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CHAPTER I 
 
 

INTRODUCTION 

 

1.1 Short history of metamaterial 

Depending the sign, of in the relative permeability and relative permittivity, 

material in nature can be categorized in three groups (Fig. 1-1) [1,2]. The permittivity, 

permeability and index are related as [3,4] 

� � �√����     (1-1) 

where  �� and �� are the relative permittivity and relative permeability, respectively [3,4]. 

When either permittivity or permeability is negative, the refractive index becomes 

imaginary and the electromagnetic wave cannot go through that material. Such materials 

are either metal or magnet. On the other hand, when both permittivity and permeability 

are positive or negative, the refractive index has a real value and the electromagnetic 

wave can transmit them. However, the double negative material had not been discovered 

until in the latter half of 20th century [4]. In 1968, V.G. Veselago predicted that 

“Refractive index must be negative when one has both negative relative-permittivity and 

negative relative-permeability” [3,4].  
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However, people could not find such material with negative index of refraction in nature. 

In 1990, J.B. Pendry et al. discovered that artificial materials which contain fine 

structures can realize whole new electromagnetic properties [2,3]. Also,  in 2000, D.R. 

Smith et al. experimentally demonstrated that a substance containing certain two different 

types of structures can create negative index of refraction [4,6,7]. For both cases, they 

designed periodic structures whose dimensions are enough smaller than the wavelength 

of the incident electromagnetic wave. Metamaterials are thus defined that artificial 

structures that produce unusual electromagnetic properties not readily available in nature. 

          
Figure 1-1 Permeability and permittivity diagram [1, 2].  
 

In our Ultrafast Terahertz (THz) Optoelectronic Laboratory (UTOL) at Oklahoma State 

University, Jianqiang Gu et al. experimentally demonstrated the negative index of 

refraction in the THz frequency range in 2009. The dimensions, such as shape, length, 

space (gap), and periodicity etc., are important factors because they determine the 

electromagnetic properties [8,9]. The most famous structure is split-ring resonator (SRR) 

and striated wire in Fig. 1-2. The electromagnetically response of the structure can be 

equivalence as an electric circuit, as shown in Fig. 1-3 and their resonance frequency is 

decided by its dimension [1,10].   
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Figure 1-2 Wires and SRRs [4]. 
 

 

 

 

 
Figure 1-3 SRR and corresponding electric circuit [1]. (a) A double SRR and (b) a 
single SRR. 
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1.2 Negative refraction phenomena 

 

Materials with negative index of refraction show unusual phenomena at Snell’s law, 

Doppler shift, Cherenkov radiation, disagreement of group and phase velocity, and so on 

as described in Fig. 1-4 [4,5,11]. One of the most interesting applications is “superlens”, 

device that performs exceeding limit of resolution [4-5]. This will benefit nanofabrication 

technology in semiconductor industry. People expect to have breakthrough in optical 

communication systems such as optical fibers, cloaking devices, and control technique in 

the microwave and higher frequency region.  

 
 

                          
      (a) (b)    

                            
        (c)                 (d)  

Figure 1-4 Some phenomena in material with negative refractive index [4]: (a) Snell’s 
row, (b) Doppler effect, (c) Cherenkov radiation  and  (d) Group and phase velocity. 
Blue background: phenomena when the material has normal refractive index, Red background: phenomena 
when the material has negative refractive index, (a): when the incident beam transmits from positive to 
negative medium, the light is bended to the same side. (b): a receding object looks bluer in material with 
negative index. (c): In positive index, a charge travelling faster than light creates a cone in the forward 
direction In negative index, the orientation of the cone is opposite. (d): In negative index, phase velocity is 
opposite to the group velocity and energy flow.  
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1.3 Phase velocity and group velocity 

 

There are two kinds of velocities, phase velocity and group velocity [12]. Slow light is 

defined as situation that group velocity is slower than speed of light in vacuum, �	 
 � 

[12,13]. Phase velocity is defined as the speed of the individual waves. When a plane 

wave with angular frequency ω propagating through a medium with refractive index of n, 

it is expressed as [14] 

E�z, t� � Ae�������� 

  � Ae�� ,     (1-2) 

where k is the wave number k � n �
�  and z is the propagation direction [12]. When this 

wave with a constant phase point propagates a distance Δz in time Δt, we have  

 !" � #!t.     (1-3) 

The phase velocity is thus defined as [12,15] 

 �% � Δz
Δt 

   � &
' � (

).     (1-4) 

Thus, the ratio of the speed of light c to the phase velocity �% , � � (
*+

, is called the 

refractive index. The phase velocity cannot carry information since they are constant.  

 

Group velocity is defined as the speed of the wavepacket. They can carry energy and 

information. In the communications, we send and receive pulses which include various 

frequency components. Assume that there is a pulse φ  composed of variety of 

frequencies,  
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- � )&.
( / #0.    (1-5) 

At the peak of this pulse, their Fourier components would add up in phase [12]. If there is 

no distortion, these components must add up in phase regardless of position z. this is 

expressed as 

 
12
1& � 0.     (1-6) 

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

1)
1&

&.
( 4 ).

( / 0	 � 0.    (1-7) 

The group velocity �	 is defined as [12,14] 

�	 � �
�6

, 

   � (
)7&89

8:
� 1&

1'      (1-8) 

Alternatively, �	 is expressed as [12,14] 

�	 � �
;6

,     (1-9) 

n< �  � 4 # 1)
1&.    (1-10) 

where n<  is the group refractive index. In the communication, the group velocity is 

extremely meaningful because the information is transmitted by light pulse and speed of 

group velocity acts as the speed of information. Since pulses contain various frequency 

components, the group velocity can be modified although phase velocities are constant.  
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1.4 Slow light and group delay 

 

The speed of light in vacuum, c is approximately 2.998×108 m/s [16]. This constant has 

been one of the foremost important physical constants and has been used in Maxwell’s 

equations. However, the recent research has showed that the velocity of light is 

controllable. Slow light is defined as a propagation of an optical pulse or other 

modulation of an optical carrier at very low group velocity [17]. Group delay is a 

measure of time distortion, or a measure of a slope of the transmission phase response 

[18]. In the Linar Time-Invariant (LTI) system theory, the input signal =�0� and output 

signal >�0� of a LTI system is expressed as 

>�0� � ?�0� @ =�0�,     (1-11) 

where ?�0� is the time domain impulse response of the system [18-20]. Its frequency 

description is  

A�B� � C�B� @ D�B�     (1-12) 

where C�B� , D�B�  and A�B�  are the Laplace transform of ?�0� , =�0�  and >�0� , 

respectively [18-20]. C�B� is the transfer function of the LTI system. Here, we assume 

that the input signal =�0� is a quasi-sinusoidal signal, such as 

=�0� � E�0�cos �#0 4 I�.     (1-13) 

The output >�0� is very well approximated as  

>�0� �  |C�K#�|E�0 / L	�cos �#�0 / LM� 4 I�  (1-14) 

if  
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1 NO<�P�Q��
1Q R #.     (1-15) 

Here, L	 and LM are the group delay and phase delay, respectively [18]. When the input 

=�0� is a complex sinusoid, such as 

=�0� � ST&Q,     (1-16) 

the output is expressed as [18] 

>�0� � C�K#�ST&Q 

           � |C�K#�|STM�&�ST&Q 

    � |C�K#�|ST�&Q7M�&��.        (1-17) 

Here the phase shift of the transfer function U�#� is defined as [18] 

U�#� � arg YC�K#�Z.      (1-18) 

Now, the group delay L	 and phase delay LM are expressed as [18] 

0	�#� � / [M�&�
[& ,      (1-19) 

LM�#� � / M�&�
& .      (1-20) 

The group delay 0	 is thus the rate of change of the total phase shift with respect to 

angular frequency [18,21]. The formula can also be obtained from Eq. (1-8) such as,  

0	 � " ['
[&, 

          � \ ]
^_� ]

^`abc
[&  

               � / [M�&�
[& .       (1-21) 

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

used for high-capacity THz communication networks, all-optical information processing 
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and sensing devices. There are some techniques to achieve it, such as Electromagnetically 

Induced Transparency (EIT), photonic crystals, and so on [17]. They need to have strong 

dispersion in a narrow frequency region. In this work, we demonstrate the slow light or 

group delay by using metamaterials. In the next section, the atomic system of EIT is 

explained. The basic concept of EIT can be directly used to build metamaterials to mimic 

it and enable slow light devices.  

 

1.5 Electromagnetically Induced Transparency to achieve slow light  

1.5.1 Atomic System of EIT for slow light 

 

Theoretically, EIT is described by using three level atomic systems [22,23]. EIT in 

atomic system can be explained by destructive quantum interference between the pump 

and the probe beams. When only the probe beam is ON, as shown in Fig. 1-5 (a), the 

ground and exited states are coupled and absorption occurs [22]. Here, there is no 

transition allowed between the ground and meta-stable state. The refractive index varies 

according to the absorption, as shown in Fig. 1-6. When both probe and pump beams are 

ON, interference between the two transitions decrease the probability of electrons 

existing in excited state. Since the absorptions were restrained, there is a certain 

frequency range among the broad absorption peak which has transparency. In this case, 

the refractive index has very sharp variation, as shown in Fig. 1-6. This produces long 

pulse delays and slow light behavior [22].  
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(a)      (b)  

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

 

 

(a)       (b)  

Figure 1-6 Transmission and refractive index characteristics of EIT [22]: (a) 
Transmission and  (b) Index of refraction. 

