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ABSTRACT

DESIGN, FABRICATION, AND CHARACTERIZATION
OF RECTANGULAR SPLIT-RING RESONATORS FOR
SENSING APPLICATIONS

In this thesis, rectangular split ring resonators in microwave and terahertz fre-
guencies are modeled, fabricated, and characterized. For microwave frequencies, rect-
angular split-ring resonators with one-split and two-splits are analyzed. The resonators
are coupled with monopole antennas for excitation. The scattering parameters of the
devices are investigated under di erent polarizations of E and H elds. The addition of
the second split of the device is investigated considering di erent con gurations of the
excitation vectors. It is demonstrated that the one-split and the two-splits resonators
exhibit identical transmission characteristics for a certain excitation con guration. The
presented resonators can e ectively function as frequency selective media for varying
excitation conditions. For THz frequencies, di erent designs of rectangular split-ring
resonators with single-split are proposed. Three types of devices are fabricated utiliz-
ing a mask. In the rst type, the resonators are made of copper and are patterned on
Silicon substrate. In the second type, the resonators are made of copper and are pat-
terned on a substrate composed of a layer of parylene on a Silicon wafer. In the third
type, the resonators are made of titanium and are patterned on a substrate composed
of a layer of parylene on a Silicon wafer. Each type of the devices is characterized and
compared to the simulation results. Bio-experiments utilizing glucose are done for one
of the samples. Due to electrical properties of glucose, resonances are shifted towards

higher frequencies. Devices have the potential to be utilized as biosensors.



OZET

DIKDORTGENSEL KESIK-HALKA
REZONATORLERININ ALGILAMA UYGULAMALARI
ICIN TASARIMI, URETIMI VE KARAKTERIZASYONU

Bu tez cal smas kapsam nda mikrodalga ve Terahertz frekans bantlar nda cal san
kesik-halka rezonatorleri tasarlanm s, uretilmis ve karakterize edilmistir. Tek kesikli ve
cift kesikli rezonatorler mikrodalga band nda incelenmistir. Rezonatorler, tek-kutuplu
antenlerle eslenmis bir sekilde tasarlanm str. Rezonatorlerin sac | m parametreleri
elektrik ve manyetik alan n farkl polarizasyonlar icin incelenmistir. Belli bir po-
larizasyondaki uyar Ima alt nda, tek kesikli ve cift kesikli rezonatorlerin ayn sekilde
davrand klar gosterilmistir.  Gelistirilen kesik-halka rezonatorlerinin frekans secici

yuzeyler olarak kullan Imas olasdr.

Terahertz band nda tek kesikli, dikdortgen seklinde farkl kesik-halka rezonatorleri
onerilmistir. Uc farkl tipteki rezonatorler mikrofabrikasyon yontemleri ve fotolitogra
ad mlar kullan larak uretilmistir. Birinci tip cihazlar, silisyum alttas uzerine bak r
kullan larak uretilmistir. lkinci tip cihazlar, yine bak r kullan larak Parylene Im
kapl silisyum alttaslar uzerinde uretilmistir. Ucuncu tip cihazlar, Parylene Im kapl
silisyum alttaslar uzerinde titanyum kullan larak uretilmistir. Tum cihazlar deney-
sel olarak karakterize edilmistir ve karakterizasyon sonuclar gelistirilen modellerle
kars last r Im st r. Bu cihazlar n glukoz tespiti amac ile kullan mlar test edilmistir.
Glukoz molekullerinin elektromanyetik ozellikleri nedeniyle, cihazlar n rezonans frekans
glukoz molekullerinin varl g yla artmaktad r. Uretilen cihazlar n biyoalg lama uygula-

malar icin kullan m potansiyelleri ortaya konmustur.
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1. INTRODUCTION

Metamaterials are arti cially engineered structures that can manipulate electro-
magnetic waves and exhibit unnatural and unique properties such as having negative
values of permittivity and permeability simultaneously in a speci ¢ frequency band,
resulting in negative values of index of refraction [1{3]. Metamaterials can have very
simplistic designs; yet can exhibit very sharp resonances. The geometry of the metama-
terials determines their resonant frequencies. Therefore, depending on the application,
one can design metamaterials that can function in a speci ¢ frequency band in elec-
tromagnetic spectrum. Metamaterials have been demonstrated in a wide range of
frequencies, spanning from GHz to optical frequencies [4] for various applications such
as cloaking [5,6], super lenses [7,8], sub-di raction focusing [9], perfect absorption [10],
and biosensing [11{16]. Split-ring resonators (SRR) are among the basic building
blocks to realize metamaterials [17]. SRRs are thin metallic rings or square loops with
a split on top of a dielectric substrate. SRRs are one of the rst metamaterial-based
microwave resonators whose geometries are smaller than the wavelength of exciting

electromagnetic waves [18].

In this thesis, rectangular split-ring resonators that operate at microwave and
terahertz frequencies are presented. In section 2, the split ring resonators with single
split and two-splits are modeled in microwave frequencies in the range of 0-5 GHz.
Di erent polarizations of electric and magnetic elds are imposed to the rings resulting
in di erent resonant frequencies and di erent modes of resonances. The resonators are
fabricated on an FR4 substrate and then are characterized in transmission mode using
a network analyzer. The behavior of the resonators for di erent orientations of the

elds based on simulation and experimental results are explained and also the addition
of the second split to the resonators is investigated. Magnetic resonances are observed
where a circulating current pattern is induced along the conductor of the resonators.
Circulating current is supported by a properly aligned magnetic eld and this happens
when magnetic eld is perpendicular to the plane of the resonator or when the electric

eld is polarized along the gap of the resonator. Another mode of magnetic resonance



is also present in the rings when the electric eld is polarized along the short sides
of the rectangle. In this case, two circulating current paths in opposite directions are
induced on top and bottom halves of the rectangle, creating two virtual nodes one in
the gap and the other in the opposite side of the gap. Then the second split in the
rectangular resonators is placed exactly in the location of the second virtual node so
that the circulating current paths are not altered. Therefore, regardless of the number
of the gaps in the structure of the resonator, it is shown that under a certain orientation
of the elds, the transmission characteristics of split ring resonators with single split
and two-splits are identical, which is counterintuitive. Based on the simulation and
experimental results, we verify that the proposed devices can be utilized as frequency

selective media for di erent excitation con gurations.

