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Abstract

A Terahertz (THz) antenna with a size of a few micrometres cannot be accomplished by just
reducing the extent of a traditional metallic antenna down to a couple of micrometres. This ap-
proach has several downsides. For example, the low mobility of electrons in nanoscale metallic
structures would result in high channel attenuation. Thus, using traditional micrometre metal-
lic antennas for THz wireless communication becomes unfeasible. The THz band refers to the
electromagnetic spectrum between the microwave and infrared frequency bands, which is collo-
quially referred to as the band gap due to the lack of materials and technological advancements.
As opposed to their visible-spectrum features, metals such as gold and silver, which typically
exhibit surface plasmon polaritons (SPPs), have completely different THz physical properties.
2D materials, which typically refer to single-layer materials, have been the focal point of re-
searchers since the advent of graphene. 2D materials, for example, graphene, perovskite, and
MoS2 (TMDs), provide a ground-breaking stage to control the propagation, modulation, and
detection of THz waves. Moreover, 2D materials can enable the propagation of SPP waves
in the THz band. These materials offer a promise of a future technological revolution. Com-
bined with other profound advantages in lightweight, mechanical flexibility, and environmental
friendliness, 2D materials can be used to fabricate low-cost wearable devices. This study also
reported CH3NH3PbI3 perovskite as a promising material for THz antennas for wearable appli-
cations. CH3NH3PbI3 has a high charge carrier mobility and diffusion length, indicating that
this material is a potential candidate for antenna design. The attractive feature about perovskite,
graphene and other 2D materials is the ultra-high specific surface areas that enable their en-
ergy band structures to be sensitive to external basing. In the literature, scientists have tested a
wide range of nano-antenna designs using modelling and simulation approaches. Nano-antenna
fabrication and measurement using 2D materials is still the missing piece in the THz band. The
design, fabrication, and measurement of THz antennas based on 2D materials for wearable wire-
less communication is the primary goal of this PhD study, including designing, fabrication, and
measurement. In this study, we have designed, fabricated, and measured five different designs
using different materials in the THz band, which will pave the way for enabling future THz
short-range wireless communication.
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Chapter 1

Introduction

Terahertz (THz) waves, known as sub-millimetre waves are observed between the optical and
microwave frequency regions of the electromagnetic spectrum [1,2]. This is the frequency range
between 0.3 GHz and 10 THz (between 1 mm and 30um for free space wavelength (λ )) [3]. In
addition to that, also refers to the frequency range between 0.1 GHz and 10 THz [4].

Figure 1.1: Electromagnetic spectrum illustrating the THz frequency band’s placement between
the radio and infrared spectrums.

THz radiation is non-ionizing, making it a safer alternative to other forms of ionising radia-
tion used in medical diagnostics, such as X-rays, which may have physiological consequences.
Additionally, although THz radiation can not permeate metals or water, it does penetrate a wide
variety of ordinary materials, including leather, fabric, cardboard, wood, clothes, plastic, ceram-
ics, and paper, enabling novel sensing possibilities [5]. Portable THz technology would enhance
airport security by allowing for the identification of harmful goods. THz frequencies may pro-
vide very wide bandwidths, in the tens of GHz range. As a result, it has the ability to support
very high data rates in the tens of Gbps [6].

THz frequencies may be used in a variety of scientific domains, including medical diag-
nostics, security imaging, and wireless communication. Devices operating in the optical and
infrared spectra are generally characterized by electromagnetic beams that contain many modes,
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and the dimensions of such devices are typically much larger than the operating wavelength.
On the contrary, THz frequency-based devices are comparable in size to the operating wave-
length [7]. Such devices have the potential to fulfil the future wireless communications need
of ultra−high bandwidth and data rates. Moreover, the problems of channel congestion can be
overcome using THz based communication systems. There has been an ever-increasing demand
for data-based wireless communication in the past decade. Moreover, throughout the world, the
urban population has been growing at an alarming rate. These two factors have created enor-
mous challenges in implementing high-speed and reliable networks that can serve many people
at the same time [8].
A natural solution to overcome this challenge is to shift the network operating frequency to the
THz region. However, with the available technologies, THz systems are affected by high at-
mospheric attenuation and therefore, yield much lower propagation distances. Hence, there is
a demand for novel techniques through which the performance of a THz based communication
system can be increased. To do so, micro-and nanoscale device fabrication techniques have of
late been actively studied. Additionally, the search for highly conductive materials is an ac-
tive research area to develop efficient THz devices. In conventional wireless communication
systems, metallic antennas are fabricated separately from microelectronics. It is not currently
possible to operate the circuitry in the THz frequency region simply by downscaling the tradi-
tional metallic antenna to a few micrometres [9]. The downside of small metallic structures is
their limited electron mobility. As a result, metallic antennas have a lower frequency limit. They
will eventually cease to resonate and will cease to convey any energy. Additionally, metallic an-
tennas are not tuneable. If you alter the frequency, you must likewise alter the size.

By moving up in the frequency, the device physics changes drastically and the approach
of using a metal-based antenna has several limitations, chief among them is the low mobil-
ity of electrons in the nanoscale metallic structures. This results in the antennas being highly
lossy at the resonant frequencies, which would result in a high attenuation and subsequently,
poor efficiency of the overall system [10]. To address this lossy behaviour, meta-material-based
nanostructures have emerged as attractive solutions [11]. Graphene is an atomically thin, two-
dimensional crystalline form of carbon in which the carbon atoms are arranged in a hexagonal
lattice structure. It was discovered in 2004 by Novoselov and Geim, who peeled off a small
amount of monolayer graphene with the help of adhesive tape, therefore, obtaining free-standing
graphene in the air. For their ground−breaking discovery, they were awarded the Nobel Prize in
Physics in 2010. Graphene is considered one of the thinnest materials yet in terms of mechanical
properties, the strongest material measured [12]. Its theoretical specific surface area is as high
as 2630 m2 g−1, thermal conductivity as high as 5300 Wm−1 K−1 at room temperature, which is
higher than that of carbon nanotube or crystalline silicon [13].

Nonetheless, the electrical resistivity of graphene is of the order of 1× 10−6 Ωcm, lower
than copper and silver, which are considered the best conducting materials. All these attractive
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Materials Fundamental properties at THz

2DMs

supporting surface plasmon
propagation at THz.
Superconductivity.

Tunnelling.
Ultra-thin material. flexible

Conventional materials
High loss material at nano structure

high surface resistivity. Low SPP at THz

Table 1.1: A comparison between conventional materials and 2DMS

characteristics enable graphene to display extra-ordinary electromagnetic phenomena. When an
electromagnetic wave, especially in the THz frequency range is an obliquely incident wave upon
graphene, SPPs are excited. Due to the high conductivity of graphene, the SPPs are tightly con-
fined to the graphene surface having a wavelength much smaller than its free-space equivalent.
Moreover, the graphene SPPs exhibit moderate loss, and vital property of tuning of the resonant
frequency through external electrical and magnetic bias and chemical doping [14]. Most impor-
tantly, the resonant frequency of graphene lies in the THz and mid-infrared frequency ranges.

Hence, this property, coupled with the lightweight and flexible nature of graphene, opens the
possibility of creating miniaturized and flexible antenna devices operating in the THz frequency
domain that is well suited for wearable applications. The electrical conductivity of graphene
in the THz frequency range can be described using a semi−classical electronic model in the
absence of magnetic bias [15].

This leads to poor efficiency in terms of radiation as the SPPs have a lower propagation
length along the graphene surface. Therefore, to observe a strong resonant behaviour and im-
prove efficiency, µc needs to be enhanced, which is usually done through chemical doping.
Although both the increase in µc and µ lead to efficient radiation, the effect on the resonant
frequency is different in both cases. Moreover, an increase in the radiated energy affects the
width of the resonant frequency response introducing ringing tails around the centre frequency.
Such broadening of the temporal response is coherent with the sharpening of the resonant be-
haviour that is observed when µ is increased. On the other hand, a stronger resonant behavior is
observed when τ is increased [16]. On the other hand, perovskite which was first discovered in
the Ural Mountains and named after a Russian scientist, Lev Perovskite [17], is a mineral with a
unique crystalline structure. A perovskite structure is any intensified that has a similar structure
to the perovskite mineral.

True perovskite (mineral) is made of calcium, titanium, and oxygen in the structure CaTiO3.
Then, a perovskite structure is whatever has the conventional structure ABX3 and the equiv-
alent crystallographic structure as the mineral perovskite [18]. Perovskites have been widely
inspected all around the world given their attractive properties especially regards to their photo-
voltaic and plasmonic applications [19]. Perovskite materials display many outstanding charac-



CHAPTER 1. INTRODUCTION 4

teristics in terms of superconductivity, ferroelectricity, and high thermo-power [20]. Recently,
there has been an increased interest in the lead halide−based perovskite−type crystals owing to
their extraordinary optical properties. They are self-organized low-dimensional crystals. How-
ever, CH3NH3PbI3 type perovskite and has been recognized as promising materials, having high
carrier mobility and diffusion length indicating that these materials can be to design antennas.
Despite the attractive properties of perovskites, controlling the physical properties during the
design and fabrication phase is still quite challenging, which is currently a limitation in the real-
ization of next-generation functional devices meant for high frequencies [21]. Moreover, various
environmental factors including moisture, ultraviolet light exposure, and thermal stress play a
key role in the instability of perovskite materials [18].

1.1 Identifying the problem

Low electron mobility in nonstructure in traditional metals such as copper, gold, and others
causes significant channel attenuation and makes it difficult to implement a THz-frequency nano
transmitter. Using a micrometer-sized metallic antenna to make wireless communication possi-
ble inside the nanosystem proved impossible to do.

1.2 Motivation

The military, healthcare, and sports monitoring are just a few of the many fields in which wear-
able antennas might be put to use. A total of 187.2 million wearable gadgets are estimated to
be sold annually by 2022. All current applications demand a lightweight, low-cost, and flexible
antenna profile for wearable antennas. Wireless body area network (WBAN) antenna design
is more difficult than in free-space situations because of the skin’s absorption in the network’s
human users. Traditional frequencies up to 60 GHz have been heavily used, limiting available
bandwidth. THz-bandwidth is needed for major multi-gigabit or perhaps terabit wireless trans-
mission capacity enhancements. A band between 0.1 THz and 10 THz, which is between the
optical and microwave bands, gives the possibility of high data rates and high bandwidths. In
addition, this kind of communication is less susceptible to weather conditions like rain and fog
than free-space optical communication.

1.3 Aim

Industrial and scientific applications in security screening, sensing, material characterization,
and astronomy might all benefit from THz waves. Through the use of novel materials and
manufacturing processes, this PhD research intends to study and build low-loss THz waveguide
structures for guided transmission, passive devices, and antennas. Printing antennas in the THz
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range are the focus of this research, which aims to simulate, fabricate, and test these devices.
The tests will be done on PEN, PET, and polyimide, among other flexible substrates.

1.4 Main contributions

• This thesis proposes numerous THz antenna designs based on innovative 2DMs to address the
issues related to metal skin depth effects in the THz band. Various 2DMs are verified and tested.
As far as we know, this is one of the first studies to look at the potential usage of Perovskite and
MoS2 materials in THz antenna design.
• Furthermore, creating an antenna array structure that includes components that can function in
a broad frequency spectrum ranging from 0.75 THz to 1.1 THz, has a high gain, a low sidelobe
level, and is flexible for wearable applications.
• Secondly, a unique hybrid design strategy is presented to combine the benefits of 2DMs with
traditional metals, which solves several fabrication and measurement challenges in the THz
range.
• Finally, this thesis develops a fabrication process for flexible substrates and 2DMs, including
a dry etching technique that preserves the graphene material quality.

1.5 Thesis outline

The thesis is composed of seven chapters:
Chapter 1 Introduction include.

• General Background.
• Problem Statement.
• Research Motivation and Challenges.
• Research Objectives.
• Thesis Organization.

Chapter 2 The chapter introduces the 2DMs that will enable future wireless communica-
tions. The chapter discusses the properties and applications of 2DMs, as well as their growth
and future opportunities in the field of THz applications. Discussion techniques and their eval-
uation in the most recent research need more attention in the area of wireless communication.

Chapter 3 Wearable THz antennas based on graphene have been developed and tested on
three layers of human skin to meet the demands of contemporary THz systems. Because of the
absorption of radiated energy, the antenna performance of wearable antennas will be reduced.
We expect the antenna to work best at a distance of 1 or 2 millimetres from the surface of the
human body. Due to human body proximity, antenna performance was impacted in terms of
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frequency detuning and radiation pattern distortion.

Chapter 4 Fabrication of PICA antenna arrays using Electron-Beam Lithography (EBL).
A gold-based 1× 4 PICA array operating in the THz frequency range of 0.75 to 1.1 THz is
designed and fabricated. A simple and commonly available metal deposition technique to fab-
ricate the structure is used. An ungrounded coplanar waveguide feeding line was used to excite
the antenna. To the best of the authors knowledge, the proposed design is the first instance of
the THz antenna for which the scattering response was measured. The design has achieved a
measured 10 dB impedance bandwidth of 400 GHz at the centre frequency 0.925 THz. Results
also show that other antenna performance characteristics, such as radiation efficiency and gain,
are also high.

Chapter 5 THz antenna array for high-speed THz wireless communication fabrication using
photolithography for on-wafer measurement.

Chapter 6 This chapter discusses future work as well as ideas for how to enhance the THz
antenna devices for future applications.



Chapter 2

Background and literature review

2.1 THz applications

As the frequency spectrum is shifted higher, the free space attenuation and molecule absorption
rise. Due to the fact that frequencies in the THz range are more susceptible to water vapour
absorption, THz waves have a significant reflection loss. The scattering effect of transmitted
waves gets more pronounced as it has short wavelengths, Fig 2.1.

Figure 2.1: The electromagnetic spectrum

THz radiation can have high-resolution imaging—because THz signals have shorter wave-
lengths than microwaves, they can produce image with submillimeter resolution. Unlike ionising
radiation, mmWave and THz radiation are nonionizing because the photon energy is insufficient
(0.1 to 12.4 meV, more than three orders of magnitude weaker than ionising photon energy lev-
els) to liberate an electron from an atom or molecule, whereas ionisation typically requires 12
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eV [22] [23]. THz radiation has this feature, which makes it useful in biological and medi-
cal applications such as medical imaging for the identification of contaminated tissues. Low
scattering, because THz signals have a longer wavelength than visible light, they disperse sub-
stantially less. Intensity, THz signals are far simpler to collimate and concentrate than radio
waves [24] [25].

THz band is mostly between 0.1 THz and 10 THz in frequency, with data rates ranging
from 10 to 160 Gbps with a transmission range of ten metres [23]. To boost spectral efficiency
and data throughput in the THz band, new transceiver and physical layer designs are necessary.
Additionally, Table 2.1 provides a full estimated comparison. This area of THz has been investi-

Technology
Frequency

Ranges
Transmission

Range
Peak Data

Rate
Bluetooth Low

Energy (BLE) [26] 2.4 GHz 100 m 1 Mbps

Low Power Wide
Area Network

(LoRaWAN) [27]

868 MHz, 0.9 Ghz,
Sub 1 GHz 10 Km 50 Kbps

NarrowBand
-Internet

of Things (NB-IoT)
[28]

0.7 to 0.9 GHz 10 Km 200 Kbps

Millimeter Wave
(mmWave)

Communication [29]
∼ 24 to 100 GHz 100 meters 10 Gbps

THz
Communication [30] 0.1 THz -10 THz 10 meters

10 Gbps
to 160 Gbps

Table 2.1: Comparison between THz and other wireless technologies

gated only by a few researchers in a few domains, including chemical spectroscopy, astronomy,
and solid-state physics. THz technology, on the other hand, is in high demand in a wide range
of domains today, from fundamental research such as biochemical spectroscopy, astronomy, and
materials science to applied sciences such as wireless communication, healthcare, agriculture,
and security [3] [5]. THz technology has lately sparked considerable attention in academic and
business. This is because there are a lot of interesting things about THz waves, like the fact that
they can have bandwidths of tens or hundreds of GHz and that they do not pose much of a health
risk [31].

Despite its advantages, THz communication does have a few disadvantages. In the THz
range, the free space path loss is larger than at lower frequencies. This is the fundamental cause
of the difference between received and transmitted power. The Friis transmission equation is
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Figure 2.2: Various applications of THz radiation

used to compute the route loss in free space. [32].

FSPL = 20log
(

4πd
λ

)
[dB] (2.1)

where λ is the wavelength and d is the distance. The THz band, according to the Friis equation,
has a higher propagation loss. Additionally, the THz signal is subject to both molecule absorp-
tion and propagation losses. Due to the loss of molecule absorption, multiple degrees of high
attenuation are established [33]. The spreading loss in the THz frequency is 60 dB more than
in the microwave range. Apart from the path loss features, the THz band’s reflection properties
are distinct from those of the microwave band [34] [35]. For devices in interior environments,
surface differences are on the order of THz wavelength (several hundred microns). As a result,
the indoor object surfaces are rough in the THz range. We know from the scattering effect that
the reflection angle for a rough surface might vary from the incidence angle, and the reception
antennas receive signals from various areas, resulting in multi-path scattering [36].

However, with the possibility of THz sources becoming more widely available, careful re-
search into the biological and molecular effects of THz radiation on human health should be
conducted [22], as even though THz is more than two orders of magnitude lower in frequency
than ionising radiation, it would be prudent to know for certain that heating is the only health
concern at THz. There will be a plethora of THz cameras, video cameras, and communication
gadgets in the near future. THz technology will become more commonplace in our daily lives
when these gadgets are small enough to be carried in our pockets or purses. Increasing the sen-
sitivity of detection and the amount of electricity generated will become more crucial in order
to accomplish this. Further advances in materials, device structure, operating principles, etc. are
needed for the development. Nanotechnology, In the future, thz technology will play a key role
in optimising the performance of THz technology.
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2.2 2DMs for future THz wireless communication

An important advancement in developing materials and device design has been made at this fre-
quency range. Despite the substantial progress in THz device work recently THz applications
are still in the initial stages of development. As a result, numerous additional potential appli-
cations can be added to healthcare, short-range wireless communications, safety, food quality
detection, spectroscopic analysis [37] [38] [39].

Functional materials are now considered as the fundamental building blocks for the real-
isation of THz devices [40]. In this regard, 2DMs such as hexagonal boron nitride (h-BN),
transition metal dichalcogenides (TMD)s, graphene, and perovskites family have gained more
consideration for THz applications [41]. 2DMs are characteristically described as single-layer
materials that have become a central research point ever since the emergence of graphene. A
particular crystal form and nuclear layer stacking sequence, particularly in TMDs, can result
in vastly different physical properties such as superconductors, metal, insulator, and semicon-
ductor [42]. The family of 2DMs shows a widespread series of novel mechanical and electrical
properties, for instance thermal stability, bandgap tunability, and high conductivity [43]. More-
over, in stark contrast with their bulk counterparts, one of the fascinating features of 2DMs is
the ultra-high specific surface areas that enable their energy construction vulnerable to voltage
biasing [44]. However, there are numerous other 2DMs that remain undiscovered. Further-
more, combining different 2DMs results in new structures with unique physical and concoction
properties [45].

Figure 2.3: 2DMs family.

2DMs also enable the development of sensing systems that can be tuned through the elec-
tronic band structure by controlling their thickness and amount of dopants, alloying between
various materials [46]. Metals, such as gold and copper regularly show SPP in the optical
frequency range, but have vastly different physical properties in the THz band effecting their
performance [47] [48] [49]. As the THz resonance is far beneath the aforementioned metals
plasma frequencies, these materials have high conductivity which causes them to behave as a
perfect electric conductor (PEC) to a more prominent degree [47]. In this manner, the SPP’s
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electric field just enters the metal, showing poor repression, accordingly, losing a lot of points
of interest [50].

Additional line of research pries the field wide open as the exploration of new functional
2DMs and experimentally accessible 2DMs grow at a rapid pace, such a diverse family encom-
passes a large variety of material properties including insulators, semiconductors, semimetals,
and metals as shown in Fig 2.3. An exciting aspect of 2DMs is to get benefit of the greatly
unique properties of and load them into a configuration to make new THz devices created from
ultra-thin elements [51]. Every 2DM identified or to be realized might consequently offer a new
application for THz waves [52] [53] [54] [55].

2.3 2DMs electronic properties

In the scope of 0.1 THz to 1 THz frequency range, the wavelength ranges from 108 to 105 nm,
which is exceptionally short [56]. The skin depth is a convenient method to identify the radius
of a metal in which the majority of the current is flowing. It is unnecessary to use a wire with a
radius that is considerably greater than the skin depth since the current moves in the skin-depth
area regardless of the conductor size [57], [56], [57]. Due to its unique structural and physical
properties (Fig 2.5 (a), h-BN is considered a potential assistance material for improving the
electrical and optoelectronic performance of other 2DMs [58], [59]. Furthermore, graphene/h-
BN heterostructure offers a platform for researching many-body correlation phenomena of Dirac
fermions, such as the fractional quantum Hall effect in the high magnetic field of graphene [60]
[61]. h-BN has also been discovered to be useful in other areas [61], [62], including carrier
tunnelling and deep ultraviolet optoelectronics [63].

