative dielectric function (a) and tangential losses (b) of
the dielectric substrate measured by THz-TDS. (c) Measured and simulated transmission coefficient
for two possible configurations of the sample in free space and enclosed between two thick sapphire
crystals. Parametrical study performed for different thicknesses of the metallic patterns (d), for
different values of the hypothetical air gap that may exists between the investigated sample and the
silicon waffers (e), and for different values of the conductigityf the metal (f).
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Nevertheless, we have observed that the calculated skin depths given above for some frequencies
within the frequency band of working are much larger than the thickness of the goldlkerm.

This can explain partially the disagreement in the transmission spectrum. But it seems that the skin
depth effect is not taken into account by our software simulator HFSS, since the attempt to reproduce
the measured transmission by simulation fails, even for 2nm thick gold layers with zero-losses
dielectric substrate (see figure 4.20(d)). When the structure is sandwiched between two sapphire
crystals, an additional sharp peak appears at about 0.5 THz simultaneously in both experiment and
simulation and reaches a naximum value of about 0.1 in simulation and approximately 0.4 in
measurement (see figure 4.20(c)). This peak corresponds to the external E-SPP (01) mode at the
Al,Os/Au interface predicted around 0.55 THz by the calculation from equation (4.5) given above. The
relative dielectric permittivity of the of the sapphire is assumed to be equal to 11.68. This mode is
added to the unexpected high level of transmission related to the skin depth effect, as explained
previously, thus giving rise to the large amplitude of the measured transmission compared to the
simulated one.

The presence of an air gap between the host medium (sapphire) and the sample tends to suppress
the ALOs/Au (01) mode (see figure 4.20(e)) and a low value of the conductivity leads to a significant
enhancement of the simulated transmission level on both sides of, @Al (01) mode (see figure
4.20(f) for the case afr=10" S/m). This confirms that the real value of the conductigitf the gold
layer is less then what has been taken into account during simulatioos4i®.10 S/m). Indeed, the
grain sizes and percolation effect can alter dramatically the real conductivity behaviour of thin metal
layers.

The effective parameters of our metamaterial have been retrieved and depicted in figure 4.21 using
the standard method of extracti@hodgaonkar, 1990Dne can see that both the effective magnetic
permeability and the effective electric permittivity exhibit a resonance at the frequency of the guided
mode 0.5 THz. However the effective permeability does not reach negative values. At the first internal
surface plasmon polariton denoted by (01, I-SPP), which is localized at about 0.9 THz in simulation
and around 1THz in experiment, the effective permeability adopts a Lorentz-like behaviour and
reaches negative values around the aforementioned resonant frequency of 0.9 THz. The effective
permittivity exhibits a Drude-like model with negative values below the plasma frequency at about 1.2
THz in simulation. The effective refractive index is negative over a frequency band which extends
from 0.7 THz to 1.1 THz in simulation, approximately and from 1THz to 1.2 THz in measurement and
reaches a maximum value of about -0.7 (see highlighted regions in figure 4.21). Note that the
experimental negative refractive index is mainly due to absorption effects, since the cangition
&y < 0 is satisfiedDepine, 2004) The effective impedance is positive, confirming frassivity of

the medium with very small imaginary part.
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Figure 4.21: Extraction of the effective parameters from simulated (left panel - solid lines) and
measured (right panel - symbols) transmission and reflexion coefficients: permeability (a), permittivity
(b), wave impedance (d), and refractive index (e).

Finally, we are persuaded that a non-dispersive dielectric substrate with a low-loss level coated by
sufficiently thick metallic layers with a well-known and as large as possible conduetivatuld give
better results of characterizations. The next sections are dedicated to the study of a single and a double

metal layer fishnet metamaterials that have been fabricated using standard optical lithography.

