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Abstract

The development of a compact, tunable, room-temperature operating THz
source remains one of the key unsolved tasks in the scientific community
to unlock the numerous advantages and applications of THz radiation in
spectroscopy, communication, sensing, and imaging among others. Pulsed
terahertz systems requires femtosecond optical pumping from mainly bulky
lasers, while earlier approaches of continuous-wave(CW) THz generation in-
volved using pumped gas lasers which were very bulky and barely tunable.
However, more recent sources of CW THz mostly use Quantum Cascade
lasers (QCL) and Photoconductive antennas (PCA); The QCL suffers from
cryogenic operating conditions and production complexity that keeps it out
of commercial reach while conventional Photoconductive antennas are mainly
limited by low optical-terahertz conversion efficiency.
The use of quantum dots (QD) in PCA substrate material for THz generation
has been implemented by research in this thesis to achieve both pulsed and
continuous wave terahertz radiation, to provide access to optical pumping
from compact semiconductor lasers and more importantly to reduce the car-
rier lifetime in PCAs to enable more efficient and optimised photoconductive
antenna for THz generation.
This research has demonstrated a tunable continuous-wave Quantum Dot
external cavity laser emitting at two frequencies as an optical pump for con-
tinuous wave terahertz generation. The external cavity QD Laser has been
characterised with tunability of 152nm and a tuning range from 1143nm-
1295nm that lies within the THz difference frequency for the generation of
THz radiation from PCAs.
This research work also presents the enhancement of THz PCA’s power out-
put with Quantum dots at pump powers and operating conditions that are
analogous to that of semiconductor lasers for a compact THz system. The
generation of pulsed THz radiation from the designed quantum dot pho-
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toconductive antennas (PCAs) pumped at 800nm and 700nm and optical
pump power of 1mW-10mW with an applied bias voltage of 2V-20V has
been recorded and presented in chapter 4.
This PhD project investigates the output and characteristics of the generated
THz from the QD PCAs alongside a comparison with a commercial antenna
from Teravil with low-temperature grown GaAs substrate. The QD PCAs
outputs significantly higher THz power than the commercial PCA at low
pump powers that are representative of semiconductor lasers. This provides
a significant step towards the realisation of an efficient compact THz system.
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Nomenclature

THz - Terahertz
GHz - Gigahertz
mm - millimetre
µm - micrometre
nm - nanometre
TD - Time-domain
TDS - Time-domain spectroscopy
PCA - Photoconductive Antennas
QD - Quantum Dot
QW - Quantum well
QCL - Quantum Cascade Laser
RTD - Resonant tunneling diode
CW - Continuous wave
EC - External cavity
ECDL - External cavity diode laser
DG - Diffraction gratings
LO - Longitudinal-optical
LTG - Low temperature grown
MBE - Molecular beam epitaxy
SI - Semi-insulating
TEC - Thermoelectric cooler
APE - Angewandte Physik & Elektronik GmbH
LD - Laser diode
GaAs - Gallium Arsenide
NH3 - Ammonia
CH3F - Fluoromethane
CH3F2 - Difluoromethane
CH3OH - Methanol
CH3I - Iodomethane
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LiNBO3 - Lithium niobium trioxide or Lithium niobate
RD - Radiation damaged
InAs - Indium Arsenide
IV - Current-Voltage
SNR - Signal to noise ratio
QD Bt1 - Quantum dot bow-tie antenna 1
QD Bt1 - Quantum dot bow-tie antenna 2
QD id - Quantum dot antenna with interdigitated electrodes
QD Pl - Quantum dot antenna with plasmonic gratings
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Chapter 1

1.1 Introduction

The motivation behind this PhD research project is to facilitate the realisa-
tion of compact and efficient THz devices for biomedical applications. The
non-ionising, non-invasive feature of THz diagnostic technology makes it a
strong candidate for a safe medical imaging system. THz imaging devices
can pave the way towards early cancer detection due to the increase in water
content in cancerous cells and the strong absorption of THz waves by water.
However, electromagnetic waves at THz frequencies have long had a bottle-
neck in efficient generation and detection, which led to the term THz gap,
high band-gap energy in optical based sources and high parasitic losses in
electronic sources means techniques such as up-conversion from electronic
sources or downconversion from optical sources need to be implemented in
order to generate THz. This research focuses on the use of Quantum dots to
optimise the optical to THz efficiency in PCAs and also the use of QDs as
active region for laser diodes as optical pump sources for THz generation.

Thesis overview

This thesis starts with an introduction and overview of the fundamental lit-
erature underpinning THz science and technology in chapter 1. This chapter
looks at THz generation methods, detection methods and application.

Chapter 2 starts by establishing the usage of photoconductive antenna as the
method of choice towards realising a compact, tunable and efficient terahertz
source. It identifies the optical to THz conversion efficiency of the PCA as
the main drawback with this technology. Furthermore, it establishes the use
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of Quantum dot devices in Photoconductive antenna substrates to optimize
the optical to THz efficiency of PCAs and also to pave the way for bandgaps
that will allow using pump sources such as fiber lasers and semiconductor
lasers.

In Chapter 3, continuous wave THz system is presented with the potential
for realising compact THz sources due to the lack of requirement of fem-
tosecond laser sources that are bulky and mostly require liquid cooling. A
quantum dot dual wavelength laser diode was designed and characterised at
THz difference frequencies for integration in a THz CW system.

Chapter 4 deals with the testing and comparison of the designed quantum
dot antennas with a commercial Teravil antenna. Coherent and incoherent
terahertz detection techniques were used by the aid of a PCA and a Golay
cell respectively to obtain the amplitude and phase of the generated THz
radiation as well as the intensity.

Finally, the thesis culminates with a conclusion of the undertaken research
project and a future outlook for the advancement of this research.

1.2 Introduction to Terahertz

Terahertz (THz) refers to the region in the electromagnetic spectrum that is
defined from around 300GHz – 10THz in frequency, 1mm - 30µm in wave-
length, 9.9cm-1 - 330cm-1 in wave number and 1.24meV - 41.4meV in photon
energy. It lies between the microwave and optical infrared frequencies, which
gives it properties that make the generation of coherent and high-power THz
radiation more difficult than its surrounding frequencies. The position of
terahertz on the Electromagnetic spectrum is shown in Fig 1.1 below as the
purported THz gap [7]. Based on classical electrodynamics, the terahertz re-
gion is the highest frequency where emission of electromagnetic radiations can
be achieved using an electric dipole. This has made it challenging to realise
high frequency antennas, especially at terahertz frequencies, which is because
common architectures used at microwave frequencies present extremely high
losses at high frequencies due to the strong dielectric absorption. However,
recent research from both sides of the spectrum surrounding terahertz has
seen microwave technologies and optical technologies shrink what has been
referred to as the ‘’Terahertz gap”; but THz technologies still face some
serious limitations that will be highlighted in this report [7]. Terahertz radi-
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Figure 1.1: The THz frequency regime on the electromagnetic spectrum [7]

ation has a wide range of applications from security sensing to high data-rate
short-range communication, to seeing through layers of artwork. Moreover,
its characteristic reactions with molecules and low photon energy have given
it a lot of potential in biomedical applications. These applications are still
limited due to the lack of enablement by robust and practically usable ter-
ahertz devices. A fundamental breakthrough in terahertz technology is in
the realisation of an ultra-compact high power room temperature operable
THz source [8][9]. It remains one of the least developed spectral regions,
although there has been a surge of activity in the past decade; immensely
desired for many applications is a compact, coherent, continuous wave (cw)
solid-state source, analogous to the semiconductor laser diode in the visible
and infrared, or to transistor oscillators and amplifiers in the microwave[7].