2.3.1 THz graphene plasmonics

Because of the skin depth effect, the surface resistivity of typical conductors rises with frequency
for conventional metals, and so the radiation efficiency of nano-radius antennas is relatively poor
owing to substantial ohmic losses at very tiny scales. [56], [64]. As a result, it is probable that
the 2DMs will surpass traditional metal-based antennas in terms of radiation efficiency. [65].

SPPs are electromagnetic waves that propagate along the surface of a conductor [66]. These
waves produced in the structure of collective oscillations of electrons allow the sequestration
and management of electromagnetic power at sub wavelength scales [67].

Graphene supports the propagation of SPPs that are with no substantial loss, and more im-
portantly, it exhibits the excellent property of being tunable through electrical/magnetic bias or
synthetic doping [13] [68]. Zero-bias thermoelectric photodetectors based on a single graphene
sheet produced by chemical vapour deposition were used to tune throughout the whole THz
range from 0.1 to 10 THz (CVD) [69]. Biased graphene with dielectric constants of ε1 and ε2
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Figure 2.4: 2DMs Property

(a)
(b) (c) (d)

Figure 2.5: The 2DM structure: (a) hexagonal boron nitride (h-BN) (b) Graphene (c) Perovskite
CH3NH3PbI3 (d) Molybdenum disulphide (MoS2).

Figure 2.6: Real and imaginary conductivity of graphene.
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and the collective oscillations in graphene are stirred up by electromagnetic waves of transverse
magnetic approach, the dispersion described as [70].

kspp = ε0
ε1 + ε2

2
2iω

σ(ω,q)
(2.2)

Figure 2.7: Graphene-based THz devices and THz graphene plasmonics. (a) A split grating gate
field effect transistor [71]. (b) Diagram of graphene plasmon nonlinear absorption [72]. (C)
Metamaterial modulator made of graphene [73]. The top of the polyimide substrate is covered
with nonpatterned and patterned graphene layers. (d) A diagram of the graphene metamaterial
absorber’s structure in [74].

Where kspp is a complex, the real part is the corresponding to the plasmonic wave, and the
imaginary part is the decay. Where plasmonic wave can be accomplished in the far infrared
as the large imaginary conductivity and small Ohmic loss in the real part. However, in the
infrared frequency region, the plasmonic wavelengths can increase to 100. The plasmons on
graphene can be manipulated by optical pumping, doping, and electrostatic gating. Graphene’s
conductivity can be modeled in the THz band using [75],

σ0 =
e2kBT τ

πh2

{
µc

kBT
+2ln

(
e−µc/kBT +1

)}
(2.3)

Where the scattering time is τ , the Boltzmann constant is kB, the electron charge is e, the
temperature is T , the Planck constant is h, the angular frequency is ω , and the chemical poten-
tial is µc. The conductivity of graphene regulates its reactivity using a chemical potential and
relaxation time that can be calculated by, [14],

µc = hv f
√

πn (2.4)



CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 14

τ =
µcµ

ev2
f

(2.5)

where v f is the Fermi velocity
(

106 s/m
)

, n is the carrier density and µ is the carrier mobility
of the electrons. Frequency changing and a wide bandwidth can be accomplished by changing
the chemical potential and scattering time. However, increasing chemical potential affects the
radiation from graphene as the absorption level will increase. An important characteristic of
the graphene band structure is that under zero doping conditions the chemical potential remains
along with the Dirac point and thus there are only a few available free electrons. Any change in
position of the chemical potential, µ , can have drastic consequences on the free carrier density
of the system. In extremely low µ and carrier mobility, invalid force reactions are found. This
suggests that reverberation is not achieved due to the attenuation of SPPs as they spread on the
graphene surface. Even though the rise of the µ and the carrier mobility support the radiated
energy, they have their effect on the impulse response. However, the increase in the µ and the
carrier mobility affects the width of the response (bandwidth) [76].
It has been emphasized the relevance of intraband and interband contributions to surface wave
propagation [77]. The intraband conductivity can be adjusted by modifying the chemical po-
tential at infrared frequencies, allowing for certain control over surface wave characteristics.
According to [78], a transverse electromagnetic mode may be adjusted from radio to infrared by
altering the density of charge carriers in graphene through a gate voltage.

Plasmonic in graphene with many more attractive properties like high carrier mobility, low
gate voltage, and nanostructure shows an excellent capability for THz resonant devices operating
in the THz frequency range. The Electric field effect variation of electron density and generate
periodic plasmonic lattices with a defect cavity introduced in [71]. In addition, deeply pumped
cavity plasmon types are excited in a periodic plasmonic lattice by an incident THz radiation
causing a deep subwavelength concentration of THz energy (Fig 2.7(a)). A great field enhance-
ment of two orders of magnitude is better than the value in conventional metals at THz. Another
important feature of graphene is that graphene can be used in creating tunable THz devices. A
cross-shaped metamaterial containing a two-layer of graphene was designed for accomplishing
a tunable polarization absorber, as shown in Fig.2.7 (b). The absorption was performed with the
highest frequency tuning range of 15%. The peak absorption has been determined by regulating
the Fermi energy which can be accomplished by changing the bias voltage. The device can turn
the reflected wave through a linear polarization of the tunable azimuth angle from 0° to 90° at
the operating frequency [72].

A THz nonreciprocal isolator with circular polarization based on biased graphene has been
introduced in [73]. The isolator displays nearly 20 dB isolation and 7.5 dB insertion loss at 2.9
THz (Fig. 2.7 (c)). The hybrid graphene metamaterial paves the way for actively manipulating
the mutual interaction of THz waves and matter at the deep subwavelength scale and enabling a
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variety of THz applications such as tunable memory devices and modulators [74] (Fig. 2.7 (d)).
Another sort of THz modulator has been developed, which utilises a frequency selective surface
to resonantly boost graphene’s THz response.

2.3.2 Perovskite and MoS2 THz properties

Perovskites have been extensively examined in the field of THz application given their appealing
properties [79] [80], however, perovskite application is usually limited to photovoltaic and solar
domains. The properties of perovskite family materials have allowed the development of many
novel devices and applications. Perovskite materials reveal several exceptional physical charac-
teristics such as ferroelectricity, superconductivity, and high thermopower [20]. Perovskite were
discovered by Weber in 1978 [81]. However, CH3NH3PbI3 perovskite has been recognized as
promising material due to its high charge carrier mobility, and diffusion length indicating that
this material could be a potential candidate for THz application (Fig 2.5 (c). Therefore, lead
iodide perovskite precursor solution can be made by combining the CH3NH3I and PbI2 at 151
molar ratios to meet the atom ratio in CH3NH3PbI3 [82]. This material could have a potentional
high efficiency in THz frequency [83]. The complex photoconductivity ∆σ̃(w,τ) is the sum of
Drude and Smith conductivities in the Drude-Smith model [84] [85].

∆σ̃(ω,τ) =
ε0ω2

p

Γ− iω

[
1+

c1

1− i w
Γ

]
(2.6)
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Figure 2.8: Permittivity and conductivity of CH3NH3PbI3 perovskite (Ref [82])
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Figure 2.9: (a) THz transient of the CH3NH3Pbl3 thin film after optical excitation with 400 nm
pump pulses with a fluence of 27 µcm−2. The Smith term arises from the sample disorder and
contributes both a downturn in ∆σ1 and a negative ∆σ2 at the lowest frequencies [84].

Where the first term ∆σ̃(ω·σ) = ε0w2
P/(Γ− iω) is the Drude conductivity. The second Smith

term C1∆σ̃D/(1− iω/Γ).
Figures 2.8 show the permittivity and conductivity of at 300 K for CH3NH3PbI3. At low

frequencies, the dielectric constant is large; it has been reported to be 60.9 over the 20 Hz−
1MHz range, which is consistent with the low frequency value of 60 obtained from fits at higher
frequencies. This low-frequency value is appropriate in determining steady-state properties,
with static fields consequently varying slowly with position five times slower than in silicon
under similar electrostatic disturbances. At infrared frequencies, the ionic component drops out,
leaving only the electronic response. The dielectric constant drops to 6.5 at optical frequencies,
lower than that of inorganic semiconductors with a similar bandgap [86]. The other possibility is
that CH3NH3PbI3 may possess paraelectric or even ferroelectric properties at room temperature
and above [82].

Coating the perovskite material on a wafer allows the modulation of THz band at 50 GHz
modulating speed. Therefore, the ultrafast response opens the excellent potential in flexible
photonics, wavefront control, and short-range wireless THz communication applications [80]
[87] [88].

However, it is very difficult to produce a dynamic response in flexible photonic gadgets.
In [90] experimentally prove that the solution of perovskite with an intrinsic ultrafast response
could be an ideal platform for developing active flexible photonic devices. A novel silicon-
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Figure 2.10: (a) THz radiation in reflection configuration. XYZ and X ′Y ′Z′ represent the lab-
oratory and crystal coordinate, respectively. Generated THz pulses in (b) time and domain
from layered MoS2 (red solid curve), graphite (blue dash curve), and InAs crystal (black dash
curve) [89].

contained THz metallic split-ring metamaterial is proposed in [91]. The Fano resonance and
transmission can be controlled through external biasing. Fano resonance and transmission am-
plitude abate drastically with the rise of current bias. As the current bias is increased, both the
thickness and conductivity of the silicon carrier layer are modulated simultaneously.

Transition metal dichalcogenides (TMDs) consist of transition metal atoms covalently bonded
to chalcogens (S, Se, or Te) to form atomic trilayers [92]. Although TMDs are appropriate
for innovative THz devices, their performance in the THz range has only been studied in a
few papers in the literature [93] [94] [95]. Molybdenum disulfide (MoS2) is already showing
promise for use in electronic and photonic devices [96] [97] [98] [99]. The lattice and band
structures of monolayer MoS2 are shown Fig 2.5 d. MoS2 belongs to the family of 2D layered
TMDs [100] [101]. Ultrafast carrier dynamics in monolayer and trilayer MoS2 and WSe2 were
observed using time-resolved photoluminescence and THz spectroscopy [102]. The ultrafast
reaction time of photoconductivity and photoluminescence in the monolayer MoS2 is 350 fs,
while it is 1 ps in the trilayer MoS2 and monolayer WSe2. These findings demonstrate the enor-
mous potential of these materials for use in high-speed THz devices [7]. Recently, a monolayer
of MoS2, such as monolayer MoS2 nanostructure, have become potential materials of SPPs
due to direct bandgap and strong spin-obit couplings, which can effectively reduce losses of
SPPs. Moreover, MoS2 nanostructure exhibits excellent photoelectric properties and has been
suggested to be used in field effect transistors [47].

Measurement of ultrafast charge carrier dynamics in monolayers and trilayers of TMDs
(MoS2) and WSe2 using a combination of time-resolved photoluminescence and THz spec-
troscopy showed the possibility of TMDs as high-speed optoelectronic [102]. MoS2 can produce
THz radiation with a linearly polarized femtosecond laser [89]. The radiated THz amplitude of
MoS2 has a linear dependence on ever-increasing pump fluence and thus quadratic with the
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pump electric field.

Table 2.2: THz uses of two-dimensional materials: graphene and beyond

Material Fundamental
properties

Frequency
of operation

Usage in THz
wireless communication

Graphene
Surface plasmon

propagation.
Ultra-thin Flexibility

0.1 to 10 THz

Antenna
[103]
[104],

absorption [105],
metasurface [106],

detection [107],
and modulation [108]

Mos2
SPP, high conductivity,

Ultra-thin
0.1 to 10 THz

Modulation [109] [47],
Enhanced THz
emission [110],

and tunable THz broadband
absorber [111]

Perovskite
Ferroelectricity,

Superconductivity
0.1 to 10 THz Antenna [112]

, Modulation [113] [114]

h-BN
Tunnelling and deep

ultraviolet optoelectronics
0.1 to 10 THz

used in conjunction
with other
2DMs to

improve performance
[115] [58] [59]

Controlling the propagation of THz waves is very important in THz technologies, practically
in high-speed communication. An optically tunable THz modulator using multilayer-MoS2 and
a silicon substrate are presented in [116]. The modulator shows higher modulation efficiency
than the graphene modulator. An alternative mechanism for modulating the emission from a
quantum-cascade laser (QCL) device in which optically generated acoustic phonon pulses are
used to perturb the QCL band structure, enabling fast amplitude modulation that can be con-
trolled using the QCL drive current or strain pulse amplitude, up to a modulation depth of
6% [117].

In [118] design based on MoS2, the mid-infrared to THz can be realized. A MoS2 layer
between 200 nm diameter gold nanoparticle (AuNP) and 150 nm gold film is enhanced by more
than four times compared with the bare MoS2 sample. The implications of these atomic-scale
hybrid materials could be revolutionary for THz applications. The potential THz applications of
2DMs, Graphene and beyond are shown in Table 2.2.

2.4 2DMs THz application

With the fast advancement of graphene and other 2DMs, it is possible to increase the 2DMs’
THz responsiveness and regulate THz waves. Many THz devices can be made because of the
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large variety of material characteristics and the ability to combine 2DMs in a hybrid construc-
tion. In Fig. 2.11 (a), Hybrid silicon-perovskite structures are proposed for optically controlled
THz wave switching between 0.2 and 2 THz. The THz amplitude modulation was controlled
by using a 532 nm external laser to generate free carriers. Perovskite and silicon in a one-step
manufacturing technique showed excellent stability and modulation efficiency. With this con-
figuration, a THz switch could be achievable [113]. The progress on 2DMs such as graphene

Figure 2.11: THz devices based on 2DMs. (a) Schematic of optically controllable THz modula-
tion using perovskite and silicon [113]. (b) A MoS2 metasurface [109] (c) A three-dimensional
model of Graphene field-effect transistors as room-temperature THz detectors [107]. (d) A non-
reciprocal leaky-wave antenna based on a spatiotemporally variable surface impedance made of
graphene [107]. (e) A MoS2 growth in a CVD process as seen in an optical microscope [119].
(f) A flat mirror coding metasurface with adjustable focus [106].

and MoS2 materials offers a different research idea for THz modulator, an optically pumped
THz modulator based on a MoS2 and silicon meta surface are fabricated in [109]. It has been
shown that graphene can be utilised to actively manipulate the waveguide characteristics. A
simple straight waveguide coated with graphene can combine the comparatively low loss of sil-
icon waveguides with the ultra-rapid tuning of graphene electromagnetic characteristics at THz
frequencies [120]. The THz wave modulation based on MoS2 metasurface has been demon-
strated experimentally using time-domain spectroscopy and, which can reach over 90% under
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the incident wave laser pumping of 4 W/cm2 power density. A metasurface of the construction
of the double split ring resonator is shown in Fig 2.11 b.
The metallic metal surface structure’s resonances divide the modulation spectrum into a number
of different frequency windows. By manipulating the geometric structure of the meta surface
and incident polarisation, the modulation spectrum’s frequency, position, and bandwidth may
be altered. In terms of wireless communication, graphene has extraordinary potential for short-
range THz wireless communication. This feature enables the use of THz wireless technology in
integrated systems where conventional metals are incompatible. It was shown that the graphene
electrical field effect may be used to efficiently tune the antenna’s frequency. The suggested
strategy and approaches are critical for addressing the contemporary and basic challenges of
excitation detection. In Fig 2.11 (d), based on the periodic modulation of a graphene strip, re-
searchers have converted plasmons to free space waves. Analyze the dispersion, forecast the
connection efficiency and emitted field, and build strip structures capable of meeting precise
coupling requirements [108]. In [107] (Fig 2.11 (c)), the study illustrates THz detectors based
on antenna-coupled graphene field effect transistors. These use the nonlinear response of the
gate to the radiation field, with thermoelectric and photoconductive origins, to enable large-
area, rapid imaging of macroscopical materials.

Figure 2.11 b (e), a straightforward method to grow large-area MoS2MoS2 films with con-
trolled nucleation and promote the formation of large-area films formed by monolayer or few
layers. In [119] used patterned substrates with the distribution of SiO2 pillars for MoS2 growth
in the chemical vapour deposition (CVD) process.

The small loss in graphene plasmons at THz band is the main motivation for developing sev-
eral waves tuneable devices. A flat reflective which can be programmed to concentration THz
waves to a certain point in the near field is proposed in [106] Fig 2.11 (f). The reprogramming
capability of the meta-mirror could be a key to improve compact THz scanning and imaging and
novel reconfigurable component THz wireless communications. The device is conceived as a
2-bit coding metasurface that leverages the tunability of its graphene-based unit cells to control
both the position and depth of focus.

Anisotropic optoelectronic devices have appeared as a desirable and attractive exploration
subject owing to the latest developments in photonics technology involving communication and
sensing. This is shown by a number of recent studies in photonics and optoelectronics, from
solar cells and light-emitting devices to touch screens and photodetectors. 2DMs also cause ul-
trafast lasers to be on the rise. [123]. Figure 2.12. (a), illustrates a framework for ultrasensitive
and THz modulation of an efficient metamaterial device by creating an anisotropic perovskite-
hybridized resonator array. [114]. A periodic array of closed-ring and split-ring resonators
(CRRs and SRRs) is used to customise the plasmon-induced transparency (PIT) resonance at
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Figure 2.12: (a) Schematic diagram of the polarization-dependent metamaterial perovskite THz
device. [114]. (b) An active frequency selective surface for angle beam steering based on a
hybrid graphene-gold structure [121]. (c) The perovskite-coated hybrid metadevice is shown
in an artistic manner, with the 2D perovskite spin-coated (thickness 60 nm) on top of THz
asymmetric split ring (TASR) and photoexcited using a 400-nm optical pump beam with THz
as the probe. [80]. (d) Optical microscope images of the constructed planar TASR metamaterial
structure [105]. (e) H-BN monolayer sheet is used to construct graphene nanoresonators on Si
wafer [115]. (f) Experimentation using a scanning near-field optical microscope tip to initiate
plasmon-polariton waves in a graphene wedge [122].

different frequencies determined by incident polarizations. On the quartz wafer, a thin layer of
perovskite is deposited, which acts as a photoactive layer when irradiated with 400 nm optical
pump pulses. Photo-swapping of Fano resonance-based subwavelength metamaterial devices at
THz band may be enabled by using a hybrid lead halide perovskite solution as an active material.
In [80] (Fig. 2.12 C), Lead halide perovskites are employed to determine a hybrid perovskite
metamaterial device that exploits power photo switching of the metamaterial resonances in the
THz band. In terms of antennas, much research has been undertaken to optimise the installation
of THz antennas within environmental constraints. At THz frequencies, however, attaining sig-
nificant angle steering for reconfigurable antennas remains a challenge. In [121] Fig. 2.12(b),
the use of a gold and graphene-based construction to steer a 360-degree beam-steering THz an-
tenna is discussed. With its adjustable beam direction and strength level, this antenna might be
used for reconfigurable short-range THz wireless communication.
Measurements of nanoresonators, which allow for hybridization with the phonons of the atom-
ically thin h-BN layer to create two clearly separated new surface phonon plasmon-polariton
(SPPP) modes with widths ranging from 30 to 300 nm, provide the electromagnetically cou-
pled graphene plasmon/h-BN phonon mode frequency wavevector dispersion relations. in Fig.
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2.12 (e). More studies into graphene plasmon-induced single-molecule excitation will benefit
from the discovery that graphene nanoresonators may be utilised as extraordinarily sensitive
probes. [115].

In [105], integrated monolayer graphene on a metamaterial absorber cavity in which sensing
targets induce a considerable shift in metamaterial resonant absorption or reflection owing to
their high interaction with graphene. (Fig. 2.12 (d)). Scannable near-field optical microscopy
tips are another new method for igniting graphene plasmons, Fig. 2.12 (f). A THz metamaterial
absorber cavity integrates monolayer graphene, where the strong interaction between graphene
and the sensing targets results in a substantial shift in metamaterial resonant absorption (or re-
flection). Graphene plasmon polaritons are excited when an infrared beam shines on a nanoscale
metallic tip. The tip provides the extra momentum needed for this process. Reflections at the
graphene edges cause standing-wave patterns. [122].
THz communication literature is mostly focused on device technology. However, there is still a
limited amount of research on the communication components required to construct THz com-
munication networks with a high bandwidth. Each scenario has its own set of difficulties. Metal
THz antennas encounter a number of challenges, ranging from microfabrication to nanoscale
electromagnetic interaction. Two-dimensional materials are showing promise as THz wireless
device materials. Similarly, unique THz signal modulation devices based on upcoming tech-
nologies such as graphene have been proposed for use in short-range indoor communication. At
THz frequencies, the key difficulty is getting efficient sources. Even with significant air attenu-
ation, QCL may be a viable THz source of communication in the upper THz range. According
to the several ways reported in the literature for obtaining THz sources. Recent developments in
two-dimensional material (2DM) processing and fabrication points to a bright future towards the
realisation of efficient THz sensing devices. This is, without doubt, the most critical component
of an adequate THz technology for applications in future wireless communication systems.
In this paper, we have reviewed various types of material properties in the THz band, and some
of them can provide high conductivity, which is required in THz wireless communications.
Reviewing recent work on 2DMs reveals that improved methods in terms of fabrication and
measurement are required. 2DMs have a lot of advantages, including lightweight, flexibility,
electrical characteristics, and environmental friendliness. 2DM can be ideal with THz wearable
devices. On the contrary, a fundamental disadvantage of 2DMs is their high absorption. Finally,
it is concluded that the current technology needs to be further developed in the years to come
and many problems related to the THz communication system need to be solved.