4.6.2 Single Layer Metamaterial

The schematic view of our investigated single metallic layer structure is proposed for an operating
frequency of about 1 THz and shown in figure 4.22(a). The layout consists of a single perforated metal
layer in form of a fishnet on top of a (non-perforated) 50 um thick commercially available polyester

film (DuraLar”). This film has a good mechanical flexibility and was chosen as the dielectric substrate
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due to its moderate dielectric constant 4 and low losses tan=50.09 in the terahertz range (both
measured by THz-TDS). We purchased the film already coated with a 40 nm, thick aluminium layer
on one side, which was subsequently perforated using a classical I-line contact photolithography
technique and a final wet etching of the aluminum in 10% phosphoric &bel. structure is
anisotropic and both polarizations were investigated: TM madgzaxis, H|| y) and TE modeE || y,

H || 2), the propagation direction being along thaxis k || X) in both cases. The relevant geometrical
parameters are defined in figure 4.22(a). In figure 4.22(b) a comparison of the measured and simulated
transmission coefficient of the single layer metamaterial is presented for both polarizations (TM and
TE).
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Figure 4.22: (a) Unit cell of the single layer metamaterial with geometric dimensions a=123um,
b=91um, c=20um, d=90um, t=21um. (b) Measured (dashed lines) and calculated (solid lines)
transmission amplitude spectra of the studied sample for TE and TM polarizations.

Concerning the TM polarization, we observe a bandpass response centred near 1 THz with a
FWHM (Full Width at Half Maximum) bandwidth in the power spectrum of about 0.7 THz. The peak
transmission reaches ~ 0.65 which is higher than the relative area of the holes. This extraordinary
transmission was explained in terms of surface plasmon tunnéfiilsigesen, 1998, Moreno, 2001)

The TE mode shows a low level of transmission afehtureless response in our spectral range. The
gquantitative agreement between theoretical and experimental results is very good, except for a minor
shift towards higher frequencies of the experimental curve in the case of TM polarization.

This structure does not exhibit a negative refractive index but can be used as a spatial filter in front
of a terahertz antenna and as a benchmark sample for data analysis and comparison with double
fishnet structures. Moreover, the enhanced field associated with SPs makes them suitable for use as
sensorgHornola, 1999, Kneipp, 2002and commercial systems have already been develimped

sensing biomolecules.
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4.6.3 Double Layer Fishnet Metamaterial

A double fishnet structure consists of two identically patterned metal layers, one on each side of
the thin dielectric substrate. We employed a self-aligned technique to ensure that the two opposite
patterns are aligned. Starting with the fabricated single layer fishnet structure, we use here a second
lithography step to define the fishnet pattern on the opposite side of the film. To do this, the opposite
face of the film is coated with a negative photoresist and the sample is illuminated through the already
existing aluminum fishnet layer on the top. Consequently the existing metal fishnet serves as a mask
for the negative resist on the bottom side of the polymer film which the alignment of the top and
bottom patterns (self-aligned technique). Subsequently, the exposed negative resist is developed and a
15 nm thick gold layer is deposited. Finally, a soft ultrasonic assisted lift-off process is performed so

that the desired gold fishnet structure remains at a mirror symmetric position to the aluminum fishnet

at the top. The prepared double-layered metamaterial covered an area of 2.5 x 3 cm

T T
calculated
—0O—measured

i
e

1,0 1,5 2,0 2,5
Frequency (THz)

Top surface Bottom surface

Figure 4.23: (a) Scanning electron microscopy image of the investigated double fishnet metamaterial
fabricated by optical lithography technique, the geometrical dimensionga ard23 ump = 91lumge

= 20 pm,d = 90 um,t = 50 pum. (b) Calculated (solid line) and measured (lines and symbols)
transmission amplitude spectra of the studied sample for TM polarization. (c)-(d) Surface current
distribution on top and bottom surfaces of the unit-cell fishnet structure, respectively at the resonant
frequency (1THz).
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The geometrical dimensions are provided in figure 4.23(a). The metamaterial was illuminated by a
TM polarized THz wave at normal incidence (only this polarization exhibits interesting phenomena).
Figure 4.22(b) shows an experimental and theoretical spectrum with two principal peaks near 1.0 THz
and 1.8 THz. The theoretically predicted negative refractive index region is close to the first peak at 1
THz [highlighted zone in figure 4.23(b)]. Similarly as in the case of the subwavelength apertures-array
and the single-layered fishnet structure, this extraordinary transmission is due to the surface plasmon
polaritons(Ortufio, 2009, Garcia-Meca, 2009, Kafesaki, 2007)

We have depicted in figures 4.23(c) and 4.23(d)) the calculated surface current distribution on top
and bottom surfaces of the structure at the first internal-SPP mode located at the resonant frequency of
about (1THz). The observed anti-parallel currents at the two facing metallic surfaces, which give rise
to a Virtually Current Loop (VCL) between the metallic layers, are mainly induced by a strong
resonance of magnetic natfduang, 2006)The other phenomenon observed is related to tirertu
flows along theE direction near the so-called “neck” regiofdoreno, 2001) They are opposite to
those located in the slab areas, thus producing transient charge localization in the zones where the two
opposite currents meet each other.

