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CHAPTER | - INTRODUCTION

Light is ultimate means of sending information to and from theiantstructure of a
material since it packages data in a signal of zero massrandtched speed. Light is
‘single handedwhen interacting with atoms of conventional materials becangethe
electric hand is effective in probing the atoms of a matermdreas the magnetic hand
interaction is too weakMetamaterialsare artificial materials with rationally designed
properties that allow both field components of light to couple to ntetasaand thus
enable entirely new optical properties and exciting applicatiois such ‘touble-
handed light, the most fascinating property being that ohegative refractive index
which is the most fundamental characteristic of light propagatronmaterials.
Metamaterials with negative refraction will lead to the develmpmof ‘superlens
capable of imaging objects and fine structures much smallethibamavelength of light.
Other exciting applications will lead to development of opticaitemnas,
nanolithography, nanocircuits anehétacoatingsthat can make objeciavisible giving

birth to the technology of electromagnetioak.



The work presented in this thesis is an experimental studwasifipulating terahertz
(THz) transmission through subwavelength split ring resonatd®&R¢p structured as
metal films on silicon substrate. The SRRs mainly have shagmaece features which
are the key to evoking highly dispersive behavior in permittigyvell as permeability.
The two prominent resonances are due to the circular curretédexeithe inductive —
capacitive (LC) circuit of the metal split rings and the chargeupled plasmonic
oscillations in the metal arms at higher frequency. The work im&inly concentrates on
the control of these highly resonant features and studying thdepth behavior and
their potential applications such as biosensing, design of high ygtiaditor devices,

developing devices for slow light applications and optical nanoantennas.

1. 1 Electric and magnetic properties of materials

The electric and magnetic properties of materials are mdegted by two important
material parameters, dielectric permittivity and magngtermeability. Together the
permeability and the permittivity determine the response of rttaerial to the
electromagnetic radiation. Generally,and  are both positive in ordinary materials.
While ¢ could be negative in some materials (for instanp®sses negative values below
the plasma frequency of metals), no natural materials witative x are known.

However, for certain structures, which are called left-handedrialst (LHMs), both the

effective permittivity, ¢, and permeability,, possess negative values. In such

materials the index of refraction, is less than zero, and therefore, the phase and group

velocity of an electromagnetic (EM) wave can propagate in opposgetidns such that



the direction of propagation is reversed with respect to the dineofienergy flow [1].
This phenomenon is called the negative index of refraction and ixgagheoretically
proposed by Veselago in 1968, who also investigated various intgrespiical

properties of the negative index structures [1].

1. 2 Negative permittivity and permeability

Negative effective permittivity in the microwave frequeneyge can be achieved by
using periodic thin wire media. Dielectric permittivity takegyaeve values and EM
waves cannot propagate inside the medium below the plasma freq@n&leftric
charge is responsible for a large electric response in dieletaterials. Because of the
lack of magnetic charge analogous to electric charge, it i® midiicult to obtain a
material with negative magnetic permeability. Pendry etsafjgested that a periodic
array of artificial structures called SRRs exhibit igatve effectiveu for frequencies
close to the magnetic resonance frequency [3]. Smith et al.tedptire experimental
demonstration of LHMs by stacking SRRs and thin rod structurgerasdic arrays of
one and tow dimensional structured composite metamaterials [4,5)orefical
predictions based on calculations and analyses showed that tleéivefiradex is indeed
negative, where both andp are simultaneously negative [6]. Experimental observation
of negative refraction in LHMs by Shelby et al. [7]. In gathewave propagation in
negative index media have also been a controversial subject aedgbaerated an
intense debate but over the time extensive experimental studiesgative refraction

using different techniques supported the existence of negative refraction [8,9].



1. 3 THz metamaterials

The development of artificially structured metamaterials lledsto the realization of

phenomena that cannot be obtained with natural materials. This isafigpegportant

for the technologically relevant THz (1 THz1€" Hz) frequency regime because many
materials inherently do not respond to THz radiation, and the toolarinatecessary to
construct devices operating within this range—sources, lensesheasyittodulators and
detectors—Ilargely do not exist [10-16]. Considerable effortsuaderway to fill this
‘THz gap’ in view of the useful potential applications of THz réidia Moderate
progress has been made in THz generation and detection; THz quastadecéasers
are a recent example. However, techniques to control and maniptlatevdves are
lagging behind. Here we demonstrate metamaterials capalffeci@ne real-time control
and manipulation of THz radiation. The passive device consists ofanaraluminum,
silver or lead electric resonator elements fabricated onicarsisubstrate. The design
flexibility associated with metamaterials provides a promisipgroach, from a device

perspective, towards filling the THz gap.

1. 4 Organization of this thesis

The report is directed towards probing the characteristiddHaf domain metamaterials
and optimizing their behavior which would ultimately help the developroérgub

wavelength THz photonics. Fundamental resonance features of rexiateacan be



tuned achieving a huge modulation capacity just by working along time fith
technology. Mastering this art of controlling the propagation of fpetypagating THz
pulses can lead to development of the much required THz filtemadlators. One of
the most important features of THz waves is application in sgasia to many materials
having characteristic signatures in this range of frequenciethidireport there is an
attempt to design high quality factor metamaterials whichbeansed for sensing. The
optimization technique of Q factors of SRRs has been detailedlsmeé@xperimentally

the sensing capability of the THz is proved.

Chapter 2 is a brief description of the fundamental theories on wiechétamaterials
work. The dispersion relation for the permittivity and the permeability has berrssis
and the condition for which they would become negative which forms the fbasie

development of negative index metamaterials.

Chapter 3 shows the experimental setup for time-domain spectrog$€eizyTDS).
Optoelectronic techniques for transmission and detection of pulsedraldition are
described. A focused beam THz-TDS system is capable of fgcdeinn the THz beam

up to a frequency independent beam waist of 3.5 mm.

Chapter 4 is a study of the evolution of the fundamental resonaatee®e of THz
metamaterials. It has been shown experimentally as to atowtieal thickness of metal
split rings does the resonances starts to appear and thenesdreagength till it finally

saturates at a particular thickness and the transmission remains feeithatt



Chapter 5 is a demonstration of how the fundamental inductive-capaii@g

resonance depends on the permittivity of the metal used for ttaenaerial design. The
higher conductivity metal shows stronger resonance. The experiewdls that the
conductivity of the metal does not limit the Q factor of the L&nance but it is the

radiation resistance of metal rings with increasing conductivity.

Chapter 6 presents the close interaction study between the ARBsparison is made
between SRRs with different symmetry oriented unit cells différent periodicity.
Tremendous pulse reshaping is observed for the closely placed B&Rsne of the
super unit cells a Q factor of 18.5 is observed due to a very sharp high frequeneyntes

dip which has immense potential to be used for sensing applications.

Chapter 7 is the study of pulse propagation through a random media siompfiSRRs
whose periodicity changes randomly, though its orientation is kepd.fiWwe basically
observe no change in the fundamental resonance of the SRR but iaasigiiange in

the higher order resonances of the random metamaterials.

Chapter 8 is experimental demonstrations of the sensing capalbitig SRRs. We see
significant shifts in the resonance frequencies of the metaiaafor a dielectric thin
film layer of as thin as 100nm. We propose this as a very impatéect to sense very

small amounts of analytes in the THz frequency domain.



At last, in chapter 9 we attempt to replicate the quantum phenonoéna
electromagnetically induced transparency (EIT) plasmonic modeliag in classical

THz metamaterial resonators where we describe the liom&of split ring resonators of
same size having similar quality factors and Lorentzian couplitvgele® two resonators

of same Q factors cannot replicate the real EIT effect.

Finally, chapter 10 summarizes the highlights of this work and its long terncatiqhs.



CHAPTER Il - FUNDAMENTALS OF
METAMATERIALS

2. 1 Definition of metamaterials

Electromagnetic metamaterials (MMs) are broadly definedadsicial effectively
homogeneous electromagnetic structures with unusual properties dibt exailable in
nature. An effectively homogeneous structure is a structure vetisxtural average cell

size P is much smaller than the guided wavelength,Therefore, this average cell size
should be at least smaller than a quarter of wavelefghi, /4. We will refer to the
conditon P<4,/4 as the effective homogeneity limit or effective-homogeneity

conditionl, to ensure that refractive phenomena will dominate overrgugddfraction
phenomena when a wave propagates inside the MM medium. If the condition of
effective-homogeneity is satisfied, the structure behavesraal anaterial in the sense
that electromagnetic waves are essentially myopic to dtteed and only probe the
average, or effective, macroscopic and well-defined constitutivemeéees, which
depend on the nature of the unit cell; the structure is thus elegmetically uniform
along the direction of propagation. The constitutive parameters apeimtivity £ and

the permeability: , which are related to the refractive indeRy



N==x\/e 4 , (2-1)
whereg, and x4, are the relative permittivity and permeability related to ftee space
permittivity and permeability by, = (s/&,) =8.85x 10" and, y, = (1/ p,) = 4rx107,
respectively. In equation (2-1), the sign + for the double-valgedrs root function has
been a priori admitted for generality. The four possible signbenations in the paie ()
are (+, +), (+, -),(-, +), and (-, -), as illustrated ind¢hkeu diagram of Fig. 2-1. Whereas
the first three combinations are well known in conventional masetiaé last one [(—,

-)], with simultaneously negative permittivity and permeahildyrresponds to the new

class of LHMs [17].
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Figure 2-1 Permittivity — Permeability and refractive index diagram [17]
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2. 2 Prediction of Veselago

The history of MMs started in 1967 with the visionary speculationhenekistence of
“substances with simultaneously negative valuesafdu” (fourth quadrant in Fig. 2-1)
by the Russian physicist Viktor Veselago [1]. In his paper,eldg® called these
materials as left-handed (LH) to express the fact thatwitoeyd allow the propagation of
electromagnetic waves with the electric field, the magrietld, and the phase constant
vectors building a LH triad, compared with conventional materialsraviigs triad is
known to be right-handed. Veselago concluded his paper by discussimgigbateal
(natural) “substances” that could exhibit left-handedness. He sedgémtt gyrotropic

substances possessing plasma and magnetic properties which &ty are tensors

(anisotropic structures), could possibly be LH. However, he recedrimat we do not

know of even a single substance which could be isotropic and/ha®e thereby

pointing out how difficult it seemed to realize a practical LiFucture [17]. No LH

material was indeed discovered at that time.

11



2. 3 Dispersive permittivity and permeability

After Veselago’s paper, more than 30 years elapsed until tste LiH material was
conceived and demonstrated experimentally. This LH material medsa natural
substance, as expected by Veselago, but an artificial effgchieenogeneous structure
which was proposed by Smith and colleagues [4]. This structureinspsed by the
pioneering works of Pendry et al [3]. Pendry introduced the plasmaqmecrtggative-
e/lpositivep and positivee/negativep structures shown in Fig. 2-2, which can be
designed to have their plasmonic frequency in the microwave .rddwé of these
structures have an average cell size p much smaller thayuithed wavelength and are
therefore effectively homogeneous structures, or MMs. The neg#pigsitiveu MM is

the metal thin-wire (TW) structure shown in Fig. 2-2(a).