2.5 Summary

A new generation of wireless communication is possible because of the fast development of
2DMs in recent years. The 2DMs family exhibits a broad range of unique mechanical and
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electrical characteristics, such as thermal stability, bandgap tunability, and high conductivity,
among other features. In addition, the ultra-high specific surface areas of 2DMs, in sharp con-
trast to their bulk counterparts, make their energy architecture sensitive to voltage biassing.
Light–matter interactions can be dynamically controlled thanks to graphene’s exceptional elec-
trical and optical characteristics in the THz range. A lot more research into the potential of
TMDs and perovskites for THz applications is expected to lead to the discovery of numerous
new and exciting THz phenomena and high-performance THz devices that are not yet possible
with conventional technology. Both materials may be used to create THz modulators, detectors,
polarizers, and absorbers. There are, however, a large number of 2DMs that have yet to be
found. However, countless other 2DMs remain unknown. Additionally, mixing several 2DMs
resulted in the formation of novel structures with distinct physical and concoction character-
istics. Two-dimensional nanostructures are projected to be extremely compatible with existing
microfabrication processes and to be readily integrated into metamaterials in the future. It should
be mentioned that the active study and development of 2DMs are still in their early stage.



Chapter 3

THz graphene Antenna for wearable
application

3.1 Graphene band structure

It has been discovered that graphene has various idiographic physical phenomena due to its
unique electronic features, such as its zero bandgap, Dirac fermions behaviour of its electrons,
and low density of states, which are all due to its unique electronic qualities.

It is clear that the six points at the corners of the First Brillouin Zone FBZ fall into two groups
of three which are equivalent, so we need consider only two equivalent corners that labeled as
K and Kl in the Fig 3.1. The two spots k and k ’ in the corners of the graphene Brillouin zone,

Figure 3.1: First Brillouin zone (inner hexagon)

which are of special significance for the physics of graphene, are k and k′(BZ). Their locations
in the space of momentum are given by,

K =
2π
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)
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(
1,− 1√

3

)
(3.1)

In the tight binding method, the band structure of graphene is represented as a triangular
lattice with two atoms per unit cell on the basis of the number of atoms in the cell. The following
is the representation of the derived energy band structure.
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E ± (k) = t
√

3+ f (k)− t ′ f (k) (3.2)

Where the plus sign applies to the upper π∗ and the minus sign the lower π band. It is clear
from Eq. 3.2 that the spectrum is symmetric around zero energy if t ′ = 0. For finite values of t ′

the electron-hole symmetry is broken and the π and π∗ bands become asymmetric.

(a)

(b)

Figure 3.2: (a) 3D band structure of graphene. (b) 2D electronic band structure of graphene

3.2 Surface plasmons

Copper material is a well-known material for radio frequency (RF) and microwave antenna de-
sign. Metal antenna design has been extensively investigated in the RF and microwave frequency
bands, and systematic antenna design methodologies exist. However, the copper metal antenna
used in the THz band is designed totally differently from a conventional microwave metal an-
tenna. While conventional microwave metal antennas are stimulated using a variety of feed lines
including microstrip, coaxial cable, and CPW, THz antennas are excited via fibre or air. Another
distinction between metal THz and microwave antennas is the bias voltage. While the THz an-
tenna design requires bias voltage, microwave antennas need not. Additionally, the metal THz
antenna is more costly and hard to fabricate than a metal microwave antenna.

Plasmonics is analogous to electronics in that it makes use of plasmons. A plasmon is a
quantum in physics that describes the collective excitation of free electrons in materials. Due
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to the nature of the dielectric-metal interface between the medium and the particles, plasmonic
nanoparticles have an electron density that can couple with electromagnetic (EM) radiation with
wavelengths greater than the particle. The plasmomics idea dates all the way back to the 1950s,
when researchers Ritchie, Kretschmann, and Otto [124] [125] reported their results on light
incident on dielectric and metallic surfaces. demonstrates the existence of SPs at the interface
between a metal (ε < 0) and a dielectric medium (ε > 0).

(a)
(b)

Figure 3.3: (a) and (b) schematics of the electromagnetic field of surface plasmons propagating
along the interface between a metal and dielectric.

However, at the interface between a metal and a dielectric, precise matching conditions exist
for the electron wave to oscillate and couple with light [126]. This mode is referred to as surface
plasmons (SPs) or surface plasmon polaritons (SPPs), and it originates at the metal surface and
propagates along the metal-dielectric contact. When SPs are activated, an electric field in the
z-direction is amplified, resulting in an unusually high sensitivity for interfacial characteriza-
tions [127]. As a result, novel optics that exploit this resonance property have garnered interest
in a variety of sectors. Successfully marketed sruface plasmon resonance (SPR) immunosensors
give both qualitative and quantitative information. These phenomena may manifest themselves
in a variety of ways, from freely propagating electron density waves over metal surfaces to lo-
calised electron oscillations on metal nanoparticles. Their unique properties allow a diverse
variety of applications, including nanoscale manipulation, single-molecule detection of biologi-
cal analytes, and amplification of molecular resonances [128] [129].

3.3 Chemical potential and relaxation time

Graphene presents excellent conditions for the propagation of SPP, electromagnetic waves guided
along a metal-dielectric interface which are generated by an incident high-frequency radiation.
Indeed, a free-standing graphene layer supports transverse magnetic. SPP waves with an effec-
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tive mode index neff given by [75].

neff(ω) =

√
1−4

µ0

ε0

1
σ(ω)2 (3.3)

Once the graphene conductivity has been calculated,the propagation of SPP waves in graphene
can be studied. Indeed, in graphene, the edge of the graphene patch act as a mirror and the
graphene behaves as a resonator for SPP modes. The coupling of the incident electromagnetic
radiation with the corresponding SPP modes leads to resonances in the graphene. The resonance
condition is given by [76].

m
1
2

λ

neff
= L+2(δ )L (3.4)

Where m is an integer determining the order of the resonance, λ is the wavelength of the
incident radiation, L is the graphene length and δL is a measure of the field penetration outside
the graphene. This equation determines a set of m resonance frequencies ωm corresponding to
m modes of the resonator. The experimentally obtained values of the relaxation time are signif-
icantly lower than the minimum required values indicated by the simulation results. Therefore,
the plasmonic resonance in such structures is expected to be strongly overdamped and a neg-
ligible antenna effect will be present. Further investigated the dependency of the minimum
relaxation time as a function of the chemical potential and could find a figure of merit (δ ) for
the functionality of graphene based antenna devices [130].

(δ ) = µC · τ2
r (3.5)

A plasmonic resonance is only present if δ ≥ 0.1ps2eV. For the experimental data this would
mean a necessary increase of a factor of 14 in relaxation time, by keeping µC constant comparing
experimentally available materials and the necessary requirements of a reasonable performance
graphene antenna. The carrier mobility defines the average speed at which electrons can move
within the material. Since diverse carrier mobility values can be achieved by means of different
graphene manufacturing processes or by using different substrates [131], [132], we will consider
it as a design parameter for graphennas. For a suspended layer of graphene, the carrier mobility
is obtained as,

µ =
1

neρxx
(3.6)

where ρxx is the sheet resistivity.
According to the result in [14] a higher carrier mobility leads to a more resonant behaviour.

Fig. 3.4 shows the matrix of impulse responses, wherein each row and column correspond to a
chemical potential and carrier mobility value, respectively. The time interval is fixed and ranges
from 0 to 10 picoseconds in all cases, whereas the vertical axis limits are also fixed to [−P,P],
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Figure 3.4: Patch antenna with a flexible substrate and graphene as the radiating element.

where P is the maximum envelope peak among all the temporal responses [14].

3.4 Graphene antenna design

A full wave 3D electromagnetic simulation tool, CST Microwave Studio was used to analyze
different antenna designs based on graphene acting as the main radiating element. All simula-
tions were done at room temperature (293 K). In the first design, a patch antenna as shown in
shown in Fig. 3.5 was analyzed, which consisted of graphene as the conducting material, and
a dielectric substrate. For the designing of a micro-strip THz patch antenna, we select the res-
onant frequency and a dielectric medium for which the antenna is to be designed, and then the
parameters of the antenna can be calculated as following. The width of the patch is calculated
using the following equation [133]:

W ≈ C0

2 fr

√
2

εr +1
(3.7)

Where f0 is the Resonance Frequency W is the Width of the Patch L is the Length of the Patch
h is the thickness εr is the relative Permittivity of the dielectric substrate c is the Speed of light:
3× 108.The value of the effective dielectric constant. The effective refractive index value of a
patch is an important parameter in the designing procedure of a microstrip patch antenna. The
radiations traveling from the patch towards the ground passes through the air and some through
the substrate (called as fringing). Both air and the substrates have different dielectric values.
The value of the effective dielectric constant (εr f f )is calculated using the following equation,

εr f f =
εr +1

2
+

εr −1
2

[
1√

1
1+12 h

w

] (3.8)

Where h is the height of the substrate. Due to fringing, electrically, the size of the antenna is
increased by an amount of ∆L. Therefore, the actual increase in length ∆L of the patch is to be
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calculated using the following equation.

(∆)L
h

= 0.412
(εr f f +0.3)((W

h )+0.264)

(εr f f +0.258)((W
h )+0.8)

(3.9)

The length L of the patch is now to be calculated using the below-mentioned equation.

L =
C0

2 fr
√

εe f f
−2(∆)L (3.10)

The width and length of the microstrip transmission line (see Fig. 3.39) required to obtain 50 Ω

antenna input impedance at the desired frequency are given as:

WT =
1

0.8

[
9.5138h√

λ (L3π +1.41)/W
− t

]
(3.11)

LT = 2(2M+1)×λ/2 (3.12)

The first step is calculating the conductivity of the graphene CVD. The complexity of the mod-
els used to this end will depend on the frequency band of interest and the characteristics of the
graphene sheet. The operating temperature, chemical potential, carrier mobility, and the relax-
ation time of the graphene sample also need to be provided. The effect of µc and τ on the
radiation performance of the patch antenna was assessed by varying it in the range of 0.1 eV
to 0.4 eV, 0.1 ps to 0.8 ps. The return loss of the patch antenna in the THz frequency range is
shown in Fig. 3.6. It is noted that as τ is increased, the higher-order modes of the fundamental
resonant frequency become prevalent.

Figure 3.5: Patch antenna with a flexible substrate and graphene as the radiating element.

The strongest resonance has the smallest value of (S11) is −45 dB is obtained at at a chemi-
cal potential of 0.4 eV and 0.5 ps relaxation time. The resonant frequency of the graphene also
changes when the chemical potential is varied. The effect is shown in Fig. 3.6. When µc has
a value of 0.4 eV, the resonant frequency is observed at 4.636 THz, whereas at 0.2 eV, it is
4.546 THz. Furthermore, the S11 started to increase from−34 dB to almost −37 dB. At 0.4 eV,
S11 is still below −10 dB at 0.1 ps relaxation time, and get greater reflection coefficient, relax-
ation time must be increased, as result, S11 increased to −45 dB when relaxation time reaches
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Figure 3.6: The effect of chemical potential observed on the reflection coefficient (S11) in the
THz frequency range. The value of µc was varied from, (black 0.2 eV, blue 0.3 eV to brown
0.4 eV), whereas τ varied from 0.1 ps to 0.5 ps.

0.5 ps, the resonant frequency shifted to 5.3 THz as an alternative of 4.7 THz at 0.3 eV. The
antenna has three possible resonant frequencies as shown in Table 3.1. The thickness of the
substrate is evaluated to optimize the antenna performance in terms of the reflection coefficient
and bandwidth. From Fig. 3.6, the substrate thickness obviously affects the S11 value, however,
the bandwidth becomes narrower with increasing substrate thickness (Table 3.2).

f (THz) µc (eV) τ (ps) Bandwidth (GHz)
4.546 0.2 0.8 185
4.636 0.3 0.8 204
5.347 0.4 0.5 310

Table 3.1: The effect of chemical potential and relaxation time on resonant frequency and band-
width.
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Figure 3.7: Frequency sweep of the reflection coefficient for different values of substrate thick-
ness.

As shown by the results, substrate thickness of 7 µm generates the best resonance with S11 of
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Substrate Thickness (µm) f (GHz) Bandwidth (GHz) S11 (dB)
4 4.546 193.9 -26
7 4.546 192 -41

10 4.546 185 -33.3

Table 3.2: The effect of substrate thickness on the reflection coefficient and bandwidth.

−41 dB, and a bandwidth of 192 GHz. The selection of substrate thickness is therefore a critical
design parameter, which strongly affects the antenna resonance. For wearable electronic appli-
cations, a substrate material having flexibility is an essential requirement. In order to compare
the performance of different types of flexible substrate materials, µc of 0.2 eV, and τ equal to
0.8 ps are selected. From Fig. 3.8, polyamide substrate (dielectric constant, εr =4.5 and loss
tangent, tanα= 0.0027) performs the best in terms of the S11 of −42 dB. Polyamide substrate
is appropriate for applications demanding a high degree of dimensional stability in extreme en-
vironmental conditions. Moreover, polyamide offers a high flexibility and low profile making
it the perfect substrate material for printed fabrication techniques. On the other hand, Rogers
3006 substrate yielded a return loss of −40.6 dB, and for polyethylene terephthalate (PET), it
was −30 dB. For paper, the return loss was −30 dB.
The tunability of graphene is shown in Fig. 3.9, where the resonant frequency is changed with
the help of chemical doping and applying an external voltage bias. Table 3.3 provides a com-
parison of the three different resonant frequencies obtained for a substrate of thickness 7 µm.
All the frequencies have approximately the same S11 with the notable difference in bandwidth,
which increases as the chemical potential increases. On the other hand, the transmission range
gets lower when the electric potential is increased due to an increased absorption.
In Figure.3.10a 3.10b, the radiation patterns illustrate high main lobe magnitudes along with
lower back lobes levels. The main lobe magnitude in the E-plane starts from 2.93 dB at a chem-
ical potential of 0.2 eV, and with increased µc the main lobe magnitude decreases to 1.51 dB at
0.3 eV, and −1.41 dB at 0.4 eV.The proposed design suggests that the graphene-based patch an-
tenna resonates at different frequencies in the THz band, 4.546 THz, 4.636 THz and 5.347 THz
when the chemical potential and relaxation time are varied. Furthermore, changing the chemical
potential leads to an increase in bandwidth from 199 GHz at0.2 eV to 314 GHz at 0.4 eV. On
the other hand, chemical potential affects the radiation pattern by increasing the side lobe and
reducing the directivity of the proposed antenna. Analysis has also been performed to evaluate
the antenna bandwidth and reflection coefficient (S11) at resonant frequencies. A comparison
between different flexible substrates allows to evaluate the effect of substrate material on the
antenna performance. A graphene-based antenna with polyamide substrate shows the maximum
S11 of −42 dB.
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Figure 3.8: Reflection coefficient (S11) of different substrate material thickness 7 µm, Rogers
3006,Polyethylene, Polyamide, Paper.
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Figure 3.9: Antenna resonant frequencies at 7 µm thickness (0.2 eV and 0.8 ps red, 0.3 eV and
0.8 ps, black 0.4 eV and 0.5 ps).

f (THz) µc (eV) τ (ps) Reflection Coefficient(S11) Bandwidth (GHz)
4.546 0.2 0.8 −41.258 199
4.636 0.3 0.8 −40.187 279.9
5.347 0.4 0.5 −41.283 314

Table 3.3: A comparison between different resonant frequencies at 7 µm substrate thickness.

3.5 Body-centric THz networks

Remote real-time monitoring of a patient’s vital signs offers numerous advantages over conven-
tional health monitoring. For example, Remote Health Monitoring (RHM) systems have proven
effectiveness in decreasing healthcare costs and improving quality of life by reducing mortal-
ity, morbidity, and economic costs associated with hospitalization [134]. In addition, remote
monitoring in day-to-day healthcare shows great potential as it is easy to perform and is partic-
ularly beneficial in cases involving frail, elderly and housebound patients [135]. Furthermore, it
provides an efficient approach for monitoring patients with chronic disease through continuous
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(a) H plane
(b) E plane

Figure 3.10: Simulations of the normalized field patterns in the E plane and H plane at different
frequencies.

assessment of symptoms and signs of the disease [136]. RHM systems also have the potential
to increase empowerment of people by enabling the public to actively manage their well-being
as part of their lifestyle [137]. A Wireless Body Area Network (WBAN) is a key functional
component of RHM systems. It is a network that connects a series of biological sensors placed
at different locations around the human body. A coordinator node enables these sensors to com-
municate and transmit physiological data to a remote device, such as a smart phone or personal
computer (PC), for real-time monitoring. 3.11 [138]. In recent years, WBANs have been used

Figure 3.11: Hierarchical architecture of wireless body Centric system

for a range of applications, including physiological and biochemical sensing, motion detection,
and gait analysis [139]. Smart fabrics, which is combine conductive materials with e-textiles, are
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of great use for WBAN applications, they provide a comfortable and user-friendly approach to
remotely monitor a patient’s health without having cables surround the patient [140]. For most
wearable devices, it is important they work wirelessly to ensure operational flexibility [141].
Hence, wireless communication protocols are important to enable connectivity between the
WBAN and other devices. There are several wireless communication protocols that support
WBAN applications. For example, Bluetooth is a wireless technology protocol commonly used
in the application of WBANs for remote patient monitoring. It was originally designed as a
shortrange wireless communication standard that allowed a wireless device to connect with up
to seven other devices. Bluetooth operates within the Industrial Scientific Medical (ISM) band
at 2.4 GHz [142].

Figure 3.12: Wearable Devices Forecasting [142]

The ISM band is internationally recognised as one of the most commonly used standards
in wireless communication systems and can be used without a special licence for a range of
purposes. Antennas are devices that convert electrical signals into electromagnetic waves, and
vice versa [143]. They play a key role in communication technology as they enable wearable
devices to receive and transmit data wirelessly [144]. Compact antennas can be used to develop
user4 friendly portable Radio-Frequency (RF) and microwave devices [145].

As such, small wearable antennas are being applied in a range of areas including health
monitoring, physical training, navigation, medicine and military operations. For applications
in RHM systems, antennas can either be attached directly to the human body or integrated into
clothing. They behave as transducers, remotely receiving and transmitting physiological data
from the human body to a wearable device. The integration of antennas within flexible elec-
tronic systems has driven significant technological advancements [146]. Flexible electronics
has been a popular research interest in recent years due to its attractive characteristics, which in-
clude light-weight, cost efficient manufacturing, simple fabrication, and availability of low-cost
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flexible substrates [147]. The THz band is very promising to enable connectivity in body-centric
networks (BCNs). Due to the unique THz propagation properties and sensing capabilities, and
due to the THz radiation’s relative safety to biological tissues [148], the THz spectrum can
improve the performance of existing BCNs, thus enabling various medical applications [149].

Because of the substantially high absorption in human skin, the path loss is considered more
from the molecular absorption loss than the spreading loss. More particularly, at the same fre-
quency and distance, the exponential loss caused by the molecular absorption is approximately
double the spreading loss contribution to the path loss. Furthermore, it is demonstrated that
the path loss increases with both the transmission distance and frequency and that the path loss
would reach 80 dB when the transmission distance increases to 2 mm for all the three different
human tissues [150].

3.5.1 Perimitivity of human skin at THz band

As such, these systems would be highly suitable for integration into wearable RHM devices. The
demand for wearable devices is expected to increase to 187.2 million wearable units annually
by 2022 [151]. Wearable antenna requirements for all modern applications require lightweight,
low-cost, and a flexible profile. For WBAN scenarios, the antenna design becomes more com-
plicated than free-space environments, due to the absorption of the human skin. Human skin
is a complex, heterogeneous and anisotropic medium, where minuscule organs such as blood
vessels and pigment content are spatially distributed in depth [152]. With the complexity of
human skin, it is challenging to accurately describe the material, mainly due to the shapes and
function, and most importantly because of the absence of the dielectric constant measurements
at high frequency [153]. Therefore, most of the latest research simulates the human skin as
three layers; epidermis, dermis, and hypodermis which represent the most essential parts of the
human skin [154]. Wearable antennas, therefore should be carefully designed to minimize skin
absorption.