Using standard retrieval method, effective electromagnetic parameters of our investigated
metamaterial have been extracted from simulated transmission and reflexion coefficients and depicted
in figure 4.24. One can see that the real part of the effective permeability reaches negative values
within a frequency band that extends from 1.04 THz to 1.1 THz, approximately. The real part of the
effective permittivity exhibits a Drude-like behavior with negative values below the electric plasma
frequencyf, 0 1.01 THz denoted by a row in figure 4.24(b). However, the effective refractive index
does not reach negative values, because the regions whatke are simultaneously negative do not
overlap in frequency.

Indeed, the resonant magnetic frequency and the electric plasma frequency coincide, thus making
impossible the existence of a negative refractive zone, as shown in figures 4.24(a)-(c). The reason is
that the metallic parts (continuous wires along the direction of the electric field) of our investigated
structure are too much diluted. A series of numerical simulations have been performed taking into
account different widths of the so called neck-region of our fishnet metamaterial 5(28uom, 25um
and 30um, respectively).

The results of our investigations show that the plasma frequency is shifted from 1.01 THz to 1.15
THz, approximately as illustrated in figure 4.24(d), while the negative effective permeability region
remains substantially unchanged. We observe a minor shift of the magnetic resonant frequency from
1.04 to 1.075 THz[13% for the different aforementioned valuescfThe negative refractive region
in then expected. Indeed figure 4.24(d) shows that the refractive index varie§l ftdimto- 1.7,

approximately whilec goes from 20 um to 30 um. Thusis considered as a very critical parameter in
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the achievement of the negative refractive index region, which should be taken into account during the

design procedure (not presented in figure 4.24(d) to avoid overloading the figure and for a graphical
clarity).
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Figure 4.24: Extraction of effective parameters frili® magnitude and the phase of transmission and
reflexion spectra, (a) effective magnetic permeability, (b) effective electric permittivity, (c) effective
refractive index, the plasma frequenigyand the magnetic resonant frequeficy coincided 1.01

THz. (d) Evolution of the effective refractive index and the electric plasma frequency for different
values of the widtlt (c=20pum, 25um and 30um, respectively) of the so called “neck region” of our
investigated fishnet metamaterialis considered as a very critical parameter in the establishment of
the negative refractive index region.

4.7 Conclusion

In conclusion, we have investigated two main categories of metamaterials, All Dielectric
metamaterials (SrTi© rods and TiQ microparticles-layers) and composite metal-dielectric
metamaterials (subwavelength apertures-array, single and double fishnet metallic layers), which have
been designed, fabricated and characterized at terahertz frequency range. Different techniques of
fabrication have been used to manufacture our experimental prototypes: optical lithography, laser

micromachining, and chemical synthesis. Calculations based on Finite Element Method, and
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Terahertz Time Domain Spectroscopy measurements have been performed in order to characterize and
analyse the spectral response of our structures. A new approach of extraction has been proposed and
used in order to retrieve all the effective parameters of our proposed metamaterials, at normal
incidence with a single scan measurement. Fairly good agreements have been reported between
calculations and measurements, but no clear negative permeability felod3€d metamaterial layers,

or negative refractive index for fishnet structures has been measured. Indeed, numerous physical and
geometrical parameters play important roles in the effective responses and lot of samples are needed to

separate without ambiguity each contribution to the overall behaviour.
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5.1 Conclusion

To summarize, we have investigated (designed, fabricated and characterized) a large number of
composite and all dielectric metamaterials that exhibit a wide variety of electromagnetic properties at
desired frequencies in the microwave and terahertz regime.

The motivation of our work was highlighted at the beginning of the first chapter. The most
remarkable properties of metamaterials exhibiting negative refractive index have been reminded and
we have discussed some existing examples of structures which possess novel electromagnetic
properties. We have also seen that the key to describe these structures as effective homogeneous media
was that the structures possess features much less than the operating wavelength.

A brief overview about the large panel of existing numerical calculation methods, which are
considered nowadays as an inherent tool in the study of electromagnetic structures, has been given in
the first part of the second chapter. The second part of chapter 2 was dedicated to the description of
the experimental setups that we have used in order to carry out experimental measurements with our
fabricated structures. Indeed, both free space setup based on Vector Network Analyzer (VNA) and
horn antennas and Terahertz Time Domain Spectroscopy (THz-TDS) have been presented in the
microwave regime and terahertz frequency range, respectively. These two characterization techniques
offer indeed, the possibility to perform free-contact measurements without damaging the considered
sample.