1.3 Terahertz Generation Methods

In the last few decades, numerous works and research in the terahertz field
has led to advances in terahertz generation methods using both optical and
electronic sources. This section will focus on the methods of generation of
terahertz and give a particular emphasis to why the method of choice for
this research was chosen to be the use of Photoconductive antennas. Elec-
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tronic solid sources that are based on semiconductors such as oscillators
and amplifiers exhibit high frequency roll-off resulting from reactive para-
sitics or transit times as shown in Fig 1.2 below, another drawback in these
sources is the simple resistive losses that dominates the device impedance at
higher frequencies such as in the terahertz range of frequencies [8, 7]. Op-
tical sources require operation in a level that is so low at meV range that
they are comparable to that of the lattice phonons i.e. the relaxation energy
in the crystal; this necessitates the use of cryogenic cooling to overcome this
problem. Tube sources face physical scaling problems, metallic losses, as well
as the need for both extremely high electric and magnetic fields. The main
successful approaches of generating THz radiation are frequency up conver-
sion from millimetre wavelengths and frequency down conversion from the
optical wavelengths[10].

Figure 1.2: Terahertz Generation methods power vs frequency plot [11]
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1.4 Terahertz sources

This research will review optical and electronic methods of terahertz gener-
ation particularly using Quantum Cascade lasers and Photoconductive An-
tennas as these are the most widely used methods and propose a terahertz
generation method using Quantum dot Photoconductive Antennas pumped
by a Quantum dot laser. Table 1.1 summarises the power output, frequency
and temperature operating conditions of the THz sources discussed in section
1.4.

1.4.1 Electron Beam Sources

Free Electron Lasers (FELs), Gyrotrons, Backward wave oscillator (BWO)
are terahertz sources based on electron beam that generate relatively high
power signals. Energy transfer occurs between the electron beam and the
electromagnetic wave from the interaction of a high energy electron beam
with a strong magnetic field inside resonant cavities or waveguides.

Free Electron Laser:

The FEL as opposed to a conventional laser produces coherent radiation from
a beam of free electrons rather than electrons bounded to atoms or molecules.
For an FEL THz source, pulses of electrons are generated by an injector, then
accelerated inside an RF accelerator to relativistic velocities[8].The electron
bunch pulses are then injected into the undulator following the accelerator.
The undulator or wiggler is a series of magnets that produces a magnetic
field that is transverse to the direction of a relativistic beam.The electron
bunch is forced into a ’wiggling’ motion that causes the electrons to radiate
independently [17]. The radiation wavelength for the FEL is determined
by the wiggler period, magnetic field strength and the electron beam energy.
The FEL operates in pulse mode and provide wide tenability and high-power,
however, the requirement for electron accelerators makes it not feasible for
standard laboratory usage[18].

Gyrotrons:

As early as the 1970s and 1980, Gyrotrons have been used to generate waves
at 0.33 – 0.65 THz. Gyrotrons are powerful sources of coherent radiation
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Table 1.1: Terahertz sources and reported power outputs [1, 2]

Source Technology THz Temperature
condition

THz Out-
put Power

Ref

BWO Vacuum elec-
tronic

0.65 Room 50mW [12]

0.1 Room 1.56 mW
0.2 Room 10 kW

Free elec-
tron lasers

Vacuum elec-
tronic

0.1–4.8 Room 5 kW [13]

1.28–2.73 Room 20 W
Frequency
multiplica-
tion devices

Solid state elec-
tronic

0.7–1.1 Room 0.625 mW [2]

0.1–0.17 Room 16 mW
Quantum
cascade
Lasers

Lasers 4.4 8 K 2mW(peak) [14]

4.4 10 K 0.02mW
(average)

[15]

THz Photo-
conductive
Antennas

Photoconductive
switching

0.05THz-
6THz

Room 1 µW at
10mW op-
tical pump
power

[16]

Photomixing
CW

0.25–2.4
THz tun-
able

Room 100 µW at
1THz and
100mW
Optical
pump
power

[1]

in both pulsed and continuous wave regime. Gyrotron works based on the
phenomena of Electron Cyclotron Resonance Maser ECRM instability, it
employs a cathode emitting electron beam that enters into a cross electric
and magnetic field, the electrons gyrate in the longitudinal magnetic field at
their cyclotron resonance frequency, radiate then interact with the EM field
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in the cavity. The frequency of the emitted radiation is determined by the
magnetic field strength, in the case of THz frequencies, the strong magnetic
field is needed or by using the harmonics of the fundamental frequency to
obtain some THz power[19][20].

Backward wave oscillator:

The BWO is used to produce tuneable terahertz radiation by the utilisation of
electrons and an applied DC voltage to transfer energy to an electromagnetic
wave. The alteration of the DC voltage across the system alters the velocity
of the electrons and hence determining the frequency of the electromagnetic
wave, which allows for tuning over a range of frequencies. BWO have a
limited spectral range over the terahertz frequencies, which means multiple
BWOs are required for covering the THz range[7][21]. As can be seen Fig
1.3, the BWO operates by the extraction of energy from a bunched electron
beam to a high frequency RF electric field, the drift velocity of the electrons
has to be slightly higher than the phase velocity of the electromagnetic field
for an effective energy transfer. Electrons emitted from a heated cathode at

Figure 1.3: A schematic of a THz Backward wave oscillator [8]

one end of a vacuum tube are collimated by a magnetic field and accelerated
towards an anode at the other end of the vacuum tube. A periodic structure
is designed such that one component of the E-field, a backward-travelling
wave, has the required phase velocity from the electrons. A waveguide is
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utilised to couple out the amplified THz wave. BWOs are mostly used at
frequencies below 1THz. Operating Frequencies ranging from 0.03 - 1THz
and output power of up to 100mW below 200 GHz with 1mW power at 1THz
have been reported [22] .

1.4.2 Up conversion

A successful technique of generating THz radiation is up-conversion of high
frequency microwave signals from electronic sources to THz radiation. This
is achieved via nonlinear reactive of lower frequency oscillators [10], as will
be described in further details in section 1.4.3 below.