The antenna design becomes more complicated than simple free-space environments, due
to the absorption of the human skin. Human skin is a complex, heterogeneous and anisotropic
medium, where small parts, like blood vessels and pigment content are spatially distributed in
depth [152]. With the complexity of human skin, it is challenging to accurately simulate the
structure, mainly due to the shapes and functions (see Fig 3.13), and the lack of the permittivity
measurements at THz frequency [153].

Layers of human skin are shown in Fig. 3.13 where the thickness of each layer varies from
person to person. For the epidermis, the typical thickness ranges from 0.05 to 1.5mm and
1.5−4mm for the dermis. The hypodermis has no typical value [155]. The epidermis contains
two layers with only dead squamous cells and the living epidermis layer, where most of the
skin pigmentation stay. The stratum comeum is a thin accumulation on the skin outer surface.
The dermis that supports the epidermis, is thicker and mainly composed of collagen fibers and
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Figure 3.13: Human skin Design Drawn on Fusion

intertwined elastic fibers enmeshed in a gel-like matrix. The subcutaneous fat layer is composed
of the packed cells with considerable fat, where the boundary is not well defined, thus, the
thickness of this layer differs widely for various parts of the human body. The permittivity of
human skin tissues can be obtained using [156].

ε
′(ω) = ε∞ +

εs − ε2

1+(ωτ1)
2 +

ε2 − ε∞

1+(τ2)
2 (3.13)

ε
′′(ω) =

(εs−ε2)(wτ1)

1+(ωτ1)
2 +

(ε2 − ε∞)(ωτ2)

1+(ωτ2)
2 (3.14)

Where Here ε̂(ω) is the complex permittivity as a function of angular frequency, ε is the limiting
value at high frequency, ω is the angular frequency (ω = 2π f ),τ is the mechanical relaxation
time at an intermediate frequency. εs is the static dielectric constant, ε∞ is the limiting value at
high frequency, and ε2 is an intermediate frequency limit [157] [158].

Table 3.4: Parameter human skin values

Reference Model εs ε2 ε∞ τ1(ps) τ2(ps)
Ref [63] Epidermis 58 3.6 3 10.0 0.20
Ref [62] Dermis 60.0 3.6 3 9.4 0.18

Using Eq. 3.14 and 3.13 and the values in Table. 3.4 the permittivity can be calculated for
frequencies between 0.1− 1.2 THz. The real part of the dielectric constant of the two-layer
human skin model can be seen in Fig 3.14 a, while the imaginary part of the dielectric constant
for the same layers can be seen in fig 3.14 b. Both Figures contains the information that describes
how electromagnetic waves behave in this frequency range for these three layers. Three layers
of the human skin model as shown in Fig.3.15, and the hybrid antenna placed on the top.

Three layers of human skin model as shown in Fig. 3.15b, the thickness of which differ
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Figure 3.14: Imaginary and Real part of permittivity of human skin.

(a) (b)

Figure 3.15: (a) Simulation of human skin in CST (b) Microscopic image of real human skin
presenting the two defined layers: epidermis and dermis [159].

between various human skins. For the epidermis, the typical thickness ranges from 0.05 mm to
1.5 mm, whereas the dermis is typically 1.5× 10−4 mm. The hypodermis, on the other hand,
has no typical value [155]. The epidermis is sibdivided into two further layers, the stratum
corneum with only dead squamous cells and the living epidermis layer, where most of the skin
pigmentation stay [14]. The stratum corneum is a thin accumulation on the skin outer surface.
The dermis that supports the epidermis, is thicker and mainly composed of collagen fibers and
intertwined elastic fibers enmeshed in a gel-like matrix. The subcutaneous fat layer is composed
of the packed cells with considerable fat, where the boundary is not well defined, thus, the
thickness of this layer differs widely for various parts of the human body.

3.6 THz serial antenna design

In comparison to traditional vital sign monitoring equipment, non-contact detection of breath-
ing and cardiac rate using Doppler radar is a convenient technique to examine a person vital
signs [160] [161]. Remote Vital Signs Monitoring is thus required in various levels of health
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care, rescue services, and the military and defense sectors [162] [163]. However, the mon-
itoring system accuracy and dependability should be managed appropriately for its practical
systems [164] [163]. Three antenna arrays composed of ultra-wide patch elements were devel-
oped in this study for the accurate detection of human BR and HR at 0.8 THz band frequencies.
The array antenna can be used to minimise interference from reflected signals from side objects,
since the suggested antenna arrays have smaller radiation beamwidths than a single element
patch antenna. The suitability of the THz band for health care monitoring has been investigated
in this section.

The ultra-wide patch components provide a great trade between gain and array size. Due
to the arrays low side lobe level, high gain, and narrow beamwidth, the electromagnetic (EM)
wave was focused on the target, which enhanced RVSM accuracy. Additionally, the size of all
arrays were large enough to allow for cost-effective production using standard Photolithography
techniques. Youngs modulus of graphene is excellent, allowing for mechanical flexibility, and
graphene may also be able to address the problem at hand. Flexible, stretchy, or even conformal
features may be added to gadgets by using graphene-based good judgement devices because of
its atomically thin thickness and super electric capabilities. Even more importantly, graphene
aids in the generation of SPPs capable of showing high wave restriction and moderate loss by
supporting the propagation of these SPPs via Graphene. Graphene remarkable electromagnetic,
mechanical, electrical, and thermal capabilities have made it possible to conduct short-range
communication in the THz frequency range. It has become the dominant platform material at
THz frequencies. An essential benefit of employing graphene is the ability to create lightweight,
thin, and low-cost flexible antenna devices. To make things even more flexible, stretchy, or even
conformal in any application, graphene-based devices may have atomically thin profiles and
amazing electrical characteristics.

3.6.1 Antenna design

The antenna community is inspired by the planar antenna’s simple construction, cheap cost,
and low profile to create a variety of other planar antennas to satisfy the needs of future wireless
communication systems. An advantage of a single-element antenna is that it has a wide emission
pattern and a low directivity coefficient. For long-distance wireless communication, antennas
with high-directionality are necessary. An electrical and geometrical arrangement of single
components may produce a beam with a great degree of focus and precision (gain). The term
array refers to this kind of antenna with several elements.

Owing to the skin depth effect, the surface resistivity of typical conductors rises with fre-
quency, resulting in extremely poor radiation efficiency at large sizes due to the accompanying
significant ohmic losses, as explained in the preceding chapter. To improve the radiation effec-
tiveness of THz antennas, the conductor’s surface impedance should be decreased by the use of
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Distance b/w patch 400um
Width feed 50 Ω (Ws) 38um
Thickness of Gold 0.5um
Thickness of graphene 0.35 nm
Cpw Gap 7um
Substrate (PEN) 1.3 mm×1.8 mm

Table 3.5: Antenna parameters

a hybrid design using 2DMs such as graphene. The metal and graphene gold are inextricably
linked in their operation and resonances.

Figure 3.16: Graphene and Gold interface

There is now research underway on the potential of a three-layer hybrid THz antenna for use
in wearable electronics. Graphene and gold are the two radiation elements that we are utilising
in this design. As a performance-enhancing material, graphene is utilised in conjunction with
conventional metals like gold, which have adequate thickness for production and measurement.

It is possible to manipulate the form and structure of these materials when they are mixed,
and this may assist solve the difficulties in manufacture and measurement. It is expected that
substrate material and attributes will be changed to increase the antenna bandwidth, efficiency,
and overall gain. Analyses of graphene influence on antenna radiation properties near the human
body are provided and discussed in here. The geometry of the proposed nano antenna array
structure is shown in the Fig. 3.19. The array radiating elements have been fabricated on a
flexible and bendable dielectric substrate. As shown in Fig. 3.17, the proposed antenna array
uses two radiation elements, namely graphene and gold, with Ti and Aluminium as adhesive
layers to the substrate.

For design convenience, the proposed antenna is fed by a 50 feed line with a voltage divider.
The dimensions of the antenna are shown in the figure and table The antenna’s optimised di-
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(a) Gold metal antenna arrays on Flexible
PEN substrate

(b) Graphene material antenna arrays
on Flexible PEN substrate

(c) Graphene and Gold interface array structure

Figure 3.17: CPW Antenna Arrays designing steps

Figure 3.18: Cpw THz Antenna Arrays Dimension
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mensions are given in Table 3.5 and Fig 3.18. The dielectric constant of the substrate is 2.2, and
the substrate has a thickness of 125 um, which is the smallest thickness available on the market.
Figure 3.19 (b) shows the antenna layout with respect to the coordinate system. An initial design
has been obtained to meet the ultrawideband bandwidth requirements. The antenna is designed
to meet the limitations of fabrication and measurement in the THz band. The arrays consist of
24 elements with a thickness of 500 nm.

(a) Front View

(b) Gold,Graphene,and Titanium

Figure 3.19: CPW Antenna Arrays Structure

Figure 3.20: S11 with different patch lengths

Figure 3.20 shows S11 with different antenna dimensions. It can be seen that S11 is the lowest
and equals −18 dB when the length is 65 um. To put it another way: When you have a length of
45 um,S11 is at its greatest, and it at its lowest. S11 , with a 45 um length and 118 um wide, has
the greatest antenna performance. In this instance, the bandwidth is, on the other hand, a little
less than the others demission. Antennas with a 45 um and 118 um effective width and length
have been discovered.
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All dimensions are calculated using the equations described in the previous section. The
SEM images shown in Fig 3.24 clearly show the CPW gap and the feed line width. Human skin
is a complex, heterogeneous and anisotropic medium, where minuscule organs such as blood
vessels and pigment content are spatially distributed in depth [152]. With the complexity of
human skin, it is challenging to accurately describe the material, mainly due to the shapes and
function, and most importantly because of the absence of the dielectric constant measurements
at high frequency [153]. Therefore, most of the latest research simulates the human skin as
three layers; epidermis, dermis, and hypodermis which represent the most essential parts of the
human skin [154]. Wearable antennas, therefore should be carefully designed to minimize skin
absorption.

3.7 Photo lithography fabrication

Wafers were cleaned progressively in acetone, isopropyl alcohol, and dilute hydrochloric acid.
A primer was spin coated for 20 seconds at a speed of 4800 mpm and then baked at 115C for 35
seconds. SPr resist, a positive photoresist, was spin coated at a 4800 -rpm speed and baked for 60
seconds at 900 C. Lithography was carried out using a picture mask that served as the standard
mask for the first alignment marks. A 34 seconds exposure with MA 6 was used, followed by a
3 -minute development in CD26.

Figure 3.21: Antenna arrays fabrication steps

This was followed by a 50-second hard bake at 80C on a hot plate. Following development,
the patterned portion of the pen substrate was exposed for asher. Plasma ashing is a critical and
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Figure 3.22: The purposed Cpw THz Antenna Array on finger

Figure 3.23: An optical micrscope image for the purposed Cpw THz Antenna Array

commonly performed technique in manufacturing.

Figure 3.24: SEM image of a plasmonic THz antenna arrays prototype based on nanoscale Au
contact 0.35 nm graphene material
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(a)

(b)

Figure 3.25: Optical counter GT image of THz antenna arrays profile

3.8 Results and discussions

In terms of graphene conductivity, chemical potential and relaxation time have a significant
impact.

A broad range of frequencies may be produced by raising the chemical potential and relax-
ation period. Due to the increase in graphene absorption level, raising chemical potential has
a negative effect on radiation efficiency. This results in a good match between the source and
feedline, but a decrease in radiation efficiency since more power is absorbed by the graphene
material, which results in a loss of power. It was decided to keep things simple by using a
normal chemical potential value of 0 eV and a relaxation period of 0.1 ps to maximise the radia-
tion and overall efficiency while minimising absorption inside the material itself. The simulated
reflection coefficients of the 24 elements array shown in Fig. 3.26, which shows the excellent
antenna performance as the whole response is below the 10 dB range. Figure 3.27 shows the
surface electric current distribution of the proposed arrays at the operating frequency, and this
result show that the current reaches the tip of the antenna, causing radiation of the EM waves.
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Figure 3.26: Simulated S11 profile of the designed graphene antenna, gold , and gold graphene
antenna

Figure 3.27: surface current distribution of purposed Cpw THz Antenna Array

3.8.1 Flexibility of the Antenna

Fabric qualities limit the machine flexibility after stretching. For flexible and stretchy elec-
tronics, materials with high strain limits and the ability to be manufactured in thin layers are
required. However, a gadget that seems to be bendable does not always mean that it is flexi-
ble. Conformal electronics, surface-mounted smart sensors, and bioelectronics all need systems
with a high stretch capacity. Flexible and even stretchy materials must be employed in wear-
able devices to keep up with the body mobility. This is because graphene, as an alternative to
typical rigid materials, possesses mechanical qualities that may be used as software in a wide
range of wearable devices. The implanted antenna performance is examined under two bending
scenarios with varying bending radii. The impact of bending in the x-direction is investigated
in this example. The antenna x-direction curved design is seen in the Fig 3.28. The simulated
antenna S 11 for various bending radii is shown in Fig 3.29. The thickness of the copper sheet
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was taken into account while determining these radius values for the simulation. This gold sheet
has a thickness of 0.5 um, and the simulation results will be impacted if the radius is set to a
value that causes the gold sheet to break. A radius of 100, 200, or 300 degree was selected as a
consequence for bending.

(a) 0◦ (b) 10◦
(c) 20◦

(d) 30◦

Figure 3.28: Different bending angle for the purposed antenna
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Figure 3.29: S11 magnitudes for different bending angles shown in Fig.3.28 and without bending

A nonflat antenna platform is more likely when an antenna or sensor is attached to the hu-
man body for wearable applications. Human movement may also cause the antenna to bend at
various angles. As a result, a small, flexible antenna is required that can perform effectively at
particular bending angles. Thus, a 0.8 THz simulation bending antenna is described to better
understand the complicated antenna bending electromagnetic properties and their influence on
the antenna parameters. Resultantly.
When bending the antenna to 20 and 30 degree, the resonance frequency and operating band-
width are still the same. in all bending angle , the S11 still below - 10 dB. A noticeable change
in resonance frequency and -10 dB bandwidth can be seen as the radius decreases.
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3.8.2 Human skin body scenario

Models of the human skin were developed in CST to examine how they affect the antenna ability
to operate. As seen in Fig.3.30, the model is composed of a skin, fat, and muscle layer. Using
an average adult height and weight, the thickness of different tissue layers was selected. A
consideration of the dielectric characteristics of each tissue is necessary since the human body
is a heterogeneous and multilayered medium. Therefore, the dispersion properties of each tissue
were determined throughout the required frequency range in order to correctly mimic the human
thorax.

Figure 3.30: Three layers model of the human skin designed in CST

The array antenna on the body has an S11 value of −25 dB as can be seen in Fig 3.32. Three
layers of the human body have a high dielectric constant, which causes frequency detuning.
These property of the human body result in an even broader -10 dB bandwidth as the most of
the emitted waves go through the body and dissipate as heat.
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Figure 3.31: Simulated S11 profile of the designed graphene and gold antenna
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Figure 3.32: Simulated radiated Power from the array
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Figure 3.33: Simulated VSWR
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Figure 3.34: Efficiency of the antenna on free space and human body

The shift in frequency is due to the high dielectric constant property of three layers of the
human body in proximity with the antenna. Because of these properties of the human body, most
of the radiated waves propagate through the body and dissipate in the form of heat resulting in a
wider −10 dB bandwidth. Due to the body absorption, the antenna gain decreases from −7.8 dB
to −7.2 dB. The antenna gain is a figure of merit of how well the antenna converts the power
supplied into radiated waves in a specific direction. For the case of the on-body condition, a
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Figure 3.35: 3D radiation pattern of purposed Cpw THz Antenna Array

(a) (b)

(c) (d)

Figure 3.36: Simulations of the normalized field patterns in the E plane and H plane on human
skin

lower value of the gain is obtained which is due to a decrease in the radiation efficiency, down
from 96 % to almost 50 % (Fig. 3.34 ).

The Figure 3.35 depicts a simulated 3D radiation pattern at 0.9 THz with a maximum gain of
8.9 dB. At 0.9 GHz, three distinct antenna designs with coaxial feed produce three-dimensional
(3D) radiation patterns. The results indicate that antennas in free space produce almost directed
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Figure 3.37: Gain and directivity of the antenna arrays on free space and human body

three-dimensional radiation patterns with little distortion at various angles. When the antennas
are positioned directly on the phantom (0 um), the three-dimensional radiation patterns seem
more directed at certain angles. As can be seen, the antenna transmits almost the same amount
of power throughout a large angular range (beam-width). On the other hand, a high gain implies
that the antenna performs well in a particular direction, as seen in Fig 3.36d, which depicts the
pattern at 0.95 GHz with a maximum gain of 10 dBi. That is, the intensity of the radiation is
greater in the direction of greatest gain than in other directions. Additionally, it is critical to
notice that the suggested antenna radiates upward (perpendicular to the substrate) toward the air
side.

For the two primary planes, the modelling of the radiation pattern of the purposed antenna is
shown in Fig.3.36 a b and Fig 3.36 c d (H plane and E plane). The normalised H plane shows an
omnidirectional radiation pattern. High lobe magnitude and low side-lobe levels may be seen.
The gain, bandwidth, and radiation patterns of the antenna array are appropriate for point to
point wireless links including for giving proper coverage in point to multi-point coverage when
positioned in the centre of the ceiling.

3.9 Hybrid perovskite THz antenna array

Perovskites are materials described by a chemical formula ABX3 where A and B are cations of
different sizes (A being larger than B) and X is an anion [165]. Their crystallographic stability
and probable structure can be deduced by considering the tolerance factor t defined as the ratio
of the distance A X to the distance B X in an idealised solid-sphere model and the octahedral
factor χ [166]. For halide perovskites where X = F2, Cl2, Br2, I2, t generally ranges from 0.81
- 1.11 and χ between 0.44 - 0.90. If t lies in the narrower range 0.89 - 1.0, the cubic structure
of Fig. 3.38 is likely, with lower t values giving less symmetric tetragonal or orthorhombic
structures [167].
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Figure 3.38: ABX 3 perovskite structure

3.10 Antenna design

The hybrid antenna design proposed in this section is simulated and analyzed using a full−wave
commercial electromagnetic solver, CST Microwave Studio 2018. The perovskite material was
set through the complex permittivity values by following. Figure 3.39 and Table 3.6 shows the
antenna design with the dimensions 2000×1000×125µm, consisting of a perovskite based picat
patch, a gold pica patch, and a substrate. From Fig 3.41, the antenna consists of perovskite, gold
and a polyethylene napthalate (PEN) substrate. The proposed antenna has a width of 5000µm

and the length is configured as 5000µm. Thin flexible film of Polyethylene naphthalate (PEN) is
used as a substrate with the dielectric constant of the PEN substrate is εr = 2.5 and loss tangent
tanα = 0.00025), which can provide an ultrawideband (UWB) with omnidirectional coverage.

Table 3.6: Dimensions in µm of the designed antennas array

Dimension Size extension

WPatch 70µm
LPatch 119µm

W s50Ω 43µm
W 100Ω 12µm
W 70Ω 4µm

L1 40µm
d 350µm

Figure 3.41 illustrates the antenna consisting of CH3NH3PbI3 perovskite, gold, and a pen
substrate, which is one of the transparent and flexible substrates, commonly used in the devel-
opment of flexible electronics. A PEN substrate offers a good resistance to chemical solvents
and high resistivity to high temperature [168].
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Figure 3.39: Dimensions of The Patch Antenna Arrays

Figure 3.40: Three Layered Antenna Structure

3.11 Results and discussion

Figure 3.42 shows the simulated reflection coefficient in the frequency range of 0.9 , 1.4 THz.
The perovskite material separately as well in a hybrid combination with gold provides an excel-
lent antenna performance in the desired frequency range. From Fig 3.43, the results shown that,
the value of VSWR is less than 2.5 in the frequency band of 0.9 - 1.4 THz. On the other hand,
due to the skin depth effect of the conventional conductive materials at THz band, perovskite
materials have significantly higher conductivity and better antenna performance.
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Figure 3.41: Antenna Profile
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Figure 3.42: Simulated S11 Profile of Antenna
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Figure 3.43: Antennas VSWR Versus Frequency.