 

1.5.2 Equivalent EIT effect   

 

C. L. Garrido Alzar et al. experimentally demonstrated the EIT like phenomena by using 

RLC circuit [24]. This mechanical model (Fig. 1-7(a)) has two harmonic oscillators with 

mass m1 and m2, respectively. The particle 1 is connected to two springs with constant k1 

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

connected to another particle 2. The spring 2 is attached to the particle 2 and wall. The 
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harmonic force F is applied to particle 1. The pump field is created by the coupling of 

these two resonators with spring K connecting them. The probe field is described as the 

harmonic force working on particle 1. The power which particle 1 absorbs from the probe 

force is measured. Fig. 1-7(b) shows the equivalent electric circuit. The right side circuit 

which contains a resistance R2, capacitor C and C2, and inductor L2 creates pumping 

field. The probe field is produced by the voltage source. The left side circuit which 

contains resonator R1, inductor L1 and capacitors C1 and C describe the atom. The 

resonator R2 describes spontaneous life time decay from the excited state. The capacitor 

C acts as coupling between the pumping field and atom. One measures the power 

transferred to the circuit mesh including R2, C, C2 and L2, from the voltage source Vs. 

When the switch is off, there is an amplitude peak whose position is determined by the 

value of elements. When the switch is on, the pumping resonator acts on the left circuit 

mesh. In the certain frequency range, the absorption caused by the circuit mesh is 

vanished.  

   

(a)       (b)  

Figure 1-7 EIT like phenomena in RLC circuit [24]: (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. In the THz regime, natural 

materials have difficulty to perform EIT since they have lots of energy bands and we 

need to set up the pump and probe beams precisely which request large-scale instruments. 

Natural materials thus have limitation to achieve slow light. Waveguides made up of 

silicon can potentially be used as the delay line system, but they costs expensively and 

take up space. By using the chip-scale metamaterial, we can mimic EIT [26]. We can 

perform slow light very simply. We can just let the incident beam passing 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 controllable by varying the structure 

dimensions.  

 

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

 

There are two methods to produce slow light behavior in linear optics. One is to use a 

technique so called breaking symmetry to lead two resonances whose resonance 

frequencies are close to each other [22,26]. As shown in Fig. 1-8(a), when the two arcs of 

the SRRs are symmetric and having the same length, the scattered wave interferes 

constructively and creates strong scattering. When the two arcs are asymmetric, however, 

the two resonators support currents oscillating in-phase, where anti-symmetric current 

configuration is established due to the coupling of the two resonators. The scattered wave 
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interferes destructively and thus scattering is eliminated or they create the reflection 

enhancement. This resonant mode has long lifetime due to its weak coupling to free space 

radiation and therefore appears to be “trapped mode” in the vicinity of the metamaterial 

surface. The resonant transmission peak is accompanied by steep normal dispersion. This 

produces low group velocities and slow light behavior. Increasing length of one arc 

causes further separation of the individual resonances. As another type structure, N. 

Papasimakis et al. investigated the fish-scale metamaterial (Fig. 1-8) [26]. The physical 

separation of the film creates resonance splitting. Although these resonators have dipole-

like resonances, either the one on first or second layer is stronger than another. This 

produces opposite phase which creates anti-symmetric current configuration. Thus, the 

configuration interferes destructively and the scattering is eliminated at the far field.       

 

 

 

Figure 1-8 Mimicking EIT metamaterial: (a) two arcs and (b) bilayered fish-scale [22, 
26]. 
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(B) Mimicking EIT on metamaterials: the “Coupling mode” 

 

Another method to mimic the EIT effect is to create coupling between the “bright” and 

“dark” eigenmode [27-29]. In 2009, Sher-Yi Chiam et. al. have experimentally 

demonstrated EIT using THz time domain spectroscopy (THz-TDS). They studied the 

mimicking EIT like phenomenon by using a planar metamaterial composed of SRRs and 

close rings, as shown in Fig. 1-9. For the closed outer ring, the eigenmode is called 

electric the dipole resonance. At the resonance frequency, a strong dipole resonance was 

excited on the two sides of the closed outer ring which are parallel to the electric field. 

Since this resonance strongly couples to the radiation field, it is called bright mode. The 

inner SRR does not support dipole mode around the resonance. The lowest order 

eigenmode of the inner SRR is the LC resonance and it couples to the free space weakly. 

Thus, interference of these two resonances enables a transmission window. The Q factors 

of the absorption dips for the sprit-ring and the closed ring are 11.3 and 1.25, respectively. 

The Q factors of the two resonances thus have to have a critical difference. Also, strong 

phase dispersion which reads large group index was measured.   

 
Figure 1-9 Outer closed and inner split-ring resonators to mimic EIT [27]. 
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1.6 About This Thesis 
 
The THz region is a new frontier. We still have difficulties to effectively generate and 

precisely focus the wave. Recently, researchers discovered that metamaterial can mimic 

EIT. They experimentally showed extreme dispersion and/or extreme group-index 

dispersion which of these produces slow right in the THz region. These researches 

extremely contribute the development of computer and communication system, 

semiconductor, medical and etc. Researchers have spent their focus on mechanism of the 

EIT-like phenomena, certain structures can show particular transmission, phase and 

refractive index properties, etc. In this thesis, I would like to develop 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, I designed a planar memtamaterial on silicon wafer. This structure is so 

called fractal H and referring to the interference method described in section 3.1.3 I 

discussed the challenges (1) and (2).   

 

In chapter 4, I experimentally demonstrated the time delay of complementary fractal 

metanamterial. I discussed about the challenge (1)  
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In chapter 5, I show a measurement technique to achieve high spectral resolution which 

leads to more accurate time delay. Phase dispersion is an extremely important factor, 

though it occurs in a very short frequency range. I found that Mylar acts as quasi-free 

standing structure. It is a suitable substrate for the slow light characterization. I discussed 

about the challenges (1) through (3)  

 

In chapter 6, future work based on the experimental results in chapters 3 and 5 are shown.   

 

Finally, I strongly desire that researchers contributing this research field may overcome 

difficulties and breakthrough will sustain the development of our society. 
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CHAPTER II 
 
 

TERAHERTZ TIME DOMAIN SPECTROSCOPY  
FOR SLOW LIGHT MEASURMEMT 

 
 

2.1 THz-TDS   
 

Figure 2-1(a) shows the optoelectronic THz beam system [30-35]. The wavelength of the 

femtosecond laser is 800nm. The light pulses at a repetition rate of 88 MHz are divided 

into two synchronized beams and reach the transmitter and receiver, respectively. The 

confocal quasi-optic system is bilaterally symmetric.  

 

 

(a) 

 
(b) 

Figure 2-1 THz time-domain spectroscopy: (a) schematic diagram of the experimental 
setup and (b) beam system in the dry box [30-35]. 
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beam of the THz pulses collimated by the 1st 

mirror where it is re-collimated into 

incident upon the 

receiver, where second matched parabolic mirror focus the beam into second identical 

electromagnetic field 

between the transmission lines. The sampling beam strikes the photoconductive-

corresponding photo 

The time dependence of this transit voltage is thus obtained by the 

 

the figure 



 

The relative timing between these pulses can be precisely adjusted by movement of the 

prism which is shown as 

3. The movable prism can be moved 

Since one step is 5µm, the total optical pass is 10µm. Thus, time 

travel 10µm is obtained by the following 

Therefore, it can change the time that laser pulse reaches 

reaches the receiver. Thus, 

 

Figure 2-3 Delay-line with 

 

In the experiment, transmission

three times under room temperature
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he relative timing between these pulses can be precisely adjusted by movement of the 

prism which is shown as “Measurement Delay Line” and “Manual Delay Line

can be moved forward or backward at each step by a step 

µm, the total optical pass is 10µm. Thus, time  which the light can 

travel 10µm is obtained by the following formula [34],  

Therefore, it can change the time that laser pulse reaches the transmitter or 

Thus, the whole THz signal can be measured. 

 
with a movable prism [34].  

 

 
transmission properties of sample and reference are measured each 

under room temperature.  

he relative timing between these pulses can be precisely adjusted by movement of the 

Manual Delay Line” in Fig. 2-

ward at each step by a step motor. 

which the light can 

.  (2-1) 

transmitter or the THz wave 

sample and reference are measured each 
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2.2 Group Delay Measurement 
 
 Assume Eref(t) and Esignal(t) are observed time profiles after passing through the reference 

and sample, respectively. By applying Fourier transform, the corresponding frequency 

domain spectra E�de�#� and Efg%�#� are obtained. 