In section 3, ve di erent samples of rectangular split-ring resonators with single
split that operate at terahertz frequencies are proposed. The simulation results for
the resonators under di erent orientations of electric and magnetic elds are obtained
and discussed similar to section 2. The structures are simulated using CST Studio
Suite and the frequency range is 0-3 THz. Afterwards, dies consisting of arrays of each
sample, and accordingly a mask on which the dies are placed randomly are designed.
Three types of devices utilizing the mask are fabricated. In the rst type of devices,
the copper is patterned on a Silicon substrate through lift-o process. In the second
type of devices, the Silicon wafer is coated with a parylene layer and the metallic rings
made of copper are patterned on the substrate. In the third type of the devices, the
Silicon wafer is coated with a layer of parylene and the metallic rings made of titanium
are patterned on the substrate. The devices are characterized in transmission mode
utilizing a terahertz time domain spectroscope (THz-TDS). The experimental results
for each sample of the rst and the second types of the devices are obtained individ-
ually, however, for the third type of the devices, multiple samples are characterized
simultaneously. Comparisons are made between simulation and experimental results
afterwards. Since the transmission mode in the THz-TDS is used, the focus is mostly
on the simulation results where the propagation vector is perpendicular to the plane
of the resonators. The possible sources of errors in the case of discrepancies between

simulation and experimental results are discussed.



The devices are evaluated for the application of biosensing. Biological specimens
located on the surface of the resonators result in shifts in the resonant frequency of
the devices and the amount of shift can be measured to asses the concentration or the
quantity of the present specimen. Bio-experiments are performed for one of the samples
of the second type of the devices. To get the bio-experiment, a high-concentration
solution of glucose in DI water is prepared, and the sample is dipped in the solution.
The sample is characterized in THz-TDS afterwards when it is dried. It is observed
that the resonant frequency of the sample shifts towards higher frequencies after the
application of the glucose. Experimental results show that the designed structures have
the potential to be utilized e ectively as biosensors if the speci city and sensitivity
parameters are extracted in the future. At the end, the future work is proposed and

the studies are concluded in section 4.

1.1. History of Metamaterials

In the last decades, there has been a great interest in the study of metamate-
rials. Unnatural materials regarded as metamaterials are engineered structures with
simultaneously negative permeability and permittivity over a certain frequency band
leading to a negative value of the refractive index. Victor Vaselgo was the rst who
introduced the theory of negative index materials in 1968 [19]. He gave descriptions
of right-handed materials (RHM) and left-handed materials (LHM). He titled nega-
tive index materials as LHM because of the formed left-handed triad by electric eld,
magnetic eld, and propagation vector. He claimed that in LHM, the Poynting vector
and propagation vectors are in opposite directions and such materials support back-
ward waves, whereas in RHM the Poynting vector is in the same direction with the
propagation vector. However, since these behaviors are not readily available in natural
materials, his studies were not realized experimentally over about 30 years. For the

rst time in 2000, D. R. Smith et al. experimentally veri ed the existence of metama-
terials by combining 2D split-ring resonators and 2D wires based on the work of J. B.
Pendry [3,20{22]. The rst fabricated metamaterials were functioning at microwave

frequencies and since then the e orts have been made to design the metarametrial



in order to span the operating frequencies up to optical range of the electromagnetic

spectrum.

So far, di erent designs have been introduced in the eld of metamaterials and
the most conventional ones are circular and rectangular split-ring resonators. These are
investigated regarding di erent performance parameters such as sensitivity for sensing
applications. Rectangular designs are capable of providing higher sensitivity when they
are employed for sensing applications [23]. Furthermore, rectangular resonators are
more suitable for miniaturization and dense packing as compared to circular structures
[23]. In addition, some modi cations have been introduced to conventional designs
such as fabricating multi-gap rectangular or circular split-ring resonators. It is shown
that additional gaps to the structures prevent magnetic resonance due to the induced
current by the electric eld [24{26] and also the resonant frequency usually shifts

towards higher values.

1.2. Background and Concepts

1.2.1. Electromagnetic Waves

Electromagnetic wave is a transverse wave consisting of perpendicular vibrations
of electric and magnetic elds that propagate with the speed of light through vacuum.
In electromagnetic waves, the electric and magnetic elds are perpendicular to each
other and also perpendicular to the direction of the wave propagation. The electro-

magnetic waves are characterized either by their frequency or their wavelength.

The basis of the study and the application of the wave propagation in a medium
starts with Maxwell’s equations, which show the relation between electric and mag-
netic elds through coupled spatial and temporal di erential equations. The important
issue in Maxwell’s equation is the identi cation of the sources and the properties of
the medium in the region of the interest. Sources generate waves and waves propa-
gate through the medium and scatter between the boundaries of the di erent media.

Therefore, to better understand the behavior of left-handed metamaterials, Maxwell’s



equations are investigated. The following equations present Maxwell’s equations in an

isotropic medium;

r E= @@—E’ (1.1)
r H= %—[t) +J (1.2)
r D= (1.3)

r B=0 (1.4)

Where in the equations, E and H are electric and magnetic elds; is the charge
density and J is the current density. The values of and J for a non-conducting medium
are zero. D and B are electric and magnetic ux densities respectively. B and D can

be written as:

D= E= eff oE (15)

B= H= ef f OH (16)

Where is the electrical permittivity, ¢ IS the e ective or relative permittivity,
o is permittivity in the vacuum with the value of 8:854 10 12 farads/meter, is
the magnetic permeability, .f¢ is the e ective relative permeability, and  is the

permeability in the vacuum with the value of 4 10 7 henrys/meter.



