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ABSTRACT

uring the last two decades terahertz (THz) metamaterials have emerged as one
of the most fascinating areas in photonics research because of their significance
in developing devices for THz gap. In this thesis work, the focus has been
made in investigating the potential of planar two dimensional metamaterial structures
which can be helpful in the design and construction of THz devices, such as switches,
modulators, frequency tunable devices, antennas, etc. Near field resonator coupling along
with ultrafast resonance switching in THz metamaterials are studied experimentally,
numerically and theoretically, depending upon the research problem. Generally, at
THz frequencies, sub-wavelength scale split ring resonator (SRR) is used as the unit
cell to build metamaterial geometry. At the resonance frequency of metamaterials, a
strong localization of electromagnetic energy takes place inside the gap of the resonator.
This localization of electromagnetic energy significantly enhances the localized energy
amplitude, which could be utilized for metamaterial to serve as a versatile platform for
sensing related applications. Furthermore, circular currents can be induced in split ring
resonators giving rise to inductive properties of the SRRs. The combination of capacitive
and inductive nature of the SRRs lead to strong inductive capacitive resonance. When
two such resonators are brought sufficiently close to each other, they can couple through
magnetic and electric field lines giving rise to many interesting phenomena including
mode hybridization effect, broadband modulation, terahertz wave modulation, etc. If
two SRRs in a unit cell of metamaterial couples through the magnetic induction, in
such system near field inductive coupling dominates. When two SRRs in a unit cell of
metamaterial couples through the split gaps of SRRs, then near field capacitive coupling
dominates.
In this thesis work, we have demonstrated a planar edge coupled metamaterial
structure to study the near field inductive coupling in THz metamaterials. In this work,

we report the tuning of electromagnetically coupled resonances in planar THz meta-
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materials by employing near field interactions via shifting the position of a resonator
with respect to the other within the unit cell of metamaterial. In addition, to study the
near field inductive coupling in bilayer THz metamaterials, we also demonstrated a
broadside coupled THz metamaterial structure. This structure contains two orthogonally
placed SRRs separated by a thin micron-scale polyimide layer. In this case, we studied
the THz transmission by displacing the top resonator w.r.t. the bottom resonator both
in the horizontal and vertical directions. The THz transmissions through the proposed
configurations result in the resonance mode hybridization effect due to the coupling
between two different resonance modes. We have shown that with the increasing dis-
placement between the resonators, coupling reduces and finally two resonances merge
into a single resonance. In order to develop further understanding and analyze the
numerical observations in our studies, we have modeled metamaterial structures with a
RLC circuit approach.

In addition, to improve the performance of the device in terms of Q-factor, we exper-
imentally studied near field capacitive coupling in planar THz metamaterials. In this
study, we designed and fabricated a capacitive coupled planar THz metamaterials. The
unit cell of metamaterial comprises of two coupled SRRs with the split gaps facing each
other. The coupling between two SRRs is examined by changing the gap of one resonator
with respect to the other for various inter resonator separations. The measured THz
transmission shows resonance mode hybridization and we calculated Q factor for both
the resonance modes. Lower order resonance modes showed higher Q factor than the
higher order resonance modes.

Further, to make active devices for THz gap, we demonstrated ultrafast switching
in terahertz metamaterials by taking single SRR as a unit cell in a metamaterial and
keeping the radiation damaged silicon island at the SRR gaps. Before optical excitation,
because of dielectric nature of the SRR gap, transmission through sample gives rise to
strong fundamental LC resonance. After optical excitation, the SRR gap loses dielectric
nature and starts to conduct because of the excitation of electron hole pairs. The change of
fundamental resonance from ON-to-OFF state is observed on a time scale of 4 picoseconds
and then fast retrieval of the fundamental resonance to the ON-state within next 20 ps.
In order to understand the relaxation process of carriers in radiation damaged silicon,
we have used tri exponential theoretical model. This model reveals the dominance of

three lifetimes occurring in the carrier relaxation process.
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CHAPTER

INTRODUCTION

erahertz (THz) radiations are electromagnetic radiations with frequencies rang-

ing from 0.1 THz to 10 THz (3 mm - 30 um). This region occupies a large portion

of the electromagnetic spectrum between infrared and microwave frequency band
(see Fig. 1.1). The radiation of 1 THz has a period of 1 ps, a wavelength of 300 um, a wave
number of 33 ¢cm ™! and a photon energy of 4.1 meV [1-4]. THz radiations are also termed
as T rays and their properties and behavior are governed by the Maxwell equations, just
like other electromagnetic waves. Nowadays, terahertz science and technology has been
gaining rapid growth because of its great significance in applications such as imaging,
sensing, communications and many other areas. The technological developments in the
areas of sensing, imaging and communication in terahertz band remained unexplored
over the years compared to the relatively well-developed microwave and optical frequency
regions. This is the reason, this band of frequencies has been termed as THz gap too. One
of the biggest reasons for underdevelopment of this region has been the unavailability
of the efficient methods for the generation and detection of terahertz frequencies and
lack of devices in THz region. In the late 1980s, the use of photo-conductive antennas
generated the first prototype of a pulsed THz wave emitter and detector. Since then
several articles have been published on efficient terahertz generation and detection [5-7].
Various techniques for the generation of high power terahertz radiations with broad
frequency bandwidth have also been devised. This include photo-carrier acceleration in

PC antennas, second order nonlinear effects in electro-optic crystals, plasma oscillations
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Figure 1.1: Schematic of the THz region in the electromagnetic spectrum. The light color
represents the terahertz gap.

and electronic non-linear transmission lines. Photo-conduction and optical rectification
are the two most common approaches for generating broadband THz beams. The actual
conversion efficiency for these techniques is still not that high and average THz power is
in the nW (Nano watt) or yW (micro-watt) range [8—11].

However, terahertz power generated from these two methods can be used to examine
several terahertz related phenomenon and applications [1, 12—-16]. With the advance-
ments of ultrafast laser pulses and development of various sources and detectors for
terahertz radiations, the significance of these radiations has increased [17]. Terahertz
radiations can lead to unprecedented sensing applications [18] in many areas including
biology, pharmacy, medical science, industrial non-destructive evaluation, material sci-
ence, environment monitoring, security and astronomy. There are numerous examples of
terahertz sensing in different fields such as in DNA chips, skin-cancer diagnosis [19],
large scale integrated (LSI) circuit testing, explosives inspection etc. [2, 20]. One of the
great advantage with THz waves is that they exhibit low photon energies and thus can’t
lead to the photo-ionization in biological tissues contrary to the X-rays. As a result, THz
waves are considered safe for both the samples and the operator. Therefore, they have the
potential to supplement X-rays in imaging applications. Due to extreme water absorp-
tion, THz waves can’t penetrate into the human body like microwaves do [21]. Therefore,
THz waves are considered very promising in nondestructive evaluation applications.
The wavelength of the THz waves is sufficiently short to provide sub-millimeter level

spatial resolution. If near field techniques are used, higher spatial resolution down to nm
2
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could be achieved. At THz frequencies, many molecules exhibit strong absorption and
dispersion due to rotational and vibrational transitions. These transitions are specific to
the molecule and therefore enable spectroscopic finger-printing in the THz range [22, 23].
Combined with imaging technology, inspection using THz waves provides both profile
and composition information of the target. Further, THz waves are transparent to most
of the dielectric materials, such as cloth, paper, wood and plastic. Therefore, these waves
can be significant in screening passengers at airports and prevention of criminal offences.

THz spectroscopy has the ability to characterize the electronic, vibrational and
compositional properties of solids, liquids and gases. Many biological and chemical
compounds have distinct signature responses to THz waves due to their unique molecular
vibrational and rotational energy levels, implying that their chemical composition can
be examined using THz beam. With the use of THz, it is also possible that plastic
explosives could be distinguished from suitcase [24]. Furthermore, detecting the binding
state of genetic materials (DNA and RNA) [19] by directly using THz waves, without
requiring markers, allows for a label free method for genetic analysis for future biochip
technologies. There are many new technologies which have been developed in this fast
growing area of science and technology. Just like other spectroscopy techniques, we
use a special tool called THz time-domain spectrometer (THz-TDS) for characterizing
samples in the terahertz domain. The THz-TDS spectroscopy can provide ultra-broad
bandwidth depending upon the type of emitter and detectors used. It provide both phase
and amplitude information and hence significant in extracting both the absorption
and dispersion properties. The technique of pulsed terahertz time domain spectroscopy
was first invented more than 20 years ago. The details of this setup are discussed in
chapter 2. For most of these applications, not only efficient terahertz sources are required
but also very high-speed terahertz components and devices to control and manipulate
the terahertz waves are needed. The development of terahertz sources, detector and
reliable characterization techniques has led the scientists and engineers to focus on
the development of terahertz devices that can lead to various applications outlined
above. Metamaterials, in this context, have emerged as one of the potential candidate for

manipulating electromagnetic waves and for the actualization of such devices.
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Figure 1.2: Classification of materials based on their effective permittivity and effective perme-
ability.

1.1 Metamaterials

Metamaterial (MM) is a periodical arrangement of artificial structural elements (meta-
molecules) designed to achieve unusual electromagnetic (EM) properties [25—29]. Gen-
erally, split ring resonators (SRRs) are the basic building blocks of the metamaterials
[30]. The optical and physical properties of the metamaterials can be controlled by
changing the shape, orientation, size or geometry of the SRRs. In metamaterials, the
unit cell dimensions are much smaller than the wavelength of incident radiation. For
metamaterials, usually p < A4/4 , where p is the structural average cell size and A, is
the guided wavelength. Since p is smaller than wavelength, effective media properties
beyond those available in nature can be achieved. The electromagnetic properties of any
material are determined by its permeability (1) and permittivity (¢) (Fig. 1.2). Generally
all materials are categorized into four quadrants based on their y and € values. The four
possible sign combinations in the pair (u, €) are (+, +), (+,-), (-,-), and (-, +), as shown in

e-u diagram of Fig. 1.2. In the first quadrant, permittivity and permeability values are
4
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Figure 1.3: P represents periodicity. (a) Square array of metallic cylinders. (b) Plain view of a
split ring resonators array. [30]

U
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i
)

greater than zero (¢ > 0 u > 0), i.e. € and u both are positive. Most naturally occurring
materials (e.g. dielectrics) fall in this quadrant (refractive index (n) is real and show
forward wave propagation). In the second quadrant, permittivity value is less than zero
(e < 0) and permeability value is greater than zero (u > 0). Most of the metals and doped
semiconductors fall in this category (refractive index (n) is imaginary and show low
transmission for thick samples). In third quadrant, permittivity and permeability values
are less than zero (e < 0, u < 0). Some metamaterials or left handed materials fall in
this category (refractive index (n) is imaginary and show backward wave propagation.
In backward wave propagation, the wave propagation direction is anti-parallel to the
Poynting vector. For a common material with positive u and €, one may deduce from
Maxwell’s 3rd and 4th equationsi.e., K x E = wuH; K x H = -weE, that the vectors E, H,
and k form a right handed coordinate system and k is parallel to the Poynting vector E
x H, which indicates the direction of energy propagation. However, in a negative index
material (NIM), where both 1 and € have negative values, the vectors E, H, and k form a
left handed system. In such a system the wave vector k is anti-parallel to the Poynting
vector). Finally, the last and fourth quadrant has permittivity value greater than zero (¢
> 0) and permeability value less than zero (u < 0), ferrite materials fall in this quadrant

(refractive index (n) is imaginary and show low transmission for thick samples) [31].
5
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1.1.1 The emergence of metamaterials

In 1968, Veselago predicted in his paper about existence of substances with simultane-
ously negative values of permittivity and permeability (third quadrant materials, Fig.
1.2). In the same paper, he also investigated different interesting optical properties of
the negative refractive index materials. Veselago called these materials as left handed
(LH) to show that they would permit the propagation of EM waves with electric filed,
magnetic field, and the phase constant vectors follow a left hand rule (wave vector and
Poynting vector are in opposite direction), compared to the conventional materials where
this rule is known to be right hand (RH) (In the propagation of electromagnetic waves,
the direction of energy flow is given by a right-hand rule, involving E, H, and S (S =
ExH), where wave vector and Poynting vector are in same direction). In these materials,
the phase velocity of an electromagnetic wave propagates in a direction opposite to the
direction of flow of energy. These materials show reversal of Doppler Effect and Snell’s
law etc. [32]. In late 1990s, Pendry and co-workers proposed thin wire structure (Fig. 1.3
(a)) to get negative permittivity (-€) and positive permeability (u) [30]. The incident EM
wave electric field is parallel to the axis of the wires, this field induces a current along
the thin wires and produces an electric dipole moments. Plasmonic-type permittivity

frequency exhibited by this metamaterial structure is

2

w
(@) =1-—F— (1.1)
w?+ jw(
where
2mc?
Wpe =1 ————
_EO(ID—‘;)L'”)2
7o

where w,, the tunable electric plasma frequency in the GHz range and { is the damping
factor due to metal loss (c is the speed of light, a is the radius of the wires and o is the
conductivity of the metal). From the above dispersion relation we can conclude that

Re(e,) < 0, for w? < w?,e—(,“z

and if { =0, then ¢, < 0 for w < Wy,

In this thin wire structure, permeability is simply u = o , because no magnetic dipole
is generated. In this structure, the thin wires are assumed to be much longer than the

incident wavelength. To achieve negative permeability (-u) and positive permittivity
6
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(e), Pendry introduced metal double split ring resonator structure (Fig. 1.3 (b)). The
incident wave magnetic field H is perpendicular to the plane of the rings. This induces
circular currents in the ring and generate equivalent magnetic dipole moments. This

metamaterial structure exhibits a plasmonic-type permeability frequency as below

F 2
(@)= 1 - — (1.2)
w* =y, +jwl
where
F=n(2)?
D
w 3p
om=C |~ —5
"\ aln(2eed

Here, F is the filling fraction of the SRR, ( =2ap—lf§', is the damping factor due to metal
loss (R’ is the metal resistance per unit length, a is the inner radius of the smaller ring,
w is the width of the rings and ¢ is the radial spacing between the rings). wo,, is a
magnetic resonance frequency, tunable in GHz range. The SRR structure was found to
have magnetic response due to the presence of artificial magnetic dipole moments by the
ring resonator. Eq. (1.2), reveals that a frequency range can exist in which Re (¢,) < 0 in

general . In the loss-less case, it appears that ({ # 0), it follows that

wo —_
ur <0, for wo, <w < \/# = Wpm.

In 2000, Smith and his colleagues experimentally proved the existence of left handed

material. Smith et al. had inspired from J B Pendry’s work and they had proposed and
experimentally verified negative refractive index by combing the thin wire structure
and circular split ring resonator structure in the microwave region (see Fig. 1.4 (a)) [33].
Subsequently, negative refractive index was also experimentally verified by using square

SRRs in the microwave region [34] (see Fig. 1.4 (b)).

1.1.2 Applications of metamaterials

Today, electromagnetic metamaterials involve not only negative-index materials, but
also other artificial materials, such as single negative materials (single negative meta-
materials have either negative relative permittivity (¢,) or negative relative permeability
(ur).) [35], chiral metamaterials etc. [36, 37]. Metamaterials exhibit several fascinating

features and applications including invisibility cloaking [38], perfect lens [39] to over-
7
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Figure 1.4: First experimental left handed structures to demonstrate negative index of refraction.
(a) Metamaterial comprises of circular copper split ring resonators and continuous wires fabri-
cated on a circuit board. [33] (b) Metamaterial comprises of square copper split ring resonators
and continuous wires fabricated on a circuit board. [34]

come the diffraction limits, perfect absorbers to absorb the complete radiation, sensors,
resonance modulation in the active and passive modes, antennas etc [40—45]. Using
normal lenses in microscope, telescope, or camera we can’t see images beyond diffraction
limit. Image resolution is limited by diffraction limit of optical lenses. Diffraction limit is
the ratio of wavelength of light (1) being used and numerical aperture (NA) of optical
lens,i.e.d = ﬁ. An optical microscope can’t differentiate between two objects less than d.
Using metamaterial lens also known as super lens, one can overcome the diffraction limit.
Because of the Abbe diffraction limit, conventional lenses with curved surfaces based on
positive - index materials can’t solve objects smaller than about half of the illuminating
wavelength, 19. The waves scattered by an object have all of the Fourier components
in the propagating direction with the wave vector, k£, = |/ k(z) =2 — kf, where k¢ is the
free-space wave vector, and each pair of (k, k,) corresponds to a Fourier component of
the waves from the object. The total transverse wave vector is k; = |/k2 +k?v . When
k; is smaller than kg, &, is a real number and the wave can propagate in any common
material without significant power loss. When the value of &; exceeds k¢ , k£, becomes
an imaginary value and the wave decays exponentially in the propagation direction.
Such waves, commonly referred to as "evanescent waves," are confined to the object’s
vicinity and have no contribution to the standard lens image. However, these evanescent
waves carry the characteristics of an object’s sub-wavelength, because it is necessary
to probe the fine details, the transverse wavelength A; = i—f, k; is lower than the scale

of the characteristics, otherwise the wave will overlook the fine details of the object.
8
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1.2. TERAHERTZ METAMATERIALS

Since the maximum possible value of k; for wave propagation is the same as the free

space wave vector k¢, the maximum resolution can be estimated as kfn:[ax = A;. Therefore,
conventional imaging system cannot provide sub wavelength resolution since they are
unable to restore the evanescent waves. Researchers have been able to probe and collect
the evanescent waves before they fade away in order to beat the diffraction limit and
obtain images with sub-wavelength features. This is precisely the mechanism behind
near - field scanning optical microscopy, where a probe is placed in the near - field to
collect evanescent waves. There appeared to be no alternative to exploring evanescent
modes for many years, except for using a tip or probe very close to a specimen’s surface.
However, in 2000, Pendry made a groundbreaking prediction, saying that due to its
unique property of amplifying evanescent waves, a negative index material (NIM) slab is
capable of producing perfect images [39, 46].