The radiation efficiency of the antenna is shown in Fig 3.44. Although the radiation effi-
ciency at the lower end of the desired band range decreases at a frequency of 1.05 THz, it is
still achieving a high radiation efficiency above 83% for both perovskite and hybrid materials
designs. As the conductivity of perovskite increases, consequently, the radiation efficiency is
improved, on the other hand, the conductivity of gold declines with the frequency higher than
1.05 THz due to high surface impedance which leads to degree d of radiation efficiency, the
gold antenna efficiency continues to decrease until it reaches a value of 65% at 1.2 THz. The
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Figure 3.44: Radiation efficiency of the three materials separately

(a) E−plane (b) H−plane

Figure 3.45: Proposed antenna design: (a) Antenna structure; (b) Front view.

radiation efficiency of the perovskite material and the hybrid material structure (gold and per-
ovskite) maintain an excellent radiation efficiency of 85% and 80% respectively. Both structures
maintain a high efficiency within the target frequency band.

Table 3.7: Compression between three antenna structures

Antenna Gain Dirctivity

Gold 8.942 dBi 10 dBi
Hybrid antenna 10.13 dBi 11.3 dBi

Provskite 11.4 dBi 12.05 dBi

The antenna array gain gradually increases with frequency for both perovskite and hybrid
material structures (Table 3.7). A gain of 10 dBi at 1 THz operating frequency for gold antenna.
Whereas for the hybrid antenna array, the gain achieve was 10.13 dBi at 1 THz. The high-
est gain achieved at 1 THz was 11.4 dBi with the perovskite based antenna array. Figure.3.45
shows the simulated E- and H-plane radiation patterns at representative selected frequency 1
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Figure 3.46: 3D radiation pattern of purposed Cpw THz Antenna Array

THz. It is seen that this antenna has nearly omnidirectional radiation characteristics, while the
cross-polarisation level rises with frequency increase owing to the horizontal components of the
surface. In spite of the fact that the radiation is not an ideal broadside in the total working range,
yet this impact is evident when the antenna is intended to spread a wide data transmission. The
high transmission capacity, high gain, and high efficiency indicate that the perovskite can be con-
veyed as an enhancement material in the THz patch antenna. A fundamental proof of concept
has been presented for the deployment of advanced materials such as perovskite for antennas
with a reasonable efficiency. Novel materials have been developed for potential deployment in
modern THz systems to achieve high performance.

The results indicate that the antenna performs much better than a gold-only antenna in the
frequency band of 0.9 - 1.2 THz. Additionally, the suggested work demonstrates that with the
rapid advent of two-dimensional materials with electrical conductivity, the performance may be
enhanced further by doping or external biasing. Due to the ultrathin nature of the suggested
multilayered structure and the flexibility of the substrate, the proposed design is suitable for
biomedical imaging and wearable applications.
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3.12 THz antenna based on MoS2 material

At the moment, the most extensively utilised process for creating monolayer MoS2 samples
with diameters greater than a few micrometres includes different types of exfoliation [169] [170]
[171]. However, we have devised a large-scale production method for monolayer-MoS2 films
with diameters of several millimetres using chemical vapour deposition (CVD) [172]. Subse-
quent advances in the purity and quality of monolayer-MoS2 film synthesis on a variety of sub-
strates have been made. This has been accomplished by carefully optimising the CVD growth
conditions to tolerate surface corrugations [173].

Recently, monolayer molybdenum disulfides, such as monolayer MoS2, have emerged as
viable SPP materials owing to their straight band gap and high spin-obit couplings, which sig-
nificantly minimise SPP losses. Additionally, the MoS2 nanostructure has superior photoelectric
characteristics and has been proposed for usage in field effect transistors [174]. As seen in fig
3.47, the single layer of MoS2 has an S-Mo-S structure similar to that of a sandwich.It turns out
that monolayer MoS2 has two phrases: metallic 1 T and semiconducting 2H. MoS2 can be used
as a semiconductor material with a direct (indirect) bandgap of 1.96eV(1.2eV). Covalent bonds
link the atoms. Theoretical studies of SPPs in monolayer MoS2 nanostructures are presented
in [100].

Figure 3.47: MoS2 material Structure.

In Figure 3.48, the dispersions of SPPs for the different dielectric constants εS of the sub-
strates are shown at a fixed electron density ne = 1× 1011 cm− 2. It shows that the influence
of the substrate to SPPs is obvious. For the small values of kspp, the excitation frequency ω
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of SPPs increases obviously with the increasing wave vector kspp of SPPs, but the excitation
frequency ω is saturated as kspp increases. For the different substrates εS, the different SPPs
and saturation frequencies are achieved. Their difference is almost unchanged at a larger kspp

value, which shows that the difference of SPPs for different substrates weakly depends on kspp

for the large values of kspp. Subfigure of Fig 3.48., shows depression of SPPs for the different
electron densities ne with εS = 2 of substrates. Consequently, the functions of the SPPs in MoS2
nanostructures can be controlled by varying electron density, and we can achieve GHz SPPs
by changing ne ∼ 1011 cm−2. These outcomes indicating that monolayer MoS2 is a promising
candidate for THz antenna propagation for future wireless communication.
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Figure 3.48: Surface plasmon polarization of MoS2 material.

3.12.1 Antenna Design

The hybrid MoS2 / Gold antenna design is simulated and analyzed using a full-wave com-
mercial electromagnetics solver, CST Microwave Studio. The MoS2 material was set through
the complex permittivity values. Figure 3.49 shows the antenna design with the dimensions
2400× 1600× 50µm, consisting of a MoS2 based folded, gold, and polyimide substrate. Thin
flexible film of Polyethylene naphthalate (PEN) is used as a substrate with the dielectric constant
εr = 3.5 and loss tangent tanα = 0.00025) Fig 3.50.

3.12.2 Results

Figure 3.52 shows simulated reflection coefficient S11 in the frequency range of 0.85 to 0.95
THz. The hybrid material design separately as well as gold provides an excellent antenna per-
formance in the desired frequency range. Folded antenna based gold materials achieve the −10
dB at the whole frequency band. The results in 3.52a shows that, the value of VSWR is less
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Figure 3.49: Proposed Antenna Design

Figure 3.50: Proposed Antenna Layers Structure

than 2.5 in the frequency band of 0.85 to 0.95 THz. Compared to gold and MoS2/gold designs,
the MoS2/gold has significantly higher conductivity which leads to better reflection coefficient
performance, and this is due to the skin depth effect of the conventional conductive materials
at THz band. The radiation efficiency of the antenna is shown in Fig. 3.54a. It is clear that
adding MoS2 material increases the radiation efficiency of the antenna, on the other hand, the
conductivity of gold declines with the increasing in frequency due to high surface impedance.
A maximum gain of 12 dBi is achieved with Mos2 hybrid structure and about 11 dBi at the high
end of desire band 3.52b.
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(a) Gold / MoS2
(b) Gold

Figure 3.51: Surface Current Distribution at 0.8 THz
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Figure 3.52: Antennas VSWR versus Frequency and Simulated S 11 profile of antenna
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Figure 3.53: Gain and efficiency of the proposed Folded antenna.

3.13 Summary

Wearable THz antennas based on graphene have been developed and tested on three layers of
human skin to meet the demands of contemporary THz systems. Because of the absorption of



CHAPTER 3. THZ GRAPHENE ANTENNA FOR WEARABLE APPLICATION 60

(a)
(b)

Figure 3.54: H and E plane Radiation pattern of the proposed Folded antenna.

radiated energy, the antenna performance of wearable antennas will be reduced. We expect the
antenna to work best at a distance of 1 or 2 millimetres from the surface of the human body.
Due to human body proximity, antenna performance was impacted in terms of frequency de-
tuning and radiation pattern distortion. The suggested design offers a number of advantages,
including high radiation efficiency and simple manufacture. Poylimide film, which is widely ac-
cessible and inexpensive, was used as a flexible substrate in this study. Personal security, health
and well-being monitoring, big data, and the Internet of Things (IoT) might benefit from this
wearable antenna design. For short-range THz communication, graphene’s exceptional electro-
magnetic, mechanical, electrical, and thermal capabilities have made it possible. The atomically
thin profiles and exceptional electrical capabilities of graphene-based devices allow for flexible,
stretchy, or even conformal features in any application. Short-range wireless body area networks
(WBANs) may be a good fit for the antenna in the future.

A wearable graphene THz antenna is presented and tested on three layers of human skin to
serve the wearable applications in modern THz systems to achieve high performance. Graphene
has enabled the short-range communication in the THz frequency owing to its extraordinary
electromagnetic, mechanical, electrical, and thermal properties. It has put itself as main platform
material at THz frequency. The possibility of fabricating lightweight, thin and low-cost flexible
antenna devices are the important advantages of using graphene material. Moreover, due to
the atomically thin profiles and the extraordinary electronic properties, graphene-based devices
are useful in designing flexible, stretchable, or even conformal aspects in any application. As
wearable antennas work close to the human body, the antenna performance will be affected as a
consequence, due to absorption of the radiated energy. We believe that the antenna will perform
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well when positioned at a distance of 1 or 2 mm from the human body surface. The antenna is
regarded as a potential candidate for the future short-range wireless body area network (WBAN)
Scenario.



Chapter 4

Ultra-width THz antenna arrays

The global average monthly mobile data consumption per device is expected to rise to 24 giga-
bytes in 2025 [175] which will lead to great strains on the mobile networks. Terahertz (THz)
communications have naturally been tagged as an attractive solution to the expected bandwidth
crunch as THz networks have the potential capacity in the range of several terabits per sec-
ond [176–178]. However, the device technology to build sources and detectors is still in its
infancy as compared to the established microwave and optical counterparts that can not be
merely scaled to THz frequencies owing to numerous reasons. THz technologies have been
translated into various applications that spans biomedical science and engineering [179, 180],
imaging schemes [181, 182], military [183], calibration systems for microwave sensors [184],
space instrumentation [185], and environmental monitoring systems [186]. Most of the afore-
mentioned applications particularly exploit the unique interactions of water molecules with the
THz waves [187]. So −called THz gap that ranges from 0.1 THz to 10 THz and this frequency
range is less affected by the adverse climatic conditions like rain and fog [188].

However, with respective to the realisation of THz wireless systems, it remains a challenge to
realise an ultrawideband, low−cost antenna that is scalable and easily integrated on chip [189].
In this regard, a variety of THz nano−antenna designs that are scaled versions of the microwave
frequency counterparts have been recently proposed that include printed dipoles [190–192],
and simple patch antennas [193]. On−chip, THz beamforming array systems that are fabri-
cated on silicon have been also reported [194, 195]. Surface plasmon enabled enhancement
of the near−field further extends the promise of dipole−type antennas for THz communica-
tions [191]. Similarly, a nanoantenna array was also developed for subwavelength focusing of
the THz waves [193].
A theoretical analysis of a highly directed antenna array having 16 elements at 0.3 THz was
shown in [194] with a maximum directivity of 18.1 dBi. Despite these various attractive an-
tenna designs, the patch antenna has the advantage of low cost and relatively simple fabrication
achieved through conventional semiconductor deposition techniques [189].
At THz frequencies, the substrate thickness inevitably becomes comparable to the wavelength
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[196], which prevents the efficient design of the planar antenna feeding networks, due to the
change in the impedance. Typically, the substrate thickness is often set in the range of two
orders of magnitude below the operating frequency, so that radiation efficiency of the antenna
can be improved. However, at THz frequencies, such a procedure results in extremely thin sub-
strates which adversely affect the structural integrity of the antenna. A common practise is to
place a dielectric lens, typically made of silicon below the substrate [197], which is inspired by
the use of THz technology in astrophysics. However, for applications in which planar designs
are preferred, such a remedial measure to enhance the substrate radiation becomes unusable.
Other techniques involve the use of thin films of dielectric membranes embedded within waveg-
uides [198]. Due to the complicated designs, such measures have not been broadly applied. The
ungrounded coplanar waveguide (UCPW) feed is a viable solution to provide not only just good
impedance matching with a sufficient substrate thickness, but low transmission loss, small fre-
quency dispersion, and most importantly easy integration with the monolithic circuit designs. In
addition to this, the handling of the antenna during the fabrication also becomes safer as no extra
processing measures are required for the back layer of the substrate [199]. Amongst the antenna
designs that yield an ultrawideband (UWB) response with an omnidirectional spatial coverage,
the planar inverted cone antenna (PICA) has emerged as one of the most promising designs in
the last two decades. A PICA is composed of a semicircle, which is extended into an inverted
cone from the flat side. Performance−wise, the PICA is known to produce an impedance band-
width of 20 : 1 at microwave frequencies [200, 201]. Moreover, due to the flat profile, the PICA
exhibits mechanical stability due to which it is increasingly being used for commercial applica-
tions that require high bandwidth in an omnidirectional way. In this work, for the first time in
literature presenting a fabricated and experimentally measured, novel and simple ultrawideband
omnidirectional 1×4 THz PICA array with a 37.9% bandwidth with a central frequency of 0.92
THz. The simple profile of the antenna array and excellent radiation characteristics can pave the
way for realising truly UWB wireless communications in the THz frequency band.

4.1 E beam lithography

The James Watt nanofabrication facility now has a Vistec vector beam (VB) 6 ultra-high res-
olution (UHR) extra wide field (EWF) electron beam lithography instrument (JWNC). It is
classified as a Gaussian-beam lithography tool, in which each shape is formed through a se-
ries of exposures to a focused electron beam. Schematic representation of Vistec VB6, which
is primarily comprised of an electron gun, column, chamber, stage, and load lock, all of which
are mounted over a vibration-isolated a plinth that houses all of the vacuum systems [202]. A
cathode emission technique using a thermally assisted field emitter (TFE) source generates an
electron beam using an electron gun. In EBL, an electron beam is scanned over a resist-coated
surface in a preset pattern, rather than exposed via a mask [203]. The resist layer undergoes a
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Nano-architecture
technique Compatible Materials Resolution

Electron beam
lithography

Silicon and conductive
materials. Requires electron-sensitive

resist (PMMA)
Below 10nm

Nano-imprint
lithography

Silicon-based
materials, metals, polymers 2-100 nm

Photolithography
Silicon-based

materials, metals, polymers Above 5 um

Table 4.1: A comparison of different fabrication techniques

chemical change as a result of the local exposure to the electron beam. The remaining stages
are identical to those used in photo-lithography, except that the resist coating and developing
chemicals are different. The electron cannon generates a constant stream of electrons using a
thermal field emission cathode. It has a razor-sharp tungsten tip that has been coated with Zir-
conium Oxide. This coating creates a Schottky emitter, lowering the surface work function and
facilitating electron tunnelling. The energy of the electrons is often expressed in terms of the
anode accelerating voltage. Accelerating voltages of 100kV have been employed throughout
this investigation [204].

Figure 4.1: Optical system of the VB6. This entire layout is housed within the column of the
tool and held at high vacuum
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The beam blanker is used to turn the beam on or off selectively at a high frequency. It is
composed of a series of electrostatic plates that, when triggered, significantly deflect the beam,
diverting electrons away from the apertures and blocking them instead. Throughout the column,
apertures are used to regulate the divergence of the beam, thereby cutting out any stray electrons.
Deflection and focusing The deflection of the beam controls the angle at which electrons impact
the substrate. This is accomplished with the aid of a collection of magnetic coils positioned
orthogonally to the beam. The last set of coils in the optical system is the quick focus coils,
which regulate the beam convergence to the substrate surface.

4.1.1 Sample submission

The L edit CAD programme is used to create patterns. Multiple configurable levels, a hier-
archical cell structure, and arraying capabilities are all included. This programme enables the
manipulation of features as small as nanometres and chips as large as centimetres. Table 4.2
show beam size of the ebeam lithography being used in the JWNC lab.

Figure 4.2: Ebeam Process Flow

4.1.2 Al wet etching

Using Al etch solution based on phosphoric acid. This etches Al in a controlled manner with ap-
prox 1um resolution. For stripping Al from the surface, eg when using it as a charge dissipation
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Selected spot Actual spot Spot size
1nA 1.0nA 4 nm
2nA 2.1nA 6 nm
4nA 3.9nA 9 nm
8nA 8.2nA 12 nm

16nA 16.0nA 19 nm
32nA 32.0nA 24 nm
64nA 63.6nA 33 nm

100nA 131nA 45 nm

Table 4.2: The size of the Spot is governed by the beam current

layer for ebeam lithography, a weak alkaline developer is suitable, for instance CD26. Develop-
ment, PMMA resist may be developed using a mixture of Methyl isobutyl ketone (MIBK) and
IPA, in which the former is the active ingredient. In this work, a ratio of 1 : 1 for routine devel-
opment has been used due to its speed and reasonable contrast. 2.5:1 has also been employed
where higher contrast development is required.

Figure 4.3: Metallization facility (Plassys 4)

4.1.3 Analysis tools

SEM Scanning Electron Microscopy has been used for the high-resolution inspection of small
features. Two machines were used frequently: a Hitachi S4700 and an FEI Novasem. The former
is a cold field emission microscope featuring a load-lock system for quick sample loading. The
latter is capable of ultra− high− resolution imaging in both high and low vacuum, and has a
variety of secondary electron detectors including TLD, ETD and helix.

4.1.4 PICA antenna design

The proposed antenna design was simulated and analysed using a three−dimensional, full-wave
commercial electromagnetics solver, dassault systemes CST Studio Suite. An array of gold-
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based PICAs was designed at 1 THz on a silicon substrate, having a dielectric constant, εr = 11.9
and thickness, h = 600um. The initial dimensions of the PICA were obtained using standard
microstrip patch antenna design equations, the width and length of an equivalent patch antenna
resonating at 1 THz has been calculated [205], an inverted cone was generated where the dimen-
sions Wp and Lp were calculated using the expressions provided in [206]. In the PICA array, the
antenna element spacing was set to λ at 1 THz. The resultant design was then optimised using
the trust region framework (TSF) algorithm [207] included in the CST environment. The TSF
algorithm searches locally for minimal points in a given region. However, based on the parame-
ters provided to the framework, the algorithm can operate locally as well. To obtain the optimal
antenna structure, a multidimensional problem in which all the physical dimensions of the PICA
array were parameterised was rigorously solved using high-performance computing facilities at
the University of Glasgow. The goal of the algorithm was to find the local minima for the initial
values which were calculated using standard microstrip patch antenna designs [208]. The feed
line dimensions, L, and W were calculated using standard microstrip transmission line based
expression to obtain a characteristic impedance of 50 Ω.

Figure 4.4: One Pica Patch

The obtained calculated dimensions values were further optimised using trust region algo-
rithm available in the CST Studio. The designed antenna structure along with the feeding net-
work is shown in Fig. 4.5. Furthermore, the dimensions of the antenna and the feeding lines are
described in Table 4.3.

The electromagnetic waves within the metallic layers can be shown by eigenmodes of the
resonators. Figure 4.6 shows the surface electric current distribution of the PICA at three differ-
ent operating frequencies, namely 0.75 THz, 0.925 THz, and 1.10 THz respectively, and these
results show that the current reaches the tip of the PICA, causing radiation of the EM waves. At
0.75 THz, the surface electric current is strongly excited on the top surface of the gold metallic
posts, whereas the current on the four side tips also contributes to the radiation of the antenna,
although its magnitude is much smaller than the counterpart on the metallic posts. Besides, the
electric field over the edges of the radiating aperture is also strongly excited.

In order to make the antenna resistant to corrosion and chemically stable, gold has been
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Figure 4.5: The geometry and dimensions the PICA array and the feeding network.

Dimensions Description Value (µm)
g CPW feeding gap 1
Lp Patch Length 100
Wp Patch width 120
Ws Substrate width 1000
Ls Substrate length 2000
h Substrate thickness 600
W 50

f 50Ω feed line width 45
W 70

f 70Ω feed line width 20
W 100

f 100Ω feed line width 9.9
d Spacing between Antenna elements 300
Lg Ground plane length 978

Table 4.3: The dimensions of the gold PICA array.

chosen as radiating material. In addition, at THz frequencies, gold exhibits a high electrical
conductivity with a lower skin depth (∼ 80 nm at 1 THz) [64]. It is easily deposited using
traditional deposition techniques such as sputtering, evaporation, and electroplating with a high
melting point [209]. For the fabrication of submicron structures, electron beam lithography
(EBL) is utilised to transfer the pattern onto a resist layer that is precoated on the surface of a
wafer. In general, a shorter wavelength is the key to achieve smaller feature sizes. With EBL
nano scale THz antenna designs can be realised.

4.1.5 Antenna fabrication

The fabrication process of the proposed 1× 4 PICA array was carried out at the James Watt
Nanofabrication Centre (JWNC) at the University of Glasgow. The fabrication is carried out
using a four-step process where the sample undergoes cleaning, after which the photoresist is
spun on the wafer. After that, the design is transferred using the EBL and the last step involves
the metal left off.

The unwanted gold was removed by dissolving the resist in acetone solution for 4 hours.
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(a) (b)

(c)

Figure 4.6: Visualisations of the surface electric current distribution at (a) 0.75 THz, (b) 0.925
THz, and (c) 1.10 THz.