By replacing the @=@t with j !, and inserting the equation 1.5 and 1.6 into the

equations 1.1 and 1.2, the mentioned equations can be rewritten as:

r E= j!H (1.7)

r H=j!'E (1.8)

Taking the curl of equation 1.1 and using the equation 1.2, B can be eliminated

as shown in equation 1.9.

o(r B)_ @E

(1.9)

On the other hand, using vector identities and extracting the curl of the curl for

a vector, the equation below is valid for a given vector, A:

r (r A=r(r A) (r2a (1.10)

Using equation 1.10 and inserting equation 1.9 into it can extract equation 1.11

for electric eld;

g—tf =r(r E) (r’k) (1.11)

By inserting equation 1.3 for a non-conducting medium and replacing the @=0t

with j I, equation 1.11 is rewritten as equation 1.12:

r’E+12 E=0 (1.12)



The wave vector, k, is then de ned as:

k=1P— (1.13)

In order for electromagnetic waves to propagate through a medium, the real
parts of the permittivity and permeability should have the same algebraic sign [19, 27].
Therefore, electromagnetic waves will propagate in a medium where both of the ef-
fective permittivity and permeability are either positive or negative at the same time.
In other words, the propagation of the wave will not happen in a medium where the
permittivity and permeability are of the opposite algebraic sign. Whenever e ective
permittivity and permeability are negative simultaneously over a certain frequency
band for a material, a left-handed triad of electric eld, magnetic eld, and wave vec-
tor is formed and the material is considered to be a left-handed material. However,
the material is regarded as right-handed material whenever both of the e ective per-
mittivity and permeability are positive. Figure 1.1 shows the coordinate system for
permittivity and permeability [28].

M
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Figure 1.1. The coordinate system for permittivity and permeability [28].
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The power transferred per unit area is known as Poynting vector and is de ned

as:

S=E H (1.14)

Regardless of the signs of the permittivity and permeability, the Poynting vector
always forms a right-handed coordinate system together with electric and magnetic
elds. Therefore, in a left-handed material the propagation vector and the Poynting
vectors are in opposite directions and the wave is considered to be a backward wave.
However, in a right-handed material, the propagation vector is in the same direction
with the Poyniting vector and the wave is called as forward wave. Figure 1.2 presents
the coordinate system for the LHM and RHM.

a) AS b) AS

Figure 1.2. An illustration of the coordinate system in a) right-handed materials b)

left-handed materials.

1.2.2. Index of Refraction

Velocity of light in the vacuum, ¢, and in the medium, V, is de ned based on

Maxwell’s theoretical treatment as equations 1.15 and 1.16 respectively:

00



V= p— (1.16)

The absolute refractive index is de ned accordingly as equation 1.17:

c_
V=

n= P o) (1.17)

The sign in the equation 1.17 is to indicate the sign of the wave vector. If
both values of the permittivity and permeability are positive, the refractive index will
be positive. However, in a left-handed material where the values of the permittivity
and permeability are negative simultaneously, the sign of the refractive index will be

negative.

a)

incident ray nl <n2

nl

n2

Positive Refraction

Negative Refraction

Figure 1.3. a) an illustration of positive and negative refraction b) negative refraction

C) positive refraction
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The re ection and refraction phenomena in the interface of two di erent mate-
rials with di erent dielectric constants are explained based on Snell’s law. Figure 1.3

indicates the behavior of a negative refractive index material (NIM).

1.2.3. Operating Frequencies of Metamaterials

The resonant frequency and the resonance intensity are the most important pa-
rameters of a metamaterial which determine the working bandwidth and the perfor-
mance of the metamaterial structure respectively. However, these parameters are
not investigated systematically and thoroughly up to now. So far, the most widely
used model for metamaterials is LC-resonance circuit model, however it only takes
into account the fundamental resonant frequency and does not give information about
higher order resonances that appear in the simulation and experimental results. LC-
resonance circuit model do not predict the related intensities for di erent metamaterials
either [29,30]. Other models that can be used to predict higher order frequencies include
Mie resonance model [31], plasmonic resonance model [32], and high order harmonic
model [33]. In this part, LC-resonance model is investigated for split-ring resonators.
The shape of the structures can be circular or rectangular, however, the gap is common
in their design. The designs can be modeled as lumped elements. Since these elements
are dependent on the dimensions of the structures, therefore by changing the scaling,
the fundamental operating frequency will change. Equations below indicate the rela-
tionship between the geometry of the design and the magnetic frequency in a circular

split ring resonator [14,18]. The structure of the device is shown in Figure 1.4.

fw

Figure 1.4. The structure of a circular split-ring resonator.
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The fundamental frequency of the proposed circular SRR is de ned in equation

1.18 where T, is the magnetic resonant frequency of the device, L¢ss IS the e ective

inductance and Cc¢¢ is the e ective capacitance of the ring. Ce¢s IS composed of two

parts; the capacitance of the gap, Cyap, and the surface capacitance Cgys. R is the

radius of the ring, h is the thickness of the ring, w is the width of the ring, and g is

the gap of the ring [14,18].

2 LerrCoerr

B 8Rm . 1
Lerr = oRm(|Og(h +W) z)
where
W
Rm =R+ -
m 2
and

Cerr = Cgap + Csurf

hw

C:gap = eff? + err(h+wW+Q)

_ 2 eff(h +W)

4R
Csurf - log —

(log

g)

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)

The value of the magnetic resonant frequency for other similar designs can be

roughly calculated according to equation 1.18 for the case where the magnetic eld is

perpendicular to the plane of the ring and a circulating current path is induced in the

ring. The equations of the inductance and capacitance will be di erent based on the
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design of the split-ring resonators. Also it should be taken into account that many of
the various designs do not have analytical expressions in the literature. As a result,

the frequencies of the resonators are mostly obtained by numerical simulations.