On the other hand, a metamaterial absorber can manipulate the loss components
of metamaterials permittivity and magnetic permeability, to absorb enhanced amounts
of electromagnetic radiation [47]. This is a useful feature for photo detection and solar
photo-voltaic applications. Metamaterial antennas are a class of antennas that use
metamaterials to improve performance. Few researchers showed that metamaterials
could enhance the radiated power of an antenna. Materials that can attain negative
permeability allow for properties such as small antenna size, high directivity and tunable
frequency. Metamaterial opens a door for designing sensor with specified sensitivity.
Particularly planar metamaterials form a unique platform for thin film sensing. Cleverly
designed metamaterials can provide tools to significantly enhance the sensitivity and
resolution of such sensors. Metamaterial sensors are used in agriculture, biomedical

applications etc. [48-50].

1.2 Terahertz metamaterials

Terahertz metamaterial is a class of composite metamaterials intended to interact at the
terahertz frequencies [51]. The terahertz frequency range used in materials research
is generally defined as 0.1 THz to 10 THz. After the first experimental demonstration
of metamaterials in the microwave region, it was soon extended to other regions of
electromagnetic spectrum including terahertz regime. There are several potential ap-
plications of metamaterials in this terahertz regime, since the desired response from

naturally occurring materials is rare. Using metamaterials, efficient terahertz devices
9
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such as switches, modulators, frequency tunable devices etc. can be realized [52-59]. In
terahertz regime, the metamaterials are mainly designed using the similar SRR as in
case of microwave domain, however with structures on sub-wavelength scale. Firstly, in
2004, the classic SRR was scaled to give a magnetic response in the THz regime [60].
Yen et al. showed that magnetic response at terahertz frequencies can be achieved in a
planar structure composed of nonmagnetic conductive resonant elements. The magnetic
response can be realized over a large bandwidth and tuned throughout the terahertz fre-
quency regime by scaling the dimensions of the structure. Metamaterials yield resonant
electromagnetic behavior at a specific frequency depending upon the shape and size of
the constituents and their permittivity.

At the resonance frequency of metamaterials, a strong localization of electromagnetic
energy takes place inside the resonator which can significantly enhance electric and
magnetic fields amplitude. This important feature of MMs can be used to realize many
applications in terahertz regime. Additionally, circular currents can be induced in SRRs
giving rise to inductive properties of the SRRs. The combination of capacitive and
inductive nature of SRRs, can lead to strong inductive capacitive resonance, termed as
the LC fundamental resonance [61] (w = 1/v/LC'). We have discussed the features of this
resonance in length in chapter 2. Artificial magnetic structures, or hybrid structures that
combine natural and artificial magnetic materials, can also play a key role in terahertz
devices [62, 63]. For several applications, it would be desirable to create metamaterials
that exhibit an externally controlled active, dynamical, and tunable response. In this
context many researchers have done great works. Chen et al. demonstrated an electrically
controlled planar hybrid metamaterial device that linearly controls the phase of terahertz
radiation with constant insertion loss over a narrow frequency band. They claimed that
their device may operate as a broadband terahertz modulator because of the causal
relation between the amplitude modulation and phase shifting [64]. In another study,
Chen et al. presented resonance properties in terahertz metamaterials consisting of
a split-ring resonator array made from high-temperature superconducting films. By
varying the temperature, they observed efficient metamaterial resonance switching and
frequency tuning [65]. Li et al. studied a novel coupling scheme of planar terahertz
metamaterial to tune the plasmon induced transparency peak by physically varying the
distance between the super radiant and the sub radiant resonators. They showed the
transparency peak begins to disappear as the coupled resonators are brought closer than

a critical separation distance [66].

10
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Figure 1.5: Different orientations of a SRR based on incident electric filed direction.

1.2.1 Polarization dependence of the SRRs

In order to obtain a magnetic response at higher frequencies, the orientation of SRRs
in metamaterial plays very important role. The different orientations of SRRs with
respect to the external electromagnetic field are shown in Fig. 1.5 [67]. The SRR act
as an LC circuit in response to the external field. In the SRR, the split gap provides
the capacitance and metal circumference act as an inductance. One can estimate the
resonance frequency by carefully calculating the L and C values from SRR geometry
(w = 1/V/LC). For this LC oscillator, one can excite the fundamental LC resonance in
two ways: either magnetic field vector must penetrate through the SRR loop (through
inductor) [When a time changing magnetic field penetrates through the metallic rings, it
induces an EMF by Faraday’s law of electromagnetic induction which in turn produces
a rotating current], or the projection of electric field should be normal to the capacitor
plate (E field is parallel to the SRR gap)[51]. From Fig. 1.5, if the incident electric field
direction is parallel to the SRR gap (Orientation 1 in Fig. 1.5), then transmission through
the metamaterial sample shows odd order resonances. In this response, the first order
mode is the fundamental LC resonance and remaining are the higher order resonance
modes. In this orientation, magnetic dipole is possible due to the asymmetric mode of
excited current in the SRR loop.

If the incident electric field direction is perpendicular to the SRR gap (Orientation
2 in Fig. 1.5), then the transmission through the metamaterial sample shows the even
order resonance. In this response, the first resonance mode is the dipole resonance. In

this orientation magnetic dipole is not possible because identical currents will be excited
11
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in the two arms of SRR, and no loop-like current form in the SRR. In Fig. 1.5 (Orientation
3), if the incident electric field direction is parallel to arms of SRR, i.e. magnetic field
vector penetrates through the SRR, then the transmission through the metamaterial
sample shows LC resonance. In this orientation, magnetic dipole can be excited by the
external magnetic field. In our entire study, we excited the fundamental LC resonance
through Orientation 1 [46, 68].

One of the major application of terahertz metamaterials is the resonance modulation
in the active and passive modes. It has been a challenge to realize frequency-tunable
metamaterials in the terahertz domain. It may be noted that these designs only con-
trol the resonant properties of one or a handful of individual metamaterial elements.
Thus, these techniques are not suitable at terahertz and higher frequencies. In this
scenario, Padilla et al. utilize the terahertz time domain spectroscopy to characterize
the electromagnetic response of a planar array of SRRs fabricated upon semi-insulating
gallium arsenide. In addition to characterizing both the responses, they demonstrate for
the first time the potential for creating dynamic SRR structures. This is accomplished
through photo-excitation of free carriers in the GaAs substrate, which short out the
SRR gap, thereby turning off the electric resonance and demonstrating the potential
of SRR-based artificial materials as terahertz switches [69]. Singh et al. account an
experimental observation of three distinct resonances in split ring resonators (SRRs)
for both vertical and horizontal electric field polarizations at normal incidence by use
of terahertz time domain spectroscopy. Breaking the symmetry in SRRs by gradually
displacing the capacitive gap from the center towards the corner of the ring allows for an

85% modulation of the fundamental inductive-capacitive resonance [70].

1.2.2 Near-field coupling in terahertz metamaterials

Several studies have been reported on THz transmission in two dimensional MMs using
single SRR as a unit cell [71, 72]. When two SRRs are brought sufficiently close to each
other (Fig. 1.6 (b)), they can interact through magnetic and electric field lines, giving
rise to novel phenomena and interesting applications that may not exist in conventional
uncoupled metamaterials, such as mode hybridization effect, broadband modulation,
wave modulation, polarization rotation, plasmon induced transparency (PIT), chirality
[61, 73-75] etc. Generally, near-field coupling is important when the distance between

the SRRs is much less than the excited wavelength (1) and much smaller than the unit
12
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Figure 1.6: Schematic diagram of near field coupled SRRs in a unit cell. (a) Orthogonally twisted
inductively coupled unit cell of planar terahertz metamaterial. (b) Capacitive coupled unit cell of
planar terahertz metamaterial. P, and P, are the periodicities of x and y directions, respectively.
S represents separation between two SRRs in a unit cell. Yellow color represents gold metal and
blue color represents substrate.

cell dimensions. In order to modify the materials overall response, mutual coupling plays
a significant role. In this context, broadly, two types of SRRs are investigated, they are
broad side coupled SRRs (BC-SRRs) [76] and edge coupled SRRs (EC-SRRs) (Fig. 1.6
(a)) [73, 77, 78]. In the orthogonally twisted system, SRR pair consists of two identical
SRRs (Fig 1.6 (a)). When the incident polarization of the electrical field is parallel to the
split gap of SRR1 (x-direction) in Fig. 1.6 (a), the fundamental LC resonance is excited in
SRR1. This circulating current, i created in SRR1, creates an artificial magnetic dipole
m1 and the accumulated charges at the capacitive gap of SRR1 form an electric dipole,
p1 along the E field direction. Because of its orientation, the fundamental resonance
mode of SRR2 cannot be directly excited with the same E field polarization.

The directly excited electrical dipole in such a configuration at the split gap of the
SRR1 is located relatively far from the SRR2, and hence the electrical field coupling
between the two SRRs is negligible, resulting in minimal electrical coupling to the SRR2.
However, when two SRR gaps are arranged face-to-face, they result in strong capacitive

coupling [79] (Fig. 1.6 (b)). The SRR pair, however, represents two inductively coupled
13
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electrical loops, where the excited magnetic field of m extends far beyond the SRR1,
allowing sufficient near field coupling of the excitation to the SRR2. The coupling excites
the fundamental resonance mode represented by the circulating current i9, magnetic
dipole mg, and electric dipole pg in y direction in the SRR2 (see Fig 1.6 (a)). Upon
incidence of a linearly polarized light, SRR1 is directly excited and it is termed as bright
resonator, whereas the other resonator (SRR2) is excited indirectly through the bright
resonator, hence called as dark resonator [73, 80, 81]. In case of MMs configuration,
when both the SRR gaps are aligned parallel to incident electric field (see Fig 1.6 (b)),
the fundamental modes are directly excited in both the resonators [79]. Recently, a lot of
emphasis has been given to explore near field coupling in terahertz metamaterials owing

to its significance in the construction of terahertz photonic components.

1.2.3 Ultrafast switching in terahertz metamaterials

For building devices and components in the terahertz domain, a strong resonant response
and their ultrafast control in planar metamaterials is needed. Using metamaterials with
an externally controllable agent active tunable response can be achieved. For example,
the dielectric constant of substrate determines the frequency of metamaterial resonance
together with the dimensions of the structure. On the other hand, the loss in metal
and substrate sets the strength of the oscillator. This motivates many researchers to
consider semiconductors as metamaterial substrates, where the conductivity (or loss) can
be modified conveniently when an external stimulus such as temperature, voltage bias,
or photo-excitation is applied. Due to the simplicity and ultrafast tuning capability, the
optical approach received intensive attention in metamaterial researches. The switching
of metamaterial resonances is mainly determined by the photo-excitation of free carriers
in the substrate of the semiconductor, which could occur very quickly using femtosecond
laser pulses. If the semiconductor is GaAs, the recovery of the switching may not be
very fast, as the lifetime of the carrier can be as long as nanoseconds [82]. For many
applications, ultrafast switching response is highly desirable. Radiation damaged silicon
or GaAs grown at low temperature substrates can overcome this problem, where the
lifetime of the free carrier can be at sub — picosecond [73, 83] time scale. The photo -
induced free carriers increase the conductivity on the surface of the substrate, thereby
shortening the split gaps in metamaterials when the incident electromagnetic fields

excite them. This results in turning of the metamaterial resonance. Resonance mode
14
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switching in ultrafast time scale has potential in making the ultrafast terahertz devices,
such as switches and modulators [84]. In this context, Cong et al. have introduced an
active hybrid metasurface integrated with patterned semiconductor for active control of
terahertz waves. Ultrafast modulation of polarization states and the beam splitting ratio
are experimentally demonstrated on a time scale of 667 ps. [85]. Lim et al. experimentally
studied a germanium-thin-film-based flexible metaphotonic device for ultrafast optical
switching of terahertz radiation. A resonant transmission modulation depth of 90% is
achieved, with an ultrafast full recovery time of 17 ps [86]. Yogesh et al. has investigated
the photo-active properties of MoSg to demonstrate an ultra-sensitive active switching
and modulation of the sharp Fano resonances in MoS2-coated metamaterials consisting
of asymmetric split ring resonator arrays. The results show that optical switching and
modulation of micrometer scale sub-wavelength Fano resonators can be achieved on a

timescale of hundred picoseconds at moderate excitation pump fluences [87].

1.3 Motivation of the thesis

In my Ph.D. research work, my focus has been in studying the near field coupling and
ultrafast switching of resonances in THz metamaterials. As we have discussed earlier
that the metamaterials in near field coupled configuration consist of one or more than
one SRR (meta-atoms) in a unit cell. The intelligent manipulation of near field coupling
between these resonators, can have significant impact on the metamaterials responses.
Therefore, controlling the near field coupling in metamaterials is extremely crucial
in order to design and fabricate the terahertz photonic components viz. modulators,
filters, polarization rotation etc. By nature, near field coupling in metamaterials could
be resistive, capacitive or inductive. Several near field coupling mechanisms have been
studied in recent past using different schemes, however these coupling mechanisms have
been extensively electric and magnetic in nature [61, 73, 79]. Although, the investigations
on near field coupling in terahertz metamaterials have led to many interesting physics
and engineering, but actualization of terahertz devices using such near field coupled
metamaterials require more rigorous study in terms of their control and manipulation
both passively and actively. In my first three problems, we have mainly focused upon
passive control of near field coupling in terahertz metamaterial structures. In my last
problem, we have explored the possibility to tune resonances at ultrafast time scale by a

material inside the SRR gap.
15
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1.4 Plan of thesis

In this thesis work, we have investigated near field coupling and ultrafast switching in
terahertz metamaterials by using split ring resonators as a unit cell. Using terahertz
metamaterial structures, we have explored the possibility to tune the coupled resonances
based on near field inductive coupling and near field capacitive coupling. In planar
terahertz metamaterial structures by changing the inter cell distance between SRRs
and by changing the gap size of SRRs we engineered the resonances. We have also
investigated the potential of ultrafast switching in terahertz metamaterials with selective
photo doping. The work proposed in this thesis has been divided into seven chapters,
with the first chapter presenting an overview of the THz metamaterials research and
recent developments. The technical details of the method adopted in carrying out the
research work will be presented in the second chapter. The next four chapters will deal
with the near field coupling and ultrafast switching in terahertz metamaterials as well
as various interesting properties exhibited by them. In the last chapter, I will summarize
the important findings and discuss the scope of future works based upon our findings. A
chapter wise summary of the thesis is as follows:

Chapter 1: This chapter presents an overview of the field of terahertz and briefly
discusses the properties and applications of terahertz frequencies. The discovery of
metamaterials, near field coupling and ultrafast switching in terahertz metamaterials
is introduced. The prospects of near field coupling and ultrafast switching in various
applications is also be elaborated to illustrate the attractiveness of its features.

Chapter 2: This chapter explains the designing of terahertz metamaterials by using
CST microwave studio, and procedure to fabricate samples which involves photo lithogra-
phy, metal deposition, and lift off process. In addition we discuss, two main spectroscopy
methods namely, terahertz time domain spectroscopy (THz TDS) and optical-pump
terahertz-probe (OPTP) spectroscopy, that we employed for the measurement of THz
metasurfaces samples. Further, RLC theoretical model is explained with a motive to
understand theoretical aspects of the MMs.

Chapter 3: In this chapter, we studied the effect of vertical displacements between
the resonators inside the unit cell of planar coupled metamaterials on their near field
coupling and hence, on the terahertz (THz) wave modulation. The metamolecule design
consists of two planar SRRs in a unit cell which are coupled through their near fields.

The numerically simulated transmission spectrum is found to exhibit mode hybridization
16
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effect due to the coupling between two resonance modes of coupled resonators. With
the increase in displacement between the near fields coupled SRRs, this metamaterial
system shows a transition from coupled to uncoupled state through merging of the two
resonances to the single intrinsic resonance. We have used a semi-analytical model
describing the effect of displacements between the resonators and determine that it can
predict the numerically simulated results. The outcome could be useful in modulating
the terahertz waves employing near field coupled metamaterials, hence can be useful in
the development of terahertz modulators and frequency tunable devices in future.

Chapter 4: In this chapter, we discuss the near field coupling between the pair of
SRRs in broadside coupled terahertz metamaterials and examine mode hybridization
and tuning of resonances in such metamaterials system. The metamolecule design is
comprised of two orthogonally twisted broadside coupled SRRs separated by a thin micro-
scale polyimide layer. We analyze the interaction between the meta-layers numerically
and analytically by displacing the top resonator w.r.t. the bottom resonator both in
the horizontal and vertical directions. The terahertz transmission through proposed
configuration results in the mode hybridization effect due to the coupling between two
fundamental resonances of coupled resonators. In the case of successive horizontal
displacements between the resonators, we observe a complete shift from the coupled
to uncoupled state, however in vertical displacements, we notice the transition from
coupled to uncoupled state at much larger displacement. We employ a semi-analytical
transmission line model to understand and describe the coupling aspect between the
bilayer resonators and found that it corroborates the numerical findings. The ability to
tune resonance behavior that we have examined through this work, could be significant
in the development of frequency tunable terahertz devices and build other promising
applications such as terahertz modulators and antennas in near future.

Chapter 5: In this chapter, we experimentally investigate the near field capacitive
coupling between a pair of single split gap ring resonators in a terahertz metamaterial.
The unit cell of our design comprises of two coupled SRRs with the split gaps facing
each other. The coupling between two SRRs is examined by changing the gap of one
resonator with respect to the other for several inter resonator separations. When split
gap size of one resonator is increased for a fixed inter-resonator distance, we observe a
mode hybridization effect. This mode hybridization ultimately results in the excitation of
narrow band low frequency resonance mode along with a higher frequency mode which

gets blue shifted when the split gap increases. We attribute the mode hybridization to
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the excitation of symmetric and asymmetric modes due to strong capacitive or electric
interaction between the near field coupled resonators, however blue shift of the higher
frequency mode occurs mainly due to the reduced capacitance. The ability of near field
capacitive coupled terahertz metamaterials to excite split resonances could be significant
in the construction of modulator and sensing devices beside other potential applications
for terahertz domain.