12



P

@) (b)

Figure 2-2- (a) Thin — wire (TW) structure exhibiting negative £ positive —u if E is
parallel to z. (b) SRR structure exhibiting positivecs—/ negative — if H is

perpendicular to y axis. [3,17]

13



If the excitation electric field E is parallel to the sxif the wires so as to induce a current
along them and generate equivalent electric dipole moments, thisekiibits a

plasmonic-type permittivity frequency function of the form [2]

(2-2)

$=¢& (pw,la) /o,
where o, is the tunable electric plasma frequency in gigaheange and; is the

damping factor due to metal loss. It is clear fittva dispersion relation above that

Re (¢,) <0 for 0® <@}, —¢*and if £ =0 then(s,) <0 foro < w,, Eq. (2-2) (2-3)

Permeability is simply:= x,, since no magnetic material is present and no etagn

dipole moment is generated. It should be noted tthatwires are assumed to be much
longer than wavelength (theoretically infinite), ialin means that the wires are excited at
frequencies situated far below their first resomarihe positivessnegativep MM is the
metal split-ring resonator (SRR) structure shownFig. 2-2(b) [3]. If the excitation

magnetic fieldH is perpendicular to the plane of the rings so asmdoiceresonating

14



currents in the loop and generate equivalent magdgtole moments, this MM exhibits

a plasmonic-type permeability frequency functioriha form [3]

Fw?

o -l + jol

My (a)) =1-

F=n(2)? ,
P (2-4)

3p
Wy, =C 3
zln(2wa’ / t)

It should be noted that the SRR structure has anategresponse despite the fact that it
does not include magnetic conducting materialstdube presence of artificial magnetic
dipole moments provided by the ring resonators.(Ed.) reveals that a frequency range

can exist in which Ré¢z,) <0 in generaf #0. In the loss-less case, it appears that

(¢ #0), it follows that

(1) <0 , for 1-F ’ (2-5)

wherew, is called the magnetic plasma frequency.

15



The equivalent circuit of a SRR is shown in Fig3 Z417]. In the double ring
configuration [Fig. 2-3(a)], capacitive couplingdamductive coupling between the larger

and smaller rings are modeled by a coupling capao#C, and by a transformer

(transforming ratio n), respectively. In the singleg conFig.uration [Fig. 2-3(b)], the

circuit model is that of the simplest RLC resonattith resonant frequency

Jic (2-6)

The double SRR is essentially equivalent to thglsi$RR if mutual coupling is weak,

because the dimensions of the two rings are versecto each other, so that L, ~ L
andC, =~ C, = C, resulting in a combined resonance frequency diosbat of the single

SRR with same dimensions but with a larger magnatenent due to higher current

density.
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Figure 2-3 Equivalent circuit model of (a) double SRR, (mgte SRR. [17]

In [4], Smith et al. combined the TW and SRR suies of Pendry into the composite
structure which represented the first experimeritdl MM prototype. The main

arguments in [4] consisted that of designing a $Wicture and a SRR structure with
overlapping frequency ranges of negative permittiagnd permeability; combining the
two structures into a composite TW-SRR structurel lunching an electromagnetic
wave e /" through the structure and concluding from a factth pass band (or
maximum transmission coefficient, experimentallppears in the frequency range of

interest proves that the constitutive parametegssamultaneously negative in this range

on the basis of the fact th@=nk, =+./x ¢, has to be real in a pass band.
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CHAPTER Il
EXPERIMENTAL SET UP FOR TERAHERTZ

TIME DOMAIN SPECTROSCOPY (THz-TDS)

3. 1 THz time-domain spectroscopy

The THz-TDS is a spectroscopic technique wheresaiapgeneration and detection
scheme is used to probe the material propertidsshiort pulses of THz radiation [18].
The generation and detection scheme is sensititheeteample material’s effect on both
the amplitude and phase of the THz pulses. Thigcpéar spectroscopy technique gives
extra phase information compared to the other catiwmeal spectroscopy methods like
Fourier transform spectroscopy which is sensitivky to the amplitude. The amplitude
and phase are directly related to the absorptiefficeent and index of refraction of the
sample and thus the complex valued permittivitthef sample can be obtained without
having to carry out the Kramers- Kronig analysise TTHz-TDS has several other
advantages like many materials have unique spdxgtalvior in the THz frequency
range. There are materials which are transparehitiopulses. THz radiation is harmless

for the biological cells and tissues due to its mmzing nature.
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3. 2 Broadband 8F confocal THz-TDS set up.

The transmission lines of the transmitter chip l@esed under a dc voltage of 70 Volts.
Mode-locked Ti:sapphire laser with pulse width 68, repetition rate of 100 MHz and
a central wavelength of 800 nm is focused on tls@e edge of the positively biased
transmitter transmission line which generates mdeehole pairs and the ballistic
acceleration of these electrons generates a siygle- THz electromagnetic radiation
[18,19]. The high-resistivity silicon lens attached the back side of the transmitter
collimates the transmitted THz radiation into Gasdeam with 1/e-amplitude waist of
diameter 6 mm. In a conventional 4F THz-TDS systin@ radiated THz electromagnetic
pulses are collimated by another parabolic mirraat are focused to the antenna of the
receiver chip with another silicon lens similar ttee transmitter side. The receiver
antenna, photoconductively switched by another dsetond optical pulse from the
same Ti:Sapphire laser, is sensitive to the pa@tden of the THz radiation. The receiver
is connected to a lock-in amplifier through a lowis®e current amplifier. When gated, the
receiver generates a dc current which is propaatitmthe instantaneous electric fields of
the received THz electromagnetic wave. By chantiegelative time delay between the
optical gated pulse and the detected THz pulserliee pulse shape of the THz radiation
can be mapped out as a function of the relative tiglay which includes both amplitude

and phase information.
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3. 3 8-F THz-TDS system

Standard THz-TDS system is modified in order to snea samples with comparatively
smaller dimensions by introducing an additional paiparabolic mirrors in the middle of
two major parabolic mirrors as shown in Fig. 3-heTparabolic mirrors are arranged in
8-F confocal geometry which provides excellent beampling between the transmitter
and receiver [19]. The inner parabolic mirrors &hd M, are identical with a focal length
of 50 mm. The Gaussian beam of THz pulses is fatusea frequency-independent
beam waist of diameter 3.5 mm at the center betwdgnand M mirrors. The
transmitted THz reference pulse and the correspgnilequency spectrum are shown in
Fig.. 3-2.Pico-second pulses of 4.0 THz usable waittd extending from 0.1 to 4.0 THz
is measured. To eliminate the effects of the wad@ior the entire THz system is enclosed

in a box and purged with dry air during data adtjois.
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Figure 3-1 - Schematic diagram of modified THz-TDS setup wéih 8-F confocal

geometry. Smallest beam waist is obtained betwaeonm M3 and M4 [18,19].
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22



CHAPTER IV

EVOLUTION OF RESONANCES IN

OPTICALLY THIN METAMATERIALS

4. 1 Introduction

Plenty of research has been focused on the resemanicthe SRRs. It has also been
found that SRRs exhibits a strong electric resomaatcnormal wave incidence at the
same frequency as the magnetic resonance [16]samdry often called as electrically
excited magnetic resonance (EEMR). This partictdaonance is extremely important to
characterize the behavior of metamaterials sinas difficult to do the transmission

measurements for the in plane incidence in the @htt the optical domain and get the
actual magnetic resonance. Therefore, in this enapé probe into the evolution of the
EEMR resonance and the higher frequency dipolenagste by varying the thickness of
the metal layers forming the split rings depositedsilicon substrate on the sub skin

depth scales.
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4. 2 Equivalent RLC circuit model of a split ring resonator

The behavior of the main Lorentzian resonance iIRSK well-known and follows the
form of a series RLC circuit [20]. The inductanckesjn the circuit results from current
circulating around the SRR perimeter, while the acapance,C, is due to charge
accumulation at the gaps. For double SRRs thema mdditional capacitive contribution
between the two rings. A higher circulating currehbuld result in a stronger resonance.
The resistance of the metallic SRRs is directlyalated to the circulating current, and
plays a very important role in making these subwengih structures highly resonant.

The induced voltage equation in an RLC circuit bardescribed as

V= Lﬂ+ |R+g : (4-1)
dt C
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(@) —>| iq— (b)

Figure 4-1— (a) Double SRR with specific dimensiongdef 2um, | = 36um, w = 3um,
t =6 um,I" = 21um and periodicityP = 50 um. (b) Equivalent single SRR of double

SRR shown in (a). (c) Equivalent RLC circuit.
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4. 3 Depth of penetration and internal impedance ofetals.

From Maxwell’s equations it is seen that the magtetof the fields and current decrease
exponentially with penetration into the conductod éhe depth at which they decrease to
1/e of their values at the surface is called depthenetration or skin depth, denotedas
The phases of the current and fields lag behind theface values by ‘®/ radians at

depth ‘X’ into the conductor. The skin depth fortaig is calculated using the expression

5= /# , (4-2)
T f /uOO-dc

where f is the frequency at which the skin depth is defing, is the vacuum
permeability, ands,. is the d.c. conductivity of metal [21]. The cakald skin depths for

Pb, at the LC resonance frequency 0.5 THz is 33@&immom temperature.

The decay of fields into a good conductor or supadactor may be looked at as the
attenuation of a plane wave as it propagates h@aconductor or from the point of view
that induced fields from the time — varying cursetend to counter the applied fields.
The latter point of view is especially applicabecircuits, in which case we think of the
field at the surface as the applied field. Currezdacentrate near this surface and the
ratio of the surface electric field to current flagiwes an internal impedance for use in

circuit problems. Internal impedance is the comnftiitn to impedance from the fields
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penetrating the conductor. The total current flayvpast a unit width on the surface of
the plane conductor is calculated by integratirgy ¢brrent density, from the surface to

the infinite depth.

— [ — i s(1+])(x/5) 0 -
JSZ—E[Jde—J;J)e dx:1+j . (4-3)

The electric field at the surface is related todheent density at the surface by

‘JO

E,=—
o

z0

Internal impedance for a unit length and unit widtklefined as [21]

z =S gl
J, Ot
1 rf
R=—0= 22 (4-4)
00 o
1
oL =—=
Rl R

The above equations shows that the skin-effecsteesie of the semi-infinite plane
conductor is the same as the dc resistance of r@e ptanductor of deptld . The

resistanceR, of the plane conductor for a unit length and undtivis called the surface

resistivity.
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4. 4 Effective resistance model of SRRs

Ohmic losses are introduced in the equivalent moti&RRs by means of the effective

resistance, of the SRR. This effective resistanaabtained by using the equivalent ring

model for the current distribution on the SRR. Tésistance can be approximated

4"
=— for h<26
I1ff thO'
and (4-5)
2l
== for h>26
R too

wherel’ is the average side length of the SRRis, the width of the metal lines, aind

and o being the thickness and conductivity of the SRR, frespectively [20].

4.5 Sample Processing

Here, Lead (Pb) is chosen as the constituent rfatalptically thin SRRs because of its
large value of skin depth. This allows for a renadnle dynamic range in characterizing
the resonance evolution with various sub-skin-déjpitknesses [19, 22]. In addition, Pb
behaves as a good conductor at THz frequenciesawitgh complex conductivity

o=45x10°+i49x10'Q'm™* at 0.5 THz which facilitates establishing the widfined LC

and dipole resonances in the SRR metamaterials.
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Pb split ring arrays with various thicknesses raggrom 34 to 672 nm were prepared.
The thin metallic film of Pb is deposited on a Oré#h-thick p-type silicon wafer with a
resistivity ofp = 20Q-cm. Conventional photolithographic processes aegluo form a
50 pumx 50 um SRR arrays. During metallization, the theds of the metal films
controlled with high precisions to get the rightckmess. The thickness of the metal
deposited on deposition monitor is different thiaat tof the substrate because they have
different distances and different angles. A coragctactor, called tooling factor, should
be obtained for any particular position of the stdie and the monitor to get the accurate
film thickness on the substrate. A water cooledodémn monitor FMT6 has a thickness
resolution of 0.1 nm. Deposited metal on the moistquartz crystal changes its
frequency. The change in the frequency and theityesisthe deposited metal is used to
calculate the thickness of the film. To find theliog factor, three different-thickness-
samples were prepared for a particular positiorthef substrate with respect to the
monitor. We recorded the corresponding thicknessteswed in the monitor. The
chamber pressure was 2.5%1BIB and was not allowed to exceed 3.0%1B during
the deposition. We adjusted the current to getpmsigon rate 1-2 nm/s. After deposition
the film thicknesses were measured by atomic mioqg (AFM) system which showed
that the real thickness of the metal films on thlestrate was approximately 60% of the

thickness observed on the monitor [19]. The thisknaf the film is given by

Me
d= Fcosgﬁ cost | (4-6)
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where, Me molecular weightr is the distance of the substrate from sougcés the

angular position of the substrate, af the angle between the substrate normal and the

direction of flux. The measured valuerg$, and @ for substrate were 210 mm, 23°, and

7°; and for monitor those were 160 mm, 21°, and. 26%e consider the sticking
coefficient of monitor crystal and silicon substratre same then the calculated tooling
factor was ~62%, which was fairly close to the nuead value. To find the real thickness
of the substrate film, the monitor thickness wawagk scaled by 60%. For every
metallization, the samples were carefully placedhim same position. For thin film the
deposition rate was ~ 0.2-0.3 nm and for the tHilck was 1.0-2.0 nm. Density Pb is
maintained at 11.34 g/cc. One of the fabricatedl®ble rings SRR sample is shown in

Fig. 4-2.
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Figure 4-2 — Image of SRRs fabricated by conventional phtitography and 170 nm of
Pb metal film is evaporated in a vacuum chambertter split rings to be formed on

silicon substrate.