The third chapter of this dissertation includes all results that have been obtained at microwave
frequencies on different categories of composite metal-dielectric structures. Starting by a simple
Frequency Selective Surface (FSS) acting as a bandpass filter, this latter has been the subject of
intense investigations. Indeed, the selectivity of the studied FSS is considerably enhanced when
stacking several layers. The angular robustness of the transmission response was demonstrated, and an
original techniqgue has been proposed in order to obtain tunability on the spectral response.
Furthermore, the FSS has been used as a Partially Reflecting Surface in a Fabry-Pérot cavity antenna
where the radiation patterns have shown a highly directive emission of about 20 dB. Fishnet
metamaterials exhibiting a negative refractive index have also been investigated, effective parameters
have been extracted using the standard retrieval method and the negative refraction effect was
demonstrated numerically and experimentally.

The fourth chapter of this dissertation was dedicated to the study of metamaterials in the terahertz
regime. Two main categories of metamaterials have been investigated. We have started by All
Dielectric (AD) metamaterials that are considered as the best alternative in the fabrication of isotropic
and low-loss metamaterials. Experimental prototypes have been fabricated using both laser
micromachining technique and chemical synthesis, and measurements have been performed using

THz-TDS. The second category of our investigated metamaterials is the so called fishnet structures.
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Numerical simulations have been performed using full wave commercial 3D calculator in order to
predict the spectral response of our investigated metamaterials as it was the case in all our previous
studies. Experimental demonstrators have been fabricated and measurements have been performed
using THz-TDS. Some unexpected anomalies related to experimental results (not predicted by

simulations) have been outlined and their origins have been analyzed and discussed.

5.2 Outlooks

There are several immediate paths for improvement and application of structures presented in this
dissertation.

Initially, we plan to demonstrate experimentally the mechanical tunability effect on the spectral
response of the double-FSS that we have proposed in chapter 3. Indeed, our investigated double-FSS
can be mounted on a mechanical support system, which is widely used in optics and offers a
possibility of translation in the following three directions of the spageandz Thus, the tunability
effect can be achieved experimentally. Furthermore, the effect of the ajg,gsgparating each layer
of the double-FSS can also be studied. Staying in the field of spatial filtering and antenna applications,
we propose to investigate a dual-band metasurface operating at 2.45 GHz and 5.8 GHz (WIFI- band)
that will be applied as a Partially Reflecting Surface (PRS) in a Fabry{F&)atavity with the main
goal to enhance the directivity of printed patch antennas for wireless communications. Preliminary
investigations have already shown rather good results, which makes the metasurface promising in
telecommunication applications. Furthermore, the tunability of the spectral response of the double-
FSS that has been achieved mechanically in chapter 3 will be applied in the Fabf{=Pératity in
order to demonstrate the beam steering of the metasutface-based antenna. These works will be
performed in collaboration with our colleagues of the Institut d’Electronique Fondamentale, from the
University of Paris-Sud 11.

In the field of millimetre imaging and sub-wavelength focusing we have started to perform a series
of experiments on a flat-lens based on the holes-array fishnet metamaterial that has been investigated
in chapter 3. Indeed, the investigated flat-lens is made of 5 stacked layers separated by an air gap of
about 0.5 mm, which have been designed for an operating frequency of about 85 GHz. The basic
metamaterial constituting our flat lens exhibit a refractive index of abatitat 85 GHz, and the
preliminary experiments show rather good results. Indeed, as illustrated in figure 5.1(b), for two
different positions of the lens 25 cm and 50 cm from the aperture of the horn antenna, we can clearly
see a focusing effect in the shape of the incident beam, which is indeed much more spatially confined
in the presence of the flat lens. Further numerical simulations and experiments should be performed

taking into account a new design and a new experimental demonstrator exhibiting an effective
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refractive index of- 1 at the desired frequency in order to satisfy an impedance matching between the

lens and the free space, which is an important condition for sub-wavelength focusing (Pendry, 2000)
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Figure 5.1: Experimental setup for “millimeter imaging” including a metamaterials-based flat lens for
an operating frequency of about 85 GHz. Demonstration of the focusing effect on the incident beam:
(b) incident beam at the output of the horn antenna, without the presence of the flat-lens, (c)-(d) the
flat-lens is placed at 25 cm and 50 cm, respectively from the aperture of the horn antenna. The maps
represent the square of the magnitude of the radiated electric field |E?|.

