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Abstract

The demand of high bandwidth and data transmission rate in future wireless communic-
ations is one of the most urgent problems in academia. Terahertz (THz) wave is located
between the microwave and infrared region, covering a wide bandwidth in which a high
potentiality of communication applications is competent. Within this spectrum, the de-
velopment of THz antennas with enhanced radiation performance has become a major re-
search focus. Photoconductive antennas (PCAs) have emerged as key components in THz
systems due to their broad bandwidth, high data transmission rate, and simple structure.
However, its low radiation power due to limited optical-to-THz conversion efficiency has

been the problem that most plagues the academic world.

The motivation of this PhD study is to enhance the performance of THz PCAs through
structural and material innovations, and to design and fabricate high-performance PCAs
on this basis. Several PCA designs have been designed, modelled, and fabricated, and mo-
lybdenum disulfide (MoS;) and graphene quantum dots (GQDs) have been incorporated
into the proposed PCAs. Nano-fabrication methods of the proposed PCAs based on novel
materials and nano-structures have been successfully completed. Measurements of sur-
face current and THz radiation emission demonstrate the superiority of these proposed
PCA designs. The combined research on material research, antenna structural design,
successful implementation of nano-fabrication techniques, and the measurements demon-
strating enhanced photocurrent and THz emission has not only provided a promising
high-performance THz emission source for THz applications but also paved the way for
future experimental strategies and performance characterization methods in THz PCA

research.
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Chapter 1

Introduction

In recent communication engineering research, terahertz (THz) communication is gaining
increasing scrutiny as a promising field [1][2]. THz technology has been extensively used
in numerous areas such as imaging and sensing [3]. In the meantime, the combination
of optical research and radio frequency (RF)/microwave (MW) technology is becoming
a vital theory in order to achieve high-performance THz sources [4-8]. The THz band
is the unit of frequency band that is located between the optical and microwave region,
which refers to the range from 0.1 THz to 3 THz (100 GHz to 3000 GHz) [9]. Given the
broad expanse of the THz spectrum and the more directional performance of THz waves,
there exists significant potential for the arise of numerous novel prospects and opportun-
ities. THz waves have a high penetration rate against various materials including wood,
plastic, fabric, leather, paper, and the surface of human skin[8]. Their non-ionizing and
non-invasive nature, combined with sensitivity to water, spectral specificity, penetration
capability, and high resolution, make THz radiation an excellent tool for diversified util-
ization[10]. For instance, THz imaging is used in the medical field due to its very weak
photons, which pose minimal risk to the human body|[11][12]. Therefore, several new THz
sensing technologies are implemented in medical use such as THz cardiovascular detect-
ing applications[13-15]. In the new concept of healthcare 4.0, THz biosensors operating
at 0.286 and 0.85 THz are used in the detection of liver and cervical cancers[14, 16, 17].
Beyond healthcare, THz sensing have been applied in many aspects such as agriculture,

security, and wireless communication. THz sensing devices can assess the health of crops
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at the cellular level through wireless sensor networks inside plants[18]. 6G for Urban
Air Mobility (UAM) can be used to support large-scale aircraft deployments to enable
on-board wireless networks[19]. Moreover, THz technology is also employed in airport se-
curity apparatus, miniaturized radars for gesture detection, THz synthetic aperture radar
(SAR) imaging, and light detection and ranging (LiDAR) systems [9, 20-22]. Given the
wide range of potential THz applications, the demand for reliable sources that can gen-
erate stable, high-frequency THz waves has become increasingly urgent. Several methods
for generating THz radiation from RF/MW techniques and optical techniques have been
investigated over the past two decades, such as frequency multiplier[23], THz vacuum
tube[24], quantum cascade laser (QCL)[25], resonant tunnelling diodes (RTDs)[26] and
THz photoconductive antenna (PCA). However, hybrid concepts that combine optical and
RF/MW technology is more recently being developed to provide reliable THz radiation

source, among which a PCA is one of the conspicuous research directions [27-29].
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Figure 1.1: Electromagnetic spectrum illustrating the THz frequency band’s placement
between optical and microwave regions.

1.1 Background of THz PCA

As mentioned earlier, the increasing popularity of THz applications has been driving ex-
tensive research into the development of various THz sources. Several methods have been
investigated, drawing from RF/MW and optical domains. For example, frequency multi-
pliers, resonant tunneling diode and Gunn diode have extended MW technologies into the

THz range by transferring the electronics with lower frequency to THz bandwidth upon
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the negative differential resistance property [30-35], while vacuum tube sources such as
travelling wave tube (TWT) and backward wave oscillator (BWO) can generate THz ra-
diation using the free electrons emission from a MW tube [24]. Optical approaches such
as THz QCL with GaAs nanometre layer separated by AlGaAs barriers have also been
explored, which can deliver high output power with narrow linewidths [36] [25]. However,
disadvantages of these THz sources cannot be ignored. When it comes to high frequency
range, frequency multipliers and diodes suffer from extremely low output power and lim-
ited radiation bandwidth [30]. Although a BWO can generate 0.6 THz radiation with an
output power up to 52 mW, it operates on the principle of interaction between electron
beams and electromagnetic waves, which requires large magnetic biases and high voltage
power supplies, leading to high energy consumption and bulky system size [30] [24]. QCL
system requires various cryogenic cooling system because the operating temperature is
commonly 210 - 261 K, and the output power markedly decreases at room temperat-
ure [37]. Meanwhile, although RTDs have shown promise as THz sources, the output
power remains limited at higher frequencies [26]. These limitations have motivated the
development of hybrid methods that combine optical excitation with RF/MW antenna
engineering, and consequently, PCAs have attracted considerable research interest as one
of the most prominent THz emitters. In the 1980s, the combination of femtosecond lasers
and PCAs was first demonstrated by [38], marking a breakthrough in the field of THz
research. Since then, PCAs have evolved into one of the most widely used sources of
THz radiation. PCA has the characteristics of a simple structure and low cost and is
uncomplicated in fabrication [39-41]. Both academia and industry have high hopes for
this promising direction. According to [42], the global THz PCA market has shown a
rapid growth trend since 2015, with a compound annual growth rate of 24.6% from 2015
to 2020, and a market size of 520 million US dollars in 2020. In this context, high per-
formance PCA will certainly have its uses in THz applications. In the past decade, the
exploration of PCAs has emerged one after another. As for the design concept of a PCA,
it is currently believed that the three major elements affecting its performance are the in-
tensity of the optical laser source used to excite PCA to produce THz waves, the material
of the PCA electrodes and substrate, and the geometric structure design[43]. Researchers

have developed THz PCAs with various structures such as bow-tie[28], dipole[44], tilting
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cross[45], and interdigitated array PCAs[46], etc. In terms of materials, III-V compounds
have been utilized due to their short lifetimes and high electron mobility, which are es-
sential for efficient THz emission [47]. In addition, two-dimensional (2D) materials have
attracted the attention of PCA researchers. From graphene, which has been considered
in various photoconductive material applications for years, to MXene, which has become
a hit recently, all of them have shown tremendous attractive characteristics in the field of
optoelectronics[48]. Besides, molybdenum disulfide (MoS,) and similar transition metal
dichalcogenides (TMDs) have been proven for applications such as light harvesting and
batteries[49]. Research have proven that TMDs exhibit strong light-matter interactions
that are able to greatly improve the efficiency of light absorption because of the presence
of band nesting and van Hove singularities in the density of states in such materials [50].
These developments in material science and structural design have underlined the con-
tinuing efforts to overcome the intrinsic limitations of conventional THz sources, opening

new opportunities for high performance PCAs as promising THz emitters.

1.2 Identifying the Problem

Despite many admired advantages of PCAs that are mentioned above, the current PCA
designs suffer from a fatal flaw: the extremely low optical-to-THz conversion efficiency, for
the energy loss during the wave frequency step-down is nonnegligible [47]. Due to the small
size of PCA, carrier transport are within micrometre-scale, even nano-scale structures,
leading to a low power level, which is another reason for the low optical-to-THz conversion
rate[51]. The THz radiation efficiency can only reach 0.1% in a pulsed system (PCA) and
1% in a continuous wave system (photomixer) compared to the input power of femtosecond
laser [52] [53]. In the previous PCA enhancement literature, there has been a lack of joint
research on the relationship between the enhancement of THz radiation and the material
and antenna structure, and most of the existing literature only compares the studies

on traditional substrates and electrodes with different geometric structures. Methods to
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improve the THz radiation generated by PCAs are the most essential direction of PCA
research at present. Furthermore, it is observed that existing PCA studies involving the use
of new materials and novel structural designs at the nano-scale level have mainly focused
on simulation and theoretical research, with relatively few experimental demonstrations.
In one word, the biggest current challenge in the field of THz PCAs is to design high
performance PCA through hybrid approaches that integrate advanced materials with

optimized structures, while also overcoming the gap in nano-fabrication techniques.

1.3 Research Motivation and Objectives

This thesis is devoted to enhance the THz radiation from PCAs by addressing novelty in
materials and geometric designs, and fulfill the fabrication of the proposed antennas. The
motivation for this research arises from the current research gap of combining material
science and advanced electrode design strategies. In addition, research on 2D materials
and TMDs has been mostly applied in other photonic fields, and there is still a lack of
studies applying them to PCA design. This PhD study is also motivated by consummating
the use of these materials in PCAs with sufficient simulations and successful fabrication
demonstrations. As discussed in the previous section, THz PCAs have been regarded as
highly promising THz source. It is believed that high-performance PCAs could provide
reliable, efficient, and broadband THz emitters suitable for both academic research and
industrial applications, therefore addressing the current research gap is essential to un-
lock the full potential of THz technologies in next-generation communication, security,
and medical diagnostics. In this PhD study, theoretical research on PCA materials and
geometric structures is fully reviewed. Three PCA designs using various enhancing meth-
ods have also been proposed, simulated, and fabricated. The main objectives of this thesis
are summarized as follows:

1. To design and model high-performance PCAs focusing on improving optical-to-THz

conversion efficiency and THz emission power by utilizing hybrid methods of structural



and material innovations.

2. To apply PCA nano-fabrication techniques combining 2D materials and nano-structures,
and apply high-precision fabrication of nano-structures along with novel materials such
as MoS; and graphene quantum dots (GQD) in E-beam lithography progress.

3. To propose a PCA simulation process based on COMSOL-CST Cross-Simulation. Com-
pared to simulations using common discrete ports, this method can obtain more reliable
results.

4. To establish a PCA design framework that links material science, geometric structure,
and fabrication strategies to overall PCA performance, providing guidelines for the next

generation of high-performance THz emitters.

1.4 Key Contributions

The main contributions of this PhD thesis can be summarized as follows:

o This PhD study put forward a PCA modelling method based on COMSOL-CST
Cross-Simulation, which provides enhanced reliability and accuracy compared to
traditional CST simulation methods.

o This PhD study provides the design of a THz spiral PCA using hybrid enhance-
ment methods combining 2D materials and nano-structures. Graphene quantum
dots (GQDs) and plasmonic contact nanofingers are implemented to this PCA. The
surface current measurement shows that the photocurrent is increased by GQD.

e A novel THz PCA based on TMD material and inter-combined geometric struc-
ture is also proposed in this thesis. This THz Tai-Chi PCA is based on monolayer
molybdenum disulfide (MoS,) and is equipped with plasmonic nanofingers. The
measurement indicates a significant increase of the surface current due to MoS,.

Meanwhile, the nano-fabrication process of MoS, is also provided.
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o An ultra-wideband large-area THz PCA is proposed as one of the achievements in

this PhD study. This SI-GaAs based PCA design not only shows a wide operational

frequency range, but also is expected to generate higher THz radiation than LT-
GaAs based PCA.

e In this PhD study, nano-scale antenna electrodes are successfully fabricated with

high precision. Furthermore, MoS,; and GQD have also been applied in fabrication

of the proposed PCAs, and the fabrication progress has been summarized, providing

a reference for PCA nano-fabrication.

1.5 Thesis Overview

This thesis is organized as follows:

Chapter 1: Introduction

This chapter provides the overall background and motivation of the research. It introduces
the essential role THz sources plays in various applications, highlights the importance
of PCA research, and identifies the current research gaps in material science, electrode
design, and nano-fabrication. The aims, objectives, and key contributions of the thesis are

also outlined.

Chapter 2: Literature Review

A comprehensive review of the state-of-the-art in THz PCA is presented. This includes
an overview of how PCA generate THz radiation at the physical level. The limitations of
conventional PCAs and recent advancements with novel materials and nano-scale designs

are critically discussed.



Chapter 3: GQD-Based THz Spiral PCA for THz Imaging

This chapter provides the design, modelling, fabrication, and measurement of a GQD-
based THz spiral PCA for THz imaging applications such as security inspection. A Cross-
Simulation Method is proposed in this chapter. The new simulation process uses surface
current data from COMSOL, and the PCA in CST software is excited by the exported
surface current data. This method provides improved accuracy and reliability to the sim-
ulations. In simulations, Si hyper hemispherical lens and plasmonic contact nanofingers
have been utilized to enhance the radiation of the THz spiral PCA. In fabrication pro-
gress, the deposition of GQD is introduced in detail. Measurement results show that the
surface current is increased after deposition of GQD, indicating an enhancement of carrier
density. This results contribute to the development of GQD in the field of THz PCAs and
related THz technologies by providing key information that how GQD structures influence

the generation of photo carriers and surface current.

Chapter 4: THz Photoemitter Based on Inter-Combined Tai-Chi Electrodes and MoS,-
GaAs Structure for Cancer Detection

This chapter details the design methodology and numerical simulations of proposed PCA
based on the shape of Tai-Chi totem. In simulations, hyper hemispherical lens and plas-
monic nano-fingers are applied along with new geometric electrode designs. The simulation
on human skin shows that the PCA performs well at a depth of ~ 0.4 - 1 mm from the
human skin surface, indicating a good prospective of this design on skin cancer detection
applications. Comparisons between the proposed Tai-Chi photoemitter and other PCAs
are provided, indicating a significant performance enhancement result from the use of
geometric and material innovations. In fabrication, EBL has been employed to realize
nano-scale antenna electrodes and plasmonic fingers, and a monolayer MoS; has been
deposited beneath electrodes layer and substrate. Measurement results show a significant
increase of the surface current due to the implementation of patterned monolayer MoS,;.
This work provides a potential THz emission source for future skin cancer detection, and

also contributes to the research of MoS, in optical-THz field.



Chapter 5: Interdigitated PCA Design for Ultra-Wideband THz Emission

Two large-area interdigitated PCAs have been designed and fabricated, one of which
tested. The measurement of the tested interdigitated PCA shows that the THz radiation
performance is advanced. Comparison between the proposed PCA and a reference large-
aperture PCA is provided, indicating a good performance of the large-area electrode
structure. The outcome of this chapter not only demonstrates the significant improvement
in PCA performance by large-are electrodes, but also contributes a ultra-wideband THz

photoemitter to future THz technologies.

Chapter 6: Conclusion and Future Work
This final chapter summarizes the research outcomes and highlighting the major achieve-
ments. Furthermore, several research plans in this PhD study have not yet been completed,

and these have also been summarized and presented as future work.



Chapter 2

Literature Review

2.1 Theory of THz PCA

For PCA enhancement, it is generally believed that there are three major methods: im-
proving the quality of the laser source, using more suitable materials, and designing more
advanced geometric structures[43]. Since current PCA excitation is usually using 780
nm (free space laser excitation) and 1550 nm (fibre-coupled PCA) lasers excited by sap-
phire laser crystals, this method is not included in the scope of the PhD research. This
thesis focuses on the latter two, which are materials and geometric structures. Meanwhile,
PCA can also be utilized as THz radiation detector. However, this PhD study focuses on
designing and modelling high-performance photoconductive THz sources, thus the PCA
detectors are not included in this research. This thesis concentrates on photoconductive

THz emitters (emission PCAs).

10
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2.1.1 Optical Excitation

In the scenario of exciting a PCA, femtosecond pulses are applied instead of conventional
waveguides. In practice, the laser can be coupled to the THz antenna either through
air or by fibre. Currently, the most commonly used laser source is the titanium-doped
sapphire (Ti**:sapphire) femtosecond pulsed laser. In typical PCA excitation process,
Ti3* :sapphire oscillator provides stable optical energy, while in some typical systems such
as PCA arrays, high power laser modelled by amplifier is replacing oscillator laser. In a
780 nm free space laser system, the laser illuminates the PCA thorugh air. On the PCA

surface, the fluence is determined by
E
F=— 2.1
= (21)

where E is the energy of a femtosecond pulse and equals to the laser power divided by
repetition frequency, and A represents the beam size. In an oscillator laser system, the
repetition frequency is usually settled at 80 MHz, while an amplifier system has lower
repetition frequency from 1 kHz to 1 MHz. In this PhD study, the topic is the design
and modelling of PCAs excited by free space laser, thus fibre coupled laser will not be

discussed.

2.1.2 THz PCA Structure and Equivalent Circuit

The THz PCA consists of a photoconductive substrate and a set of DC-biased conductive
electrodes, converting the laser pump into the THz band to generate THz waves|38|.
Such devices are widely accepted as a dependable source for THz generation considering
their compact size and cost-effective operation. The electrodes are usually a pair of metal
dipoles, while a gap is located in the center between the electrodes. 2.1 illustrates the

physics of the performance of a THz photoemitter.
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Figure 2.1: (a) The excitation of PCA by laser; (b)-(e) generation of photocurrent in
semiconductors (red trace) and photocurrent in the antenna gap for the photoconductive
material for long carrier lifetime and short carrier lifetime, represented by gray and blue
trace, respectively [19]; (f) Illustration of a PCA. Bias voltage is applied to both electrodes
and surface current is generated on the substrate.
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The energy from the laser is propagated and absorbed by the substrate, while the transient
photocurrent is generated between the electrodes[54][55]. Physically, the generation of
THz waves is due to the surface current created by electron-hole effect of photoconductive
substrates when they are driven by femtosecond laser. Laser absorption happens when the
photon energy of the femtosecond pulse exceeds the bandgap of the substrate material,
creating electron-hole pairs because the electrons are driven from the valence band into the
conduction band. The photocarriers are accelerated by the bias voltage between electrodes.
Resulting from Maxwell Equations, such sub-picosecond movement of carriers is capable to
radiate THz waves. In a PCA | the required optical excitation is an ultrashort femtosecond
pulse, while a device driven by continuous laser is referred as a photomixer. Figure 2.2
illustrates the physical effect inside a PCA, in which the electron-hole pairs excited by

laser are accelerated due to biasing.