Figure 4.7: Fabrication steps

The size and geometry of the obtained fabricated structure can be ascertained from Fig. 4.7.
The execution of these steps initially involved a polymethyl methacrylate (PMMA) resist which
was spin coated onto the silicon substrate with a thickness of 1.2 µm. The higher sensitivity
photoresist requires a lower dose which ultimately determines the exposure times. The exposure
dose from the e-beam source was tested on the PMMA photoresist before the process of fabrica-
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(a)
(b)

(c)

Figure 4.8: (a) Comparison of the size of the fabricated 1× 4 PICA array with a matchstick.
Photomicrographs of: (b) the array structure and, (c) the ungrounded CPW feeding network.

(a) (b)

Figure 4.9: High-resolution images obtained using a FESEM of: (a) Array structure and, (b) the
feeding transmission line for the PICA array.

tion and it was found that 650 µm/cm2 dose was optimum to obtain a good resolution. A 2.5 : 1
developer was used to develop the PMMA for 30 s and rinsed afterwards with isopropyl alcohol
for 20 s. Lastly, a 500 nm layer of gold was deposited on the developed wafer.
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4.1.6 THz on-wafer measurement

Automated or semi-automated probe stations are not simply an evolution of manual probe sta-
tions. In academic and industrial labs, manual probe stations are typically employed for entry-
level characterization, but semiautomatic and completely automated probe stations alleviate the
load of large volume characterization in production processes. As seen in Figure 4.10, the
semiautomatic probe station has a greater mechanical complexity due to the fact that it must ac-
commodate all the stepping motors and associated control wire necessary for automated probe
station movement. Additionally, for comfortable operation, the digital microscope used to see
the integrated devices on the wafer is linked to display monitors. The microscope and probe
station software offer a greater degree of capability than is possible with an optical examination
alone.

Figure 4.10: Probe Station for on Wafer Measurement

4.1.7 CPW THz probes

Probes are another critical type of equipment used for on-wafer measurements [210]. There are
several probe kinds available, depending on the type of excitation signal (from DC to millimetre
wave), the design of the probe tip, and the probe body shape. This discussion will concentrate
on RF probes [211]. A radio frequency probe is basically the interface between the silicon wafer
and the coaxial transmission lines that carry signals from the instruments to the wafer and vice
versa. Screws are used to secure the probe body to the probe station positioner [212]. Once
the probe is secured to the probe station, a coaxial cable is added to its connection to link it to
the instruments. Between the connection and the probe tip, a precise coaxial cable is produced
inside the probe body [213]. Absorber materials are used to reduce undesired electromagnetic
mode propagation on various portions of the probe. The coplanar waveguide (CPW) is the most
often used probe tip structure for RF probes, since it can be tailored to match the characteristic
impedance of 50 throughout a wide frequency range. Due to the core signal strip being flanked
by two ground planes, the symmetric CPW probe tip design is often referred to as ground-signal-
ground (GSG) [214].
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Figure 4.11: THz Probe

As per the authors knowledge, the fabricated on-chip antenna was measured in the THz
frequency band, for the first time in the literature, where a Cascade Microtech THz wave vec-
tor network analyser (VNA) coupled has been used with a Virginia Diodes Inc. The Model
1100B Picoprobe sets new standards in microwave probing performance. Benefiting from coax-
ial techniques, which have inherent low loss and low dispersion characteristics 4.12. With its
individually spring loaded, Beryllium-Copper tips, the Model 1100B Picoprobe provides reli-
able low resistance contacts. This reliable low resistance contact is one of the keys to providing
highly repeatable measurements. The Model 1100B Picoprobe also allows direct viewing of the
probe tips for accurate positioning.

It is critical to maintain the planarity of the RF probe tips in order to conduct accurate calibra-
tion and measurements. The mechanical procedure of mounting the RF probes on the positioners
and connecting the coaxial wires to the probe connection puts stress on the probe body [215].
As a consequence, the probe may be mounted at an angle on the positioner, causing the probe
tips to be at different heights. As a result, before calibrating an on-wafer measurement system,
we must first confirm the planarity of our probes. The coplanar GSG probe is surrounded by two
ground tips, which provide a current return channel for the AC signal propagation. This is a nec-
essary assumption for accurate calibration using on-wafer standards. Inconsistent and ultimately
incorrect readings will result from a misaligned probe that lacks planarity and has poor contacts
for some of the probe tips on the pad metalization [216]. To prevent this, it is our responsi-
bility to inspect the probe tips for planarity after they are installed on the positioner. Having
a distinct location for the contact substrate enables us to monitor the planarity of the contact
substrate between successive measurement cycles, ensuring constant probe tip planarity [213].
The planarization procedure begins by advancing to the contact substrate location and inserting
the probes into the field of view of the microscope.
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(a)
(b)

(c)

Figure 4.12: (a) Model 1100B Picoprobe GSG-25-BT. The probes also have a 3 hole mounting
adaptor which will fit standard microwave probe stations. (b) and (c) Model 1100B dimensions
in inches

(a) (b)

Figure 4.13: The ungrounded CPW feeding network. (a) Illustration of the electric and magnetic
field distributions around the ungrounded CPW and, (b) schematic of the probe measurement
contact with the central signal transmission line (S) and ground plane (G).

After elevating and securing the probes, we focus the microscope on the contact surface to get
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a crisp view of the metalization on the substrate. By gradually and carefully lowering the first
probe, we should begin to get a better view of the probe tip region as the probe is lowered and
moves into the microscope focus plane. By lowering the probe further using the positioner z-
height manipulator, a first landing of the probe tips has been achieveed. Whereas the maximum
reflection loss is around 20 dB.

4.1.8 Calibration substrates

For on-wafer measurements, a calibration substrate is commonly a ceramic substrate with printed
metal patterns referred to as calibration standards [217]. The manufacturer has precharacterized
the electrical performance of those standards, resulting in a set of electrical metrics that are
employed throughout the calibration process. For optimal calibration, the arrangement of those
standards must match the coplanar geometry of the probes in terms of pin configuration (e.g.,
GSG, GS, GSGSG) and probe pitch [218]. Calibration standards are available in a number of
forms based on the design of the probe tip, its pitch, and its operating frequency [219]. The cali-
bration standards are used as reference devices during the on-wafer calibration process, thereby
relocating the electrical reference plane to the probe tips [213]. As seen in Figure 4.14, the pat-
terns created on the calibration substrate may be classified as OPEN, SHORT, LOAD, or THRU
standards. Additionally, many transmission lines are included on the calibration substrate for
verification reasons, serving as post calibration verification devices.

4.2 On wafer measurement results

The complete measurement setup is illustrated in Fig. 4.14, which was configured in the Meta-
materials Engineering Laboratory in the University of Birmingham. The THz probe used offers
a low insertion loss, i.e., < 1.5 dB with good sample visibility. The VNA was calibrated for
1-port S-parameter measurement using the short-open-load-thru (SOLT) calibration process on
a cascade impedance substrate standard. The simulated reflection coefficients of the single ele-
ment and the 4−element array as well the measurement results of the PICA array are shown in
Fig. 4.15, which shows the excellent antenna performance as the whole response is below the
10 dB range. The difference between the single antenna and array response is attributed to the
mutual coupling amongst the elements of the array.

Moreover, both the measurement and simulation results exhibit good agreement with each
other, and the disparity is attributed to the unpredictable reflection from the surroundings of
the experimental setup. In addition, the antenna was fabricated on a carrier wafer which was
kept larger than the simulated substrate to ensure convenient handling of the fabricated antenna,
resulting in a slight impedance mismatch with the feeding network. This can be observed by
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(a)

(b)

(c)

Figure 4.14: The experimental setup used to measure the scattering parameters. (a) Eye−view
of the setup, (b) a GSG −25− BT THz probe (0.75 − 1.10 THz) contact location and, (c)
placement of the probe on the PICA.

a series of ripples that can be seen in the measured scattering response. Figure 4.17 shows
the simulated antenna performance in terms of the antenna radiation efficiency and the gain
achieved by the array in the operating frequency range. It can be seen that the radiation efficiency
of the antenna is maintained above 75 %. Although, this is lower as compared to antenna
designs at microwave frequencies where the radiating element acts nearly as a perfect electric
conductor, the conductivity of gold at THz frequencies is complex valued where the imaginary
part contributes to losses.

Further investigations in which a substrate with a lower dielectric constant is used, can im-
prove the radiation efficiency of the designed antenna. Other performance parameters such as
the antenna gain and directivity are shown in Fig. 4.17, which indicates a high realised realised
gain in the range of 12.5-16 dBi.
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Figure 4.15: Measured and simulated reflection coefficient of the 1×4 PICA array array.

(a) (b)

Figure 4.16: Simulated radiation pattern of the proposed antenna array at different frequencies
throughout the operating band. f = 1.0 THz, and f = 1.10 THz
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Figure 4.17: Simulated results of the 1× 4 PICA array, where (a) the radiation and total effi-
ciency is shown and in, (b) the realised gain.

Figures 4.18 and 4.16 present the simulated radiation patterns of the designed antenna array
at 0.75THz,0.925THz, and at 1THz and 1.10THz respectively. The radiation patterns are pre-
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(a)
(b)

Figure 4.18: Simulated radiation pattern of the proposed antenna array at two frequencies,
0.75THz, and 0.925THz.

sented at E− and H− planes. Due to the large dielectric constant of the silicon substrate, most
of the radiation is directed towards the substrate. This is a common problem with antennas fab-
ricated on high dielectric constant substrates, which at THz frequencies is often circumvented
by using a hemispherical lens. The sidelobe level is increased and the maximum sidelobe is
observed at 1.10 THz. Therefore, the ripples in the radiation pattern may lead to a degradation
in the antenna performance which is mainly caused by metal loss and skin depth effect. In Figs.
4.16 and 4.18, the radiation patterns show high main lobe magnitudes along with lower backlobe
levels.

PICA antenna has been designed and fabricated using a gold-based 1×4 planar inverted cone
antenna array operating in the terahertz (THz) frequency range of 0.75 - 1.10 THz. Fabrication
of the structure was accomplished by the use of basic and widely accessible metal deposition
processes. It was necessary to excite the antenna using an ungrounded coplanar waveguide feed-
ing line. The suggested THz antenna design is the first case in which the scattering response has
been measured for a THz patch antenna. The design achieved a measured −10dB impedance
bandwidth of 400 GHz at the centre frequency of 0.925 THz. In addition, antenna performance
factors such as radiation efficiency and gain are shown to be excellent. The concepts and meth-
ods outlined in this work will serve as a springboard for future research into the development of
THz frequency ultrawideband antennas that will allow for faster wireless communication.

4.3 Flexible PICA antenna arrays based on Graphene

Graphene is not only the lowest thickness nanomaterial yet discovered, but additionally, graphene
is the strongest nanomaterial (flexible strength E ≈ 1.01TPa, greatest strength σ ≈ 130 GPa)
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[220]. Furthermore, graphene is nearly entirely transparent material, absorbing 2.3% light pass
through it [221]. Graphene theoretical specific surface area is 2630 m2 g− 1 and thermal con-
ductivity is 5300 W m− 1 K− 1, which is greater than carbon nanotube and diamond thermal
conductivity. Its electron mobility is 15,000 cm2 V−1 S−1 at 300k, which is higher than car-
bon nanotubes and silicon crystal [222]. However, the resistivity of graphene is 10− 6Ωcm,
lesser than silver and copper which is make graphene the lowest resistivity material ever discov-
ered. Graphene is supposed to be successful in developing electronic gadgets with low thick-
ness and extreme conductive velocity, built on graphene electrical resistivity and high velocity
of electrons [223]. Graphene is not only the lowest thickness nanomaterial yet discovered, but
additionally, graphene is the strongest nanomaterial (flexible strength E ≈ 1.01TPa, greatest
strength σ ≈ 130 GPa) [220]. Furthermore, graphene is nearly entirely transparent material,
absorbing 2.3 % light pass through it [221]. Graphene theoretical specific surface area is 2630
m2 g−1 and thermal conductivity is 5300 W m−1 K−1, which is greater than carbon nanotube

and diamond thermal conductivity. Its electron mobility is 15,000 cm2 V−1 S−1 at 300 k, which
is higher than carbon nanotubes and silicon crystal [222]. However, the resistivity of graphene is
10-6 Ωcm, lesser than silver and copper which is make graphene the lowest resistivity material
ever discovered. Graphene is supposed to be successful in developing electronic gadgets with
low thickness and extreme conductive velocity, built on graphene electrical resistivity and high
velocity of electrons [223].

4.4 Graphene material in the market

While the majority of the excellent physical features of graphene have been investigated, the
development of technology that links academic to industrial manufacture remains a priority.
Although different research efforts on graphene have been continuing for the better part of the
past century, a monolayer of graphene was extracted from bulk graphite a decade ago using
mechanical cleavage [96]. Peeling adhesive tape off the bulk repeatedly until just a monolayer
of graphene remains is the procedure. Although the so-called Scotch tape technique does not
need specialised laboratory equipment, it has traditionally produced the finest quality graphene
flakes and fueled several laboratory discoveries. However, monolayer graphene flakes have
been confined to hundreds of micrometres in diameter [96], necessitating extensive identification
under the microscope.

Graphene may be manufactured in continuous sheets from the bottom up using sublimation
of SiC or chemical vapour deposition (CVD) with hydrocarbon precursors. For some years, it
has been known that graphite may be produced by heterogeneous catalysis on transition metals.
Apart from this, the first publication on CVD synthesis of few-layer graphene (FLG) appeared in
2006 [224]. CVD bottom-up synthesis has developed since then into a scalable and dependable
process for producing large-area graphene. This approach has been used to show the synthesis
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of large-area, high-quality graphene [225] [226] [227]. At the moment, the creation and devel-
opment of high-quality, large-area CVD graphene on catalytic metal substrates is of basic and
technical relevance. Due to the polycrystalline nature of the large-scale graphene films produced
so far, the research effort is focused on controlling the domain size, the number of graphene
layers, the density of grain boundaries, and the defects [228] [229]. To achieve the promise
of graphene materials as graphene-based applications, it is evident that such issues must be re-
solved, avoiding errors in produced devices. However, the production of high-quality continuous
CVD graphene demands stringent process control. Significant efforts have been undertaken over
the last decade to scale up the manufacture of high-quality CVD graphene. Numerous research
groups established roll-to-roll CVD techniques for the production of graphene. Producing high-
quality CVD graphene with a Raman peak intensity ratio of less than 0.065 [230] [231].

4.4.1 Graphene antenna fabrication technique using Ebeam

The fabrication process of the optimised transfer method on flexible and transparent substrate
can be seen in Fig.4.19. A hybrid THz antenna design with three layers of structure ,Ti, Au,
graphene, and flexible substrate is investigated here for wearable applications. In this design,
two different radiation elements have been used, namely, graphene and gold. Graphene is used
for efficiency enhancement and traditional metal (Gold) is used as a conducting material with
sufficient thickness (> 500µm) for fabrication and measurement. Combined, these two materi-
als give an additional degree of design freedom by manipulating the shape and structure and can
help address the challenges in fabrication and measurement.

Figure 4.19: Schematic illustration of the main graphene fabrication steps in the process

The effect of graphene on the antenna radiation characteristics in the vicinity of the hu-
man body is also presented and analysed. The design procedures of hybrid antenna based on
graphene/gold are schematically summarized in Fig. 4.24. The proposed antenna is designed
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using CST Studio 2018 and simulated at room temperature 293 K. The substrate material super-
vises the variation in radiation qualities of the graphene antenna. PEN is used as the substrate
with thickness of 20 µm dielectric constant, εr = 2.2, loss tangent, tanδ = 0.0009. Coplanar
CPW line is designed for on wafer measurements (ground - signal - ground probe). The method
presented here provides the best results for transferring graphene on both flat Si wafers and PEN
substrate while maintaining a minimum number of steps.
In wet etching, the ions are in liquid form during the wet etching process. In this case, etching
is confined to chemical interactions and does not benefit from the additional physical effect of
accelerated ions travelling perpendicular to the path of etching. Again, metal layers have picked
for which the etching chemistry is well-established and readily accessible in JWNC facilities.
Wet etching has a limitation in terms of the feature sizes that can be reached in contrast to dry
etching. Wet etching, on the other hand, offers numerous benefits over dry etching: Affordabil-
ity, Ease of usage and Extensive selection of easily etchable metals.
The primary disadvantage of this method of etching is that the chemical removal of metals is
not restricted to a perpendicular direction but also includes a large parallel (or horizontal) com-
ponent. This is often seen as a thinned-out appearance of the remaining features. The degree of
thinning is dependent on the thickness of the metal layers, and some control over this effect may
be applied during the metal deposition step. Where the aspect ratio of the features to be resolved
is less than 10: 1 wet etching is a fast, efficient, and highly reliable procedure.

4.4.2 CVD graphene transformation

The typical technique of growing graphene by CVD utilises substrates that are technologically
incompatible, necessitating a subsequent transfer operation. The transfer procedure is shown in
Fig. 4.20 and 4.21

Release

Slowly immerse the sample in deionized water (if the sample has been kept for a while, putting
the Easy transfer in the water first and then performing the release) while separating the sacrifi-
cial layer graphene from the support film. Remove the polymer sheet after the sacrificial layer
graphene is floating.

Transfer

In the water, the sacrificial layer/graphene will float. To deposit it on a chosen substrate, immerse
the desired substrate in deionized water and fish the sacrificial layer/graphene from underneath.
Tilting the substrate 45◦ is another possibility.

The sacrificial layer graphene substrate can have taken out and let it dry for 30 minutes in
the air. it is recommended to annealing the samples in a hot plate at 150c for 1h. Finally, before
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Table 4.4: CVD Graphene Specification

Growth Method CVD synthesis
Transfer Method Clean transfer method
Quality Control Optical Microscopy & Raman checked
Appearance (Color) Transparent
Transparency > 97%
Appearance (Form) Film
Coverage > 95%
Number of graphene layers 1
Thickness (theoretical) 0.345 nm
AFM Thickness (air RT) < 1 nm
Electron Mobility on SiO2/Si = 1500 cm2/V · s
Sheet Resistance on SiO2/Si (Van der Pauw) 450±40Ohms/sq · (1 cm×1 cm)
Sheet Resistance on Quartz (Van der Pauw) 360±50Ohms/sq(1 cm×1 cm)
Sheet Resistance on PET (Van der Pauw) 580±50Ohms/sq(1 cm×1 cm)
Grain size Up to 20µm

Figure 4.20: Schematic illustration of the main transfer steps in the process

Figure 4.21: Transfer steps in the process in the lab

the removal of the sacrificial layer, store it under vacuum for at least 24h to avoid detachment of
the graphene from your substrate.

4.4.3 Raman spectroscopy and SEM of graphene

Raman spectroscopy data measured from a transferred graphene layer on a hydrophilic Si/Sio
substrate can be seen in Fig 4.22. The 2D, G peaks are very clear and a small D peak is easily
observable meaning that there is some disorder in the atomic structure of graphene. Raman
spectroscopy over various areas of the transferred graphene layer showed excellent uniformity
with very small variations in the measured spectra. In some areas the Raman spectrum had
intensity fluctuations due to the existence of wrinkled areas which are known to cause height
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Figure 4.22: Raman spectroscopy data measured from a transferred graphene layer on a hy-
drophilic Si/SiO substrate

Figure 4.23: SEM and HRTEM images of the graphene sample

variations in the G and 2D bands. Not much variation was observed in terms of peak position,
peak intensity, and FWHM for different areas of the sample.