 

    
(a)            (b)  

Figure 2-4 Spectra acquisition: (a) reference and (b) sample data [32,34]. 
 

 

These frequency domain expressions Aref (#) and Asmp (#) are expressed as follows [34]: 

E�de�#� � Ehexp �/ klmn
b o�exp pq �de�#�or,   (2-2) 

Efg%�#� � Ehexp �/ kst+
b o�exp pq fg%�#�or,   (2-3) 

where u�de and ufg% are absorption coefficients of reference and sample, respectively. 

 �de�#� and  fg%�#� are the wave numbers of reference and sample, respectively. L is 

the physical thickness of the sample. Since the thickness of the metamaterial is very thin, 

we can assume that the total thickness is apploxximately equal to L. The wave number  

 �de�#� and  fg%�#� can be written as follows. 

 �de�#� � bc)lmn
vlmn

,  fg%�#� � bc)st+
vst+

,    (2-4) 

where ��de and �fg% are reflactive index of the reference and sample [34].  

Ratio of these frequency domain expressions is written as [34]: 

E 0(t)
A 0(ω)

E ref(t)
A ref(ω)

R eference

E 0(t)
A 0(ω)    

E sm p(t)
A sm p(ω)

S am ple
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Pst+�&�
Plmn�&� � wxyst+�:�

_ z

wxylmn�:�
_ z

w{|st+�:�z

w{|lmn�:�z .    (2-5) 

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

metamaterial can be obtained as follows.  

} � ~Pst+�&�
Plmn�&� ~ � e��yst+�:�

_  � ylmn�:�
_ ��

.   (2-6) 

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

component [34].  

�} � ��� �Pst+�&�
Plmn�&� �     (2-7) 

� � fg%�#� /  �de�#��o  

� \bc)�&�
v / bc

v a o.     (2-8) 

In this slow light measurement, phase change caused by the slow light device is 

measured. Assume C�g%(K#� is the transfer function of the slow light system. The phase 

change is expressed as [36]   

U � arg \C�g%�ω�a � arg \Pst+�&�
P��&� a.   (2-9) 

By using the THz-TDS, we can detect ��de�0� and  �fg%�0�, not �h�0�. However, from 

the formula (2-2), we can obtain  

Eh�#� � E�deexp p/q �de�#�or.   (2-10) 

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

U � arg �Pst+�&�
Plmn�&� S�'�� � ~Pst+�&�

Plmn�&� ~ S���S�'�.  (2-11) 

Thus U can be written as  

U � �} 4  o.     (2-12) 
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The phase change caused by the slow light system U is the addition of phase change 

caused by the slow light metamaterial and that of substrate [36]. 

Again, the time delay 0	 can be written as [18,21]  

0	�#� � / [M�&�
[& .     (1-21) 

As a simple procedure, Eq. (1-21) simply tells us that one needs to create a narrower 

transmission window to produce large time delay. Phase change is also a very important 

factor; making it larger produces large time delay. The group velocity �	  is 

approximately expressed as 

 �	�#� � �
Q��&�.       (2-13) 

Thus, we can evaluate the performance of the slow light device by time delay.  

There are some relationship between the time delay 0	  and Q factor. The Q factor is 

expressed as a ratio of the resonance frequency and the full width at half-maximum 

(FWHM) [15, 34], 

� � ��
[� � #0

�#     (2-14) 

If we assume that the nonlinear effect does not happen when the transmission window 

becomes very narrow, we can obtain the relationship of Q factor and time delay. By 

substituting (2-14) into (1-21), we have  

0	 � /�U �
&�

.    (2-15) 

A important fact that Eq. (2-20) tells is obtaining high Q factor is not the method to 

achieve large delay. The Q factor can be large when the transmission window is placed at 

higher frequency. However, this does not affect the time delay at all. Again, the 

bandwidth is the most important factor. According to the definition of Delay-Bandwidth 
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Product (DBP) [37,38], the product of delay 0	  and bandwidth �#  which is equal to 

phase change �U is almost constant  

0	�#��# � constant.    (2-16) 

This tells us that obtaining narrow bandwidth is easier than large phase change. 

  

The spectrum resolution Δf is expressed as [34] 

Δf � �
������

� �
���.          (2-17) 

where N is the number of sampling points (in time domain) and  Δt is time resolution 

caused by the delay line expressed in equation (2-1). From the principle of Fourier 

Transform, if one wants to obtain the higher resolution Δf, the scanning time T�O� N is 

needed to be longer. 

 
When an electromagnetic wave incidents upon the surface of isolated subwavelength 

metallic particles, resonant reflection might occur due to excitation of dipolar localized 

surface plasmons (DLSPs) [39,40]. The particle is polarized and dipoles are induced 

under the incident electric field. The field enhancement due to DLSPs leads to unique 

optical antennas. Assume that the length of the subwavelength rectangle structure is equal 

to L.  When the antenna is excited with polarization of the incident electric field is 

parallel to the side with L, the resonance frequency f¡  due to DLSPs can be 

approximately expressed as following,  

f¡ � �
b¢ ε¤�`

_.     (2-18) 

 
where c is the speed of light and ε¤ is the permittivity of its substrate [40].  
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CHAPTER III 
 
 

FRACTAL METAMATERIAL AND 

 SLOW LIGHT MEASUREMENT 

 

3.1 Introduction 

Thus, specially designed metamaterial can mimic EIT-like phenomena and the extreme 

dispersion can lead to slow light [22-29]. Researchers have discussed the relationship 

among the structure design, transmission, phase and refractive index, etc. In this work, 

however, I study time delay (group delay) characterization using THz-TDS with focus on 

engineering slow light devices. I experimentally demonstrated that a fractal H 

metamaterial could enable slow light at THz frequencies. As described in section 1.5.3, 

there are typically two methods to mimic EIT with metamaterials and I used one of them, 

so called “Interference method” to obtain the transmission window. Then, I discussed the 

impact of dimensions on transmission and phase properties and the impact of these on the 

velocity of light.   

 

F. Miyamaru et al. experimentally demonstrate the electromagnetic response of H-fractal 

structures fabricated on the silicon wafer [41]. Their fractal H structure contains fractal 

Hs with being scaled down connected to each ends of the original fractal H though the 

width is kept as constant. They investigated the transmission response, such as amplitude 

transmission, phase change and etc. In my work, the fractal H metamaterials with 



25 

 

completely different alignments and dimensions were used to demonstrate the time delay. 

Fractal H structures containing two different sizes are suitable to 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 structures are fabricated by 

conventional photolithography and evaporation technique on a silicon substrate (640 µm 

think, n-type resistivity 12 Ω cm). In Fig. 3-1, there are two fractal H structures having 

different dimensions. The dimensions of the larger H are a = 45 µm, b = 38 µm, w1 = 4 

µm, and w2 = 5 µm. The dimensions of the smaller H are c = 29 µm, d = 28 µm, and w1 = 

4 µm. The periodicity P is 50µm. The orientation of the fractal Hs is such that either the 

THz electric field is parallel or perpendicular to x-axis, as shown in Fig. 3-1.  

 

  
Figure 3-1 Optical image of the fractal H structure: P = 50 µm. a = 45 µm, b = 38 µm,    
c = 29 µm, d = 28 µm, w1 = 4 µm, and w2 = 5 µm. 
 

P

P

W1

W1

W1

b

a

c d

W2

x
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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, respectively. The “Larger H” or 

“Smaller H” means the respective oscillators. Fig. 3-3 shows the surface current (a)-(c) 

and electric field distribution (d)-(f) at each frequency for electric field parallel to the x-

axis, respectively. Both larger and smaller H support dipole resonances and each lowest 

eigenmode is 0.63 and 0.99 THz, respectively. At 0.63 THz, the lower dip of the 

transmission window, only larger resonators are in strong resonance and are in-phase. 

This suggests that symmetric current on these resonators interfere constructively and 

create reflection enhancement. At 0.99 THz, the higher dip of the transmission window, 

only smaller resonators are in string resonance. They are also in-phase. This suggests that 

symmetric current configuration on these resonators emits electromagnetic field that 

interfere constructively and creates reflection enhancement. On the other hand, at 0.86 

THz, the center of the transmission window, both large and small resonators are in strong 

resonance. The electric field distribution (Fig. 3-3 (b,e)) indicates that counter 

propagating currents radiates fields which interfere destructively. This eliminates 

scattering which has weak coupling to free space and creates a transparency window. 

Important fact that worth to cite is when both resonators are in resonance, each resonator 

is in resonant simultaneously. For electric field parallel to y-axis, similarly, the larger H 

and smaller H support dipole resonance with lowest eigenmodes of 1.46 and 1.77 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 seen (Fig. 3-4 (b,e)). This 

eliminates the scattering and creates the transparency window. In Fig. 3-2(c), extreme 

dispersions are created for both polarizations.  



