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CHAPTER |

INTRODUCTION

1.1 Short history of metamaterial

Depending the sign, of in the relative permeability and relgtmenittivity,
material in nature can be categorized in three groks {-1) [1,2]. The permittivity,
permeability and index are related[ag!]

n = e, (1-1)
where ¢, andu, are the relative permittivity and relative permeability, respely [3,4].
When either permittivity or permeability is negative, the dive index becomes
imaginary and the electromagnetic wave cannot go through titatial. Such materials
are either metal or magnet. On the other hand, when both permigndtyermeability
are positive or negative, the refractive index has awvalaie and the electromagnetic
wave can transmit them. However, the double negative material haderotlscovered
until in the latter half of 20th centuri4]. In 1968, V.G. Veselago predicted that
“Refractive index must be negative when one has both negativwegermittivity and

negative relative-permeability3,4].



However, people could not find such material with negative indegfadation in nature.
In 1990, J.B. Pendnet al. discovered that artificial materials which contain fine
structures can realize whole new electromagnetic propéetigs Also, in 2000, D.R.
Smithet al. experimentally demonstrated that a substance containing certain tererdiff
types of structures can create negative index of refraffi@7]. For both cases, they
designed periodic structures whose dimensions are enough sinatiethe wavelength
of the incident electromagnetic wave. Metamaterials are tmimed that artificial

structures that produce unusual electromagnetic properties not readéyplkeviai nature.

o
o
3
[¢]
g
u >0, € <0 Z u>0, € >0
Metal = D electric
Permittivity €
1 <0, ¢ <0
M etam aterial <0, € >0
Negative M agnet
ndex)

Figure 1-1 Permeability and permittivity diagraft, 2].

In our Ultrafast Terahertz (THz) Optoelectronic Laborat@&y QL) at Oklahoma State
University, Jiangiang Guet al. experimentally demonstrated the negative index of
refraction in the THz frequency range in 2009. The dimensions, agighape, length,
space (gap), and periodicity etc., are important factors bechegedetermine the
electromagnetic properti¢8,9]. The most famous structure is split-ring resonator (SRR)
and striated wire irFig. 1-2. The electromagnetically response of the structure can be
equivalence as an electric circuit, as showRig 1-3and their resonance frequency is

decided by its dimensidad, 10].



Figure 1-2 Wires and SRRS[4].

2

(a) (b)

Figure 1-3 SRR and corresponding electric circ{df. (a) A double SRR and (b) a
single SRR.



1.2 Negative refraction phenomena

Materials with negative index of refraction show unusual phenomergnelt's law,
Doppler shift, Cherenkov radiation, disagreement of group and phase vedmecitgo on

as described ifrig. 1-4 [4,5,11] One of the most interesting applications is “superlens”,
device that performs exceeding limit of resolutjéfb]. This will benefit nanofabrication
technology in semiconductor industry. People expect to have breakthnougttical
communication systems such as optical fibers, cloaking devices, amdl ¢echnique in

the microwave and higher frequency region.

(d)

Figure 1-4 Some phenomena in material with negative refractive ifdlex@a) Snell’'s
row, (b) Doppler effect, (c) Cherenkov radiation and (d) Group and phase velocity.
Blue background: phenomena when the material hemalaefractive index, Red background: phenomena
when the material has negative refractive indek, \{doen the incident beam transmits from positige t
negative medium, the light is bended to the same. £b): a receding object looks bluer in matewdh
negative index. (c): In positive index, a chargevédling faster than light creates a cone in thevémd
direction In negative index, the orientation of tteme is opposite. (d): In negative index, phadecity is
opposite to the group velocity and energy flow.



1.3 Phase velocity and group velocity

There are two kinds of velocities, phase velocity and group velgcly Slow light is
defined as situation that group velocity is slower than speegfdfih vacuumy, < c
[12,13] Phase velocity is defined as the speed of the individual waves: Wipéane
wave with angular frequenay propagating through a medium with refractive index of n,
it is expressed d44]
E(z,t) = Ael(kz—@D

= Ael®, (1-2)

where k is the wave numbkr= n% and z is the propagation directifi?]. When this

wave with a constant phase point propagates a distenocetime At, we have
kdAz = wAt. (1-3)

The phase velocity is thus defined 48,15]

_ Az
P At
w (o
== (1-4)

Thus, the ratio of the speed of light ¢ to the phase velogity = vi is called the
p

refractive index. The phase velocity cannot carry information since teeypastant.

Group velocity is defined as the speed of the wavepacket. They agneoargy and
information. In the communications, we send and receive pulses wiaicide various
frequency components. Assume that there is a pglssomposed of variety of

frequencies,



nwz

Il
I
(o 3

(1-5)
At the peak of this pulse, their Fourier components would add up in [i2js# there is

no distortion, these components must add up in phase regardless of posttienmis

expressed as

do )
Z-o0 (1-6)

Thus combining Egs. (1-5) and (1-6), we have

TE 4Tt =0 (1-7)

dw ¢

The group velocity, is defined a$12,14]

Ug = g,
c dw
T (1-6)
Alternatively,v, is expressed 4$2,14]
v, = nig (1-9)
_ an
ng=n+aw_—. (1-10)

wheren, is the group refractive index. In the communication, the group velaity
extremely meaningful because the information is transmityddybt pulse and speed of
group velocity acts as the speed of information. Since pulses cearams frequency

components, the group velocity can be modified although phase velocities are constant



1.4 Slow light and group delay

The speed of light in vacuurn,is approximately 2.998 10° m/s[16]. This constant has
been one of the foremost important physical constants and has leekem iMaxwell’s
equations. However, the recent research has showed that thetyvelbdight is
controllable. Slow light is defined as a propagation of an opticalepals other
modulation of an optical carrier at very low group velodity]. Group delay is a
measure of time distortion, or a measure of a slope of émsrtrission phase response
[18]. In the Linar Time-Invariant (LTI) system theory, the inpignal x(t) and output

signaly(t) of a LTI system is expressed as
y(t) = h(t) * x(t), (1-11)

whereh(t) is the time domain impulse response of the syqte8r20]. Its frequency

description is
Y(s) = H(s) * X(s) (1-12)

where H(s) , X(s) and Y(s) are the Laplace transform a&f(t), x(t) and y(t),
respectively[18-20]. H(s) is the transfer function of the LTI system. Here, we assume

that the input signat(t) is a quasi-sinusoidal signal, such as
x(t) = A(t)cos (wt + 6). (2-13)

The outputy(t) is very well approximated as

y(t) = |[H{w)|A(t — 14)cos (w(t —1y) +6) (1-14)



LD « w. (1-15)
Here,z, andty are the group delay and phase delay, respecti%€ly When the input
x(t) is a complex sinusoid, such as
x(t) = eJ®t, (1-16)
the output is expressed [d8]
y(t) = Hjw)el**
= |H(jw)|e/$@elot
= |H(]'w)|ei(wt+¢>(w)). (1-17)
Here the phase shift of the transfer funcifgia) is defined a$18]
¢(w) = arg {H(jw)}. (1-18)

Now, the group delay, and phase delay, are expressed &3]

ty(w) = -2, (1-19)
Ty(w) = — &2, (1-20)

w

The group delay, is thus the rate of change of the total phase shift with respect to

angular frequencjl8,21] The formula can also be obtained from Eq. (1-8) such as,

_ _ 50

o (1-21)

Slow light device which can control the group delay intentionally asnmsing tool to be

used for high-capacity THz communication networks, all-optical mé&bion processing



and sensing devices. There are some techniques to achieve it, such as Elretroaligg
Induced Transparency (EIT), photonic crystals, and sd oh They need to have strong
dispersion in a narrow frequency region. In this work, we demonskratsiow light or
group delay by using metamaterials. In the next section, thecatystem of EIT is
explained. The basic concept of EIT can be directly used to buikhmaétrials to mimic

it and enable slow light devices.

1.5 Electromagnetically Induced Transparency to adeve slow light

1.5.1 Atomic System of EIT for slow light

Theoretically, EIT is described by using three level atom&tesys[22,23] EIT in
atomic system can be explained by destructive quantum irgeceibetween the pump
and the probe beams. When only the probe beam is ON, as shéwm 5 (a),the
ground and exited states are coupled and absorption of@2jrsHere, there is no
transition allowed between the ground and meta-stable stateeffaetive index varies
according to the absorption, as showifrig. 1-6 When both probe and pump beams are
ON, interference between the two transitions decrease the bgiybaf electrons
existing in excited state. Since the absorptions were nmesthaithere is a certain
frequency range among the broad absorption peak which has transparehcy.case,
the refractive index has very sharp variation, as showsign1-6 This produces long

pulse delays and slow light behavjag].



Excited state AExcited state
Pump Beam

Probe Beam Probe Beam

Meta-stable Meta-stable

Ground state

() (b)
Figure 1-5Diagram of EIT[22]: (a) probe beam only and (b) probe and pump beam.

state

Vv

Ground state

Pump off
P Pump off

Transmission
Index of Refraction

Pump on
Pumpon

Frequency Frequency

() (b)

Figure 1-6 Transmission and refractive index characteristics of HEZR]: (a)
Transmission and (b) Index of refraction.