1.4.3 Frequency Multiplication:

This is based on the use of non-linear devices that generate harmonics of
an input signal and suppress undesired ones. An electronic device with a
non-linear response normally the Schottky barrier diode is used to upcon-
vert microwave frequencies from sources such as Gunn diodes, Impatt diodes
and Resonant tunnelling diodes into THz frequencies. The Schottky diode
uses a metal semiconductor junction which is called the Schottky barrier,
and the high conductivity of the metal contact leads to very high switch-
ing rates. Either the non-linear capacitance (varactor) or the non-linear
resistance (varistor) of the device is utilised for the frequency multiplica-
tion. THz radiation can be generated by the up-conversion of microwave
frequencies in nonlinear devices (frequency multipliers) mainly in the form
of two-terminal solid-state devices such as Gunn diodes, impatt diodes and
resonant tunnelling[8]. diodes.[7][8].

Gunn Diodes:

These are 2-terminal negative differential resistance (NDR) devices that gen-
erate radio frequency power when coupled with a suitable tuned AC res-
onator. A gunn diode will normally consist of a uniformly doped n-type
material such as GaAS or InP sandwiched in-between highly doped regions
at each terminal. Diode frequency multipliers generate the harmonics of an
imput signal by utilising the reactive and/or the resistive nonlinearity of the
diode[7, 8]. GaAs Gunn diodes operating from 10GHz- 100GHz have been
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reported, and GaN based gunn diodes of above 300GHz with -840mW power
output at 88GHz have been reported [23].

IMPATT Diodes:

(Impact ionisation transit time) have relatively high power capability, and
they attain NDR from time delays achieved by applying an AC signal with
a mean value just below the avalanche breakdown, the avalanche break-
down results from having a reverse bias across the pn-junction over a certain
threshold value, this results in a large number of carriers in the avalanche
region that moves through the drift region to the anode over a period of the
transit-time delay. With the application of an AC signal just below avalanche
breakdown[7, 8].

Resonant Tunnelling diodes:

are based on the formation of quantum well from layers of un-doped materials
between two thin barriers. Resonant tunnelling occurs when an energy level
in the quantum well is close to the energy of the electrons in the conduction
band. In lieu with other NDR devices, a resonant tunnelling diode can
generate electromagnetic radiation in an external resonant circuit. RTD
produce the highest oscillations from the aforementioned microwave diode
sources due to the tunnelling being a very fast process[8].

1.4.4 Lasers

THz can be generated using some direct lasers such as Far-IR gas lasers, P
type germanium lasers and Quantum Cascade lasers. Far-IR lases operates
on the molecular rotation of energy levels whose transition frequencies are
in the THz region. P-type germanium lasers population inversion from two
Landau levels formed by hot carriers that are submerged in crossed electric
and magnetic field. Quantum cascade lasers operate based on transitions of
sub-bands in semiconductor heterostructures, electrons undergo a successive
intersubband transitions for the generation of THz.

Far-IR Gas Lasers

Optically pumped far-IR gas lasers emits THZ radiation based on the rota-
tional transitions of gas molecules that have permanent electric dipole mo-
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ment such as NH3, CH3F,CH2F2,CH3OH and CH3I, their rotational transi-
tions are directly coupled to electromagnetic radiation via dipole interactions.
The molecules are excited by optical pumping with usually CO2 gas laser to
take the molecules from the lowest excited vibrational state to the first ex-
cited vibrational state. THz radiation is emitted as a result of population
inversion between the rotational states corresponding to the excited vibra-
tional level. Power levels of 1-20mW are common for 20-100W laser pump
power[24, 7].

P-type Germanium Laser

Another type of Terahertz laser is the p-type germanium laser, which is a
tunable, solid state electrically pumped laser. It lases, based on the streaming
motion and population inversion of hot carriers in p-type Ge crystals that
are submerged in crossed electric and magnetic field. The THz photons
are generated from the stimulated transitions between two light-hole landau
levels, which is a discrete quantum mechanical energy level as a result of
spatial confinement. P-type germanium lasers are tunable over 1-4 THz by
changing the applied electric/magnetic field. Cryogenic cooling is required
in the operation of p-type germanium lasers to avoid optical and acoustic
lattice scattering[8][7].

Quantum Cascade Laser

Quantum cascade laser was first demonstrated at Bell laboratories in 1994
with a short wavelength of 4µm, they rely on only one type of carrier and
on electronic transitions between conduction band states arising from size
quantisation in semiconductor heterostructures[3, 25, 2, 26]. Quantum cas-
cade lasers are semiconductor heterostructure lasers consisting of a period-
ically alternating layers of dissimilar semiconductors. Transition between
subbands of these semiconductor nanostructures involve THz photons. In
a QCL, electrons go under a successive intersubband transition to generate
coherent THz radiation[7]. Over the years, immense contribution has been
made by researchers towards achieving room temperature THz Quantum
Cascade laser. The works of Mikhail A. Belkin, Federico Capasso, Alessan-
dro Teriducci, M. Razeghi and other pioneers in THz Quantum cascade laser
have made an outstanding contribution towards a room temperature THz
QCL.
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Room temperature THz Quantum Cascade Laser using III-Nitrides

A substantial development has been made in GaAs/AlGaAs based THz
Quantum Cascade lasers with an operating temperature close to 200K [27].
Table 1.2 on page 25 shows THz power outputs from Quantum cascade
lasers, as well as their operating temperatures. Khorami et al. designed
a GaAs/AlGaAs quantum cascade laser for operation at high temperatures
[28]. However, higher temperatures are severely limited by a small longitudinal-
optical phonon energy in GaAs/AlGaAs ( 36meV). III-Nitrides are promising
candidates for a room temperature THZ quantum cascade laser with their
much larger longitudnal-optical phonon energy of around 90meV. Also, the
use of difference frequency generation through two mid-infrared wavelengths
in InP is promising towards realising highly efficient and high temperature
THz quantum cascade laser[27, 29]. A THz Quantum cascade laser with an

Figure 1.4: A GaAs/AlGaAs THz Quantum Cascade laser [28]

active region of GaAs/AlGaAs implemented towards realising a room tem-
perature operation can be seen in Figure 1.4 above.

1.4.5 Down conversion

Another successful technique of generating terahertz radiation is by down
conversion from optical sources, mainly using photoconductive devices and
non-linear crystals.
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Table 1.2: THz Quantum Cascade Lasers and their temperature performance
and Optical Power output[3, 2]

Frequency(THz) Operating
Temperature
(K)

Power Output Year of Publica-
tion

4.4 8 2mW 2002
4.4 10 0.02mW 2006
3.4 10 139 mW CW 2014
3.4 77 248 mW (pulsed) 2014
3 178 1 W (pulsed) 2008
3.15 129 20 mW 2014
3 225 420 mW 2009
5 250 1µW 2008