At the beginning of the fourth chapter, related to all dielectric metamaterials, we have
demonstrated the tunability of the spectral response of SrTiO3-based rods-array metamaterials by
changing the temperature. Works in progress, carried out in collaboration with our colleagues of the
Institute of Physics of Prague in the Czech Republic are directed to frequency tunability by applying
an electric field.

The preliminary results of the effective parameters that have been obtained in the random samples
based on Ti@maocroparticles can be improved by additional processing. Indeed, with the control of
particle sizes, shapes, materials, filling factor and size ration, we will be able to obtain the desired
electromagnetic property at the desired frequency. For example, a negative refractive index can be
achieved by ensuring that the frequency regions of negatargde overlap, thus by controlling the
aforementioned critical parameters. Actually, the second fabrication process based on microchemistry
and spry drying technique, which has been described in chap. 4, sec. 4.4 is still under intense

investigations and can offer a potential possibility to reach our goal (see figures 4.14(a) and 4.15(b)).
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In the second part of the fourth chapter related to the composite metal-dielectric metamaterials
involving surface plasmons, the experimental results (unexpected high level of transmission around
0.5 THz) that have been obtained on the sub-wavelength aperture-array might be improved in
conformity with simulations, using a low-loss and non dispersive dielectric substrate. Furthermore, by
making sure that the thicknesses of the top and bottom metallic layers are much larger than the skin
depth of the metal, at the corresponding frequency. Our investigated subwavelength apertures and
fishnet structures, can offer the possibility for sensing applications based on surface plasmons, since
these later are being nowadays explored for their potential in subwavelength optics, data storage, light

generation, microscopy and bio-photonics.
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Description of the Extraction Method

In this appendix, we will describe in details the most commonly retrieval method, used in order to

retrieve the complex constitutive*( ) and propagativen®*, z*) parameters from the scattering
element matrix Sij. Figure A.1 shows a planar sample of thickhpkxced in free space. The complex
electric permittivity and the complex magnetic permeability, relative to free space, are defined as

follows:
ex=¢gtie=e(1-itan(d,)), (A1)

H*= H-ip "= (1—i tan(éu )) (A.2)

S

Sut
Reflection Transmission
phase reference phase reference

Figure A.1:lllustration of transmission and reflection coefficients through a planar sample with
thickness d, reference planes are defined for both transmission and reflection phases.

It is assumed that the planar sample is of infinite extent laterally so that diffraction effects at the
edges can be neglected. A linearly polarized, uniform plane wave of frequency w is normally incident
on the sample. The reflection and transmission coeffictentandS,; are obtained in free space for
the normally incident plane wave. By applying boundary conditions at the air-sample interfaces in
figure A.1, it can be shown that the, 8nd $; parameters are related to the parameterg ard Thy

the following equations:

_ri-t?)

e (A.3)
TlL-T?
S aa

Where /" andT are the reflection and the transmission coefficients of the air-sample interface,

respectively and are given by
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—_ (ch _1)
fcRs) -
T=e", (A.6)

Where 4. andyare the normalized characteristic impedance and propagation constants of the

sample. They are related#band # by the following relationships:

V= VoNET T, (A.7)

z = | (A.8)
§*

Where p= (i217A0) represents the propagation constant of free spacednaisdthe free-space

wavelength. From (A.3) and (A.4),and Tcan be written as:

r=K++K?-1, (A.9)
Where
_ o2
K = M, (A]_O)
25,
T= —(—)—S“ Tl (A.11)
1-18,+Sul
In (A.9) the plus or minus sign is chosen such tidk1. Using (A.6), the complex propagation
constantycan be written as following
y =[log, (1/T)]/d, (A.12)

Where d is the thickness of the sample along the direction of propagation, from (A.5) and (A.8),

*
/% :iF (A.13)

From (A.7) and (A.13), we obtain

guzl(l—r} (A.14)
Vo \1+T

ooy (14T A.15
“ T (1—rj’ (419

Since the parametdr in the expression ofin (A.12) is a complex number, there are multiple

values fory If T is defined ag=|T|€?, thenyis given by:

(A.16)

y= [Iog(l/\T\)]/d + J.[Zn(]j— ¢

| |
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Wheren=0, £1, £2, ..., the real part ofis unique and single valued, but the imaginary payt of
has multiple values, So equations (1.14) and (1.15) will give multiples valg&sodl 1. Te phase
constanjBis defined as:

B=(210A) = imaginary part of jj, (A.17)

WhereA,, is the wavelength in the sample material from equations (A.16) and (A/A{}xan be

expressed as follows:

d/A, =n-2%, (A.18)
2

Forn=0, and -2 <0, (d/A,) is between 0 and 1. If the sample thickret&schosen such that it is
less them,, equations (A.14) and (A.15) will give unique valueg'oand # which corresponds to

n=0. The ambiguity related & and & can then be resolved. The wave impedance and the refractive

index can be deduced from the following expressions:

z= B (A.19)
g*

n=.u* e*, (A.20)

-117 -



Appendix B. Electromagnetic Field Diffraction on Dielectric Spherical Particles

Appendix B

Electromagnetic Field Diffraction on Dielectric Spherical Particles

Spherical resonators have received much theoretical attentions, since they offer possibilities to
design isotropic metamateriglgannopapas, 2005, Wheeler, 2005, Jylha, 2006, Z§, Ahmadi,
2008) The modelling of electromagnetic response of gpakinclusions embedded in a host material
is based on the generalized Lewin’'s mo@eadwin, 1947) Originally, the Lewin’s model has been
specified only for spherical particles with the same radiasranged in a cubic lattice with the lattice
constants. But an expansion of the model for the case of two sub-lattices of dielectric spherical
particles with different radii makes possible to describe the DNG nfediadik, 2004) The spheres
are assumed to resonate either in the first or second resonance mode of the Miéthaprg005)
Let us consider the diffraction of a plane electromagnetic wave with amplitude of the electiig field

linearly polarized along-»xaxis, the wave propagates alongzhaxis as illustrated in figure C.1:

Ezr=Te R Hzt)=g % Eje), (1)

(b)
Figure B.1l: Spherical particle in the field of linearly polarized electromagnetic wave and field
distribution in the equatorial plane: (a) dipole momentum of electric polarization of the pRyieid
dipole momentum of magnetization of the partile(b) and (b) mode charts of the domin&titll
andE111 modes in spherical resonator with magnetic walls. Solid and dashed lines show the magnetic
and electric field lines, correspondingly (Vendik, 2006)
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In order to fulfil the boundary conditions on the surface of the spherical particle, with respect to
tangential components of electric and magnetic fields, expansion of the incident plane wave in terms
of spherical function is used. The spherical modes inside the sphere and spherical modes propagating
in open space outside the sphere are taken into consideration as well. The boundary conditions give
rise to two pairs of hon-homogeneous equations with respect to complex amplitudes of the spherical
functions inside and outside the spherical particle. The fields inside the spherical particle can be

written as a multipole development (Bohren, 2004)

EM(r,6,¢) = i' f”l)( My —ib")A,, ) (C.2)
H™(r,6,4)=- Eoe""; aﬂ)(tﬁ M, +ia"i, ), (C.3)

Wherem,,,,., andn,, . are spherical wave functions (odd and even). The numbgris taken is

equations (4.3) and (4.4), as far as the incident wave in open space is linearly polarized. The wave

numbers are defined as

K = \Jegitly, Ky = \EE M, (C.4)
Whereg, andy, are dielectric permittivity and permeability of free spae@nde, are the relative
permittivities of the spherical particle and matrix material respectively. The solutions of the system of
equations specified by boundary conditions are resulted for amplitudes of the waves inside the
spherical particle in the following form:
= For the waves of magnetic tyg&=0, figure C.1, left)
) =B k(= (i (k) s
6 ( nkge, ( kg - & (kai; (nka)

= For the waves of electric typgH,=0, figure C.1, right)

o k(1= s (kb k) co
o= e (-t (i (k)

Wheren is the indexa is the radius of the spherical particlg(x) and{ (x) are the Ricatti-Bessel

functions. The resonant frequencies are calculated numerically, and are called “Mie resonances”,
according to the pioneering work of Gustav Mie in 1908 related to the scattering of light by dielectric
spherical particle@Mie, 1908)
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Appendix C