Chapter 6: In this chapter, we experimentally demonstrate ultrafast switching of
resonant mode in terahertz metamaterials through optical excitation of radiation dam-
aged silicon placed in the gap of a SRR. Upon optical excitation, we observe the dynamic
transition of the fundamental resonance from ON-to-OFF state in a time scale of 4
picoseconds (ps) and then fast recovery of the resonance to the ON-state within next 20
ps. Electric field distributions in the metamaterials unit cell derived through numeri-
cal simulations clearly support our experimental observations, showing that the high
electric field at the resonator gaps, responsible for inductive-capacitive (LLC) resonance,
completely disappears and switches OFF the resonance after being optically excited.
The ultrafast switching of the metamaterial resonance is attributed to the relaxation
of the photo-carriers through the defect-states of radiation-damaged silicon layer. Such
ultrafast materials based active control of metamaterials can lead to the realization of
ultrafast terahertz metaphotonic devices.

Chapter 7: Finally, in chapter 7, we provide a conclusion of the thesis along with a
summary of the major findings of the research work carried out. We also discuss the
future scope of work based upon the works done in terahertz metamaterials in this

thesis.
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CHAPTER

METHODOLOGY

he methodology comprises of different steps that are followed for the execution
of a research plan. For the research work proposed in this thesis, we have used

following four steps:

Design of terahertz metamaterials

Sample preparation

Characterization

Theoretical study

Here is the detailed discussion to all the important steps.

2.1 Design of terahertz metamaterials

The design of terahertz metamaterial structures and their optimization is one of the
important step before proceeding to the complex and expensive fabrication process. We
designed THz metasurfaces using a commercially available numerical software, named
Computer Simulation Technology Microwave Studio (CST MWS) [88]. It is one of the
application module in CST studio suite (Fig. 2.1). Basically, it is an electromagnetic full

wave numerical simulation software which relies on solving Maxwell’s equations using
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Figure 2.1: Starting page of CST micro wave studio simulation software.

the Finite Integration Algorithm. CST MWS gives ability to solve a given problem in
several domains such as time domain, frequency domain and Eigen frequency mode,
etc. In order to solve an electromagnetic problem in CST MWS, the simulation area is
first divided into small cells (or meshes) and then Maxwell’s equations are solved with
suitable boundary conditions. The software gives several meshing options, the main
ones being the hexahedral and the tetrahedral mesh. With the hexahedral mesh, the
whole simulation area is divided into small uniform cubes of variable sizes, whereas
in case of the tetrahedral mesh, only objects are divided in small tetrahedrons and
the rest of the simulation area is left unmeshed. Due to the intrinsic features in each
mesh type, there are some important differences. The mesh defines the accuracy and the
speed of simulation. Small mesh cells usually lead to more accurate solutions, but at the
cost of computation time. Generally hexahedral meshing takes less simulation time, in
accuracy tetrahedral meshing is more reliable. One of the important feature offered by
the simulation tool is time domain solvers, which gives the flexibility to simulate entire
broadband frequency response in a single run. This solver is remarkably efficient for
many high frequency applications such as connectors, transmission lines, waveguide

components, antennas, etc. The time domain solver is less efficient for structures that
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Figure 2.2: Simulation results (a) Transmission result for aluminum resonators as a unit cell.
In the unit cell diagram, blue color represents aluminum metal and grey color represents silicon
lossy free substrate. (b) Transmission result for gold resonators as a unit cell. In the unit cell
diagram, yellow color represents gold metal and grey color represents silicon lossy free substrate.

are electrically much smaller than the shortest wavelength of interest. In such cases, it
may be advantageous to solve a problem using a frequency domain solver. The frequency
domain solver is ideally suited for periodic structures. The metamaterial structures
under study are periodic in nature, and therefore, we have used frequency domain solver.
In all the simulations, tetrahedral mesh is employed for better accuracy. We have used
waveguide ports for the source and detector to resemble with plane wave excitation
under the normal incidence. We have used periodic boundary conditions to simulate an
infinite array of two-dimensional periodic structures. The transmission and reflection
results are stored in the S-parameters. In the transmission verses frequency results, we
have plotted S-parameter magnitude i.e. (|Sg21|). In all transmission plots, we mentioned
Transmission (|t(w)]) in y-axis.

In order to simulate structures proposed through this thesis work, we have used gold
(Au) and aluminum (Al) as the metals to design resonators. Electric conductivities of gold
(Au) and aluminum (Al) are Au = 4.56x10” S/m and Al = 3.56x107 S/m, respectively. Since
the conductivities are very close to each other, the MM response to incident terahertz is
almost similar (see Fig. 2.2). For substrates, we have either used loss free silicon with
dielectric constant, e= 11.9 or Gallium Arsenide (GaAs) with dielectric constant, ¢ =

12.94, depending upon availability of the substrate for experimentation.
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2.2 Sample preparation

The design of metamaterial structures with optimized parameters is followed by fabrica-
tion process which required several steps to be followed with utmost precision. For the
fabrication of samples, we used conventional photo-lithography technique in the clean
room environment. The samples were fabricated on a 500 um thick high resistivity (>
5000 ohm-cm) silicon substrate. Followed by photo-lithography, a 200 nm thick aluminum
layer was deposited by using a thermal evaporator, after which a lift-off process enabled
the formation of the SRR array (Fig. 2.3). For a research project on ultrafast switching
in THz metamaterial, the samples were fabricated using two-step photo-lithography.
The first photo-lithography is performed to create patterns to form metal resonators.
Followed by this step, 10 nm thick titanium and 200 nm thick gold layer is deposited by
electron beam evaporation, which is then lifted-off to form the single gap SRR array. In
the second step, photo-lithography is performed to cover the split gap of the SRR and
to expose the remaining silicon layer across the entire sample area. With reactive ion
etching, Silicon is removed from the entire sample except the gap regions of the SRR
which are masked by the photo-resist.
The basic steps in photo lithography are

1. Step 1 (Cleaning wafer): As part of fabricating metamaterials samples, first we
clean the wafer with acetone, ethanol, isopropanol, and deionized water followed

by treating with dry air.

2. Step 2 (Spin coating a Photo resist (AZ 4533)): The fabrication process began with
spin - coating a photo resist (AZ 4533) on silicon wafer. Photo resist is placed on
the wafer and spin coated. We programmed two steps for spin coating. In step 1,
we have taken rotation per minute (RPM) = 500, acceleration time = 10 sec, and
rotation time = 10 sec. In step 2, RPM = 4000, acceleration time = 30 sec, and
rotation time = 30sec. After spin coating, baking the substrate is very important.
We baked at 90°C for 60 seconds.

3. Step 3 (UV exposure on pattern): After photo resist coating, we made the desired
pattern on the wafer by photo lithography. Using mask aligner we exposed UV light
through photo mask on photo resist coated wafer (photo mask contains our desired
structures). We have tried with three exposure times a). 2 seconds b). 2.5 seconds

c). 3 seconds, finally we used 2.5 seconds exposure time. Photo lithography allowed
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Uv Exposure

Photo resist
(AZ 4533)
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(©) ) (4)

Lift-off process

Figure 2.3: Schematic of the entire fabrication process starting from 1 to 6 in a clockwise fashion.

us to attain very small feature sizes (2 ym) with reasonably good resolution. This

UV light changes the photo resist property at patterns.

4. Step 4 (Development, AZ 400 K Developer): After finishing pattern on wafer, we
treated wafer with developer and deionized water in the ratio 1:3. When we put
wafer in developer, where ever photo resist property changed that places photo
resist will come out and remaining places photo resist stays as it is. For particular
photo-resist (AZ 4533), we have to use particular developer (AZ 400 K). First we
make developer solution using 50 ml developer and 150 ml deionized water and
mix both and keep in a beaker. Keep wafer in developer liquid for 20 seconds, after

that put wafer in deionized water for 30 seconds.

5. Step 5 (Metalization): After development, we have deposited 200 nm thickness

aluminum metal on wafer by using standard E-beam evaporation technique.
6. Step 6 (Lift — off procedure): After metalization, the sample is placed in an acetone
23
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container. The acetone will remove the photo resist. Wherever photo resist is not
present on wafer, metal will stay. From the remaining places, metal comes out with

the photo-resist.

2.3 THz characterization of the metamaterial

structures

For characterization, we used Terahertz time domain spectroscopy (THz-TDS) technique
[89] (Fig. 2.4). In this technique, a beam from a femtosecond (fs) laser system is divided
into two beams using a beam-splitter, called as probe and pump beams. The pump beam
is used to generate THz pulses, while the probe beam is used to sample and obtain the
pulse profile. Detection of THz field is performed by modulating the probe pulse with
the THz field or by accelerating free carriers induced by the probe pulse with the THz
field. A mechanical delay stage is used to provide the required time delay between THz
pulse and the probe pulse. THz waveform can be obtained by scanning this time delay.
To increase the sensitivity, the pump beam is modulated by an optical chopper and the
THz induced modulation on the probe beam is extracted by a lock-in amplifier. This
pulse information acquired in the time domain is transformed to the frequency domain
through Fast Fourier Transformation from which spectral information can be obtained
(see Fig. 2.5). The normalized transmission (|t(w)|) spectrum of the sample is determined
by taking the ratio between Fourier transforms of the measured time-domain terahertz
pulses of the sample (| Eg(w) |) and reference (| Er (w) |).

Since the spectroscopic measurements through this technique are carried out by
recording the THz waveform in the time domain, this technique is called THz-time-
domain spectroscopy (THz-TDS). In a pulsed THz system, the probe pulse samples the
THz pulse and records its electric field as a function of time. The THz field in the fre-
quency domain is a complex value, which consists of amplitude and phase information.
In our THz-TDS technique, we used photo-conductive antenna for generation and detec-
tion. The photo-conductive antenna (PCA) is one of the most widely used technique of
generating and detecting THz.

It generates and detects THz pulses by transient photo carriers induced with ultrafast
laser pulses. PCA consists of two metal electrodes that are coated on a Lt-GaAs substrate

with a gap between these two electrodes. To generate THz pulses, voltage is applied
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Figure 2.4: (a) Schematic of the terahertz time domain spectroscopy setup. Photoconductive
antennas are used as the terahertz source and detector. (b) & (c) A schematic of the photoconduc-
tive antenna comprising two transmission lines with two poles separated by a distance ‘g’. The
LT-GaAs is used as the substrate for fabricating antenna.

~
o
Nai?

2000

(b) ——

—

5 10000 |-

(a.u

1000

5000 [~

-1000

Average current (pA)
o
Q

Relative amplitude (a
|

_2000 N 1 N 1 N | " 0 1 1 1 1 1 | N
0 3 6 9 12 0 1 2 3 4

Time delay (pico second) Frequency (THz)
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(a) Transmission signal in time domain. (b). Transmission in frequency domain. [89]

25

TH-2247_146121032



CHAPTER 2. METHODOLOGY

across the electrodes. Since the substrate is semi-insulating, electric energy is stored in
the gap area. Ultrafast laser pulses act like transient switches to open this reservoir
of electric energy and release it in the form THz pulses. Polarization of the THz wave
radiated is parallel to the biased field which is perpendicular to the transmission lines
as shown in Fig. 2. 4 (b) and (c). Polarization of THz wave can be altered by switching
the polarization of bias voltage. By doing so, the laser pulses must have enough photon
energy in order to generate photo induced free carriers in the substrate. Generally, the
photon energy of the excitation pulse should be higher than the band gap of the substrate.
Therefore, more the carriers are generated by the femtosecond pulse, stronger is the
radiated terahertz field. It should be noted that other parameters such as bias voltage,
materials properties as well as the areas between the transmission lines also plays an
important role in defining the bandwidth as well as the radiated electromagnetic field.
The measurements were carried out using a typical 4f confocal terahertz time-domain
spectroscopy (THz-TDS) system consisting of a photo-conductive antenna transmitter
and a receiver. The metallic antenna on GaAs chip is dc biased at 70 V and excited by
130 fs optical pulses with a wavelength of 800 nm and a repetition rate of 80 MHz from a
Ti: sapphire oscillator laser system generating THz pulses with a bandwidth of 0.2 THz
— 3 THz.

All the measurements were performed at room temperature and in a dry atmosphere
in order to mitigate unwanted absorption introduced by the presence of water vapor
in the ambient air. In one of the research project, active metamaterial samples were
characterized by using the optical pump terahertz probe (OPTP) measurement technique
(see Fig.2.6). A near-infrared femtosecond (fs) laser beam, with a pulse duration of 30 fs,
energy of 3.2 md/pulse operating at 800 nm with a 1 kHz repetition rate, was employed
for terahertz generation/detection and optically pumping the sample. The pump laser
beam had a beam diameter of 1 cm, much larger than the focused THz spot diameter of 3
mm at the sample, providing uniform excitation over the metamaterial sample. The time
delay between optical-pump and terahertz-probe pulses was precisely controlled using
a linear translation stage to change the optical path length of the femtosecond optical
pulses. For several pump-probe time delays, the THz signal was measured in the time
domain after transmission through the metamaterial samples. The time domain signals
were transformed to the frequency domain (see Fig. 2.5) and normalized using a bare
sapphire substrate as the reference. In the experimental results, we have plotted the

frequency (THz) verses transmission magnitude (|t(w)|).
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Figure 2.6: Schematic of the optical pump terahertz probe technique (OPTP) setup. Photocon-
ductive antennas are used as the terahertz source and detector.

2.4 Theoretical model

In order to understand the resonant behavior of the transmission properties through
coupled terahertz metamaterials and to explain the transitions between the coupled and
uncoupled states of the resonances, we employed a semi-analytical RLC circuit model.
This model has the ability to give us a flavor of the resonant transmission behavior
through the proposed THz metamaterials system. The behavior of the main lorentzian
resonance in SRRs is well known and follows the form of a series RLC circuit. In this
semi-analytical approach, a single SRR is modeled with an equivalent RLC circuit which
exhibits resonance at a specific frequency depending upon the shape and size of the
split ring resonator (Fig. 2.7). In SRR, the gap acts like a capacitor of capacitance C.
Capacitance is due to the charge accumulation at the gaps of SRR. The SRR loop behaves
like an inductor of inductance, L. Inductance is due to current circulating around the SRR
perimeter. The predominant contribution to resistance (R) of metallic SRR is radiation
resistance. The inductance of the SRR is determined by geometric dimensions. From
inductance value, we can estimate capacitence value at the resonance frequency by using
w =1/VLC' . The resistance can be estimated from the quality factor (Q = 1%\/g ) of the
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(a) (b)

SRR(Unit cell)

Figure 2.7: Schematic diagram of split ring resonator and equalnet RLC circuit. (a) Split ring
resonator, yellow region represents metallic area and blue region represents substrate. (b)
Equivalent RLC circuit.

resonance[81].

To calculate the transmission behavior through single SRR metamaterial, first we
calculate the total impedance of the circuit and substitute this value into transmission
formula and at particular R, L, and C values, it gives the transmission behavior through
the sample [90].

Ziot=R +jooL+_L (2.1)
JjoC

2Zt0t ZS +Z0
X
Ztot+Z0 2Zs

where Z; is the impedance of the substrate and Z is the impedance of the free space.

Hw) = (2.2)

At particular R, L, and C values for the SRR, we calculate the terahertz transmission
through the metamaterial sample and analyze them w.r.t. the corresponding to the
measured values.

So far, we have discussed RLC circuit model for the metamaterial system comprising
only a single SRR as its unit cell. In coupled metamaterial system, we have two split
ring resonators placed in a near field regions and constitutes a unit cell. We shall now
discuss RLC circuit model for a near field inductively coupled metamaterial system
(Fig. 2.8) Suppose, two RLC circuits have resistances, inductances and capacitances as
R{,L1,Cq and Rg, Lo, Cq corresponding to the left and right resonators, respectively and

M is the coupling between two resonators. In this model we assumed one resonator is a
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Figure 2.8: Schematic diagram of coupled SRRs (unit cell) and corresponding RLC circuit. (a)
Two coupled SRRs, yellow region represents metallic area and blue region represents substrate.
(b) Equivalent RLC circuit for coupled SRRs.

bright resonator (directly excited resonator) and another resonator as the dark resonator
(indirectly excited resonator through bright resonator) [91]. By using circuit analysis,
we calculate the total impedance of the circuit [92]. The total impedance of the circuit is
given by

Z1Zs+ 0’ M?

Zior = 2.3
YT 71+ Zg - jw2M 3

where, ‘M’ = mutual inductance. The mutual inductance depends on the coupling strength

and decreases when the separation between the two SRRs increases,

1

Z1=R; +ij1+
JwC1
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and

Zz :R2 +ij2+

JjwCs’
The transmission formula is given by (transmission formula from TL-RLC model [91, 93].

In Chapter 3 and Chapter 4, we used this formula.)

Zioi(Zo+ 2
t(a)) — tot( s O) (2.4)
Zs(Zior +Z0) +(Zior x Zo)

For particular R1,L1,C; and Rg, Lo, Cy values for the two coupled SRR and specific
mutual inductance value, we calculate terahertz transmission through the coupled
metamaterial system and analyze the results.