31



4.6 Experimental results

A set of Pb SRR arrays of various thicknesses,ingnfjom 0.5 to 1.8 (571 nm) is
fabricated by conventional photolithography proges®n a silicon substrate (0.64-mm-
thick, p-type resistivity 2@ cm). The Figure 4-1 shows a diagram of the do@Hi#&®
with a minimum featurel = 2 um in the splits of the rings and other dimensioh#/ & 3
um,t = 6um, | = 36um, and a lattice constaRt= 50um. Each SRR array has a 20 mm
x 20 mm clear aperture. The SRR metamaterials laaeacterized by THz-TDS in a
broadband, photoconductive switch based systemctraists of four parabolic mirrors
in an 8-F confocal geometry as discussed in ch&pt&he orientation of SRRs is such
that the THz electric field is perpendicular to #mits in the rings. The SRR array is
placed at the waist of the 3.5-mm-diameter, freqguendependent focused beam, and

the THz radiation penetrates the SRRs at normalence.
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Figure 4-3 - (a) Transmitted THz pulses through the referermcel Pb SRR
metamaterials of different thicknesses. (b) Comwesing Fourier transformed spectra
that illustrate the evolution of the resonancese THfield of the THz pulses is

perpendicular to the SRR gaps.
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Figure 4-3 (a) shows an evolution of the pulsessimatted through a reference and the
SRR arrays of various thicknesses, and the comelipg Fourier transformed amplitude
spectra are illustrated in Fig.. 4-3 (b). The refee is a blank silicon slab identical to the
SRR substrate. The transmitted THz pulses as wgetha spectrum for the .thick
SRRs appear nearly identical to the reference, sigpthat such a thin SRR is almost
transparent to the incident THz pulses. Howeveemthe SRR thickness is increased to
0.1, a 35% peak-to-peak attenuation and a reshapitigegiulse in the time domain is
clearly observed. A further 25% peak-to-peak ation also occurs by increasing the
thickness to 0& Also, an adjoining feature along with the mairspus revealed, which
becomes most distinguished for thedtRick SRRs and then gradually disappears with
thicker Pb films. In the frequency domain, threstidct resonances are developed as

transmission dips with increasing SRR thicknessyTére the LC resonance,. at 0.5
THz, the electric dipole resonance, at 1.6 THz, and a weaker electric quadrupole

resonance near 2.0 THz. The LC resonance is duetctive currents circulating around
the ring perimeter in conjunction with capacitiveaoge accumulation at the ring gaps. In
contrast, the dipole and quadrupole resonanceduar¢o antenna-like couplings between
the two and four SRR sides parallel to the inciddattric-field, respectively [16]. The
signature of the LC resonance begins to show up thi¢ 0.15 thick SRRs, while it
sharpens to a greater extent with thedGtiick SRRs. Thus, a critical thickness exists
near 0.15 that is required to excite the LC resonance ferRb film A further reshaping
of the time-domain pulses and the correspondingngthening of resonances in the

spectra occur for SRRs with higher thicknesses.
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Microwave Studio.
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4. 7 Discussion and analysis

The behavior of the main Lorentzian resonance iIRSK well-known and follows the
form of a series RLC circuit. The inductances, i,the circuit results from current
circulating around the SRR perimeter, while the acaance,C, is due to charge
accumulation at the gaps. For double SRRs thema mdditional capacitive contribution
between the two rings. A higher circulating currehbuld result in a stronger resonance.
The resistance of the metallic SRRs is directlyalated to the circulating current, and
plays a very important role in making these subuength structures highly resonant
[3,12,20]. The decrease in effective resistdRod the SRRs is mainly responsible for the
enhanced LC resonance with increasing sub-skinhddpickness. The effective
resistance of the SRRs can be estimated by thevadgni ring model for current
distribution [20]. For the square double SRRs, eéffective resistance is approximately
given as by Eq. (4-5). The calculated thicknesseddpnt effective resistance of the Pb
SRR is shown in Fig. 4-5(b). The effective resistafollows a 1 functional form that is
similar to the behavior of the resonance transimisaiinimum, shown in Fig. 4-5(a). In
using RLC circuits to model wave propagation thtougetamaterials the functional
dependence of the transmission is dependent owvbell surface impedance, which
incorporates several effects in addition to ringg&@nce R, such as substrate permittivity,
ring density, and other factors. Therefore, thelan of the transmission minimum is
not expected to exactly follow ahlform. Also, the aforementioned formula used for
calculating R assumes that the metal conductigithickness independent, which is not

necessarily true [23,24]. Nevertheless, the dadécate that the sub-skin-depth metals
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are basically acting as distributed resistors inmmpdurrent flow but causing few other

changes in the resonant behavior of the ring. Tightgesonance shifts that develop with
increasing metal thickness do not necessarily atdian evolution in the capacitance or
inductance of the SRRs, but rather may be thetrefabupling between resonant modes

of the individual rings along with the individuasonances, causing some reshaping.
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Another related effect observed in the data istthekness dependent behavior of the
quality (Q) factor of the LC resonance. The Q isnaasure of the sharpness of a
resonance as defined by the central resonanceeimeyguwivided by the measured 3dB
power bandwidth,f,/Af,,; . As shown in Fig. 4-5(b), the measured Q of theRIET
resonance is improved with increasing metal thiskneis worth noting, although from
the data we observe that the dipole mode at 1.683dgms to develop just as it did at 0.5
THz, the 0.15 skin depth criterion for the LC remoce is not necessarily applicable
across the spectrum. This is because the higher-omibdes do not share the same
current profiles as the LC mode. In fact, dipolerents are largely restricted to the side
arms parallel to the THz electric field, whereas &i@rents oscillate around the entirety
of the ring. In other words, one cannot assumenateat current distribution throughout
the ring for anything but the LC resonance [20]u3lthe resistance formula may not be
valid for higher-order resonances. For this reasemeed not expect damping behavior

to be the same for LC and higher resonances.

Simulations using CST Microwave Studio were caroet to model the sub-skin-depth
resonators [26]. Modeling the Pb films as lossy msedal not produce results that agreed
with the experiments. This is because Microwave iStutbes not solve Maxwell’s

equations inside metallic geometries, insteadrgetip Leontovich boundary conditions

on the metal surface. As a result, metallic indosiof any thickness appear thicker than
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a skin depth. Therefore, the software was forcedraat the Pb layers as dielectrics
having very high permittivity and conductivity € 4.5 x 16 Q*m™, ¢ = —=1800). As
shown in Fig. 4-4(b), this resulted in good agresimeith the experimental data
capturing most of the measured behavior, includiregslight frequency shifting of the
resonance with increasing metal thickness. The latouns elucidate the nature of many
of the features in the data, such as the onsedrafus higher-order modes (1.8 THz, 2.54
THz), but also reveal additional information. Foample, the simulated transmission
minimums follow a very uniform decrease with in@eg metal thickness, more so than
in the measurements. This reveals a possible ewpetal variation in the Pb
conductivity with thickness or a tolerance in thepdsited thickness. Such variations are
not altogether unexpected in sub skin-depth lagéreetals due to non-uniform or non-
crystalline growth. Further studies are also bgugsued to discover the nature of unique
features such as the one at 0.6 THz in which tio&riess of the metal seems to have no

effect on transmission.

4.7 Summary of Results

We have experimentally demonstrated optically thetamaterials resonating in the THz
regime. The thickness dependent resonance evolochamacterized by THz-TDS has
shown that remarkable electromagnetic resonances bm developed in planar
metamaterials of sub-skin-depth thicknesses. Itiqudair, nearly 70% of the maximum
resonance amplitude was achieved in the half-sgpthdthick Pb SRR array. Similar

resonance behavior was also observed in optidaillyrhetamaterials made from Ag and
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Al. The sub-skin-depth approach enables the cordmal modification of resonance
magnitude of a fixed metamaterial design and wdhédfit applications in integrated

subwavelength THz components.
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CHAPTER V

EFFECT OF METAL PERMITTIVITY ON THE

RESONANCES OF METAMATERIALS

5. 1 Introduction

In this chapter we investigate the effect of mp&imittivity on resonant transmission of
metamaterials by THz-TDS. Our experimental reswoits double SRRs made from

different metals confirm the recent numerical siatioins [27] that metamaterials exhibit
permittivity dependent resonant properties. Thesuesd inductive-capacitive resonance
is found to strengthen with a higher ratio of tlealrto the imaginary parts of metal

permittivity and this remains consistent at varioostal thicknesses. Furthermore, we
found that metamaterials made even from a gengually metal become highly resonant

due to a drastic increase in the value of the géawty at THz frequencies.
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Most metamaterials utilize SRRs to achieve a desgedonse. The electric permittivity

(e,=¢.,+i€,,) of metal SRRs is an important factor that is elpsssociated with the

establishment of LH resonance in metamaterials. [Ri7/typical SRRs, the fundamental
resonance is inductive-capacitive (LC) in naturéeme circulating current flow in the
metallic loops creates an inductive effect and gharccumulation at ring gaps provides

capacitance. The complex permittivity of the metg|,used to fabricate the SRRs plays

a very important role in making the structure hygrdsonant. Although the exact values

of ¢, were not known, a recent numerical study investigahe resonance properties of
microwave SRR-based metamaterials verified thisddence org,, . By fixing the real
part of permittivity tce,, = 1 and increasing the magnitude of the imaginaryngéwity,

the resonance gap of SRRs was found to becomewwarend the left handed effect was

further enhanced.

At THz frequencies, the values of metal permityivitre several orders of magnitude
higher than those at optical frequencies, but asholower than those in the gigahertz
region. No study was performed to see how the rtgoermittivity of metals influences
the resonant behavior of metamaterials in the Tédgnme. In this chapter, we present a
THz-TDS study of the effect of metal permittivity dransmission properties of double
SRR metamaterials. An LC resonance centered atTbld is well pronounced in
metamaterials made from various metals, includmgalled good metals, Ag and Al, as
well as a generally poor metal, Pb. Propertieshsas the resonance transmission
amplitude and linewidth are shown to exhibit depsmod on the electric permittivity of

the constituent metals. In particular, the resonmahsmission dip is enhanced in
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correspondence with an increase in the imaginary @athe permittivitye, , or an

im ?
increase in the ratio of the real to the imagingermittivity, —¢,,/&,, » showing

consistency with recent numerical predictions atrowave frequencies. A CST

Microwave Studio simulation is also carried outupglement the THz-TDS results.