SSMM: Single Scan Measurement Method

Effective dielectric permittivity and magnetic permeability can be in principle determined from
complex transmittance and reflectance spe¢8mith, 2002).In the case of time-domain THz
spectroscopy of bulk samples the multiple internal reflections of the THz beam in the sample result in
a series of mutually time-delayed echoes in the transmitted beam. The time-windowed data
corresponding to individual echoes then can be used for the simultaneous retrieval of the dielectric and
magnetic responséNémec, 2006) The subwavelength thickness of the investigatedcisires
prevents us from a direct application of the latter method. At the same time, accurate phase-sensitive
measurements of the reflectance is still rather challenging for this kind of sgiphtsin, 2003)

Here we adapt and optimize the method first demonstrai@étmec, 2009)which takes advantage of
temporally resolved internal reflections in a thick wafer attached to the (thin) metamaterial. We
enclose the flexible metamaterial film between two thick sapphire wafers as depicted in figure C. 1(a).
In this arrangement, possible unwanted air gaps between the metamaterial and the wafers can be
substantially reduced. Moreover, by this configuration the metamaterial is entirely embedded in a
medium with a homogeneous refractive index and not positioned at an interface between two different
media, as reported previously kMémec, 2009) The wafers should be sufficiently thick to allow
temporal windowing and a good spectral resolution which depends on the time window length
(Duvillaret, 1996, KuZzel, 2000 he thicknesses of the wafers should be also different from each

other in order to avoid mixing of internal reflections coming from the two wafers. Here we used 1.93
mm and 3.86 mm thick Sapphirg [(9.6, measured by THz-TDS) wafers, respectively, the first echo

is thus delayed by 44 and 88 ps, respectively (see figure C. 1(b)). The second echo of the thinner wafer
thus appears at the same time as the first echo of the thicker wafer (but none of them is required in the
subsequent analysis). The direct pass through the entire block contains information about the
metamaterial transmittance whereas the first echo of the thinner wafer depends on the product of
metamaterial transmittance and reflectance. Formally, we can express the metamaterial transmittance

T and reflectance BRs follows:

AMB Eref ElAMB EA
T :EOA—EOBD-AVTVB and R:TOAM%ERAV' (46)

Where variousE-fields stand for the Fourier transforms of the waveforms measured in the
following situations (see also the scheme in figure 4.18(a)). The subscripts 0 and 1 refer to the direct
pass and to the®echo (in the thinner wafer), respectively. The superscripts A, B, AMB and ref

denote the signal obtained with the thinner wafer, the thicker wafer, the assembly of wafers with
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metamaterial, and no object in the beam path, respectively. Accurate phase determination is ensured
by the reference measurement of the separate silicon wafers (sEéqtrElA, and E('f). It is thus

essential that the wafers have an excellent parallelism so that a small lateral shift does not introduce a
systematic error in the phase. The coefficieigs and Tyg stand for theoretical expressions for the
transmittance of the wafer A — vacuum and vacuum — wafer B interface, respe®jvetiescribes

the reflectance on the wafer A — vacuum interface.

Einpu —
= — > Main pulse(E;"®)
—> 1% echo in A(E™®)
@ — —> 2" echoin A
— > 15'echo in B 3 Main pulse ¥echoin A #echoin B
3 @ gl 2d echo in A
o1 S
E- S L
ok e
A g B 5 4 (b)
E k=)
Q T
Emput > Eéx E '1'4.. ‘v‘"""‘
N EA 3]
A
1 Il
Eput 5 0 40 80 120
>E, Time (ps)
B
E\npul ) Eref
(a) (b)

Figure C.1: (a) Scheme of the arrangement for transmittance and reflectance measurement, along with
the sketch of all required reference signals. The THz beam is shifted upon reflections only for
graphical clarity. (b) lllustration of a typical waveform obtained in the experiment. Note that the
second pulse is a superposition of the first internal reflection in the thick wafer with the second
internal reflection in the thin wafer.
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Appendix D

Characterization of TiO2 Crystal — Abacus Benchmark
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Figure D.1: Measured relative dielectric permittivétand loss tangent tadj(of a 1.55mm thick TiQ
single crystal for different position8 of the sample illiminated at normal incidence, as illustrated in
the insert. The measurements have been performed using THz-TDS.
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Figure D.2: lllustration of the domains within the effective permeability is negative for a given
material based on Tispheres in the air. The spheres are characterized by a radng a volume
fractionf. The calculations have been obtained by implementing Maxwell Garnet {tieonyebere,
2010)
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