4.4.4 Graphene etching

Plasma-based dry etch techniques have become a widely accepted standard within the semi-
conductor industry. This is due to its ability to scale up for the industrial application and its
directional etching ability, thereby enabling the highly accurate direct translation of the pho-
toresist pattern with a high aspect ratio. Reactive ion etching (RIE) is a plasma−based dry
etch process. RIE system consists of the generation of plasma between two parallel plates (one
biased and the other grounded) by radio frequency (RF) voltage. Plasma is generated by the
dissociation of the source gas by the RF field under vacuum, resulting in the formation of ions,
excited neutrals, and electrons, which play a key role in the etching process. The high mobility
electrons in plasma respond rapidly to the changing potential and this results in the formation of
the negative potential at the substrate surface.
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Parameters Value
Gas O2
Pressure (mTorr) 50
Gas flow 50
RF Power (W) 300
Temperature (◦C) 20
Etch time (s) 15

Table 4.5: O2 plasma parameters for graphene etching

4.5 Serial feed antenna arrays based on graphene

The THz electromagnetic spectrum provides a number of advantages for wireless communica-
tions. Since the previous decade, the bandwidth needs for wireless communications have been
constantly growing. The only option to ensure enough transmission capacity is to use transmis-
sion bands with higher carrier frequencies. THz spectrum enables higher bandwidth and data
rate transmission. Wireless communications systems now available have bandwidths of a few
GHz and data transfer speeds of up to 1 Gbps. Due to the small bandwidth of the microwave
spectrum, achieving 10 Gbps data speeds is very challenging. The data rate is increased from
10 to 100 Gbps by increasing the carrier frequency from 100 to 500 GHz.
The potential of transmitting at a high data rate is made possible by the enormous bandwidth
available in the THz band. THz communication has great promise for wireless communica-
tion systems, especially those operating in the short-range interior environment. There are many
ways to feed a microstrip array, including serial feeding, parallel feeding through corporate feed,
spatial combiners, reflect arrays, and lens antennas. Typically, the first two approaches are the
easiest, since they can be implemented on the same layer as the array, allowing for more op-
timization of the antenna weight, thickness, and cost, but the others need more sophisticated
three-dimensional structures. However, when the feed is coplanar to the array, resistive and ra-
diation losses must be considered, since they restrict the gain and radiation pattern [232].
The parallel feed and the series feed are distinct in a number of ways. For example, the parallel
feed gives a greater bandwidth, typically 10% of the operating frequency, while the series feed
provides bandwidths between 1% and 3%. The downside of parallel feeding is that it results
in increased ohmic losses due to the additional area required for parallel feeding systems. Ra-
diation losses are also increased owing to the number of discontinuities required in the parallel
design. Typically, a combination of both forms of feeding is employed to create an acceptable
trade-off between bandwidth, radiation loss, ohmic loss, and available space [233].
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4.5.1 Antenna design

As the most fundamental and important active device component in contemporary electronics,
searial antenna arrays have been designed with an emphasis on size and power consumption re-
duction. Additionally, researchers are looking for substitute materials for conventional materials
such as silicon, which is primarily used in the fabrication of conventional electronic devices, be-
cause fabrication constraints in order to achieve smaller physical dimensions result in low device
packing densities. Due to the mechanical stiffness of typical metallic antennas, their use to flex-
ible electronic systems is limited. As a result, flexible substrates have received much research
quantity.
Figure 4.25a and b show the geometry and parameters of the proposed co-planar waveguide
(CPW) fed antenna. The antenna design is simulated at room temperature (293 K). The antenna
design has the dimensions of 260 µm by195 µm by 0.35 nm, with one layer of graphene, and
consists of a graphene-based rectangular patch with a feedline 34 µm by 100 µm by 0.35 nm.
PEN 3006, having a dielectric constant of εr = 2.2, and loss tangent, tanα = 0.0025 is used as
substrate with a thickness of 175 µm.

Figure 4.24: CPW Antenna dimensions

4.6 Fabrication

The antenna was then built with a tuning stub using an electron beam (e-beam) lithography
method. To aid the liftoff process, an appropriate undercut was formed utilising a bi-layer e-
beam resist system composed of polymethyl methacrylate (PMMA). The first layer was around
1200 nm thick. Following that, a second layer of 10% PMMA 2041 was spun at 5000rpm and
baked for two minutes at 143◦C. The second (top) PMMA layer was 100 nm thick. The spun
PMMA layers were then exposed using the Vestec VB6 beam writer through e-beam pattern
writing. A 1:1 combination of methyl isobutyl ketone (MIBK) and isopropyl alcohol was then
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(a) (b)

Figure 4.25: Design Antenna Arrays Structure

used to develop the exposed PMMA (IPA). Due to the fact that the bottom layer is more sus-
ceptible to the ebeam dosage than the top layer, an undercut profile is generated. Finally, using
an electron beam evaporator, a Ti/Au (10nm/450nm) metal scheme was deposited followed by
lift-off in acetone. Ti gas been used which can provide very low specific contact resistance.

Figure 4.26: Pattern transfered on the substrate

4.7 Results ant discussion

The simulated reflection coefficients of the the 5-element array shown in Fig.4.30, which shows
the excellent antenna performance as the whole response is below the -10 dB reflection range.
A good efficiency of 88 % presented at targeted frequency band. In addition, the radiation
efficiency of the designed antenna can further be improved by increasing the conductivity of the
graphene film by applying an external voltage.

Figure 4.32 shows the surface electric current distribution of the serial arrays antenna at three
different operating frequencies, namely 0.8 THz, 0.925 THz, and 1.10 THz. At 0.75 THz, the
surface electric current is strongly excited on the top surface of the gold metallic posts. The



CHAPTER 4. ULTRA-WIDTH THZ ANTENNA ARRAYS 86

(a)

(b)

Figure 4.27: Optical image of the fabricated antenna arrays.

Figure 4.28: SEM image of the fabricated antenna arrays.

magnitude is much smaller at higher frequency. At 0.8 THz, the electric field over the edges of
the radiating aperture is also strongly excited.

4.8 Efficiency, gain, and radiation pattern

Due to a lack of measuring capability at these very high frequencies, the antenna radiation per-
formance was only assessed through CST modelling. The overall efficiency of the simulated
antenna and the radiation efficiency of the antenna are displayed in Figure and Figures, respec-
tively. At the lowest frequency in the band 0.9 (THz), the antenna overall effectiveness is 80%,
increasing to 95 % at 1 GHz. The radiation efficiency (defined as the ratio of emitted to accepted
power) is around 92 % on average over the simulated frequency spectrum.

In Figure. 4.34, the radiation patterns show high main lobe magnitudes along with lower
back lobe levels. The radiation patterns are presented at E and H planes. Due to the large
dielectric constant of the PEN substrate, most of the radiation is directed towards the substrate.
This is a common problem with antennas fabricated on high dielectric constant substrates, which
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(a)

(b)

Figure 4.29: Optical counter PG image of the fabricated antenna arrays.
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Figure 4.30: The simulated scattering response of the antenna array.

at THz frequencies is often circumvented by using a hemispherical lens. The sidelobe level is
increased and the maximum side lobe is observed at 1.10THz. Therefore, the ripples in the
radiation pattern may lead to a degradation in the antenna performance which is mainly caused
by metal loss and skin depth effect.
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Figure 4.31: The simulated scattering response of the antenna array with different patch length.

(a) (b) (c)

Figure 4.32: Visualisations of the surface electric current distribution at (a) 0.8 THz, (b) 0.925
THz, and (c) 1.10 THz.
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Figure 4.33: Simulated (in CST) efficiency of the proposed graphene and gold based antenna

4.9 Summary

The antenna is the most important part of any wireless communication system. Because of the
considerable path loss at THz frequency and therefore improved signal-to-noise ratio, high direc-
tional antennas are a primary consideration when developing a wireless THz system. Traditional
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(a) (b)

Figure 4.34: Simulated radiation pattern of the proposed antenna array at two
frequencies,0.8THz,1THz and 1.1 THz

metal and carbon-based material THz antennas were described in this chapter. The well-known
and widely utilised metal in the design of microwave antennas is ordinary copper. For the
construction of THz antennas, carbon-based nanomaterials like as graphene have recently been
studied, THz antennas made of metal and graphene were the subject of this discussion. The
performance of THz antennas built of copper and graphene materials has also been compared
in order to determine the optimal material for the construction of THz antenna. In terms of
miniaturisation, directivity, and radiation efficiency, graphene antennas have been proven to out-
perform the competition. The lack of adequate THz antennas and sources kept researchers from
exploring the THz spectrum for a long time. Laser and semiconductor technology advancements
have led to a surge in interest in the THz frequency range, which has resulted in a rise in studies
into this area.

Firstly, PICA design, a gold-based 1× 4 PICA array operating in the THz frequency range
of 0.75− 1.10THz is designed and fabricated. A simple and commonly available metal depo-
sition technique to fabricate the structure is used. An ungrounded coplanar waveguide feeding
line was used to excite the antenna. As per the authors’ knowledge, the proposed design is
the first instance of the THz antenna for which the scattering response was measured. Our de-
sign achieved a measured −10 dB impedance bandwidth of 400GHz at the center frequency of
0.925THz. Results also show that other antenna performance characteristics such as radiation
efficiency and gain are also high.

Secondly, PICA 1×6 based on graphene and copper material was fabricated and tested. the
performance of copper graphene antenna shows better result than the gold PICA antenna with
high radiation efficiency 85%.
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Thirdly, serial antenna arrays have been created with a focus on size and power consump-
tion reduction as the most basic and crucial active device component in current electronics.
Additionally, researchers are investigating alternative alternatives to traditional materials such
as silicon, which are typically employed in the fabrication of conventional electronic devices,
since fabrication limits imposed by reduced physical dimensions result in poor device packing
densities. Because standard metallic antennas are mechanically rigid, their use to flexible elec-
tronic systems is restricted. As a consequence, flexible substrates have been the subject of much
investigation.

The designs anticipate and techniques used in this chapter can launch a new research direc-
tion for realizing THz frequency UWB antennas for enabling high-speed wireless communica-
tions in the future.



Chapter 5

Flexible antenna for ultra-high-speed THz
wireless

THz communications offer a terabit per second data rate, which enables applications not possi-
ble with mmWave technologies. THz communications, in comparison to mmWave communica-
tions, preserve better directionality, are more resistant to eavesdropping, and are less susceptible
to inter-antenna interference and free-space diffraction [234]. This is mostly owing to the intrin-
sically shorter wavelengths associated with THz frequencies, which allows for the realisation of
THz systems with much lower footprints. Additionally, unlike VLC/FSO transmissions, THz
signals are less affected by elements such as cloud dust, scintillation, ambient light, and air
turbulence [235].

Figure 5.1: THz high Speed wireless communication applications

In a specific application, millimter and THz-band communications may significantly im-
prove the reliability and latency of future vehicle networks [236]. Reliable and high-speed
communications are important requirements for future vehicular networks, where a vehicle’s ‘
eye view requires a latency of 50 milliseconds and a data throughput of 50 megabits per sec-

91
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ond [237]. Automatic over-take, on the other hand, needs less than 10 milliseconds of delay to
achieve 99.999 percent dependability. As a result, experts believe that using the THz spectrum
will enhance safety solutions and allow a variety of additional uses, including remote driving
and vehicle platooning [238].

Another possible use for the THz band is high-speed communication between drones, which
is another viable use case. Recently, flying ad-hoc networks (FANETs), which are made up
of a number of drones, have made it possible to provide broadband communication services in
rural regions and disaster-stricken areas [239]. As a result, the THz band is advantageous in
such settings since it allows for large capacity while also being more flexible than FSO, which
needs precise aiming and acquisition techniques. Estimating the exact position of drones is
also critical for course planning and tracking, as well as for other applications. Because of the
higher frequencies in the THz range, it is possible to attain superior localization accuracy in this
context. [240]. For example, if a drone is communicating at 30 GHz, it will need a degree of
precision in the sub-centimeter range in order to be effective. As a result, raising the frequency
any higher, to the THz range, will need millimeter-level precision in localization measurements.
While the THz band has a limited transmission range, it may be necessary to deploy a large
number of drones in close proximity to one another, necessitating the development of multi-hop
communication and localization technologies [241].

Graphene, the most recent member to the family of carbon allotropes, is often regarded as the
mother of carbon allotropes. Due to its unusual features, graphene has recently garnered consid-
erable interest in a variety of academic domains. The most notable feature is the THz propaga-
tion of SPP in graphene. SPs made of graphene feature high confinement, minimal losses, and
tunability. Graphene plasmons are more amenable to manipulation by chemical or electrostatic
gating in both single layer and bilayer graphene structures [242] [243] [15]. Recently, inter-
est in realising graphene antenna designs at THz frequencies has increased. Graphene permits
plasmonic antennas at THz due to SPP propagation, while metal antennas comprised of noble
metals such as gold and silver exhibit plasmonic behaviour at optical frequencies. Plasmonic
antennas have a large near field and a significant connection between localised sources and far-
field radiation. In 2012, graphene was employed for the first time as an antenna radiator in the
THz frequency band [15].

The propagation characteristics of graphene’s transverse-magnetic (TM) SPP were utilised
to simulate graphene patch antennas in the THz band in this study. Apart from its small size,
the graphene-based THz antenna outperforms the metal antenna in terms of radiation efficiency.
The graphene antenna’s radiation efficiency rises as the graphene chemical potential increases.
In comparison to metal antennas in the THz band, graphene plasmonic antennas provide greater
miniaturisation and directivity [244].

Antennas made of graphene operate at a considerably lower frequency than conventional
metallic antennas of the same size [245] [246]. Moreover, the performance of the graphene



CHAPTER 5. FLEXIBLE ANTENNA FOR ULTRA-HIGH-SPEED THZ WIRELESS 93

antenna at THz is enhanced by tuning the conductivity of graphene using an electric field ef-
fect [247]. Bilayer graphene enables dual-band reconfiguration while maintaining a constant
impedance, obviating the requirement for a lossy and complicated reconfigurable antenna. [248].

5.1 Photolithography Fabrication Process

Photolithography use of an ultraviolet (UV) light source of wavelength between λ = 200 −
400 nm to expose the photoresist, which like that ebeam lithography in a process described in
the last section. Photolithography is a low cost with a resolution capability of 0.5µm. The
sample and hard mask are loaded onto the mask aligner.

(a)
(b)

Figure 5.2: (a) Photolithography Ma6 (b) writing using photo-lithography

5.2 Mask Design

Masks for lithography were designed in L-Edit technology. When constructing a device, the
critical dimension is the smallest size on a lithography level that must be precisely controlled to
optimise electrical performance. It was 5µm in the designing process. The critical dimension
was kept at 5µm and a set of alignment markers was developed to meet the requirements of fab-
rication. These are high-precision features that serve as a reference for future pattern placement
and often stay constant throughout the manufacturing process.
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Figure 5.3: Photolithograohy Photo Mask with Cpw THz Antenna Array

5.3 Photoresist spin coating

When exposed to UV radiation, the chemical structure of the resist becomes either insoluble or
soluble in the developer, depending on the kind of resist. The solvents determine the resist’s
viscosity, which enables it to be spun and thin layers to develop on the wafer surface. The
binders regulate the resist’s thermal properties. Positive and negative photoresists are available.
During the developing phase of a positive resist, the exposed area dissolves while the un-exposed
part stays unaltered. For the negative resist, the same rules apply.

Figure 5.4: Schematic illustration of the main fabrication steps in Photolithography the process

Each kind of photoresist has a number of benefits and downsides. Although the positive
photoresists exhibit high resolution and may be produced in aqueous developers, they exhibit
poor adhesion and etch resistance when compared to their negative counterparts. Negative resists
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provide increased adhesion and resistance to etching procedures at the expense of resolution and
can be created exclusively with hazardous organic developers.

Spin coating is often used to apply resist uniformly onto the substrate. The mechanics of
spinning is difficult and highly dependent on the solvent’s evaporation rate, which is why only
a few solvent systems are utilised. The method entails spinning for a certain amount of time,
often 30 seconds, at a speed determined by the required thickness..

5.4 Baking

A post-apply bake, or soft bake, is used to drive solvent from the resist. This is a critical step
as failure to sufficiently remove the solvent will affect the adhesion and the resist profile, as will
excessive removal, which destroys the photoactive compound and reduces sensitivity. A typical
bake is 1 minute on a 90◦−115◦C vacuum hot plate or 30 minutes in a 90◦−115◦C convection
oven. Thick resists often require longer bake times.

5.5 Developers

The developers utilised have varying concentrations, and some may need additional time for
development. Developers are often advised while working with photoresists. While they are
mostly interchangeable, altering the developer utilised in the process often results in a difference
in the dosage necessary to obtain the same feature sizes.

5.6 Metallisation

There are many ways to deposit metal on samples, for example, physical vapour deposition
(PVD), sputtering or electroplating. The technique used to deposit thin metal films in this project
was electron-beam physical vapor deposition (EBPVD), a variation of PVD. Here in nanofabri-
cation center at Glasgow university , a Plassys MEB 550S (Plassys II and Plassys IV) system are
in use to deposit different types of metal such as the titanium (Ti), palladium (Pd), molybdenum
(Mo), gold (Au) and nickel – chromium (NiCr). Once the sample is loaded into the evaporator,
the main chamber is pumped to a base pressure of 2×10−6 Torr and the desired metal scheme
is selected via control software.

5.7 Ti, and Al for better substrate attachment.

The design depends on an ungrounded cpw feed which does not have a ground plane at the back.
Using Ungrounded CPW is one of the solutions to have better impedance matching with a suf-
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ficient substrate thickness which can save the sample from being broken during the fabrication
process. Graphene layer we used as a radiation element with gold. Graphene has conductivity
at terahertz band which will enhance the radiation from copper as well. On the other hand, we
can not use graphene only as the the thickness of the graphene is not fit to probe measurement
which has limitation of 500nm in order to be connected to any material.

Here, in the antenna arrays, the antenna element spacing was set to λ/2 at 0.8 THz. The
resultant design was then optimised using the trust region framework (TSF) algorithm [207]
included in the CST environment. The TSF algorithm searches locally for minimal points in a
given region. However, based on the parameters provided to the framework, the algorithm can
operate locally as well. To obtain the optimal antenna structure, a multidimensional problem in
which all the physical dimensions of the array were parameterised was rigorously solved using
high performance computing facilities at the University of Glasgow. The goal of the algorithm
was to find the local minima for the initial values which were calculated using standard mi-
crostrip patch antenna designs [208]. Additionally, several researchers have developed a variety
of antennas in the THz frequency region for a variety of uses. Their suggested antenna is either
too big or has a restricted bandwidth. As a result, further research is necessary to enable high-
speed data transfer in the THz frequency band in wireless communication. This study proposes
and presents an effective rectangular microstrip patch antenna for medical imaging, homeland
defence systems, explosive detection, and material characterisation, among other applications.

5.8 Anatenna Arrays Design

The first studies on the propagation of terahertz waves over graphene sheets sparked a flood of
suggestions that, in essence, consist of a number of graphene layers of limited size (radiating
components) installed over a dielectric material and a feed to feed the signals to the antenna.
These antennas have been researched from a variety of angles, including the following: An-
tenna dimensions: the antenna arrays antenna arrays shown in Fig 5.6. The dimensions value
in Fig 5.5 and table 5.1, the cpw gap is = 7µm, the substrate is PEN with permittivity εr = 2.2,
whereas τ = 0.1ps and eV = 0 eV. The length L is variable. Optimization of length shown
in Fig.5.5 shows how longer dimensions lead to lower resonance points, as one would expect.
Note, however, that metallics of the same length could theoretically resonate at much higher
frequencies. The use of graphene does not change the radiation pattern at resonance as proved
in other works [14].

Chemical potential: The increase of chemical potential leads to a significant shift of the
resonant frequency and to an enhancement of the antenna response with changes in the radiation
pattern and efficiency.
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Distance b/w patch 1000um
Width feed 50 38um
Thickness of Gold 0.5um
Thickness of graphene 0.35 nm
Cpw Gap 5um
Substrate (PEN) 6 mm×7.7 mm

Table 5.1: The Antenna Arrays Dimensions

Figure 5.5: Cpw THz Antenna Arrays Dimensions

(a) Front view

(b) Gold, Titanium, Aluminium, and Graphene

Figure 5.6: Design Antenna Arrays Structure

Relaxation time: antenna maintains the same resonant frequency as the relaxation time is in-
creased but exhibiting a stronger resonant behaviour. PEN material exhibits better electrical
performance at THz frequencies as compared to PEN material and also it is commercially avail-
able with very small substrate thickness of 125µm which is theoretically applicable for THz
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application.

5.9 Fabrication

Wafers were cleaned progressively in acetone, isopropyl alcohol, and dilute hydrochloric acid.
fabrication process flow on PEN substrate is shown in Fig. 5.4 . After cleaning, the Graphene
was transferred from copper foil onto Pen substrate using technologically incompatible, neces-
sitating a subsequent transfer operation. Next, a primer was spin coated for 20 seconds at a
speed of 4800 rpm and then baked at 115C for 35 seconds. SPr resist, a positive photoresist, was
spin coated at a 4800 rpm speed and baked for 60 seconds at 900C. Lithography was carried
out using a picture mask that served as the standard mask for the first alignment marks. A 34
second exposure with MA6 was used, followed by a 3 minutes development in CD26. This was
followed by a 50 second hard bake at 80C on a hot plate. Following development, the patterned
portion of the pen substrate was exposed for asher. Plasma ashing is a critical and commonly
performed technique in manufacturing. The ashing method removes the resist by using ions and
radicals created by a plasma. While ions physically dissolve the photoresist, radicals chemically
react with it to form volatile molecules such as H20 and co2. Plasma ashing is a result of the
interaction of these two processes. Then 10-nm aluminium film was deposited at room temper-
ature by RF magnetron. The purpose of this coating is to encapsulate the graphene and protect
it from aggressive chemicals and keep the chamical potential at 0 eV, as well as to improve ad-
hesion to the substrate. Next, we deposited a 400-nm-thick Gold film and, a layer consisting of
Titanium was deposited to improve the attachment of Gold on Al.