Optical Pump

LT-GaAs

SI-GaAs

Figure 2.2: Generation and acceleration of electron-hole pairs while the laser pulse is
absorbed at the PCA gap.

The semiconductor conductivity when PCA is excited by a laser pulse is given by the
following equation [51]:

0 =q (ne.ue +nh.uh) (2'2)
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where ¢ is the elementary charge, n, and n;, are the concentration of the electrons and
holes, and u, and py are their mobilities. When applying bias voltage, an external field

Epiqs will drive the photo carriers and the acceleration is described as[51]:

d E
Ve.h _ Ve.h + q (23)
dt Teff  Mep

where v, and m, ), represent the drift velocity and the mass of electron-holes, while
T.rr is the effective acceleration time of carriers. E is the local field which determined

by E = Epjgs — where P is the polarization due to the separation of electrons and

P
gy’
holes, « is the static dielectric susceptibility of the substrate material, and & is the
vacuum permittivity. Applying the laser and bias voltage, the accelerated carriers generate

photocurrent on the material surface, which can be calculated by 2.4 [56]:

2 h T
BT /O Evnz(t +14) 05(t) dt (2.4)

Lyc (td) =

In equation 2.4, t; denotes the time delay before the optical pulses reach the PCA gap,
while h represents the illuminated length along the detector electrode. T specifies the
interval between optical gating pulses. The term Egp, refers to the incident THz elec-
tric field generated within the SI-GaAs substrate. og(t) is the time-dependent surface
conductivity at the PCA gap, which is defined as Equation 2.5[56], where R and I(t)
represent the optical reflectivity and the incident optical pulse intensity as a function of

time, respectively.

6,(1) = % /_;I(t’)exp (—’ _t’> dr’ (2.5)

t

The THz electric field output can be determined by Equation 2.6, in which I;. is the

photocurrent within the PCA gap computed in Equation 2.4.

dldc (t)
dt

E7p(t) o<
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Additionally, free space path loss (FSPL) of THz signals can be computed by the Friis
transmission equation[57], in which d represents the wavelength. In accordance with Equa-
tion 2.7, the THz frequency band experiences increased path loss compared to low fre-
quency range. This is because the molecular absorption losses can cause significant atten-
uation [58].

FSPL::ZObg(ﬂ%é)[dB] (2.7)

The performance efficiency of a PCA is determined by two key components: radiation

efficiency and impedance matching efficiency, defined as follows [38]:

by P

anE, Nim ?s (2'8)

With these, the total efficiency of PCA can be determined by ratio of radiated power to

input power, shown in Equation 2.9

P,
M =Ml = 5 (2.9)

N

Therefore, the optical-to-THz conversion efficiency of a PCA is defined by the proportion
of laser power concentrated on the PCA gap relative to the power of the emitted THz
signal. Research conducted by [59] estimated the conversion efficiency with the following

approximation:
_ Pg _eViuTinLfr

m (2.10)

NLE

In the above equation, e and u denote the electron charge and mobility, V,, is the applied
bias voltage, T represents the photocurrent decay time, 77 indicates the illumination
efficiency, fg and f; are the laser’s repetition rate and frequency, respectively, and [

signifies the length of the PCA gap.
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2.1.3 THz-TDS measurement

The PCA measurement device is THz time domain spectroscopy (THz-TDS) system,
which stands out as one of the most extensively used tools for capturing THz signals,
Figure 2.3 shows a typical setup of the THz-TDS system, in which the PCA is mounted

between the laser and followed by parabolic mirrors.

Mirror

Laser source
Beam Mirror
Splitter
Mirror
Mirror Mirror
Slow
stage
Fast .
stage [ | Mirror
Retroreflector Mirror
Parabolic
Mirror
) Parabolic
Mirror .
Detector mirrors
Emitter

R

Parabolic
Mirror

(a)

Figure 2.3: (a) Schematic diagram of a THz-TDS system; (b) A typical setup of THz-TDS
system [60].

When measuring THz radiation of a photoemitter using a THz-TDS system, the optical
pump is divided by a beam splitter, one of which (pump beam) is directed onto the biased
PCA, the other passes through the delay line then reaches the detector. The emitted THz
signals are collimated by a pair of parabolic mirrors and are focused onto the detector.
Normally, a lock-in amplifier is connected to the detector, and the software system cal-
culates the THz radiation in the time domain based on the scanned data from the delay
line. By applying Fourier Transform to the time-domain signal, the power spectrum of

the THz radiation in the frequency domain can be obtained.
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2.1.4 Substrate Materials

In photoconductive material studies, the substrate materials are required to possess faster
carrier mobility, shorter carrier lifetime, and higher resistivity. Thus, researchers have
used GaAs (gallium arsenide), InGaAs (indium gallium arsenide), GaP (gallium phos-
phide), GaAsBi (bismuth gallium arsenide), Ge (germanium) and ZnTe (zinc telluride) in
various designs[61-65]. All of these materials have the following in common: sufficiently
short lifetime, excellent electronic mobility, and suitable breakdown field. Table 2.1 shows

information about some commonly used photoconductive materials.

Table 2.1: Comparison of the properties of SI-GaAs, LT-GaAs, LT-InGaAs, GaP, Ge, and
ZmnTe

Material Carrier lifetime | Mobility Resistivity Breakdown
(ps) (cm?/Vs) (Q-cm) field (V/cm)
SI-GaAs ~100 [66] 8500 [67] 107 to 10°[68] | 4*10° [67]
LT-GaAs 0.3-1[69] 200[66] 10° to 108[70] | 5*10°[66]
InGaAs sub-picosecond | 26[73] 760[73] ~ 6% 10*[73]
[71], larger
than LT-GaAs
72)
GaP Between 6800 | 250[74] 1.86%1010[74] | N/A
to 28100 [74]
Ge 700[75] 3900([76] 20[75] ~ 10° [77]
Zn'Te ~ 0.5[78] 46 [78] 8.5 [78] N/A

Among the above materials, the most widely used ones are SI-GaAs and LT-GaAs. In
the second generation of semiconductors, GaAs plays an important role in the field of
RF power amplifier devices. According to [79], natural materials usually lack satisfactory
THz wave transmission efficiency, thus I1I-V compound semiconductors have become the
most favoured THz photoconductive materials. This is because researchers are able to
manipulate the composition of such compounds to optimize their electrical and optical
properties. As mentioned earlier in this chapter, the PCA can be excited when the photon
energy of laser exceeds the material bandgap. The photon energy can be easily calculated
by

E=— (2.11)
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where  is Planck’s Constant (6.626¥1073*J-s), ¢ is speed of light, and A is the wavelength
of laser. From this, the calculated photon energy of 780 nm free space laser is 1.59 eV.
A typical case of SI-GaAs utilized in PCAs is that GaAs has a band gap of 1.424 eV
(871 nm) at room temperature [80], which is compatible with the commonly used Ti3+:
sapphire laser source and can be stimulated by such optical pump to produce electron-
hole effects [47]. Meanwhile, LT-GaAs grown by molecular beam epitaxy (MBE) show
high crystallinity and significantly increased carrier mobility. LT-GaAs grown from 175-
250°C have extremely short carrier lifetimes (less than 1 ps) compared to SI-GaAs. Table
2.2 shows different carrier lifetimes of LT-GaAs grown at 175-300°C, indicating that at
the low-temperature scale under 300°C, the higher the growth temperature, the longer
the carrier lifetime.

Table 2.2: Carrier lifetimes of LT-GaAs at different growth temperature

Growth 175 200 225 250 300
temperature

(°C)

Carrier life- | 0.18-0.38 0.325-0.425 | 0.4-0.5 [81] 0.61-0.71 1.3 [82]
time (ps) [81] [81] [81]

In addition, THz radiation performance is influenced by the annealing temperature of
LT-GaAs. A significant improvement of THz radiation is observed when the postgrowth
anneal temperature exceeds 550 °C. This is because the As-Ga antisite defect is reduced at
this temperature. When the annealing temperature reaches 550-700 °C, As-Ga antisites
begin to migrate and annihilate each other. This process significantly reduces the density
of mid-gap states that cause non-radiative recombination. As a result, the carrier lifetime
increases into the sub-picosecond range, which is suitable for THz wave generation, and

the resistivity also improves [83][84].

From Figure 2.4, the positive correlation between the carrier lifetime and the annealing
temperature within a certain temperature range can be clearly observed. When the an-
nealing temperature goes over 850 °C, the GaAs crystal can be damaged. Therefore, it is
most appropriate to control the annealing temperature within the range of 550 - 850 °C,

based on the requirements of the THz emitter.
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Figure 2.4: The relationship between carrier lifetime and annealing temperature in LT-
GaAs.

However, the cost of LT-GaAs is extremely high compared to SI-GaAs. Therefore, as a

cheaper material, SI-GaAs has been used in the proposed PCA designs in this PhD study.

2.2 Boosting THz Radiation by Si Hyper Hemispher-

ical Lens

For most PCAs, GaAs is the substrate material, which has a refractive index of n 3.4
at THz frequencies. During the THz radiation, the relatively high refractive index leads
to strongly diffracted emission at the substrate-air interface. Therefore, silicon (Si) with
a refractive index of 3.4 is an ideal material for lenses [85], and the use of Si hyper
hemispherical lenses with a refractive index similar to GaAs can reduce refraction losses
and thus increase the radiated THz wave power. As shown in Figure 2.5, the lens can
collimate THz radiation, decrease the diffraction at substrate-air interface, as well as
enlarge the radiation boundary angle a because the reflection occurred at the edge of

GaAs is reduced to a large extent.
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Figure 2.5: (a) THz radiation diffraction at the substrate-air interface; (b) A Si hyper
hemispherical lens is applied at the bottom of PCA to increase the boundary angle and
decrease the THz divergence in air.

According to the refractive index, the boundary Angle o of total reflection can be cal-

culated by arcsin(n™!) ~ 17.1°, and the solid Angle Q describing the emitted terahertz

wave is [86]:

Q:47rsin2% — 27 (1 —cosa) =27 (1 - ”Zn; 1) (2.12)
If the geometric structure of the hyper hemispherical lens is regarded as a joint of a
standard hemisphere and a cylinder, it can be considered that the radius of the cylinder
and the hemisphere are the same. The distance between the PCA gap on emitter surface
and the tip on lens edge is d, presenting the thickness of the lens. The thickness of the
cylinder part of hyper hemispherical lens is ¢. Depending on the thickness of the PCA
substrate, the dimension of ¢ alters in order to achieve high performance enhancement.
To defining the dimensions of a Si hyper hemispherical lens, the relationship between the
radius of hemisphere part, the thickness of lens, and thickness of the PCA is shown in

Equation 2.13 [86]:

d+h:R(l+%) (2.13)
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where h is the thickness of the PCA placed on the lens, R represents the radius of the
sphere, and n is the refractive index (= 3.4 for Si). The thickness of the lens d =t +R.

Therefore, the simplified equation is:

d=1294R—h (2.14)

The relationship among d, ¢, and R is also shown in Figure 2.5.

It has been almost 30 years since hyper hemispherical lens being used in collimating
THz waves from PCA. As early as 1994, [87] had proposed a theoretical analysis of hyper
hemispherical Si lens. Several PCA designs with Si hyper hemispherical lens are mentioned
in [88], and theoretical studies and experimental results are provided to support them.
This research has summarized a gain improvement of up to 13 dB by employing Si lens
to PCAs. Another research has tested the enhancement of a photoemitter using a hyper
hemispherical lens, in which the THz radiation is increased by 5.7% [89]. An innovative
conclusion on Si hyper hemispherical lens is drawn in the research of [90], in which the
detailed research and conclusive analysis of an all-dielectric meta-lens for THz PCA has
been made. This research has proposed a meta-lens that consists of a single, patterned
layer based on Si hyper hemispherical lens. It is capable to provide almost parallel output
beam within its designed frequency range. The results show that the radiation power from
the PCA equipped with the lens is improved by hundreds of uW in the THz frequency

range from 0.1 to 1.5 THz. The radiation patterns of this research is shown in Figure 2.6,

(a) - (c).

Recent studies also show that the design of hyper hemispherical lens can be further op-
timized to obtain higher enhancement of THz PCA. Research in [91] has proposed a PCA
coupled with a leaky lens and the results show that the leaky lens PCA emits higher ra-
diation (Figure 2.7 (a)). Research in [10] also indicates a 52 uW radiation power increase

compared to conventional PCA (Figure 2.7 (b)). From these research, it can be concluded
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Figure 2.6: (a) Results of E-field distribution of a point current dipole PCA with the
meta-lens in both y-z plane and x-z plane at 1 THz; (b) The simulation of cross section
amplitude distribution in the x-y plane when z=10mm, 15mm, and 20mm; (c¢) 1D farfield
radiation pattern of the meta-lens-based PCA on both the y-z plane and the x-z plane
[90].
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that elliptical leaky lens can enhance the PCA performance effectively. However, these
studies are limited to simulation stage, and the subsequent antenna fabrication and meas-
urements are not published. Nevertheless, it can still be inferred that the design of the

hyper hemispherical lens can be further improved.
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Figure 2.7: (a) THz radiation power (Prad) radiated by a standard PCA (circles) and a
leaky lens PCA (triangles) as a function of laser power (Pinc) for different bias voltages
in [91]; (b) Simulated energy spectral densities radiated by a conventional bow-tie (red)
and a leaky lens antenna (black) in [10]; (¢) Diagram of an elliptical dielectric lens in [92].
It also shows the transmitted ray picture that focuses energy toward broad side.

Although there is still room for improvement in its design, the Si hyper hemispherical lens
remain one of the simplest and most efficient methods for THz PCA radiation enhance-
ment. In spite of this, the utilization of Si hyper hemispherical lens also faces challenges.
It should be noticed that the required size of the lens is influenced by the dimension
of the PCA substrate, thus there can be significant differences between the results and
the expected outcomes if the substrate thickness and the lens size are inconsistent. In
addition, the precise alignment of the lens with THz PCA is another important challenge
to be addressed during the fabrication process. Our proposed solution on the alignment
problem is to use 3D printing to create a proper PCA mount, and to reserve a space

at the required location on the back side for installing the lens. In this PhD study, Si



24
hyper hemispherical lens as been employed in simulations and actual PCA fabrications
as a main approach to enhance PCA performance. Two Si hyper hemispherical lenses

with difference sizes are shown in Figure 2.8. These two lenses are implemented to the

fabricated PCAs in this PhD study to boost the THz radiation emission.

I—\,\/

/2
i) ~
\f~
M g

Figure 2.8: Two Si hyper hemispherical lenses provided by BATOP Company. These
two lenses are implemented to the fabricated PCAs in this PhD study to enhance THz
emission.

2.3 Enhancing Optical-to-THz Conversion by Mater-

ial Innovations

2.3.1 MoS,;-GaAs Based Structures

During the last decade, (MoS;) and similar transition metal dichalcogenides (TMDs)
have been proven for applications such as light harvesting and batteries [49]. Research
have proven that TMDS exhibit strong light-matter interactions that are able to greatly
improve the efficiency of light absorption because of the presence of band nesting and
van Hove singularities in the density of states in such materials [49] [50]. In recent years,

monolayer and multilayer TMD, such as monolayer MoS; nanostructures, can effectively
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reduce the loss of surface plasmon polaritons (SPPs) due to their direct band gap and
powerful spin-orbit coupling, thus they become potential materials for SPPs in the next
generation of 2D materials [93-96]. Figure 2.9 demonstrates the diagram of MoS, in

molecular level.

O Molybdenum atoms

oy
Sulphur atoms lb/lb/lb/l .

Figure 2.9: The structure of molybdenum atoms (blue) and sulphur atoms (yellow) in
MoS; crystal.

Based on the research at the physical level, the enhancement effect of MoS; on optical-
to-THz conversion efficiency mainly stems from the ultrafast response due to the quick
thermalization of extremely non-thermal carriers, which has an increased rate because the
screen effect is reduced in monolayer MoS; and similar 2D materials. The optical bandgap
of monolayer MoS; is ~ 1.83eV [97], which is higher than the photon energy of the 800 nm
excitation laser. Theoretically, the absorption rate of monolayer MoS; in optical regions
should be low, because the photon energy cannot exceed the bandgap. However, research
shows that MoS, has very large laser absorption rate in its sub-bandgap region. This situ-
ation is probably due to edge states, impurities, and defects [97-100]. In research of [101],
an ultrafast transient absorption of monolayer MoS, in its sub-bandgap region between
0.86um and 1.4um is reported. This research shows the ultrafast transient absorption

of monolayer MoS, in this region can reach 6%, and the absorption enhancement can
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be up to 4.2%. In research of [102], ultrafast carrier dynamics in monolayer MoS; is ob-
served under time-resolved photo-luminescence and THz spectroscopy. The reaction time
of photoconductivity and photo-luminescence is 350 fs. When the research come to MoS,
crystal instead of a monolayer, it can act as an optical-to-THz conversion device, thus
the absorption of laser becomes more pronounced. The process of MoS, crystal absorbing
photon energy and generating surface current is derivated in [103], in which the surface

current on MoS, is

)
(1) = / J(1)dz (2.15)
0
In Equation 2.15, J(¢) is the current density, 8 is the penetration depth of the laser into
MoS; crystal, and dz is the distance increment into the crystal [103]. From this, the surface
photoconductivity to pump fluence ratio, represented by o;(¢), can be computed as:

_ e(l _R) .utrFopt
g ho

(2.16)

In Equation 2.16, e represents the electron charge, R is the reflectivity of MoS, and p,
is the transient carrier mobility. Fy,; represents the optical pump fluence, while 2@ is the
photon energy. The absorption enhancement efficiency of MoS; measured in [103] is shown
in Figure 2.10 (c). In addition, in research of [104], the carrier concentration of monolayer
MoS, gradually increases under a bias voltage, which results in an effective improvement
of the laser absorption capacity. This indicates that a bias voltage can modulate the

optical power conversion to MoS;, which meets the design requirements of a PCA.

Based on the above research, this PhD study has proposed the design principles for MoS,-
GaAs THz emissions. Having Equation 2.15 and 2.16, a conclusion can be drawn that the
optical absorption capacity of an entire monolayer MoS, film can be lower than patterned
monolayer flakes, because the MoS; flakes are increasing F,,; within their small areas. In
addition, to maximize the laser absorption efficiency of p-type MoS, and n-type GaAs,
a specific layout of monolayer MoS, needs to be introduced, rather than simply deposit
a large monolayer film that covers the PCA. Illustration diagrams of a dipole PCA with

patterned monolayer MoS, flakes at PCA gap are shown in Figure 2.10 (a) and (b).