5. 2 The Drude Model of free electrons in metals

The simple Drude model treats the free carriers. imetal as classical point charges
subject to random collisions for which the collisidamping is independent of the carrier
velocity. According to the model, the frequency-elegent complex dielectric

constantg(w) [32].

i 1)
(7(60) =& _Z—F_? , (5-1)
we, @° +lol’

c(w)=¢ (0)+ig (0)=¢, +

where Drude conductivity is given as

. . 2
Gdc|r _ |8060p

o(0)=0(@)+io (o) = o+iI'’ o+l

, (5-2)

whereé&, dielectric contribution from bound electrons, and ¢, are the real and
imaginary part of the dielectric constantss the angular frequency, is free space
dielectric, ando(w) is the complex conductivitg;, ando, are the real and imaginary

conductivity; dc conductivityy,. =eu N, x being the electron mobility;is the carrier
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damping rate; andv, is the plasma frequency. The plasma frequengys defined

asw, =|Né/e,m ; where N is the carrier density, e is the charfgiae electron, is free

space dielectric, anth is the effective mass of the electron. The effectlectron mass
of silicon is 0.26n, wherenmy is the mass of free electron. The real and imagiparts

of the complex conductivity are given by,

g,
O-I‘ (a)): a);) +pr2 ]
: (5-3)
o ()= 2222
! w®+T7?
The real and imaginary parts of the complex diglecbnstants are given by,
2
grm frd 8@ _—za)p > y
o +T
2 (5-4)
a)pF

& =——F—5"
" o(w® +T7)
For microwave and THz frequencielcié«l and the metal permittivity can be

approximated as [28]

04 IO
e, v——2yp—d (5-5)
el e

The resulting dielectric constant for conductingtaie has a negative constant real part

and a much larger frequency-dependent imaginaty par
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5. 3 Sample Processing

The SRR samples were fabricated on a 0.64-mm-fitkpe silicon wafer which had a
resistivity ofp = 20Q cm. Then a positive photoresist SR 4000 was apjpirel spun at
3000 rpm for another 30 second. At this speedhlukriess of the photoresist layer was
approximately 4 um after which followed 15 minutdssoft bake at 100 degrees in the
baking unit. The wafer was then exposed with a atntnode mask aligner using UV
light (1 = 436 nm) while under the mask. The sample waldped using immersion
methods in a full concentration RD6 developer. Fatallization three different metals
were chosen, those are, silver, aluminum, and léddtal thicknesses for the
metallization were carefully chosen to be equalthe skin depth at 0.5 THz LC
resonance frequency. An 84-nm-thick metal layer whgsen for silver, 116nm for
aluminum array and a 336-nm-thick metal layer wagsen for lead sample as one skin
depth thickness. So, totally nine sets of SRR &ires were fabricated, three with half
skin depth metal films, three with one skin deptld another three two skin depth of Ag,
Al and Pb metals. Metal films were then thermallyagaated on the patterned
photoresist using a thermal evaporator (BOC Ed88&) at vacuum pressure of 2.5x%10
> mB and a deposition rate of 3 nm. After thedift-step SRRs array of with periodicity

of 50 um was formed.

5. 4 Experimental Measurement
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Figure 5-1 shows the measured amplitude transmisdidhe SRR metamaterials made
from different metals near the LC resonance. Taesimission is extracted from the ratio
of the Fourier-transformed amplitude spectra of Haenples to the reference. The
reference is a blank silicon slab identical to R substrate. When the planar SRRs are
0.5 thick, as shown in Fig. 5-1(a), a well-defined k€sonance develops at 0.5 THz.
The difference in resonance strength for differ@etals is clearly seen, with Ag SRRs
featuring the deepest resonant transmission oPb3véhile Al and Pb SRRs are limited
at 60.2% and 64.4%, respectively. The resonant viehaf the SRRs is further
compared by using metals with different thicknesges shown in Fig.s. 5-1(b) and 5-
1(c), with increasing metal thickness to dl.@nd 2.8, the resonance is further
strengthened for all metals. The Ag SRRs consisteat/eal the strongest resonance,
having a transmission dip reduced to 18.5% atcktigiss of 2.8 Comparatively, for the
2.® thick Al and Pb samples, the transmissions ar2%Gnd 43.1%, respectively. The
measured transmission amplitudes at the LC resenaiuma are plotted in Fig.. 5-2(a)
as a function of metal thickness. It is worth ngtiwhen the metal thickness is varied
from 1.3 to 2.®, the LC transmission for the Pb metamaterialearly saturated, while

it is continuously strengthened for the Ag SRRs.
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Ampiituae 1ransmission

Figure 5-1 - Measured frequency dependent amplitude transonissi planar double

SRR metamaterials made from Pb, Al, and Ag withoter film thicknesses: (a) G5(b)

0.2

- (b)

1.0, and (c) 2.6, near the LC resonance.
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5. 5 Analysis and comparison with theory

At 0.5 THz, the complex electric permittivity of eéhgiven constituent metals are
&p, =—180x10° + 165x 10°i , £, =—340x10" + 1.34x10°i ,and
Epg =—-250x10° + 215x10% [29,30]. The imaginary part of permittivity  shows a
monotonic increase from Pb, Al, to Ag. By notin@ tmeasured results shown in Fig. 1,
the LC resonance for different constituent metsilsaen to strengthen with increasipg

Such a trend remains true at various given thicke®sas shown in Figs. 1(a)-1(c). This
is consistent with the recent numerical predicti@ismicrowave frequencies . The
electric permittivity of Ag, Al, and Pb can be weléscribed by the Drude model as
shown in the above equations. Our THz-TDS resuteeg) well with this simplified

Drude expression, in that, is proportional to the dc conductivity., suggesting that

the LC resonance is more pronounced with metanadédenf higher conductivity.

Furthermore, when the contribution of the real pértthe permittivitye,, is considered,
the LC resonance is found to be enhanced with aereasing ratio of the real to the
imaginary permittivity, —¢,../&,, . It was shown that a better conducting metal is
characterized with a higher ratiee,,/¢,, [29,30]. The experimentally determined
frequency-dependent values,, /¢, for the constituent metals are shown in Fig. 52 i

the frequency range of 0.1-3.0 THz. At 0.5 THz, thigos are 0.011, 0.025, and 0.116 for
Pb, Al, and Ag, respectively [19]. As can be seaekig.. 1, the measured LC resonance

is indeed strengthened with the increasing ratig, /¢, at each given metal thickness.
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This again is consistent with the simplified Dryskrmittivity, where the ratie-¢,,, /&,

is inversely proportional to the damping rdite with experimentally determined values

of I'/2z being 43.9, 19.6, and 4.4 THz, respectively, for 8, and Ag [29, 30-32].
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Figure 5-2 - Frequency dependent Drude ratio of the real he tmaginary

permittivity, —¢,,/ ¢,, of Pb, Al, and Ag in the THz regime; the verticdshed line

indicates the LC resonance frequency 0.5 THz.
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In addition, the quality (Q) factor of the measut&gl resonance also shows dependence
on the permittivity of the constituent metals. TQdactor is a measure of the sharpness

of resonance and is defined as the ratio of cefrtegliency (f,.) to the measured 3 dB
power bandwidth € . /Af,;;). As shown in Fig. 5-3(bXhe experimentally extracted Q
at the LC resonance shows an increasing trendhgtier imaginary permittivitye, ., as
well as —¢,,/¢,, . This relationship is limited, however, as the ahetonductivity

becomes very high. It is known that the SRR catréeted as an equivalent series RLC
circuit. The Q of the RLC series circuit is invdysgroportional to the resistance,
Q « /R, whereR is an effective resistance of the double SRR totvever, SRRs are
also radiators, continuously shedding resonantggrfeilowing excitation. Therefore the
effective resistance can be expressed in two tetinesOhmic resistancd? , and the
radiation resistanceR; , representing energy loss by heating and by rnadiat

respectively. At THz frequencies, the Ohmic resistacan be approximately given

through the equivalent model [20]

R = 4'/(thws,s,, ), for h< 25 (5-6)

where h being metal thickness, and= 21 um is the effective length of the SRR unit,

and t being the metal width. The Ohmic resistance reslue@h increasinge,, or
conductivity o,, of metals, thus increasing the Q factor. When rietal thickness

approaches 2d) the Q of the Ag metamaterial shows a 19% increaseompared with

the Pb SRRs. The Q does not change as dramatasdly due to the interplay oR
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and R;. As the conductivity increaseR, becomes negligible compared Ry. Further

increases irg,, or o, do not affecR;, and should result in very little improvement in Q

The experimental results were supplemented byefieliement simulations [26]. Figures
5-4(a) and 5-4(b) illustrate, respectively, the surad and simulated amplitude
transmissions of 300 nm thick SRR metamaterialsenfsem different metals. Both the
measured and simulated LC resonance reveals sipelanittivity dependent behavior.
The measured dip transmissions for the Pb, Al, Agpdamples are 47.7%, 25.5%, and
14.1%, respectively, showing a good agreement thighsimulation results. The slight
deviations in the simulated resonance frequencesshe caused by the approximation of
defect-fee SRRs with frequency independent metapgoties. In addition, we assume
that the metal permittivity or conductivity is tRieess independent; this is not necessarily

true in reality [24,25].
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Importantly, the simulations enable an extrapotatad measured results. Fig. 5-4(b)
shows the simulated transmission for SRRs made faohlypothetical metal having

conductivity an order of magnitude higher than thfathe regular Ag, here referred to as
super Ag (S. Ag), and SRRs made from a perfectredezmonductor (PEC). As expected,

the resonance strength increases &s increases andk — 0 However, the

improvement in Q is clearly saturated, verifyingtthadiation resistance is the dominant

factor in limiting Q for SRRs of very low loss.

5. 6 Summary of Results

In conclusion, the resonant transmission of SRRamaterials is shown to be dependent
on electric permittivity of constituent metals. Timeasured LC resonance is strengthened
with an increasing ratio of the real to the imagmaermittivity of metals at THz
frequencies. The optimal transmission dip and Qefaare observed in SRRs made from
Ag, a highly conducting metal, though Q is effeetv saturated due to the radiative
nature of the SRRs. More interestingly, metamatenaade from Pb, a generally poor
metal, also exhibit strong LC resonances due &gelpermittivity in the THz regime. It
thus indicates that THz metamaterials operate wedr a wide range of constituent
metals. This is essential in metamaterial appbeati involving integrated THz
components, such as filters and modulators, wha dontrol of resonant properties is

needed with a fixed layout design.
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CHAPTER VI

THE IMPACT OF NEAREST NEIGHBOR

INTERACTION ON THE RESONANCE OF THz

METAMATERIALS

6. 1 Introduction

In this chapter we try to investigate the conseqasrof bringing the split ring resonators
in close vicinity of each other and the impact vhichas on its resonators due to their
near field interactions [33]. It turns out thatrénés huge spectral reshaping of the higher
order resonances of the split rings when theirntaitgon is changed and their distance
from each other is reduced. Tuning the resonanséiqo of all modes by appropriate
geometry modifications is usually at the focus mterest. But also the impact of the
chosen period as well as the disorder was invdstiga\evertheless, a systematic
investigation of how the orientation of the SRRthe unit cell affects the spectral

response is addressed in this chapter.
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We analyze here the impact of the orientation ef$RRs in the unit cell on the spectral
position and the width of the resonance at normaldence. MMs composed of three
different super-cells containing four SRRs. Thergetical arrangement of the SRRs in
each super-cell is shown in Fig. 6-1. In a firanpke, all SRRs have their gap on the
same side. In a second sample, the SRRs are adravitie vertical mirror symmetry,
hence creating pairs of SRRs with facing gaps.timrd sample the SRRs have the same
orientation of their gaps along the diagonal dice of the super-cell, hence next
neighbors have their gap on opposite sides. Inwioik the effect of the orientation on
the spectral position and the width of each rescmare investigated. It will be shown
that the two lowest order modes are only marginaffgcted, whereas the higher order
eigenmode suffers a severe spectral reshapingdidyaeénds strongly on the period.
Quality factors as large as 18.5 are observed,gbminch larger than those usually
encountered for THz MMs. As a consequence, it iswsh that control over the
orientation of the SRRs and the periodicity alldow®bserve extremely sharp features in
the spectrum that are promising candidates forouaripractical applications such as
sensing devices as well as for the fabrication didvthat make explicit use of higher

order resonances to control light propagation.