1.5.2 Equivalent EIT effect

C. L. Garrido Alzaret al. experimentally demonstrated the EIT like phenomena by using
RLC circuit[24]. This mechanical modeF{g. 1-7(a) has two harmonic oscillators with
mass m and m, respectively. The particle 1 is connected to two springs eanstant k

and K, respectively. The spring 1 is attached to the wall ansptimeg with constant K is

connected to another particle 2. The spring 2 is attached to theeg@rand wall. The

10



harmonic force F is applied to particle 1. The pump field is alelayethe coupling of
these two resonators with spring K connecting them. The proloeidielescribed as the
harmonic force working on particle 1. The power which particle 1 absanimsthe probe
force is measuredrtig. 1-7(b)shows the equivalent electric circuit. The right side circuit
which contains a resistance, Rapacitor C and £ and inductor bk creates pumping
field. The probe field is produced by the voltage source. Thesie circuit which
contains resonator ;Rinductor L3 and capacitors £and C describe the atom. The
resonator Rdescribes spontaneous life time decay from the excited stegecapacitor
C acts as coupling between the pumping field and atom. One measargower
transferred to the circuit mesh including, i€, G and L, from the voltage sourcesV
When the switch is off, there is an amplitude peak whose positioriesrdeed by the
value of elements. When the switch is on, the pumping resonatasratite left circuit

mesh. In the certain frequency range, the absorption caused byradbe mesh is

vanished.
R, SW R
AN —"
O ) C'L )
—\QQQQ/—IIL
E(t) L, G o L
(@) (b)

Figure 1-7 EIT like phenomena in RLC circui24]: (a) Mechanical model and (b)
Equivalent electrical circuit.
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1.5.3 Slow light control using metamaterials

The combination of metamaterial and slow light is promising. ITthe regime, natural
materials have difficulty to perform EIT since they have lftenergy bands and we
need to set up the pump and probe beams precisely which request large-soatemsir
Natural materials thus have limitation to achieve slow lightv&gaides made up of
silicon can potentially be used as the delay line system, bytcthets expensively and

take up space. By using the chip-scale metamaterial, we cait Bl [26]. We can
perform slow light very simply. We can just let the incident bgassing through the

slow light system and do not need instruments to focus the THz beam into the waveguide
Moreover, the time delay and the spectral region are controligblarying the structure

dimensions.

(A) Mimicking EIT on metamaterial: “Interference mo de”

There are two methods to produce slow light behavior in linear opties.i<Oto use a
technique so called breaking symmetry to lead two resonances wasseance
frequencies are close to each otf2&,26]. As shown irFig. 1-8(a)when the two arcs of
the SRRs are symmetric and having the same length, the esdattawve interferes
constructively and creates strong scattering. When the twaa@symmetric, however,
the two resonators support currents oscillating in-phase, whersyamtietric current

configuration is established due to the coupling of the two resonateschttered wave

12



interferes destructively and thus scattering is eliminatethey create the reflection
enhancement. This resonant mode has long lifetime due to its weak coupling to feee spac
radiation and therefore appears to be “trapped mode” in the viahitye metamaterial
surface. The resonant transmission peak is accompanied by steegh dispersion. This
produces low group velocities and slow light behavior. Increasingtheof one arc
causes further separation of the individual resonances. As anggeeistructure, N.
Papasimakis et al. investigated the fish-scale metamat€iigl1-§ [26]. The physical
separation of the film creates resonance splitting. Althougle tles®nators have dipole-

like resonances, either the one on first or second layer is strimgeranother. This
produces opposite phase which creates anti-symmetric current cahbgurThus, the

configuration interferes destructively and the scattering is elitetnat the far field.

X
15 mm

|

Figure 1-8 Mimicking EIT metamaterial: (a) two arcs afi) bilayered fish-scal§22,
26].

13



(B) Mimicking EIT on metamaterials: the “Coupling mode”

Another method to mimic the EIT effect is to create couplingvéetn the “bright” and
“dark” eigenmode[27-29]. In 2009, Sher-Yi Chiam et. al. have experimentally
demonstrated EIT using THz time domain spectroscopy (THz-TDi®y Ftudied the
mimicking EIT like phenomenon by using a planar metamateriaposed of SRRs and
close rings, as shown iRig. 1-Q For the closed outer ring, the eigenmode is called
electric the dipole resonance. At the resonance frequency, g slipmie resonance was
excited on the two sides of the closed outer ring which are @atalthe electric field.
Since this resonance strongly couples to the radiation fiekl calied bright mode. The
inner SRR does not support dipole mode around the resonance. The losarst or
eigenmode of the inner SRR is the LC resonance and it couplesftedispace weakly.
Thus, interference of these two resonances enables a tranamigsdow. The Q factors

of the absorption dips for the sprit-ring and the closed ring are 11.B.2hdrespectively.
The Q factors of the two resonances thus have to haveaalcdifference. Also, strong

phase dispersion which reads large group index was measured.

| 40 pum

’—“ & jum !

[]

18 E
ey 4 2T |
L

s A

U0

v
Figure 1-9 Outer closed and inner split-ring resonators to mimic[&TT.
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1.6 About This Thesis

The THz region is a new frontier. We still have difficultieseffectively generate and
precisely focus the wave. Recently, researchers discoverethét@mnaterial can mimic
EIT. They experimentally showed extreme dispersion and/or regtrgroup-index
dispersion which of these produces slow right in the THz region. Tiessarches
extremely contribute the development of computer and communicatistensy
semiconductor, medical and etc. Researchers have spent thsiiofo mechanism of the
EIT-like phenomena, certain structures can show particular trasismisgphase and
refractive index properties, etc. In this thesis, | would likkdevelop this trend and focus
on more about following three challenges.

(1) measurement actual time delay (Group delay)

(2) engineering of slower light by using planar metamaterials

(3) measurement of more accurate time delay

In chapter 2, fundamentals of THz- TDS and group delay are discussed.

In chapter 3, | designed a planar memtamaterial on silicon whifés structure is so

called fractal H and referring to the interference methodrdesl in section 3.1.3 |

discussed the challenges (1) and (2).

In chapter 4, | experimentally demonstrated the time delagoofplementary fractal

metanamterial. | discussed about the challenge (1)

15



In chapter 5, | show a measurement technique to achieve high spesttation which
leads to more accurate time delay. Phase dispersion is ameltrenportant factor,
though it occurs in a very short frequency range. | found that Myt as quasi-free
standing structure. It is a suitable substrate for the sggw ¢haracterization. | discussed

about the challenges (1) through (3)

In chapter 6, future work based on the experimental results in chapters 3 arsth@mare

Finally, | strongly desire that researchers contributing tesearch field may overcome

difficulties and breakthrough will sustain the development of our society.

16



CHAPTER I

TERAHERTZ TIME DOMAIN SPECTROSCOPY
FOR SLOW LIGHT MEASURMEMT

2.1 THz-TDS

Figure 2-1(axhows the optoelectronic THz beam sysi8635]. The wavelength of the
femtosecond laser is 800nm. The light pulses at a repetitionfr&®& MHz are divided
into two synchronized beams and reach the transmitter and regesgectively. The

confocal quasi-optic system is bilaterally symmetric.

fs Beamsplitter
Laser i
I ) 5
] Transmitter Receive!
| {[e—"]!
— | !
) M [ e !
Measurement |
Delay Line
y

Airtight Dry Box
Manual

]][ Delay Line
(a)
——————————————————————— e L
i Reference
I
i THzpspulse
1
S ilicon Lens
Transm iterC hip R verC hip
fs laserpulse sampk

Figure 2-1 THz time-domain spectroscopy: (a) schematic diagram of xperienental
setup and (b) beam system in the dry [8D¢35].
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The initial (excitatiof light pulse with average power of 10 mWstrikes the
photoconductivesubstrat between the two charged aluminlimes and createcarriers
as shown irFig. 2-2 [33. These carriers are attracted by the field #ngicreates pulse
current.At this moment, itswitches into the conducting stdite very short tim. Such a
transmission line pairs called photo conductive switclThe terahert wave which
created from this pulse currepropagates along the directiparpendicule to the surface
of the substratas shown irFig. 2-1(b) Thebeam of the THz pulses collimated by tI*
lens, the wave propagates and diffracts parabolicmirror where it is r-collimated into
highly directional beam. After further propagatingpe beam isinciden upon the
receiver, where second matched parabolic mirroudabe beam intsecond identical

silicon. When the electromagnetic wareaches the receiver, edlectromagnet field

occurshetween the transmission lines. The sampling beeakes the photoconducti-
substrate and generatearriers at an appropriate time. Therc@responmg photo
current is createdThe time dependence of this transit voltage is thioiined by th:
measurement of this char

Transmitter Receiver

E B
e > || o
: =

L Lo

Laser pulse creates Current is created
carrier & current by E.M. wave

Figure 2-2 Transmitting and receiving appare: The orange arrows ihe figure
indicate thedirection of currer [34-35].
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The relative timing between these pulses can bagetgcadjusted by movement of t
prism which is shown &“Measurement Delay Line” andvfanual Delay Lin” in Fig. 2-
3. The movable prisnsan be movedorward or bactard at each step by a stmotor.
Since one step ispdn, the total optical pass is 10um. Thus, t  which the light car

travel 10um is obtained by the followiformula[34],

(2-1)

Therefore, it can change the time that laser pnidaehesthetransmitter othe THz wave

reaches the receiverhus,the whole THz signal can be measured.