 

  

 

 

 

Figure 3-2 Simulation of 
amplitude transmissions, for parallel and perpendicular 
phase advance. In (a), a transmission window is found
and Q = 6.0. In (b), a transmission window is found 
= 10. 
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of positive fractal H on Si wafer: (a) and (b) are normalized 
, for parallel and perpendicular polarization, respectively

a transmission window is found at 0.858 THz. FWHM = 0.15
a transmission window is found at 1.65 THz. FWHM = 0.16 THz, Q 
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(a) 0.63 THz    (b) 0.86 THz    (c) 0.99 THz  

   
(d) 0.63 THz    (e) 0.86 THz    (f) 0.99 THz  

Figure 3-3 Simulated surface current and electric field distribution for E // X. (a)-(c): 
surface current, (d)-(f): electric field; Color distribution in (a)-(c) describes current 
strength. They do not indicate their direction. The distribution in (d)-(f) shown by red is 
the positive field and blue is the negative field.  

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

   
(d) 1.46 THz    (e) 1.65 THz    (f) 1.77 THz  

Figure 3-4 Simulated surface current and electric field distribution for E // Y. (a)-(c): 
surface current, (d)-(f): electric field; Color distribution in (a)-(c) describes current 
strength. They do not indicate their direction. The distribution in (d)-(f) shown by red is 
the positive field and blue is the negative field.  



 

3.3 Experimental 
 
The measured time domain signal transmitted through the fractal H and its frequency 

domain for parallel polarization

shows same for perpendicular polarization.

which participate in the reconance

and frequency domain data. 

Figure 3-5 Measured signals and spectra for positive fractal H on Si substrate for 
(a) Signal and (b) Spectra

 
Figure 3-6 Measured signals and spectra for positive fractal H on Si substrate for 
(a) Signal and (b) Spectra
 

0 2 4 6 8 10
-6

-4

-2

0

2

4

6

8

10

12

14

D
et

ec
te

d 
S

ig
na

l [
m

V
] 

Time Delay [ps]

0 2 4 6 8
-6

-4

-2

0

2

4

6

8

10

12

14

D
et

ec
te

d 
S

ig
na

l [
m

V
]

Time Delay [ps]

(a) 

(a) 

29 

Experimental results and discussion 

easured time domain signal transmitted through the fractal H and its frequency 

polarization are shown Figs. 3-5(a) and (b), respectively

for perpendicular polarization. Depending on dimensions of resonators 

the reconance, significant difference is observed in the time domain 

and frequency domain data.  

Measured signals and spectra for positive fractal H on Si substrate for 
pectra, , . 

 

Measured signals and spectra for positive fractal H on Si substrate for 
pectra, , . 
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τ ≈ 1.65 ps 

τ ≈ 3.2 ps 

(b) 

(b) 

easured time domain signal transmitted through the fractal H and its frequency 

, respectively. Fig. 3-6 

dimensions of resonators 

in the time domain 

 
Measured signals and spectra for positive fractal H on Si substrate for E // X: 

 
Measured signals and spectra for positive fractal H on Si substrate for E // Y: 
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For observation of life time of the surface mode mediating this transmission, we used a 

numerical fit to the signal. The decay is treated as Lorentzian (i.e, exponential) form [42],  

E�t� � Ae��/¨ .    (3-1) 

The decay time τ and time delay 0	  are different factors. The decay time or life time 

describes how long the excited electron takes to become stable. The time delay is how 

long a signal delays because of material. The time domain spectroscopy shows a 

decaying current oscillation with a carrier frequency about 0.91 to 0.96 THz for parallel 

polarization. This frequency matches exactly the central frequency of the transparency 

window (0.95 THz) and the maximum amplitude transmission exceeds 0.7. For 

polarization perpendicular to the x-axis, a transparency window at 1.71 THz is observed. 

The maximum amplitude transmission exceeds 0.8. The time domain spectroscopy shows 

a slowly decaying current oscillation with a carrier frequency about 1.67 to 1.76 THz. 

This frequency also matches exactly the central frequency of the transparency window. 

These resonances are related to the interference effect of resonators with two different 

lengths along the polarization direction.  

Their measured Q factors are 4.4 and 12.4 for electric field parallel and perpendicular to 

the x-axis, respectively. From the numerical fitting, the decaying time for the electric 

field parallel to the x-axis (1.65 ps) is smaller than that for perpendicular polarization (4.2 

ps). For both polarizations, phase shifts show extreme dispersions appearing where the 

transparency window occurs (Fig. 3-7). For perpendicular polarization, the right side of 

dispersion is not as strong as that for parallel polarization. For the region of the negative 

phase-dispersions, it is colored blue and red for parallel and perpendicular polarization, 

respectively. The phase change �U is 1.89 and 1.50 rad for parallel and perpendicular 



 

polarization, respectively

transmission window almost 

  

Figure 3-7 Measured normalized
advance. (zero padding applied
observed at 0.92 THz. Its 
peak at 1.71 THz. Its FWHM = 0.14 THz, Q = 12
correspond to negative phase dispersions
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transmission window, a 
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although width w1 and w

result, resonance frequency values of two dips 

The results are also shown in 
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different components.  
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respectively. The negative dispersion corresponds to the bandwidth of the 

transmission window almost perfectly.   

 

 
normalized-spectra: (a) amplitude transmission and (b) phase 

zero padding applied, ) For parallel polarization, 
. Its FWHM = 0.21 THz, Q = 4.4. For perpendicular polarization

FWHM = 0.14 THz, Q = 12. Blue and red colored region 
correspond to negative phase dispersions. 

 
Here, to consider the relationship between lengths of resonators and 

 simulation is carried out. In this simulation, 

resonators and periodicity are uniformly reduced or extended from 

and w2 are kept as initial values (Fig. 3-8). From each simulation 

frequency values of two dips around the transmission window 

The results are also shown in Fig. 3-9. In the figure, circular and cross markers are 

to lower and higher dip positions of each transmission window, 

respectively. For x polarization, both higher and lower dips are seem

For y polarization, however, the circle and cross markers showed 
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Figure 3-8 Increase the periodicity and lengths: The structures described with dashed 
lines are original scales. In the simulation, ΔL is extended from -5 to 35 µm with every 5 
µm step.  
 

Then, the approximate curves for the previous simulation results are considered. Again, 

from Eq. (2-18), the resonance frequency of rectangle metamaterials due to the DLSPs is 

expressed as [39,40]  

f¡ � �
b¢ ε¤�`

_.     (2-18) 

For the fractal H structure, we made an assumption that this fractal H structure which is 

the combination of the rectangular resonators potentially shows similar resonant 

properties to that of the above rectangle structure. More concretely, it can be assumed 

that there are two rectangular resonators for x orientation and four rectangular resonators 

for y direction (Fig. 3-10). Then, each resonator individually satisfies the above principle. 

In fact, the fractal H metamaterial has two resonance frequencies and a transmission 

window placed between them. These resonance frequencies of lower and higher dips 

have been obtained by previous simulations. As a result, these resonance frequencies for 

silicon substrate  f¡«¬ and f¡®¬ are approximately explained as  

ΔL

ΔL

ΔL

b

a

ΔL

c

d



 

where a and b are constants and 

Figure 3-9 Resonance frequency approximation
obtained from equations 
simulations.  “Lower Dip
transmission window, respectively. For y polariza
“Higher Dip” have different approximate curve
center frequencies of parallel and 

(a
Figure 3-10 Rectangular
perpendicular polarization. 
polarization, the lengthwise

B

A

tg = 9.7 ps

tg = 9.0 ps
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,  for E // X 

,   for E // Y 

where a and b are constants and  is the dielectric constant of Si (=11.

frequency approximation of fractal H on silicon
 (3-3) and (3-4). The circle and cross markers are obtained by 

Lower Dip” and “Higher Dip” suggest left and right edges of the 
transmission window, respectively. For y polarization, markers of “Lower Dip

different approximate curves. A and B with solid lines are measured 
center frequencies of parallel and perpendicular polarization, respectively.

 

  

(a)     (b)  
Rectangular resonators in fractal H structure: (a) parallel

perpendicular polarization. The red arrows suggest the current flows. 
lengthwise resonators are needed to be taken in to account.
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=11.4 at 0.1THz).  

 
silicon: solid lines are 

4). The circle and cross markers are obtained by 
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A and B with solid lines are measured 
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For parallel polarization, the two longitudinally-arranged rectangles strongly contribute to 

the dipole resonance (Fig. 3-8 (a)). Therefore, the effective length contributing to this 

resonance is needed to be taken into account. For larger H structure, the effective length 

is approximately equal to a+b µm or 1.84a. For smaller H structure, the effective lengths 

are approximately equal to c+d µm or 1.97c. Thus, we put 1.9L, the average of these 

effective lengths, for the denominator of (3-2). On the other hand, for perpendicular 

polarization, we can consider that the contribution of the laterally-arranged resonator to 

the longitudinal rectangles is sufficiently-small (Fig. 3-8 (b)). Thus, we have L for the 

denominator of (3-3). The curves calculated by these equations are show in Fig. 3-9 when 

the constants a � +0.05 THz, the constant b � 0.1 THz.  Strictly speaking, there are 

mainly two factors that increase the accuracy of these fitting curves. One is that the 

average effect of the substrate and free-space is needed to be taken into account. Another 

is that we need two approximation curves to describe the resonance frequencies of the 

two resonators individually for the perpendicular polarization since the contribution of 

the laterally-arranged resonator placed in each H structure cannot be ignored. 