MM-1 MM -2 MM -3

L] ol
L O
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Figure 6-1 - Arrangement of super-cells MM1-MM3 with lattio®nstantP = 50 um.

Individual SRRs have dimensions b 6 um, d = 2um, and = 36um.

6. 2 Sample design and simulations

Six samples of planar SRRs (denoted in the follgveia MM1-MMG6) of 200 nm thick Al
metal rings were fabricated by conventional phttoljraphy on a silicon substrate
(0.64-mm-thick, n-type resistivity 122 cm). As shown in Fig..6-1, MM1-MM3 are
single ring SRRs with lattice constant P = 5@. The distribution of the gaps can be
deduced from the Figure and corresponds to theasosnas described before. MM4-
MM6 are single SRRs with same symmetry as MM1-MM® Wwith reduced periodicity
of P = 39um. The dimensions of the SRR are t a6, | = 36um, and d = Zum. The
orientation of the SRRs is such that either the Télectric field is parallel or
perpendicular to the gap-bearing sides of all SR¥Rgring this orientation in a super-
cell is not of interest as the SRRs resonancespaetrally decoupled and the interaction
among neighboring elements is suppressed at aljgth also the filling factor is

effectively significantly decreased.

The exact parameters of the fabricated samples weodvated from numerical
simulations of the optical response of the devicsaulations were done with the
Fourier Modal Method [34]. All geometrical paramstef the system were taken into

account. Figure 6-2 shows the transmission fothihee conFig.urations as a function of
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the period and the frequency. In all cases thedemti E-field is polarized perpendicular
to the gaps. The main peculiarities we can elueidad which we will discuss in depth
once the experimental results are shown are thewmlg: (1) the impact of the
conFig.uration and (2) the impact of the period dach conFig.uration on the spectral
positions and the widths of the resonance; anth@pccurrence of coherent phenomena
once SRRs are closely spaced arranged. In the galhyisiterpretation we subsequent
provide we rely mainly on the selected experimemt@hFig.urations. The transition

between the different scenarios can be inferreah fitus simulation.
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Figure 6-2.(Color online) Simulated transmission of samples MMIM2 and MM3 as
a function of the periodicity for an incident Elfleperpendicular polarized to the gap-

bearing sides of the SRRs.
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6. 3 Experimental Measurement

The measured time domain picosecond pulses thaegakrough MM1-MM3 and their
Fourier transform are shown in Fig.s. 6-3a and 6+&spectively. In the pertinent
measurements the electrical field is oriented petelar to the gap-bearing sides. The
reference is a blank silicon slab identical to téstrate. The measured amplitude
transmission of MM1-MM6 is shown in Figs. 6-4a, 6-dnd 6-4e and their respective
simulation counterparts is shown in Figs. 6-4b,d6-d4nd 6-4f. The transmission is

extracted from the ratio of the amplitude spectfathe samples to the reference

o) -

Ecampd @)/ Ereference(a))i . The two significant dips in transmission of Fég4a are

traces from the two lowest order odd eigenmodagmifsiant differences in the spectra
are observed depending on the orientation of tipecjaneighboring SRRs, direction of

the incident electric field and the periodicityezd#ch MM array.

When comparing the resonances of MM2 with thoskIMNIL, it can be seen that the LC
resonance at 0.5 THz is red-shifted by 20 GHz &edtitansmission is reduced by 4%.
Contrary, the next higher order odd resonance mfTHz broadens significantly, blue
shifts by 84 GHz, and the transmission increasas ft2.5% for MM1 to 30.1% in MM2.
Furthermore, the orientation of the SRRs in theesuell for MM3 causes only a
marginal additional red shift of the lowest ordesanance by 8 GHz and nearly no
change on transmission. On the contrary, the nigkteh order resonances suffer from a

severe broadening and a significant increase nsinégssion up to 49%.
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samples MM1-MM3.

62



Amplitude Transmission

0.0

0.8
10.6
104
1L 10.2
1 L 1 L 1 " 1 " 1 L - (.f) 1 " 1 L 1 L 1 " IM.M6 O O
05 10 15 20 25 05 10 15 20 25 '
Frequency (THz) Frequency (THz)

Figure 6-4. (Color online) (a) Measured and (b) simulated g¢maission spectra of
samples MM1-MM3; the incident E-field is polarizeérpendicular to the gap-bearing
sides of the SRRs; (c) measured spectra of MM1-MiM8 (d) simulated spectrum of
MM1 with the incident E-field polarized parallel tbe gap-bearing sides; (e) measured

and (f) simulated spectra of MM4-MM6.
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For an incident electrical field parallel to thepgaearing sides the response of MM1-
MM3 is shown in Fig.. 6-3(b). Independent of theaagement all spectra show a strong
resonance at 1.33THz and have nearly the samerapeependency. This resonance is
related to the lowest order even eigenmode. Poothe discussion of the physical

conclusions, we show the experimental results Herdamples with a period &f = 39

um.

The transmission spectra for MM4-MM6 with reduceatigdicity and high density of
SRRs we observe a different spectral behavior mpasison with the samples MM1-
MM3. In MM4 there are three distinct resonances, lt® resonance at 0.556 THz with a
line width of 167 GHz, the next higher order oddezimode at 1.57 THz with a line
width of 494 GHz and a third strong resonance &fTHz. This resonance, however, is a
Wood anomaly where the lowest diffraction ordetha substrate changes its character
from being evanescent to being propagating. Thesmance is of no particular interest
for the present study and will not be discusseth&sr In MM5 the lowest order odd
eigenmode, the LC resonance, appears red shifteasdb@Hz and has a reduced line
width of 125 GHz when compared to MM4. The nexthieigorder odd eigenmodes is
broadened and blue shifted by 100 GHz. In MM6 theelst order odd eigenmode is
again only marginally further red shifted by 11 GHhe line width is reduced down to
115.5 GHz. Finally and potentially most interestitige next higher order odd eigenmode
appears as an extremely sharp feature with a lidéhveof only 69.5 GHz; resonating
approximately at the same frequency as the higraeradd eigenmode of MM4. The

resonance has a Q-factor of only 18.5. Upon illatimg the samples with an electric
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field polarized perpendicular to the gap, againniluence of the SRR’s arrangement on

the spectral response was observed. Results ateedrfar brevity.

6. 4 Discussion and Analysis

To explain the influence of the arrangement onsipectral properties of the lowest order
eigenmode one may evoke analogies to transmisisiertieory [36]. Placing SRRs like
in MM2 and MM4 such that the gaps of next neighbiacse each other will cause an
increase of the effective capacitance as the nexghbor in such situation provides a
parasitic capacitance in parallel. The increaseffiective capacitance causes a reduction
of the eigen frequency and a decrease in radi&igses, hence decreasing the line width.
If furthermore, as in the transition from MM2 to M&Vbr MM5 to MM6, the SRRs in the
direction parallel to the gap have an alternatingration, the parasitic capacitance in
parallel is reduced, hence increasing furthermdightty the effective capacity of the
SRR. Nevertheless, the impact of this rearrangensenbt as pronounced, as only a
marginal further reduction of the resonance fregyeand the line width for this second

transition can be seen.

Seemingly, for the second resonance; the lowedraden eigenmode that is excitable
with the illuminating electric field polarized penpdicular to the gap-bearing sides; the
placing of the gap on either side of the SRR hasinilmence. This is perfectly

explainable as this mode is dominantly charactdrizg oscillating currents in the side

arms of the SRR that have no gap. Therefore, nafivaiibn of the resonance conditions

65



for the SRR is neither observed nor expected. éangequence, the spectral position and

the width of the resonance is the same for all @poFations.

For the third resonance; being the second ordereapgzhmode [37]; the situation is more
involved, as seemingly the resonance shape antiqmogiepends on the chosen period
and consequently on the absolute distance betwerghboring SRRs. By taking into

account that the resonance wavelength is comparalie chosen interparticle distance,
we presume that the coherent superposition of ¢htesed field by neighboring SRRs
causes the strong modification of the transmissicdhis spectral domain. The formation
of a subradiant and a superradiant type mode, d@mgion the interparticle distance and
the gap orientation, causes a blue-shift or a hetl-®f the resonance [38]. The

superradiant (subradiant) mode also increases daees) the radiation losses of the
excited eigenmode which leads to a broadening gnamg) of the spectral resonance as

encountered.

6. 5 Summary

To summarize, we have investigated the impact pfayéentation of neighboring SRRs

on the spectral properties of the resonances tieatxcitable in such systems. It was
shown that by choosing an appropriate orientati@nléwest order eigenmode is shifted
towards lower frequencies and suffers from a deerea radiation losses, causing the
line width to be much narrower. The effect was axpd in terms of an increase of the

effective capacitance of the SRR by a proper is@efdecrease) of the parasitic
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capacitance that is induced in parallel (serialnbighboring SRRs. As this resonance is
usually used to evoke a strong dispersion in tliect¥e permeability, the approach
might open an avenue towards MMs with an even gegpomaterial dispersion at a better
ratio of resonance wavelength over period by fabing SRRs with nominal the same
size. It was furthermore shown that, potentiallyedio a strong coherent coupling
between the fields scattered by neighboring SRRseaext higher order odd eigenmode,
the resonance experiences a significant reshampgndliing on the distance and sharp
spectral features do occur. Such sharp resonahirésa obtained due to coupling in
MMs, can open up possibilities for the use of MMsheghly efficient sensing devices
[39] and also provide a better understanding of SRRays with different symmetry
layouts. Overall, resonance coupling reveals a atetb engineer the MM spectrum in a

controlled and predictable way across the entiredplttrum.
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CHAPTER VII

RANDOM THz METAMATERIALS

7. 1 Introduction

In this chapter we investigate the normal incidetnaesmission through periodically and
aperiodically arranged planar SRRs. Most of theviptes works on metamaterials were
focused on investigating the unique properties akevpropagation through periodic
structures. There has been a tremendous curiasigxjlore the collective behavior of
SRRs when a disorder sets in either their geonag¢tricnensions or periodic positioning
on the host media [40-43]. An in depth understagaihthe influence of randomness on
the electromagnetic properties of SRRs can furtbpen the doors towards the

development of negative index materials in a breectrum of electromagnetic waves.
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To address the question of how tolerant the metaniadéd are to the destruction of their
positional periodicity we investigate the transnaasproperties of THz radiation as it
propagates through the disordered SRRs. We fitklisnparticular set of experiment that
the introduction of positional disorder in metamiate has no effect on its fundamental
Inductive-Capacitive resonance. The lowest ordeneand the second order odd eigen
modes undergo broadening and shift in their resmdrequencies. The experiment
reveals that the left handedness in THz metamédeanot affected by the random

positioning of SRRs.

7. 2 Definition of randomness in this experiment

The random medium here is characterizedf,bthe volume fraction occupied by the
metal from which the split rings were made. Theodisr was introduced by manually
changing the lattice points of SRRs randomly dutimg mask design making sure that

the SRRs do not touch one another. Each of thegierSRRs was initially at a lattice

- -

position,?n, where r =xi+yT and each SRR was displaced hy;x and J_rgyto
introduce positioning disorder, Wheie:&(T+ 5yT is used to define the degree of
5y,

randomness [40].In our ca%&‘ <32um and|dy| < 32um, leading to a maximum disorder

5r <45.25%m, which is equivalent to 85% of the periodicityz33um. The random

SRRs retain the number density as that of the eopatt periodic SRRs, giving the metal
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volume filling fraction,f = 0.252 for the single SRRs, MM1 and MM2 dnd 0.35 for

the double SRRs, MM3 and MM4 as shown in Fig. 7-1.