(a)
(b)

Figure 5.7: (a) Resist patterned resist on PEN substrate. (b) An optical micrscope image for the
purposed Cpw THz Antenna Array
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(a) Front view
(b) Voltage divider Feed network

Figure 5.8: An SEM image for the purposed Cpw THz Antenna Array

Figure 5.9: Simulated reflection coefficient of the antenna array

Figure 5.10: Surface current distribution of purposed Cpw THz Antenna Array

5.10 Results and Discussions

The antenna is fed by CPW, which allows for potential ease of integration into any active cir-
cuitry The antenna was simulated using CST Microwave studio’s electromagnetic modelling



CHAPTER 5. FLEXIBLE ANTENNA FOR ULTRA-HIGH-SPEED THZ WIRELESS 100

(a) E plane
(b) H plane

Figure 5.11: Simulated (in CST) Gain, Derctivity and efficiency of the proposed graphene and
gold based antenna

(a) (b)

Figure 5.12: 3D radiation pattern of purposed Cpw THz Antenna Array

programme. The suggested antenna’s radiation properties are constructed and examined in terms
of return loss, VSWR, input impedance, directivity, and radiation pattern in the E- and H-planes.
The reflection coefficient or return loss of an antenna is defined as the ratio of incident to re-
flected power, expressed in decibels (dB). It is indicated by s11 (dB), which should be less than
or equal to -10 dB for an effective antenna. Due to the large bandwidth available in the terahertz
range, it is an excellent contender for future high-speed wireless communication. Comparing the
suggested antenna with the current terahertz antenna model reveals that it offers superior perfor-
mance characteristics, compact size, and a wide impedance bandwidth.The antenna’s impedance
bandwidth is 37.50 percent, spanning the frequency range of 0.3 to 0.45 THz. The impedance
match between the transmission line and the antenna is critical when assessing the performance
of the antenna. The voltage standing wave ratio (VSWR) indicates how much signal is reflected
back to the source as a result of an impedance mismatch between the source and the antenna. At
the complete target frequency rabge, the VSWR is less than 1.5.

Figure 5.9 shows the S11 parameter comparison for the gold only and gold with graphene as
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(a) 0.39 THz E plane

(b) 0.39 THz H plane

(c) 0.4 THz E plane
(d) 0.4 THz H plane

Figure 5.13: Simulated radiation pattern of the proposed antenna array

enhancement material. The simulated reflection coefficient of the the 20 elements array shows
the excellent antenna performance as the whole response is below the −10dB reflection range.
The reflection coefficient was reduced using Graphene material with gold compared to a stan-
dalone gold antenna array which shows that the resonant nature of the antenna is enhanced.
It has been observed that resonant frequency was shifted slightly towards the lower frequency
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range with adding Graphene material. The S11 of the gold antenna array scenario is −23 dB
at 0.4THz. The antenna has a wide bandwidth of 29.2 GHz. Whereas, the hybrid combination
between gold and graphene provides an excellent antenna performance in the desired frequency
range 0.4 THz with −55 dB reflection coefficient.

Figure 5.11 shows the simulated antenna performance in terms of the antenna radiation ef-
ficiency and the gain achieved by the array in the operating frequency range. It can be seen
that the gain of the antenna is maintained above 8.3%. Although, this is lower as compared to
antenna designs at microwave frequencies where the radiating element acts nearly as a perfect
electric conductor, the conductivity of gold at THz frequencies is complex valued where the
imaginary part contributes to losses. however adding graphene has improved the performance

Further investigations in which a substrate with a lower dielectric constant is used improve
the radiation efficiency of the designed antenna. other substrate materials like silicon with high
dielectric constant will degrade the radiation of the antenna and absorb some the radiation .
Other performance parameters such as the antenna directivity and radiation efficiency are shown
in Fig. 5.11, which indicates a high realised gain in the range of 0.35−0.45 THz. the antenna
has a radiation efficiency of 75%.

The co-polar and cross-polar radiation pattern in both E-plane (φ = 0◦) and H-plane (φ = 90◦)
of the proposed antenna graphene array is displayed in Fig.5.13. By adjusting theta, the antenna
is oriented such that the bore-sight direction is toward the vertical. (θ) from 0◦ to 360◦ for a
fixed value of phi (φ). The main lobe magnitude is around 7dBi, main lobe direction is 0◦, and
angular width (3 dB)146.4◦ has been obtained for E-plane. For the H-plane, the main lobe mag-
nitude, main lobe direction, sidelobe level, and angular width (3 dB) are 5.9dBi,30◦,−8.9 dB,
and 79.4◦, respectively, obtained at resonant frequency 0.4THz.

Terahertz research has seen a surge in interest in recent years, owing partly to the introduction
of novel RF components and fast-pulse optical time domain spectroscopic methods. The two
traditional development groups on each side of the terahertz spectrum – optical and microwave
– are starting to merge as terahertz devices become more widely used. Both of these groups
stand to profit from the design and execution of novel terahertz antennas and beam forming
networks. Both frequency domain and optical time domain systems use terahertz antennas that
are single mode, wide band. However, the majority of extant instruments use very simplistic
architectures acquired from the microwave domain. The very specific requirements of newly
proposed terahertz devices, particularly very broad band-width spectroscopy and high resolution
imagers, need the development of novel antenna ideas and methods for implementing existing
antenna designs. Traditional terahertz applications, such as radio astronomy, remote sensing,
and radar, often demand large diameter, high surface accuracy antenna dishes that benefit from
active surface correction, innovative lightweight materials, and compact designs.
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5.11 THz antenna arrays with 74 elements.

Broadcasting dynamic beamsteering at very high speeds would need an ideal relay method
that takes into account the behaviour of THz band channels in very large arrays in addition
to synchronisation requirements. The available bandwidths are substantially larger, and since
the transmission speed is related to the available bandwidth, THz becomes excellent for ultra-
high speeds. The architecture will be incorporated into wireless communication equipment in
the future, enabling the next generation of "6G" communications to operate at extraordinary
terabytes-per-second speeds (10 to 100 times faster than 5G). The proposed CPW fed transmit
array antenna is shown in Fig 5.15, which comprises a thin gold on a single graphene layer on a
transparent and flexible Polyethylene Terephthalate (PEN). A single layer metallization is used
to keep the radiation pattern intact with high gain characteristic, which may degrade. The design
procedure involves the realization of a single CPW microstrip patch antenna and then replicates
of a single antenna at a centre-to-centre distance of λ/2 to form a 72 elements array, fed by a
corporate feed network.

Figure 5.14: Cpw THz Antenna Array Dimensions.pdf

Fig.5.15 shows the four layers patch antennas structure, gold, Ti, Al and graphene fed by a
50Ω feed line, whose length and width are optimized to achieve the maximum impedance match
between the feed and the radiating patch. The length and width are calculated by experimentally
verified formulas. The proposed CPW microstrip transmit array antenna is simulated in a full-
wave 3D CST Method based electromagnetic simulator.

Following development, the patterned portion of the pen substrate was exposed for asher.
Plasma ashing is a critical and commonly performed technique in manufacturing. The ashing
method removes the resist by using ions and radicals created by a plasma. While ions physically
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(a) Gold,Graphene, and Titanium

(b) Front View

Figure 5.15: Antenna Arrays Structure

(a)
(b)

Figure 5.16: (a) Developed Resist of THz Antenna Array . (b) An optical micrscope image for
the purposed Cpw THz Antenna Array

dissolve the photoresist, radicals chemically react with it to form volatile molecules such as H20
and co2. Plasma ashing is a result of the interaction of these two processes.

5.12 Fabrication

One of the most challenging issues with flexible substrates, regardless of the materials employed,
is the substrate’s dimensional fluctuation during device fabrication. Flexible substrates intended
to be used in place of solid glass substrates must fulfil a number of requirements:

Surface roughness: as the device films get thinner, their electrical functionalities become
increasingly sensitive to surface roughness. Short-distance asperity and roughness must be
avoided, although roughness over extended distances is acceptable. Thermal and thermome-
chanical properties: the substrate’s operating temperature, for example, the polymer’s glass
transition temperature, must be compatible with the manufacturing process’s maximum tem-
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Figure 5.17: SEM image of a plasmonic terahertz antenna arrays prototype based on nanoscale
Au contact 0.35 nm graphene material

perature. Thermal mismatches between device films and substrates may result in film failure
during the fabrication’s thermal cycling. On Flexible substrates, dimension stability during pro-
cessing is a challenge. Chemical characteristics. The substrate should be contaminant-free and
inert to process chemicals. Advantageous are substrates that act as effective barriers to ambient
gas penetration. A substrate with a high elastic modulus provides stiffness, while a hard sur-
face protects the device layer from impact. Conductive substrates may serve as both a common
node and a barrier against electromagnetic interference. Coupling capacitances are minimised
on electrically insulating substrates. Magnetic substrates may be used to temporarily mount
the substrate during fabrication or to permanently attach the completed product. Wafers were
cleaned progressively in acetone, isopropyl alcohol, and diluted hydrochloric acid. A primer
was spin coated for 20 seconds at a speed of 4800 rpm and then baked at 115C for 35 seconds.
SPr resist, a positive photoresist, was spin coated at a 4800 -rpm speed and baked for 60 seconds
at 900C. Lithography was carried out using a picture mask that served as the standard mask for
the first alignment marks. A 34 second exposure with MA 6 was used, followed by a 3 -minute
development in CD26. This was followed by a 50-second hard bake at 80C on a hot plate.

5.13 Results and discussions

Figure 5.18a shows the reflection coefficient results of the parameter sweeps. The reflection
coefficient S11 was 34 dB at the resonant frequency 0.85 THz. The antenna arrays achieved
good reflection coefficient from 0.83 to 0.86 THz with wide bandwidth of around 20 GHz The
simulated surface current distribution of the antenna for different frequencies within the UWB
is indicated in Fig 5.18b.The current vectors indicate the formation of a closed loop between the
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patch and the ground plane and hence an efficient antenna radiation.
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Figure 5.18: (a) Simulated reflection coefficient of the antenna array. (b) Surface Radiation
pattern.
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5.13.1 Efficiency, gain, and radiation pattern

Although the Total efficiency at the lower end of the desired band range decreases at a frequency
of 0.855 THz, it is still achieving a high radiation efficiency above 76% for the hybrid graphene
and gold materials combination (Fig 5.20). As the conductivity of graphene increases with
frequency, consequently, the radiation efficiency is improved and supporting conductivity of
gold which declines with frequency due to high surface impedance which leads to degreed of
radiation efficiency. The radiation efficiency of the hybrid material structure (gold and graphene)
maintained an excellent radiation efficiency of 78% and around 80% at the end of desired band.
The antenna array gain gradually increases with frequency Fig 5.19. A gain of 13.5 dBi at 0.85
THz. Whereas for the hybrid antenna array the directivity achieved was 17.13 dBi at 0.85 THz.

The 2-D radiation pattern is also a parameter of output performance that modulates the radi-
ation properties. By studying the radiation pattern at resonant frequencies, the angle of radiation
can be determined. The two-dimensional radiation pattern reflects a range of resonance fre-
quencies, i.e. 0.85, 0.855, 0.84 and 1.56 THz are simulated as presented in Fig 5.22. The whole
overall pattern in Fig 5.12 represents the total gain of the proposed antenna at various resonance
frequencies. Elevation pattern E(θ) and azimuthal pattern E(ϕ) of Fig 5.22. represents the gain
radiated in elevation plane (Y −Z planes) and azimuthal plane ( X −Y plane). The examination
of radiation characteristics reveals that the proposed antenna radiates more in the phi (X −Y

planes) direction and less in the theta (Y −Z plane) direction. Radiation characteristics are nor-
mally calculated in the far field area as a function of co-ordinates, but they may also be classified
in terms of power pattern or field pattern.

Furthermore, it is obvious from the total patterns of all resonant frequencies that the major
lobe is stronger than the back lobe and it is analysed that this proposed THz antenna is radiating
at an angle of 80◦ in the Phi direction and 90◦ in the Theta direction (3D figure). This antenna
exhibits a miniaturized structure as size of the antenna is proportional to the wavelength, hence,
it is confirmed that the proposed antenna will consume very less power while functioning as
transmitter or receiver. If wireless devices like sensors are developed to function in the tera-
hertz frequency region, then issues of high data rate and less power consumption can easily be
resolved.
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(a) E plane 0.85 THz (b) H plane 0.85 THz

(c) 0.855 THz E plane (d) 0.855 THz H plane

(e) 0.86 THz E plane (f) 0.86 THz H plane

Figure 5.21: Simulated radiation pattern of the proposed antenna array

5.14 Summery

The terahertz spectrum has the potential to significantly increase the present data speeds in
wireless networks. We can reduce the frequency by two orders of magnitude and the power
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(a) 0.85 THz (b) 0.855 THz

(c) 0.86 THz

Figure 5.22: 3D radiation pattern of purposed Cpw THz Antenna Array

needed by four orders of magnitude with this antenna. Current cellular systems provide data
transfer speeds of up to one gigabit per second in LTE advanced networks and up to ten gigabits
per second in so-called millimetre wave or 60 gigahertz systems. We anticipate data speeds in
the terahertz region on the order of terabits per second.

The communication problem is that metallic antennas at the nano size would have to function
at hundreds of terahertz. While certain frequencies may provide benefits in terms of commu-
nication speed, their range would be restricted to a few micrometres due to propagation losses.
Additionally, they would need a great deal of power more than nanomachines are expected to
have. Gold, silver, and other noble metals can also enable SPP wave propagation, but only at
considerably higher frequencies than graphene. Waves are not supported by conventional mate-
rials such as copper.

When activated by an incoming electromagnetic wave, for example, electrons in graphene
begin to oscillate. Due to the graphene’s unique features, this global oscillation of electrical
charge produces a restricted electromagnetic wave on top of the graphene sheet. The action,
which is officially referred to as a surface plasmon polariton (SPP) wave, enables the nano-
antennas to function in the low end of the terahertz frequency range, between 0.1 and 10 tera-
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hertz. SPP waves may be generated for transmission by injecting electrons into the dielectric
layer underlying the graphene sheet.

The work presented in this chapter demonstrates that the notion of graphene-based nano-
antennas is possible, even more so when very precise models of electron transport in graphene
are used. While other hurdles remain, this is an important first step toward developing sophis-
ticated nanomachines with numerous uses in medicinal, environmental, industrial, and military
domains.



Chapter 6

Conclusion and Future Work

For a long time, researchers ignored the THz band due to a lack of adequate THz antennas and
sources. Due to developments in laser and semiconductor technology, the availability of THz
sources in the THz band has raised research interest in the THz frequency range. A Terahertz
(THz) antenna with a size of a few micrometres cannot be accomplished by just reducing the
extent of a traditional metallic antenna down to a couple of micrometres. This approach has
several downsides. For example, the low mobility of electrons in nanoscale metallic structures
would result in high channel attenuation. Thus, using traditional micrometre metallic antennas
for THz wireless communication becomes unfeasible. As opposed to their visible-spectrum
features, metals such as gold and silver, which typically exhibit SPPs, have completely different
THz physical properties. 2DMs, for example, graphene, perovskite, and MoS2 (TMDs), provide
a ground-breaking stage to control the propagation, modulation, and detection of THz waves.
This thesis proves that 2DMs can enable the propagation of SPP waves in the THz band. These
materials offer a promise of a future technological revolution. Combined with other profound
advantages in lightweight, mechanical flexibility, and environmental friendliness, 2DMs can be
used to fabricate low-cost wearable devices.

This thesis explored several THz sources and manufacturing procedures for THz antennas
in order to facilitate the actual implementation of THz wireless communication systems. A
wearable graphene THz antenna is presented and tested on three layers of human skin to serve
the wearable applications in modern THz systems to achieve high performance.

Wearable THz antennas based on graphene have been developed and tested on three layers
of human skin to meet the demands of contemporary THz systems. Because of the absorption of
radiated energy, the antenna performance of wearable antennas will be reduced. We expect the
antenna to work best at a distance of 1 or 2 millimetres from the surface of the human body. Due
to human body proximity, antenna performance was impacted in terms of frequency detuning
and radiation pattern distortion. The suggested design offers a number of advantages, including
high radiation efficiency and simple manufacture. PEN film, which is widely accessible and in-
expensive, was used as a flexible substrate in this study. Personal security, health and well-being
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monitoring, big data, and the Internet of Things (IoT) might benefit from this wearable antenna
design. For short-range THz communication, graphene’s exceptional electromagnetic, mechan-
ical, electrical, and thermal capabilities have made it possible. The atomically thin profiles and
exceptional electrical capabilities of graphene-based devices allow for flexible, stretchy, or even
conformal features in any application. Short-range wireless body area networks (WBANs) may
be a good fit for the antenna in the future. This study also reported CH3NH3PbI3 perovskite as a
promising material for THz antennas for wearable applications. CH3NH3PbI3 has a high charge
carrier mobility and diffusion length, indicating that this material is a potential candidate for
antenna design. A novel hybrid THz antenna array design made from gold and perovskite layers
is demonstrated. The antenna array was simulated using a multi-layered structure of perovskite,
gold, and PEN substrate. Results show that in the frequency range of 0.9 - 1.2 THz, the antenna
performance significantly improves over a gold-only antenna. The proposed work also shows
that with the fast emergence of 2DMs having electrical conductivity. The electrical properties
can be controlled to a better performance by selecting the preparation method by chemical dop-
ing or external basing. The perovskite and hybrid antenna array display better performance at
room temperature which is superior. The result opens a way for more profound understanding
and further improvement of perovskite material in various applications. The capacity to be a
decent radiating element at room temperature is a remarkable feature which puts these materials
in an exclusive class of supporting conventional metal at THz frequency band. The result shows
that the CH3NH3PbI3 is incredibly promising for advanced THz applications, particularly THz
wireless communication. Future work would be concentrated on optimisation of the intrinsic
property and fabrication methods of thin films for adoption in THz antenna. In this study, we
have designed, fabricated, and measured five different designs using different materials in the
THz band, which will pave the way for enabling future THz short-range wireless communica-
tion.

6.1 Future work

• Various types of 2DMs available , and some of them can provide high conductivity, which
is required in THz wireless communications. Reviewing recent work. on 2DMs reveals
that improved methods in terms of fabrication and measurement are required. 2DMs have
a lot of advantages, including lightweight, flexibility, electrical characteristics, and envi-
ronmental friendliness. 2DM can be ideal with THz wearable devices. On the contrary,
a fundamental disadvantage of 2DMs is their high absorption. Finally, it is concluded
that the current technology needs to be further developed in the years to come and many
problems related to the THz communication system need to be solved.

• However, there are numerous other 2DMs that remain undiscovered. Furthermore, com-
bining different 2DMs results in new structures with unique physical and concoction prop-
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erties [45].

• The attractive feature about perovskite, graphene and other 2DMs is the ultra-high specific
surface areas that enable their energy band structures to be sensitive to external basing. In
the literature, scientists have tested a wide range of nano-antenna designs using modelling
and simulation approaches. Nano-antenna fabrication and measurement using 2DMs is
still the missing piece in the THz band. The design, fabrication, and measurement of THz
antennas based on 2DMs for wearable wireless communication is the primary goal for
future study work.

• Due to the limited RF output power supplied by presently available THz signal sources
and the absence of a clear winner technology at these frequencies, free-space propagation
losses and atmospheric absorption are of key concern. It is a daunting system design task
to minimise generating losses while delivering sufficient power to the receiving end. To
overcome the difficulty of increasing the radiated power at high frequencies, beamforming
is an intriguing technique to examine.

• Increasing the directivity while maintaining the same height is possible with a flat antenna.
There are a few antennas in the literature that operate at this frequency and have a com-
parable number of components. Planar, horn, reflectarray, and lens-type metal antennas
have been developed for THz applications [249] [250] [251] [252] [253].

• The antenna array presented here was created to operate in the THz frequency range (0.75
– 1.1 THz). In the future, experimental measurements of radiation patterns will be made
to confirm the simulations. Future study is also needed to scale the design to higher
frequencies and characterise the performance for varied substrate thicknesses to examine
the influence of thickness. Low-loss substrate material is critical for the development of
THz components and systems, since the signal at these frequencies may be significantly
attenuated by oxygen, water, and other gases in the environment. As a result, a suitable
substrate material with low loss and dispersion in THz bands is required.

• As a result of further advancements in fabrication technologies, various new technologies
are now available to match the THz processing requirements. 3D printing, also known as
additive manufacturing [254] [255] [256], is a process for fabricating three-dimensional
items by printing them layer by layer, typically from a three-dimensional digital model.
3D printing is well suited for massive structural components with complex forms. Pre-
cision of up to 0.01 mm may be achieved with 3D printing technologies. However, fol-
lowing printing, powder metallurgy pieces must be sintered. The sintering process results
in deformation due to the high temperature and shrinkage rate. The machining process is
required for the creation of high-precision components.
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• Despite the substantial progress in THz devices work recently THz applications are still in
the initial stages of development. As a result, numerous additional potential applications
can be added to healthcare, short-range wireless communications, safety, food quality
detection, spectroscopic analysis.
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