27

(@) (€)

CS'E'-‘
S B A |
a
S ]
w0
L0
(b) <
[
T T T T T T T
[ 0.6 0.8 1 1.2 1.4 1.6

Wavelength (um)

Figure 2.10: (a) (b) Illustration of patterned monolayer MoS, flakes deposited within PCA
gap of a dipole PCA; (¢) The laser absorption enhancement of monolayer MoS,. It can be

observed that the monolayer MoS; can increase the absorption efficiency of 800 nm laser
by ~ 14%.

Employing such patterned monolayer MoS, flakes can utilize the localized fields at the
edges and ends to enhance the acceleration efficiency of photo carriers. In this case, the
electron-hole pairs are mainly generated in GaAs, while MoS, plays the role to efficiently
divide and accelerate those pairs. In this PhD study, modelling of MoS,-GaAs PCA is
given, showing the expected enhancement of THz radiation and the E-field at PCA gap.
In Chapter IV, a PCA based on patterned MoS; monolayers has been fabricated and
studied. The detected on-wafer surface current data perfectly conforms to the research

and simulation that MoS; is boosting the surface current between the electrodes.

2.3.2 Graphene and GQD-Based Structures

Graphene, with a Young’s modulus of 1.5 Tpa, an absorption coefficient of 24x10* cm™!
and a mobility of 2x10° cm? - V™! - s7! has entered people’s field of vision in the past
decade and has become one of the options to improve the performance of PCA. The Fermi
level (Ef) of the intruding graphene layer can be adjusted by tuning gating voltage [105],

substrate effect [106], external doping [107], optical doping [108], and other important
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means. Graphene is a single thick sheet of carbon atoms arranged in a hexagonal form
[109], shown in Figure 2.11. Its optical, electrical, and mechanical properties are superior,

and it is closely related to the latest semiconductor technology by regulating its properties

[110].

Figure 2.11: (a) Illustration of graphene hexagonal lattice, where a; and a, are unit vectors
representing the sublattice and two atoms per cell. The bond length between the two
nearest atoms is 8. The blue arrows represent the lattice vectors. (b) by and b, represent
reciprocal lattice vectors at Brillouin zone.

In the study of the electromagnetic properties of graphene, the Maxwell equation is first
considered to simulate the propagation of electromagnetic waves along the surface of
graphene [111]. However, Maxwell’s equations lack analytical methods in some cases, so
numerical techniques become a crucial part of guided wave propagation and scattering in
graphene materials [112]. The most common numerical techniques used to analyze this
problem include the finite-difference time-domain method (FDTD) [113-115], finite ele-
ment method (FEM) [116][117], and the method of moment (MOM) [118][119]. Graphene
models in theoretical electromagnetics research and antenna design can be simulated using
a variety of commercial simulation software, such as CST, COMSOL, HFSS and FDTD
Solutions [112][120].



29
The conductivity model of graphene at THz frequencies was first proposed by G. Hanson
in 2008 [121]. Using the result expression from the Kubo formula [122], the conductivity
equation is expressed as:

2¢* kgT Ery i
0(®w) = — ——1In|2cosh 2.17
(@)= 7 n{ o’ (ZkBT o+ it (2.17)

The constants 7, e, and kg are the reduced Planck constant, the charge of single elec-
tron, and the Boltzmann’s constant, respectively. The variables T, Er, and T represent
the temperature, chemical potential, and relaxation time of the graphene layer. Chem-
ical potential change AEf is positively correlated with device performance. The study
further shows that high-quality graphene sheets exhibit extended relaxation times, which
increase electrical conductivity and thereby improve the performance. From this, it can
be stated that the advantage of graphene-based PCA lies in the exceptional carrier dy-
namics of this material in THz frequency range. When the graphene in the PCA receives
optical excitation, due to the ultra-fast carrier relaxation and relatively slow electron-hole
recombination, the number of graphene particles will be reversed near the Dirac point,
resulting in the real part of the conductance oscillating in the THz range [123][124]. Based
on this, Dubinov and his group designed a graphene heterojunction THz emitter contain-
ing a Fabri-Perot resonator [125], in which graphene generates photoelectrons and holes,
therefore THz radiation is produced because of the light-sound phenomenon driven by the
electron-hole pairs in the conduction and valence bands. Researchers in PCA field are also
using graphene to replace traditional metal electrodes. In [126] and [127], photoemitter
and photomixer using GaAs substrate and graphene electrodes are designed and mod-
elled, in which higher radiation efficiency have been reported, shown in Figure 2.12 (a)
and (b). Research of [128] proposed a THz dipole PCA using simple graphene electrodes
but obtain a high gain, shown in Figure 2.12 (e). Figure 2.12 (c) (d) illustrate the use of
graphene in MIMO antennas and metasurfaces, pointing out the prospects of graphene in

other THz applications [129] [130].
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Figure 2.12: (a) A dipole PCA consists of two graphene strips placed on a substrate
and integrated with a photo mixer at the antenna gap [126]; (b) A graphene-based PCA
with superstrate combined with LT-GaAs and SI-GaAs [127]; (¢) The schematic view
of a graphene-based circular-patched Yagi-like THz MIMO antenna design [129]; (d) The
schematic representation of the unit cell of a graphene-based THz sensor, while the design
is a THz metasurface composed of a plurality of groups of the unit, showing a high
sensitivity to THz waves on a broadband (0.2 6 THz) [130]; (e) A diagram illustrating a
dipole PCA made of graphene with dimensions W x L, featuring a gap of length G and
powered by a laser source. The electrodes may vary in structure, with different graphene-
based stacks offering their unique benefits [128].
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There are more recent studies of how graphene enhance THz photoemitters and pho-
todetectors. Research of [131] reports a 3D graphene photodetector with a high specific
detectivity of 1*10'0 Jones and a response rate of up to 3.1 A /W under 980 nm excitation.
In [132], the researchers demonstrates a graphene-based structure that significantly boost
the coherent THz detection among unbiased THz emission devices at room temperature.
[133] illustrates PCAs using nanometer scale plasmonic structures based on graphene is
capable of remarkable increase in responsibility (several orders of magnitude). The design
in [134] achieves a noise equivalent power of less than 300 pW/y/Hz. A graphene hot-
carrier fast lane is reported in 2022, which strongly enhanced THz generation by 80 times
with low bias and 10 times with high bias when excited by 800 nm laser [135]. Given these,
graphene is playing and will continue to play a fundamental role in the future research of

THz PCA on account of its unique features exhibited in the THz band.
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Figure 2.13: (a) The PCA decive with 3D graphene within Au electrodes in research [131];
(b) Schematic of the graphene multilayer within PCA gap for coherent THz detection via
rectified photocurrent jO [132]; (c¢) 3D schematic of the THz detector showcases parallel-
connection PCA arrays arranged in N=15 rows and M=41 columns on a Si substrate; (d)
The proposed device with a graphene hot-carrier fast lane between two electrodes [135],
in which the substrate is 300 nm Si layer on top of a thick sapphire layer.
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According to recent research, graphene has been more extensively used in THz photode-
tectors instead of photoemitters. Because of its lower conductivity compared to metals at
THz frequencies, it is expected that photoemitters based on graphene structures provide
lower gain. Also, being photoemitter, the THz radiation can be asymmetrical due to the
slow wave influence [127]. However, it cannot be directly determined that the enhance-
ment effect of graphene-type materials on THz photoemitters is limited. In recent years,
GQD, as a new type of graphene material, has been playing an increasingly important role
in the research of the THz field. GQD possesses numerous remarkable characteristics in
optical-THz field, such as adjustable bandgap, edge effect, and can be applied in nonlinear
optics, THz emission and detection domains [136] [137]. Research of [138] has reported
that due to quantum confinement, GQD exhibits an extraordinarily high variation of res-
istance with temperature. In Figure 2.14, the relationship between the resistance of GQD
and temperature is illustrated. A SEM figure of a typical 150 nm GQD is also shown in
this figure. It should be noted that GQD can only be observed using SEM when the size
is large. For most of small GQDs, the transmission electron microscopy (TEM) needs to

be used in their observation.
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Figure 2.14: Resistance of GQD versus temperature and a SEM picture of a typical 150
nm GQD based on a bow-tie device [138].

In research of [139], the experiments of oxide GQD (GOQD) and reduced oxide GQD
(rGOQD) have been conducted using THz-TDS. The results show that GOQD-based
structure provides higher conductivity and carrier density when excited by a 800 nm laser

with 1.3 W optical power and 79 MHz repetition frequency. Although the surface defects
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within the GQD structure hindered the movement of carriers and lead to a decrease in
carrier mobility, it can still be concluded that GQD is an emerging material with great
prospects that is suitable for THz photoemitters. This study indicates that GQD could
enhance THz radiation by increasing the carrier density at the PCA gap. The increase of
carrier density on PCA when applying GQD could be due to the improved Fermi level
of GQD under a sufficient bias voltage and laser power. When the Fermi level of GQD
is low, the carriers are mainly in the interband conductivity regime, and there is a high
carrier loss. As the Fermi level of GQD increases to a high level, the system enters the
intraband conductivity regime, where the majority of the valence band states below the
Fermi energy are occupied, hence less carrier loss occurs. This phenomenon is know as
Pauli Blocking, illustrating in Figure 2.15. It can be assumed that when the bias voltage
and laser power exceed a critical value, the Fermi energy of GQD can be increased to a
sufficient level, hence the carrier density is significantly enhanced, resulting in the surface

current increase on the PCA.
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Figure 2.15: An illustration of the Pauli Blocking due to the increased Fermi level. When
the Fermi level is high, the GQD becomes intraband conductivity regime and the valence
energies are occupied, hence less carrier loss occurs.

Unfortunately, in recent years, there have been relatively few studies on GQD-based PCA,
neither have such PCA designs been fabricated and published. Therefore, applying the
GQD structure to the PCA design to enhance the performance of the carrier generation

is a novel direction, but it still requires experimental validation.
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Overall, instead of using graphene electrodes or applying multilayer graphene to PCA gap,
this PhD study explores the enhancement of THz emission using GQD-based PCA struc-
tures. Similar to designs in Figure 2.13 (a) - (d), the GQD sheet is deposited between the
electrodes, in order to enhance the carrier density within the gap area, therefore enhance
the THz radiation. The detailed PCA designs and the enhancement of photocurrent is
introduced in the next chapter. This PhD research proposes the design, fabrication and
measurement of a GQD-based PCA. It is expected to contribute to the development of
GQD in the field of THz PCAs and related THz technologies by providing key information

that how GQD structures influence the generation of photo carriers and surface current.

2.4 Enhancing THz Radiation by Nano-Structures

Nanotechnology has developed rapidly in recent years, and the nano-scale fabrication in-
dustry is no longer out of reach. Currently, various nano-structures have been successfully
integrated into PCA designs, most of which are at PCA gap. Some of these designs have
been fabricated and proved to be effective means to improve the performance of THz wave
generation, such as plasmonic structures and nano-scale semiconductor particles. These
nano structures has led to a higher level of interaction between the photoconductive semi-

conductor and the optically pumped beam.

2.4.1 Plasmonic Concentrators

The plasmonic effect represents the interaction between the incident electromagnetic field
and the free electrons in the metal concentrators, which depends on the shape, size, and
spacing of the metal structure and the dielectric constant of the material [140]. They can
increase the interaction between the optical pumped beam and the photoconductive semi-

conductor, thereby improving the absorption efficiency of the optical conductive material
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substrate to the laser, thus enhancing the PCA radiation. When two plasmonic objects
are close enough, the interaction between them can squeeze the field and concentrate the
local field [141], allowing a great number of photo carriers to arrive at the electrodes.
Thus, due to these tiny concentrators, also known as nano particles, the optical-to-THz

conversion efficiency can be improved.

The configuration of the plasmonic concentrators is intended to generate surface plasmon
waves when illuminated by optical pumps. Surface plasmons refer to the coherent oscil-
lations of electrons that arise at the interface of a metal and a dielectric medium. Upon
coupling with an incident electromagnetic wave, the resultant surface plasmons have the
ability to propagate along the dielectric interface [142]. To couple surface plasmons with
electromagnetic waves, specific conditions need to be put in place. It is necessary to en-
sure that the parallel wave vectors of surface plasmons and electromagnetic waves have to
match, which depend on the permittivity values of the metal and the dielectric materials
utilized in the corresponding structure [143]. By matching the electromagnetic waves and
surface plasmon wave vectors, the nano particles patterned on the surface can promote
the excitation of the surface plasmon waves [144]. This ability to generate surface plas-
mons provides a range of exceptional possibilities to direct and control electromagnetic
waves. Such plasmonic nano particles can focus laser energy into the near field, thereby
improving the efficiency of THz-emitting [145-151]. Figure 2.16 illustrates the plasmonic

concentrators that positioned between the PCA electrodes.

In [51], the theoretical principle of the absorbed optical power P by the substrate in volume
V can be expressed by Equation 2.18, which can explain the increase on the concentration
of nonequilibrium charge carriers near the electrodes with E increased. In this equation,
the enhancement of an electric field is described by the local field enhancement factor

0= ﬁ, and o is a medium conductivity.

1
P= 5/cr62|150|2dv (2.18)
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Figure 2.16: Plasmonic concentrators (also known as plasmonic nano particles) that ap-
plied at the PCA gap. The actual size of these nano particles can be smaller, from 3 nm
to 100 nm.

The local electric field enhancement is due to the plasmon resonance generated in the con-
centrators. The plasmon resonance excited in the concentrators asymmetrically scatters
the incident optical pump, redistributing the field within the semiconductor substrate. As
a result, the local electric field near the electrodes becomes stronger, thereby increase the

optical-to-THz conversion efficiency.

In research of [152], silver nano particles have been employed to a log-periodic spiral
PCA, and the provided results show that this design obtains an enhancement of optical-
to-THz conversion efficiency 2 times larger compared with another similar structure, and
the strongest enhancement is around 1 THz. The research of [155], [156], and compare
conventional PCA and advanced PCA with plasmonic concentrators, all based on SI-GaAs
substrate and 800 nm optical pump. Similar conclusion to [152] have been made, that
approximately 100% increment over 0.1 - 1.1 THz range is implemented to the radiation
power. In another study, a similar nanostructure using hexagonal plasmonic concentrators
is proposed. Its resulting THz field is increased by 60% compared to the conventional PCA
[154]. From these studies, the conclusion can be drawn that plasmonic concentrators play
an important role in enhancing the local optical field within the PCA gap, thus increasing

the optical-to-THz conversion efficiency of PCA.
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Figure 2.17: (a) Silver plasmonic concentrators (also known as silver nano particles) that
applied at the PCA gap in research [152]; (b) The demonstration of a PCA with plasmonic
concentrators design [153]; (c) Comparison of measured THz emission power with con-
ventional design and plasmonic concentrators design; (d) Comparison of radiation results
of PCA with hexagonal nanostructure, plasmonic light concentrators, and conventional
design; (e) SEM of the hexagonal plasmonic nanostructure [154].
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Although there are many advantages, challenges of utilizing plasmonic concentrators on
THz PCAs are inevitable as well. Plasmonic concentrators can generate strong localized
fields and high heat loss under near-infrared pumping, which leads to degradation of the
PCA, resulting in unstable radiation performance [153]. The heat loss is reported as the
main bottleneck restricting the enhancement of the optical-to-THz conversion efficiency
of these structures [157]. In addition, the plasmonic concentrators are extremely small in
size, which cause difficulty in fabrication, making it challenging to achieve repeatability in
large-scale deposition. To alleviate these limitations and challenges, research on another
nanostructure is reviewed. Compared to plasmonic concentrators, the next section intro-
duces the research of plasmonic contact nanofingers, which is more capable in fabrication
and is more suitable for PCAs of difference sizes and geometries. Furthermore, because
the contact nanofingers are larger in size than plasmonic concentrators and directly con-
nected to the electrodes, they are less affected by the heating effect and are less influenced

by degradation.

2.4.2 Plasmonic Nanofingers

In more studies, another plasmonic nanostructure that widely utilized in PCAs to enhance
the optical-to-THz conversion efficiency is plasmonic nanofingers, also known as contact
fingers. Similar to the plasmonic optical concentrator, the plasmonic contact electrode can
excite the surface plasmon waves and tightly confine them to the metal-photoconductor in-
terface, thereby increasing the laser absorption in the active region of the photoconductor
near the contact electrodes [158] [159]. Another advantage of using contact nanofingers is
that they are directly connected to the PCA, which reduces the transport path length of
the photocarriers to the device contact electrodes [160-162]. An illustration of a PCA with
contact nanofingers is depicted in Figure 2.18. It can be seen that they are like extensions
of antenna electrodes, making them easier to fabricate than other nano structures such

as concentrators.
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Figure 2.18: Plasmonic nanofingers (also known as contact fingers) at PCA gap.

With such contact nanofingers, a 1.9 mW THz radiation power increase is obtained at
the 0.1-2 THz range in research of [163], shown in Figure 2.19 (a). Figure 2.19 (b) - (d)
indicate the enhancement of PCA performance based on plasmonic contact nanofingers
in different papers, all of which have reported a considerable radiation increase. In [64],
unincorporated plasmonic contact fingers have improved the amplitude of THz signal by
2 times of a GaAsBi-based PCA, shown in Figure 2.19 (e). In addition, the research in [60]
reports a 50% higher measured THz signal from PCA with plasmonic contact fingers at
a frequency of 0.1 - 2 THz. [164] has reported a significant performance enhancement by
plasmonic contact fingers, in which the THz radiation power is increased 50 times. Many
studies on contact nanofingers have provided similar results, therefore the integration of
plasmonic nanofingers is poised to enable substantial improvements in the performance

of the forthcoming generation of high-performance, cost-effective PCAs.
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Figure 2.19: (a) A log-spiral PCA design with plasmonic contact electrodes in research
[163]; (b) Figure of the increased optical transmission performance of a PCA array based
on plasmonic contact nanofingers [165]; (¢) (d) The demonstration and SEM of a 3D
plasmonic gratings design for PCA contact electrodes and the measured radiation power
comparison with different excite power of 1.4mW, 2.8mW and 5.8mW [166]; (e) The
implementation and SEM figure of an unincorporated plasmonic grating at the PCA gap
[64].
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When contact nanofingers are applied to THz PCAs, the main challenge researchers faced
is that the required precision exceeds the capabilities of traditional lithography techniques.
High-resolution E-beam lithography has to be employed. Moreover, the dimensions of the
nano-fingers can be further optimized to achieve higher enhancement of THz radiation. In
this PhD study, E-beam lithography has been used in the fabrication of all PCA devices,
and plasmonic contact nanofingers have been integrated to the proposed PCA structures

to increase the radiation performance.