As consequence, the importance of this figure is that if one wants to have narrow 

bandwidth peak, making the lengths of two resonators large (keep the ΔL constant) might 

give that output. However, it is worth to recite that achieving narrower bandwidth 

sometime does not directly produce large time delay. Although extending the length of 

resonator creates narrow bandwidth, its phase advance might not be so critical. In fact, 

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

perpendicular to the x-axis, respectively, that obtained by using Eq. (1-21). The 

theoretical value of time that beam passes through the Si substrate is approximately 7.26 

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

maximum 1 ps slow light (velocity = 2.64×108 [m/s]) is observed. In (b), slow light 

(velocity = 2.24×108 m/s) is also observed at 1.71 THz. According to Eq. (2-16) which is 

0	�#��# � constant,    (2-16) 

i.e. the product of delay 0	 and bandwidth �# is almost constant [37,38].   

From this experiment, the bandwidth for parallel polarization is broader than that of the 

perpendicular one. This causes time delay of the latter slower than that of the former.  

�#P ¯ �#° ⇔ 0	P 
 0	°.   (3-4) 

Slowness of these is strongly related to the negative phase dispersion in the whole 

extreme dispersion. Moreover, these curves contain noise like oscillations whose 

amplitude is relatively high. It makes these outputs not trustable. On the other hand, at the 

dips placed at 0.70 and 1.11 THz in (a) and at 1.56 THz in (b), negative time delays are 

observed. Their time delay was faster than that in the blank silicon water and expressed 

as [12], 

0	 ¯ �.      (3-5) 

Thus, the negative phase dispersion creates slow light. Instead, the positive phase 

dispersion enables the fast light.    
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ime delay and phase advance: (a) parallel and (b) 
For parallel polarization, dip at 0.70 THz: time delay = -7.9 ps

time delay = 9.0 ps (Solid line A), dip at 1.11 THz: time delay 2.7
polarization, dip at 1.56 THz: 1.22 ps, peak at 1.71 THz; time delay = 9.70 

Blue and red colored region correspond to negative phase dispersions
 
 

We experimentally demonstrated slow light of fractal H metamaterial. 

a transmission-window for each polarization. Narrow bandwidth and 

strong phase dispersion are key factors to produce large time delay. Especially,

negative dispersion within the extreme dispersion contributes to slowness. 

dips) and amplitude of transmission window does not directly affect the slowness. 

the device showed low Q factor and the detected slow light was not remarkable. 

this problem by expanding lengths of resonators since this 

Seeking high Q factor is one method to obtain the narrow bandwidth. 
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CHAPTER IV 

 

COMPLEMENTARY FRACTAL METAMATERIAL  

AND TIME DELAY 

 

4.1 Introduction 

Positive type structures have been used for most of previous work to mimic EIT since 

interference or coupling between the resonators is the key technique. In this chapter, I 

experimentally demonstrate a complementary fractal H structure which has the same 

dimensions as used in the previous chapter. For the compliantly structure, frequencies of 

the transmission dip with the incident polarizations rotated 90 degrees are seen at the 

same frequencies as those of transmission peaks in the positive fractal structure. This is 

called the Babinet’s principle [42-44]. 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 are fabricated by 

conventional photolithography and evaporation technique on a silicon substrate (640 µm 
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think, n-type resistivity 12 Ω cm). Fig. 4-1 shows the complementary structure. 

Dimensions are exactly equal to these of the positive type structure. The dimensions of 

the larger H are a = 45 µm, b = 48 µm, w1 = 4 µm, and w2 = 5 µm. The dimensions of the 

smaller H are c = 29 µm, d = 28 µm, and w1 = 4 µm. Periodicity P is 50µm.  

 
Figure 4-1 Optical image of the complementary fractal H structure: P = 50 µm. a = 45, b 
= 48, c = 29, d = 28, w1 = 4 and w2 = 5 µm. 
 

Figure 4-2 shows the simulated spectra of the negative fractal H on Si substrate. Both 

spectra agree with the measured spectra, although blue shift is observed. Also, Figs. 4-3 

and 4-4 show the distribution of simulated surface current and electric field for 

polarizations parallel and perpendicular to the x-axis, respectively. When a resonator, 

outer and/or inner fractal H, in the positive fractal structure is in resonant, the electric 

field between the gaps, i.e. the space between neighboring resonators, is enhanced. At 

this time, the corresponding area of the complementary structure has high surface current 

distribution. Similarly, when electric field distribution in the complementary structure is 

largely located around a resonator, the corresponding resonator in the positive structure 
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has high surface current distribution. These observations agree with the 

Carsten Rockstuhl et al [43] and of Hou-Tong Chen et al [44]. Thus, for

incident wave induces surface current on resonator and charge

accumulated at the edge. The gap produces enhanced electric field. On the other hand, for 

the complementary structure, the incident wave induces current on surrounding metal and 

in various areas. Therefore, this phenomenon is caused by electric 

, not magnetic or magneto-electronic response.   

 

 

ed spectra of negative fractal H on Si substrate: 
Phase advance. For parallel polarization, peak at 0.88 THz

and Q = 10.5. For perpendicular polarization, peak at 1.67
Q = 12.  
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(a) 0.65 THz    (b) 0.79 THz    (c) 1.03 THz  

   
(a) 0.65 THz    (b) 0.79 THz    (c) 1.03 THz  

Figure 4-3 Simulated surface current and electric field distribution of complementary 
fractal H metamaterial for E // X: (a)-(c): surface current, (d)-(f): electric field; Color 
distribution in (a)-(c) describes current strength. They do not indicate their direction. The 
distribution in (d)-(f) shown by red is the positive field and blue is the negative field. 
 

   
(a) 1.45 THz    (b) 1.67 THz    (c) 2.45 THz  

   
(d) 1.45 THz    (e) 1.67 THz    (f) 2.45 THz  

Figure 4-4 Simulated surface current and electric field distribution of complementary 
fractal H metamaterial for E // Y: (a)-(c): surface current, (d)-(f): electric field; Color 
distribution in (a)-(c) describes current strength. They do not indicate their direction. The 
distribution in (d)-(f) shown by red is the positive field and blue is the negative field. 
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4.3 Experimental Result and Discussion  

The transmission spectra of the negative (complimentary) type of fractal H structures are 

also experimentally investigated. Figs. 4-5 and 4-6 show the measured electric pulse and 

corresponding FFT spectra for the electric field parallel and perpendicular 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 is 7. In Fig. 4-6(b), an 

absorption window located at 1.7 THz. Also, the Q factor for the polarization 

perpendicular to the x-axis is 14. These time domain spectra show the decay time of 1.40 

and 1.74 ps for the parallel and perpendicular polarization, respectively. These time 

domain data for x polarization show the decaying current oscillation with carrier 

frequency from 0.86 to 0.97 THz. The frequencies match to these of each absorption 

window (dip). For the perpendicular polarization, the decaying current oscillation with 

carrier frequency is about 1.6 THz and this also matches to the frequency of the 

absorption window. Fig. 4-7 shows normalized amplitude transmission and phase 

advance. Zero padding has been applied for these figures. For the complementary 

structure, the ratio of metal area against one unit cell is 0.68 (0.42 for the positive). 

However, the energy of the incident wave is not refracted from the surface or confined in 

the subwavelength slit very much [43]. The dip position observed in each spectrum 

corresponds to peak position in the positive type structure. For both polarizations, a 

strong normal dispersion appears within the corresponding absorption window.  
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 Figure 4-5 Measured signals for complementary structure on single Si substrate for 
parallel polarization: (a) Measured electrical pulse and (b) Measured spectra.  

 
 
 

   

Figure 4-6 Measured signals for complementary structure on single Si substrate for 
perpendicular polarization: (a) Measured electrical pulse and (b) Measured spectra. 
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Figure 4-7 Measured normalized amplitude and phase of complementary fractal H on Si 
wafer: (a) Normalized amplitude transmission and (b) Phase advance. For parallel 
polarization, peak at 0.92 THz: FWHM = 0.14 THz and Q = 7.0. For perpendicular 
polarization, peak at 1.72 THz: FWHM = 0.16 THz and Q = 14. 
 

Figures 4-8 shows measured time delay and phase advance for parallel (a) and 

perpendicular (b) polarization. Since the complementary structure has only one 

absorption dip, the phase shift curve does not have regions which produce positive delay. 

Thus, for the complementary structure, slow light phenomena do not occur well. 

However, sharp negative time delay is observed for the corresponding absorption 

window.   