P N
Av/\vA
F N
s e
L 4 [ 2
P 4 i «
RAEE-C R N —
& - !
VA A \ One step
14 Y 1 A Ax= 5um
Movable ' v
prism

Figure 2-3 Delay-linewith a movable prisnj34].

In the experimentiransmissio properties ofsample and reference are measured

three timesunder room temperatt.
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2.2 Group Delay Measurement

AssumeE,«(t) andEsgna(t) are observed time profiles after passing through the reference
and sample, respectively. By applying Fourier transform, the ume#ng frequency

domain spectrd,..r(w) andAy,,(w) are obtained.

Eo®

‘ 7 M)
(a) (b)

Figure 2-4 Spectra acquisition: (a) reference and (b) sample[82ta34].

These frequency domain expressidns(w) andAsy, (w) are expressed as folloiaA]:
Arer(w) = Agexp (==L Lyexp [ikyer (w)L], (2-2)
Asmp(@) = Apexp (= =22 L)exp [ikgmp(@)L], (2-3)

wherea,.r andas,,, are absorption coefficients of reference and sample, respectively.

kyer(w) andkgy,,(w) are the wave numbers of reference and sample, respectivaly. L i

the physical thickness of the sample. Since the thickness of taenaterial is very thin,
we can assume that the total thickness is apploxximately emualThe wave number

ke (w) andkg,,(w) can be written as follows.

2MNyre 2MNsm
rep (@) = 5 komp(@) = 5222, (2-4)

wheren,.., andngn,,, are reflactive index of the reference and sarffpié
Ratio of these frequency domain expressions is writt¢®43s
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asmp(w)
Asmp(w) _ e 2 L eLksmp(w)L

Aref(w) B e_“reg(w)L olkref(@)L”

(2-5)

By taking absolute value of (2-5), the normalized amplitude transmission of the

metamaterial can be obtained as follows.

_{asmp(w) _ “ref(“’)}L
— 2 2

— Asmp(w)
Aref (w)

(2-6)

To obtain the phase shift (PT) caused by the metamaterial, we pick up the angl

componen{34].

PT = arg (AA—SZ?((::)) ) (2-7)

= (ksmp () — kref (w))L

= (- @-8)

In this slow light measurement, phase change caused by the slow ligie idev
measured. Assumig,,,,,(jw) is the transfer function of the slow light system. The phase

change is expressed [8§]

¢ = arg (Hymp (@) ) = arg (22222), (2-9)

By using the THz-TDS, we can detdtt((t) and Egp,, (t), NOtE,(t). However, from
the formula (2-2), we can obtain
Ap(w) = Arepexp [—ikyer(w)L]. (2-10)

By substituting (2-10) into (2-9),

_ Asmp (@) ipep | _ |Asmp(@)| ipr ikl )
¢ =ar [Aref(w) e ] = 70 @ et el (2-11)
Thus¢ can be written as
¢ = PT + kL. (2-12)
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The phase change caused by the slow light sygterthe addition of phase change
caused by the slow light metamaterial and that of sub$8@te

Again, the time delay, can be written agl8,21]

_ %@ -
ty(w) = =222 (1-21)

As a simple procedure, Eq. (1-21) simply tells us that one needgadte a narrower
transmission window to produce large time delay. Phase change & \asp important

factor; making it larger produces large time delay. The gragfocity v, is

approximately expressed as

L
tg(w) '

vy (w) ~ (2-13)

Thus, we can evaluate the performance of the slow light device by time delay.
There are some relationship between the time dglaynd Q factor. The Q factor is
expressed as a ratio of the resonance frequency and the fuil atidtalf-maximum
(FWHM) [15, 34]

Q== (2-14)
If we assume that the nonlinear effect does not happen when theigsioa window

becomes very narrow, we can obtain the relationship of Q factor meddelay. By

substituting (2-14) into (1-21), we have
t, = —5¢—~ (2-15)
g wo

A important fact that Eq. (2-20) tells is obtaining high Q factonot the method to
achieve large delay. The Q factor can be large when therissisn window is placed at
higher frequency. However, this does not affect the time delagllatAgain, the

bandwidth is the most important factor. According to the definitioDelfiy-Bandwidth
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Product (DBP)[37,38], the product of delay, and bandwidtibw which is equal to
phase chang&gp is almost constant
ty(w)dw =~ constant. (2-16)

This tells us that obtaining narrow bandwidth is easier than large pheasgec

The spectrum resolutiokf is expressed 484]

1 1
Af N Ttotal N m (2-17)

where N is the number of sampling points (in time domain) Andg time resolution
caused by the delay line expressed in equation (2-1). From ithappe of Fourier
Transform, if one wants to obtain the higher resolufifinthe scanning tim&, ., IS

needed to be longer.

When an electromagnetic wave incidents upon the surface of isclabedavelength
metallic particles, resonant reflection might occur due tota&tkan of dipolar localized
surface plasmons (DLSP$39,40] The patrticle is polarized and dipoles are induced
under the incident electric field. The field enhancement due t®F3Lleads to unique
optical antennas. Assume that the length of the subwavelength recttmigture is equal
to L. When the antenna is excited with polarization of thedemt electric field is
parallel to the side with L, the resonance frequeficue to DLSPs can be

approximately expressed as following,

1

f = isd_i (2-18)

wherec is the speed of light arg is the permittivity of its substrafd0].
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CHAPTER Il

FRACTAL METAMATERIAL AND

SLOW LIGHT MEASUREMENT

3.1 Introduction

Thus, specially designed metamaterial can mimic EIT-likenphiena and the extreme
dispersion can lead to slow ligit2-29]. Researchers have discussed the relationship
among the structure design, transmission, phase and refractive itadex, #his work,
however, | study time delay (group delay) characterization udmgTDS with focus on
engineering slow light devices. | experimentally demonstrateat a fractal H
metamaterial could enable slow light at THz frequenciesdestribed in section 1.5.3,
there are typically two methods to mimic EIT with metamatemlnd | used one of them,
so called “Interference method” to obtain the transmission windben,Tl discussed the
impact of dimensions on transmission and phase properties and the afnjb&ste on the

velocity of light.

F. Miyamaruet al. experimentally demonstrate the electromagnetic resportddrattal
structures fabricated on the silicon wafét]. Their fractal H structure contains fractal
Hs with being scaled down connected to each ends of the origiotl fkh though the
width is kept as constant. They investigated the transmission respoict as amplitude

transmission, phase change and etc. In my work, the fractal Hmatetgals with
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completely different alignments and dimensions were used to demeribdime delay.
Fractal H structures containing two different sizes aralsigitto mimic EIT. This design

produces a transmission window which produces time delay for both x and y directions.

3.2 Sample design and simulation

Planar fractal H structure of 200 nm thick Al metal struesuiare fabricated by
conventional photolithography and evaporation technique on a silicon substraten(640
think, n-type resistivity 122 cm). InFig. 3-1, there are two fractal H structures having
different dimensions. The dimensions of the larger H are ap® = 38um, w; = 4
um, and v =5 pm. The dimensions of the smaller H are ¢ gi39d = 28um, and w =

4 um. The periodicity P is 50um. The orientation of the fractaldHsuich that either the

THz electric field is parallel or perpendicular to x-axis, as shovwgn3-1

Figure 3-1 Optical image of the fractal H structure: P = 50 um. a @5 b = 38 pm,
c=29um,d =28 um,mw 4 um, and w=5 pm.
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Figures 3-2(a)and (b) shows the simulated normalized amplitude transmission for the
parallel and perpendicular polarizations to x-axis, respectivEte “Larger H” or
“Smaller H” means the respective oscillatdfgy. 3-3 shows the surface curref#)-(c)
and electric field distributiofd)-(f) at each frequency for electric field parallel to the x-
axis, respectively. Both larger and smaller H support dipoleneexes and each lowest
eigenmode is 0.63 and 0.99 THz, respectively. At 0.63 THz, the lower dtheof
transmission window, only larger resonators are in strong reserant are in-phase.
This suggests that symmetric current on these resonators natedastructively and
create reflection enhancement. At 0.99 THz, the higher dip of thentiasion window,
only smaller resonators are in string resonance. They arengid@se. This suggests that
symmetric current configuration on these resonators emitsr@femgnetic field that
interfere constructively and creates reflection enhancementh®nther hand, at 0.86
THz, the center of the transmission window, both large and smatatss are in strong
resonance. The electric field distributiorrid. 3-3 (b,e) indicates that counter
propagating currents radiates fields which interfere ddstelg. This eliminates
scattering which has weak coupling to free space and credtaasparency window.
Important fact that worth to cite is when both resonatorsraresionance, each resonator
is in resonant simultaneously. For electric field parallgl-txis, similarly, the larger H
and smaller H support dipole resonance with lowest eigenmodes ofrfd467& THz,
respectively Fig. 3-4). For this polarization, when both resonators are in the strong
resonance at 1.65 THz, anti-symmetric current can be dégn -4 (b,e). This
eliminates the scattering and creates the transparency winddwg.I8-2(c) extreme

dispersions are created for both polarizations.
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Normalized Amplitude Transmission
",
Normalized Amplitude Transmission