2.5 Large-Area Electrodes for High-Power THz Emis-

sion

For boosting THz PCA radiation by optimizing the electrode and gap structure, in addi-
tion to the nano-structures mentioned earlier, increasing the size of PCA using large-area
electrodes to enable the utilize of a high-power laser excitation is also a feasible approach.
In conventional PCAs, when the optical power reaches a high level, the PCAs often suffer
from saturation effect, where carrier screening and recombination will limit the output
THz radiation. This phenomenon occurs when the generated carrier density is large, res-
ulting in a nonlinear response [167] [168]. To overcome this effect, employing large-area

electrodes that distribute optical excitation and delay the saturation is a potential solution

[47] [169)].

Figure 2.20 shows the diagram of a large-area interdigitated PCA and a conventional
dipole PCA. Suppose the gap of the conventional PCA is 5 um. In contrast, the common
feature of the large-area PCA is that the gap between each microstrips can also be 5 um,

and it is like an array that connects many 5 um PCA gaps. This configuration consists
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of a single anode and cathode, thus all the gaps between the open ended parallel sub-
electrodes are sharing the same bias voltage. The active area of such structure can reach

hundreds of um? hence allows the optical pump to be spread over a larger area to reduce

1=

Figure 2.20: Comparison of the diagrams of conventional PCA and large-area interdigit-
ated PCA. It can be seen that the interdigitated PCA has a larger effective area that can
be excited by laser pump.

the saturation [170] [171].

Gap between
each sub-
electrode=5um

Research of [170] has proposed an interdigitated PCA with a shadow mask that blocks the
incident laser from non-excitation areas, and the THz pulse emission has been increased
to 85 V/cm. Another photoemitter using large-area electrodes has produced a nearly two
times higher peak THz emission compared to a conventional PCA with a 3 cm antenna
gap under 30 V bias voltage [172]. A ~ 8.5 times THz boost and + 9.3 dB increase
is achieved in the research of [173] in which the large-area PCA is coupled with tightly
packed sapphire-fibre-based microlenses. Another distinctive feature is that, different from
small PCAs that commonly use LT-GaAs substrate, large-area PCAs typically exhibit
higher radiation power when based on SI-GaAs substrates. Study [174] has investigated
the performance of interdigitated PCA based on different substrates, among which SI-
GaAs substrate offers the PCA optimal radiation. Similar to this research, [160] also
provides the conclusion that SI-GaAs-based large-area PCA has higher radiation power
level compared to LT-GaAs large-area PCA. This is because the carrier lifetime of excess
carriers in LT-GaAs is shorter, and higher carrier mobility levels are accommodated in
SI-GaAs substrate, therefore a larger number of photocarriers is drifted to the electrodes

within a fraction of the oscillation period of the THz radiation [81].
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Figure 2.21: (a) A scheme of the THz large-area photoemitter with a sapphire fiber array
atop [173]; (b) 3D rendering of the sapphire fibre array and the microscope image of
the fixators designed to precisely hold the fibres in place [173]; (¢) Schematic diagram
of the large-area plasmonic photoconductive emitter fabricated on a SI-GaAs substrate
[160]; (d) Layout of the interdigitated PCA design which can be both photodetector and
photoemitter. 1 and 2 denote the electrodes, and 3 represents the second metallization
layer. The arrows indicate photocurrents for the photocurrent when this design is used as
photodetector (left) and photoemitter (right) [174].
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From these studies, the feasibility of large-area PCA can be clearly demonstrated. Since
the proposed designs and fabrications in this PhD study mainly use SI-GaAs as the
substrate, on which large-are PCAs have shown relatively higher radiation power level,
this approach is particularly applicable to the objectives of this PhD study. Additionally,
because of its simple structure, large-area PCA is relatively easy to fabricate. Moreover,
the principle of enhancing THz radiation by large-area excitation is straightforward, just
like the old saying goes, "Less is More”. In this PhD research, increasing PCA performance
using large-area electrodes that capable of high-power optical excitation will be chosen as

one of the main research subjects.

2.6 Photonic Structures for Radiation Management

2.6.1 Distributed Bragg Reflector

The Distributed Bragg Reflector (DBR) is a multilayer structure composed of two mater-
ials with different refractive indices. Each layer has an optical thickness equal to a quarter
of the target wavelength. It has variable reflectance over a frequency range and can be
tailored, such that at the target frequency, the reflectance reach a maximum. Diagram
of a typical DBR consists of AlyggGaggrAs and Aly33Gag.g7As layers is shown in Figure
2.22. Such DBR design has been applied to the research of [175], in which a 200 nm
LT-GaAs is grown at the top of the multilayers based on GaAs substrate. The thickness
of Aly.9gsGag gaAs layers and Alg33Gagg7As layers are 71.5 and 64.42 nm, with a 143 nm
spacer layer of AlygsGag.15As grown on top of the DBR to couple with the LT-GaAs layer.
In this research, the measured THz radiation shows a performance improvement of up to

30%.
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Figure 2.22: Schematic diagram of the DBR coupled to a PCA.

In research of [44], an extremely high enhancement of 5625% of the photocurrent peak
compared to a conventional THz PCA has been reported when employing DBR structure
and plasmonic gratings. The original PCA in this research shows a photocurrent of 35 A,
and this data has been increased to 1877 uA with the help of DBR stack layers and 500 nm
LT-GaAs top layer. Moreover, study in [176] has reported that DBR increases the radiation
of PCAs based on both LT-GaAs and LT-InGaAs-InAlAs substrates. The inclusion of
DBR results in enhanced THz peak signals by over twice accross the overall operational

bandwidth. Figure 2.23 includes the designs and outcomes in the corresponding studies.

The working principle of DBR is that it reflects the unabsorbed incident laser power
back into the PCA gap between electrodes, where is the photoconductive region on the
substrate. This pump recycling process results in an increase in the performance over a
range of laser wavelengths. However, this technology also faces certain challenges. Its bulky
structure makes it less widely used than the novel materials and nanostructures mentioned
in the previous sections. Furthermore, since the thickness of each DBR layer requires
nanometre level precision, molecular beam epitaxy (MBE) technique is usually required
in the growth of each layer, which undoubtedly increases difficulty of PCA fabrication.
Therefore, In this PhD study, DBR is studied as a reference, yet not fabricated in any of

the proposed designs in the following chapters.
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2.6.2 Photonic Crystals

Photonic crystal structure is another new geometric design that is capable of boosting
the performance of PCA, and it is suitable for PCA designs with thick substrates [177].
A typical photonic crystal with hexagonal lattice of air holes drilled into the substrate is

shown in Figure 2.24.

(a) (b)

Figure 2.24: (a) Side view and (b) Back view of a photonic crystal at the bottom of a
PCA. The array of hexagonal lattice of air holes are distributed in the photonic crystal.

This photonic crystal structure is equivalent to increasing the thickness of the PCA sub-
strate. Such design based on undoped GaAs crystal has been studied in the research of
[178], in which it is concluded that the radiated power is mostly directed along the axis of
the air holes, keeping the main lobe of radiation pattern toward the z-axis in the overall
operational bandwidth, for the defect core region plays a similar role to a waveguide. It is
also reported that the trapped power in the substrate can be decreased by the photonic
crystal, hence the radiation can be improved because of the reduced power leakage. In this

research, the average radiation efficiency is increased by 14% from 0.65 to 1.45 THz. The
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research in [179] also proposes a PCA based on photonic crystal substrate with cylindrical
air holes, in which the directivity has been increased by 3.3 dBi. Figure 2.25 shows the
schematic diagrams of the photonic-crystal-based PCAs along with simulation results in

corresponding research.
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Figure 2.25: (a) A Graphene Bowtie PCA based on a photonic crystal substrate with
cylindrical air holes [179] and (b) The emission spectrum of this PCA; (c¢) Schematic
diagram of the THz PCA based on a defective photonic crystal [178] and (d) The simulated
radiation efficiency of this structure compared to a PCA based on conventional photonic
crystal and a PCA based on normal GaAs substrate [178].

Although this design has some potential, it has many limitations in fabrication, such
as drilling holes can be challenging, and the excessive thickness causes inconvenience to
measurement. This may explain why relatively few studies have focused on this method,
with most remaining at the simulation stage and lacking actual fabrication demonstra-
tions. Therefore, the research on photonic crystal is only used as a reference in this PhD

research and has not been applied to the following PCA designs or fabrications.
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2.7 Discussion

In this chapter, various methods for enhancing the performance of PCAs have been re-
viewed. A comprehensive comparison is presented to identify the applicable approaches

for implementation in the proposed PCA designs in this PhD research.

As one of the most widely adopted methods for improving THz radiation emission of PCA,
Si hyper hemispherical lens has been utilized to this PhD study despite the requirement
for careful alignment with the PCA. Research has shown that MoS; can enhance THz
radiation by increasing the optical absorption of the PCA. Although the fabrication of
monolayer MoS; is relatively complex, it is still considered as one of the most promising
approaches for improving THz radiation in this study. Graphene and GQD also show
strong potential in the PCA field. However, the research on properties of graphene shows
that it is more suitable for PCA detectors, therefore graphene is not adopted in the PCA
designs in this PhD study. The use of GQD in PCAs is still limited, but theoretical studies
suggest that GQD could potentially increase carrier density, thereby enhancing the surface
current and THz radiation emission of PCAs. Plasmonic concentrators are not employed
in this work because of the challenges of achieving high-quality fabrication within overall
PCA gap. In contrast, plasmonic contact nanofingers are incorporated into the proposed
PCA designs due to their ease of fabrication and the reliable performance enhancement
according to literature review. The method of using large-area electrodes is also imple-
mented in this study to enhance PCA performance, as this method has straightforward
but solid theoretical proof, and its fabrication and measurement processes are relatively
simple. Although photonic crystals and DBRs can also enhance PCA performance, they
are not implemented in the proposed PCA designs due to their extremely complicated

fabrication procedures.
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In summary, the THz PCAs designed in this PhD research incorporate Si hyper hemi-
spherical lens, MoS,, GQD, plasmonic contact nanofingers, and large-area electrodes as

the key enhancement strategies.

2.8 Summary

This chapter conducts a detailed literature review on the physics of THz PCA and methods
for enhancing its performance. A PCA converts an optical pulse into THz radiation using
a pair of electrodes, a photoconductive substrate, and external bias voltage. A common
THz PCA uses III-V compounds as substrate material, such as GaAs and InGaAs. For
most of designs, a Si hyper hemispherical lens can be coupled at the bottom PCA to
collimate the THz radiation. On the surface, the optical power is absorbed when laser
beam is focused at PCA gap, then the excitation and fast recombination of electron-
hole pairs occur in the the photoconductive substrate. Photocurrent is generated when
carriers accelerated between biased electrodes at the PCA gap. Because of the ultrafast
acceleration and recombination of carriers that happened in sub-picosecond time scale,
the generated radiation will be located within THz range according to Maxwell Equations.
This entire process is the optical-to-THz conversion. To drive the electron-hole effect in
the substrate, it is required that the photon energy of the optical pump is higher than

the bandgap of the photoconductive material.

After the basic physics of THz PCA, the narrative goes to novel materials, nano structures,
and external devices that enhance the performance of PCA. 2D materials such as MoS,
and graphene have been highlighted, as well as plasmonic concentrators and contact fingers
have been put forward. Benefits from these methods include concentrating optical and
electric field at PCA gap, boosting local generation and drift fields of photo carriers,
thereby improve the optical-to-THz conversion efficiency. Large-area eletrodes that enable

higher fluence is also discussed due to the reduced saturation under high-power optical
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excitation. Furthermore, several methods using photonic structures like DBR to modulate
THz waves radiated by PCA are discussed. These theoretical research has provided a solid
base for this PhD study, and has set the direction for the following experimental work,

PCA designs and fabrication in the next few chapters.



Chapter 3

GQD-Based THz Spiral PCA for
THz Imaging

3.1 The COMSOL-CST Cross-Simulation Method for

PCA Excitation Based on Surface Current

Researchers using CST simulations usually rely on discrete ports to excite PCAs in cur-
rent studies. However, this approach does not align with the surface currents generated
when femtosecond lasers irradiate the PCA surface in reality. To enhance the realism and
reliability of PCA simulation, a cross-simulation method is proposed in this PhD study.
COMSOL is used to simulate the surface current distribution of substrate (GaAs) under
optical excitation, and then this current data will be imported to CST so that researchers
can use this as the excitation source to drive the photoemitter. This method can more
closely approximate the real carrier dynamics, thereby improving the accuracy and reli-
ability of the simulation results. The software used to obtain photocurrent is COMSOL
Multiphysics 6.0, and the PCA is modelled in CST Studio Suite 2020. In COMSOL, the
simplified PCA structure is built, and a 800 nm Gaussian beam is focused on the GaAs

surface. The diameter of beam size is 5 um. Hole Auger coefficient and electron Auger

52
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coefficient are 7% 1073 %cm® - s~!. Shockley-Read-Hall (SRH) electron lifetime and SRH
hole lifetime are 4.8« 10~!%s. In this example, the pump is set at time = 2 ps, while the
pump period is 100 fs. The laser power Pave is 10 mW. The detailed parameters of the

simulation is listed in Figure 3.1.

E0 sqrt((Pave*8*n0)/(fp*Dx*Dy*Dt))... | 1.2501E8 V/m | E-field

Pave 10[mW] 0.01 W Average Laser Power

fp B0[MHz] BE7 Hz Rep Freq of Laser

ad 5[um] 5E-6 m PCA gap

Cp 7*107-30[(cm~6)/s] 7E-42 m/s Hole Auger coefficient
Cn 7*107-30[(cm *6)/s] 7E-42 m®/s Electron Auger coefficient
he 6.63*10-34[J)%s] 6.63E-34 Js Plank Constant

Dx 5[um] S5E-6 m Gaussian dependence on x
Dy 5[um] 5E-6 m Gaussian dependence on y
Tn 480"10~-14[s] 4.8E-12 s SRH electron lifetime

Tp 480*104-14[s] 4.8E-12 s SRH hole lifetime

n0 377[ohm] 377 0 Impedance of free space
c 3*10"8[m/s] 3E8 m/s Speed of light

Dt 100[fs] 1E-13 s Pulse period

ni.eff 1.23*10"12[1/m"3] 1.23E12 1/m?®  Carrier concentration
gap 5[um] 5E-6 m

Vp o] ov

V n 15[V] 15V

lda B00[nm)] BE-T m

f1 ¢_constflda 3.7474E14 1/s

t0 100[fs] 1E-13 s Pulse period

t1 2[psl] 2E-12 s Pulse time

Figure 3.1: The detailed parameters of the COMSOL simulation.

In this PhD study, it is necessary to compare and analyse the proposed PCAs, hence a
reference PCA is required as the comparison object. A common but reliable electrode
design has been applied to the comparisons and analysis as an invariant. Dipole shaped
electrodes are employed because this design has been widely studied and used over the
past decade. This design provides reliable performance and make it an appropriate start
for the subsequent study. A typical dipole THz PCA based on a 10 um SI-GaAs substrate
is introduced from the research of [180], and this dipole design is used as the reference
PCA in this thesis so as to be compared and analyzed with the proposed PCA designs
in this PhD study. This reference dipole PCA design is also used as a prototype for

llustrative simulations in the narration COMSOL-CST cross-simulation method. In the
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COMSOL simulation, the first step is to create a GaAs substrate, and then build up two
gold electrodes on the surface. The height of GaAs H is set as 10 um, while the length
L and width W of the GaAs substrate are 60 um and 15 gum. The thickness of gold
electrodes have been set to 100 nm. What is more, it is necessary to surround the GaAs

with air in COMSOL. The PCA structure in COMSOL is shown in Figure 3.2.

Figure 3.2: The example PCA in COMSOL.

The simulated steady-state electron concentration and hole concentration, and the tran-
sient electron concentration and hole concentration are shown in Figure 3.3. The steady-
state figures show the electron concentration and hole concentration before the sudden
femtosecond laser arrives at PCA gap, and the transient figures are the concentration

when GaAs is excited by the laser pulse.

The simulated transient electric potential and electric field on the PCA surface are shown

in Figure 3.4.
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Figure 3.4: The simulated transient electric potential and electric field on the PCA surface.
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It can be observed that a large amount of electron-hole pairs are excited with the laser
pulse, resulting in the expected surface current between the two electrodes. At the PCA
gap, a high concentration of electron-hole pairs are generated. Along with the potential
from the positive electrode to the negative electrode, a surface current is generated. The

surface current density is shown in Figure 3.5.

oeal ; >
II \\ Average current

06781 | \ density 1

0.676 |‘ \ -

0.674 | 4
|

0.67 |
0.668 |- ' 4
0.666 |- ' -
0.664 |- , -
0.662 - '

0.66 - J -

0.658 / —~———

Average current density (A/m?)

1 1 1 1 1 L 1 1

0 1 2 3 4 5 6 7 8 9

Time (ps)

Figure 3.5: The simulated current density of the example PCA.

To verify the reliability of this simulation result, the reference PCA based on a 450 um-
thickness SI-GaAs has been fabricated in James Watt Nanofabrication Centre in Uni-
versity of Glasgow, and this reference PCA has been tested in Queen Mary University
of London. Using a Tsunami Ti:Sapphire laser with f., = 80MHz and 100 um diameter
laser beam, it has been measured that the surface current under 10 mW is 19.9 nA. This
surface current has been tested with zero-bias. The reason for using a ~100 um laser is
that this is the smallest size that the laser source equipped in this laboratory can achieve.
In fact, the beam size of the laser source equipped in this lab is 1 mm. The beam is focused
by a lens in the PCA measurement, and the theoretical value of the beam spot size after
being focused by the lens is 100 um. The accuracy is not guaranteed, therefore the actual

beam spot size may be larger than the theoretical value.
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Applying the simulated current density in Figure 3.5 on the same size laser spot, the
calculated peak surface current is Iy = 0.684 /m? x wr?> = 0.68A4 /m? x7.85 % 1072 = 5.3nA.
Although there is a gap between the simulated data and the tested surface current, the
two results are close to each other. This discrepancy between the measured surface current
and simulation results can be attributed to the difference in laser beam spot sizes which
is 100 um in experiment and 5 gm in simulation, and the difference from the dimensions
of the actual substrate and the simulated substrate. Given that the actual beam spot
size can be larger than 100 um, the calculated theoretical current data can be also larger
than 5.3 nA, which better matches the measurement result. Considering other possible
differences in optical power normalization, and uncertainties in material parameters, the
error can be accepted. It can be regarded that the simulation result shows good agreement

with the actual measurement.