1.2.4. Terahertz Spectrum

Terahertz radiation relates to a part of electromagnetic spectrum, which lies
between microwave and infrared wavelengths. The wavelength corresponding to this
regime is 1000-30 m and the frequency is ranging from 300 GHz to 3 THz [34].
Historically, sub-millimeter or THz radiation is referred to as THz gap since traditional
electronic and optical devices do not operate e ciently at these frequency ranges. For
example, electronic radiation sources such as crystal oscillators generally operate at
frequencies below 100 GHz, while laser radiation sources are generally con ned to
operate at frequencies above 30 THz [35]. However, THz waves have unique and very
valuable speci cations that make it suitable for various applications like spectroscopy,
sensing, and imaging [36{38]. THz radiation has non-ionizing nature when compared to
x-rays. Therefore, devices operating at THz frequencies are harmless to human beings
and can be safely used for biomedical imaging purposes [39]. Although designing
and fabricating structures in microwave frequencies are more feasible, THz radiation
has the ability to resolve details that overmatch the corresponding resolution from
sensors functioning in microwave frequencies [40]. In addition, THz radiation can
penetrate most dry, non-metallic, non-polar materials. Therefore, variety of imaging
and spectroscopy applications in terahertz band has been increasing rapidly for security
purposes including detection of explosives, surveillance or quality control purposes
[36, 41{46]. On the other hand, since water content in the atmosphere attenuates
THz radiation, it restricts its utilization in radio communication systems. However,
applications such as medical imaging exploit THz band, relying on the di erence in
absorptivity between normal and cancer cells [47{49]. Considering the merit of the
THz band, it is essential to develop devices functioning in this regime. There has been

signi cant improvement on metamaterial designs for terahertz applications [40,50{52].
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1.3. Contributions of This Thesis Work

The e ects of di erent excitation con gurations on rectangular split-ring res-
onators are investigated.

It is shown that rectangular split-ring resonators with one-split and two-split can
have identical behaviors under a certain excitation condition, which is counterin-
tuitive.

The presented split-ring resonators at microwave frequencies can e ectively func-
tion as frequency selective media for varying excitation conditions.

The proposed designs operating at THz frequencies have the potential to be

utilized as biosensors.
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2. SPLIT RING RESONATORS AT MICROWAVE
FREQUENCIES

2.1. Structure and Design of the Resonators

The device is composed of a 35 m-thick metallic rectangular loop on a 0.8 mm
thick FR-4 substrate as shown schematically in Figure 2.1 Two types of devices are
de ned with a single split (Figure 2.1(a)) and two splits (Figure 2.1(b). Side A and
side B of the outer rectangle are 30 and 60 mm, respectively. The width, w, of the loop

is 6 mm and the gap of the split, g, is 2 mm. The resonators are modeled with di erent

a) A b) A

A AP

y

I \
V4 X

Figure 2.1. The schematic of the proposed device.

boundary conditions using commercially available electromagnetic simulation software
(CST Studio Suite, Darmstadt Germany). First, the wave vector, K, is aligned with
the x-axis (see Figure 2.1), electric eld (E) and magnetic eld (H) vectors are aligned
with the y-axis and the z-axis, respectively. The results of the simulation for the single-
split resonator are shown in Figure 2.2. Magnetic eld is perpendicular to the loop, so
it supports circulating current along the conductive path. In addition, electric eld is
polarized along the gap that also contributes a circulating current. The combined e ect
results in the rst resonant frequency, which can be identi ed as magnetic resonance
at 0.65 GHz. The vectors for current density at this frequency are shown in Figure

2.2(b). The second resonant frequency is observed at 3.28 GHz, which is identi ed as
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an electric resonant frequency due to the electric eld aligned along the side B of the
resonator. The distribution of the electric eld at this frequency is shown in Figure

2.2(c).

521 (dB)
&
(@)
|

| | | | |
1 2 3 4 5
Frequency (GHz)

¢)

3.28
GHz

Figure 2.2. a) s21 spectrum of the single-split resonator for the excitation setting
shown in the gure. b) Distribution of the current density at the rst resonance of

0.65 GHz. c) Distribution of the electric eld at the second resonance of 3.28 GHz

In the second setting, E is aligned with the x-axis, kK and H are aligned with the
y-axis and the z-axis, respectively. The resultant spectrum of s21 for the single-split
resonator is shown in Figure 2.3(a). In this case, magnetic eld is perpendicular to the
loop similar to the previous setting. This results in a resonant behavior that supports
a circulating current along the conducting path. Consequently, the rst resonant fre-
qguency is observed at 0.61 GHz and the current eld distribution for this resonance
is plotted in Figure 2.3(b). The rst resonant frequency for this setting is almost the
same with the one for the rst setting. However, the electric eld is now along the

x-axis and is polarized along the side A of the resonator. This supports a certain
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circulating current pattern as will be explained for the third setting (see Figure 2.4).
The magnetic resonance is induced due to the combinatory e ect of the electric and
the magnetic eld. The resonant frequency is 1.14 GHz, for which a density of current
vectors as shown in Figure 2.3(c). So, changing the polarization of the electric eld and
the propagation vector results in an additional magnetic resonance. The third resonant
frequency is due to electric resonance at 3.73 GHz. At this frequency, the electric eld

is aligned along with the side A of the resonator as shown in Figure 2.3(b).
a)
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Figure 2.3. a) s21 spectrum of the single-split resonator for the related excitation
setting. Distribution of current densities at b) the rst resonance of 0.61 GHz and c)
at the second of 1.14 GHz. d) Distribution of electric eld at the third resonance of

3.73 GHz.

In the third setting, E is aligned with the x-axis, H and k are aligned with the
y-axis and the z-axis, respectively. The results of the simulation for the single-split
resonator are shown in Figure 2.4. Unlike the previous settings, the magnetic eld is

not perpendicular to the loop. Thus, a circulating current stemming from the magnetic



17

eld is not expected in this case. However, the electric eld is polarized along the side
A of the device. Left and right hand sides of the structure are polarized with opposite
charges at resonance and the presence of the split de nes a symmetry axis along the x-
axis through the split. This results in two identical circulating current loops in opposite
directions in the upper and lower halves of the resonator as shown in Figure 2.4(b).
The rectangular shape of the resonator and relatively short length of side A support
the circulation of the current paths shown in Figure 2.4(b). The lengths of the current
loops are shorter as compared to the previous cases. Thus, the resonant frequency for
the magnetic resonance is higher at 1.86 GHz. The second resonant frequency of 4.73
GHz is due to the electric resonance as a result of electric eld along with the side A

of the resonator.