—— Double H [

InnerH |
fffff Outer H
, . . . (b)
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 : L
0.0 0.5 1.0 15 2.0 25 3.0
Frequency [THz] Frequency [THZz]

15

T
Parallel
Perpendicular

Phase Advance [Rad]

Figure 3-2 Simulation of positive fractal H on Si wafer: (a) and)(are normalize:
amplitude transmissiongor parallel and perpendiculpolarization,respectivel. (c) is
phase advance. In (&, transmission window is fou at 0.858 THzFWHM = 0.1f THz
and Q = 6.0. In (b)a transmission window is fourat 1.65 THzFWHM = 0.16 THz, C
=10.
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(a) 0.63 THz (b) 0.86 THz (c) 0.99 THz

[ 1
(d) 0.63 THz (e) 0.86 THz (f) 0.99 THz
Figure 3-3 Simulated surface current and electric field distribution fo¥ K. (a)-(c):
surface current, (d)-(f): electric field; Color distribari in (a)-(c) describes current
strength. They do not indicate their direction. The distribution k{f{dghown by red is
the positive field and blue is the negative field.

_Iyl__lTll_!y!_
o L .

(a) 1.46 THz (b) 1.65 THz (c) 1.77 THz

(d) 1.46 THz (e) 1.65 THz () 1.77 THz
Figure 3-4 Simulated surface current and electric field distribution fa¥ E. (a)-(c):
surface current, (d)-(f): electric field; Color distribani in (a)-(c) describes current
strength. They do not indicate their direction. The distribution ir{ffcghown by red is
the positive field and blue is the negative field.

28



3.3 Experimental results and

discussion

The neasured time domain signal transmitted throughfitaetal H and its frequenc

domain for parallepolarizatior are shownFigs. 3-5(a)and (b), respectivel. Fig. 3-6

shows samédor perpendicular polarizatic Depending ondimensions of resonato

which participate irthe reconang, significant difference is observed the time domail

and frequency domain da
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Figure 3-6 Measured signals and spectra for positive fractahtsi substrate fcE // Y:

(a) Signal and (b) gectrs,
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For observation of life time of the surface mode mediating thrsstnission, we used a
numerical fit to the signal. The decay is treated as Lorentzian (i.e, exjabniemin [42],
E(t) = Ae™ VT | (3-1)
The decay time and time delay, are different factors. The decay time or life time
describes how long the excited electron takes to become staigld@inie delay is how
long a signal delays because of material. The time donaéetrescopy shows a
decaying current oscillation with a carrier frequency about 0.99% THz for parallel
polarization. This frequency matches exactly the central frequehthe transparency
window (0.95 THz) and the maximum amplitude transmission exceeds FOr7.
polarization perpendicular to the x-axis, a transparency window at HZ isTobserved.
The maximum amplitude transmission exceeds 0.8. The time domatrospepy shows
a slowly decaying current oscillation with a carrier fragryeabout 1.67 to 1.76 THz.
This frequency also matches exactly the central frequentyeafransparency window.
These resonances are related to the interference effecdasfaters with two different
lengths along the polarization direction.
Their measured Q factors are 4.4 and 12.4 for electric fielllplaand perpendicular to
the x-axis, respectively. From the numerical fitting, the decpyime for the electric
field parallel to the x-axis (1.65 ps) is smaller than that for perpendjpollarization (4.2
ps). For both polarizations, phase shifts show extreme dispersionsiagpelaere the
transparency window occurki§. 3-7). For perpendicular polarization, the right side of
dispersion is not as strong as that for parallel polarizationthéoregion of the negative
phase-dispersions, it is colored blue and red for parallel and perpandolarization,

respectively. The phase chanfyeis 1.89 and 1.50 rad for parallel and perpendicular
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polarization,respectivel. The negative dispersion correspomoshe bandwidth of th

transmission window almoperfectly.

15F

.
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Figure 3-7 Measurednormalizer-spectra:(a) amplitude transmission and (b) ph
advance. 4ero padding appli, ) For parallel polarizationa peak is
observed at 0.92 THats FWHM = 0.21 THz, Q = 4.4For perpendicular polarizati,
peak at 1.71 THz. It$WHM = 0.14 THz, Q = 1. Blue and red colored regic
correspond to negative phase disper-.

Here, to consider the relationship betwdengths of resonators anmoperties of th
transmission window, a&imulation is carried outin this simulation,the lengths of
resonators and periodicity i uniformly reduced or extended from = -5 to 35 pm
although width w and w, are kept as initial valuessig. 3-§. From each simulatio
result, resonancigequency values of two difaround the transmission windcare read.
The results are also shown Fig. 3-9 In the figure, circular and cross markers

correspondingto lower and higher dip positionof each transmission windoy
respectively. For x polarization, both higher amavér dipsare seened to obey an
approximated curver-or y polarization, however, tkcircle and cross markers show

different components.
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Figure 3-8 Increase the periodicity and lengths: The structures descrilleddashed
lines are original scales. In the simulatigh,is extended from -5 to 35 pum with every 5
pm step.

Then, the approximate curves for the previous simulation resultsoasidered. Again,

from EqQ. (2-18), the resonance frequency of rectangle metaatsigue to the DLSPs is
expressed d89,40]
c 1

fr =578 2. (2-18)
For the fractal H structure, we made an assumption thafrdieisl H structure which is
the combination of the rectangular resonators potentially showsarsimesonant
properties to that of the above rectangle structure. More colygcrigtean be assumed
that there are two rectangular resonators for x orientatioricamdectangular resonators
for y direction Fig. 3-10. Then, each resonator individually satisfies the above principle.
In fact, the fractal H metamaterial has two resonancguémecies and a transmission
window placed between them. These resonance frequencies of lodvérigher dips
have been obtained by previous simulations. As a result, thesamesdnequencies for

silicon substratef,, . andf,

ryg; are approximately explained as
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— , forE /I X (3-2)

— - : forE/IY (3-3)

where a and b are constants . is the dielectric constant of Si €114 at 0.1THz).

Parallel

O SiLower Dip (Parallel)
x Si Higher Dip(Parallel)
Perpendicular

g 8297 p%

|
|
|
|
|
|
! O SiLower Dip (Perpendicularl)
|
|
|
|
|

Frequency [THz]

Length of structure [um]

Figure 3-9 Resonancdrequency approximatic of fractal H onsilicon: solid lines are
obtained from equation-3) and (34). The circle and cross markers are obtaine
simulations. Lower Dig” and “Higher Dip” suggest left and right edges of !
transmission window, respectively. For y polation, markers of Eower Dig” and
“Higher Dip” havedifferent approximate curs. A and B with solid lines are measur
center frequencies of parallel aperpendiculapolarization, respectivel

(@) (b)
Figure 3-10 Rectangule resonators in fractal H structure: (aaralle and (b)
perpendicular polarizationThe red arrows suggest the current flovFor parallel
polarization, théengthwisi resonators are needed to be taken in to ac«
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For parallel polarization, the two longitudinally-arranged red&mgtrongly contribute to
the dipole resonancé-ig. 3-8 (a). Therefore, the effective length contributing to this
resonance is needed to be taken into account. For larger H structwetfethige length
is approximately equal to a+b um or 1.84a. For smaller H struthereffective lengths
are approximately equal to c+d um or 1.97c. Thus, we put 1.9L, thagavef these
effective lengths, for the denominator of (3-2). On the other handpeigrendicular
polarization, we can consider that the contribution of the layeaathnged resonator to
the longitudinal rectangles is sufficiently-smdfig. 3-8 (b). Thus, we have L for the
denominator of (3-3). The curves calculated by these equations arenshigw3-9when
the constants & +0.05 THz, the constant 4 0.1 THz. Strictly speaking, there are
mainly two factors that increase the accuracy of thesaditturves. One is that the
average effect of the substrate and free-space is neededatebertto account. Another
is that we need two approximation curves to describe the resorfi@guencies of the
two resonators individually for the perpendicular polarization siheecbntribution of
the laterally-arranged resonator placed in each H structure cannot kedignor