 

   
Figure 4-8 Measured time delay and phase advance of complementary fractal H on 
silicon wafer: (a) Parallel and (b) Perpendicular. For parallel polarization, dip at 0.92 
THz: time delay = 1.24 ps, dip at 2.48 THz: time delay = -6.24 ps, and peak at 2.48 THz: 
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time delay = 9.45 ps. For perpendicular polarization, hill at 1.61 THz: time 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 the complementary fractal 

metamaterial. Its phase advance showed extreme dispersion. However, it does not include 

negative dispersion which produces positive time delay. Instead, fast light was observed 

within the range of positive dispersion. Thus, the complementary structure is 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 metamaterial structure on Mylar, a Polyester 

film, as a substrate instead of silicon wafer. Again, a phase dispersion is the extremely 

important factor for the slow light characterization. Since such dispersion occurs in 

extremely short frequency range, measurement with higher spectral resolution is 

definitely needed. I will show background and problem that previous measurement has 

from section 5.1.1. Then a new technique to enable much longer time domain scan and to 

obtain accurate slow light analysis will be shown from section 5.1.2.  Before I start next 

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

0	�#� � / [M�&�
[& .    (1-21) 

Measurement of time delay requests accurate phase and frequency change in very short 

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, n-type 

resistivity 12 Ω cm). The total scan time is 66.7 ps. According to Eq. (2-1), the scanning step 

Δt  is 0.033 ps (total scanning points = 2000). The reflections due to the second surface of 

silicon come every ~ 14.5 ps after the first transmitted beam. The corresponding Fourier 

transformed amplitude spectrum and phase advance are illustrated in Figs. 5-1(b) and (c), 

respectively. These reflections in the time domain signal spoil the spectrum and the accuracy 

is lost. In the investigation of a structure on Si wafer, we normally set the total scan time of 

17.1 ps (each step ≈ 0.033 ps, total sampling point = 512) to avoid the reflections. Therefore, 

from Eq. (2-17), the spectral resolution is [34] 

Δf±� ² ³w¡ � �
´�bµ _µ¶µ`�x·t

_.¸¸¹µ`�¹t/s
� 59.2 GHz.   (5-1) 
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Figure 5-1   Measured electric pulse of blank Si wafer: (a) Time domain signal, (b) 
Frequency domain spectrum, and (c) Phase advance. Total sampling points = 2000, and 
total scan time is 66.7 ps. The function “unwrap” is not applied to the phase curve.  
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Zero padding consists of adding zeros to a time domain signal when it is converging zero. 

Using zero padding often makes its result reasonable. This function does not have negative 

impact on the basic characterization of metamaterial, such as peak position, phase shit and 

some indexes unless their change is not very rapid in short frequency range.  For the EIT 

characterization, however, zero padding is not a recommendatory solution. Fig. 5-2(a) shows 

the transmission spectra of the positive fractal H structure used in chapter 4. In Figs. 5-2(b) 

and (c), its phase shift and time delay curves are shown. Black solid curve is the original data. 

For the red solid curve, 3488 zeros have been added after the time domain signal so that the 

total points are 4000.  The spectral resolution is [34] 

Δf¿w¡O À ¤¤�;< � �
Áhhhµ _µ¶µ`�x·t

_.¸¸¹µ`�¹t/s
� 7.58 GHz.  (5-2) 

Though, zero padding produces more reasonable data, it cannot not solve the essential 

problem that measurement of silicon wafer has. To increase the accuracy of the measurement 

of rapid change in very short frequency range, such as extreme dispersion, we 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 scan length. However, some 

intractable defects still remain. First, the thick wafers are very expensive. Next is that it is not 

suitable for the device to be heavy and takes up room. Light, portable, and inexpensive 

devices are definitely requested. 
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Figure 5-2 Comparison of short scan and zero-padded data: (a) Frequency domain spectra, 
(b) Phase advance, and (c) Time Delay. The black line is the original data with considering 
the refection. The red line is the data with zero padding applied.  
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uniformly small in this frequency region.  Thus, structures fabricated on Mylar can be treated 

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

measure it with high spectral resolution which gives more accurate data.  

ΔfÄ®N ¡ � �
�;O�N�Å�� ��O;�µ _µ¶µ`�x·t

_.¸¸¹µ`�¹t/s
� �High Resolution�.  (5-3) 

 

 

 

Figure 5-4 Measured spectra of blank Mylar: (a) Time domain spectrum, (b) Frequency 
domain spectra, and (c) Phase Advance. Total scan time is 66.7 ps (Total sampling 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 structures are fabricated by conventional 

photolithography and evaporation technique on Mylar. Dimensions are exactly equal to these 

of the positive type structure. The dimensions of the larger H are a = 45, b = 48, w1 = 4, and 

w2 = 5 µm. The dimensions of the smaller H are c = 29, d = 28, and w1 = 4 µm. The 

periodicity P is 50 µm.  

 

 

 

 

 

Figure 5-4 Optical image of the fractal H on Mylar: P = 50µm. a = 45, b = 48, c = 29, d = 28, 
w1 = 4 and w2 = 5µm. 
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(a)     (b)    (c) 

 

    
(d)      (e)  

 
Figure 5-5 Fabrication techniques for Mylar: (a) Photoresist Coating, (b) Exposure, (c) 
Development, (d) Metalization, and (e) Lift-off.  

 

Delicate and complicated fabrication techniques were required to create structures on Mylar. 

Some of them are worth to note here, as shown in Fig. 5-5. During the photoresist coating, 

double side tape was used in order to fix the film on the wafer (Fig. 5-5(a)). Here, the wafer 

is used as a film stand. Since the film easily collects particles, the surface and space between 

the wafer and the film are needed to be cleaned with acetone. Photoresist coating and soft 

bake can be operated as usual.  Then, cut off the edge of the film which contain the double 

side tape and remove the wafer. The film must contact the mask tightly during the exposure 

(Fig. 5-5(b)). The exposure time is same as that for silicon wafer. Before development, one 

should use the double side tape again to fix the film on the substrate to avoid that the solvent 

destroys the structure in case the film is curved or vibrated strongly (Fig. 5-5(c)). Use twister 

to hold the wafer and swing it in the solvent. If a small amount of photoresist remains on the 

surface, it MUST fail during the lift off process after evaporation. Before the metallization, 

fix the film and wafer by using one side tape to make the surface smooth (Fig. 5-5(d)). 
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One side tape

Wafer

Acetone
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During thermal metallization, one needs to increase the current slower than usual to form the 

metal film slowly. In the lift-off process, it is better to mount the film on a wafer WITHOUT 

tape and put into the solvent. This prevents that strong inflection applies to the film (Fig. 5-

5(e)). Lift-off process has difference depending on the type photoresist used in the beginning. 

For positive resist, such as S1813 or PA1-4000A, leave it in the acetone more than 10 min, 

and then apply the ultra sonic bath very carefully. If the excess metal surface is not removed 

even after one hour later, the sample is defective. After the lift-off, bring the Mylar sample 

into the clean room and wash the surface with acetone. Then it can be dried out WITHOUT 

washing with DI water. For negative resist, such as NR71-3000P, sample needs to go directly 

into clean room after metallization. A petri dish filled with RR4 is prepared. Then the sample 

is put in the dish and the lift off process need to be monitored under the microscope. Seven 

minutes later, the sample can be taken off and washed with DI water. Finally, it is blown dry 

with compressed air.   

 

Fig. 5-6 shows the simulated amplitude transmission for electric field parallel (a) and 

perpendicular (b) to the x-axis. The “Larger H” or “Smaller H” means the respective 

oscillator. Transmission windows for both polarizations become broader compared to that of 

silicon. For parallel polarization, both larger and smaller H support dipole resonances and 

each lowest eigenmode is 1.22 and 1.85 THz, respectively. At 1.61 THz, both oscillators are 

in strong resonance. For electric field parallel to y-axis, similarly, the larger and smaller H 

support dipole resonances with lowest eigenmodes of 2.81 and 3.80 THz, respectively. For 

this polarization, the interference effect also dominates over it when both resonators are in 



 

the strong resonance at 3.42 

for both polarizations although their advances are not as large as these of silicon

 

 

 

Figure 5-6 Simulated spectra of positive fractal H on Mylar
and (c) Phase advance. For parallel 
Q = 4.9. For perpendicular polarization
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 THz. In the phase advance (Fig. 5-6(c)), dispersions are created 

although their advances are not as large as these of silicon

 

 

ed spectra of positive fractal H on Mylar: (a) Parallel, (b) 
For parallel polarization, peak at 1.61 THz: FWHM = 0.

polarization, peak at 3.42 THz: FWHM = 0.44 THz
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For Mylar, similar approximation used for Eqs. (4-3) and (4-4) can be applied. As one 

modification, we consider the average effect of Mylar substrate and free space since the 

Mylar is sufficiently thin.  

f¡«ËÌ��Í � �
bµ�.ÎÁ¢ \ÏÐËÌ��Í7ÏÐ�Í

b a�`
_ 4 a, for E // X  (5-4) 

f¡®ËÌ��Í � �
b¢ \ÏÐËÌ��Í7ÏÐ�Í

b a�`
_ 4 b,  for E // Y  (5-5) 

For x polarization, the constant a is approximately equal to -0.2 THz. For y polarization, the 

constant b is approximately equal to -0.15 THz. These curves are shown in Figs. 5-7(a) and 

(b) respectively. 