a)
0
10
5 20-
3 30-
40

| | | | |
1 2 3 4 5
Frequency (GHz)

c)

473
GHz

Figure 2.4. a) s21 spectrum of the single-split resonator for the excitation setting
shown in the gure. b) Distribution of current density at the rst resonant frequency
of 1.86 GHz c) Distribution of electric eld at the second resonant frequency of 4.73

GHz.
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In the forth setting, H is aligned with the x-axis, E and k are aligned with
the y-axis and the z-axis, respectively. The results of the simulation for a single-split
resonator are shown in Figure 2.5. Similar to the third setting, the magnetic eld is not
perpendicular to the device. So, circulating current along the loop is not expected due
to the magnetic eld. However, the electric eld is polarized along the split, inducing a
single path of circulating current in the loop. The resonant frequency of this magnetic
resonance is 0.81 GHz for which the distribution of current vectors is shown in Figure
2.5(b). The rst resonant frequency is 25% larger than the one obtained for the case
of magnetic eld that is perpendicular to the loop (the rst and the second settings),
because of the smaller length of the equivalent conductor path as observed in Figure
2.5(b). The second and the third resonant frequencies are due to electric resonances.
The distributions of the electric eld for the electric resonances are shown in Figure
2.5(c-d).

a)

0 —_
_10 —
20
_30 —
-40 —
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Figure 2.5. a) s21 spectrum of the single-split resonator for the excitation setting
shown in the gure. b) Distribution of current density at the rst resonance of 0.81
GHz. Distributions of electric eld at c) the second resonance of 2.59 GHZ and d) at

3.77 GHz.
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All the simulation results obtained for the single-split resonator under di erent
excitations are summarized in Table 2.1. The orientation for E, H and k vectors are
de ned with respect to the coordinate axes and device orientation de ned in Figure
2.1.

Table 2.1. Summary of simulation results under di erent excitations

Orientation | 15t Resonance | 2" Resonance | 3" Resonance | Figure

k:x, Eiy, H:z 0.65 GHz 3.28 GHz - Figure 2.2
E:x, kiy, H:z 0.61 GHz 1.14 GHz 3.73 GHz Figure 2.3
E:x, Hy, kiz 1.86 GHz 4.73 GHz - Figure 2.4
H:x, Euy, k:z 0.81 GHz 2.59 GHz 3.77 GHz Figure 2.5

Figure 2.6 shows the dependency of the resonant behavior to the orientation of the
electric eld. Inset to the Figure 2.6, an angle is de ned between the electric eld and
the side B of the resonator. An angle of zero degrees corresponds to the case of fourth
setting (see Figure 2.5) whereas an angle of ninety degrees corresponds to the case of
third setting (see Figure 2.4). The rst and the second resonant frequencies shown
in Figure 2.6 correspond to the magnetic resonances as explained before. The third
resonant frequency corresponds to the electric resonance. The magnetic resonances are
induced based on the presence of the electric eld vector along the x-axis and the y-axis
(see Figure 2.1). For the extreme angles of zero and ninety, the electric eld is aligned
either along the y-axis or the x-axis. So, only one of the magnetic resonances is excited.
On the other hand, for an oblique angle, the electric eld has components on both axes
that results in magnetic resonance at both frequencies. The resonant frequencies for
magnetic resonances are the same for di erent orientations of the incident. A slight
variation in the second resonant frequency has been observed due to a change in the
conduction path that is determined by the electric eld vector along the x-axis. On
the other hand, the electric resonant frequency is varying with the angle as observed in
Figure 2.6. The frequency shifts with the e ective conductor length along the direction

of electric eld vector. The e ective conductor length is the shortest for the angle of



20

zero and this corresponds to the largest resonant frequency.
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Figure 2.6. s21 spectra of the single-split resonator for di erent orientations of the

electric eld.

In the fth setting, two-splits resonator (see Figure 2.1(b)) was simulated. The
resultant spectrum of s21 for the two-splits resonator is shown in Figure 2.7(a) for a case
where E is aligned with the x-axis while H and k are aligned with the y-axis and the z-
axis, respectively. The magnetic eld is not perpendicular to the resonator, preventing
the occurrence of magnetic resonance due to a circulating current. On the other hand,
the electric eld is along with the side A of the device. The settings of the eld vectors
are the same with the third case presented in Figure 2.4. The rst resonant frequency is
at 1.87 GHz and the resultant distribution of current vectors is shown in Figure 2.7(b).
The frequency and the distribution of current vectors are identical with the results

presented in Figure 2.4. It is surprising to observe an identical response for a two-
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splits device as compared to a single-split one considering the rst resonant frequency.
The resonators are functionally identical considering the electric eld polarization. The
electric eld supports two paths of circulating current in opposite directions in bottom
and top halves of both resonators. Hence, two virtual nodes are de ned along the
x-axis passing through the split, regardless of the number of splits as veri ed in Figure
2.4(b) and Figure 2.7(b).

04
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| | | |
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Frequency (GHz)
b) N—

H
Kl—»E
Figure 2.7. a) s21 spectrum of the two-splits resonator for the excitation setting

shown in the gure, compared to that of Figure 2.4. b) Distribution of current

density at the rst resonant frequency of 1.87 GHz.