80 7 µW 2008

Optical Rectification in non-linear crystals

Terahertz radiation can be generated by optical rectification based on a sec-
ond order non-linear effect. In this process, a train of visible or near IR
ultrashort pulses are focused on a second order non-linear materials such
as dielectric crystals. Material such as LiNbO3, LiTaO3, ZnTe have been
used in the generation of THz via optical rectification. THz radiation can be
generated in pulse regime from pulsed pump laser sources and also in contin-
uous wave through difference frequency generation[8, 7]. Optical rectification
has been widely implemented as an efficient approach of terahertz genera-
tion and generating high energy THz at low THz frequencies (0.2-0.8THz)
that are more suitable for spectroscopy [30].The common nonlinear materials
used for OR are ZnTe and LiNbO3 ; ZnTE presents a problem of free carrier
absorption while LiNBO3 shows advantages in high damage threshold, low
THz absorption, but it requires tilted front pumping technique to match the
phase of the IR pump and THz wave. Because of the ability to cascade the
non-linear process, high photon conversion efficiency can be achieved[31]. Je-
wariya et al. generated efficient terahertz conversion via a non-linear process
in LiNbO3 with a phased controlled femtosecond Ti:Sapphire laser pulse [32].
Shu Wei Huang also demonstrated a high conversion efficiency, high energy
terahertz using cryogenically cooled LiNbO3[31].
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Photoconductive emitters

The first demonstration of generating pulsed terahertz radiation was by Aus-
ton et al. in 1984, where they used a PCA with a 10 µm gap size illumi-
nated by a femtosecond laser; it will be until 1993 that E.R. Brown et al.
will demonstrate coherent THz generating by employing the photomixing
technique also referred to as optical heterodyne conversion. This method
also capitalises on the use of PCAs illuminated by a laser to achieve THz
generation[33, 34] The THz PCA allows for the generation of both CW and
pulsed THz radiation by down conversion from a suitable optical pump. As
PCAs are the method of choice for this PhD research, there will be a more
comprehensive overview of PCAs in chapter 2 and the generation of CW THz
via photomixing in PCA is discussed in Chapter 3.
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Table 1.3: Comparison of Terahertz Generation methods with key advantages
and disadvantages [4, 5]

PCAs Optical rectification
THz radia-
tion prop-
erties

• Asymmetric quasi half-cycle
THz pulses with peak field of
few hundreds kVcm-1

• Low THz frequencies (0.1-1
THz)

• Picosecond pulse duration
• Large spot size (≥2.5 mm)

• Single to multi–cycle THz
pulses with peak fields from
several 100 kVcm-1 up to sev-
eral MV cm-1

• Broad bandwidth, from 0.1
THz to 6 THz, depending on
the nonlinear crystal

Advantages
• High stability
• Extraction of THz energy from
the bias voltage

• High optical-terahertz conver-
sion efficiency

• Simple experimental configu-
ration

• High stability

Disadvantages
• Relatively low THz peak elec-
tric field of below 1.5 MV/m
as compared to over 40 GV/m

• Laser damage threshold of the
antenna

• High electromagnetic noise
• THz radiation saturation at
low optical fluence

• Short life-time of the emitter

• Laser damage threshold of the
nonlinear medium

• Complicated phase matching
conditions for some crystals

• Thermal damage and multi-
photon absorption from in-
crease in free carrier density
in the crystals when pumping
at high laser intensities above
10GW/cm2

1.5 Terahertz Detection Methods

Terahertz detection techniques are conventionally classified into two, i.e. co-
herent or incoherent (homodyne). The coherent methods measure the ampli-
tude and phase of the input field, while the incoherent measures the intensity.
For the purpose of this research, the coherent detection was carried out by
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employing a PCA and the incoherent detection was carried out with the aid
of a commerical Golay cell from Tydex.[8]. THz detection methods have been
achieved by utilising microwave techniques such as rectification; a rectifier
such as the Schottky diode is used by exploiting the non-linear I-V relation-
ship to produce an output voltage proportional to the input current induced
from an incident THz radiation[7].

Thermal detectors

Thermal devices are usually used for the detection of CW THz radiation,
the devices employ the use of an absorber that exploits thermal dependant
properties such as electrical resistivity for bolometers, electrical polarisation
for pyroelectric detectors and gas pressure for Golay cell. These devices gen-
erally have a broad spectral response, but can be relatively slow due to the
requirement for the absorbing element to reach thermal equilibrium before
measurements can be taken. The main parameter in thermal detectors is
their noise equivalent power NEP[7, 8].

Bolometer

In a bolometer, a material whose electrical resistivity is sensitive to tem-
perature is used as an absorber; and a resistance thermometer is used to
measure the temperature change due to the incident radiation. For highly
sensitive detection, it requires L-He temperatures. Bolometer is the most
sensitive detection method in the THz range, and hence why the Golay cell
used in the experiments for this doctoral research was calibrated using a
bolometer to ensure the accuracy of the obtained results[35].

Golay Cell

Golay cells are sensitive pneumatic radiation detectors that operates from
millimeter waves to near IR. They are really important and wide spread in
THz applications and THz systems as the Golay cell is the most sensitive
thermal radiation detector that operates at room temperature and owing
to this the golay cell was implemented for the detection of the THz output
power in this research as will be seen in chapter 4[7]. A golay cell uses a
semi-transparent absorbing film placed inside a pneumatic cell. THz radia-
tion incident on the absorber heats up the gas inside the cell and as stated
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by Charles’s law the gas pressure increases and the gas expands, a flexible
mirror fixed at the end of the cell gets deformed and the motion gets detected
by an optical reflectivity measurement as can be seen in Fig 1.5 below

Figure 1.5: A schematic of a Golay cell detector[36]

Electro-Optic Sampling
Free space EO sampling can be used to measure the electric field of THz
pulses in time domain while measuring both the amplitude and phase with
high precision. The principle underpinning EO sampling is the Pockels ef-
fect which has the same nonlinear coefficients as optical rectification. The
incident THz field induces birefringence in a nonlinear optical crystal that is
proportional to the amplitude of the field. A weak optical probe is utilised
in measuring the field induced birefringence as a function of the relative time
delay between the THz and the optical probe pulse to obtain the waveform[7].

Photoconductive antenna

PCAs as used in this research work can also be utilised to measure broadband
THz pulses in the time domain. A THz field incident on the PCA gap induces
a current when an optical probe pulse injects photocarriers, the photocurrent
induced is proportional to the amplitude of the THz field. Varying the time
delay between the THz pulse and the optical probe pulse while measuring the
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photocurrent allows for the THz pulse in the time domain to be outlined[7].

Lock-in detection

The THz signal detected for most sources is very small and surrounded by a
noisy environment that necessitates a detection mechanism that will allow for
low signal detection. The lock-in amplifier is used to detect and measure very
small AC signals to the order of nano volts (nV) and slows for measurement
even when the small signal is surrounded by noise thousands of times larger
than the signal. The lock-in amplifier utilises a technique known as phase-
sensitive detection to isolate a component of a signal at a specified reference
frequency and phase. For the purpose of this experiment, an optical chopper
was used to modulate the THz signal and optical laser pulse respectively to
provide a reference signal for the Stanford SR830 amplifier for the detection
of THz radiation. The noise signals at all other frequencies bar the reference
frequency are rejected and don’t interfere with the measurements[37, 38].