It is important to mention that TL-RLC model (chapter 3 and chapter 4) has been
previously employed to describe the coupling between two different modes of a single
resonator[90-92]. We believe that this model is capable of describing the inter-resonator
coupling too where two different resonances are arising. We believe that the resonances
are arising from the oscillating currents in the resonators. We use the model to describe
the coupling between two different resonators with electric or magnetic coupling present
between them. Or in reality we are modeling two resonances coupled through electric or
magnetic field lines. Simplistically, two resonators are represented by two RLC models,
and the mutual inductance (M) between them which is responsible for magnetic coupling

is considered in the model.
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CHAPTER

STUDYING NEAR FIELD INDUCTIVE COUPLING IN

PLANAR TERAHERTZ METAMATERIALS

he near field coupling in metamaterials happens via the electric and magnetic

fields due to the close proximity of the nearest neighbor SRRs [94, 95]. Magnetic

field coupling or near field inductive coupling mainly takes place through the
circumference of the SRRs [80] and electric field coupling or near field capacitive cou-
pling happens through the gaps of the SRRs [79]. In this chapter, we have focused on
near field inductive coupling in edge side coupled planar terahertz metamaterials. To
study the near field inductive coupling, we have taken two SRRs in a unit cell, these
SRRs are placed orthogonal to each other and which minimize the effect of near field
capacitive coupling since the gaps are distant to each other. In this configuration, the
directly excited SRR is called the bright resonator and indirectly excited SRR is called
as dark resonator (In Chapter 1, near field coupling terahertz metamaterial section, we
have explained clearly about bright and dark resonators). In recent times, it has been
established that the near field electromagnetic coupling among the SRRs within a meta-
molecule can show attractive properties such as broadening of resonance, active chirality,

electromagnetically induced transparency [96], polarization rotation [97, 98], etc. In this

An article based upon the work reported in this chapter is published in Journal of Infrared, Millimeter,
and Terahertz Waves, vol. 38(1), year 2017, pages 124-134; title:“Modulating the near field coupling
through resonator displacement in planar terahertz metamaterials”; authors SJM Rao, D Kumar, G
Kumar, DR Chowdhury.
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Figure 3.1: (a) Numerically calculated terahertz transmission through a metamaterial geometry
having single SRR as a unit cell. (b) Schematic of 2D metamaterial having single resonator as a
unit cell.

direction, Singh et al. studied near filed inductive coupling by using two orthogonally
placed SRRs in a unit cell of planar terahertz metamaterial. In this study, they have
taken two separations between SRRs in a unit cell and each separation they have varied
the length of dark resonator. By using THz-TDS they have measured the transmission
through the sample for each case and compared with simulation results [80]. In another
study Singh et al. varied the separation between two identical SRRs in a unit cell of
metamaterial and studied the terahertz transmission through metamaterial sample
for each separation. They have confirmed that when the SRRs are close to each other
(minimum separation between two resonators), both the resonators are strongly coupled
through their magnetic field lines and SRRs are far away from each other (separations
between two SRR is maximum), the near field coupling is absent [74].

Chowdhury et al. present the strongly coupled planar terahertz metamaterials in
which the metamolecule design included two concentric SRRs with their split gaps
oriented orthogonally in order to create strong near field coupling. When the incident
terahertz radiation couples to the metamolecule system through the outer resonator,
they observed strong split in the fundamental LC resonance. But, when the incident
terahertz radiation couples to the metamolecule system through the inner resonator,
they observed the strengths of split resonances are too weak [91]. Li et al. investigated
the edge-coupling of orthogonally placed SRRs pairs in the terahertz frequency regime.

They used two SRRs placed orthogonally in a unit cell of planar metamaterial and they
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varied the separation between two SRRs. They studied the terahertz transmission and
the transmission shows resonance splitting and cross-polarization conversions. They
verified the resonance splitting as a function of the coupling strength given by the
SRR separation [81]. Liu et al. studied the excitation and tuning of electromagnetically
induced transparency (EIT) by the interference between different excitation pathways
of the dark mode in a planar coupled terahertz metamaterial. In their study, the unit
cell of metamaterial contains of a cut wire and a pair of split ring resonators, these
pair of SRRs equally placed on the left and right side of a cut wire. The cut wire can be
excited directly by the incident electric field, acting as the bright resonator, while the
fundamental LC resonance in the SRRs cannot be excited by the incident E field because
of wrong orientation, thus acting as the dark mode. It is the destructive interference
between the bright and dark resonators that gives rise to a strong EIT effect. They
have tuned the EIT resonance by translating the SRRs along the wire [99]. Cao et al.
Studied EIT and slow-light behaviors via coupling of bright and dark sub-wavelength
resonators. Here, they experimentally show a thermally active metal coupled resonator
based hybrid terahertz metamaterial on a sapphire substrate that shows the tunable
transparency and slow light behavior. In this metamaterial, the unit cell contains of
a high-temperature superconductor close-ring resonator (CRR) that acts as a bright
resonator and a metal split-ring resonator as a dark resonator [100]. So far many works
are done to study near filed inductive coupling in terahertz metamaterials, but there are
other challenges to be addressed in this direction.

In this chapter, we propose a scheme to tune metamaterials fundamental resonant
response through manipulating the near field inductive coupling between the adjacent
resonators inside a metamaterial unit cell. The proposed scheme can help to control
the near field electromagnetic coupling which can be useful in implementing frequency
tunable, polarization rotator metamaterials for terahertz frequencies. In our proposed
planar metamaterials geometry, the unit cell comprises of two split ring resonators placed
in planar configuration and terahertz transmission response is examined when one of the
resonator is vertically displaced with respect to the other. We have discussed the effect of
such displacement on the transmitted terahertz wave. In first section (3.1), we discuss
the design of our geometry and study the effect of displacement of second resonator on
the coupling of LC or first order resonances. Through terahertz transmission spectral
response, we examine the effect of near field coupling between the resonators. In next

section, we have studied the transmission response using a semi-analytical model specific
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Figure 3.2: (a) Numerically calculated terahertz transmission through a metamaterial geometry
having two coupled SRRs as a unit cell. (b) Schematic diagram of 2D metamaterial having two
coupled SRRs as a unit cell.

to our configuration and compare results with the numerical observations. Finally the

obtained results are summarized into the conclusion section.

3.1 Metamaterial design and simulations

The optimum design of THz metamaterials is very crucial in order to explore the mod-
ulations of the resonances. First we have taken single resonator as a unit cell (Fig 3.1
(b)) and studied the transmission through the metamaterial structure (Fig. 3.1 (b)), we
observed the single resonance in transmission spectrum (Fig. 3.1 (a)). To study near
field inductive coupling, we have taken two orthogonally twisted similar SRRs in a
unit cell of metamaterial (Fig. 3.2) and studied terahertz transmission through the
metamaterial, transmission shows mode hybridization (Fig. 3.2). Finally, our design
comprises of metamaterial unit cell, also known as metamolecule, which consists of two
sub-wavelength split ring resonators that interact through their near fields when placed
in close proximity. The underlying physical mechanism responsible for frequency tuning
in designed metamaterials is examined through the change in resonances under the
electrical excitation. We have chosen a typical gallium arsenide (GaAs) substrate for
designing the metamaterials which is coated with SRRs of gold metal. Each of the SRR
is 40 um x 40 um in length and breadth as depicted in the Fig. 3.3 with a gold layer
thickness of 200 nm and width 4 um. The gray regions in the figure represent substrate
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Ax=100 % Ax=100 %

Figure 3.3: Schematic of a unit cell comprising of two SRRs in a coupled THz metamaterials.
The gray regions indicate substrate while the yellow regions represent metallic areas. Each of the
SRRs has an outer dimension of 40 um x 40 um and gap of 2 um as depicted in the schematic.
Ax represents a shift in the position of second resonator with respect to the first in x- direction.
The figures (a), (¢) and (e) depicts a shift of Ax = 0, 50,100% , when split gap is on the left hand
side, while (d), (e) and (f) represents the same shift with gap on right side.
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while the yellow regions correspond to the gold film. The split gap of the resonator is 2
um which is assumed to be constant in our analysis. As mentioned above, in our unit
cell we have another SRR of same parameters as the first one, placed at a horizontal
separation of 1 um (Fig. 3.3). In our study, we displace the second resonator w.r.t. the
first one in a systematic manner. Ax represents the displacement of the second resonator
in the x- direction. We examined the response of terahertz transmission through our
metamaterial design for various displacements of Ax = 0, 25, 50, 75 and 100%. We have
examined the response of designed metamaterials for the cases, first, when orientation of
the split gap of second resonator is facing left side i.e. close to the first resonator, second
when the split gap is oriented towards right. Figs. 3. 3 (a), (c), and (e) shows the schematic
of the unit cell for first orientation, while Figs. 3.3 (b), (d), and (f) represents the second
orientation for the displacements Ax = 0, 50 and 100 %. The terahertz transmission
response of these designed metamaterials is examined through the commercially avail-
able numerical software, CST Microwave Studio. In the full wave numerical simulations,
we used tetrahedral meshing in our geometry with periodic boundary conditions. We
used waveguide ports for the source and detector. The results of the THz amplitude
transmission for two orientations with different displacements are discussed in the
next section. The L.H.S. resonator (SRR1) is directly excited by the incident electric
field of linearly polarized terahertz radiation along its split gap in order to excite the
fundamental LC resonance. The R.H.S. resonator (SRR2) is excited by the near field
inductive coupling from the neighboring resonator. The terahertz transmission (|t(w)|) of
metamaterial sample shows resonance mode hybridization effect due to coupling between
fundamental resonances of both resonators with resonances at different frequencies as

shown for both the mentioned cases in Figs. 3. 4 (a), (b).

3.2 Results and discussion

First, we examine terahertz transmission through the designed metamaterials for the
case when orientation of split gap in second resonator (SRR2) is facing towards left w.r.t.
the first resonator (SRR1) (see Fig. 3.3 (a), (c), and (e)). In Fig. 3.4 (a), the results of
terahertz transmission (|t(w)|) for different values of displacements, Ax = 0, 25, 50, 75,
100% are shown. A plane polarized terahertz radiation is incident onto the metamaterials
with electric field profile parallel to the split gap of the first SRR (SRR1). This leads to

the excitation of the lower frequency L.C resonance due to the first resonator and the
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Figure 3.4: Numerically calculated terahertz transmission through a coupled metamaterial
geometry. (a) THz transmission through a coupled MM sample when split gap is on the left side
and close to the first resonator. Various curves correspond to different displacements of the second
resonator with respect to the first i.e. Ax = 0, 25, 50, 75,100%. The results of THz transmission
for various positions of the second resonator with split gap on the right side are shown in (b)
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Figure 3.5: Variation of THz frequency with displacement, Ax in the position of 2nd resonator.
(a) The change in frequencies of first and second resonances are plotted with displacements,
with split gap of the 2nd resonator facing left side close to first resonator. (b) Plot indicates the
variation of frequencies with displacements for the same parameters as in (a) however split gap
position of the meta resonator is facing right side in this case.
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higher frequency dipole resonance due to the presence of 2nd resonator (SRR2). A mutual
inductance between the two resonators leads to the excitation of LC resonance in the
second resonator therefore leading to coupling between the two resonances. Due to this
coupling between the resonators, amplitude transmission indicates a resonance mode
hybridization (Fig. 3.4). Normally, a single SRR in a unit cell provides an uncoupled (or
intrinsic) resonance at frequency 0.41 THz (Fig. 3.1 (a)).

In Fig. 3.4 (a), we may note that the zero displacement between the resonators i.e.
Ax = 0% (Fig. 3.3 (a) case) results in the mode hybridization with two resonance dips
appearing at 0.37 THz and 0.41 THz. It is apparent that they exhibit a blue-shift in
comparison to the uncoupled resonance of the single SRR. When we shift 2nd resonator
in vertically downward direction w.r.t the first, the frequency of 1st resonance gets
blue shifted and 2nd resonance also gets blue shifted. For Ax = 50% (Fig.3.3 (c) case),
two resonances appear at 0.38 THz (blue shifted) and 0.43 THz (blue shifted). Further
displacement in the 2nd resonator results in the merging of two resonances into the
single intrinsic resonance. For Ax = 100% (Fig.3.3 (e) case), we get a single resonance
at 0.41 THz which basically indicates a transition from coupled resonance state to the
uncoupled resonance state. Similarly, we examine the terahertz transmission for the 2nd
case i.e. when the split gap of the 2nd resonator is facing on the right side w.r.t. to the
first resonator (see Fig. 3.3 (b), (d), and (f)). The results are shown in Fig. 3.4 (b). For
the displacement, Ax = 0% (F'ig.3.3 (b) case), the transmission indicates a hybridized
state with resonances at 0.39 THz (red shifted) and 0.44 THz (blue shifted). Further
displacement in x-direction results in red and blue shift of first and second resonances
respectively. For the case when, Ax = 50% (Fiig.3.3 (d) case), two resonances appear at 0.40
THz (red shifted) and 0.43 THz. Similar to the results of Fig. 3.4 (a), the displacement
of, Ax = 100% (Fig.3.3 (f) case) results to the uncoupled state. The two resonances
merge into a single resonance. In Fig. 3. 5, we precisely plot a change in frequencies
of 1st and 2nd resonances with displacement for both the orientations. These figures
also indicate that two resonances merge into a single resonance as the displacement
between the resonators increases or in other words when coupling is reduced. We further
examined the surface current distributions of the two resonators in strongly coupled,
intermediate and uncoupled states in order to make a comprehensive judgment of the
results. The results corresponding to the first orientation for the 1st and 2nd resonances
are shown in Fig. 3.6. We know that the inductive-capacitive (LC) resonant mode arises

from the electric currents oscillating around the full circumference of SRR loop. These
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Figure 3.6: Simulated surface current distributions at different resonant frequencies of the
coupled resonator when split gap of the 2nd resonator is facing on the left side. The red curves
indicate the trend of surface currents through resonators. Figures (a), (c) and (e) correspond to
the displacements, Ax = 0, 50, 100% respectively and depicts current distributions for the first
resonances in each case. The current distributions for the 2nd resonances (or higher order split
resonances) are shown in figures (b) and (d) corresponding to the displacements of Ax = 0, 50%.
For Ax =100 %, the coupling is negligibly small.
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electric currents are induced by the incident THz beam with electric field along the
SRR arm due to asymmetry of the resonator. Once the surface currents set up in both
the resonators, they couple to each other through magnetic field lines giving rise to
the coupled symmetric and antisymmetric resonant modes.In Fig. 3.6, we see that in
the case of displacement Ax = 0%, two resonators are strongly coupled with the gap
providing the capacitive behavior. The induced surface currents are circular in the two
resonators but asymmetrical at the lower frequency, however they are symmetrical at
higher resonance frequency. For the case of Ax = 100%, we have least coupling (or almost
no coupling) between the resonators and surface current does not appear in the 2nd
resonator. Similar to Fig. 3.6, we have shown surface current distributions correspond
to the 2nd orientation in Fig. 3.7 for both the resonators. In our study, the focus has
been to study near field inductive coupling of resonances, however, we believe that there
may be a weak capacitive coupling contribution to the transmission response. This can
contribute to the mismatching of simulation with the RLC model, where we only consider

the inductive coupling effect.

3.3 Semi-analytical approach

In order to understand the behavior of electromagnetically coupled resonances and
elucidate our numerical findings, we have employed a semi-analytical model. In this
model, lumped-element circuit’s model is clubbed with the transmission line model which
forms the basis for designing metamaterials of specific properties. The schematic of the
transmission-line RLC circuit (TL-RLC) model is shown in Fig. 3.8. It shows two RLC
circuits in parallel with impedances Z; and Z,. The impedance Z; corresponds to the
LC resonance of the first resonator while Z5 correspond to the L.C resonance of second
resonator. The capacitive part of the model arises from the split gap of the resonators
while loops are responsible for the inductive part. We define M as the inductive coupling
parameter which represents the mutual inductance between the two resonances. Note
that inductive coupling is dominant in these coupled resonators [90-92]. Therefore we

can write the total impedance of the circuit as

Z1Z9 + w*M?
Ziot = 3.1
YT Z1 4 Zg - jo2M 3D
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Figure 3.7: Simulated surface current distributions at different resonant frequencies when
split gap of 2nd resonator is facing on the right side. Figures (a), (c) and (e) correspond to the
displacements of Ax = 0, 50,100% respectively and depicts current distributions for the first
resonances. The current distributions for the 2nd resonances corresponding to the displacements
of Ax = 0, 50% are shown in figures (b) and (d).The trends of the currents are shown through red
curves.
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Figure 3.8: Schematic of the transmission-line, RLC (TL-RLC) circuit model. Components
R1,L1,Cq represent the resistance, inductance and capacitance describing the LC resonance
of the first resonator and Rg, Lo, Cy describe the 2nd resonator. The parameter M represents
the coupling between the resonators. The intrinsic impendences of the transmission lines are
depicted by Zy and Zg.

where, M = mutual inductance,

Z1=Ri+jowLi+ (3.2)

JowCi

and

Zo=Ry+ joLs+ (3.3)

JjwCs’
The values of the transmission through the sample, normalized to transmission at a
bare GaAs substrate is given by
He) = Zot(Zs + Zy) (3.4)
Z(Ztot + Zo) +(Zisor x Zo)
where, M = mutual inductance (Coupling parameter), Z;, (Impedance of substrate
(GaAs)) = 104.89Q2), Zo (Impedance of free space) = 377 Q). Zy and Z, are used to imitate

the wave propagation through free space and substrate. Using Eq. 3.4, we calculate the

amplitude transmission for certain specific values of R1,L1,C1, Ro, Ly, Co and M (see
Table 3.1 and 3.2) for which the model best fit the numerically calculated transmission.
Fig. 3.9 represents the transmission results for two different orientations corresponding
to various displacements that we examined through numerical simulations earlier. We

observed a good agreement in transmission and resonance frequency between the two
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R,L, C, and Split gap on L.H.S.
M parameters | 0% 25% | 50% | 75% | 100%
R, (Q) 18 26 63 75 89

Li(x1071?H) | 348 | 348 | 340 | 325 | 321
Ci(x 100F) [0.433 0414 | 0.41 | 0.425 | 0.44
Ry (Q) 112 95 69 82 95
Ly (x107?H) | 680 | 680 | 650 | 650 | 650
Cs (x 1071°F) [ 0.279 | 0.27 | 0.258 | 0.246 | 0.232
M (x 10~ 12H) 14 12 10 6 3

Table 3.1: The values of R1,L1,C1, Rg, Lo, C2 and M used in TL-RLC circuit model for split gap
on left side case (Fig.3.9(a) case).