Overall, it can be concluded that this COMSOL-CST cross-simulation method is not only
convenient to create, but also save simulation time. Moreover, the same photocurrent
results obtained from COMSOL can be widely applied to multiple CST simulations if
the electrodes structure of PCA and the antenna gap remain the same. In addition,
compared with directly using the default pulse of discrete port in CST, this simulation
method provides a more realistic photocurrent, which can greatly improve the accuracy
and reliability of PCA simulation. Therefore, this method is worthy of widely applied in

related simulations and studies.

3.2 THz for Security Inspection

At present, the application of THz waves in the field of penetrating imaging for security
inspection has attracted extensive attention from researchers. For example, T-5000 ima-
ging developed by ThruVision Company uses 0.05 - 3 THz radiation to detect dangerous

items such as bombs and weapons at a distance up to 25 m [181] [182]. In this PhD
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research, a PCA is proposed following the objective to design a high-performance THz
emitter that suitable for security inspection applications. Referring to [182], the target
operational frequency range of the designed PCA is required to cover 0.1 - 3 THz and
achieving optimal performance within the 1.5 - 2.5 THz frequency range. To meet this
goal, a spiral THz PCA has been designed, simulated, and fabricated. In fabrication, GQD

is deposited to PCA gap to investigate the influence on PCA surface current behaviour.

Figure 3.6: THz imaging for security inspection [182]

3.3 THz Spiral PCA Design

The THz spiral PCA consists of two Au electrodes and a SI-GaAs substrate. Based on
research in Chapter 2, plasmonic contact nanofingers and Si hyper hemispherical lens have
been employed to the PCA to enhance the radiation performance. The geometry of the

spiral electrodes is designed by equations:
X(t) = atcos(t) (3.1)

Y(t) = atsin(t) (3.2)
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in which t = 0"87,a = m. The maximum ¢ is 87, which means this spiral PCA has four
complete circular turns. The PCA gap G is labelled in Figure 3.7. According to the
requirements of THz imaging for security inspection, the target frequency is drawn up as
~ 2 THz [181]. The estimated wavelength is calculated by f = 7. The frequency range
and the outer circumference of PCA with circular shape is studied in [183], in which the

wavelength and the diameter of the outer circumference of the PCA is computed as:

D=nA,n=1.1735 (3.3)

The wavelength could be defined with the help of D, which is the diameter of the outer
circumference. The ratio of the arm-gap G, between each electrode and arm-width W, of
each electrode is tested in several simulations. According to comprehensive comparisons,

the ratio of 3:1 is the most reasonable design. The relationship between W, and D can be

defined as:

W,
D = 2% (%87 * cos8T + 7“) (3.4)

Based on these studies, the diameter of PCA outer circumference D has been designed to
be 160.64 um, which gives a maximum 146 um wavelength, and the peak performance
is calculated at = 2.05 - 2.24 THz. The dimensions of the electrodes and substrate of
the proposed spiral PCA are summarized in Table 3.1. In Figure 3.7, the corresponding
structural dimensions are indicated except T, and T, which are the thickness of PCA

electrodes and substrate, respectively.
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Table 3.1: Corresponding values of spiral PCA electrodes and substrate

Dimen- | Wi&L; D G G, W, T, T
sions
Length 250 160.64 5 7.15 2.72 0.2 10
(nm)

Figure 3.7: The proposed THz spiral PCA made of two gold electrodes on a SI-GaAs
substrate and a silicon hyper hemispherical lens.

The dimensions of the Si hyper hemispherical lens are shown in Table 3.2, where T is the
height of the cylinder part of hyper hemispherical lens, and R, and R; are the common
radius of Si cylinder part and hemispherical part. The design of the lens follows Equation

2.13, which is introduced in Chapter 2.

Table 3.2: Corresponding values of the Si hyper hemispherical lens

Dimensions T. R, R,
Length (um) 26.25 125 125

Regarding to the contact nanofingers, the geometric structure is designed as a trapezoidal
shape with a top width of 50 nm, a bottom width of 100 nm, and a length of 150 nm.
The height of each nanofinger is 50 nm. These nano-fingers are evenly arranged and are

connected to the electrode edges within the PCA gap.
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3.4 Simulation Results

In order to assess the performance of the THz spiral PCA, the reference PCA from research
of [180] mentioned in the previous section has also been simulated in CST as a comparison.
Both PCA simulation follows the COMSOL-CST cross-simulation method that proposed
in this PhD study. Instead of measuring S11 parameter, the simulation of PCA detects the
radiated power. In contrast to conventional THz patch antennas that uses S1; parameter
to evaluate, the performance of a PCA is determined by its radiated power and directivity.

Therefore, it is essential to compare the radiation power spectrum and radiation pattern.

Farfield Directivity Abs (Phi=0) Farfield Directivity Abs (Phi=90)

270
wm Reference PCA o Reference PCA
e Spiral PCA w— Spial PCA

(a) (b) (c)

Figure 3.8: The radiation pattern of the THz spiral PCA compared to the reference PCA
on (a) E plane and (b) H plane; (c¢) The 3D farfield radiation pattern of the THz spiral
PCA.

Figure 3.8 shows the 1D directivity and 3D radiation pattern, as well as the comparison
to the reference PCA. The broadband average directivity of the spiral PCA is 9.35 dBi on
both E and H plane, while the peak directivity of 17.6 dBi shows at 2.9 THz. By contrast,
the directivity of the reference PCA is 2.04 and 1.08 dBi on E and H plane. The angular
width (3 dB) of the spiral PCA is 4.8°, while the front-to-back ratio is 21.1 dB and the
side lobe level is -16.5 dB. By comparison, the proposed spiral PCA has higher directivity

and gain.
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Figure 3.9: Comparison of the radiated E-field magnitude of the THz spiral PCA and the

reference PCA.

Power spectrum
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Figure 3.10: Comparison of the power spectrum of the THz spiral PCA and the reference

PCA.



63
Figure 3.9 and Figure 3.10 illustrate the radiated E-field magnitude comparison and the
power spectrum comparison between the proposed THz spiral PCA and the reference PCA
in [180]. From these figures, it can be observed that the proposed THz spiral PCA emits
THz radiation that can cover the frequency range of 1 - 2.9 and 3 - 3.5 THz. Among them,
the peak radiation falls within the range of 2 - 2.4 THz, which is in perfect agreement with
the result obtained from the previous section. Furthermore, when using the standard that
the best operational bandwidth is -3 dB from the peak value, this spiral PCA exhibits
excellent performance within the frequency range of 1.5 - 2.6 THz. This result complies
with the requirements for the required frequency mentioned earlier in this chapter for THz
imaging. This indicates that the proposed THz spiral antenna has good performance and

can be adapted to future THz imaging technologies.

Furthermore, a detailed farfield performance comparisons among the proposed spiral PCA
and other published PCAs are provided in Table 3.3. It can be concluded that the proposed
THz spiral PCA has good performance and is a promising THz emission source for future

THz imaging applications.

Table 3.3: Values of radiation performance of the proposed THz spiral PCA compared to
other published PCA designs

PCA design | Substrate Bandwidth | Directivity | 3dB Angu- | Side  lobe
(THz) (dBi) lar  width | level (dB)
(deg)
Proposed SI-GaAs 1.1 17.6 4.8 -16.5
spiral PCA
Ref [179] Graphene- | 0.7 13.74 45.9 -2.5
GaAs
Ref [88] LT-GaAs | 0.181 13.3 N/A 11.2
Ref [184] LT-GaAs 7.93 7.7-11 N/A N/A
Ref [185] Quartz 3 18.2 N/A N/A
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3.5 Fabrication of the GQD-Based THz Spiral PCA

The proposed THz spiral PCA has been fabricated in James Watt Nanofabrication Centre
(JWNC) in University of Glasgow. E-beam lithography and metal deposition-liftoff meth-
ods are used to finalize the fabrication. The process of E-beam lithography, metalisation
and liftoff, and the deposition of GQD are introduced in this section. Different from the
simulations, the PCA requires two biasing pads for applying voltage, thus two metal pads
will be added to both sides of PCA in the fabrication, so as to connect the bias voltage

through the conductive gel and wires to the electrodes.

3.5.1 E-beam Lithography

The general fabrication process can be summarized into six parts: cleaning, spinning
E-beam resist, E-beam exposure, development, metallisation, and liftoff. Figure 3.11 il-

lustrates the general procedure of a complete E-beam fabrication.

— == |1l

Clean GaAs wafer Spin PMMA resist E-beam lithography exposure
Liftoff Metal deposition Development

| ——
Figure 3.11: General fabrication procedure of E-beam lithography

In JWNC, GaAs samples are cleaned using an ultrasonic bath. The cleaning was carried
out sequentially in methanol, acetone, and isopropanol (IPA) solutions, with each ultra-
sonic bath lasting five minutes. After the cleaning process, the samples were dried and

prepared for the subsequent E-beam resist spinning.



65

3.5.2 Setting PMMA Resist

PMMA has been used as the E-beam resist in the fabrication. Theoretically, the PMMA
thickness should be at least three times the target electrode thickness to ensure a successful
metal deposition and liftoff. The relationship among the thickness of PMMA resist, spin
speed, and PMMA dilution are described as follows:

T hickness o Dilution® /\/SpinSpeed (3.5)

The total thickness of PMMA layers should be at least three times thicker than the target
metal layers. As the PCA electrodes have a thickness of 200 nm, two types of PMMA are
selected in this fabrication process, which are 200k-12% PMMA solution in anisole (780
nm) and 950k-2% PMMA solution in ethyl lactate (70 nm), providing a total thickness
of 850 nm. The required spinning speed of the selected PMMA solutions are 4000 rpm.
Samples with PMMA need dehydration bake at 180 °C for over 30 minutes, or a hotplate

with the same temperature can complete the dehydration within 5 minutes.

3.5.3 E-beam Lithography Exposure

The E-beam exposure is operated on a Raith EBPG5200 HS tool. After submitting the
edited .GDS pattern, the job has to be created using a fracturing Beamer and uploaded
to cjob where the exposure beams and doses can be settled. The operating beam current
I, of EBPG starts from 1 nA to 180 nA, while the minimum beam spot size at 1 nA can
reach 4 nm. The dosage of E-beam is defined from I, and the beam movement frequency

f at which the beam travels between beam spot size grid sites, shown as follows:

L.
dose = 7 (3.6)
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From this, we know that the lower the beam movement frequency, the longer the staying
time at one specific spot, and therefore comes with a higher dosage. Thus, to save operation
time, the gap design at PCA centre and the contact fingers should be arranged a small I,
and a small beam spot size, while the biasing pads can be patterned using higher I, and

larger beam spot size.

3.5.4 Sample Development

The exposure process only forms the pattern on the resist, but does not convert them into
patterns that can be used for subsequent processes. Development is necessary because it
can transform the exposed PMMA into a protective layer with a specific pattern, enabling
subsequent etching, deposition, and other steps to precisely form the required electrodes
on the substrate with high tip sharpness. The exposed sample needs to be stirred in
methyl isobutyl ketone (MIBK) and IPA for 20 seconds each, until the red and green
shadows on the pattern edges cannot be seen under microscope. All development needs

to be performed at a fixed temperature of 23 °C.

3.5.5 Metallisation and Lift-off

The 5/195 nm Ti/Au metal deposition is achieved by Plassy IV and Evap 7 tool. Plassy IV
and Evap 7 are two types of machines that can deposit thin metallic films onto substrates
under high-vacuum conditions. The thin Ti layer between gold and substrate can improve
the attachment of the electrodes. Meanwhile, the deposition of the nanofingers is composed
of 5/45 nm Ti/Au bi-layer structure. Because the thickness of electrodes and nanofingers
are different, two metallisation processes needs to be carried out separately. To ensure
accurate alignment between the two metallisation steps, alignment markers have been

incorporated into the cjob design, allowing the E-beam system to precisely register and
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pattern subsequent layers at the same coordinates. Given the extremely small feature size,
scanning electron microscopy (SEM) has been employed after fabrication to inspect the
PCA gap region and verify the precision of the nanofinger fabrication. In metal deposition
process, metal atoms will be released from the plassy gun, and will be deposited on the
substrate at a speed of less than one nanometres per second (for example, Au deposition
speed is = 0.5 nm/s). The metal deposition relies on proper development because an over-
developed PMMA resist layer will cause a camber angle on PMMA edge, thus there will
be PMMA that ’hide’ under the electrodes and cannot be lifted off. Figure 3.12 compares
the successful and unsuccessful metallisation and lift-off on a proper developed sample

and an over-developed sample.

Proper Over-developed
development sample

Metal Metal
deposition deposition

' Y ~PMMA ' M
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transferred transferred

PMMA
lift off

Figure 3.12: Comparison of successful metallisation and unsuccessful metallisation. Over-
developing the sample may cause a camber angle on the PMMA edge, which leads to an
inverted trapezoidal metal shape, and can prevent PMMA from being completely lifted
off.

After the metal deposition, lift-off will be proceed in acetone solution at a temperature
of 50 °C for hours. The acetone will solve PMMA and remove the metal on PMMA, thus

only the metal deposited within the pattern will be left on the substrate.
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3.5.6 Deposition of GQD

The GQD utilized in this PhD study is provided by CD Bioparticles Company. The
diameter of each GQD is less than 6 nm. The GQD product is stored in a solution mixed
by water and ethylene glycol. During the fabrication, it is necessary to ensure that the
PCA surface is clean and free of dust. Therefore, the UltraViolet Ozone Cleaner System
(UVOCS) is required to clean the PCA surface and remove potential contamination and
increase the adhension. The UVOCS tool utilized in the PCA fabrication is T10*10 OES
device in JWNC. Then, the solution containing GQD is dropped onto the antenna surface.
The antenna is spun at a low speed (500 rpm) to make the GQD distribution as uniform
as possible. Finally, the spiral PCA is placed in a low-temperature oven to evaporate the
liquid. The liquid needs to be completely evaporated until the PCA surface is dry, then
the GQD is successfully deposited on the PCA surface. Figure 3.13 illustrates the full
fabrication progress of the GQD-based THz spiral PCA.

— == |1l
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Figure 3.13: Deposition of GQD in PCA fabrication.

The deposition process of GQD is after the electrodes metallisation and liftoff. Obviously,
there are GQDs that deposited onto the electrode. However, only GQDs that deposited at
the antenna gap will be excited, and the measurement of the surface current is conducted
within the antenna gap. Therefore, GQDs that are outside the aiming position will not

affect the experimental results.
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3.5.7 Connecting bias to spiral PCA using silver conductive gel

To apply bias voltage to the PCA, two biasing pads have been added to both electrodes in
the fabrication. Normally, soldering and wire-bonding can be used to attach conductive
wires to the biasing pads. However, soldering might be harmful to the electrodes, and
wire-bonding has certain limitations due to the fact that it requires an extremely clean
environment and an extremely flat surface. Also, the operation is complicated. Therefore,
we choose to use the easiest way to attach wires to the biasing pads, which is using
conductive gel. The gel used in this PhD study is RS PRO Silver Conductive Lacquer.
Figure 3.14 is a picture of connecting the wires to the pads using silver conductive gel.
The gel must be dehydrated for a few hours till it becomes solid. During the measurement,
the wires are connected to voltage source using a BNC cable thus providing bias voltage

to the electrodes.

Conductive gel and

-

Biasing padg A

4y, Yoo

Figure 3.14: Connecting wires to the biasing pads using silver conductive gel.
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3.6 Spiral PCA Measurement

3.6.1 Raman Spectroscopy and SEM of the GQD-Based THz
Spiral PCA

In this PhD study, Raman Spectroscopy is used to verify the deposition of GQD. SEM
is used to examine the fabrication accuracy of the plasmonic contact nanofingers within
the PCA gap. It should be noted that in this PhD research, the utilized GQD is small
(diameter less than 6 nm), thus they cannot be observed using SEM. In this case, the
TEM needs to be used. Since the laboratory conducting the spiral PCA fabrication is not
equipped with TEM, and Raman spectroscopy is also capable of verifying GQD deposition,

the TEM is not used in this study.

The Raman spectroscopy instrument for the experiment is LabRAM HR from HORIBA
company with a Ventus 532 laser system (100 mW, 532 nm). Figure 3.15 is a photo of the
Raman spectroscopy instrument in the chemistry lab of the University of Glasgow. For
the experimental set-up, a 10 mW laser power has been operated on the range from 50 to

1000 cm~! for a integration time of 10 seconds.

Figure 3.16 presents the Raman spectrum acquired from the PCA gap of the GQD-
based THz spiral PCA. The standard Raman shift peaks of GQD are at 1349 and 1593
cm ™!, respectively [186]. The D band at ~ 1375 cm~! and the G band at ~ 1593 cm™!
indicate that the GQD has been deposited to the PCA surface successfully. The extra
peak at around 1615 cm™! can be attributed to lattice disorder of the GQD product, or
impurities that contains in the GQD solution and deposited onto the PCA surface together
with GQD. A minor peak at x~1520 is observed and can be attributed to contamination
on the PCA surface. It should be noticed that in order to test the surface current of THz

spiral PCA before and after depositing GQD, the PCA has been exposed in the air and
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Figure 3.15: A photo of the Raman spectroscopy instrument in the University of Glasgow.

inevitably touched by hands. The deposition of GQD is completed on the same PCA
sample after the first surface current measurement, thus there could be contamination
remains on the surface even after UVOCS, such as organic residues from human hands.

Therefore, this minor peak is regarded as noise.

The Raman spectroscopy figure clearly shows the matched D and G band, indicating the

successful deposition of GQD.

The SEM facilities in JWNC are SU8230 and SU8240 tools provided by Hitachi. A photo

of the SU8240 instrument is shown in Figure 3.17.