As consequence, the importance of this figure is that if one wanteve narrow
bandwidth peak, making the lengths of two resonators large (kedj tanstant) might
give that output. However, it is worth to recite that achievingomaar bandwidth
sometime does not directly produce large time delay. Althougiméixtg the length of
resonator creates narrow bandwidth, its phase advance might not bigcab br fact,

varying lengths did not produce strong phase dispersion in this simulation.
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Figures 3-11(ajnd (b) show the measured time delay for electric field parallel and

perpendicular to the x-axis, respectively, that obtained by usmg (E21). The

theoretical value of time that beam passes through the Si sabstegpproximately 7.26

picoseconds. Around the 0.95 THz {a), where the transmission window occurs,

maximum 1 ps slow light (velocity = 2.64X1m/s]) is observed. Ib), slow light

(velocity = 2.24x18m/s) is also observed at 1.71 THz. According to Eq. (2-16) which is
ty(w)éw =~ constant, (2-16)

i.e. the product of delat, and bandwidtidw is almost constari87,38]

From this experiment, the bandwidth for parallel polarization isd&othan that of the

perpendicular one. This causes time delay of the latter slower than thataitlee. f

dwy > dwg © tg, <tg, (3-4)

Slowness of these is strongly related to the negative phase disparsthe whole
extreme dispersion. Moreover, these curves contain noise like ateod whose
amplitude is relatively high. It makes these outputs not trustable. On thénatitkrat the
dips placed at 0.70 and 1.11 THz(&) and at 1.56 THz ifb), negative time delays are
observed. Their time delay was faster than that in the bléinkrswater and expressed
as[12],

t

;> C (3-5)

Thus, the negative phase dispersion creates slow light. Insteaghositere phase

dispersion enables the fast light.

35



[

o
]
=
3

—Time Delay
Phase Advance

I
[N}

o
©

8
6 | —_— 05
_ 4 410.6 E 7 v0.25 §
&2 103 Bl ___1_____ o &
H 5 g
g0 0 =z 3 sf 1-025 §
< O '<c(
E 2 1032 2 4f 1-05
[ ) . 8 F | _5:0‘}
4 : 06 3 0.75 &
6 P ! 0.9 2t {1
Time Delay
8 {-1.2 L B
Phase Advance ! 1.25
-10t ‘ ‘ 115 e
15 2 25 3 °{0gs 15 15

Frequ;ency [THZ] Frequ'ency [THZ]
Figure 3-11 Measureditne delay and phase advanda) parallel and (bperpendicular
polarization.For parallelpolarization, dip at 0.70 THz: time delay 9 ps, hill at 0.94
THz: time delay = 9.0 [ (Solid line A), dip at 1.11 THztime delay 2.4 ps. For

perpendiculapolarizatior, dip at 1.56 THz: 1.22 psepk at 1.71 THz; time delay = 9.
ps (Solid line B)Blue and red oloredregion correspond to negative phase disper.

3.4 Summary

We experimentally demonstrated slow light of fridtametamaterial This slow light
device produces transmissic-window for each polarization. afrow bandwidth an
strong phase dispersion are Ifactors to produce large time deldspecially ONLY
negative dispersion within the extreme dispersiontributes to slownessEdges (or
dips) and amplitude of transmission window does dioéctly affect the slownes
However,the device showed Ic Q factor and theetected slow light was not remarkal
We could conquethis problem by expanding lengths of resonatorgesithis creates
narrow bandwidthSeeking high Q factor is one method to obtain #weaw bandwidth

However, we need to hanarrow bandwidth andtrong phase dispersion as w

36



CHAPTER IV

COMPLEMENTARY FRACTAL METAMATERIAL

AND TIME DELAY

4.1 Introduction

Positive type structures have been used for most of previous workntic BIT since
interference or coupling between the resonators is the key techimqties chapter, |
experimentally demonstrate a complementary fractal H siioivhich has the same
dimensions as used in the previous chapter. For the compliantlyustrutequencies of
the transmission dip with the incident polarizations rotated 90 degreeseen at the
same frequencies as those of transmission peaks in the positited &tructure. This is
called the Babinet’s principl@2-44]. Extreme negative-dispersion contributing slow

light is not found.
4.2 Sample Design and Simulation
Complementary fractal Hs of 200 nm thick Al metal structures fabricated by

conventional photolithography and evaporation technique on a silicon substraten(640
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think, n-type resistivity 12Q cm). Fig. 4-1 shows the complementary structure.
Dimensions are exactly equal to these of the positive typetgteud he dimensions of
the larger H are a = 48m, b = 48um, w; = 4um, and w = 5 um. The dimensions of the

smaller H are ¢ = 2fm, d = 28um, and w = 4 um. Periodicity P is 50um.

Y =

X

Figure 4-1 Optical image of the complementary fractal H structure:3 am. a =45, b
=48,c=29,d=28, w4 and w=5 um.

—

Figure 4-2shows the simulated spectra of the negative fractal H @ul&trate. Both
spectra agree with the measured spectra, although blue shift iseabs&lso,Figs. 4-3

and 4-4 show the distribution of simulated surface current and elecieid for

polarizations parallel and perpendicular to the x-axis, respictiéhen a resonator,
outer and/or inner fractal H, in the positive fractal structareiresonant, the electric
field between the gaps, i.e. the space between neighboring resprsmbanced. At
this time, the corresponding area of the complementary structsiteidtasurface current
distribution. Similarly, when electric field distribution in the coepentary structure is

largely located around a resonator, the corresponding resonator poditige structure



has high surface current distribution. 'se observatios agree with thresent work by
Carsten Rockstuhl et {43] and of Hou-Tong Chemt al [44]. Thus, fo the positive
structure, theincident wave induces surface current on resonatat chargs are
accumulated at the edge. The gap prodenhanceetlectric field. On the other hand, 1
the complementary structuitheincident wave induces current on surrounding meatal
charges are sprinkled warious areas. Therefore, this phenomenon is camgedectric

responsenot magnetic omagneto-electronic response.
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Figure 4-2 Simulaed sjectra of negative fractal H on Si substraf@) Parallel, (b)
Perpendicular, and (cPhaseadvance. For parallel polarizatiopeak at 0.88 TF:
FWHM = 0.14 THzand Q = 10.5. For perpendicular polarizatjogpeak at 1.€ THz:
FWHM = 0.17 THz andQ = 1-.

39



Nl

(b) 0.79 THz

(a) 0.65 THz (b) 0.79 THz (c) 1.03 THz
Figure 4-3 Simulated surface current and electric field distribution of glementary
fractal H metamaterial for E // X: (a)-(c): surfacerrent, (d)-(f): electric field; Color
distribution in (a)-(c) describes current strength. They do not itedibeir direction. The
distribution in (d)-(f) shown by red is the positive field and blue is the ivegield.

(d) 1. .45 THz (e) 1.67 THz (f) 2.45 THz
Figure 4-4 Simulated surface current and electric field distribution of lementary
fractal H metamaterial for E // Y: (a)-(c): surfacerrent, (d)-(f): electric field; Color
distribution in (a)-(c) describes current strength. They do not itedibeir direction. The
distribution in (d)-(f) shown by red is the positive field and blue is the ivegield.
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4.3 Experimental Result and Discussion

The transmission spectra of the negative (complimentary) tyfraadél H structures are
also experimentally investigateigs. 4-5and4-6 show the measured electric pulse and
corresponding FFT spectra for the electric field parallel @ergendicular to the x-axis,
respectively.Fig. 4-5(b)shows a dip, or so called absorption window, centered at 0.92
THz for polarization parallel to the x-axis. The Q factor for this dip la Fig. 4-6(b) an
absorption window located at 1.7 THz. Also, the Q factor for the pataoiz
perpendicular to the x-axis is 14. These time domain spectrathladecay time of 1.40
and 1.74 ps for the parallel and perpendicular polarization, respgctiMetse time
domain data for x polarization show the decaying current osoillalvith carrier
frequency from 0.86 to 0.97 THz. The frequencies match to these ofabaolption
window (dip). For the perpendicular polarization, the decaying cuasgitiation with
carrier frequency is about 1.6 THz and this also matches to ¢ogeieincy of the
absorption window.Fig. 4-7 shows normalized amplitude transmission and phase
advance. Zero padding has been applied for these figures. For theewmmiary
structure, the ratio of metal area against one unit cell is @82 for the positive).
However, the energy of the incident wave is not refracted frorautiace or confined in
the subwavelength slit very mudh3]. The dip position observed in each spectrum
corresponds to peak position in the positive type structure. For both pttarsz a

strong normal dispersion appears within the corresponding absorption window.
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Figures 4-8 shows measured time delay and phase advance for palleind
perpendicular (b) polarization. Since the complementary structure has only one
absorption dip, the phase shift curve does not have regions which ppmsitcee delay.
Thus, for the complementary structure, slow light phenomena do not oadur w

However, sharp negative time delay is observed for the correspondiogptairs

window.
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Figure 4-8 Measured time delay and phase advance of complementaryl fracta
silicon wafer: (a) Parallel and (b) Perpendicular. For parplarization, dip at 0.92
THz: time delay = 1.24 ps, dip at 2.48 THz: time delay = -6.24 pspeaki at 2.48 THz:
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time delay = 9.45 ps. For perpendicular polarization, hill at 1.61 Tike: delay = 8.47
ps, dip at 1.71 THz: time delay = -6.92 ps, and hill at 1.77 THz: time delay = 8.44 ps.