2.2. Experimental Characterization

The resonators were fabricated on an FR4 substrate with a thickness of 0.8 mm

utilizing standard printing circuit board manufacturing techniques. The thickness of
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the metal lines is 35 m. A pair of monopole patch antennas was used with a length
of 30 mm and a width of 3.5 mm to excite the resonators. The distance between two
antennas is 10 cm. The resonators and the antennas were placed on an aluminum
back plate, which was used as a ground plane. The antennas were connected a vector
network analyzer (Rohde and Schwarz, Munich, Germany) to obtain the transmission
parameters. The setup is shown in Figure 2.8. In this orientation, the propagation

vector, K, is along the short sides of the rectangle as shown in the gure.

iy -

Antenna pair

Figure 2.8. The experimental setup

The antennas have omnidirectional radiation pattern. Therefore, the location
and the orientation of the resonators between the antennas can be adjusted to excite
the resonators in a desired setting. Figure 2.9 shows the spectrum of s21 for the
single-split resonator in a certain con guration where the excitation is the same with
the case explained in Figure 2.5. The simulated s21 spectrum of Figure 2.5 is also
plotted in Figure 2.9 for convenience. The measured values of the resonant frequencies
are 0.82 GHz, 2.1 GHz and 4.29 GHz. The rst resonant frequency is due to the

magnetic resonance because of the electric eld that is polarized along the gap of the
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device. The measured value is 1% larger than the simulation result. The second and
the third resonant frequencies are due to the electric resonance as explained before.
The measured value for the second resonant frequency is smaller than the simulation
result by 19%, whereas the measured value for the third resonant frequency is higher

than the simulation result by 14%.
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Figure 2.9. Spectrum of s21 for a single-split resonator in an excitation setting similar

to that of Figure 2.5. The measured values of resonant frequencies are 0.82 GHz, 2.1

GHz and 4.29 GHz.

Then, the orientation of the single-split resonator was changed to have the electric

eld aligned with side A similar to the case explained in Figure 2.4. Figure 2.10 shows
the spectrum of s21 in this con guration. The simulated s21 spectrum of Figure 2.4 is
also plotted in Figure 2.10 for convenience. A single resonance within 0-4 GHz range
at 2.14 GHz was observed. This corresponds to the magnetic resonance due to the
electric eld along side A. The measured value of the resonant frequency is larger than

the simulation result by 15%.
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Figure 2.10. Spectrum of s21 for a single-split resonator in an excitation setting

similar to that of Figure 2.4. The measured value of resonant frequency is 2.14 GHz.

This measurement con guration for the two-splits resonator was repeated and a
very similar spectrum of s21 as compared to the single-split device of Figure 2.10 was
observed. The spectrum is shown in Figure 2.11 with a single resonance at 2.12 GHz.
This value is larger than the simulation result of Figure 2.7 by 13%. The simulated s21
spectrum of Figure 2.7 is also plotted in Figure 2.11 for convenience. The experimental
results verify the resonance behavior of the single-split and two-splits resonators are

the same for the speci c excitation con guration shown in Figure 2.4 and 2.7.
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Figure 2.11. Spectrum of s21 for a two-splits resonator in an excitation setting similar

to that of Figure 2.7. The measured value of resonant frequency is 2.12 GHz.

2.3. Discussion

An important conclusion of this section as mentioned previously is that the two-
split and one-split rectangular rings can have identical behaviors under speci ¢ E eld
polarization. It can be inferred from Figure 2.4 and Figure 2.7 that electric eld
generates two circulating current paths on top and bottom halves of the rings and thus
generating two virtual nodes on long sides (side B, see Figure 2.1) of each rectangle. So,
the rst resonant frequency, which is due to magnetic resonance, is the same for both
devices regardless of the number of splits. The experimental characteristics of these
devices are presented in Figure 2.10 and Figure 2.11, which show the experimental

results are in a good agreement with simulation results.
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The discrepancies between resonant frequencies in experimental results and sim-
ulation results vary from 1% in the case of magnetic resonant frequencies to 19% in the
case of second electric resonance in Figure 2.9. The possible sources of errors include
the possibility of slight geometrical di erences between the fabricated rings and the
simulated ones. Speci cally, di erences in the e ective path length shown in Figure
2.5(c) and 2.5(d) between the simulated and experimentally characterized devices can

result in a discrepancy between electric resonances as observed in Figure 2.9.

Monopole antennas have been used since they allow us to control di erent ex-
citations in a single setup by manipulating the position of the devices. Also, these
compact antennas can be e ectively coupled with the devices. However, because of
omnidirectional radiation paths of these antennas, it is di cult to have control in a
very strict sense over the orientations of E and H elds and this contributes to the
minor divergence between the simulation and experimental results. In addition, it has
been observed that the resonant dips in simulations are generally sharper than the ones
in experimental results indicating that the fabricated rings are lossier than the models

used in simulation settings.

2.4. Summary of the E ects of Di erent Orientations of Electric and

Magnetic Fields on the Resonators

Figure 2.12 shows the current density patterns caused by di erent orientation of
electric and magnetic elds. When the magnetic eld, H, is perpendicular to the plane
of the resonator, a circulating current path is generated through the ring as shown in
Figure 2.12(a) and the generated resonant frequency is magnetic. This is the same case
where the electric eld, E, is polarized along the long sides of the rectangle. As shown
in Figure 2.12(b), circulating current path is generated due to E being polarized along
the gap and the resonant frequency is magnetic. In Figure 2.12(c), the electric eld
is polarized along the short sides of the rectangle and induces two circulating current
paths in opposite directions in top and bottom halves of the rectangle. The circulating
current paths and also the conduction lengths in Figure 2.12(c) are smaller than the

circulating current path and the conduction lengths in Figure 2.12(b). Therefore,
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the magnetic and electric resonant frequencies caused by the electric eld would shift

towards higher frequencies.

a) b) ¢)
HE Pl

E

Figure 2.12. Current density patterns caused by di erent orientations of electric and

magnetic eld
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3. SPLIT RING RESONATORS AT TERAHERTZ
FREQUENCIES

As previously mentioned in the introduction section, THz regime has very unique
and valuable properties that make it very ourishing. The THz technology has various
applications in spectroscopy, imaging, and sensing. Due to its non-ionizing nature, the
devices operating at this range are harmless to human beings and can be safely used
for biomedical purposes. In addition, most of the materials have unique ngerprints
in this frequency band. Since, the THz technology is ourishing, the aim of this
part of the thesis is to design the devices that can operate at this regime. In this
section, di erent designs of rectangular split-ring resonators operating in THz band are
proposed, simulated, fabricated and characterized. The goal is to design the resonators
that can function in 0-3 THz range because of the limitation of the THz time domain
spectroscope. Scaling down the rectangular split-ring resonators with one split, which
is presented in Section 2, to obtain the higher resonant frequencies is the starting
point. An asymmetry is also introduced to the rings to analyze its e ect. To reduce
the possible coupling between two sides of the rectangle, the gap is placed in the short
sides of the rectangle in one of the designs. The simplest type of rectangular resonators,

square resonators, is proposed as well.