Figure 7-1 - (a)-(d)Lithographically fabricated single andutite periodic and random
split ring resonators (MM1-MM4) with180nm Al SRRsmbsited on n-type silicon

substrate, (e)the schematic diagram of the douRRR &nit with dimensionsy = 3 um, t

=6um,| =36um,I'=21 um,d = 2um, and the periodicity iB = 53um.
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7.3 THz — TDS characterization

Figures 7-2a and 7-2c shows the measured time dopudses transmitted through the
reference and the single SRRs, MM1 and MM2 for tdwresponding Fourier
transformed spectra for the E field oriented peaflahd perpendicular to the gap bearing
side respectively. The frequency domain spectisldfL as shown in Fig. 7-2b and Fig.
7-3a reveals mainly three resonant features. Thwvedborder odd eigenmode or the so
called LC resonance occurs at 0.54 THz with a 20tB&smission minimum and
resonance line width (FWHM) of 79 GHz, the secondeo odd eigenmode is at 1.56
THz with 12% transmission, and a 117 GHz line widiid the third is the weaker
resonance at 2.12 THz which is due to the Wood&sraaty. As shown in Fig. 7-2d, the
lowest order even eigen mode resonates at 1.34 Fétzsample MM2 in the parallel
orientation there is no change observed in the ésomance feature compared to that of
MM1.The next higher resonance, however blue shift$6 GHz, the line width broadens
by 80 GHz and transmission is significantly modiffeom 12% to 28%.In perpendicular
orientation the lowest order eigen mode of randtoctire, MM2 red shifts by 34 GHz
and broadens by 106 GHz. This behavior indicatasttie higher frequency resonances
are clearly affected by the positioning randomnaisSRRs. The modification of high
frequency resonance behaviors in the random SRRslsa be revealed from the time
domain pulse, which has less ringing features tdsvdonger delay time beyond the

second peak.
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Figure 7-2 - (a) Measured time domain Pico-second pulseglanBrequency spectrum
of blank Silicon substrate, periodic single ring BBR MM1 and random single ring
SRRs, MM2; E field is along the gap of SRRs. (ah&idomain pulse and (d) spectra for
blank Si substrate, periodic double ring SRRs, M&ffl random double ring SRRs,

MM4; E field is perpendicular to the gap bearinmarf SRRs.
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of MM3-MM4 for parallel and perpendicular polarizats respectively.
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Figures 7-3a and 7-3b shows the amplitude trangmiger MM1-MM2 and Figs. 7-3c
and 7-3d for MM3-MM4. The frequency dependent cawplTHz transmission is

extracted from the ratio of Fourier transformed gkmand reference measurements,

t(w) =

Esample(w)‘ /

Ereferenc;a))‘. From the transmission spectra we found similaulte

with the periodic and random double SRRs as th#étetingle SRRs. The LC resonance
of MM3 and MM4 were identical in all respects. T$econd resonance at 1.58 THz blue
shifted by 16 GHz, broadened by 99 GHz from 0.1®9.208 THz and the resonance
minimum decreased by 17.5%. The lowest even eigathermed shifts by 28.5 GHz and

broadens by 49 GHz.

7. 4 Discussion and analysis

The LC resonance is independent of randomnesseipaiitioning of SRRs as its peak
frequency and resonance strength remain unaffeGleel.resonance arises due to the
circular current distribution in the metallic armSthe SRRs. SRRs can be treated as an
equivalent RLC circuit in which the resistance, étnes from the resistive metal arms,
inductance arises from the current circulating atbthe SRR perimeter and capacitance,
C is due to the accumulation of charges acrossSRR gaps. The amount of current
circulating depends on the impedance of the SRRimaems. The LC resonance strength
can only be altered if the impedance of the SRRigbs. The equivalent resistance of a
single SRR can be modeled by equations 4-5. Alghrameters which determine the

resistance of the rings remain unchanged for thieglie and their corresponding random
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counterpart structures, leading to the same cudstribution profile in them. The only

difference between them being the displaced pwstiicthe current loops in the random
SRRs. The collective response of all random SRR<atesonance remains identical to
their periodic counterpart as long as their numtemsity is not changed greatly and
number density is taken care of by having the sashane filling fraction. The coupling

between the individual elemental SRR is toleranthi® positional variation and so the
resonance dip and line width does not change afoalithe random case. The LC

resonance of SRRs has the form

0 =8 \E , (7-1)
e, Vi

which is determined primarily by the size of thegs, whereg_is the permittivity of the
boarding material across the capacitive gap apds the velocity of light. The

geometrical size of the SRRs is not changed wlaleomizing the structures which
ensure that the inductance and capacitance of SRRsen the disordered samples
remains constant. This explains the reason fobaotg able to see a shift LC resonance

frequency for the randomly placed structures.

Unlike the LC resonance, the higher frequency ptasnesonances in random structures
undergo a change. This can be expected due toafiffeurrent profiles the SRRs have at
LC and at the other resonance frequencies. Thendemtd and lowest even eigen mode

resonances in the transmission spectra of all tRRsShave similar current density
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distributions and therefore those resonances uodsngilar spectral change when
randomness is introduced in SRRs. The incident Ekztric field excites plasmon
oscillations of conduction electrons at the surfaténdividual metallic SRR arms that
are parallel to the illuminating field, producingcallection of oscillating dipoles with

dipole moment,p(t) .The electric field of an oscillating dipole costsi of near field,

intermediate field, and far field components anexpressed as

_ 1 (p@)y, 1 op(t) 1 8°p(t) ]
E(r,t)—4ﬂgo( r +r200 a +rcoz o’ j ! (7-2)

with r being the distance from the dipole. The dipolemnasce is due to the dipole-
dipole interaction between the SRR arms in thector of incident E field The
mechanism of dipole-dipole interaction and coupldepend on the distance between
them as stated in the above equation. In the dapermdic metamaterial structures the
coupling between the dipoles is strong at an app@tp periodicity. In the randomly
distributed SRRs, however, the interaction betwenenoscillating particles is partially
cancelled by the disorder, which leads to weakapliog among the dipoles. As a result
we observe broadened and weak plasmon resonanchgyler frequencies in the

randomly scattered SRR metamaterials [44].

76



7.5 Summary of results

In conclusion, we have investigated the propagatibelectromagnetic waves through
disordered metamaterials at THz frequencies. Weraxentally demonstrate that the
spectral location, the line shape and the streofjthe LC resonance of single and double
randomly spaced split ring resonators remain ungddnvhen compared to their periodic
counterparts having the same volume filling fracti@he circular currents in the split
rings couple equally well in random SRRs as in peeiodic SRRs. The losses are
observed only at the higher order plasmonic resmesmrand they become weaker in
random SRRs due the weak coupling between the nalydscattered oscillating dipoles.
This finding reveals that the random SRRs can nbt loe effective in obtaining negative

refraction in THz domain but also at all frequesax the electromagnetic spectrum.
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CHAPTER VIII

THIN FILM SENSING WITH PLANAR THz

METAMATERIALS

8. 1 Introduction — Sensing aspect

The continued quest for new chemical and biologsealsing modalities that avoid
labeling, improve sensitivity, and take advantafyeesv chemical signatures has fueled a
recent interesting THz, or far-infrared, sensing][4 his is mainly due to the unique
properties many materials exhibit in the THz regi@éparticular interest are those
materials that respond resonantly at THz frequanonraking them more amenable to
sensing in small quantities. Some examples inctxgdosives [46,47] and DNA [48].
Detection techniques for sensing very small quastat THz frequencies have also
matured. For example, waveguide sensors have pumsefal for sensing thin films of
water [49] by increasing the effective interactiength. In other examples [50-55] THz
micro-resonators and filters were studied to samsdytes by the frequency shift they

induce on the device’s resonant response.
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This method is reported to have increased sergitwvithe binding state of DNA samples
by 103 times over conventional free-space time-dormspectroscopy. Metamaterials and
frequency selective surfaces have also arisenratidzages for highly sensitive chemical
or biological detection since they can be smallit(well dimensions are typically
M10-)/5) and show a resonant frequency response thatnable by design. It has
already been shown that small quantities of silicori ng), deposited as a film or over
layer on a planar THz metamaterial, can shift tagonance frequency by an easily
measurable amount [54]. Similarly, simulations afyrametric split-ring resonators
(SRRs) indicate a possible scenario in which filmssthin as 10 nm may be measured
[55]. These ideas capitalize on the structure dit-spg resonators, whose natural
oscillation frequencies depend critically on thenpétivity of the boarding dielectrics.
Our work has shown good consistency with this ppiec the resonance frequency of
SRRs shifted from 0.80 THz to 0.51 THz by chandimg substrate from fused silica to
silicon. In terms of practical sensing, howeveg timits of this technique are clearly
important as they will ultimately define the utlibf the sensing approach. Here we
investigate the behavior of dielectric over layens metamaterials, with particular
relevance to sensing limitations. We first presemgasured THz transmission data
illustrating the resonance shifting effects andntttmmpare this to previous similar
approaches. Finally, we discuss the implications témms of practical sensing

considerations.
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8. 2 Experiment

The array of square SRRs, made from an opticailgktR00-nm aluminum film, is
micro-fabricated by conventional lithography tecdue on a 0.64-mm-thick silicon
substrate (p-type resistivity 20 cm). Double-ring SRR with a minimum featute= 5
um in the splits of the rings and other dimensioh& & 5um,t = 5um, | =40um, and a
lattice constant oP = 60um. Each SRR array has a 20 mm x 20 mm clear apeifhe
dielectric layer on the SRR arrays is either smpated by single-wafer spin processor

(Laurell WS-400A) or deposited by thermal evapardBOC Edwards AUTO 306).
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Figure 8-1 - Frequency-dependent amplitude transmission. ddiats are the actual
measured data and the continuous lines are thepaelded curves. The E field of THz

pulses is perpendicular to the SRR gaps.
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Figure 8-1(a) illustrates the frequency-dependemldéude transmission of a planar SRR
metamaterial without (solid curves) and with a eglic layer made from a L@m-thick

photoresist (Futurrex, Inc., dotted curves). Tla@smission is extracted from the ratio of
the Fourier-transformed amplitude spectra of thea to the reference; the latter being
a blank silicon slab identical to the SRR subst@iated with the same thickness of
dielectric layer as that on each sample. Two distresonance dips observed in the

uncoated SRR array are the LC resonawage at 0.460 THz and the electric dipole
resonancen, at 1.356 THz. When a thin dielectric layer is a&plon the surface of

SRRs, a frequency shift is observed at both resmsas shown by the dotted curve in

Fig.. 8-1(a), with a 1@m-thick dielectric layer § = 27+ 0.2at 1.0 THz), both the LC

and the dipole resonances shift to lower frequenbie 36 and 60 GHz, respectively.
Figure 8-1(b) shows the corresponding phase chabgened from the phase difference
between the sample and the reference spectra.\Bygihe derivative shape of the sharp
resonances in the transmission, the phase chasgeclelarly reveals the frequency red

shift due to the effect of the dielectric overlayer

The measured resonances. and @, as a function of thickness of the dielectric layer

are shown as open circles in Fig.s. 8-2(a) and(l8r2respectively. As the thickness of
the film changes from 1.5 to 16n, both resonances shift to lower frequencies. 0Be

frequency is tuned from 0.446 to 0.424 THz, while electric resonance redshifts from
1.332 to 1.296 THz. The insets illustrate the gpomding amplitude transmission near
the resonances with various film thicknesses. Tthéu explore the redshift behavior of

the SRRs, even thicker dielectric layers are agplowever, for film thicknesses varied
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from 16 to 90um, the frequency shift of botty . and becomes saturated and we see no

obvious change in the resonance frequencies.
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8. 3 Analysis

We now discuss the implications of the measured déh respect to sensing limitations
inherent in these metamaterials. While a 2-3 GKpmance shift is both measurable and
repeatable in our data, it is certainly approactihmg minimummeasurable change for
this experimental conFig.uration. Systems in whiclise or sensor contamination is a
larger issue would obviously require greater resoaashifts for positive identification.
Since the measured resonance shifts were dueeratadns in the SRR capacitance, one
can formulate a quantitative approach to deterrgitive limitations of SRRs as sensors.
It begins by utilizing the RLC circuit model of ti&RR, a valid and commonly used
approach for describing SRR behavior. A 2 GHz rasor redshift corresponding to
-0.4% (at 0.503 THz) is caused by a 0.8% increaseRR Sapacitance. It is generally
accepted that most of the capacitive response 8RR occurs in a small volume
surrounding the ring gaps. This is due to the sgiréield enhancement commonly
observed there. However, our measured data sh@awshik enhancement is not quite as
useful for sensing as it first appears. The 10(B203 over layer half fills all the regions
(ring gaps and space between rings) bound by tBen®® thick aluminum. Even with
strong electric field concentration, this signifitagap alteration only results in a 0.8%

change in the net SRR capacitance.