4.4 Summary

In conclusion, we experimentally demonstrated time delay of thgleomentary fractal
metamaterial. Its phase advance showed extreme dispersion. Howvdges not include
negative dispersion which produces positive time delay. Insteadiglastivas observed

within the range of positive dispersion. Thus, the complementamtsteuis not suitable

for slow light device.
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CHAPTER V

HIGH SPECTRAL RESOLUTION OF

SLOW LIGHT MEASUREMENT

5.1 Introduction

In this chapter, we investigate the fractal metamatetiattsire on Mylar, a Polyester
film, as a substrate instead of silicon wafer. Again, a phagerdisn is the extremely
important factor for the slow light characterization. Since susipedision occurs in
extremely short frequency range, measurement with highertrapbeesolution is
definitely needed. | will show background and problem that previowsuement has
from section 5.1.1. Then a new technique to enable much longer time doaraensicto
obtain accurate slow light analysis will be shown from section 5Refore | start next

section, | would like to recite the Eq. (1-21):

_ _%¢) ;
tg(w) = S (1-21)
Measurement of time delay requests accurate phase and frequency ohargeshort

frequency range.
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5.1.1 Spectral Resolution of Silicon

Figure 5-1(a)shows time domain signal of blank silicon wafer (640 nm think,pe-ty
resistivity 12Q cm). The total scan time is 66.7 ps. According to Eq. (2-1), thesaastep

At is 0.033 ps (total scanning points = 2000). The reflections due t@tbadssurface of
silicon come every ~ 14.5 ps after the first transmitted bddra.corresponding Fourier
transformed amplitude spectrum and phase advance are illustrategsirb-1(b)and (c),
respectively. These reflections in the time domain signal §p®ipectrum and the accuracy
is lost. In the investigation of a structure on Si wafer, we nityreat the total scan time of
17.1 ps (each step0.033 ps, total sampling point = 512) to avoid the reflections. Therefore,

from Eq. (2-17), the spectral resolutiorj3g]

1
Afsi wafer = e ~ 592 GHz. (5-1)

2.998x108m/s
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Zero padding consists of adding zeros to a time domain signal Mvisgenonverging zero.
Using zero padding often makes its result reasonable. This functiomdbbave negative
impact on the basic characterization of metamaterial, sug®ads position, phase shit and
some indexes unless their change is not very rapid in short frgquemge. For the EIT
characterization, however, zero padding is not a recommendatory sohigjos-2(a)shows
the transmission spectra of the positive fractal H structwrd uschapter 4. lirigs. 5-2(b)
and(c), its phase shift and time delay curves are shown. Black soleé ¢s the original data.
For the red solid curve, 3488 zeros have been added after the time dggnalrso that the

total points are 4000. The spectral resolutigi34s

1
Afzero Padding = o= ~ 7.58 GHz. (5-2)

4000x

2.998x108m/s

Though, zero padding produces more reasonable data, it cannot not sohssehgake
problem that measurement of silicon wafer has. To increasetieacy of the measurement
of rapid change in very short frequency range, such as extremesthigpave definitely need
to find a whole new measurement technique to obtain more accurate properties.

A thick wafer can solve this problem by extending time domain kaegth. However, some
intractable defects still remain. First, the thick wafees\aary expensive. Next is that it is not
suitable for the device to be heavy and takes up room. Light, portaideinexpensive

devices are definitely requested.

48



[y
w

T T T T T i ‘ ‘ ‘ i
| ()\ | | | | I (b)\ | | | | 0 rigihal
COQ‘F***T***T***T*******W‘ 0 riginal - : : : : : Zero padding
2 | | | | | /| 7 Zero padding |
£ [OC] Mtts Mty Bt Sy B Bl !
IS I | | | | | | | —_ !
L2 o Y e § PR R - - g !
§ I | | | | | | | o !
= | | | | | | | | = !
0 06 ———r-——-71 /T T T T T T 3 !
° I | | | | | | =4 !
2o5l---L___t_/ 1N a4 S !
= | | © /
IS | | < f
< 0.4 -t 2 !
° | | © |
] | | = !
NO3b-—-f---f-——f- -\ c ‘
g | | | :
= 02 -
S I I I I
z | | \ !
Ol -7/~ "1~~~ 7- "7 "71 I !
I J | | | | | | !
{ | | | | | | 1

Time delay [ps]

|

|

|

|

] ] |

| | |

| | |

| | |

R e it it Bl

I | | |
I | | |
I | | |
1 1 1

| 0 righal N
| Zero padding
| T T
25 L I I
0.6 0.7 0.8 0.9 1 11 12 13
Freqyency [THz]

Figure 5-2 Comparison of short scan and zero-padded data: (a) Frequency dpetcin,s
(b) Phase advance, and (c) Time Delay. The black line is thmardata with considering
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5.1.2 Spectral resolution of Mylar

Mylar, we used in this experiment, is a commercial polyester \Wwhose thickness and
permittivity are 22 um and 2.8, respectivghp]. Figures 5-4(a)and (b) show pulses
transmitted through the film and its frequency domain spectrardftestion signal is not
found in the time domain data since the low refractive index and lifdkness make the

reflection negligible. Moreover, its frequency domain spectra stiat the absorption is
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uniformly small in this frequency region. Thus, structures falattan Mylar can be treated

as quasi-free standing structure. There is no limitation of stgnime. Mylar allows us to

measure it with high spectral resolution which gives more accurate data

(5-3)

(High Resolution).
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2.998x108m/s
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Figure 5-4 Measured spectra of blank Mylar: (a) Time domain spectrumFi@juency
domain spectra, and (c) Phase Advance. Total scan time is 66.7 dss@hopding points

2000, and total scan time is 66.7 ps).
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5.2 Sample Fabrication and Simulation

Positive type fractal Hs of 200 nm thick Al metal structunesfabricated by conventional
photolithography and evaporation technique on Mylar. Dimensions acdyegqual to these
of the positive type structure. The dimensions of the larger 4 ard5, b = 48, w= 4, and
w, = 5 um. The dimensions of the smaller H are ¢ = 29, d = 28, and 4um. The

periodicity P is 50 pm.

A

Figure 5-4 Optical image of the fractal H on Mylar: P = 50um. a =45, b =48, ¢ =29, d = 28,
wi;=4 and w= 5um.
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Figure 5-5 Fabrication techniques for Mylar: (a) Photoresist Coating,E¢posure, (c)
Development, (d) Metalization, and (e) Lift-off.

Delicate and complicated fabrication techniques were require@&tecstructures on Mylar.
Some of them are worth to note here, as showfign5-5 During the photoresist coating,
double side tape was used in order to fix the film on the wkfgr $-5(a). Here, the wafer
is used as a film stand. Since the film easily collectsgbest the surface and space between
the wafer and the film are needed to be cleaned with acetbotor€sist coating and soft
bake can be operated as usual. Then, cut off the edge of thehitin @ontain the double
side tape and remove the wafer. The film must contact the nggudly tiluring the exposure
(Fig. 5-5(b). The exposure time is same as that for silicon waefore development, one
should use the double side tape again to fix the film on the sulisti@teid that the solvent
destroys the structure in case the film is curved or vibisttedgly Eig. 5-5(c). Use twister
to hold the wafer and swing it in the solvent. If a small amount ofopésist remains on the
surface, it MUST fail during the lift off process after pueation. Before the metallization,

fix the film and wafer by using one side tape to make theaseirbmoothKig. 5-5(d).
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During thermal metallization, one needs to increase the curcemérsthan usual to form the
metal film slowly. In the lift-off process, it is better twount the film on a wafer WITHOUT
tape and put into the solvent. This prevents that strong inflection sippltee film Fig. 5-
5(e). Lift-off process has difference depending on the type phosbresed in the beginning.
For positive resist, such as S1813 or PA1-4000A, leave it in the agatmeethan 10 min,
and then apply the ultra sonic bath very carefully. If the exoesal surface is not removed
even after one hour later, the sample is defective. Afteliftheff, bring the Mylar sample
into the clean room and wash the surface with acetone. Thenbeadmed out WITHOUT
washing with DI water. For negative resist, such as NR71-3000P,esasguls to go directly
into clean room after metallization. A petri dish filled with4RR prepared. Then the sample
is put in the dish and the lift off process need to be monitored underithescope. Seven
minutes later, the sample can be taken off and washed witlatet.winally, it is blown dry

with compressed air.