3.1. Structure and Design of the Resonators

Five types of rectangular devices with single split are introduced in this part as

shown in Figure 3.1.

In sample one, two, and three shown in Figure 3.1 (a-c), side A and side B of
the outer rectangle are 25 and 75 m respectively. The width of the loop, w, and the
gap of the split, g, is 5 m for each one. In sample one in Figure 3.1 (a), the gap
is placed at the center of long side of the rectangle B1. In sample two in Figure 3.1

(b), the gap de nes an asymmetry in side B2 of the rectangle and, C, the distance of
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Figure 3.1. The schematic of the proposed devices operating at THz frequencies.

(a-c) rectangular split-ring resonators, (d-c) square split-ring resonators. .

the center of the gap to the upper part of the rectangle is 25 m. In sample three in
Figure 3.1 (c), the gap is de ned in the short side of the rectangle A3. Sample four
and ve in Figure 3.1 (d) and (e) are square structures with the sides of 25 and 50 m
respectively. The width of the sample four, w4, is 2.5 and the width of the sample ve,

wb, is5 m. The gap of both devices is5 m.

The split ring resonators were modeled using commercially available electromag-
netic simulation software (CST Studio Suite, Darmstadt, Germany). Di erent bound-
ary conditions were applied similar to section 2.1. The frequency range of the simula-
tions was 0-3 THz. The simulation results were obtained for the most simpli ed case,
where the rings were not mounted on any substrate and the environment was vacuum.
However, in reality, as will be explained in the fabrication section, each ring is pat-
terned on either (Silicon) substrate or (parylene and Silicon) substrate. Since the loss
of high resistivity oat zone Silicon (HRFZ-Si) is low in THz regime, its transmission

characteristics are similar to the air [53,54]. Therefore, a shift in resonant frequencies
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of the rings is expected between the simulation and experimental results due to the

change in dielectric constant.

The results for each sample are discussed in the following sections.

3.1.1. Simulation Results for Sample One

The simulation results of di erent boundary conditions for sample one is shown

in Figure 3.2.

In the rst setting shown in Figure 3.2 (a), the electric eld vector, E is aligned
with the x-axis. The magnetic eld vector, H, and the wave vector Kk, are aligned with
y-axis and z-axis respectively. As discussed in section 2.1 and similar to Figure 2.4 (b),
while magnetic eld is not perpendicular to the device, the electric eld creates two
circulating current paths on the top and bottom halves of the resonator. It results in
a magnetic resonance of ¥ = 1:92 THz in the range of 0-3 THz. In the second setting,
H is aligned with the x-axis. E and K, are aligned with y-axis and z-axis respectively.
The simulation result is shown in Figure 3.2 (b). The electric eld polarized with the
gap induces a circulating current loop in the ring and results in a magnetic resonance
of f; = 0:9 THz, while the second resonance f, = 2:48 THz is an electric resonance.
In the third setting shown in Figure 3.2 (c), E is aligned with the x-axis. H and K,
are aligned with y-axis and z-axis respectively. Magnetic eld being perpendicular to
the ring combined with the e ect of electric eld being polarized along the short side
of the ring, induces two magnetic resonances and an electric resonance at f; = 0:8,
T, = 1:17, and T3 = 2:27 THz respectively. In the fourth setting in Figure 3.2 (d),
K is aligned with the x-axis; E is aligned with the y-axis and H is aligned with the
z-axis. Magnetic eld is perpendicular to the plane of the ring and induces a magnetic
resonance at f; = 0:9 THz and electric eld is along the gap and induces an electric

resonant frequency at f, = 3 THz.
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Figure 3.2. Simulation results of di erent boundary conditions for sample one.

3.1.2. Simulation Results for Sample Two

Figure 3.3 shows the simulation results for sample two for di erent boundary con-
ditions. Figure 3.3(a) represents the results for the rst setting, in which E is aligned
with the x-axis, H, and Kk, are aligned with y-axis and z-axis respectively. Electric eld
that is along the short side of resonator polarizes right and left sides of the rectangle
with opposite charges and induces circulating current. The rst resonant frequency
T, = 0:89 THz and the second resonant frequency T, = 1:81 THz are magnetic. How-
ever, The third and the fourth resonances f; = 2:32, f, = 2:86 THz are electric. Also,
the dips of the rst and fourth frequencies are not pronounced. In the second setting
in Figure 3.3 (b), where A is aligned with the x-axis, E and K, are aligned with y-axis
and z-axis respectively, the proposed ring has four resonant frequencies. Similar to the
previous setting, the rst and the second resonances, f; = 0:89 and f, = 1:88 THz,
are magnetic. While the third and the fourth resonance, f3 = 2:45 and f, = 2:83 THz
are electric. In the third setting in Figure 3.3 (c), E is aligned with the x-axis, kK

and H, are aligned with y-axis and z-axis respectively. The resonances are f; = 0:71,
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T, = 1:.06 THz as magnetic, and f; = 2:21 and f, = 3 THz as electric resonances. In
the fourth setting, k is aligned with the x-axis; E is aligned with the y-axis and A is
aligned with the z-axis as shown in Figure 3.3 (d). The pronounced frequencies in this
case are f; = 0:87 and f, = 2:38 THz as magnetic resonances, and f; = 2:99 THz as

electric resonance.