 

At the same time, the same simulation which was carried out in chapter 4 was carried out for 

the Mylar structure as well. Again, in this simulation, lengths of resonators and periodicity 

are uniformly reduced or extended from ΔL = -5 to 35 µm although width w1 and w2 are kept 

as initial values, as shown in Fig. 3-8. Then the characteristics, such as variations of the 

transmission window and the bandwidth, are investigated. Fig. 3-8 is shown below again for 

understandability.  

 

Figure 3-8 Increase the periodicity and lengths: The structures described with dashed lines 
are original scales. In the simulation, ΔL is extended from -5 to 35 µm with every 5 µm step.  

ΔL

ΔL

ΔL
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The result is shown in Figs. 5-7 (a) and (b) as well. Since the dielectric constant of Mylar (ε¡ 

= 2.8 at 1 GHz) [46] is much smaller than that of Si (ε¡ = 11.3 at 0.1 THz) [40], this causes 

their electromagnetic behavior, such as the shift of the frequency domain spectra to higher 

frequency and the broader bandwidth. This result suggests that when we use a metamaterial 

whose dimensions are exactly same on different kinds of substrates, a substrate with higher 

permittivity shows narrower transmission window placed in the lower frequency region. 

Jean-Michel le Floch et al. reported that using higher permittivity materials of larger intrinsic 

dielectric losses enables better Q-factor [47,48]. This simulation results not only agree with 

those works, but shows how to conquer the problem that Mylar has. As a consequence, there 

is a trade off for use of substrate with different permittivity. The silicon substrate allows us to 

obtain a narrow transmission window placed at lower frequency region but its spectral 

resolution is low because of the reflection. On the other hand, Mylar allows us high spectral 

resolution measurement but the transmission window is broad and placed at higher frequency 

region. To obtain same frequency properties as silicon by using Mylar, we can expand the 

length of the resonator approximately twice as long as that of silicon. As a result, narrow 

transmission window and high spectral resolution measurement can be operated by using 

Mylar.   
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Figure 5-7 Resonant frequency dependence on the structure length. (a) Parallel and (b) 
Perpendicular polarization. Red and blue solid lines are obtained from equations (4-3) and (4-
4). The circle and cross markers are obtained by the simulations based on Fig. 4-10.  “Lower 
Dip” and “Higher Dip” suggest the spectral position of left and right edges of the 
transmission window, respectively. The gray lines in (a) and (b) are length of the original two 
resonators for x and y polarization, respectively. A, C and B, D are measured central 
frequencies of parallel and perpendicular polarizations, respectively.  
 

20 30 40 50 60 70 80 90
0

0.5

1

1.5

2

2.5

3

Length of structure [um]

F
re

qu
en

cy
 [T

H
z]

L and f Ex

 

 

Silicon (ε
d
 = 11.3)

Mylar (ε
d
 = 2.8)

Si Lower Dip
Si Higher Dip
Mylar Lower Dip
Mylar Higher Dip

C

A

tg = 0.72 ps

tg = 9.0 ps

(a)

20 30 40 50 60 70 80 90
0

0.5

1

1.5

2

2.5

3

3.5

4

Length of structure [um]

F
re

qu
en

cy
 [T

H
z]

 

 

Silicon (ε
d
 = 11.3)

Mylar (ε
d
 = 2.8)

Si Lower Dip
Si Higher Dip
Mylar Lower Dip
Mylar Higher Dip

D

B

tg = 0.70 ps

tg = 9.7 ps

(b)

E

E



58 

 

Figures 5-8(a) and (b) show length dependence of amplitude transmission and frequency for 

parallel and perpendicular polarizations, respectively. As the length increases, the bandwidth 

becomes narrow for parallel polarization.  Strong dispersion can be expected in these 

transmission windows. For perpendicular polarization, however, bandwidth gets broad since 

curves of the lower and higher dip obey two different approximation curves. Also, it worth to 

recite that sharp peak does not directly mean strong phase change. Numerical salutation is 

required to make sure that a structure satisfies these formulas and has strong dispersion. 

 

 

 

 

 

     

Figure 5-8 Structure length dependence of transmission: (a) Parallel and (b) Perpendicular 
polarization. 
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Figure 5-9 shows the total phase change due to the negative dispersion. The total phase 

changes clearly depend on the permittivity and/or thickness of the substrate. Expanding the 

resonator to obtain large phase change works more effective when substrate with larger 

permittivity is used.  

 

 

 

 

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(a) and (b) show measured electric pulse of the fractal H structure on 

Mylar for electric field parallel and perpendicular to the x-axis, respectively. Compared to 

the signals obtained from those with silicon substrate, the decay is much steeper. Therefore, 

the exponential fitting is roughly applied to the signal to compare with that of silicon. Fig. 5-

12 shows normalized amplitude transmission (a) and phase advance (b). These curves are 

obtained without applying zero padding (original). For (a), a broad transmission window is 

observed around 1.65 THz. For (b), the transmission window occurs at 3.64 THz, almost out 

of range of our experimental system. The frequency spectrum contains noise like oscillations 

when it goes higher frequencies. The reflection might affect on them. The Q factors at each 

resonance are 4.2 and 5.9 for electric field parallel and perpendicular to the x-axis, 

respectively. Phase change �U  is 1.67 and 1.45 rad for parallel and perpendicular 

polarization, respectively. They are similar to these of silicon. This agrees with the Delay-

Bandwidth Product (DBP) described in Eq. (2-16).  

  



 

 

Figure 5-10 Measured electrical pulse for 
Perpendicular polarization.  
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Measured electrical pulse for fractal H on Mylar: (a) P
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Figure 5-11 Measured frequency spectra of positive fractal H on Mylar
Perpendicular polarization. 

 

Figure 5-12 Measured normalized amplitude and phase on positive fractal H on Mylar
(a) Normalized amplitude transmission
at 1.64 THz: FWHM = 0.52 THz
THz: FWHM = 0.64 THz and
phase dispersions.  
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frequency spectra of positive fractal H on Mylar: (a) 

 

 

normalized amplitude and phase on positive fractal H on Mylar
ransmission and (b) Phase advance. For parallel polarization

FWHM = 0.52 THz and Q =4.2. For perpendicular polarization
and Q=5.9. Blue and red colored region correspond to negative 
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There is relationship between time delay and decay time. The damping ratio ζ  and the 

exponential attenuation rate α of an under damped resonator can be expressed as 

ζ � �
bÔ � Õ

��
,      (5-6) 

Q � �
b× � ��

bÕ,      (5-7) 

where ωh is the resonance frequency[49,50].  

 

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

� � / &�
[M 0	.     (2-15) 

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

α � / [M
bQ�

.     (5-9) 

Since �U is approximately constant, this formula describes that larger time delay produces 

low attenuation and longer decay time. Since the measured Q factors of Mylar structure are 

lower than these of silicon, attenuation rate α or decay time is faster than that of silicon. For 

polarization parallel to the x-axis, the decay time for the Mylar structure is 0.62 ps although it 

is 1.65 ps for that of silicon. Same result can be seen for perpendicular polarization. As 

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

 

Figure 5-13 shows the time delay and phase advance of the positive fractal H pattern on 

Mylar. In (a), for electric field parallel to the x-axis, the maximum time delay in that region is 

0.71 ps (the velocity of light ≈ 0.51×108 m/s). Since it takes approximately 0.12 ps to pass 

through blank Mylar, this is relatively 0.58 ps slower. Moreover, its signal to noise ratio is 

very high compared to the result of silicon. For the perpendicular polarization, the maximum 
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delay is 0.6 ps (the velocity of light ≈ 0.61×108 m/s). However, since the transmission 

window is placed around 4.70 THz, amplitude of transmitted wave is really weak. Moreover, 

the reflection component effects on these higher frequency region. This is the reason the 

curve of time delay is noisy. At 1.64 and 1.99 THz for parallel polarization and at 2.87 THz 

for perpendicular polarization, negative time delay is observed. 

 

In fact, since negative dispersion is not so rapid, those time delays are not remarkable values. 

From this experiment, however, we found that how dielectric constant of substrate affects the 

peak position and bandwidth.  

 

    
Figure 5-13 Measured time delay and phase advance: (a) Parallel and (b) Perpendicular 
polarization. 