The SEM image of the fabricated spiral PCA in Figure 3.18 clearly shows the well-defined
spiral electrode structure with the precisely patterned nano-fingers embedded within the
gap. A zoomed figure of the contact nanofingers is shown in Figure 3.19. The SEM figures

confirm that the spiral geometry and the contact fingers have been successfully fabricated.
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Raman spectroscopy of the GQD-based THz spiral PCA
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Figure 3.16: The Raman spectroscopy of the GQD-based THz spiral PCA. The peaks at
x~21375 and x~1593 indicate that GQD is successfully transferred to the PCA surface. The
peak at x~1615 can be the lattice disorder. A weak peak at x~1520 could be attributed
to contamination and is regarded as noise.

Figure 3.17: A photo of the SEM-SU8240 in JWNC.
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100um

Figure 3.18: The fabricated THz spiral PCA under SEM. The contact nanofingers are
successfully fabricated within PCA gap. The two lines extending out from the electrodes
are used for connection with the biasing pads.

Figure 3.19: The zoomed SEM image of the fabricated plasmonic contact nanofingers
within the gap of the THz spiral PCA.
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Based on the Raman spectroscopy and SEM images, it can be concluded that the fabric-
ation of the proposed THz spiral PCA is successful. Therefore, the experimental results

from the subsequent PCA measurements is reliable and convincing.

3.6.2 Surface Current Measurement

The measurement of the GQD-based THz spiral PCA has been proceeded in Quen Mary
University of London. The THz-TDS system in the THz lab of QMUL uses Tsunami
oscillator laser, with a beam spot size of ~ 100 um and f, of 80 MHz. The laser power
range is up to 250 mW. For PCAs with 5 um gap, considering that high fluence could
cause damage to the PCA electrodes and GQD, the laser power used in the experiments
is limited to 20 mW. The device that used to detect the surface current is Keithley-2450
provided by Farnell Company, shown in Figure 3.20. During the measurement, bias voltage
is applied by a DC voltage source, while the Keithley device records the surface current
between electrodes, from which the recorded data can be extracted after the measurement

is completed.

+7.00000A
| Auto]

Figure 3.20: A picture of the Keithley-2450 source measurement unit. The surface current
of the fabricated GQD-based THz spiral PCA is detected by such device.

The surface current data of the GQD-based spiral PCA is shown in Figure 3.21, using an

excitation optical power from 5 mW to 20 mW.
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%1073 Surface Current Detection of GQD-GaAs Spiral PCA
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Figure 3.21: Surface Current Detection of GQD-Based Spiral PCA with laser power of 5,
10, 15, and 20mW.

Figure 3.22, 3.23, 3.24 and 3.25 show the comparison of the measured surface current of
the THz spiral PCA before and after deposition of GQD. It can be easily observed that,
under the same laser power conditions, if the bias voltage is low, the surface current of
GQD-based spiral PCA is lower than that of non-GQD spiral PCA. However, as the bias
voltage increases, the surface current of the GQD-based spiral PCA gradually exhibits
a stronger increasing rate, eventually exceeding the non-GQD PCA. From the figures, it
can be concluded that with higher the bias voltage, it comes to higher increasing effect in
surface current. The reason of this phenomenon can be the resistance changing of GQD as
the temperature rises, because the increasing bias voltage does lead to higher temperature
on the PCA surface, as well as the Fermi level of GQD reaches a high level and the carrier
losses will be reduced. This situation shows agreement to the study of GQD in Chapter
2. It should be noted that the two surface current measurements have been conducted on
the same spiral PCA sample, one measurement is conducted before GQD deposition, and
the other is carried out after depositing GQD. Therefore, it can be concluded that GQD

is the main reason of the difference in surface current.

The experimental results of this section show that GQD can enhance the surface current
of PCA, and as the laser power and bias voltage increase, the enhancement effect of
GQD on the PCA surface current also increases. The finding that GQD can enhance

the surface current is consistent with the conclusion drawn in Chapter 2 that GQD can
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Figure 3.22: Surface current comparison of the THz spiral PCA before and after GQD

deposition. The laser power is 5 mW. The red line is the GQD-based PCA, while the blue
line is the non-GQD PCA.
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Figure 3.23: Surface current comparison of the THz spiral PCA before and after GQD

deposition. The laser power is 10 mW. The red line is the GQD-based PCA, while the
blue line is the non-GQD PCA.
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Figure 3.24: Surface current comparison of the THz spiral PCA before and after GQD

deposition. The laser power is 15 mW. The red line is the GQD-based PCA, while the
blue line is the non-GQD PCA.
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Figure 3.25: Surface current comparison of the THz spiral PCA before and after GQD

deposition. The laser power is 20 mW. The red line is the GQD-based PCA, while the
blue line is the non-GQD PCA.
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increase carrier density. This experiment has made contributions to GQD-based THz
PCAs and other related THz technologies. The experimental result in this chapter also
provides key information for other researchers, and can serve as a reference in the future
research field of GQD. Additionally, since the results reveal that GQD exhibits higher
carrier density enhancement under increased bias voltage and laser power, it is believed
that GQD is particularly well suited for integration into large-area PCAs. As discussed
in the literature review in Chapter 2, higher excitation power and bias voltage can be
utilized to large-area PCAs, which can also maximize the benefits from GQD thus further

enhance the THz emission.

However, due to the fact that the laser beam spot size used in the experiments does not
match the PCA gap size, the THz radiation measurement has not yet been completed.
This measurement will be completed in the future. As for the experimental plan, either a
Sum-sized laser beam should be conducted in the measurement, or a PCA mount needs
to be made, with a shelding lid on the front side. There should be a 5 ym small hole on
the lid, and this small aperture needs to be perfectly aligned with the PCA gap inside
the mount. In this way, regardless of the beam size of the laser, only a 5-um-sized beam
will be able to penetrate the lid and reach the PCA gap. A more detailed measurement

plan will be presented in the Future Work section in the final chapter.

3.7 Summary

In this chapter, a THz spiral PCA for THz imaging has been designed, and GQD is used to
enhance the performance of this PCA. In order to make the simulation results more accur-
ate, a simulation method based on COMSOL-CST was proposed and elaborated in detail.
This method uses COMSOL to simulate the surface current, and uses the surface current
data as the excitation signal for the antenna simulation in CST. A reference PCA was

used as an example. In COMSOL, the surface current was simulated, and this reference
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PCA was fabricated and used for surface current measurement. The measurement results
show that, taking into account various factors, although there is a slight error, it can still
be concluded that the theoretical value and the actual value of the surface current are
consistent. This demonstrates the accuracy of the COMSOL-CST simulation method, so
this approach is worthy of being referred to and used by researchers in related fields. The
design, simulation and fabrication of the spiral PCA are all elaborately described. On the
premise of achieving good simulation results, the spiral PCA has been successfully fab-
ricated and the first surface current measurement is conducted. Then, GQD is deposited
on its surface, and the second surface current measurement is carried out afterwards. The
measurement results show that GQD can increase the surface current, and as the laser
power and bias voltage increase, the enhancement effect of GQD on the surface current
also increases. This result is in line with the theoretical findings that GQD can increase
the carrier density. It provides reference information for researchers studying GQD and

contributes to the field of PCA enhancement.



Chapter 4

THz Photoemitter Based on
Inter-Combined Tai-Chi Electrodes
and MoS2-GaAs Structure for Skin

Cancer Detection

A major challenge in cancer diagnosis in its early stage is the asymptomatic nature, as
the absence of symptoms will cause serious consequences in treatment. Cancers usually
have more water than healthy human tissues, thus THz detection can be used to dis-
tinguish cancer cells as THz waves are highly sensitive to water. Numerous studies have
demonstrated that THz technology is feasible on detection of cancer tissues, such as skin
cancer [187], cervical cancer [16], liver cancer [188], breast cancer [189], stomach cancer
[190], colon cancer [191], etc. As a promising THz emitter, THz PCA will become one of
the cornerstones in the future medical field and relevant THz applications if it can meet
the requirements of cancer detection. In this chapter, a novel PCA design based on an-
cient oriental totem Tai-Chi and MoS;-GaAs structure has been proposed, simulated, and
fabricated. Measurement of the surface current is completed to verify the enhancement
effect introduced by the MoS; monolayers. The results show that this PCA can work at
a wide band within THz frequency range from 0.3 to 1.7 THz, and its peak performance
lies between 1 and 1.5 THz, which is suitable for skin cancer detection (the absorption in

the tumor area are higher compared to normal tissues within 0.1 - 4 THz [192]).

80
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4.1 Permitivity of Human Skin

The PCA design becomes more complicated because of the absorption to THz radiation
of the human skin. Human skin is a complex, anisotropic and heterogeneous medium,
where small parts like blood vessels are distributed in different depth [193]. Considering
its complexity, it is challenging to accurately describe human skin in simulations, mainly
due to the shape and function, and most importantly because of the absence of the
dielectric constant measurements at high frequency [194]. That is the reason why most
latest research simulates the human skin only applying the most essential parts, which

are the three layers of epidermis, dermis, and hypodermis, shown in Figure 4.1 [195].

Hair
shaft ] Epidermis
Pore of sweat
gland duct

Collagen

Sebaceous(oil)

gland

Eccrin_
sweat gland

Dermis

qHypudermls

Adipose tissue

. Cutaneous
vascular plexus

Figure 4.1: Illustration of human skin. [195]

The thickness of epidermis and dermis are 0.05 - 1.5 mm and 1.5 - 4 mm, which varies from
person to person [196]. There is no typical value for hypodermis [196]. Most skin cancers
(such as basal cell carcinoma and squamous cell carcinoma) originate in the epidermis at
an early stage, and it is only in the later stages that they penetrate deeper layers of the
skin (the dermis). The Tai-Chi PCA designed in this study is specifically for detecting the
asymptomatic skin cancer at its early stage, thus its detection depth targets to cover the
entire epidermis layer. Of course, if possible, it would be better if the radiation from the
designed THz PCA can cover the dermis layer as well. The human skin model created in

this PhD study contains the first two layers without hypodermis. The epidermis has two
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layers, one is the actual living epidermis layer, and the other one consists of only dead
cells. The stratum corneum covers on the outer surface of epidermis. Under epidermis
layer, it is the dermis that supports the epidermis layer. The permittivity of the human

skin tissues can be obtained by Equation [197]:

/ &—€& € — &
€(0) = et AL (4.1)
¢ (@) = (& —¢e)(on) (6~ &)(0n) (4.2)

1+ (o7))? 1+ (01)?

where & is the static dielectric constant, € is an intermediate frequency limit, and & is
the limiting value at high frequency [198]. Parameter of human skin values are listed in

Table 4.1.

Table 4.1: Parameter of human skin

Reference | Model & | € | & | 71 (ps) | & (ps)
Ref [199] | Epidermis | 58.0 | 3.6 | 3.0 | 10.0 0.20
Ref [200] Dermis | 60.0 | 3.6 | 3.0 9.4 0.18

Using Equation 4.1 and 4.2 and the values listed in Table 4.1, the permittivity of human
skin for THz frequency range can be calculated. Figure 4.2 shows the real and imaginary
part of the dielectric constant of the human skin model, describing how THz waves behave
throughout the stratum corneum/epidermis/dermis layers. Figure 4.3 shows the created
model of human skin in CST. In simulation, the proposed PCA is placed on the top of

human skin, while a probe is positioned beneath dermis.
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Figure 4.2: (a) Real part and (b) Imaginary part of permittivity of human skin.
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Figure 4.3: Simulation of human skin in CST. This human skin model consist of stratum
corneum layer, epidermis, and dermis.
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4.2 Employing MoS, to Simulation

In COMSOL, the corresponding material '"MoS2 (Molybdenum disulfide) (Islam et al.
2021: monolayer (1L) film; n,k 0.190-1.70 um)’ can be easily accessed for the simulation.
However in CST Studio 2020, MoS, needs to be created by the user. As the real and
imaginary parts of the complex dielectric constant of MoS; follow Drude model, the MoS,

layer is modeled using the Drude model function along the frequency from 0.1 THz to 3
THz in CST. The dielectric function of MoS2 can be described as [201]:

2
©p

4.3
0j — 02 —iTw (4.3)

In Equation 4.3, €., Wp, @), and I represent the high-frequency dielectric constant, res-
onant frequency, oscillator strength, and damping constant of the mode, respectively. In
the simulation, the patterned monolayer MoS, flakes are constructed as squared patches

between two electrodes, which is introduced in the following section.

4.3 THz PCA based on Tai-Chi Electrodes and MoS2-

GaAs Structure

4.3.1 Target PCA Operating Band for Skin Cancer Detection

In biological tissues, water molecules are the main reason of THz radiation absorption. As
mentioned earlier, the THz waves between 0.1 and 4 THz exhibit a high absorption rate
in the tumor area compared to healthy tissues, making itself a promising tool in cancer

detection. Therefore, the working frequency of the designed THz PCA needs to be within
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this frequency range. Meanwhile, the wider the frequency band, the better it can meet
the requirements for cancer detection. To achieve this goal, the proposed Tai-Chi PCA

is designed with an optimized structure targeting at a wideband emission from 0.3 to 2

THz.

4.3.2 PCA Design

The proposed PCA is formed from a SI-GaAs substrate and Tai-Chi shaped 5/195 nm
Ti/Au electrodes. The Tai-Chi geometric structure and contact fingers at PCA gap are
introduced because the local E-field will be strengthened by inter-combined structures.
Figure 4.4 illustrates the structure of the proposed PCA structure and the plasmonic
contact fingers. The overall structure is based on the ancient oriental totem Tai-Chi shown

in Figure 4.5, which was first mentioned in The Book of Changes.

The electrodes consist of one outer circle and two smaller inner half-circles. The frequency
range and the outer circumstance of circular-shaped PCA is studied in Equation ?7?7. To
meet the frequency requirement mentioned earlier, D is determined to be 900 um. The
dimensions of the PCA in simulations are detailed in Table 4.2. The PCA gap size that

not presented in Figure 4.4 is G = 5 um.

Table 4.2: Corresponding values of electrodes and substrate dimensions of the proposed
Tai-Chi PCA

Dimensions | R; | R» r 1) G | Gy
Values (um) | 450 | 400 200 | 150 10 | 100

. . h (height L (length H (height
Dimensions of electrodes) | of substrate) | of substrate)
Values (um) 0.2 2000 450




86

h (Ti/Au) H (SI-GaAs)

Hy(Ti/Au) (p)

(d)

Figure 4.4: (a) Proposed Tai-Chi PCA made of two gold electrodes based on an SI-GaAs
substrate; (b) Side view and the height information of electrodes, contact fingers, and
substrate part of the proposed PCA; (c¢) Front view of the electrodes and the dimension
information; (d) Zoomed view of the contact fingers and the dimension information.

Figure 4.5: The comparison between the proposed Tai-Chi PCA and the traditional pat-
tern of the Tai-Chi totem
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The simulated dimensions of the contact fingers and MoS; monolayers are listed in Table
4.3. The thickness of monolayer MoS, is ~ 0.646 - 0.78 nm, therefore the patterned MoS,
monolayer flakes in the simulation are set to be 0.78 nm. The creation of MoS; in CST

follows Drude Model and has been discussed in previous section, the dielectric function

of MoS, is defined by Equation 4.3.

Table 4.3: Corresponding values of the contact fingers

Dime- By (finger | By (finger | Ly (length | Hy L, (MoS; | H, (MoS;

nsions upper lower of fingers) | (height of | side height)
base) base) fingers) length)

Values 0.2 0.2 1 0.05 0.1 0.00078

(1m)

Due to the inter-combined Tai-Chi structure, the plasmonic contact fingers, and the MoS,
monolayers, the laser absorption efficiency can enhanced, The electron oscillations that
are excited by the optical pump will significantly boost the E-field near the PCA gap,
leading to higher radiation performance. The simulation results will be discussed in the

next section.

4.4 Simulation Results and Discussion

4.4.1 Results and Comparisons of the MoS,-GaAs Tai-Chi PCA

The simulation results of the proposed MoS;-GaAs Tai-Chi PCA have been compared to
the reference PCA in Chapter 3, using a field probe positioned at the same distance from

the PCA gap. The farfield radiation pattern is shown in Figure 4.6.



88

Farfield Directivity Abs (Phi=0) Farfield Directivity Abs (Phi=90)

-

0

Phi=180 30 Phi=270

120

(a) (c)

Figure 4.6: The farfield radiation pattern of the proposed MoS,;-GaAs Tai-Chi PCA on
(a) E plane and (b) H plane. (c¢) 3D farfield radiation pattern of the MoS;-GaAs Tai-Chi
PCA.
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Figure 4.7: Comparison of the simulated radiation magnitude. The red line is the sim-
ulated radiation magnitude of the proposed MoS;-GaAs Tai-Chi PCA, and the orange
line represents the radiation magnitude of the reference PCA in Chapter 3. The detecting
probe is positioned at the same distance from PCA.
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Figure 4.8: Comparison of the simulated power spectrum. The red line is the simulated
power spectrum of the proposed MoS;-GaAs Tai-Chi PCA | and the orange line represents
the power spectrum of the reference PCA in Chapter 3. The detecting probe is positioned
at the same distance from PCA.

Figure 4.7 is the comparison of the radiation magnitude. The detecting probe is positioned
at 0.5 mm from the back side of both PCAs. It can be observed that the radiation of the
proposed Tai-Chi PCA outclasses the reference PCA. Moreover, the wide band from 0.3
to 1.7 THz is also a great advantage of the proposed Tai-Chi PCA, as the reference PCA
only shows good radiation between 1.1 and 1.3 THz. According to the -3 dB standard, the
proposed Tai-Chi PCA obtains stable performance within the frequency range of 1 - 1.5
THz. The Figure 4.8 is the comparison of the power spectrum of the two PCAs, and we
can come to the same conclusion that the performance of the Tai-Chi PCA exceeds the
reference PCA to a large extent. These comparisons indicate that the integration of the
MoS;-GaAs structure combined with the novel Tai-Chi electrodes and contact nanofingers

effectively enhance both the radiation intensity and the operational bandwidth.

To compare the optical-to-THz conversion enhancement from MoS; and contact fingers,
The radiation performance and E-field distribution of the proposed MoS,;-GaAs Tai-Chi
PCA have been compared to the non-MoS, simulation results and other published works.