R,L, C, and Split gap on R.H.S.
M parameters | 0% 25% | 50% | 75% | 100%
R, (Q) 55 60 69 83 95

Li(x107”H) | 320 | 320 | 320 | 320 | 320
Ci(x 100PF) | 0.425 | 0.422 | 0.428 | 0.43 | 0.435
Rs (Q) 44 48 61 78 95
Lo(x1072H) | 620 | 620 | 620 | 620 | 620
Cs (x 1071°F) [ 0.268 | 0.263 | 0.256 | 0.249 | 0.242
M (x 10~ 12H) 16 13 9 6 4

Table 3.2: The values of R1,L1,C1, Rg, Lo, Co and M used in TL-RLC circuit model for split gap
on right side case (Fig.3.9(b) case).

simulations. The transmission line model gives us the ability to examine the effect
of resonances depending upon the values of R, L, C and M parameters. The coupling
parameter is responsible for the coupling between the resonators and affected by the
mutual displacements of the resonators. For instance, when displacement between the
resonators increases, the value of M decreases (see Table 3.1 and 3.2). Table 3.1 and
3.2 indicates the values of R1,L1,C1, R2, Lo, Co and M that we have used in TL-RLC
circuit model for which it validate our numerical observations in both the orientations
for several displacements. We have calculated the inductance of SRR from its geometric
dimensions. From inductance value, we can estimate capacitence value at the resonance
frequency by using w =1/ VLC . The resistance can be estimated from the quality factor
Q= 1%\/g ) of the resonance. The values of R, L, and C from theory as follows R =
51.76Q, L = 268.63x 10712 H, and C = 0.562x 1071° F (see APPENDIX B for detailed

calculations).
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Figure 3.9: Terahertz transmission through the coupled resonators obtained using transmission
line RLC circuit model. The results are obtained for various displacements of 2nd resonator w.r.t.
1st. The results predict numerical observations. Figure (a) corresponds to the situation when 2nd
resonator of the unit cell is facing left side while in (b) it is on the right side.

3.4 Conclusions

In conclusion, we report the tuning of electromagnetically coupled resonances in planar
THz metamaterials by manipulating near field interactions via shifting the position of a
resonator with respect to the other within the metamolecule. The metamaterial system
presented demonstrates a resonance mode hybridization effect due to the coupling
between two resonance modes of a coupled resonators. The transition from coupled
to uncoupled state is achieved through various vertical displacements of one of the
resonator inside the unit cell. We have shown that with the increasing displacement
between the resonators, coupling strength reduces hence two resonances merge into a
single resonance (intrinsic resonance). In order to support our numerical observations,
we have employed a semi-analytical transmission line model and found that it reasonably
reproduces our observations for certain specific values of resistance, capacitance, and
inductance of the SRR. Such tuning of metamaterial resonances provides an efficient way
to manipulate the electromagnetic waves showing their huge potential of applications in

THz region which still suffers from lack of functional devices.
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CHAPTER

RESONANCE COUPLING IN STACKED TERAHERTZ

METAMATERIALS

n previous chapter, we have discussed the near field inductive coupling in edge

coupled planar terahertz metamaterials (MMs). In this chapter, we focused on the

near field inductive coupling in broadside coupled terahertz metamaterials. The
near field interaction between SRRs in adjacent layers results in a strong redistribution
of energy in comparison to the single layer MMs giving us an additional advantage.
More precisely, the broadside terahertz MMs result in maximum coupling between the
resonators. This produces a strong resonance mode hybridization effect. In this context,
several studies have been made on the near field inductive coupling in bilayer terahertz
metamaterials. Na liu et al. in their work, they proposed a new concept in nanophotonics,
namely stereo metamaterials, which discussed metamaterials with the same components
but distinct spatial arrangements. This stereo metamaterial system comprises of a stack
of two equal split-ring resonators in each unit cell with several rotation angles. They
theoretically and experimentally examine the meta-compounds and they showed the
relationship of electric and magnetic field lines playing a critical role for the optical prop-

erties [101]. Shadrivov et al. studied experimentally both the transmission and reflection

An article based upon the work reported in this chapter is published in IEEE Journal of Selected
Topics in Quantum Electronics, vol. 23(4), year 2017, pages 1-7; title: “Probing the Near-Field Inductive
Coupling in Broadside Coupled Terahertz Metamaterials”; authors SJM Rao, D Kumar, G Kumar, DR
Chowdhury.
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of microwave radiation from metamaterial super lattices created by layers of periodically
arranged wires and split-ring resonators. They measure the dependence of the metama-
terial resonance on the spatial period of the superlattice and showed broadening and
splitting of resonance for the binary metamaterial structures [102]. Mikhail Lapine et al.
suggest proficient method for tuning the transmission characteristics of metamaterials
through a continuous adjustment of the lattice structure and confirm it experimentally
in the microwave range [103]. David A. Powell et al. examine the near-field interac-
tion between the resonant sub-wavelength particles of a metamaterial and present a
method to calculate the electric and magnetic coupling coefficients. They showed that
by altering the relative configuration of the neighboring SRRs it becomes possible to
manipulate this near-field coupling, and thus tune the response of metamaterials [104].
Ekmekeci et al. showed the frequency tunable metamaterial designs at terahertz (THz)
frequencies using broadside coupled split-ring resonator (BC-SRR) arrays. They showed
that frequency tuning, arising from changes in near-field coupling and is obtained by
in-plane displacement of the two SRR layers [105]. Reiten et al. Experimentally and
numerically studied the interaction between closely spaced bilayer split ring resonators
by changing the thickness of separation layer and orientation of SRRs. They have used
a thin micron-scale polyimide layer as spacer between two SRRs. They showed that
bilayer SRRs resonances strongly depend on interlayer coupling tunable by separation
and orientation [76].

Previous investigations on broadside coupled terahertz metamaterials shows reso-
nance frequency shift by changing the thickness of the spacer or displacement of the two
SRR layers. In this chapter, we explicitly explore the near field inductive coupling be-
tween the coupled meta-resonators in a broadside coupled configuration. This is achieved
by displacing the top resonator w.r.t. to the bottom resonator in the horizontal as well as
vertical directions (Fig. 4.1). In our proposed metamaterial geometry, the meta-molecule
unit cell is comprised of two square shaped split ring resonators aligned in an orthogo-
nally twisted fashion and separated by a layer of polyimide as the spacer. We examine
terahertz transmission properties under the mutual displacements of the resonators.
The transmission response is observed in the form of mode hybridization because of
strong coupling between the resonators. We have studied in depth the transitions be-
tween the coupled and uncoupled resonant state as the resonator shifts. In the first
section, the designed geometry has been discussed along with the effect of displacement

on the coupling of fundamental LC resonances. The numerical results are discussed in
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Figure 4.1: Schematic of a single unit cell consisting of two SRRs in the broadside coupled bilayer
THz metamaterial. The yellow regions represent the metallic gold areas which are separated by
a polyimide spacer shown by the transparent green color. Ax and Ay represent the displacements
in x and y directions, respectively. The dotted SRR in figures b and ¢ indicates the initial position
of the resonator. Each of resonators has outer dimensions of 1 x 1 = 48 um x 48 um. The w and
g in the schematic stand for the width and split gap of the resonators, respectively. (a) Shows
the bilayer metamaterials configuration without any displacement between the resonators. (b)
The displacement of the top resonator in the horizontal direction w.r.t. to the bottom resonator
while maintaining Ay = 0. The red arrow indicates the direction of displacement. (c) Vertically
displaced top resonator w.r.t. the bottom resonator i.e. Ay is finite while Ax = 0. (d) Side view of
the bilayer metamaterial with spacer thickness ‘d’ = 4 um when top and bottom resonators are
aligned. (e) Schematic diagram of broadside coupled terahertz metamaterial.
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Figure 4.2: (a) Numerically calculated terahertz transmission through a metamaterial geometry
having only bottom SRR as a unit cell. (b) Numerically calculated terahertz transmission through
a metamaterial geometry having only top SRR as a unit cell.

detail in the next section. Further, we discuss RLC circuit model, which we designed in
conjunction with the proposed bilayer metamaterials configuration. Finally, the results

are summarized in the conclusion section.

4.1 Bilayer metamaterial configuration and

numerical simulation details

The choice of the design of terahertz (THz) metamaterials is crucial in accomplishing
the tunable response of the resonances. In our proposed metamaterial configuration,
metamolecule unit cell is comprised of two split ring resonators separated by a polymer
spacer of thickness d = 4 um. We assumed the polymer to be polyimide which is transpar-
ent to terahertz and exhibit no loss. A schematic of the proposed configuration is shown
in Fig. 4.1. We have assumed silicon of thickness 25 um as the substrate with other
dimensions as lengthx breadth = 150 um x 150 um. The unit cell is chosen to be much
bigger in size compared to the metamolecule pair in order to avoid any coupling between
the neighboring unit cells of the bilayer metamaterial system. In this metamolecule
unit, both the SRRs i.e. top and bottom as depicted in the figure are 48 um x48 um in
length and breadth with a gold layer thickness of 200 nm. The capacitive gap and line
width of the resonators are assumed to be ‘g’ = 12 ym and ‘W’ = 5 um, respectively. The

above mentioned parameters are considered to be constant throughout the analysis. It is
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Figure 4.3: Numerically calculated terahertz transmission through the coupled metamolecule
as studied in this work. (a) Terahertz transmission for various horizontal displacements i.e. Ax =
0, 25, 50, 75, 100% of the top resonator w.r.t. the bottom resonator. The results of the terahertz
transmission for different vertical displacements i.e. Ay = 0, 25, 50, 75, 100% are shown in
figure (b). The inset in both the plots represents a SRR unit cell along with the direction of
displacements of the resonators.

important to highlight that the top and bottom split ring resonators of the metamolecule
sample are orthogonally twisted with respect to each other. In our study, we fix the bot-
tom resonator and displace top resonator w.r.t. the bottom, both in horizontal and vertical
directions, see Fig. 4.1. The horizontal and vertical displacements are symbolized by Ax
and Ay in x and y directions, respectively. Fig. 4.1 (a) represents the bilayer geometrical
configuration when there is no displacement between the resonators, whereas Fig. 4.1 (b)
and 4.1 (c) represent horizontally and vertically displaced top resonator w.r.t. the bottom
one. Fig. 4.1 (d) depicts the side view of the metamolecule unit cell. We have examined
the response of THz transmission through the proposed design for various displacement
values ranging from 0% to 100% in the horizontal and vertical directions.

For our numerical study, we have used commercial available numerical software,
named CST Microwave Studio and used tetrahedral meshing in order to simulate the
geometry. The boundary conditions are assumed to be periodic in the full wave numerical
simulations. We have used waveguide ports as the source and detector. Before going to
proposed bilayer structure, firstly we have done simulation separately for bottom and top
resonators and results are shown in Fig. 4.2. In our study of the terahertz transmission
through the broadside coupled metamaterials, the polarization of the incident THz beam
is assumed to be along the split gap of the bottom resonator in order to excite the

fundamental LC resonance. The top resonator is excited through the near field inductive
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Figure 4.4: Variation of THz frequency corresponding to the first and second resonances exhibited
by the bilayer metamaterial sample versus displacement between the resonators. (a) Shows the
variation of first resonance (solid black traces) and second resonance (solid red traces) when the
top resonator is horizontally displaced w.r.t. the bottom resonator. The variation of 1st and 2nd
resonances w.r.t. the vertical displacement (Ay) is shown in (b). The traces in violet and blue dots
represent intrinsic resonances of the two uncoupled resonators i.e. SRR (top) and SRR (bottom),
respectively.

coupling of the bottom resonator. The resonance mode hybridization result from the
coupling of bottom split ring resonators with the top resonators through a combination
of magnetic and electric flux because of close proximity of the resonators [95]. In our
case, the top layer of the SRRs is surrounded by the air and polyimide layer of electric
permittivity’s i.e. € = 1 and €=3.5, respectively, however, the bottom SRRs by polyimide
and silicon (¢ = 11.9), and hence they experience different dielectric ambience. Because
of the inhomogeneous bilayer structure, the LC resonance from the top resonator gets
modified compared to the bottom LC resonance. The terahertz transmission ([t(w)|) shows
resonance mode hybridization effect (Fig. 4.3) due to the coupling between fundamental
resonances of top and bottom resonators. The results of the terahertz transmission
through the inductively coupled THz metamaterial systems are discussed elaborately in

the next section.

4.2 Results and discussions

In order to examine the terahertz transmission properties of the broadside coupled
metamaterial resonances, we displace top SRR w.r.t. the bottom resonator in both the

x- and y- directions. The results for the displacements of 0,25,50,75,100% are shown
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in Fig. 4.3. In Fig. 4.3 (a), we plot the terahertz transmission (|t(w)|) versus frequency
for the horizontal displacement of the top resonator. We notice that when there is no
displacement i.e.Ax = 0%, we get two resonances at 0.30 THz and 0.59 THz. The first
resonance indicates a red shift while the 2nd resonance shows a blue shift w.r.t. the
intrinsic resonances of the bottom and top resonators when they are in the uncoupled
state. The uncoupled resonances from the top and bottom resonators are observed at
0.52 THz and 0.36 THz, respectively (Fig. 4.1). They are more specifically discussed in
Fig. 4.4. When we increase the horizontal displacements i.e. for Ax = 25 & 50%, a similar
trend in the shift of resonances is observed. With further increase in the displacements
i.e.Ax = 75 & 100%, the transmission spectrum shows a single resonance dip at 0.35
THz which is close to the resonant frequency of bottom resonator in the uncoupled state.
Similarly, we examined the terahertz amplitude transmission for the case when top SRR
is displaced vertically downward w.r.t. the bottom resonator. The results are shown in
Fig. 4.3 (b). For Ay = 0% displacement, the 1st and 2nd resonances appears at 0.30 THz
and 0.59 THz respectively as we discussed above. As the displacement is increased i.e.
for Ay = 25%, the 1st and 2nd resonances shifts to 0.32 THz and 0.52 THz respectively.
This indicates a blue shift in the 1st resonance and a red shift in the 2nd resonance.As
we increased the displacements to Ay = 75%, and beyond the 2nd second resonance goes
through further red shifting.

In order to comprehensively understand the coupled and uncoupled behavior of the
resonances, in Fig. 4.4 we plot the resonant frequency of the 1st and 2nd resonances
versus displacements of the top resonator w.r.t. the bottom one. In Fig. 4.4 (a), the
resonant frequency is plotted versus horizontal displacement Ax. The solid black and
red traces correspond to the 1st and 2nd resonances of the transmission amplitude.
The dotted violet and blue lines represent uncoupled or intrinsic resonances of the top
and bottom resonators, respectively. When there is no displacement, the transmission
through bilayer metamaterials exhibit coupled resonant behavior, and we observe the
1st and 2nd resonances as red and blue shifted w.r.t. the uncoupled resonances of the
respective resonators. However, as we increase the displacement, the red and black curves
approached the dotted lines signifying a transition from the coupled to the uncoupled
state. In vertical displacements for which the results are shown in Fig. 4.4 (b), we observe
a similar behavior of the 1st and 2nd resonances with the displacement. Interestingly
with displacement Ay > 50% the higher frequency resonance or the top resonance shifts

beyond the intrinsic resonance of the top resonator.
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Figure 4.5: Simulated surface current distributions for different displacements between the
resonators. (a) and (b) show current distributions for the 1st and 2nd resonances when Ax = Ay =
0%. (c) and (d) represent current distribution for Ax = 100%and Ay = 100% respectively at the
1st resonance frequency. The red arrows indicate the direction of currents in the resonators.

In order to further analyze the displacement dependent coupling between the res-
onators, we examined the surface current distributions of the top and bottom resonators
in the coupled and the uncoupled states. The results are shown in Fig. 4.5. The surface
current distributions for the horizontal displacements of Ax = 0% and 100%, keeping
Ay = 0 %, are depicted in Fig. 4.5 (a)-(c). In the case of Ax = Ay = 0%, the resonators
are strongly coupled and we clearly notice a hybridized state. The surface currents in
both the resonators are in anticlockwise directions (in phase) at first resonance of 0.30
THz (Fig. 4.5 (a)), however at second resonance frequency i.e. 0.59 THz, the current

distributions are out of phase meaning that the currents directions are in clockwise and
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anticlockwise directions in the top and bottom resonators respectively (Fig. 4.5 (b)). The
current distribution shown in Fig. 4.5 (c) corresponds to 100% displacement along the x
axis, where we see only the 1st resonance. At this resonance we observe a strong circular
current in the bottom resonator. Fig. 4.5 (d) shows the current distributions for the ob-
served resonance for the displacement corresponding to Ax = 0,Ay = 100%. In this case at
resonance we see strong circular current in the bottom resonator however there is almost
no current in the top resonator indicating almost no or very weak coupling in between
the resonators. The red arrows in all the distributions indicate the direction of currents
in the resonators. Ideally the mode hybridization model was explained on the assumption
of the same energy state by Hallas group [106]. But mode hybridization can further
enhance the already separated resonance positions provided the two resonators can
couple strongly enough. In this context we would like to provide the following reference
[76] where such a situation was encountered. The strongest signature of hybridization
is the anti-parallel and parallel induced current in both the resonator at the resonance

frequencies[See Fig. 4.5.].