For parallel polarization, dip at 1.15 THz; time delay = -4.25 ps 
hill at 1.64 THz; time delay = 0.72 ps (Solid line C) 

dip at 1.99 THz; time delay = -1.16 ps 
For perpendicular polarization, dip at 2.87 THz; time delay = -1.60 ps 

Peak at 4.70 THz; time delay = 0.70 ps (Solid line D) 
Blue and red colored region correspond to negative phase dispersions 
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5.4 Summary 

 

In conclusion, Mylar enable as quaci-free standing metamaterial structure. Increasing the 

accuracy of time delay has been a challenge because use of silicon wafer has strong 

reflection after about 15 ps time scan. We achieved high-spectral resolution measurement 

and obtained accurate time delay. However, with the same fractal H structure and same 

dimensions as being used on silicon, the measured delay was not remarkably slow. Since 

permittivity of Mylar is small compared to that of silicon, this created the shift of 

transmission window, the broad bandwidth, and the dull phase shift which decreases the time 

delay. From the simulation, we learned that increasing the length of resonators 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, I would like to show a design based on the previous experimental 

results. Fig. 6-1(a) shows the dimensions of the new pattern with P = 100, a = 90, b = 78, c = 

65, d = 76, w1 = 4 and w2 = 5 µm.  The lengths of each resonator are not just simply expanded, 

but adjusted so that it produces high performance as a slow light device. When this structure 

is fabricated on Mylar, the simulated transmission and phase are shown in Figs. 6-1(b) and 

(c), respectively. Much narrower bandwidth and more extreme phase dispersion are achieved. 

Large time delay can be expected. The advantage of this structure is not only mimicking EIT 

remarkably, but having multiple transmission windows for both polarizations. 

 



 

 

P = 100, a = 90
This 

 

   
Figure 6-1 Design of metamaterial with narrow bandwidth and extreme dispersion
 (a) Design, (b) Normalized 
polarization, peak at 0.62 
polarization, peak at 1.34 THz
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90, b = 78, c = 65, d = 76, w1 = 4 and w2 = 5 µm.
This structure is fabricated on Mylar. 

 

Design of metamaterial with narrow bandwidth and extreme dispersion
ormalized amplitude transmission, and (c) Phase advance

 THz: FWHM = 0.06 THz and Q = 10. For perpendicular 
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6.2 Multiple Mylar layers 

 

Metamaterials fabricated on multi-layers are also an interesting topic. As we have seen, the 

single Mylar metamaterial can be assumed as a quasi-free standing structure. In this section, 

the characteristics of multiple blank-Mylar films are experimentally characterized. In the 

measurement, a holder is used to have tightly contacted films. Figs. 6-2(a) and (b) show the 

time domain data of multiple blank-Mylar films. Fig. 6-3(a) and (b) show the corresponding 

frequency domain and phase spectra, respectively. For the phase, curves are flipped 

periodically since their measurement range is / Ø
b Ù θ Ù Ø

b. I did not use function “unwrap” 

because of the view-ability. The total scanning time and spectrum resolution are 66.7 ps and 

15.2 GHz. These time domain signals resemble each other very much and reflection-like 

signal is not found clearly.  In the frequency domain, curves of two and three layers show 

small-inconsistent characters. However, the low attenuations and unremarkable phase shifts 

indicate that the multiple layers can also be used for quasi-free standing structures.  
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Figure 6-2 Measured time domain data of multiple blank Mylar films: (a) Normal view 
and (b) Enlarged view. 
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Figure 6-3 Measured frequency spectra and phase advance of multiple blank Mylar 
films: (a) frequency spectrum and (b) phase advance. The function “unwrap” is not 
applied to emphasis on the view-ability. 
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Fabricating slow light metamaterials on multiple mylar layers potentially act more 

effective slow light device. Fig. 6-4 shows the diagram of beam passing through two slow 

light layers, A and B. From the chapter 2, the incident beam  =�0� and the transmitted 

signal >�0� through the slow light device A which has the transfer function of  C�K#� are 

expressed as [18] 

=�0� � ST&Q,     (1-16) 

>�0� � |C�K#�|ST�&Q7M�&��.   (1-17) 

Here, we put another slow light layer B after A.  Assume "�0� is the output signal from 

the layer B. The time profile of "�0�and eventual time delay 0	.�#� are describes as [18] 

"�0� � C�K#�>�0� 

                         � |C�K#�|STM�&�|C�K#�|ST�&Q7M�&�� 

          � |C�K#�|bST�&Q7bM�&��,             (6-1) 

0	.�#� � 2t<�#�.      (6-2) 

where t<�#� is the time delay created by the first layer. As a consequence, the phase 

change and the time delay are proportional to the number of 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, multiple reflection due to 

these surfaces interfere. As a result, they potentially act like Fabry-Pérot interferometer 

and the output signals are decided due to the space between layers [15,51]. To prevent 

this, the metamaterials are needed to be fabricated three dimensionally, because our 

planar metamaterials potentially act like mirror.  Or we have to place these layers with 

appropriate distances each other to make the multiple reflection effect as small as 

possible.  

 

Investigation of multiple layers brings us new perspective to the study of so called 

“mechanical matamaterial”. By adjusting the position of each layer two-dimensionally, 

we can learn variety of characteristics with high spectral resolution. N. Papasimakis et al. 

investigated the EIT-like phenomena with the double-layer fish-scale structures on 1.5 

mm PCB laminate [25]. They used “trapped mode” resonances to weakly couple to free 

space. If we can adjust one layer of the fish structures longitudinally, it might 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 sensitive interferometer [46]. 

Figure 6-5 shows the schematic diagram. An incident beam is divided into two by using a 

splitter.  One of the beams transmits through the normal arm. Properties of signal are not 

changed and this beam will be used as a reference. Another beam passes through the slow 

light arm. As a slow light device, metamaterial can be used in it. At the accumulator, by 
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using interference effect, the properties of information can be obtained with high 

sensitivity. 

There are three benefits: 

(1) The pulse passes through the slow light arm with very slow group velocity. The 

sample contributes to the light for long time.  

(2) The light passing through the slow light arm contains strong and approximately 

linear phase dispersion. A small phase change due to the sample can be detected 

clearly. 

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

such as temperature and humidity, can be cancelled.    

 

 

 
Figure 6-5 Schematic diagram of slow light sensing device. The red colored area 
contains slow light devises. Sample is filled in the blue colored area.    

 

 

+
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From the interference theory, the phase difference of interferometer is expressed as  

∆U�Ü� � bc�
( ��Ü�o,     (6-2) 

where ∆U�Ü� and ��Ü� is the change rate of the phase difference and refractive index of 

the slow light medium [52]. The sensitivity of the spectral is related to the change rate 

with the signal frequency Ü. The sensitivity of the interferometer is thus expressed as  

       
∆M���

1� � 1
1� \bc�

( ��Ü�oa � bc�
( \� 4 Ü 1)

1�a � bc�)�
(   �6-3� 

 
where �	 is group index [52]. Thus, the sensitivity of the sensing device or interferometer 

relies on effective length of the slow light arm. 

Figure 6-6 shows the simple sketch of the amplitude transmission and phase change due 

to the sample at the slow light arm. The peak position shifts due to the refractive index of 

the sample (a). Since the group velocity in the transmission window is very slow, the 

light is contributed from the sample for relatively long time. This enables the very sharp 

absorption line. The corresponding phase change occurs, as shown in (b). Since the phase 

of the incident beam has linear properties, small phase change due to the sample can be 

detected obviously.       

 
Figure 6-6 Sketch of the amplitude transmission and phase change due to the sample. the 
solid blue curves are the incident pulse to the sample container. The dashed blue curves 
are the output from the sample container. (a) and (b) are spectra with slow light devise.   
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CHAPTER VII 
 

 

Conclusion 

We experimentally demonstrated the slow light effect in the fractal H metamaterial 

fabricated on silicon. This slow light device produces two transmission-windows for each 

polarization. Narrow bandwidth and strong-negative phase dispersion are the key factors 

to produce large time delay. However, the device showed low Q factor and the detected 

slow light was not remarkable. We could conquer this problem by expanding the lengths 

of the resonators since this method creates narrow bandwidth. In addition, we need to 

have a strong phase dispersion as well.  

 

We also experimentally demonstrated time delay of the complementary fractal 

metamaterial. Its phase advance showed extreme dispersion. However, it does not include 

negative dispersion which produces positive time delay. The complementary structure is 

not suitable for slow light device. 

 

Mylar substrate enables quaci-free standing structure. We achieved high-spectral 

resolution measurement and more accurate time delay compared to that of using of 
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silicon wafer as substrate. However, when we use fractal H structure with same 

dimensions used on silicon, the measured delay was not remarkably slow. Since the 

permittivity of Mylar is small compared to that of silicon, this created the shift of 

transmission window, the broad bandwidth, and the dull phase shift which produced 

small delay. There is a trade off for use of substrate with different permittivity. When a 

metamaterial structure with same dimensions is used as a slow light device, the silicon 

substrate allows us to obtain a narrow transmission window placed in the lower 

frequency region but its spectral resolution is low because of the reflection. On the other 

hand, Mylar enables high spectral resolution measurement but the transmission window 

is broad and placed at higher frequency region. We can expand the length of the resonator 

approximately twice as long as that of silicon to obtain slightly similar properties. Strong-

negative dispersion can be expected on the metamaterials on Mylar.  
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