Fig. 5-6 shows the simulated amplitude transmission for electric fieldllph (a) and
perpendicular(b) to the x-axis. The “Larger H” or “Smaller H” means thepective
oscillator. Transmission windows for both polarizations become braadepared to that of
silicon. For parallel polarization, both larger and smallesupport dipole resonances and
each lowest eigenmode is 1.22 and 1.85 THz, respectively. At 1.61 THz, biistarscare

in strong resonance. For electric field parallel to y-axisjlarly, the larger and smaller H
support dipole resonances with lowest eigenmodes of 2.81 and 3.80 THz,ivebpdeor

this polarization, the interference effect also dominates owgheain both resonators are in
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the strong resonance at 3.Rz. In the phase advancdéid. 5-6(c), dispersions are creat

for both polarizationglthough their advances are not as large as tHesicon.
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Figure 5-6 Simulaed spectra of positive fractal H on My: (a) Parallel (b) Perpendicular
and (c) Phase advandeor parallelpolarization, peak at 1.61 THEWHM = 044 THz and
Q =4.9. For perpendicul@olarizatior, peak at 3.42 THz: FWHM = 0.4MHzand Q = 7.7.
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For Mylar, similar approximation used for Egs. (4-3) and (4-4) carapgmied. As one
modification, we consider the average effect of Mylar substaate free space since the

Mylar is sufficiently thin.

1

c (SdMylar+£dair) 2 L a, for E /| X (5-4)

f ~
XMylar ~ 2x1.84L 2

1

¢ L (M) 24b, for E//'Y (5-5)

IYMylar 2L 2
For x polarization, the constant a is approximately equal to -0.2 Aétzy polarization, the
constant b is approximately equal to -0.15 THz. These curves ara shéugs. 5-7(a)and

(b) respectively.

At the same time, the same simulation which was carriechaltapter 4 was carried out for
the Mylar structure as well. Again, in this simulation, lengithsesonators and periodicity
are uniformly reduced or extended fravh = -5 to 35 um although width;vand vg are kept

as initial values, as shown kig. 3-8 Then the characteristics, such as variations of the
transmission window and the bandwidth, are investigd&ted.3-8is shown below again for

understandability.

AL

Figure 3-8 Increase the periodicity and lengths: The structures desacnitlediashed lines
are original scales. In the simulatidi, is extended from -5 to 35 pm with every 5 um step.
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The result is shown iRigs. 5-7 (aand(b) as well. Since the dielectric constant of Mylgr (
= 2.8 at 1 GHzJ46] is much smaller than that of Si.(= 11.3 at 0.1 THz}40], this causes
their electromagnetic behavior, such as the shift of the frequimoyain spectra to higher
frequency and the broader bandwidth. This result suggests that veheseva metamaterial
whose dimensions are exactly same on different kinds of substatabstrate with higher
permittivity shows narrower transmission window placed in the dofreguency region.
Jean-Michel le Floch et al. reported that using higher permyttindterials of larger intrinsic
dielectric losses enables better Q-fagtf,48]. This simulation results not only agree with
those works, but shows how to conquer the problem that Mylar hascéssaquence, there
is a trade off for use of substrate with different permittivitlge silicon substrate allows us to
obtain a narrow transmission window placed at lower frequency nrdgi its spectral
resolution is low because of the reflection. On the other hand, Mitavs us high spectral
resolution measurement but the transmission window is broad and pldugheatfrequency
region. To obtain same frequency properties as silicon by usyigrMve can expand the
length of the resonator approximately twice as long as thatiadrs As a result, narrow
transmission window and high spectral resolution measurement can ta¢edpey using

Mylar.
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Figure 5-7 Resonant frequency dependence on the structure length. (akelPanal (b)
Perpendicular polarization. Red and blue solid lines are obtained from equat8)remn( (4-
4). The circle and cross markers are obtained by the simulatised ba Fig. 4-10. “Lower
Dip” and “Higher Dip” suggest the spectral position of left and righiges of the
transmission window, respectively. The gray lines in (a) and (b) ardnlehtiie original two
resonators for x and y polarization, respectively. A, C and B,rd naeasured central
frequencies of parallel and perpendicular polarizations, respectively.
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Figures 5-8(apnd(b) show length dependence of amplitude transmission and frequency for
parallel and perpendicular polarizations, respectively. As tligHancreases, the bandwidth
becomes narrow for parallel polarization. Strong dispersion caexpected in these
transmission windows. For perpendicular polarization, however, bandwidtibigetd since
curves of the lower and higher dip obey two different approximatioresuAlso, it worth to
recite that sharp peak does not directly mean strong phase chamgerical salutation is

required to make sure that a structure satisfies these formulas and hgslisfpersion.

Mormalized Amplitude Transmission
o0 L)
2 o o
4 Z, A 3

MNormalized Amplitude Transmission

Length of
structure [ u m]

Length of

structure [ u m]

40 3 Frequency [THz] Frequency [THz]

Figure 5-8 Structure length dependence of transmission: (a) Parallel and fenBeular
polarization.
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Figure 5-9shows the total phase change due to the negative dispersion. Thehasta
changes clearly depend on the permittivity and/or thickness culb&trate. Expanding the
resonator to obtain large phase change works more effective whstrase with larger

permittivity is used.

w
[N}

Total phase change [Rad]
N N N N w
N S ()] © o
T T T T T
R T RS
»
G N
. -
[
u
s
L R Y
1 - 1 1

N

o
L
1

50 55 60 65 70 75 80
Length of one unit cell [um]

N
&

Figure 5-9 Total phase change dependence on the length of one unit cell for parallel
polarization.
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5.3 Experimental Result and Discussion

Figures 5-10(apnd (b) show measured electric pulse of the fractal H structure on
Mylar for electric field parallel and perpendicular to thaxts, respectively. Compared to
the signals obtained from those with silicon substrate, the decaych steeper. Therefore,
the exponential fitting is roughly applied to the sigt@lcompare with that of silicofkig. 5-
12 shows normalized amplitude transmissi{an and phase advangb). These curves are
obtained without applying zero padding (original). @y a broad transmission window is
observed around 1.65 THz. Hdw), the transmission window occurs at 3.64 THz, almost out
of range of our experimental system. The frequency spectruraicemioise like oscillations
when it goes higher frequencies. The reflection might affechemt The Q factors at each
resonance are 4.2 and 5.9 for electric field parallel and perpendiculthe Xx-axis,
respectively. Phase changeb is 1.67 and 1.45 rad for parallel and perpendicular
polarization, respectively. They are similar to these ofasilicThis agrees with the Delay-

Bandwidth Product (DBP) described in Eq. (2-16).
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Figure 5-10 Measured electrical pulse fcfractal H on Mylar:

Perpendicular polarization.
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There is relationship between time delay and decay time. Thpid@ ratiol and the

exponential attenuation rateof an under damped resonator can be expressed as

0= 35= oo (5-6)
Q=5=3 (5-7)

wherew, is the resonance freque9,50].

Relationship between Q factor and time delay can be expressed in one formula:

Q=—%%. (2-15)

By substituting Eq. (2-15) into Eq. (5-7), attenuation vatan be expressed as

a=-2 (5-9)

2ty
Sinced is approximately constant, this formula describes that larger dehay produces
low attenuation and longer decay time. Since the measured Q fattdsdar structure are
lower than these of silicon, attenuation rater decay time is faster than that of silicon. For
polarization parallel to the x-axis, the decay time for the Mylar streés 0.62 ps although it
is 1.65 ps for that of silicon. Same result can be seen for perprdpolarization. As

conseqguence, to obtain larger time delay, the Q factor is needed to be large.

Figure 5-13shows the time delay and phase advance of the positive fragiattétn on
Mylar. In (a), for electric field parallel to the x-axis, the maximum time delayan thgion is
0.71 ps (the velocity of light 0.51x18 m/s). Since it takes approximately 0.12 ps to pass
through blank Mylar, this is relatively 0.58 ps slower. Moreover,igsat to noise ratio is

very high compared to the result of silicon. For the perpendicularzatian, the maximum
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delay is 0.6 ps (the velocity of light 0.61x18 m/s). However, since the transmission
window is placed around 4.70 THz, amplitude of transmitted wave Iy veahk. Moreover,
the reflection component effects on these higher frequency regms.isl the reason the
curve of time delay is noisy. At 1.64 and 1.99 THz for parallel p@tom and at 2.87 THz

for perpendicular polarization, negative time delay is observed.