The limitations to this sensing modality becomeaappt. A metamaterial array based on

a high-permittivity substrate will have a large, darikely majority, capacitive

contribution in the substrate. Obviously, the sdriager cannot penetrate the substrate or
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interact with anyof the electric flux contained therein. This subsally dilutes the
change in capacitance addcreases the amount of resonance shift due toveréayer.
Though thinner substrates would certainly improke situation, it's clear from the
saturated resonance shift data of Fig.. 8-2 trmthestrate of only 10-20m is sufficient

to maximize this dilution effect. Such thin substsaobviously cause great fabrication
and durability challenges. This is only one mané#gsn of the overarching limit to
sensing with metamaterials: there is critical voduwf electric flux which must be
contained within the sensed layer to cause a maalsuresonance shift. Yet another
instance is revealed by the saturated resonanee felam Fig.. 8-2 we can surmise that
SRR fringing fields extend out to roughly ji. Again, this represents electric flux that
is not contained directly within the SRR gaps. Ashs any sensed layer confined to the
gaps would have no interaction with this fringingxf thus reducing its effect on the
measured resonance. These considerations indicateTHz sensing of low-volume
layers (i.e. single-molecule layers, functionalizedeptor planes, low-density airborne
species, etc.) using metamaterials on thick, higlex substrates faces a number of

possible challenges, in spite of potentially lasgenple permittivities

Given the limitations defined by the data we camege how much the situation could
be improved by altering the metamaterial substhafkat follows is an extrapolation of
the measured results that permits an estimatiothefsensing limitations of our ring
design. The same procedure could be applied to urezagnts of any similar
metamaterial, however the specific numbers involvezuld change. The minimum

sample volume which coulde sensed with a substrate-free metametamatesrdéor
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free-standing metamaterial) can be approximatefirbyassuming that the electric flux
distribution on either side of the plane of ourb8sed SRR is spatially symmetric. The
symmetry here refers only to the shape of the flistribution, not its density, which is
greater in the substrate due to its high permiytivihis implies that the substrate-bound
flux accounts for roughly 90% of the total SRR aatzce. The total SRR capacitance is

then modeled as four parallel capacitd@sbeing the capacitance due to flux within the
substrateC,, due to flux within the air filled fraction of theag volumesC,, due to flux
within the over layer filled fraction of the gagd C, due to fringing flux in air. If the
0.8% measured capacitance shift is due only tcecliet changes in the gap volumes,
then it can be shown th&,, + C,, only accounts for about 0.6% of the total SRR

capacitanceg, .

8. 4 Comparison with biosensor platform

Finally, it is useful to compare the sensitivitygvantages, and disadvantages of the
device analyzed in this paper to more establisabdlifree biosensor platforms, an issue
commonly overlooked in THz oriented work. Most bétlabel-free biosensor platforms

measure mass-loading over a finite sensing arebthars sensitivities are quoted in units
of pg/mm2. Examples of non-optical techniques ideluguartz microbalances and

surface acoustic wave sensors, with reported $eétisi in the range of 5-200 pg/mm

A number of commercial optical biosensors have nsassing resolutions ranging from

0.1-5 pg/mrh[57] over areas ranging from $@n” [56] to 23,000um? [58]. These mass
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resolution ranges allow detection of relatively #raampounds (100’s of daltons (Da))
on larger immobilized targets (10's of kDa). In DNWybridization, one typically

measures the addition of 7-10 kDa oligo fragmémtanmobilized short strands, but
with very small changes in overall thickness .Wa& campare our device to these
systems by knowing that the aforementioned mastifigatranslates into a thickness
resolution on the order of a few nanometers to emehimonolayer sensitivity to

macromolecules. For example, a monolayer of BSAddswith a thickness of 4.5 nm
[59]. Adsorbed thickness is only 2 nm for 20-basagl double-stranded DNA. The
results of our experimental analysis show such flmekness resolution is obviously
unattainable with our devices. On the other hamel,TtHz regime offers large changes in
permittivity associated with these macromoleculeeta, a feature unavailable to optical
sensors. Therefore, with improved metamaterial giessithese goals could be within

reach in the near future.

8. 5 Summary of results

In conclusion, we have performed THz-TDS measurésnam planar metamaterials with
various dielectric overlayers. These data can leel @is investigate the limitations and
obstacles of using THz metamaterials as sensingeevWe have found that for our
particular metamaterial design an overlayer of A@0is quickly approaching the limit of
detectability. Our results are largely consistenthwprevious findings. However,
measured results were not always in good agreewidmsimulations, particularly those

involving very thin films (<200 nm). This strongbpints to the necessity of experimental
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verification, not only to properly structure futustmulations, but also to reveal the
practical difficulties of analyte deposition onisping based sensors. Finally, our results
illustrate many of the factors involved in sensoyimization, such as ring geometry,
substrate composition, analyte composition and sl@pno, resonance effects, and
limitations of the THz measurement system. Previvosks have also discussed how
some of these optimization variables might be zddi in future metamaterials and
frequency selective surface based sensors. Sudh pvesents a promising outlook for

THz sensing technology.
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CHAPTER IX

ELECROMAGNETICALLY INDUCED

TRANSPARENCY (EIT) IN METAMATERIALS.

9. 1 EIT- A gquantum phenomena

Electromagnetically induced transparency (EIT) édherent optical nonlinearity which
renders a medium transparent over a narrow speatrgé within an absorption line.
Extreme dispersion is also created within thisgpamency window which also leads to
slow light. Observation of EIT involves two highdpherent optical fields which are
tuned to interact with three quantum states oflagerial. The probe field is tuned near
resonance between two of the states and measerabgsbrption of the transition. A
much stronger coupling field is tuned near resoeat@ different transition. When the
states are selected properly, the presence obiln@ing field creates a spectral window
of transparency which is detected by the probdaws in Fig.. 9-1 [60]. The coupling

laser is referred to as pump or control field.
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Figure 9-1. The effect of EIT on a typical absorption line. Aeak probe experiences
absorption shown as dotted blue line. A second loaypeam induces EIT and creates a

window in the absorption region shown as the réid sorve [60].
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9. 2 EIT in context of metamaterials

Metamaterials are a recently introduced novel ctdsartificial matter that is composed

of, usually, periodically arranged unit cells. Tihpurpose is to control the properties of
light propagation at will. This is accomplished Hgfining an appropriately tailored

geometry for the unit cell. If the unit cells arefficiently small, it is possible to

homogenize the structure and attribute effectivaena parameters. To induce an
effective electric and/or magnetic polarizationttstaongly deviates from that of a simple
spatial average of the intrinsic material propsttieesonances are usually evoked.
Prominent examples for such unit cells are cut wags or split ring resonators (SRR).
At optical frequencies the resonances rely on tkeitaion of localized plasmon

polaritons in the metallic structures forming thetitees in the unit cell. At lowered

wavelengths the same resonances persist, thoughthbg should be rather understood
on the base of an antenna effect. Once the fundamsrechanisms were revealed,
sudden interest sparked on how the concepts ofliogupetween plasmonic eigenmodes
can be exploited to sculpture the resonances oanmaerials in a more appropriate
manner. Prominent examples are the applicatiorh@fplasmon hybridization method

[61,62] to explain the occurrence of magnetic at@angven, more recently, magnetic
molecule. Such investigations are usually driverthgydesire to enlarge the bandwidth or
to sharpen the resonances. As a rule of thumbomelined to believe that the sharper
the resonance the stronger is the induced dispensithe effective material parameters.
Such resonance sharpening is extremely benefmiablftaining low loss metamaterials.

As the imaginary part of the material parametergis®ff resonance faster than the real
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part, such sharp resonances would permit to chaoseperating frequency for the

metamaterial far away from the resonance position.

Potentially the most appealing approach to obsshagp resonances in coupled objects
makes use of the excitation of a polaritonic resgeahat is formed between a bright and
a dark eigenmode [63,64]. For the purpose of cagplihe symmetry of the system has
to be broken in order to allow the excitation of thark state. Otherwise, it would have
been forbidden. Speaking in terms of quality fasittine broken symmetry reduces the Q-
factor of the dark state from infinity to a fin@lue. First investigations on such kind of
systems were recently reported. They were desigoenperate either at optical or at
radio frequencies. Due to the apparent similamtygtiantum interference in an atomic
system comprising two indistinguishable paths, éhasgestigations are usually regarded
as a plasmonic analogy to electromagnetic inducatsparency [63]. Whereas in such
atomic system the spectral detuning of both resmegms understood as the principal
feature that ultimately tailors the resonance, tfarsno investigation was reported on

how such detuning affects the coupled states in pfesmonic counterparts.

9. 3 Experimental design and measurement

We performed a systematic investigation of the ichjpd the relative spectral position of
the involved resonances on the polaritonic couglate and distinguished scenarios of

weak coupling and strong coupling. For this purpasefocus on pairs of SRRs [65,66].
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The length of the wires forming the SRR allows collihg the spectral position of the

resonances in these systems; the spacing betwee3RRs permits to tune the coupling
strength in a controlled manner. The spectral nespof appropriately and systematically
designed samples is experimentally measured usirdewted THz time domain

spectroscopy (THz-TDS) setup. Complementary rigpnoumerical tools are employed
to elucidate the effects theoretically. We havesti@ss that the main purpose of this
investigation is to detail the phenomena occurningthe experimentally accessible
spectral response from such structures. In consegu@o particular emphasis is put on

the effective material parameters that could paéintoe attributed to the medium.