Table 4.4 lists the radiation performance of the proposed Tai-Chi PCA and three other
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published PCAs. All data used in the table is the peak value in the corresponding re-
search. Their bandwidth, E-field strength and directivity varies due to different substrate
materials. By comparison, it can be noticed that the proposed work obtains a wide band

THz radiation, and the directivity is also higher.

Table 4.4: Values of radiation performance of the proposed MoS;-GaAs Tai-Chi PCA
compared to other published PCA designs

PCA design | Substrate Bandwidth | Directivity | 3dB Angu- | Side  lobe
(THz) (dBi) lar  width | level (dB)
(deg)
Proposed MoS,-GaAs | 1.4 21.3 26.0 -2.8
Tai-Chi
PCA
Ref [179] Graphene- | 0.7 13.74 45.9 -2.5
GaAs
Ref [38] LT-GaAs | 0.181 133 N/A 1.2
Ref (184 [T-GaAs | 7.03 7711 N/A N/A
Ref [185 Quartz 3 18.2 N/A N/A

Figure 4.9 (a), (b) and (c) compare the E-field distribution of the proposed Tai-Chi PCA
with MoS; and contact fingers, the Tai-Chi PCA with only contact fingers but no MoS,,
and the Tai-Chi PCA with plane antenna gap. It is obvious that the performance of these
three is ranked from high to low. This is because the MoS; and contact fingers both

increase the radiation power by improving the electric density at the PCA gap.
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Figure 4.9: Simulated E-field distribution in the proposed Tai-Chi PCA (a) with MoS; and
contact nanofingers; (b) with contact nanofingers but without MoSy; (c¢) without MoS,
or contact nanofingers.

By comparisons, a conclusion can be made that the proposed MoS,-GaAs Tai-Chi PCA

not only has broad bandwidth, but also obtains high radiation performance.
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4.4.2 Results of the Proposed PCA on Human Skin

A model of human skin has been created in CST to examine how they affect the PCA
ability to operate. The positioning of the model and the PCA is shown in Figure 4.10.
This human skin model is composed of two main layers, and there is a sub-layer combined
to the epidermis layer on the top (stratum corneum), as discussed in the previous section.
To fulfill the aims that detecting early-stage skin cancer in epidermis, a probe has been
placed at the junction of the epidermis layer and the dermis layer. Another field probe
is located at the bottom of dermis layer, evaluating the operation ability of the MoS;-
GaAs Tai-Chi PCA penetrating the human skin. We deliberately set the position of the
human skin model at a distance of 95 gm from the bottom of the Tai-Chi PCA. Thus, the
epidermis-dermis boundary is exactly 0.5 mm from the bottom of the PCA. This ensures
that the distance from the probe to the PCA back side is the same as that in the reference

PCA simulation.

L.

(a) (b)

Figure 4.10: (a) CST model of the proposed MoS;-GaAs Tai-Chi PCA on human skin; (b)
A transparent view of the Tai-Chi PCA with the developed human skin model positioned
at the back side.
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Figure 4.11 and 4.12 indicates the comparison between the radiation magnitude and E-
field density of the three scenarios: the operational performance of proposed PCA in
the air, at the epidermis-dermis boundary, and beneath the dermis. Regarding to these
figures, the radiation at both the epidermis layer and the dermis layer have been reduced
at different levels. The results show that the peak value of THz radiation detected at the
epidermis-dermis boundary is reduced by approximately 50% at 1 THz, while the THz
radiation detected at the end of the dermis layer is only 10% of the original intensity.
In time domain, the peak value of the E-field on the epidermis-dermis boundary and the
bottom of the dermis layer are also reduced to approximately 50% and 10% compared to

the data in air.

THz radiation of the PCA in air and human body
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Figure 4.11: The experimental THz radiation magnitude from the proposed MoS,-GaAs
Tai-Chi PCA. The red line is the radiation detected in air, the distance between probe
and the bottom of PCA is the same as the probe for epidermis. The orange line represents
the radiation detected at the epidermis-dermis boundary, and the blue line represents the
radiation detected at the bottom of the dermis layer.

These simulation results appear to have decreased significantly compared to the original
results. However, this does not mean that the proposed MoS,-GaAs Tai-Chi PCA cannot
be used for detecting skin cancer. Compared with the reference PCA in Chapter 3, the
THz waves emitted by the proposed Tai-Chi PCA still have considerable intensity at
these two positions. The comparison results are shown in Figure 4.13 and Figure 4.14.
It indicates that the proposed MoS,;-GaAs Tai-Chi PCA has a comparable performance

at the epidermis-dermis boundary. The bandwidth is still higher than the reference PCA
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Electric-field comparison of the MoS2-GaAs Tai-Chi PCA in epidermis, dermis, and air

500 T T T T T T T
—— Electric field in epidermis

’é‘ Electric field in dermis
“>- == E |ectric field in air
= I
2 0 U i I
L
©
o
L

-500 - .

| | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time (ns)

Figure 4.12: The experimental electric-field comparison. The red line is the E-field detected
in air, the distance between probe and the bottom of PCA is the same as the probe
for epidermis. The orange line represents the E-field detected at the epidermis-dermis
boundary, and the blue line represents the E-field detected at the bottom of the dermis

layer.

in Chapter 3. The peak E-field of the proposed PCA is also considerable compared to
that of the reference PCA in the air. In fact, the THz signals detected at the bottom of
the dermis layer can still be regarded as gaining a good performance due to its visible

intensity from Figure 4.11, 4.14 and 4.13.

By comparison, we expect the proposed MoS,;-GaAs Tai-Chi PCA to be able to work
at a distance of up to 1 mm inside human skin, even deeper. This region conatins the
epidermis layer and the dermis layer, where pigment cells lie. Since most of early-stage
skin cancers occur in the epidermis layer, the proposed Tai-Chi PCA should be highly

effective for detecting such skin cancers.
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Figure 4.13: The experimental THz radiation magnitude from the proposed MoS,-GaAs
Tai-Chi PCA compared to the reference PCA in Chapter 3. The red line is the radiation
detected from the reference PCA in air (the same data to Figure 4.7. The orange line
represents the radiation of Tai-Chi PCA that detected at the epidermis-dermis boundary,
and the blue line represents the radiation detected at the bottom of the dermis layer.
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Figure 4.14: The experimental electric field respect in time domain. The red line is the
E-field of the reference PCA radiates in air. The orange line represents the E-field of Tai-
Chi PCA that detected at the epidermis-dermis boundary, and the blue line represents
the E-field detected at the bottom of the dermis layer.
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4.5 Fabrication of the MoS,-GaAs Tai-Chi PCA

The proposed Tai-Chi PCA has been fabricated in James Watt Nanofabrication Centre
(JWNC) in University of Glasgow. The process of E-beam lithography, metalisation and
liftoff have been introduced in Chapter 3, and the deposition of MoS, monolayers is

introduced in this section. The silver conductive gel is used to connect the bias voltage to

the PCA.

4.5.1 Deposition of Monolayer MoS2 on SI-GaAs

In E-beam lithography process, the deposition of MoS; should be completed before spin-
ning PMMA. Figure 4.16 shows the new E-beam lithography steps with MoS, deposition.
As discussed in Chapter 2, patterned MoS; monolayers will be utilized in the PCA instead
of a complete monolayer that covers the whole substrate. To deposit small MoS, flakes,
MoS, crystal provided by Graphene Supermarket has been purchased, and monolayer
MoS; has been obtained from the bulk crystal using the tape exfoliation method. During
the deposition, the tape with MoS, monolayer needs to be perfectly attached to the GaAs
surface. The tape loses its stickiness when heated, therefore the sample with tape needs
to be placed on a hotplate for a few seconds. Once the tape changed color, the MoS,
has been successfully transferred onto the substrate surface. Figure 4.15 is a picture of
operating this process. The MoS; on the substrate is actually not a complete layer, but to
make the illustration clearer, the MoS; in Figure 4.16 has been painted in a crystal layer

form.



Figure 4.15: Using tapes to obtain MoS; monolayer from the bulk crystal
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The MoS; deposition needs to be completed before E-beam lithography so that only
the MoS, flakes at the PCA gap will be able to be exposed to the laser. The MoS,
flakes outside the PCA gap region is covered by the metal electrodes, which can prevent
unnecessary laser absorption that could interfere the PCA operation. Since the thickness
of the MoS, monolayer is extremely thin, even if there are flakes beneath the electrodes,
their effect on the THz emission can be ignored. The MoS, deposition along with the
E-beam lithography process can be shown in Figure 4.16.

— — ':J)

Clean GaAs wafer Deposit MoS2 monolayer Spin PMMA resist
E-beam lithography

exposure
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Liftoff Metal deposition Development _
s B @ N @
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Figure 4.16: Deposition of MoS; in PCA fabrication.

After depositing MoS; to the surface of SI-GaAs, the subsequent fabrication steps such as
E-beam lithography and metallisation and liftoff are proceeded in JWNC. The progress
of the PCA fabrication has been introduced in the previous chapter. Figure 4.17 shows
a clear zoomed-in microscope image, revealing the distribution of small monolayer MoS;
flakes on the PCA gap. The magnification of optical microscope is limited, thus the clearer

images from SEM will be presented in the next section.

4.5.2 Connecting bias to Tai-Chi PCA using silver conductive

gel

To apply bias voltage to the PCA, two biasing pads have been added to both electrodes
in the fabrication. Figure 4.18 is a picture of connecting the wires to the pads using silver

conductive gel.
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Figure 4.17: Microscope image of the Tai-Chi PCA with MoS; monolayer flakes on the
surface and within the PCA gap.

Figure 4.18: Connecting wires to the biasing pads of Tai-Chi PCA using silver conductive
gel.
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A successfully fabricated Tai-Chi PCA sample connected to BNC cable that provides bias

voltage, and the Tai-Chi PCA mounted on a holder connected to bias voltage, are shown

in Figure 4.19 and Figure 4.20.

Figure 4.19: A successfully fabricated Tai-Chi PCA has been connected to BNC cable for
applying bias voltage.

Figure 4.20: The mounted Tai-Chi PCA connected to bias voltage.

SEM figures of the fabricated Tai-Chi PCA and the contact fingers are shown in Figure
4.21.
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Figure 4.21: The fabricated Tai-Chi PCA under SEM. The contact nanofingers are suc-
cessfully fabricated at PCA gap, and the two lines extending out from the electrodes are
used for connection with the biasing pads.
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4.6 Tai-Chi PCA Measurement

In this section, a series of experiments have been accomplished, such as SEM observation
and Raman Spectroscopy on the substrate to detect the existence of MoS,, and surface

current measurement at the PCA gap.

4.6.1 Raman Spectroscopy and SEM of the MoS2-GaAs Tai-Chi
PCA

Raman spectroscopy and SEM have been employed to verify the MoS, transfer.

Figure 4.22 shows the Raman spectroscopy of the fabricated MoS;-GaAs Tai-Chi PCA.
The two peaks at approximately 386 and 406 cm ™! are E21 g and Ay, of MoS,, representing
in-plane vibrations and out-of-plane vibrations. The difference of these two modes can be
used as a reliable identification for monolayer MoS,, in which the shift between the two
peaks is commonly 18 - 20 cm~! [202]. In Figure 4.22, the distance between two peaks is
A= Ezlg —Ajg = 20cm~!. The lower peaks in Figure 4.22 at x ~ 292 and ~ 450 are GaAs
and 2LA(M) of MoS;.

Figure 4.23 shows the SEM diagram of the Tai-Chi PCA with MoS, within the PCA
gap. The deposited MoS; is clearly visible between the two electrodes, confirming that
the transfer process is fulfilled. Although there are MoS, flakes on the surrounding areas,
they will not influence the PCA performance because the laser beam with a proper spot
size will be focused within the gap, and the surface current measurement only evaluate

the current behaviour within PCA gap.
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Raman spectroscopy for the MoS2-GaAs Tai-Chi PCA
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Figure 4.22: The Raman spectroscopy of the MoS;-GaAs Tai-Chi PCA. The peaks at
x=382 and x=410 indicate that MoS, is successfully transferred to the PCA surface.
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Figure 4.23: MoS; monolayers within the PCA gap under SEM.
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Through Raman spectroscopy and SEM, it can be confirmed that patterned monolayer

MoS, flakes have been deposited to the PCA within the gap between electrodes as expec-
ted. The MoS,-GaAs Tai-Chi PCA is successfully fabricated.

4.6.2 Surface Current Measurement and Comparison

The surface current measurement at PCA gap has been proceeded with various bias
voltage in order to explore comprehensive characterization of the PCA performance. The
experimental setup has been introduced in the surface current measurement section in
Chapter 3. Firstly, the surface current under zero bias is tested and given in Table 4.5.
In this measurement, only the laser has been applied and no bias voltage was present.
Therefore, the surface current obtained was entirely dependent on the movement of car-
riers.

Table 4.5: Surface current detection at the Tai-Chi PCA gap with zero-bias

Laser  power | 5 10 15 20
(W)
Surface current | 1.56 4.48 5.45 7.39
of Tai-Chi
PCA  without
MoS; ([,LA)

Surface current | 2.01 6.70 10.81 18.30
of Tai-Chi
PCA with
MOSZ ([JA)

The laser employed in this experiment is from an Tsunami Ti:Sapphire Oscillator in Queen
Mary University of London. The surface current of Tai-Chi PCA without MoS, is 1.56,
4.48,5.45, and 7.39 g A under 5, 10, 15, and 20 mW laser. By contrast, the surface current
of Tai-Chi PCA with MoS; under 5-20 mW laser is 2.01, 6.70, 10.81, 18.30 A, respectively.
It can be observed that the small patterned MoS; monolayer flakes significantly enhances

the surface current within the antenna gap. This result indicates that the carrier activity
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in the GaAs substrate is improved by the presence of MoS,, which is consistent with the
research in Chapter 2 and can confirm the contribution that MoS,; monolayers enhance
the laser absorption, leading to a boosted PCA performance by improving optical-to-THz

conversion efficiency.

After applying bias voltage, significant changes in the surface current have been tracked
and recorded. Figure 4.24 shows the surface current of the MoS,-GaAs Tai-Chi PCA with

a laser power from 5 to 20 mW under a bias voltage between -25 V and 25 V.

«1073 Surface Current Detection of MoS2-GaAs Tai-Chi PCA

—Laser power = 5mW

——Laser power = 10mW
2r Laser power = 15mW
—Laser power = 20mW
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-30 -20 -10 0 10 20 30
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Figure 4.24: Surface current detection of MoS;-GaAs Tai-Chi PCA with laser power
between 5 and 20mW.

In Figure 4.25, it shows the comparison of the MoS,-GaAs structure and non-MoS, Tai-
Chi PCA with a laser power of 5 mW. The comparison of the MoS,;-GaAs structure
and non-MoS; Tai-Chi PCA with a laser power of 10 mW is illustrated in Figure 4.26.
Moreover, Figure 4.27 shows the comparison of the MoS;-GaAs structure and non-MoS;
Tai-Chi PCA with a laser power of 15 mW. The comparison between the two samples

with a 20 mW laser is shown in Figure 4.28.

In these figures, the blue lines represent the surface current detected at the antenna gap
of Tai-Chi PCA without MoS,, and the orange lines represent the surface current on a
Tai-Chi PCA with same electrodes and contact fingers but has a MoS;-GaAs substrate.

The bias voltage applied to the two PCAs are from -25 V to 25 V.
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Figure 4.25: Comparisons of Tai-Chi PCA with/without MoS; under 5mW laser power.
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Figure 4.26: Comparisons of Tai-Chi PCA with/without MoS, under 10mW laser power.
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Figure 4.27: Comparisons of Tai-Chi PCA with/without MoS, under 15mW laser power.
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Figure 4.28: Comparisons of Tai-Chi PCA with/without MoS, under 20mW laser power.

These figures provide an obvious contrast of the surface current trend. Under different laser
excitation, the MoS2-GaAs Tai-Chi PCA exhibits a larger surface current than the Tai-
Chi PCA without MoS2, and the enhancement effect of the surface current becomes larger
with the increase of the bias voltage. It has been detected that under 25 V bias voltage, the
surface current at the gap of MoS;-GaAs sample is 0.90 mA, 1.85 mA, 2.56 mA, and 3.25
mA, while the data of non-MoS, sample is 0.29 mA, 0.75 mA, 1.07 mA, and 1.37 mA. The
laser power applied to these data is 5, 10, 15, 20 mW, respectively. Apart from the presence
or absence of MoS,, the two samples in the experiment are exactly the same. Both PCA
samples have the same nanofingers and the same Tai-Chi electrodes, and the size and
thickness of the SI-GaAs substrates are also the same. Through the experimental results,
the enhancement of the surface current by MoS, has been successfully demonstrated. This
confirms that the incorporation of MoS, has a significant positive effect on improving the

performance of THz PCA.

Unfortunately, if we aim to obtain proper THz radiation, the size of the laser beam
must not exceed the antenna gap. Otherwise, the detected THz radiation will be largely
interfered with by noise, because the laser beam will cover non-gap area and cause un-
wanted radiation. In the progress of this PhD study, a suitable laser with 5 um beam
spot size has not yet been accessed, thus The THz radiation signals obtained from the

MoS;-GaAs based Tai-Chi PCA are chaotic. In future research, we plan to design and
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fabricate an appropriate antenna mount with a lid that can cover the front side of PCA,
leaving a 5 um aperture precisely aligned with the PCA gap. This will ensure that only
a b um wide laser beam can pass through the lid and be focused at the antenna gap.

Using this method, we can detect the proper THz signals from the proposed MoS,-GaAs
Tai-Chi PCA.

4.7 Summary

A Tai-Chi PCA based on MoS;-GaAs and contact nanofingers is presented, simulated,
fabricated and tested in this chapter. MoS;-GaAs structure and plasmonic contact nan-
ofingers enhance the optical-to-THz conversion efficiency, resulting in a high performance
by the proposed work. Simulation results of the proposed PCA show that THz radiation
power has been increased compared to reference PCA. The simulation on human skin
shows that the PCA performs well at a depth of ~ 0.4 - 1 mm from the human skin sur-
face, indicating a good prospective of this design on skin cancer detection applications.
The fabrication of the proposed PCA is completed in JWNC in the University of Glasgow,
and corresponding measurements have been proceeded in Queen Mary University of Lon-
don. Raman spectroscopy and SEM have been used in verifying the successful fabrication
MoS,-GaAs structure. Surface current measurement at the PCA gap shows that a higher
current is achieved by the MoS;-GaAs Tai-Chi PCA compared to the same PCA without
MoS,. It can be summarized that MoS; has enabled a promising direction on enhance-
ment of THz PCA performance, putting itself as a valuable material in the research of
optical-RF/MW antenna engineering. Moreover, we believe that this MoS,-GaAs based
Tai-Chi PCA can be regarded as a potential candidate for the future cancer detection

and relative medical diagnoses conducted in the epidermis layer and the dermis layer.