4.3 Semi-analytical transmission line model

In order to understand the resonant behavior of the transmission properties through
broadside coupled terahertz metamaterials and explain transitions between the coupled
and uncoupled states of the resonances, we used a semi-analytical transmission line (TL)-
RLC model. This model has the ability to give us insight of the resonant transmission
behavior through the proposed THz metamaterials system. In this semi-analytical
approach, a single SRR is modeled with an equivalent RLC circuit which exhibits
resonance at a specific frequency depending upon the shape and size of the split ring
resonator. For our case we assumed two RLC circuits with resistances, inductances and
capacitances as R1,L1,C1 and Rg, Lo, Cs corresponding to the top and bottom resonators,
respectively. In order to justify the results of our numerical findings, we calculated
terahertz transmission results through the TL-RLC circuit model under different values
of coupling between the resonators (see Table 4.1 and 4.2). The schematic of the TL-RLC
circuit is shown in Fig. 4.6. The circuit shows a parallel combination of LC impedance Z
and second order resonance impedance Zs [90-92]. In order to understand the effect of
the second order resonance of the bottom resonator on the fundamental L.C resonance of

the top resonator, we introduce a coupling parameter ‘M’ between the SRRs. The overall
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Figure 4.6: Schematic of the transmission line RLC circuit model. The electrical components
R{,L1,C1 represent the resistance, inductance, capacitance describing the fundamental LC
resonance of the top meta-resonator and Rg, Lo, Co describe the resonance for the second
bottom resonator. Z; and Zs represent the LLC impedance and second order resonance impedance
respectively. The characteristic impedances of transmission lines are represented by Zy and Z;.
The parameter M is responsible for the coupling between the resonators.

impedance of the circuit can be written as

Z1Zo+ w> M?
Lot = L= : 4.1)
Z1+Zo— jw2M

where, M = mutual inductance,

Z1 :Rl +ij1+ (4.2)

JoC1

and

Zo=Ro+ jwLo+ (4.3)

JwCs’
The values of the transmission through the sample, normalized to transmission at a
bare Si substrate is given by
Ziot(Zs+Z
t(w) — tot( s O) (4.4)
Z(Ziot + Zo) + (Zitor x Zo)
where, Z; (impedance of Si substrate) = 109.38 Q2 and Zy((Impedance of free space) =

377 Q. Zg and Zare used to imitate the TEM wave propagation through free space and

substrate. We calculate, transmission using Eq. (4.4) by adjusting the model parameters
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Figure 4.7: Terahertz transmission through the coupled resonators in bilayer THz metamaterials
obtained from transmission line RLC circuit model for various displacements of top split ring res-
onator w.r.t. bottom SRR. The results affirm numerical observations. (a) Terahertz transmission
for various displacements of the top resonator in the horizontal direction. For vertical shift of the
top resonator w.r.t. the bottom, the transmission results are shown in (b).

R, L, C, and Horizontal shift (Ax)

M parameters | 0% | 25% | 50% | 75% | 100%
R1(Q) 95 72 | 64 | 58 58

L (x 1072H) | 498 | 420 | 340 | 340 | 330

C:(x 10°°F) | 0.57 [ 0.57 | 0.62 | 0.52 | 0.555
Rs (Q) 62 98 | 98 | 88 88

Ly (x 1071?H) | 200 | 210 | 250 | 300 | 300

Cs (x 1071°F) [0.399 [ 0.41 | 0.42 | 0.53 | 0.54

M (x 10~ 12H) 90 78 | 69 | 45 35

Table 4.1: The values of R1,L1,C1, Ro, Lo, Co and M used in TL-RLC circuit model for horizontal

shift (Ax) case (Fig.4.7(a) case).

R, L, C, and Vertical shift (Ay)

M parameters | 0% 25% | 50% | 75% | 100%
R1(Q) 95 80 53 | 45 50

Li(x1072H) | 498 | 420 | 330 | 325 | 324

C:1(x1071°F) | 0.57 | 0.538 | 0.52 | 0.58 | 0.59
Rs (Q) 62 78 80 | 89 99

Loy (x 10712H) | 200 | 210 | 300 | 282 | 285

Co (x 107F) [ 0.399 | 0.499 | 0.55 | 0.47 | 0.49

M (x 107 12H) 90 80 60 | 50 45

Table 4.2: The values of R1,L1,C1, Ro, Lo, C9 and M used in TL-RLC circuit model for vertical

shift (Ay) case (Fig.4.7(b) case).

TH-2247_146121032

55



CHAPTER 4. RESONANCE COUPLING IN STACKED TERAHERTZ
METAMATERIALS

R.{,L1,C1,R9,L9,Cy and M until the model transmission fits the measured data (see
the Table 4.1 and 4.2). Using the simulation and modelling, we can analyze on how
the R, L, C and M parameters affect the resonance shapes. The coupling between two
resonators affects the shape of the graphs by virtue of mutual inductance (M) which
is affected by the mutual displacements between the two meta-resonators. The results
of transmission through RLC-circuit model for horizontal displacements are shown in
Fig. 4.7 (a). The corresponding values of coupling parameter ‘M’ and R1,L1,C1, Ro, Lo,
Csy are given in table-4.1. We observe a decrease in value of M with an increase in
horizontal displacement. The calculated transmission is found in good agreement with
the numerical simulations. In Fig. 4.7 (b), the results of terahertz transmission from the
TL-RLC circuit model for the vertical displacements are also shown. The corresponding
values of coupling parameter ‘M’ and R1,L1,C1, R9, Lo, Co are given in table-4.2. The
values of R, L, and C from theory as follows R = 61.49Q, L = 344.027x 1072 H, and C =
0.51x 10715 F (see APPENDIX C for detailed calculations). In this problem, polyimide
layer thickness is very small that’s why we have not consider in transmission line model.
The thickness of polyimide layer is of the order of three hundredth part at our spectrum
of interest. We have calculated the Fresnel coefficients for two layers (Air (n=1) and
Silicon (n=3.4496)) case and three layers (Air (n=1), Polyimide (n= 1.8708), and Silicon
(n=3.4496)) case. We got Reflectivity(R) = 0.3031 and Transmissivity(T) = 0.6969 for two
layers case and we got Reflectivity(R) = 0.3017 and Transmissivity(T) = 0.6984 for three
layers case. So we believe it is justified to ignore the contribution of polyimide layer.
In our study, the focus has been to study near field inductive coupling of resonances,
however, we believe that there may be a weak capacitive coupling contribution to the
transmission response. This can contribute to the mismatching of simulation with the

RLC model, where we only consider inductive coupling effect.

4.4 Conclusions

In summary, we have examined the ability to tune the inductive coupling resonances
in closely spaced inhomogeneous broadside coupled THz metamaterials. This has been
achieved by manipulating the near field interactions via shifting the top resonator with
respect to the bottom resonator both in horizontal as well as vertical directions within the
metamolecule. In case of zero displacement, we observe a resonance mode hybridization

effect due to the coupling between two resonance modes, indicating a strong near field
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coupled metamaterials system. The 1st and 2nd resonances are observed to be red and
blue shifted compared to the uncoupled resonance of the bottom and top resonators. In
case of horizontal displacement of the top resonator, the coupling between the resonators
decreases and gradually uncoupled state is reached when the resonant frequencies corre-
spond to the uncoupled resonance response of the resonators. In vertical displacements,
we see similar tendency in resonance shift however when coupling reduces, the higher
order resonance mode is red shifted beyond the intrinsic resonance. In order to validate
and support our observations, we used a semi-analytical transmission line model and
found that for certain specific values of resistance, capacitance and inductance of the
SRR, it reproduces our numerical findings for the amplitude transmission. We have fur-
ther noticed that the inductive coupling parameter monotonically reduces its strengths
as the displacement between the resonators increases. The tuning of inductively coupled
broadside metamaterial resonances has great potential in manipulating and controlling
electromagnetic waves which can ultimately result in novel applications at THz such as

designing antennas, modulators, switches etc.
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CHAPTER

MODE HYBRIDIZATION IN CAPACITIVE COUPLED

TERAHERTZ METAMATERIALS

n this chapter, we have focused on near field manipulations between nearest neigh-

bor SRRs. Metamaterials in near field coupled configurations can consist of more

than one SRR (meta-atoms) in a unit cell and intelligently manipulating the near
field coupling between these resonators, can have significant impact on the metamate-
rials responses. The control in near field coupling is crucial in design and fabrication
of terahertz photonic components viz. modulators, filters, polarization rotation etc. In
the earlier chapters, we have investigated near filed inductive coupling in edge to edge
coupled terahertz metamaterial and broadside coupled terahertz metamaterial. Here,
we focused mainly on the capacitive near field coupling in a terahertz metamaterial.
Although, the investigations on near field coupling in terahertz metamaterials have
led to many interesting physics and engineering, but actualization of terahertz devices
using such coupling mechanisms require other challenges to be addressed. This includes
engineering the near field capacitive coupling to excite sharp low bandwidth resonance
which has not been discussed earlier. In this context, gap to gap near field capacitive

coupling between adjacent SRRs can result in either blue shift or red shift of the fun-

An article based upon the work reported in this chapter is published in Scientific Reports, vol. 8(1),
year 2018, pages 16773; title: “Modulating Fundamental Resonance in Capacitive Coupled Asymmetric
Terahertz Metamaterials”; authors S. Jagan Mohan Rao, Yogesh Kumar Srivastava, Gagan Kumar and
Dibakar Roy Chowdhury.
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(b)

Figure 5.1: (a) Schematic of a unit cell comprising of two SRRs in a coupled THz metamaterials.
The blue regions indicate substrate while the yellow regions represent metallic areas. Each of the
SRRs has an outer dimension of 36 um x36 um and gap (g1) of bottom SRR is 2 um, gap of top
SRR is g2 (g2 =2, 6, 10....28 um), width (w) of SRR is 4 um. ‘S’ represents a separation between
two SRRs in y-direction(S= 2, 6, 10 and 14 um). (b) Optical microscope image of fabricated sample.

damental resonance, based upon the near field coupling through the split gap of SRRs
[79]. This provides an extra degree of freedom to manipulate and control the phase and
amplitude of the terahertz wave propagation. Further, near field interactions between
the adjacent SRRs results in a strong redistribution of energy in comparison to the
single SRR giving an additional degree of freedom in designing metamaterials. In this
contest Chowdhury et al. showed the nature of coupling between laterally paired split
ring resonators in a unit cell of terahertz metamaterial. Their results specify that tuning
of the electric and magnetic coupling parameters may be achieved not by varying the
orientation or density of SRRs, but by a design change at the unit cell level [79]. In
another study, they experimentally examine a strong effect of Coulomb interaction in
strongly coupled terahertz metamaterials where the SRR compounds in a unit cell are
coupled through their near fields across the resonator split gaps. In another study, multi-
ple high-Q-factor resonances and modulation depth of two resonances demonstrated by
using, two rectangular SRRs in a unit cell of terahertz metamaterial. These two SRRs are
mirror-arranged to construct mirror-symmetric-broken metamaterial. In this mirrored
system, they showed that capacitive coupling between the two SRRs is dominated [107].
In this chapter, we experimentally and numerically study the asymmetric gap to

gap near field capacitive coupling between a pair of SRRs in a coupled unit cell of
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terahertz metamaterial. This is achieved by changing the gap size of one resonator with
respect to the other resonator in a unit cell of THz metamaterial. Further, we have
examined a change in coupling from strong near field regime to weak near field regime
by changing the inter resonator separations in the unit cell. In next section, we have
calculated Q factors for each resonance mode. Because of the interactions between the
asymmetric split gaps, the asymmetric and symmetric coupled resonance modes are
excited which results in low bandwidth and frequency tunable resonance modes. The

results are summarized in the conclusion section.

5.1 Metamaterial design and experimental details

The design of terahertz (THz) metamaterials is crucial in accomplishing the desired
electromagnetic response. In our proposed metamaterial configuration, metamolecule
unit cell is comprised of two split ring resonators with gaps facing each other. A schematic
of the proposed configuration is shown in Fig. 5.1 (a). We have assumed silicon as the
substrate. The unit cell is chosen to be sufficiently bigger in size (P, =60 um and P,=100
um) compared to the metamolecule or SRR pair in order to avoid any undesired near
field couplings between the neighboring unit cells. In such a metamolecule design, both
the SRRs i.e. top and bottom as depicted in the figure are 36 um x 36 um in length
and breadth with an aluminum layer of thickness of 200 nm deposited at the top side.
The capacitive gap and line width of the bottom resonators are assumed to be ‘g{’ =
2 um and ‘W’ = 4 um, respectively. The above mentioned parameters remain constant
throughout the analysis for the bottom resonator. However, in case of top resonator, the
line width is same i.e. ‘W’ = 4 um, but the top capacitive gap (g2) is varied from 2 um
to 28 um. The inter resonator separation (S) is varied from 2 um to 14 um in the step
size of 4 um. For the fabrication of samples, we used conventional photo-lithography
technique in the clean room environment. The samples were fabricated on a 500 um
thick high resistivity (> 5000 ohm-cm) silicon substrate. Followed by photo-lithography,
a 200 nm thick aluminum was deposited by using a thermal evaporator, after which a
lift-off process enabled the formation of the SRR array. Optical microscope images of the
fabricated samples are shown in Fig. 5.1 (b) with the detailed geometric dimensions.
The measurements were carried out using a typical 8f confocal terahertz time-domain
spectroscopy (THz-TDS) system consisting of a photo-conductive antenna based trans-

mitter and receiver. The metallic antenna on GaAs chip is dc biased at 70 V and excited
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Figure 5.2: (a) Simulation results for single SRR as unit cell in THz MMs. (b) Simulation results
for two symmetric coupled SRR as unit cell in THz MMs. (c) Schematic diagram for capacitive
coupled THz MMs.
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Figure 5.3: Experimental and numerically calculated amplitude spectra for 4 different separa-
tions. Dotted lines represent the experimental results and the thick line represents numerical
simulation results.

by 130 fs optical pulses with a wavelength of 800 nm and a repetition rate of 80 MHz
from a Ti: sapphire oscillator laser system generating THz pulses with a bandwidth of
0.2 THz — 3 THz. The polarization of the incident THz electric field is aligned parallel
to the gap bearing arms of the SRRs in order to excite the fundamental L.C resonance
mode (Fig. 5.1) based on the experiments, THz signal was measured in the time domain
after transmitting through the metamaterial samples. It was Fourier transformed to
obtain the frequency domain spectra, which is further normalized with the signal from a
bare silicon substrate of the same thickness (as reference) as used in the metamaterials
samples. All the measurements were done at room temperature and in a dry nitrogen
atmosphere in order to mitigate the effect due to water vapor absorption. We have studied
four different sets of samples corresponding to four different separations (S) between

SRRs with a fixed bottom gap (g1), while the top resonator gap (g2) is changed gradually
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Figure 5.4: Contour plot of numerically simulated THz transmittance for four different separa-
tion between two SRRs. Color bar shows the magnitude of transmission intensity. (a) Represents
contour plot for separation between two SRRs i.e. S= 2 um case. (b), (c) and (d) represents contour
plots for S = 6, 10, 14 um respectively.

as indicated in Fig. 5.1 (a). The separation between the resonators is symbolized by S in
y direction. In this study, different values of S are considered to be as 2, 6, 10 and 14 um.
We have examined the response of THz transmission through the proposed design for
various capacitive gaps (g2 = 2, 6, 10, 14, 18, 22, 26 and 28 um) of the top resonator for
four different separations (S) both experimentally and numerically. For our numerical
study, commercially available numerical software, CST Microwave Studio is employed
and tetrahedral meshing is adopted for simulating the metamaterials geometry.

The boundary conditions are taken as periodic in the full wave numerical simulations.
We have used waveguide ports as the source and detector. The results of the THz
transmission through the planar THz metamaterial systems are discussed elaborately
in the next section. In Fig. 5.2 (a) we have shown simulation result for single SRR as a

unit cell in THz MMs and In Fig. 5.2 (b) represents simulated transmission result for
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Figure 5.5: (a), (b), (c) and (d) represents Q factor verses top resonator gap plots for S =2, 6, 10
and 14 um cases respectively.

coupled SRR as a unit cell. Schematic diagram of THz transmission through capacitive
coupled THz MMs shown in Fig. 5.2 (c).

5.2 Results and discussions

The THz transmission results through the fabricated metamaterial samples for four
different separations (S) are shown in Fig. 5.3. In Fig. 5.3 (a), the separation (S) between
top and bottom SRRs is fixed at 2 um and the top SRR gap (g2) is varied for 6 um, 26
um and 28 um. In case of go = 6 um, high frequency resonance mode is observed at
around 0.52 THz and low frequency mode at 0.41 THz. As the top resonator gap changes
to 28 um, we observed a blue shift in the higher order mode i.e. frequency shifts to 0.6
THz while the low frequency resonance remains almost unperturbed. In case of 6 um

separation, high frequency mode appears at 0.5 THz and the low frequency mode appears
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around 0.44 THz. As the top gap (g2) increases, the high frequency mode goes through
blue shifting just like the previous case (Fig. 5.3 (b)). Similar trends are observed for
separations 10 um and 14 um (Fig. 5.3 (c) and (d). We have performed experiments to
validate our results which are plotted in dashed lines in Fig. 5.3 along with the numerical
simulations. Note that the resonance frequencies in the experiments follow simulations
well however the line widths are not in good match. The difference in the line-width
of the resonance is primarily due to low spectral resolution of measurement, which is
limited by the Fabry-Perot reflection pulse from the rear surface of the substrate. The
reflection of terahertz pulse is bound to arise from the rear end of the wafer resulting
in reduction in the line width of resonances in measurements. However the good match
in position of resonances with respect to frequencies validates our study. The apparent
mismatch of resonance line widths is an universal problem in terahertz metamaterials
because of measurement limitations as described above, similar results were observed in
earlier works too [76, 108]. In order to develop a comprehensive understanding of near
field coupling in the proposed metamaterials, we simulated the coupled structures for
several top resonator gap for all the four separations. The results are shown in Fig. 5.4
using contour plots. In Fig. 5.4, X axis is taken as frequency (THz), top resonator gap
(g2) is plotted in Y axis and the color bar represents magnitude of transmission. Figure
5.4 (a) shows the terahertz transmission for the case of separation, S = 2 um, whereas,
Fig. 5.4 (b), (c) and (d) shows the transmission results when the separations between
the coupled SRRs are S = 6, 10 and 14 um, respectively. These plots clearly indicates a
resonance mode hybridization effect when gap g9 no longer equal to g1. As g9 increases,
the split becomes prominent. We attribute the split in resonance to the strong coupling
between the resonators primarily.