The sample to be characterized is placed at thenehsdiameter waist of the free space
THz beam. Two sets of samples are fabricated wsngentional photolithography on an
n-type 640 um thick silicon wafer with 12 cm resistivity. Their general layout along
with the definition of all geometrical quantities shown in Fig. 9-2. The first set of
samples, MM1-MM3 consists of touching SRRs. Theiseof the arm that both SRRs
do share was merged into a single wire as evident ig. 9-2a, which represents the
array of MM1. The second set of samples, MM4-MM@ngoises pairs of SRRs
separated by a distance & 3 um. Fig.s 9-2b and 9-2c show the schematic and the
detailed definition of all geometrical parametess MM4-MM6, respectively. The
peculiarity of all the samples is the different jfos of the gap within the ring in both
SRRs. Each set consists of samples in which tlse 8RR dimensions are fixed. The
exact parameters of its geometry as revealed indig areg = 2 pm,w = 36 um,|' =

36 um,t = 6 um, anch = 200 nm. The SRRs consist of vacuum depositeahialum.
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Within each set of samples all the geometrical patars of the second SRR were kept
identical except its arm length. The length paramletvas subject to variation and was
set to be 36 um, 51 um, and 21 um, respectively.peniodicity of the unit cells for all 6
structures isty= 50 pm by4,= 100 pm. Each of the MM sample array has a 10 nih x
mm clear aperture and the THz wave illuminatessthacture at normal incidence. The
polarization of the electric field is chosen togzeallel to the gap of the first SRR. This
conFig.uration allows to excite in the spectral domof interest only an eigenmode in
the first SRR. This eigenmode is bright and represéhe lowest order odd mode. By
contrast, the lowest eigenmode that can be extitethe second SRR appears at higher
frequencies outside the spectral domain of inteae$t33 THz. It is the lowest order even
eigenmode. Nonetheless, this lowest order eigennsodetually the second order one of
the structure as the first order eigenmode appedne dark and cannot be excited with
the chosen polarization. The presence of the 8RR, however, breaks the symmetry
and the mode becomes excitable. In the presenstige¢gion the arm length that is
subject to variation from sample to sample con&guhe parameter that permits to tune
the spectral position of the dark relative to theglt mode. The separatianis the

parameter that allows controlling the coupling rstté between the both eigenmodes.
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Figure 9-2. (a) Principal sketch of samples MM1 — MM3 whexe= 0 um and (b),
principal sketch of samples MM4 —MM6 whese= 3 um. (c) Detailed definition of the
geometrical parameters at the example of the eflg tor MM4-MM6. They are chosen
tobet=6um,g =2um, I’ =w =36 um, h = 200 nm,s = 3 um andl is subject to
variations. The periodicity of the unit cells i shmples, MM1-MM6 isix= 50 um by

Ay =100 pm.
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Figure 9-3.Microscopic image of (a) array and (b) Unit celliM1

99



Figure 9-4a shows the transmission spectra of dineple MM1. The unit cell of this
sample contains two identical touching SRRs. Tlwese SRR is rotated by 90 degrees
with respect to the first one. The transmissioncBpen is obtained by normalizing the
measured transmission to the reference transmissian blank n-type silicon wafer.
Well pronounced resonances are difficult to res@sehe odd modes of the first SRR
and the even modes of the second SRR are botredxeith the chosen polarization.
Consequently, the resulting spectrum consists séraées of closely spaced resonances
that add up to such a weakly modulated spectruthowdh the spectral positions of the
resonances can be identified as weak dips. The oedgnance that appears well
pronounced occurs in the spectral domain of 0.4.60THz. Figure 9-4b shows this
spectral domain zoomed. From separate simulatioremni be deduced that the resonance
position coincides with the lowest order odd eigedmthat can be excited in the first
SRR with the chosen polarization. However, we tyeabserve a doublet rather than a
single resonance, resulting in a transparency palkd.5 THz. From preliminary
considerations we can deduce that the doublet sdoecause of the strong coupling
between the bright and the dark plasmonic eigenmBde complementary purpose the
Figures show also results from a rigorous numerstalulation of the experimental
situation. Simulation is based on the Fourier madathod that takes into account the
exact geometrical parameters, the dispersive pivityitof Al and the measurement
procedure. We observe an excellent agreement irernhiee spectral response that was

simulated.
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Figure 9-4. Measured and simulated amplitude transmissioatispef MM1 array which
consists of touching SRRs with identical arm lesgffihe incident E field is polarized

parallel to the gap of the first SRR in the unit.ce
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9. 4 Data Analysis

To elucidate this coupling in detail, Figure 9-3aows the transmission spectrum of
samples MM1-MM3, which is the case of the touch8fgRs. The length of the side
arm of the second SRR for one sample was chosdntbat for the isolated SRRs the
resonance frequencies of the bright and the darlenawe the same. For the two other
samples the dark mode appears at lower (higheyhidrecies for a longer (shorter) length
of its armsl. A pronounced and very strong spectral splittihghe bright mode is only
observed for the sample where the wire lengtbf both SRRs is the same. The
transparency peak at 0.5 THz is as high as 0.76thA&dength of the second SRR is
increased to 51 um the dark eigenmode is excited.3 THz. When the length is
reduced to 21 um in MM3, the dark eigenmode igethifo the higher frequency of 0.77
THz. The excitation of the dark resonance is exélgnveakened as soon as the size of
the second SRR deviates strongly from the sizéefitst SRR. For comparison, Fig. 9-
3b shows results of the simulated transmissiorifersamples MM1-MM3. Simulations
are in perfect agreement with the experimental ddtdigure 9-5a. All qualitative
features are resolved and, to a certain extentn euantitatively. The remaining
discrepancies occur because of minor deviationghéndimensions of the fabricated
sample geometry when compared to the design vahetswere considered in the
simulations. From supportive simulation it can l@ers that the spectra are sensitive

against slight variations in the gap widfland the separatian

Figure 9-5c¢ shows the measured transmission speadfuthe 3pum separated SRRs,

MM4-MM6. Although difficult to resolve, the dark mde is weakly excited at 0.36 THz
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in sample MM5 (> I') and at 0.81 THz in sample MM6< I'). The spectral separation
of the two entities forming the doublet in sampl&¥(l =1") is not as strong as for the
touching SRRs. The numerically calculated spectisnshown in Figure 9-5d. It is

similarly in good agreement as the measurements.
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9. 5 Simulation of transmission energy

Prior to discussing the results in detail, we showig. 9-6a the color-coded simulated
transmitted energy for the scenario where the tR&Sare touching. In the simulation
the length parametéris gradually increased from 15 to 50 um, all tkieeo geometrical
parameters are set to be identical to their experial counterparts. The extracted
resonance positions are shown additionally (blugeju The spectral position of the dark
mode in the uncoupled scenario is likewise showee(g curve). The spectral positions
were extracted from separate simulations of theesg@ometrical situation in the absence
of the first SRR and a polarization of the incidelgctric field that was set to be parallel
to the gap of the second SRR. This rotation ofribelent polarization basically switches
the eigenmode from being dark to bright. In passwegnote that the spectral position of
the bright mode remains constant and is evidentlyaffected by the variation of the
wire lengthl of the second SRR. Fig. 9-6b shows the sametsesulthe samples where

the two SRRs are separated by 3 um.
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Figure 9-6. Simulatedtransmission of (a) touching SRRs and (hjn3 separated SRRs
with the arm length of the second SRR changes from 15 tquB0 The green curve is
the resonance position of the second SRR with tfield polarized parallel to its gap as
extracted from separate simulations. The blue cisvihe resonance position of the

excited eigenmodes extracted from the spectra.
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9. 6 Discussion

From the experimental and the theoretical resuttscigarly observe a strong coupling
between the bright and the dark plasmonic eigensiodéeir interaction becomes
possible because at a relative rotation by 90°citentation of both SRRs breaks the
overall symmetry of the coupled structure. Thiskiero symmetry renders the excitation
of the otherwise forbidden dark mode possible. Heredue to their coupled nature the
eigenmodes themselves are not excitable but rathgolaritonic state, which can be
clearly seen from the simulated dispersion relatleor large spectral detuning of both
resonances the excitation of the dark mode is ratieak; though traces in transmission
remain evident. The closer the resonance frequemgethe stronger is the excitation of
the dark mode. Similarly, the excited eigenmodesatie from the spectral position of
the eigenmodes for the isolated SRRs. Anticrossauges a strong spectral separation of
the bright and the dark mode from their spectraitpm in the unperturbed situation. We
observe the excitation of a polaritonic state. AiRsplitting of the energetic levels is
experimentally observed and numerically verifiedtfee case of the two touching SRRs.
Such strong splitting renders the observed spéatbe similar to an Autler-Townes-like
doublet. On the contrary, if the coupling betweethlresonances is significantly reduced
(MM4-MM6 where the SRRs are separated 9 3 um) we do not observe sharp
spectral features in the transmission spectraheriin the experiments nor in the
simulations. Although qualitatively, all featuremmain the same when compared to the
case of two touching SRRs, the interaction of b8RRs is fairly weak. The weak

coupling seems to be insufficient to induce sudsj@ectral changes, as one would expect
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in the case of a truly EIT analogy. The reducedoting is caused by the reduced spatial
overlap of the two eigenmodes. Because the eigeesnack locally confined to the SRR,
the probability to excite the dark mode is reduicethe broken symmetry conFig.uration
for a large separatiomiof both SRRs. From the experimental and the thieatedata we
can safely explain all spectral phenomena on tree lid the plasmon hybridization
model. Because of the broken symmetry the dark medwight. We assume that no
significant deviation of its quality factor is enogered as compared to the bright mode.
If both modes couple, a spectral splitting occlirkeads to the formation of a symmetric
and an anti symmetric mode. And finally the magiatwf the observed spectral splitting

depends on the coupling strength between both igdes.

9. 7 Summary of results

To summarize, our most important achievement is Work is to having elucidated the
coupling between a dark and a bright plasmonicrergele in unit cells of MMs with
broken symmetry. By increasing or decreasing time ngth of the second SRR the
relative spectral position of both resonances @ndntrolled. It allows investigating the
dispersion relation of the polaritonic state tlsatarmed between the dark and the bright
mode. It was observed that for a noticeable exacitatf the polaritonic state the spectral
positions of both states have to be sufficientlysel A significant coupling strength
between both states leads then to a strong spegiitting which in turn results in a

transparency peak. The interaction between a dadkaabright mode in such broken
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symmetry unit cells adds a complementary aspecthé great variety offered by
nanophotonics to tailor spectral resonances at Wdlrticularly in the field of MM it
might lead to the development of broad band unliscéow loss MMs or spectrally

strong dispersive unit cells having a large effecgroup index.
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CHAPTER X

CONCLUSION

The focus of this research has been to engineeesiomance properties of THz MMs for
various applications like bio-sensing, negativeaetion, sub wavelengtantennas, and
slowing down light. There were several impactfidulés obtained while probing into the

exotic behavior of THz MMs.

Experimental work in the area of ultrathin metan8l MMs gave insights into the critical
metal film thicknesses at which the fundamentabmasces of MMs show signs of
evolution, gradual strengthening and saturations pnoperty can lead to the discovery
of a passive THz modulators where the THz wavesbeamodulated just by varying the
metafilm thickness of the MMs. An attempt to desi@m extremely high qualityQ

factor) MM resonator was carried out by using heghductivity metafilms.
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It was concluded in this experiment performed byhas theQ factor of these THz MMs
saturates beyond a certain high conductivity ofalsesince the tremendous acceleration
of electrons results in radiation losses which oanbe eleiminated for such thin

metafilms.

Another route was followed to increase t@dactor of planar MMs where we used the
concept of near field dipole coupling among SRR¥tyging them extremely close and
obtaining a sharp resonant feature wigh= 19 due to coherent coupling among the split

ring resonators which is so far the highest amdhgxéesting planar THz MMs.

The sensing capabilities of MMs was demonstrated! pnoposed to be used for bio
sensing applications by coatimgno dimension thin film layers of DNA on the planar
MMs. The sensitivity can be greatly enhanced if guality factors of the planar THz
MMs can be increased by orders of magnitude. Thisremains a challenge to be

worked on in future.

We also discovered a classical analog of the remmdek quantum phenomena, the
electromagnetically induced transparency (EIT) dlgio plasmonic coupling in THz

MMs for the purpose of slowing down light.

The discoveries made in the area of THz MMs haweda whole lot to the present state
of knowledge. The lack of THz components has alwhgen a limitation for the

development of full fledged THz devices for variayplications. Our discoveries have
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definitely hastened the development of THz opticgging and sensing devices built on
the principles of MMs. The MMs have also openedhg@whole new field of designing
optical antennas with desired response which wetee oonly limited to lower
frequencies. MMs have the potential to revolutienize way light can be guided around
an object, rather than reflect or refract. Our ifigd have established a strong connection
towards the goal of finally creating cloaking deasc This technology for example can
hide a stealth bomber sheathed by a layer of MM#b @event its detection by radar.
Finally, our research is a step forward towards$dmg an optimized negative refractive
index MM which will ultimately lead to the consttien of a flat super lens with the

ability to overcome the diffraction limit.
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