1.6 Terahertz Applications

1.6.1 Biomedical applications

Hu and Nuss were amongst the pioneers to first demonstrate the applica-
tion of THz imaging for biomedical purposes by producing a THz image of
porcine tissues that shows a contrast between muscle and fat [39], thereafter
imaging of teeth and skin models using a pork skin was demonstrated by
Arnone et al. The use of THz radiation for biomedical purposes has since
been applied in disease diagnostics [40]. Teraview Ltd in Cambridge used
THz imaging to show contrast between healthy skin and basal cell carci-
noma (BCC) in both in-vitro [41] and in vivo [42] systems [43]. The low
energy levels of (1-12meV) at 0.3THz to 3THz means THz waves have a
favourable suitability to biomedical applications due to this non-ionising fea-
ture, consequently, damages to cells or tissue are only limited to thermal
effects. Terahertz radiation causes Mie or Tyndall scattering when passing
through tissues as opposed to Rayleigh scattering which dominates in IR
and optical frequencies. Moreover, with respect to imaging a resolution of
(70 dots/in) from diffraction-limitation is achieved at 1 THz which makes it
viable for imaging[44]. Fig 1.6 [2] below shows an in-vivo images of cancer
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Figure 1.6: In-vivo cancer images from a TD-THz system by Teraview Ltd

Figure 1.7: Prototype THz surgical probe for breast cancer surgery

with a clinical picture from the left, a terahertz image in the middle and a
depth image obtained by plotting a point further along the THz reflected
pulse, this reveals features that can’t be seen with the naked eye as it pen-
etrates beneath the surface. On the left of Fig 1.7 [2] is shown a prototype
device built for usage in breast cancer surgical operation. On the right of
the figure, the classification of the breast cancer data can be seen, where the
tumour is represented in red and the normal tissue in blue [2].

1.6.2 Spectroscopy

The possession of a unique spectral fingerprint by many materials in the
THz range makes it very desirable for spectroscopy. Many gaseous molecules
have rotational transitions in this regime that allows for narrow absorption
lines for identification of the molecular structure of a particular substance.
Moreover, there is an interest for the detection and identification of explo-
sives by utilising the THz region, the absorption consequent to the motion
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of molecules can be monitored and used as a characterisation tool. Further-
more, many explosive materials have unique spectral signatures at the THz
frequency range, and hence their strong absorption can be used to distinguish
them from each other and any material used for concealment. The sensitiv-
ity of THz spectroscopy to both inter/intra molecular vibrations in chemical
species such as DNA can be used in the investigation of the crystalline state
of drugs, i.e., polymorphism. The rearrangement of the molecular structure
of proteins occurs in picosecond timescale that allows for probing with THz.
Significant studies have been done in the study of the carrier dynamics of
semiconductors and superconductors using THz radiation. Terahertz con-
ductivity spectroscopy has been used in the analysis of electrical properties
of semiconductor nanowires; charge carrier lifetimes, carrier mobility, dopant
concentrations and surface recombination velocities have been measured with
high accuracy [45].

1.6.3 Communication

In recent years, the world has witnessed a substantial increase in data usage,
this necessitated the need for higher bandwidth and data rates in wireless
communication which can be achieved by relatively higher frequencies from
the commercial microwave frequencies of 18-30 GHz (K band and Ka band)
that are widely in use. According to Edholm’s law data rates and bandwidth
double every 18 months, this has led to numerous research work across the
world to meet up to this significant demand [35]. THz communication bands
(0.1-10THz) are being investigated due to the availability of large bandwidths
in these bands that ranges from a few GHz to over 1THz. Communication
links in W-band (75-95 GHZ) and for frequencies above 100GHz have been
demonstrated. Shams et al. demonstrated a photonic generated multichan-
nel THz wireless signal at a carrier frequency of 200GHz and data rate of up
to 75Gbps in Quadrature Phase Shift Keying modulation format[46]. A 400
GHz carrier frequency THz wireless systems with bit rates of up to 46Gbps
has been demonstrated at the University of Lille using a THz photomixer with
a specific broadband antenna and a heterodyne electronic detection method
[47]. Figure 1.8 shows a table of the reported THz wireless data links. In
the Table Real-time denotes a system where the Bit Error rate BER is mea-
sured without offline data processing, Homodyne mode is where the same
reference is used for the transmitter and receiver. [NB EVM= Error Vector
magnitude; DSP = Digital Signal Processing] In 2020, while the world was

N.G.Bello, PhD Thesis, Aston University 2021 32



Figure 1.8: Details of reported THz Wireless Data links [47]

going through a global pandemic in amidst some pseudo-scientific concern
from some public groups on the causality/correlation of the pandemic with
5G communication, the group of Prof Lu Chuan at University of Electronic
Science and Technology of China worked in launching the world’s first 6G
test satellite into orbit to extend the 5G mm Wave frequency into the Ter-
ahertz range[48]. THz communications as compared to mm Wave frequency
has higher bandwidth as a result of the higher carrier frequency, less suscepti-
bility to scintillation effects than IR wireless links however due to the strong
absorption of THz by water attenuation will be a significant drawback espe-
cially in certain weather conditions such as rain. The main challenges facing
THz frequencies in communication are high path loss, and atmospheric ab-
sorption due to water vapour molecules. Also, the low source power and large
down-conversion loss require the use of directional and line-of-sight systems
instead of the omni-directional antennas used at lower frequencies [2].
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Chapter 2

2.1 Photoconductive antenna

A biased Photoconductive antenna (PCA) excited by laser beams is widely
implemented for the generation of terahertz radiation; the configuration of a
PCA consists of two metal electrodes deposited on a semiconductor substrate.
Illuminating the gap between the electrodes by an optical beam generates
photo carriers, where a static bias field accelerates the free carries. This photo
current varies in time, corresponding to the intensity of the incident laser
beam. Consequently, femtosecond laser pulses produce broadband terahertz
pulses. Mixing two laser beams with different frequencies forms an optical
beat, which generates CW terahertz radiation at the beat frequency—This
technique is called photomixing [7]

2.1.1 Photoconductive Antenna Materials

Since the early photoconductive switches, research has been done in selection
of the most suitable photoconductive materials with the necessary electro-
optic characteristics to enable more efficacy in their performance[49, 50, 51,
2]. F. J. Leonberger in 1981 identified InP photoconductive switches to
have better than Si photoconductive switches. By 1991, S. Gupta et al.
demonstrated the short carrier lifetime benefits of an epitaxially grown GaAs
by MBE to have fast recombination lifetime and higher carrier mobility in the
semiconductor to contribute to a better performance as a photoconductive
switch [49, 52]. The earliest demonstrations of Photoconductive antennas
used argon ion irradiated crystalline silicon epitaxially grown on sapphire by
DH Auston and Peter R Smith at Bell labs using radiation damaged silicon
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film with 2 MeV argon ions [53]. However, GaAs has long become a preferable
choice for PCAs as would be shown in the latter section.