In fact, since negative dispersion is not so rapid, those time delayst remarkable values.
From this experiment, however, we found that how dielectric constatbstrate affects the

peak position and bandwidth.
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Figure 5-13 Measured time delay and phase advance: (a) Parallel arlefpg¢ndicular
polarization.
For parallel polarization, dip at 1.15 THz; timdale= -4.25 ps
hill at 1.64 THz; time delay = 0.72 ps (Solid i@
dip at 1.99 THz; time delay = -1.16 ps
For perpendicular polarization, dip at 2.87 THmdidelay = -1.60 ps
Peak at 4.70 THz; time delay = 0.70 ps (Solid e
Blue and red colored region correspond to negatnaese dispersions
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5.4 Summary

In conclusion, Mylar enable as quaci-free standing metamlastriecture. Increasing the
accuracy of time delay has been a challenge because uskcard svafer has strong
reflection after about 15 ps time scan. We achieved highrapeesolution measurement
and obtained accurate time delay. However, with the same fitdctfucture and same
dimensions as being used on silicon, the measured delay was mokabliy slow. Since
permittivity of Mylar is small compared to that of silicon, shcreated the shift of
transmission window, the broad bandwidth, and the dull phase shift whickades the time
delay. From the simulation, we learned that increasing thehl@igesonators could conquer

these problems. Strong dispersion can be expected in the transmission window.
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CHAPTER VI

FUTURE WORK

6.1 Inproved slow light device

In this section, | would like to show a design based on the previousiregpéal
results.Fig. 6-1(a)shows the dimensions of the new pattern with P = 100, a = 90, b =78, c
65, d =76, w=4 and w= 5 pum. The lengths of each resonator are not just simply expanded,
but adjusted so that it produces high performance as a slow lighed@/hen this structure
is fabricated on Mylar, the simulated transmission and phaséawesn Figs. 6-1(b)and
(c), respectively. Much narrower bandwidth and more extreme phase dispeesanhi@ved.
Large time delay can be expected. The advantage of this stristunt only mimicking EIT

remarkably, but having multiple transmission windows for both polarizations.
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P=100,a#9C b=78,c=65d=76,4and w=5um.
This structure is fabricated on Mylar.
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Figure 6-1Design of metamaterial with narrow bandwidth antfezre dispersic:

(a) Design, (b) Nrmalizedamplitude transmission, and (chdse advan. For parallel
polarization, peak at 0.62Hz: FWHM = 0.06 THz and Q = 10For perpendicula
polarization, peak at 1.3PHz: FWHM = 0.13 THz and Q = 11.
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6.2 Multiple Mylar layers

Metamaterials fabricated on multi-layers are also amdstig topic. As we have seen, the
single Mylar metamaterial can be assumed as a quasstheding structure. In this section,
the characteristics of multiple blank-Mylar films are expentally characterized. In the
measurement, a holder is used to have tightly contacted fiiiges. 6-2(a)and(b) show the
time domain data of multiple blank-Mylar filmbig. 6-3(a)and(b) show the corresponding
frequency domain and phase spectra, respectively. For the phases awnevdlipped
periodically since their measurement range Ess 0 < g | did not use function “unwrap”
because of the view-ability. The total scanning time and specesotution are 66.7 ps and
15.2 GHz. These time domain signals resemble each other very muckflacton-like
signal is not found clearly. In the frequency domain, curves of twataed layers show
small-inconsistent characters. However, the low attenuations aatharkable phase shifts

indicate that the multiple layers can also be used for quasi-fregirggestructures.
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Figure 6-2 Measured time domain data of multiple blank Mylar films: (a)Marview

and (b) Enlarged view.
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Fabricating slow light metamaterials on multiple mylar fay@otentially act more
effective slow light devicerig. 6-4shows the diagram of beam passing through two slow
light layers, A and B. From the chapter 2, the incident bedm) and the transmitted
signaly(t) through the slow light device A which has the transfer functioll Giw) are
expressed d48]
x(t) = el®t, (1-16)
y(t) = |H(jw)|e/ @+, (1-17)
Here, we put another slow light layer B after A. Assuft® is the output signal from
the layer B. The time profile af(t)and eventual time delagz(w) are describes 48]
2(t) = H(jw)y(®)
= |H(jw)|e/®@|H(jw)|e/(@t+d@)
= |H(jw)|231(wt+2¢(w))' (6-1)
tgz(a)) = 2tg(w). (6-2)
wheret,(w) is the time delay created by the first layer. As a consegéhe phase

change and the time delay are proportional to the number of layers.

x(©) | y() | z()

> > >
Ll Ll Ll

Input Output
A\/ B
Slow light layers

Figure 6-4 Diagram of light passing through two slow light layers.
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However, if those layers are placed enough close each other, enudfjgdction due to
these surfaces interfere. As a result, they potentiallyilkeectHabry-Pérot interferometer
and the output signals are decided due to the space between[1&y8i§ To prevent
this, the metamaterials are needed to be fabricated thremnslonally, because our
planar metamaterials potentially act like mirror. Or wegehto place these layers with
appropriate distances each other to make the multiple reflectfent efs small as

possible.

Investigation of multiple layers brings us new perspective tostbdy of so called
“mechanical matamaterial’. By adjusting the position of eagbrl&awo-dimensionally,

we can learn variety of characteristics with high speoctisdlution.N. Papasimakist al.
investigated the EIT-like phenomena with the double-layer fisle-stauctures on 1.5
mm PCB laminat¢25]. They used “trapped mode” resonances to weakly couple to free
space. If we can adjust one layer of the fish structures longitlydiitamight tune the

frequency position of the transmission window, making a powerful control device.

6.3 Sensing devices

Slow light metamaterials can potentially act as a high semsinterferometer[46].
Figure 6-5shows the schematic diagram. An incident beam is divided intbywsing a
splitter. One of the beams transmits through the normal arm. Bespafr signal are not
changed and this beam will be used as a reference. Another beam passashierslayv

light arm. As a slow light device, metamaterial can be useétd At the accumulator, by
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using interference effect, the properties of information canob&ined with high
sensitivity.
There are three benefits:

(1) The pulse passes through the slow light arm with very slow growgitselThe
sample contributes to the light for long time.

(2) The light passing through the slow light arm contains strong andxpyately
linear phase dispersion. A small phase change due to the sanpbe detected
clearly.

(3) Signals coming from normal and slow light arms interfere andgnding effects,

such as temperature and humidity, can be cancelled.

Normal arm

o

Slow light arm
) e

Sample for detection

Figure 6-5 Schematic diagram of slow light sensing device. The red coloreda a
contains slow light devises. Sample is filled in the blue colored area.
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From the interference theory, the phase difference of interferomebgonsssed as

Ap(v) = 2%n(u)L, (6-2)
whereA¢ (v) andn(v) is the change rate of the phase difference and refractive index of
the slow light mediunj52]. The sensitivity of the spectral is related to the chantge ra
with the signal frequency. The sensitivity of the interferometer is thus expressed as

L) i(zlvn(v)L) = % (n + vd—n) =l (6-3)

dv  dv c dv c

whereny is group index52]. Thus, the sensitivity of the sensing device or interferometer

relies on effective length of the slow light arm.

Figure 6-6shows the simple sketch of the amplitude transmission and phase doange
to the sample at the slow light arm. The peak position shifts dine t@fractive index of
the samplga). Since the group velocity in the transmission window is very stbev,
light is contributed from the sample for relatively long timbisTenables the very sharp
absorption line. The corresponding phase change occurs, as shiikrSimce the phase
of the incident beam has linear properties, small phase chaege the sample can be

detected obviously.

A

@

Phase Change

Transmission

A\ > 5
Frequency Frequency

Figure 6-6 Sketch of the amplitude transmission and phase change due to file. shen
solid blue curves are the incident pulse to the sample containedashed blue curves
are the output from the sample container. (a) and (b) are spattiralow light devise.
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CHAPTER VII

Conclusion

We experimentally demonstrated the slow light effect in tiaetdl H metamaterial
fabricated on silicon. This slow light device produces two trangonisgindows for each
polarization. Narrow bandwidth and strong-negative phase dispersitineakey factors
to produce large time delay. However, the device showed low Q fantbthe detected
slow light was not remarkable. We could conquer this problem by exgatitd lengths
of the resonators since this method creates narrow bandwidth. lioaddie need to

have a strong phase dispersion as well.

We also experimentally demonstrated time delay of the complameritactal
metamaterial. Its phase advance showed extreme dispersion. Hatvdwees, not include
negative dispersion which produces positive time delay. The complemsirature is

not suitable for slow light device.

Mylar substrate enables quaci-free standing structure. We adhibigh-spectral

resolution measurement and more accurate time delay compared tof thsing of
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silicon wafer as substrate. However, when we use fractalkriittgre with same
dimensions used on silicon, the measured delay was not remarkably Sihce the
permittivity of Mylar is small compared to that of silicorist created the shift of
transmission window, the broad bandwidth, and the dull phase shift which pdoduce
small delay. There is a trade off for use of substrate witareint permittivity. When a
metamaterial structure with same dimensions is used as diglawdevice, the silicon
substrate allows us to obtain a narrow transmission window placeithei lower
frequency region but its spectral resolution is low because aéfleetion. On the other
hand, Mylar enables high spectral resolution measurement but the issiosnwindow

is broad and placed at higher frequency region. We can expand the length of thtoreson
approximately twice as long as that of silicon to obtain slightly simpilaperties. Strong-

negative dispersion can be expected on the metamaterials on Mylar.
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