Chapter 5

Large-Area Interdigitated PCA
Design for Ultra-Wideband THz

Emission

This chapter introduces a large-area THz PCA. Simulations and fabrication for this PCA
has been conducted, and the PCA measurement has been proceeded using THz-TDS.
Different the PCA designs in Chapter 4, this large-area THz PCA utilizes higher laser

power pulse and larger laser beam spot to enhance the intensity of THz radiation.

5.1 Design of Large-Area Interdigitated PCA

Back to Chapter 2, Equation 2.1 determines the relationship between fluence, PCA gap
area, and the incident laser power. For conventional PCAs with a gap of 5 - 10 um, the
laser power is too high, the fluence can exceed the limit (normally hundreds of uJ/cm?),
resulting in a risk of damaging the PCA electrodes. Interdigitated PCAs extend the con-
ventional PCA concept by spreading the PCA gap into numerous finger pairs and enable
a much more powerful laser to excite the device on a larger area. Hence, the larger illu-

minated area provides the necessary condition for high laser beam spot size on the gap
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area. While maintaining the fluence at a level that would not cause overheat of the PCA,
higher laser power and larger excitation area allow the antenna to generate a increased

photocurrent. Based on this, two large-area interdigitated PCAs are designed, fabricated

and tested in this PhD study.

5.1.1 100 um Interdigitated PCA Excited by Oscillator Laser

In order to verify the effect of large-area PCA on the enhancement of THz radiation, an
interdigitated PCA using the same materials as the reference PCA has been designed in
this section, and the gap between each parallel microstrips (sub-electrodes) is the same as
the gap size of the reference PCA, which is 5 um. The effective excitation length of each
parallel microstrip is 100 um, as shown in Figure 5.1. To distinguish this PCA design
from another large-area PCA proposed in the next section, this PCA is referred to as
the 100 um interdigitated PCA. The excitation area size of the 100 um interdigitated
PCA fits the laser spot size of the THz laboratory at Queen Mary University of London.
Therefore, this PCA is tested in QMUL. The fabrication and measurement of the 100
um interdigitated PCA will be presented in the following sections. The dimensions of the
electrodes have been illustrated in Figure 5.1, and the corresponding substrate is a 2 cm

*2 cm * 450 um SI-GaAs chip.

5.1.2 Simulation Results of the 100 um Interdigitated PCA

The simulation results of the interdigitated PCA is compared to the reference PCA men-
tioned in Chapter 3. In order to verify that the difference of the THz radiation performance
between these two PCAs merely stems from the change in electrodes, the thickness and
material of the substrate, as well as the thickness and material of the electrodes, remain

unchanged in both simulation.
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Figure 5.1: (a) Overall view and (b) Front view of the interdigitated PCA. (c¢) The di-
mensions of the sub-electrodes.

THz magnitude of the reference PCA and the interdigitated PCA

T N ~——reference PCA
- interdigitated PCA

o
co
T
I

Normalized THz magnitude
o
»

0.4 _
0.2 1
0 1 I 1
0 1 2 3 4 5
Frequency (THz)

Figure 5.2: Magnitude of the radiated signal from the reference PCA (orange) and the
interdigitated PCA (red).
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Figure 5.2 shows the THz radiation magnitude of the interdigitated PCA and the reference
PCA. It can be seen that the interdigitated electrodes have significantly enhanced the
intensity of THz radiation. Furthermore, it can be observed that the bandwidth of the
generated THz radiation has also increased. The frequency range of the reference PCA
is between 1.1 - 1.4 THz, while the interdigitated electrodes have shown high radiation

performance in the 1 - 4 THz frequency range.

Farfield Drrectivity Abs (Phi=0) Farfield Drectivity Abs (Phi=90)

Phi=180 Phi= 90 Phi=270
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180 180
s [rterdigitated PCA — | nterdigtated PCA
R eference PCA — Reforence PCA
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Figure 5.3: Comparison between the directivity of the reference PCA and the interdigit-
ated PCA on (a) E plane and (b) H plane.

Figure 5.3 is the comparison figure of the farfield radiation pattern of the interdigitated
PCA and the reference PCA. On E plane, the directivity of the interdigitated PCA is 6.42
dBi. On H plane, the 6.42 dBi data is the same. The angular width (3 dB) data on E and
H plane is 35.7° and 60.6°, while the side lobe level is -0.6 dB. Compared to the results
of the reference PCA (2.04 dBi on E plane and 1.08 dBi on H plane), the directivity is

also increased to a large extent.
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The E-field distribition is shown in Figure 5.4. It can be observed that the electric field is
evenly distributed among the various sub-electrodes and radiates out from the back of the
PCA. Due to the difference in PCA size, the E-field distribution figure is not compared

with that of the reference PCA.

Au electrodes

Figure 5.4: E-field distribution of the interdigitated PCA.

The simulation results show that by increasing the size of electrodes, the THz radiation of
PCA can be enhanced, thereby improving the antenna performance. Another advantage
of this method is that it is simple in theory and convenient in fabrication. Therefore, it
has been selected as one of the methods for improving PCA performance in this PhD

research.

5.2 2 mm Interdigitated PCA Excited by Amplifier

Laser

In the literature review of this thesis, two types of excitation sources for THz PCAs are
mentioned, which are amplifier laser and oscillator laser. Since the gap size of most PCAs
is 5 - 50 um, the amplifier laser is not applicable because it provides an excessive fluence
which could easily damage the small electrodes. Therefore, all the PCAs mentioned in

the previous chapters are applicable to oscillator excitation. However, in order to further
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enhance THz radiation, a large-area PCA that can be excited by an amplifier laser has
been proposed in this PhD research. Since the effective excitation length of each parallel
microstrip is 2 mm, this PCA will be referred to as 2 mm interdigitated PCA. Figure 5.5
shows the overall view of the proposed 2 mm interdigitated PCA and the corresponding

dimensions of the sub-electrodes.

I i:5um

—
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|

L

2mm

Figure 5.5: Overall view of the 2 mm interdigitated PCA and the dimensions of the sub-
electrodes.

The simulation and fabrication of the 2 mm interdigitated PCA have been presented in the
following sections, while not yet been tested by the time of the completion of this thesis,
because the measurement of such a large PCA requires a high-power amplifier laser to
excite. The measurement of the 2 mm interdigitated PCA is expected to be conducted
at the University of Manchester using the 1 kHz amplifier laser system with a beam spot

size of 3 mm.
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5.3 Interdigitated PCA Fabrication

The fabrication of the 100 um and 2 mm interdigitated PCAs are proceeded in JWNC in
the University of Glasgow. Figure 5.6 shows the fabricated 100 um interdigitated PCA
under microscope. The two side strips is designed for connecting the PCA electrodes to
bias voltage using silver conductive gel and wires. The silver conductive gel method has

been introduced in previous chapters.

Figure 5.6: The 100 um interdigitated PCA under microscope.

E-beam lithography process has been illustrated in Figure 3.11. 10/200 nm Ti/Au elec-
trodes are deposited onto the SI-GaAs using Evap7 tool in JWNC. SEM pictures of the
100 um interdigitated PCA is shown in Figure 5.7.

The fabricated 2 mm interdigitated PCA is shown in Figure 5.8 and Figure 5.9.
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Figure 5.7: SEM pictures of the 100 um interdigitated PCA.

Figure 5.8: The 2 mm interdigitated PCA under microscope.



116

10KV 10, Amm w10 LM{UL)

Figure 5.9: SEM pictures of the 2 mm interdigitated PCA
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5.4 Measurement of the 100 um Interdigitated PCA

The measurement of the 100 um interdigitated PCA is completed in the THz-TDS system
in QMUL. A schematic diagram of the measurement system is shown in Figure 5.10. The

principle of the PCA measurement using a TDS has been introduced in Chapter 2.
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Figure 5.10: A schematic diagram of the THz-TDS system measuring the THz radiation
emission from a photoemitter.

The 100 pum interdigitated PCA has been tested in QMUL using a 80 MHz, 200 mW
oscillator laser beam. The beam spot size is adjusted to ~ 100 um to illuminate the
entire active area of the PCA. The bias voltage applied to the PCA is 30 V. The radiated
THz signal is detected by a ZnTe receiver. The radiated THz signal in time domain and
the power spectrum are shown in Figure 5.11 (a) and (b). From the power spectrum figure,
it can be observed that it is not until 3 THz that significant attenuation of the radiated
THz signal occurs. After 4.2 THz, the radiation power shows a certain increase. Since the
results of the ZnTe receiver in THz-TDS system are not accurate in the frequency bands
over 3 THz [160], it cannot be regarded that the proposed 100 um interdigitated PCA
still generates efficient THz radiation after 4.2 THz. However, the operational frequency
band of this antenna can cover 0.2 - 3 THz. Therefore, it can be concluded that the design

of this 100 pm interdigitated PCA for ultra-wideband THz emission is successful.
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THz Radiation Power Spectrum
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Figure 5.11: (a)Normalized radiated electric field in the time domain and (b)Radiated
power spectrum in the frequency domain for the 100 um interdigitated PCA. The laser
pulse power is 200 mW and the bias voltage applied to the proposed PCA is 30 V.

The fluence under 200 mW oscillator laser can be calculated by Equation 2.1, which is 31.8
pJ/cm?. This fluence value has not reached the maximum value that an interdigitated
PCA operates. Since the maximum power that the laser in the experimental system can
achieve is 200 mW, it can be regarded that the proposed 100 um interdigitated PCA can

provide higher performance when stimulated by higher-power optical excitation.

In order to study the radiation performance of the proposed 100 um interdigitated PCA,
the measurement results of a large-aperture PCA with a PCA gap of 100 um has been
used for comparison. This large-aperture PCA provided by THz lab in QMUL is based on
LT-GaAs substrate. Under the same laser and the same 30 V bias voltage, the contrast
diagram of the radiated E-field (time domain) and the power spectrum (frequency domain)

are shown in Figure 5.12 and Figure 5.13, respectively.

From the figures, it can be comcluded that the proposed 100 um interdigitated PCA has
similar THz radiation magnitude. The reference large-aperture PCA is based on LT-GaAs,
and it is mounted on a specific designed PCA holder which provides more precise beam
alignment. Also, the electrodes of the reference large-paerture PCA are connected to the

bias voltage source through a more precise PCB circuit based on Au, the resistance from
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Figure 5.12: Normalized radiated electric field in the time domain of the 100 um in-
terdigitated PCA and the large-aperture PCA provided by QMUL. The red line is the
proposed 100 um interdigitated PCA, and the orange line is the reference large-aperture
PCA. Both data are measured under same laser and bias voltage.

THz Radiation Power Spectrum

("W
W,

=

—
=

—l
Gl
M

=
=

s 1 00U iPCA
Reference PCA

Normalized Radiation Power

&

-
=

-

-

2 3 4
Frequency (THz)

Figure 5.13: Radiated power spectrum in the frequency domain of the 100 um interdigit-
ated PCA and the large-aperture PCA provided by QMUL. The red line is the proposed
100 um interdigitated PCA, and the orange line is the reference large-aperture PCA.
Both data are measured under same laser and bias voltage.
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the voltage source to the antenna electrodes is much smaller than that of our proposed
100 um interdigitated PCA. Given that the proposed 100 pum interdigitated PCA still
demonstrates similar performance under these objective conditions, it can be inferred that

the performance of this proposed PCA is higher than the reference large-aperture PCA.

Due to time constraints, the additional tests that are originally planned for the two
large-area interdigitated PCAs have not yet been completed. For example, the 2 mm
interdigitated PCA requires to be measured using an amplifier laser excitation. These

measurements will be carried out as future work.

5.5 Summary

In this chapter, the enhancement of PCA THz radiation using large-area electrodes have
been fulfilled. The large-area interdigitated electrodes effectively expand the optical ex-
citation area, allowing higher optical power to be applied. This structure enables stronger
photocarrier generation hence improving THz radiation. A 100 um interdigitated PCA
and a 2 mm interdigitated PCA are presented and fabricated, and the experimental results
of the former PCA is provided. The fabricated 100 um interdigitated PCA is tested using
80 MHz oscillator optical pump with a 100 gm beam spot size and 200 mW optical power.
The measurement results show a ultra-wideband operational frequency from 0.2 to 3 THz.
This wide operational frequency range is considerable compared to reported conventional
PCAs in different research. Due to the limited optical pumping power of the experimental
device, the expected THz radiation of the proposed large-area interdigitated PCA will be
further enhanced with higher-power laser compared to the measurement results provided
in this chapter. A reference large-aperture PCA provided by QMUL lab has been meas-
ured as a comparison, and the analysis shows that the proposed 100 um interdigitated

PCA is expected to achieve higher performance under the same mounting conditions. The
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outcome of this chapter not only demonstrates the significant improvement in PCA per-
formance by large-are electrodes, but also contributes a ultra-wideband THz photoemitter
to future THz technologies. The proposed large-area interdigitated PCA can serve as a

potential THz emission source, providing a reference for future THz applications.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

This PhD research aims to enhance the performance of THz PCA through structural
and material innovations, and design, fabricate and test the proposed high-performance
THz PCAs, thereby contributing to the advancement of THz PCA research and support
future applications such as THz imaging and cancer detection. By integrating theoretical
analysis, numerical simulation, and experimental fabrication, the work presented in this
thesis provides a comprehensive exploration of multiple strategies for optimizing THz

emission.

The research begins with a literature review of state-of-the-art PCA enhancement meth-
ods, including the introduction of novel materials, nano structures, large-area electrodes,
and photonic structures. These theoretical investigations establish a solid foundation for
subsequent experimental design, revealing the enhancement of optical-to-THz conversion
efficiency and carrier generation within PCA gap. Building upon these research, several
THz PCA designs have been developed and simulated. By analysis, advantages and chal-

lenges of each method are provided, among which MoS,, plasmonic contact nanofingers,
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large-area electrodes, and Si hyper hemispherical lens are selected and integrated into the
proposed PCA structures. As a material rarely discussed in the field of PCAs, GQD is also
applied in one of the proposed PCA designs in this PhD research, providing a valuable

experimental case for future related studies.

In Chapter 3, A THz spiral PCA has been proposed and analyzed. Targeting on THz
imaging for security inspection, this PCA is designed to work on a frequency range of 0.1
- 3 THz, and the peak performance is at 2.05 - 2.24 THz. The fabrication of this spiral
PCA has been successfully proceeded in JWNC using E-beam lithograpy. SEM imaging
confirms the high fabrication precision of these nanoscale features. GQD is employed to
this spiral PCA design, and surface current measurement verifies that the photocurrent
is enhanced by GQD. This experimental result is unprecedented in GQD-PCA research.
Although the actual THz radiation has not been measured due to equipment limitations,
this result demonstrates that GQD can increase the photocurrent within PCA gap, which
is consistent with theoretical studies suggesting that GQDs can enhance carrier density.
This outcome provides valuable experimental results, hence contributing to the develop-

ment of GQD in the field of THz PCAs and related THz technologies.

In Chapter 4, A PCA based on novel geometric structure Tai-Chi has been proposed, and
patterned monolayer MoS; flakes are utilized to enhance the optical-to-THz conversion
efficiency. Aiming at detecting early-stage skin cancer that normally locate in epidermis,
the Tai-Chi PCA is designed to have high radiation directivity, enabling it to precisely
detect the potential tumour within epidermis tissues. The simulation results show that
this design has good performance on the frequency range of 0.3 - 1.7 THz, and MoS2
successfully enhances the laser absorption at the PCA gap, thereby boosting the THz
radiation. Furthermore, the simulation on a human skin model in CST indicates the PCA
performs well at a depth of =~ 0.4 - 1 mm from the human skin surface, showing a good
prospective on skin cancer detection applications. The successful fabrication of the MoS,-

GaAs Tai-Chi PCA has been verified by Raman Spectroscopy and SEM. This Tai-Chi
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PCA serves as a potential THz emitter for human skin cancer detection applications. Not
only opening up the possibilities in medical diagnostics, this research also confirms the
enhancement of THz PCAs by utilizing patterned MoS; monolayer, providing valuable

and reliable insights for further studies in this field.

In Chapter 5, two large-area interdigitated PCAs are demonstrated. The results and
analysis show that by expanding the optical excitation region, the PCA is capable to use
high-power excitation, leading to stronger THz emission. The two large-area interdigitated
PCAs are fabricated, and one of them has been tested. The experimental results highlight
the advantages of using a large-area electrode structure to enhance emission. Moreover,
the proposed ultra-wideband PCA emitter offers researchers in PCA field a reliable and

promising direction.

Overall, this PhD research has advanced the understanding and development of high-
performance THz PCAs through innovative structural design and material integration,
and precise nano fabrication progress. The outcomes of this work not only enrich the
theoretical research of THz technology but also provide valuable guidance for the design

of next-generation THz sources in imaging, sensing, and medical applications.

6.2 Future Work

Future research will focus on further optimizing and experimentally validating of the
performance of proposed PCAs in this PhD study. The next stage will include structural
refinement and optimization of the MoS,-based PCA, as well as completing measurements
of its THz emission performance. Two measurement approaches are planned. The first
approach is using a THz-TDS system equipped with 5 um laser source. Inside-microscope

is required in such THz-TDS system to ensure precise alignment of the laser spot and
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the PCA gap. The second approach is to fabricate a PCA mount with a shielding lid
containing a 5 um aperture. In this setup, the PCA will be installed inside the mount,
and the aperture will be positioned directly above the PCA gap, allowing 5 um laser spot
to pass through and excite the gap region. This design would enable the use of a larger

laser beam while preserving excitation precision.

Further investigations will also explore the influence of GQD in enhancing THz emission
of PCA, using the same experimental setup and measurement methods described above

to evaluate the THz radiation output from more GQD-based PCA designs.

In addition, experiments will be conducted using an amplified laser source to measure the
2 mm interdigitated PCA, aiming to study the combined effect of large-area electrodes and
high-power laser excitation on THz emission performance. These efforts will contribute
to a deeper understanding of how geometric structure and optical power influence PCA
radiation performance, and will provide practical insights for the design of next-generation

high-power THz emitters.
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