2.1.2 PCA Structure and efficiency

Figure 2.1: A schematic of a photoconductive Antenna showing optical pump
illumination on a bow-tie antenna gap on the left and the generation of
electron-hole pairs in the photo-absorbing substrate on the right [1]

Figure 2.2 shows a schematic of a photoconductive antenna, which consist
of a metallic electrode, placed on a semiconductor substrate. The electrodes
are biased and an intense sub picosecond laser pulses is incident on the pho-
toconductive gap, which results in generation of THz signals on the other
side of the PCA. The structure of the PCA is referred to as a dipole antenna
by Tani M et al. and shown in Figure below [54].
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Figure 2.2: A schematic of a photoconductive Antenna [7]

The stripline antenna is printed on a Photoconductive substrate. The
antenna has a gap at the center which is dc biased and irradiated by fem-
tosecond laser pulses. Photo excited carriers are then accelerated under the
bias field creating an ultra-short current pulse as can be seen in Fig 2.1[55],
this decays with a time constant determined by the carrier lifetime of the
Photoconductive substrate. The transient current J(t) generates ultra-short
electromagnetic pulse radiation in Terahertz frequencies. The field ampli-
tude of the radiation is proportional to the derivative of the photocurrent
J(t) in the far field.The peak change of the photocurrent is proportional to
the averaged photocurrent J̄ divided by the duty ratio of the current pulse,
this is approximately the ratio of the lifetime of the photo carriers τc and the
interval of the pump laser pulses Tint.
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(2.1)

In equation (2.1) above (Ḡ) is the time-averaged photoconductance of the
PC gap, σ̄ is the time-averaged conductivity, δ is the absorption depth of
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the optical pump light, n̄e is the averaged photo-carrier density, Vb is the
bias voltage, µ is the mobility of the carriers, R is the reflectance of the PC
substrate, hν is the photon energy of the pump laser, Pin is the averaged pump
laser power, and D is the PC gap [54]. Figure 2.3[7] below shows an electric

Figure 2.3: An electric circuit representation of a PC switch

circuit depicting the switching action that takes place in a photoconductive
antenna upon optical excitation. A bias voltage source and a load resistor are
connected in series with the semiconductor in the PCA substrate. When light
is incident on the gap the switch closes and photocurrent flows through the
circuit due to the generation of free electrons and holes in the semiconductor,
the switching action is required to be in a sub-picosecond timescale for THz
generation[7].

2.1.3 Semiconductor Materials for PCA

GaAs

Since the 1990s GaAs has been the photoconductive material of choice due to
its mobility (∼200cm2/V.s), high dark resistivity (∼107Ω.cm) and fast car-
rier lifetime (∼0.2ps)[9]. GaAs has a room temperature bandgap of 1.424eV
(871nm wavelength), which makes it compatible with the commonly used
Titanium sapphire laser for ultra-short pulse excitation of PCAs. It is
widely used in the form of semi-insulating SI-GaAs [56], low-temperature
LT-GaAs[57], and ion implanted GaAs respectively[58].
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InP

F.J.Leonberger first identified the suitability of using InP for high speed pho-
toconductive switching by obtaining a response time of ∼50psec. Over the
years the short carrier average collision time, high bandgap energy, high car-
rier mobility, and low effective mass has made InP a very desirable material
for the generation of THz using Photoconductive Antennas [52, 59].

InGaAs

Recently, the group III-V compound InGaAs has been investigated as a can-
didate for THz photoconductive material. The main benefit highlighted for
using InGaAs is its potential to achieve 0.8eV bandgaps at room tempera-
ture, which allows the use of more compact fibre lasers for 1.55 µm optical
pulse excitation[60].

InGa(Al)As

A terahertz PCA operating at 1.5 µm can benefit from compatibility to
a wider variety of laser and fibre components for applications particularly
desirable for telecommunications. For a long time, the PCA for 1.5 µm had
been a bottleneck. Multiquantum wells and superlattices of InGa(Al)As have
been proposed as potential materials for THz PCAs. Just like InGaAs PCAs,
InGa(Al)As can achieve strong optical absorption under 1.55 µm wavelength
excitation, due to its tunable bandwidth, the highly electro-optic properties
of InGa(Al)As has been proposed as an avenue to achieve similar or more
performance achieved by LT-GaAs at 800nm at 1.5 µm[58].

2.2 Contact Geometries of Photoconductive

Antennas

The geometries of the contact electrodes on Photoconductive antennas has
been shown to influence the emission properties of the Terahertz radiated
by the PCA. Tani et al. compared the emission properties of a bow-tie,
dipole and simple strip-line photoconductive antennas based on LTG GaAs
and SI GaAs and reported a higher output powers in the bow tie antenna.
R. Yano et al. also reported an almost 20 % larger peak to peak amplitudes
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of detected THz waves in bow tie antennas than in dipole antennas, however
the peak frequencies of terahertz emitted by the bow tie antenna is lower
than that of the dipole antenna [61]. The radiation field E(r, t) as shown
in equation 2.2 for an elementary Hertzian dipole antenna in free space, at
a distance r (much greater than the wavelength of the radiation) and time t
are described as ß

E(r, t) =
le

4πϵc2r

δi(t)

δt
sinθ [54] (2.2)

In the equation (2.2) above i(t) is the current in the dipole, le the effective
length of the dipole, ε the dielectric constant of the radiation medium, c the
velocity of light in the vacuum, and θ the angle from the direction of the
dipole. Equation (2.2) indicates that the radiation amplitude is proportional
to the time derivative of the transient photocurrent δi(t)/δt and the effective
antenna length le
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(a)

(b) (c)

(d)

Figure 2.4: From top left (a) dipole, (b) Stripline, (c)Spiral, (d) bow-tie
photoconductive antenna geometries

Tani et al. showed a comprehensive comparison of the dipole bowtie
and stripline antenna designs, all with relatively small gap widths of 5-30um.
All of the electrode designs were tested on both a LT-GaAs and SI-GaAs
substrates. The results showed that the amplitude of the emitted THz signal
is proportional to the length of the dipole antenna, which is due to a rise in the
resonant frequency with the decreasing electrode length. Furthermore, the
spectral bandwidth and peak signal were found out to be design dependent,
with the stripline antenna producing a THz bandwidth of up to 4 THz with
a peak around 1THz compared to the values of 3/0.6 TH and 1/0.1THz
bandwidth and peak signal of the dipole and bowtie designs respectively.
The bow-tie design although having the smallest spectral width had six times
more THz output power than the dipole design under the same excitation
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conditions. The result also showed that output saturation due to screening
of the bias field by excited carriers was more influential in the dipole design
due to the higher optical fluence within the small gap

In addition to the advances in the material of choice in photoconductive
antenna substrates, the contact geometry has evolved from simple strip-line,
dipole or bow-tie structures to more sophisticate geometries that act as anten-
nas and mediate coupling of the THz in and out of the device[2]. The spiral
antenna is also widely used in THz PCA as demonstrated by, and moreover in
the generation of high power THz by Yang et al. that will be discussed later
in the paper [62].The log spiral antenna has been demonstrated by Han et
al. to have superior characteristics that include less influence on polarisation
state of the THz source, low divergence angle and a small size [63]. Some de-
signs have utilised nanoscale plasmonic contact electrodes that significantly
mitigate the lo-quantum efficiency performance of photoconductive antennas,
demonstrating up to 50 times higher terahertz radiation than non-plasmonic
contact electrodes. Berry et al. used a plasmonic grating incorporated on
a bow-tie where the plasmonic grating maximises the concentration of pho-
tocarriers near the electrodes and hence provides more photocarriers that
contribute towards terahertz generation[64].