The higher mode suffers clear blue shifting and this is due to the reduced capacitance
of the top resonator where g9 is increasing leading to reduction in value of split gap
capacitance of the top resonator. In order to understand the device performance further,
we have calculated the quality factor for both the resonance modes. Quality (Q) factor
which is typically defined as Q = Af—;, (the ratio between the resonance frequency and the
bandwidth determined at the full width at \/i? maxima in case of amplitude transmission).
We have resonator gap g2 = 2, 6, 10, 14, 18, 22 and 28 um. To evaluate quality factor,
first we have calculated the full width of each resonance mode at \/LE maxima. For S = 2
um case, when g1 = g2 = 2 um, we have only one resonance mode at 0.5024 THz with

full width 0.08 THz and the corresponding Q factor is 6.28 and for go = 6 um case, we
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have two resonance peaks, first resonance peak at 0.405 THz with Af=0.009 THz and
corresponding Q factor is ~45. The second resonance peak appears at 0.524 THz with Af
= 0.1 THz and corresponding Q factor turns out to be 5.24. Similarly, we have calculated
Q factor for g9 = 10, 14, 18, 22 and 28 um and results are shown in Fig. 5.5 (a). For S
=6, 10 and 14 um also, the calculated Q factors are shown in Fig. 5.5 (b), (c) and (d),
respectively. In all the cases, we observed lower frequency mode has higher Q factor
compared to the higher frequency mode. In case of minimum separation (S = 2 um) the
Q factor observed is maximum.

In order to validate our physical explanations, we have monitored the induced surface
current profiles and electric field profiles for strongly coupled regime (Fig. 5.6). In case of
S = 2 um separation with asymmetric split gaps in the resonators, surface currents are
shown corresponding to lower and higher resonance modes, see Fig. 5.6 (a) and 5.6 (b).
The induced surface currents in the resonators are in phase in case of lower resonance
mode and 180 degree out of phase in case of higher resonance mode. This clearly indicates
that the resonators are strongly coupled through electric field lines or in other words
the resonators are capacitively coupled through the split gaps. In order to validate this
explanation, we have further simulated the electric field profiles at the split resonance
dips as shown in figures 5.6 (c) and 5.6 (d). Electric field profiles clearly indicate that the
resonators are strongly coupled at the split resonances. This also explains the trend in
Q factor along with resonance frequency shift. S = 2 um (Fig. 4 (a)) signifying strongly
coupled regime, the resonators are strongest coupled therefore leading to maximum
deviation in Q factor along with maximum shift in frequency between the resonance dips
(Fig. 5.3 (a) and Fig. 5.4(a)). In Figure 5.6 (c) and (d) shows the spatial configuration of
the charge density near the gap and this validates the electric filed coupling is dominant.
However as we move to weakly coupled regime, for example S = 14 um, the difference in
Q factor between the modes are lesser. Because of weak capacitive interactions between
the resonators the resonance dips are also not deviated from their intrinsic or uncoupled
positions. In order to validate this point, we have further simulated the surface current
distributions and electric field distributions of the resonators at weakly coupled regime
(S =14 um) (Fig. 5.7). One may note that the individual resonators are strongly excited
at the resonance dips signifying the coupling as weak or almost absent. At the low
frequency mode, the lower resonator is excited to its fundamental mode (Fig. 5.7 (a)).
Similarly at the higher frequency mode the top resonator is excited to its fundamental

mode (Fig. 5.7 (b)). Therefore it clearly shows that the resonators are no coupled but
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Figure 5.6: (a) & (b) Represent the surface current profile of S= 2 um case for g1 =2 um, go =
14 um at £=0.419 THz and f=0.554 THz. (c¢) & (d) Represents the electric field profiles of S= 2
um case for g1 =2 um and g9 = 14 um at f=0.419 THz and f= 0.554 THz. In figures (c) and (d),
arrows shows the direction of the electric field and the color and size of the arrows indicates
field strength. The polarity of the induced electronic charges on the SRR arms is indicated in the
figure.
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Figure 5.7: (a) & (b) Represent the surface current profile of S= 14 um case for g1 = 2 um, g9
= 14 um at £=0.461 THz and f=0.534 THz. (c) & (d) Represents the electric field profiles of S=
14 um case for g1 =2 um and g1 = 14 um at f=0.461 THz and f= 0.534 THz. In figures (c) and
(d), arrows shows the direction of the electric field and the color and size of the arrows indicates
field strength. The polarity of the induced electronic charges on the SRR arms is indicated in the
figure.
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resonating close to their intrinsic resonance frequencies. In our study, the focus has been
to study near field capacitive coupling of resonances, however, we believe that there may

be a weak inductive coupling contribution to the transmission response.

5.3 Conclusions

In this chapter, we have examined the ability to tune resonance behavior via near
field capacitive coupling in planar terahertz metamaterials. This has been achieved by
manipulating the near field electric interactions via changing one resonator split gap
with respect to the other resonator split gap for several inter resonator separations.
Introducing asymmetry by changing the split gap in one resonator with respect to the
other resonator, results in the mode hybridization when operated in the strong near
field coupled regime. The mode hybridization occurs because of the strong near field
electric interactions between the resonators. We have further calculated Q factor for the
lower and higher resonance modes for different inter resonator separations. We observed
that the lower resonance mode has significantly higher Q factor compared to the higher
frequency resonance mode. We believe that the higher Q factor observed in the lower
frequency resonance mode is due to the strong electric coupling between the resonators.
In near field interaction of the resonators, we also observed a blue shift in the higher
frequency split resonance. This is attributed to the enhanced split gap size leading to
reduced capacitance value. The modulation of resonances in capacitive coupled planar
terahertz metamaterial systems has great potential in manipulating and controlling
electromagnetic waves which can ultimately result in novel applications for terahertz

frequency domain such as designing sensors, antennas, modulators, switches etc.
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CHAPTER

ULTRAFAST SWITCHING IN SILICON INTEGRATED

TERAHERTZ METAMATERIALS

n last three chapters, our focus has been to engineer the resonances in terahertz

metamaterials (MMs) by manipulating the near field coupling in the SRRs. In

these studies, we focused on tuning the fundamental resonance by varying the
geometry of the MM structures in a passive way. However, carefully integrating them
with active materials would allow an additional level of control in manipulating the
resonance properties of MM with the help of external stimulus. In this chapter, we have
focused on active tuning of the resonances at the ultrafast time scale. In past few years,
considerable efforts have been made to realize terahertz active devices using differ-
ent metamaterial configurations. Chen et al. demonstrated ultrafast optical switching
of resonant response of terahertz metamaterials. A switching response of ~20 ps was
demonstrated by engineering the design of carrier lifetime of the ErAs/GaAs super-lattice
substrates upon which the metamaterials were fabricated [82]. In another important
contributions, Chowdhury et al. have examined the ultrafast optical control of near field
coupling between the dark and bright modes by placing an ion implanted silicon patch

in the dark resonator [73]. Chowdhury et al. have also demonstrated reconfigurable

An article based upon the work reported in this chapter is published in Journal of Infrared, Millimeter,
and Terahertz Waves, vol. 39(12), year 2018, pages 1211-1220; title: “Ultrafast Relaxation of Charge
Carriers Induced Switching in Terahertz Metamaterials”; authors S. Jagan Mohan Rao, Gagan Kumar,
Azad, Abul K and Dibakar Roy Chowdhury.
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terahertz metamaterial in which constituent resonators can be switched from split-ring
resonators to closed-ring resonators via optical excitation of silicon islands strategically
placed in the split gap [61]. Gu et al. studied active control of terahertz radiation in
classical electromagnetically induced transparency (EIT) metamaterials at room temper-
ature by keeping photo-active silicon patch into SRR gaps of unit cell in metamaterial.
An on-to-off active control of the EIT resonance is established by optical pump-terahertz
probe (OPTP) measurements. They took a cut wire and two SRRs as unit cell in EIT
metamaterial and these two SRRs are placed beside the cut wire, silicon patch is placed
in the SRR gaps and studied the terahertz transmission through the sample [109].
Previous studies show that the switching off of metamaterial resonances is deter-
mined primarily by the photo-excitation of free carriers throughout the substrate [82].
But our scheme allowed us only in the gap region of the SRR to photo - dope and tune the
silicon conductivity at an ultrafast time scale. In this chapter, we demonstrate ultrafast
control of intrinsic metamaterial resonances through population and depopulation of
the defect states in silicon, strategically placed inside the split gap of single gap ring
resonator. This scheme has potentials to enable ultrafast terahertz devices by combining
the emerging phenomena of metamaterials with well-established silicon platforms. The
metamaterial samples studied in this work consist of single gap SRRs with a radiation
damaged silicon layer placed solely inside the SRRs gap. In the next section, in order
to understand the carrier life time dynamics of the radiation damaged silicon and their
role in ultrafast switching, we have considered tri-exponential theoretical model in con-
junction with the experimental observations. Finally results are summarized into the

conclusion section.

6.1 Ultrafast metamaterial design and experimental

results

Our metamaterial samples were fabricated on radiation damaged silicon-on-sapphire
(SOS) wafer [110]. The wafer consists of a 660-nm-thick epilayer of <100> oriented
radiation damaged silicon epitaxially grown on a 530-um-thick sapphire substrate. The
silicon layer was implanted with two doses of O* ion, 1.0 x 10%/cm? at 200 keV and 1.0 x
10'5/cm? at 100 keV. The samples were fabricated using two-step photo-lithography. First,

photo-lithography was done to create patterns to form metal resonators. Followed by this
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(a)
Optical THz (In)

pump
2=800 nm

THz (Out)

Figure 6.1: (a) Schematic of the SRR array depicting the MM sample studied in this work. (b)
Unit cell of MM sample. The geometrical dimensions of the SRR are indicated inside the figure.
In the image, P, and P, are periodicities in the x and y directions, respectively and silicon is
placed inside the split gap.

step, 10-nm-thick titanium and 200-nm-thick gold layer were deposited by electron beam
evaporation, which was then lifted-off to form the single gap SRR array. In the second
step, photo-lithography was performed to cover the split gap of the SRRs but to expose
the remaining silicon layer across the entire sample area. With plasma etching, silicon
was removed from the entire sample except the gap region of the SRR which was masked
by the photo-resist. The schematic design of the sample along with the optical images of
the fabricated sample are shown in Fig. 6.1 with the detailed geometric dimensions. The
metamaterial samples were characterized using the optical pump terahertz probe (OPTP)
measurement technique [89, 111] where the polarization of the incident THz electric
field was carefully aligned parallel to the gap bearing SRR arm in order to excite the
resonance modes (Fig. 6.1 (b)). A near-infrared femtosecond (fs) laser beam, with a pulse
duration of 30 fs, energy of 3.2 md/pulse operating at 800 nm with a 1 kHz repetition
rate, was employed for terahertz generation/detection and optically pumping the sample.
The pump laser beam had a beam diameter of ~1 cm, much larger than the focused
THz spot diameter of ~3 mm at the sample, providing uniform excitation over the SOS
film in the split gaps of our metamaterial sample. The time delay between optical-pump
and terahertz-probe pulses was precisely controlled using a linear translation stage

to change the optical path length of the femtosecond optical pulses. For several pump-
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Figure 6.2: (a) Transient change in the terahertz transmission peak due to the optical pump
induced conductivity in RD-SOS. (b) Transmitted E-field amplitude through the metamaterial
sample at various pump-probe delays. The incident electric field polarization was carefully aligned
along the gap-bearing arm of the SRR.

probe time delays, the THz signal was measured in the time domain after transmission
through the metamaterial samples. The time domain signals were transformed to the
frequency domain and normalized using a bare sapphire substrate as the reference. All
the measurements were performed at room temperature and in a dry atmosphere in
order to mitigate unwanted absorption introduced by the presence of water vapour in the
ambient air. The carrier lifetime dynamics of the radiation damaged unpattern SOS film
at pump fluence of 1400 uJ/cm? was measured. Fig. 6.2 (a) depicts change in transmitted
THz peak signal as a function of time delay between the optical pump beam and the THz
probe pulses. The photo-carriers generated by the near-infrared optical excitation in the
silicon layer, initially causing a decrease in the transmitted THz signal because of the
transient conductivity.

As the time delay increases, the transmitted THz signal increases due to carrier
trapping in the radiation damaged silicon [112]. Fig. 6.2 (a) shows that the THz peak is
reduced as the optical pulse arrives and then recovers to its full strength within next
20 ps. As revealed by the carrier dynamics of the radiation damaged silicon film, the
photo-carrier concentration in silicon layer changes as a function of the pump probe time
delay (Fig. 6.2 (a)) due to the characteristic carrier lifetime. This change in charge carrier
concentration is directly reflected in change in conductivity as demonstrated in Fig. 6.2
(a). Terahertz transmission measurements through the metasurface sample were carried

out at several pump probe delays as indicated in Fig. 6.2 (a). The amplitude transmission
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through the metamaterial sample shows strong fundamental resonance at 1.08 THz
before the arrival of the optical pump pulse (point A in Fig. 6.2 (a)). At a time delay of
~4 ps after the arrival of pump pulses (point B in Fig. 6.2 (a)), we observe the complete
disappearance of the fundamental resonance, allowing a flat transmission spectra ~1.08
THz represented by the blue curve where the fundamental resonance previously was
existed. At a time delay of ~6 ps (point C), the transmission still remains flat without any
indication of resonance. At a longer time delay of ~12 ps (point D in Fig. 6.2 (a)), there is
an evolution of a feeble resonance feature near 1.08 THz. At delay of 24 ps, the strong
fundamental resonance reappears again at 1.08 THz (point E in Fig. 6.2 (b)). Before the
arrival of pump beam (point A), the transmission spectrum of the metamaterial sample
shows strong resonance due to the intrinsic dielectric nature of the silicon in the split
gaps, supporting the fundamental L.C resonance mode. This fundamental mode is excited
by the incident electric field due to the asymmetry of the SRR [61, 67, 72].

As the pump-probe delay increases, the transmission spectrum reaches to point B due
to the photo-excited carrier generation. At point C, the resonance remains suppressed
because of the conduction of silicon islands inside the split gap. Although at this point, a
fraction of the photo-carriers have been trapped, the overall conductivity of the silicon
still remains high enough to prohibit the electric field build-up required to drive LC
oscillations. At longer delays (point D), a major fraction of photo carriers depart from the
conduction band through the carrier trapping as confirmed by the change in terahertz
transmission measured in Fig. 6.2 (a). Due to the reduction in its conductivity of the
silicon patches in split gaps, we observe the reappearance of the fundamental resonance
at 1.08 THz. As the optical pump delay increases (=24 ps, point E), all the excited photo-
carriers are completely trapped, restoring the loss-less dielectric nature of the silicon
region in the split gap, therefore, the SRR is able to support full-strength LC resonance
at 1.08 THz as revealed in Fig. 6.2 (b).

6.2 Numerical simulation results

In order to confirm our qualitative explanation regarding the experimental demonstra-
tion of resonance switching, we performed finite-element simulations using commercially
available numerical software Microwave Studio from Computer Simulation Technology
(CST) [88]. In our full wave numerical simulations, we have used periodic boundary

conditions to simulate a single unit cell, as shown in Fig. 6.1 (b) and in the inset of Fig. 6.
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Figure 6.3: (a) Numerical simulations of electric field amplitudes transmitted through the MM
sample for different silicon conductivities in the split gap. (b) Optical image of the unit cell of the
fabricated MM sample.

3. An adaptive mesh configuration is employed, generating ~30000 tetrahedron mesh
cells during the numerical simulations. The transmitted component of the S parameter
through the sample is normalized with a blank sapphire substrate in order to replicate
the experimental data. During the simulation the excited E-field was set parallel to the
gap-bearing arm of SRRs as shown in Fig. 6.1 (b). The metal resonators (gold) were
simulated as lossy metal with a conductivity of 6.7 x 107 S/m, whereas the sapphire
substrate was modeled as a lossless dielectric with permittivity equal to 10.5. Silicon
in the gap is modeled as lossy silicon with variable conductivity in order to account for
the effect of photo-excitation in the silicon region placed inside the split gap at different
pump probe delays.

The simulation results are shown in Fig. 6.3 (a) and excellent agreement is observed
both quantitatively and qualitatively when compared to the experimental measurements.
Numerical simulation at point A is done by considering intrinsic silicon in the gap
region without any photo-doping. Next, we considered a silicon conductivity value of
10,000 S/m to reproduce the situation at pump-probe delay of 4 ps (point B in Fig. 6.2 (a)).
Experimental transmission at point C is modeled by assigning conductivity equal to 4,000
S/m. For point D, a relatively small value of silicon conductivity (200 S/m) is assigned
in simulations. We have observed a weakened resonance at this point since there is an
initial damping of the resonance strength due to the Ohmic losses in the silicon in the

gap region (Fig. 6.2 (b) and Fig. 6.3 (a). At point E, the carriers are completely relaxed
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o =10000S/m

o =4000S/m

Min.

Figure 6.4: simulated induced electric field at fundamental resonance frequency (1.08 THz)
for different conductivities of silicon in the split gap resembling the situations with different
pump-probe time delay. In all the sub-figures, the same scale is employed to represent the induced
electric field strength.
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from the conduction band. So the situation is equivalent to the case we observed at point
A in the lifetime dynamics plot. A little difference in the simulations and experimental
line widths can be noticed, which can be contributed to the low spectral resolution of
measurement and imperfection in the sample fabrication. In Fig. 6.4, we have plotted
the induced electric field distribution for several silicon conductivities but at the same
frequency (1.08 THz) where fundamental resonance appeared. With silicon conductivity
o = 0 S/m (point A), a strong electric field enhancement takes place inside the split
gap confirming the mode is due to the inductive capacitive (LC) resonance (Fig. 6.4 (a)).
When resonances are measured at the peak of the pump beam, as in the situation at
point B of pump-probe delay, the high conductivity of silicon in the split gap transiently
modifies the physical configuration of the spit-ring-resonator to a closed-ring-resonator
which does not allow a LLC resonance at 1.08 THz. Therefore, we do not see any electric
field confinement in the split gap (Fig. 6.4 (b)). This indicates the complete switch OFF
of LC resonance mode. As the time delay is increased further (situation at point C),
the conductivity inside the split gap still remains high hence still unable to support
the fundamental resonance mode. Therefore the induced electric field strength in the
split gap remains very low (Fig. 6.4 (c)) confirming that the L.C mode is still OFF. With
further delay at point D, a large fraction of charge carriers have recombined, so the
electrical conductivity of the split gap is reduced considerably and we see the evolution of
resonance with reduced strength in transmission. The simulated electric field supports
this fact with reduced amount of electric field strength induced in the split gap region as
seen in Fig. 6.4 (d).