Comparing the results of this design to the previous design, introducing asymme-
try along the x-axis results in additional resonant frequencies in the range of 0-3 THz

for applied boundary conditions.
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Figure 3.3. Simulation results of di erent boundary conditions for sample two.

3.1.3. Simulation Results for Sample Three

Figure 3.4 represents the simulation results of di erent boundary conditions for
sample three. In the rst setting as shown in Figure 3.4 (a), E is aligned with the
x-axis, A, and K, are aligned with y-axis and z-axis respectively. The electric eld
polarizes right and left sides of the ring and induces two circulating current paths

at the top and bottom halves of the ring. The resonant frequency corresponding to
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this is orientation is f; = 1:87 THz and magnetic. In the second setting as shown
in Figure 3.4, H is aligned with the x-axis, E and K, are aligned with y-axis and
z-axis respectively. At the rst resonant frequency, which is magnetic and f; = 0:85
THz, the electric eld is along the gap and supports a single circulating current path
through the ring. While the second resonant frequency, f, = 2:53 THz is an electric
resonance. In the third setting shown in Figure 3.4 (c), E is aligned with the x-axis,
kK and H, are aligned with y-axis and z-axis respectively. The resonant frequencies
are f, = 0:77 THz as magnetic, f, = 1:48, f; = 2:39, and f;, = 2:8 THz as electric
resonances. In the fourth setting shown in Figure 3.4 (d), K is aligned with the x-axis;
E is aligned with the y-axis and H is aligned with the z-axis. This boundary condition
results in two resonant frequencies; There is a circulating current path through the ring
at the rst resonant frequency, f; = 0:79 THz, stemming from magnetic eld that is
perpendicular to the plane of the ring combined with the e ect of electric eld that is
along the gap. At the second resonant frequency, f, = 2:59 THz, there are two virtual
nodes in the each long side of the rectangle, creating two circulating current paths in

opposite direction. Therefore, both frequencies are considered to be magnetic.
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Figure 3.4. Simulation results of di erent boundary conditions for sample three.
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3.1.4. Simulation Results for Sample Four

The simulation results of sample four for di erent boundary conditions are pre-
sented in Figure 3.5. The dimensions of sample four is relatively smaller than other
designed samples, which results in higher resonant frequencies compared to the other
proposed designs. Similar to previous sections, Figure 3.5 (a) shows the rst setting,
where E is aligned with the x-axis, H, and K, are aligned with y-axis and z-axis respec-
tively. The resonant frequency corresponding to this boundary condition is f = 1:79
THz and is magnetic due to the presence of the electric eld along the gap. In the sec-
ond setting in Figure 3.5 (b), where H is aligned with the x-axis, E and K, are aligned
with y-axis and z-axis respectively, the corresponding resonant frequency is beyond 3
THz. In the third setting in Figure 3.5 (c), E is aligned with the x-axis, K and H, are
aligned with y-axis and z-axis respectively. The resonant frequency is f = 1:78 THz
and is magnetic. In the fourth setting, K is aligned with the x-axis; E is aligned with
the y-axis and H is aligned with the z-axis as shown in Figure 3.5 (d). The resonant

frequency, f = 1:61 THz, is magnetic.
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Figure 3.5. Simulation results of di erent boundary conditions for sample four.
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3.1.5. Simulation Results for Sample Five

Figure 3.6 represents the simulation results of di erent boundary conditions for
sample ve. The shapes of the sample four and ve are similar, however, sample ve
has larger dimensions compared to sample four. Therefore, sample ve behaves the
same way as sample four while the resonances shift to lower frequencies. As shown in
Figure 3.6 (a) in the rst setting, E is aligned with the x-axis, H, and Kk, are aligned
with y-axis and z-axis respectively. There are two resonant frequencies, f; = 0:84
THz as magnetic, and f, = 2:79 THz as electric resonances. In the second setting in
Figure 3.6 (b), where H is aligned with the x-axis, E and K, are aligned with y-axis
and z-axis respectively, the corresponding magnetic resonant frequency is T = 2:04
THz originating from two circulating current paths in opposite directions at the right
and left sides of the ring. In the third setting in Figure 3.6 (c), E is aligned with the
x-axis, K and H, are aligned with y-axis and z-axis respectively. The corresponding
resonant frequency, ¥ = 0:76 THz, is magnetic. In the fourth setting, K is aligned with
the x-axis; E is aligned with the y-axis and H is aligned with the z-axis as shown in
Figure 3.6 (d). The resonant frequencies are f; = 0:65 as magnetic, and f, = 2:27 THz

as electric resonances.
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Figure 3.6. Simulation results of di erent boundary conditions for sample ve.
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Figures of the simulations with current density and electric eld distributions are

shown in appendix for more details.

3.1.6. Designing the Mask

A mask was designed to use in the fabrication process. The size of the mask
is 5" 5" and is lled with dies. The dies have the size of the 1 cm 1 cm each.
On each die, one of the proposed samples is patterned as arrays. Figure 3.7 shows an
illustration of the wafer and the dies. The distance between the samples of a die in
the array is shown in Figure 3.7. d1 is the distance between the short sides of the two
consecutive rings and is 50 micron, while d2 is the distance between the long sides of
the two consecutive rings and is 100 micron. Dies corresponding to each sample are
placed randomly in the mask. The layout of the mask is shown in appendix for more

details.

Sample One

Sample Two

Sample Four
Sample Three

Figure 3.7. Illustration of the wafer and the dies. The wafer is led with the
randomly placed dies. d1 is the distance of the short sides of the consecutive rings,

and is 50 micron. d2 is the distance between the long sides of two consecutive rings.
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Figure 3.8. (a-e) shows the samples (1-5) and their dimensions under microscope.

Figure 3.8. a) Sample one b) Sample two c) Sample three d) Sample four ) Sample

ve that are patterned on the mask and their dimensions.

There are some problems associating with the fabrication of the mask. Figure
3.9 shows the defects in the fabricated mask. Some of the designs were not carried out

very well in some parts as can be seen in Figure 3.9.














































































































































