2.2.1 Metallisation of PCA Electrodes and Hybrid An-
tennas

The material choice for the contacts on the PCA has been shown by N.
Vieweg et al. to have a considerable effect on the characteristics of the THz
output from the PCA. While both AuGe based alloys and Ti/Au metal layer
stacks are widely implemented as contacts for THz PCAs. The suitabil-
ity strongly depends on the semiconductor material. Both AuGe alloy and
Ti/Au layers have been found to be suitable for n-doped III-V semiconduc-
tors, which is appropriate for LT- GaAs – widely used PCA material. N
Vieweg et al demonstrated that the power emitted from PCAs with AuGe
metallisation is almost 50% higher than that emitted by the Ti/Au metal
layer due to lower contact resistance of the AuGe contacts. However, in a
system requiring high stability, the Ti/Au metal layer is more advantageous
due to having higher thermal stability [65].
More recently, the use of hybrid antennas with plasmonic nano islands and
nano-antennas is being implemented towards a more efficient terahertz gen-
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eration. S.I. Lepeshov et al. utilised an antenna with log-periodic electrodes
that provides broadband radiative spectrum. The antenna has its gap filled
with nano-silver particles around 280nm apart that are fabricated by thermal
dewetting process caused by heating a 20nm silver film on the substrate of
the antenna. Upon comparison of the log periodic antenna with and with-
out silver nano-antennas. An increase of up to 5 times was recorded at
certain frequencies in the antennas with silver nano antenna as compared
to that without. Christopher W Berry et al. credited the enhancement
in PCAs using plasmonic materials as due to the reduction of the average
transport for the photo-generated carriers to reach the plasmonic electrodes,
thereby increasing the number of photocarriers that contributes to the gener-
ation of terahertz[66] [67]. The incorporation of a plasmonic photoconductor
contact electrode configuration leads to photocarrier concentration near the
contact electrode which significantly reduces the average photo-generated
carrier transport path to the photoconductor contact electrodes as compared
to conventional antennas [55].

2.2.2 Interdigitated Electrodes for Terahertz PCA Op-
timisation

Recently, the use of interdigitated electrode structures (which were origi-
nally used in metal-semiconductor-metal structures MSM photodetectors)
has been widely applied in photo mixers to optimise the efficiency of photon-
current conversion, studies have also been carried out in the use of inter-
digitated electrodes for pulsed THz generation. Park et al. have previously
shown that gold grating lines of sub wavelength width can couple incident IR
light more efficiently into the substrate, the grating lines when attached to
the electrodes lead to a greater number of photo generated carriers reaching
the electrodes in subpicosecond time which in effect results to the enhance-
ment of the generated THz [68].

The use of interdigitated electrodes on PCAs has shown significant im-
provement in the PCA performance such as in the work of Hale et al. where
they used interdigitated electrodes SI GaAs for achieving broadband THz
radiation; they deployed the interdigitated PCA structure to achieve large
spectral bandwidths and higher SNR of the PCA. The finger-like structure
of the antenna electrodes interweaves together to create a large THz antenna
array that is constructively interfering in the far-field, the structure also has
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a large aperture that allows illumination by a higher power and lower rep-
etition rate optical sources. It reduces the diffraction of the generated THz
pulse and hence negates the need for using a silicon lens. Moreover, the
small electrode spacing leads to a faster screening of the applied E-field by
the depleted photo carriers which hence allows for a broader bandwidth THz
emitter[69].

Matthäus et al. deployed interdigitated electrodes to achieve approx-
imately 75% IR light that contributed to the generation of THz radiation.
They deployed two interdigitated Ti/Pt/Au electrodes that were processed
on the surface of a 3 um LT GaAS layer grown on SI GaAS substrate using
optical lithography. Using a conventional Ti:Sa that delivers 150 fs pulses on
the antenna gap, and a max IR power of 540mW and laser spot of 150um
diameter focused on the Antenna they achieved a 6.5 uW THz power [70]

Singh and Prabhu compared two PCA designs on SI GaAs, the antennas
were pumped with 100 fs, 800nm laser pulses of 76 MHz repetition rate.
The conventional antenna had an incident optical pulse focused on a spot of
10µm diameter and gets saturated after 200mW of incident power, while the
interdigitated electrode Antenna with large area was excited with an optical
pulse of 350µm and was emitting THZ up until a 750mW of incident power
and recorded 12.5 times higher THz power in the interdigitated electrode
PCA than the conventional PCA as shown in Fig 2.5 below [71, 72].
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Figure 2.5: THz intensity detected with a bolometer with a variation of
the incident optical pulse power for the conventional antenna (P-PCA) and
the interdigitated electrode antenna (AP –iPCA) as reported by Singh and
Prabhu [71]

2.2.3 High Power PCAs

A plasmonic contact photomixer integrated with a log spiral antenna was
implemented by Shang et al to record an unprecedented THz output power
of 17 µW at 1 THz and a tuning range of more than 2 THz. Metallic grat-
ings of Ti/Au covered by a SiO2 anti reflection coating were utilised as the
plasmonic contact electrodes [62, 73]. Yardimic et al. recorded a 3.8mW
THz radiation over 5THz in response to a 240mW optical power, utilising a
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large area plasmonic photoconductive antenna, arrays of plasmonic antennas
were connected to the anode bias line of the large area PCA. The plasmonic
antennas were in the form of Au gratings and offered a high concentration
of photocarriers around the plasmonic antennas. The incorporation of plas-
monic antennas have been shown to increase the optical-terahertz conversion
of Photoconductive antennas significantly as compared to other designs[74]

2.3 Quantum dots in PCAs

2.3.1 Implementation of QDs for PCA Optimisation

The principle of operation of Photoconductive antennas relies on the gener-
ation of photocurrent and the movement of charge carriers. The THz signal
generation layout in the experimental set-up as shown in Figure 3.5; the two
beams from the pump external cavity diode laser are focused on the gap
of the photoconductive antenna placed between biased electrodes and is ab-
sorbed by the semiconductor, optical to terahertz conversion occurs from a
generation of photocurrent that is modulated by the beat frequency from the
two beams and radiated from the antenna as THz [75]. E.U.Rafailov et al.
demonstrated an active layer of InAs quantum dot on GaAs, efficient emis-
sion of both pulsed and continuous wave THz signals with significant optical
to THz conversion at ≤850nm and ≤1300nm [76].