6.3 Tri-exponential analytical model

The radiation damaged silicon exhibits fast carrier response time due to their rela-
tively short free carrier lifetimes. The short carrier lifetime is ensured because of the
introduction of defects into the crystalline semiconductor. The carrier dynamics in the ra-
diation damaged silicon are primarily determined by the free-carrier relaxations through
the defect states [112]. In order to understand the underlying mechanism involved in
the ultrafast carrier dynamics of our experimental study, we employ a tri-exponential

theoretical model,
I=Ae™ +Be® +Ce®s 6.1)
78

TH-2247_146121032



6.3. TRI-EXPONENTIAL ANALYTICAL MODEL

~_~
L
=

(b)

245 Conduction band
ln =2ps

____________ - == Defect states

Amplitude (a.u)
N
&

»a0l - ?i)ipermental 3 =10 ms 7,= 10 ps
[y y:) I IR I T R N A 4 Valance band
0 5 10 15 20 25 30
Time delay (ps)

Figure 6.5: (a) Carrier lifetime dynamics of radiation-damaged silicon plots - theoretical and
experimental. (b) Charge carriers can relax via three process: into the ion trap states (71, 72) or
radiative recombination from conduction band to valence band (73).

where, I represents the absorption of the THz probe and t is the time delay between the
optical pump and THz probe. 71, 72 and 73 are three relaxation time constants. A, B
and C provide information about the fraction of carriers participating in each relaxation
process. We used equation (6.1) to fit experimental observations, hence calculate the
relaxation time constants. The results are shown in Fig. 6.5 (a). The red traces represent
experimental observations while the blue traces correspond to the theoretical fitting.
It may be noted that the theoretical model fits in a reasonably good agreement to the
experimental observations. We calculated the different parameters used for fitting which
are as follows: A = 40, B = 135, C = 155, 71 = 2 ps, 72 = 10 ps and 73 = 10 ms the
different relaxation times as indicated by theoretical model can be explained through
Fig. 6.5 (b). It shows that the carrier relaxations occur via two different mechanisms.
One mechanism involves band to band direct recombination while the other occurs via
the defect states present in the energy band gap. During ion-implantation of crystalline
silicon, the defects are formed between the conduction band and valance band. These
defects can facilitate the relaxation of carriers from the conduction band to the valence
band. In radiation damaged silicon, these defect states lie close to the conduction band
[113, 114]. The rate of relaxation from the conduction band edge into the defect state
is fast. Typical relaxation time constant for this transition is 71 = 2 ps as indicated in
Fig. 6.5 (b). Similarly we attribute the relaxation time constant of 79 = 10 ps is due to
carrier relaxation from the defect state to valance band. The carrier relaxation time of
intrinsic silicon is usually large and of the order of millisecond due to the direct transition

from the conduction band to valance band. In our case of the order of 73 = 10 ms which
79

TH-2247_146121032



CHAPTER 6. ULTRAFAST SWITCHING IN SILICON INTEGRATED TERAHERTZ
METAMATERIALS

corresponds to the direct transitions between the conduction band and valance band
[114-117]. The ultrafast response of metamaterials is actually originated through the

relaxation processes involving the 77 and 79 processes.

6.4 Conclusions

In conclusion, we have demonstrated fundamental resonance switching of single gap
SRR based planar THz metamaterial in an ultrafast timescale. Resonance switching
on an ultrafast time scale is achieved by selective, but transient, excitation of split gap
conductivity. The evolution of the fundamental resonance mode is studied at different
pump-probe time delays. The different time constants involved in the carrier relaxation
mechanisms during the process of active switching of terahertz metamaterials are
identified using a tri-exponential analytical model. Numerical simulations of induced
electric field distributions inside the split ring resonator confirms our experimental
findings too. The silicon based device structure adopted in this work can provide a unique
platform to integrate current metamaterials with silicon technology. Additionally this

scheme can be helpful in realizing ultrafast metamaterials based THz switches.
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CHAPTER

SUMMARY AND FUTURE WORK

n the first section of this chapter, we present a summary of this thesis work. In the

next section, we discuss future scopes of this work and possible directions.

7.1 Summary

In this thesis, we have studied the near field coupling and ultrafast resonance switching
in terahertz metamaterials. Near field coupling and ultrafast switching in terahertz
metamaterials is an evolving research field in physics that have gathered huge research
interests recently as evident from the recent literatures [59, 61, 73-76, 79-82, 85-87, 91,
95, 100, 118, 119]. As an introduction to the thesis, chapter 1 presented a comprehensive
review of the literature in the field of terahertz metamaterials and the strengths of
near field coupling in metamaterials and ultrafast switching through metamaterials.
The applications of these mechanisms in developing next generation metadevices for
terahertz gap is also discussed in this chapter. In chapter 2, we have discussed the design,
fabrication, and characterization of terahertz metamaterials. As a tool to elucidate
numerical findings and experimental observations, we have also discussed the RLC
circuit model in this chapter.

In the next three chapters, we have explored different novel schemes of near field
couplings in terahertz metamaterials. Near field coupling phenomena in metamateri-

als plays an important role in designing terahertz metadevices. We have studied two
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different types of near field coupling mechanisms. When coupling happens through the
circumference of SRRs, magnetic or inductive coupling dominates through magnetic field
lines. In case of coupling taking place through the gaps of SRRs, electric or capacitive
coupling dominates as coupling takes place through electric field lines. Chapter 3 inves-
tigates the near field inductive coupling in edge side coupled terahertz metamaterials.
The effect of vertical displacements of resonators is examined on the coupling response
and hence on the terahertz wave modulations. The metamaterial system demonstrates
resonance mode hybridization effect due to the coupling between two resonance modes of
[73, 91] coupled resonators. We have employed RLC theoretical model to understand the
coupling mechanism in this near field coupled metamaterial system.

In edge coupled metamaterials, normally a limited interaction between the meta-
resonators comprising the unit cell happens. This is due to the physical separation
between the resonators since two resonators are placed side by side limiting the near
field inductive coupling. Broadside coupled metamaterials can improve this issue by
taking advantage of coupling among individual metasurface layers, resulting in strong
near field coupling. In chapter 4, we discuss near field inductive coupling in broadside
coupled terahertz metamaterials. In this broadside coupled terahertz metamaterial, unit
cell is comprised of two split ring resonators separated by a polyimide spacer and these
two resonators are twisted in orthogonal fashion. First resonator is placed just above the
substrate and we call it as bottom resonator and second resonator is placed above the
polyimide spacer and this we call it as top resonator. The tuning of resonances in the
metamaterials systems realized by varying the near field interactions via shifting the
top resonator with respect to the bottom resonator both in horizontal as well as vertical
directions within the unit cell of metamaterial. The RLC circuit model further elucidates
numerical simulation results and help us to understand the coupling response in this
bilayer terahertz metamaterials system.

In addition to inductive coupling, near field capacitive coupling is also equally impor-
tant to realize high performance metadevices. Also such schemes allow one more degree
of freedom to tune terahertz metamaterials responses. In chapter 5, we have focused
upon near field capacitive coupling in terahertz metamaterials which comprises of a pair
of single split gap ring resonators. We manipulate the near field electric interactions via
changing the one resonator split gap with respect to the other for several inter resonator
separations in the unit cell of a metamaterial. We observed resonance mode hybridization

effect because of asymmetry in the SRR gaps and switching from strongly coupled regime
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to weakly coupled regime. We have further analyzed the Q-factors of the different excited
modes to get more insight of the resonance modes.

In order to realize, high speed metadevices, active tunable response of resonances at
ultrafast time scale is highly important. In chapter 6, we studied ultrafast switching of
fundamental (inductive-capacitive) resonant mode in terahertz metamaterials through
optical excitation of radiation damaged silicon placed in the gap of a single split gap
ring resonator. We observe the dynamic transition of the fundamental resonance from
ON-to-OFTF state in a time scale of 4 picoseconds (ps) and then rapid recovery of the
resonance to the ON-state within next 20 ps. At the point when the conductivity of
radiation damaged silicon is extremely small replicating the dielectric condition, we
observe the evolution of strong resonance in transmission mode and when the radiation
damaged silicon conductivity goes to higher, we observe no resonance in transmission
mode. Higher conductivity in the gap region destroys the capacitive nature of the split
gap, hence switching OFF the LC resonance mode. We performed the finite - element
simulations using CST Microwave Studio to confirm our qualitative explanation for
the experimental demonstration of resonance mode switching. We further employed
tri-exponential charge carrier relaxation model to understand the carrier relaxation
processes happening inside the radiation damaged silicon.

Because of its potential in the development of terahertz devices, near field coupling
in terahertz metamaterials has proven to be a promising area of research. Interaction
between resonant elements in metamaterial can result in several novel phenomena
and interesting applications that cannot be achievable with conventional uncoupled
single resonator based metamaterials. Such effects are resonance mode hybridization
[61, 91], Electromagnetically induced transparency [109, 120], Fano type resonances
[121], broadband response [75] polarization rotations [81] etc. Near field coupling in
metamaterials can also give rise to blue or red shift of fundamental mode, which can
be useful in making modulators and frequency tunable devices. Metamaterial tuned
by broadside coupling enables resonances to be realized at frequencies lower than the
natural resonance of individual SRRs involved in the design of electrically small antennas
[118]. On the other hand, the switching of the metamaterial resonances from ON to
OFF on ultrafast time scale in THz metamaterials is mainly determined by the photo-
excitation of free carriers in radiation damaged silicon, in which the lifetime of the carrier
is picosecond. Such metamaterials can therefore be used to make ultrafast THz devices,

for example, ultrafast switches and modulators.
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7.2 Future scope of work

The field of terahertz metamaterial is rapidly growing and our investigations can play a
significant role in the realization of terahertz components in near future. In this thesis, I
have focused mainly on near field coupling and ultrafast switching in terahertz meta-
materials. These phenomena can be important to several future applications to fill the
terahertz gap. Polarization rotation is an essential phenomena to several applications
[122, 123]. In optical domain, we have well established techniques for polarization conver-
sion such as total internal reflection principle, wave retardation, Brewster’s method etc.
In terahertz domain, we are lacking with polarization conversion devices [81, 124, 125].
In this context, near field coupled system can be useful for the polarization conversion as
well as rotation in terahertz domain.

In our study, we have focused upon the near field coupling and its passive control by
changing structural parameters of the metamaterials. An active control on near field
coupling and hence of terahertz transmission response of metamaterials is important to
build terahertz devices. In this context, graphene metamaterials [126] in the terahertz
domain can lead to the active control of the metamaterial responses. It is possible to
change the optical and electronic properties of graphene by external stimulation and
therefore, graphene metamaterials could pave the way for futuristic actively tunable
terahertz devices [127]. In this thesis work, our focus has also been to study the excitation
of high-Q factor modes in the terahertz domain. These modes could potentially be
useful to perform highly sensitive refractive index sensing of the analytes besides other
typical sensing applications. Our study on near field capacitive coupling can be further
extended to achieve optimized parameter for ultra-high Q-factor modes [128, 129]. It
would be interesting to perform the sensing measurements on these high Q-modes
through experiments and theory.

Recently, slow light systems have attracted considerable interest owing to its promis-
ing applications such as optical buffers, optical memories and variable optical delays
[130, 131]. In this context, electromagnetically induced transparency (EIT) has emerged
as one of the most effective tool to manipulate dispersive properties of the materials
[132, 133]. EIT is a quantum interference effect that occurs in three-level atomic systems
and gives rise to a narrow transparency window within a broad absorption spectrum. The
EIT - like spectral response is generally a result of destructive interference between the

resonances of the bright and dark mode. In manipulating the speed of light and coupled
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terahertz metamaterials could be an attractive area to pursue through this route.
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APPENDIX

IMPEDANCE CALCULATION

Here we have calculated the impedance values for silicon (Si), Gallium Arsnide (GaAs),
and free space. Permitivity of Si is 11.9, permitivity of GaAs is 12.94, free space
permeabulity(uo) = 1.26 x 10~ H/m, free space permittivity (eo) = 8.85 x 10712 F/m, and
ur=1.

A.1 Impedance calculation for silicon

Z = \/E (A.1)
€
7z, = [Fot (A.2)
€0€r

1.26x106x1
Zs:\/ X 109.38Q (A.3)

8.85x10712x11.9

A.2 Impedance calculation for Gallium Arsenide

Zy= % (A4)
Zg — [HoMr (A5)
606,'
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1.26 x 1076 x 1
Zg= e -104.89Q (A.6)
8.85x 1012 x 12.94

A.3 Impedance calculation for free space

In free space relative permeability and relative permittivity are equal to unity, so the

impedance equation is simplified to the following equation

T (A7)

€0

[ 1.26 x 10-6
Zo=1] ———— __ —377Q A8
07\ 8.85x 1012 (A-8)
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APPENDIX

R, L, AND C VALUES CALCULATION FOR CHAPTER 3

The length of SRR is 40 um, width (w) of SRR is 6 um, gap of SRR is 2 um, gold thickness
(t) is 0.2 um, and total length (1) of SRR is 4 x 40um. The inductance of the SRR is
determined by geometric dimensions[134]. From inductance value, we can estimate
capacitence value at the resonance frequency by using w = 1/VLC . The resistance can
be estimated from the quality factor (Q = R%\/g ) of the resonance.

B.1 Inductance (L) calculation
L:uo—ln—+ (B].)

4x40x10°6 8x4x40%x1078

L=126%x107° B.2
A 4 N 6x106+02x10-6 (B:2)
L =268.63x10"12H (B.3)

B.2 Capacitence (C) calculation

1 /1
= —[— B.4
f 2n \ LC (B.4)
1072% x 10™

- (B.5)

T 472 x0.412 x 268
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where single SRR resonance frequency(f) = 0.41x102 Hz

C=0.562x10"°F

B.3 Resistance (R) calculation

Rza E

where Q-factor of single SRR resonance frequency is 13.355

1 [268.63x10-12
R =
13.355 \| 0.562 x 10-15

R =51.76Q2
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APPENDIX

R, L, AND C VALUES CALCULATION FOR CHAPTER 4

The length of SRR is 48 ym, width (w) of SRR is 5 ym, gap of SRR is 12 ym, gold
thickness (t) is 0.2 ym, and total length (1) of SRR is 4 x 48um. The inductance of the SRR
is determined by geometric dimensions[134]. From inductance value, we can estimate
capacitence value at the resonance frequency by using w = 1/VLC . The resistance can
be estimated from the quality factor (Q = R%\/g ) of the resonance.

C.1 Inductance (L) calculation
L=pyp—ln—— (C.1

4x48 x 1076 8x4x48x1076

L=126x10"%x n (C.2)
4 5x106+02x10-6
L =344.027 x 10 2H (C.3)
C.2 Capacitence (C) calculation
1 /1

= /= 4
f=o-\zo (C.4)

10—24 1012
- (C.5)

T 472 x 0.382 x 344.027
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where single SRR resonance frequency(f) = 0.38x 102 Hz

C=051x10"1°F

C.3 Resistance (R) calculation

Rza E

where Q-factor of single SRR resonance frequency is 13.355

1 [344.027 x 10-12
R =
13355\ 0.51x10-15

R =61.49Q
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APPENDIX

MATLAB CODE FOR TL-RLC MODEL

Here we have given matlab code for Ax=0% case from Fig. 3.9(a). Other cases just change

Ry,L,,Cq, R9, Lo, C2, M values and frequency range (if required) and run the program.

cle;
clear all;
close all;
r1=18;
11=348. x10712;
¢1=0.433.x10715;
r2=112;
12=680.x10712;
¢2=0.279.x10715;
z0=377;
zs=104.89; (for GaAs)
m=14.x10"12;
f=0.2. x 10712:0.01. x 10 ~11:0.6. x 10 ~12;
w=2.xpi.xf;
z1=r1+(1j.x((w.x11)-(1./(w.x¢c1))));
z2=r2+(1j. x ((w. x12)-(1./(w.%xc2))));
A=(z1.x22)+(w. 2. x(m. 2));
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B=(z1+22)-(1j.x(2.x w. xm));
zt=A./B;

C=(zt. x (z0+zs));

D=(zs. x(zt+z0))+(zt. x z0);
t=C./D;

plot(f;t);
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APPENDIX

SOURCE OF ERROR

Chapter wise possible source of errors can be given as bellow:

Chapter 3 : In this chapter, the focus has been to study near field inductive coupling of
resonances in planar terahertz metamaterials, however, we believe that there may be a
weak capacitive coupling contribution to the transmission response. This can contribute
to the mismatching of simulation with the RLC model, where we only consider inductive
coupling effect.

Chapter 4 : In this chapter, the focus has been to study near field inductive coupling
of resonances in broadside terahertz metamaterials, however, we believe that there
may be a weak capacitive coupling contribution to the transmission response. This can
contribute to the mismatching of simulation with the RLC model where we only consider
inductive coupling effect.

Chapter 5 : In this chapter, the focus has been to study near field capacitive coupling
of resonances in planar terahertz metamaterials, however, we believe that their may be a
weak magnetic coupling contribution to the transmission response. The difference in the
line-width of the resonance is primarily due to low spectral resolution of measurement,
which is limited by the Fabry-Perot reflection pulse from the rear surface of the substrate.
The reflection of terahertz pulse is bound to arise from the rear end of the wafer resulting
in reduction in the line width of resonances in measurements. However the good match

in position of resonances with respect to frequencies validates our study. The apparent
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APPENDIX E. SOURCE OF ERROR

mismatch of resonance line widths is an universal problem in terahertz metamaterials
because of measurement limitations as described above, similar results were observed in
earlier works too [76, 108].

Chapter 6 : In this chapter, a little difference in the simulations and experimental
line widths can be noticed, which can be contributed to the low spectral resolution of

measurement and imperfection in the sample fabrication.
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