Quantum dot materials properties and growth

Quantum dots are three-dimensionally confined quantum structures that pos-
sess the ability to have tailored electronic structure with discrete energy lev-
els and highly configurable properties that earned them the name ′′designer
atoms′′ [77].They have been identified and investigated as potential candi-
dates for lasers [78], detectors [79], single electron transistors, quantum com-
puters [80], and for the interest of this research as PCA material for THz
generation. [81, 76, 9, 82, 83].Quantum dots have been grown from both
group IV elemental material (i.e., silicon and germanium) and compound
group III-V materials such as (I.e. Gallium, indium; arsenic, phosphorus)
and group II-VI materials (i.e. zinc, cadmium ; tellurium and selenium).
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Quantum dot growth-Epitaxial Methods

Achieving high quality dislocation-free Quantum dots has been primarily
implemented by Molecular beam epitaxy, which is a thin film epitaxial growth
technique invented by Arthur Cho from Bell laboratories in 1968. Under high
vacuum with different groups of atoms supplied, a high thermal velocity
molecular beam is formed which is made incident on a heated substrate
surface to carry out MBE [76].The QD laser and the QD material in the
Photoconductive antenna for the purpose of this research was grown by MBE
in the Strantski-Krastanow mode. Frank-van der Merwe Growth – The FM
growth mode utilises a layer-by-layer growth mode routinely used for growth
of Quantum well structures. Strantski-Krastanow Growth is a hybrid of
FM and Volmer weber growth modes. For moderate lattice mismatch, the
growth is initiated layer by layer and the increase in the thickness of the
epilayer accumulates strain due to lattice mismatch. At a critical thickness
of the 2D layer, the strain is release to form small islands with the addition of
epitaxial material the small islands will grow until desired [84]. QDs typically
form with pyrmidal physical profiles with dimensions on the order of (15-25)
x (15-25) x (5-15) nm (base width x base length x height), however, this can
be controlled by deposition conditions [81].

Table 2.1: A comparison between quantum dot properties and LT-GaAs for
PCA material [6]

Desired Parameters Quantum Dots
PCA substrate

Low-temperature
grown GaAs sub-
strate

Short Carriers lifetime Yes Yes
High carriers mobility Yes No
Optoelectronic efficiency Yes Yes
Thermal tolerance Yes No
Pump wavelength <1.27 µm <0.85 µm
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2.4 Quantum Dot Photoconductive Antennas

Owing to the aforementioned benefits of quantum dots in this chapter, the
PCas for this research were integrated with QD structures for the optimi-
sation of THz radiation from PCAs and also for the realisation of optical
pumping with compact semiconductor lasers towards a compact THz sys-
tem. Three designs of antennas show in Figure 2.6 (a), (b) and (d) were
designed and built with the following parameters.

(a) QD Bt1 and QD Bt2
geometry

(b) QD Pl geometry

(c) QD id geometry (d) Teravil geometry

Figure 2.6: Antenna Electrode Geometries

QD Bt1 and QD Bt2 bow tie BT60 (bow-tie with 60o flare, 10 µm width
×10 µm gap)
QD Pl plasmonic gratings BT60P10 (bow-tie with 60o flare and plasmonic
gratings 10 µm length, 10µm width ×10 µm gap). The plasmonic grating
dimensions are: 150 nm height, 100 nm width, 130 nm gap
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QD id interdigitated fingers BT60ID 20µm (bow-tie with 60o flare and in-
terdigitated fingers 200 nm width ×1.2 µm gap, 20 µm width) The QD Bt1

Figure 2.7: Quantum dots Antennas substrate structure

and QD Bt2 antennas used for this experiment comprises a Ti/Au bow tie
electrodes of 10µm gap deposited on a heterostructure wafer via standard UV
photolithographic process and further wet etching; the heterostructure wafer
is made up of a grown 40nm low-temperature GaAs layer covering an active
region of 30 layers of InAs QD of 1789nm thickness grown via MBE. The
LT-GaAs layer is implemented to enhance the ohmic contact between the
wafer and the antenna electrodes and to reduce dark current. Underneath
the active region of QD structures is a grown layer of AlAs/GaAs distributed
bragg reflector of 4890nm thickness which is also deposited on a semi insu-
lating GaAs substrate, the dbr’s function is to reflect the pump wavelength
corresponding to the QD excited state, the antennas were grown with the
help of Innolume and Dr Andrei Gorodetsky.

N.G.Bello, PhD Thesis, Aston University 2021 48



2.5 Antenna Photocurrent measurements

For the photocurrent measurements and IV characterisation of the antennas,
a Keithley Semiconductor characterisation system was used, the antennas
were mounted as stated in the detection set-up in section 4.2 and the power
and wavelength were adjusted from the titanium sapphire laser. A sweep
from –20v to +20V was carried out for all antennas as shown in Fig 2.8- Fig
2.15 with photocurrent for the antennas and the IV characteristics.

Figure 2.8: Photocurrent of the PCAs at 1mW optical pump power
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Figure 2.9: Photocurrent of the PCAs at 2mW (top) and 3mW (bottom)
optical pump power
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Figure 2.10: Photocurrent of the PCAs at 5mW (top) and 7mW (bottom)
optical pump power
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Figure 2.11: Photocurrent of the PCAs at 10mW optical pump power

Photocurrent measurements at 780nm

The antennas were measured using the same set up in chapter 4 and opti-
mising the positing for lowest resistance before measurements were taken.

For 1mW, the QD id antenna with interdigitated electrodes has the
highest generation of photocarriers and hence the highest photocurrent, how-
ever it is responsive with increase in photocurrent only till ≈ 10V so wouldn’t
withstand high bias voltages as will be elaborated more for the THz gen-
eration section. The two bow tie antennas QD Bt1 and QD Bt2 and the
plasmonic QD Pl antenna have nearly identical photocurrent readings for
all voltages with the QD BT1 having slightly lesser photocurrent, the ter-
avil antenna had a very low photocarrier generation at 1mW and even more
significant at lower voltages. This trend remained consistent as shown in
from Figure 2.8 to Figure 2.11 for measured pump powers till 10mW with
the QD id having responsive voltage limit of 5V,3V and 2V for powers of
2mW, 3mW and 5mW-10mW respectively. For 1mW at ≈10V the QD id
antenna had the highest photocurrent of ≈200µA while at 10mW and 20V
the QD Bt2 and the QD Pl had the max photocurrent of 620 µA respectively.
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Figure 2.12: Photocurrent of the PCAs at 1mW optical pump power
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Figure 2.13: Photocurrent of the PCAs at 2mW (top) and 3mW (bottom)
optical pump power
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Figure 2.14: Photocurrent of the PCAs at 5mW (top) and 7mW (bottom)
optical pump power
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Figure 2.15: Photocurrent of the PCAs at 10mW optical pump power

Photocurrent measurements at 800nm

With the wavelength tuned to 800nm the same set of measurements were
taken and for the obtained results, as shown in Figure 2.12 at 1mW , the
QD id antenna with interdigitated electrodes has the highest generation of
photocarriers just as at 780nm and being responsive till ≈ 10V of forward bias
, however, in reverse bias the antenna is responsive only till 6V. The two bow
tie antennas QD Bt1 and QD Bt2 have the higher photocurrent readings for
all voltages with the QD BT1 having slightly lesser photocurrent, the teravil
antenna just as in at 780nm had lower photocarrier generation at the lower
pump wavelength and voltages. The same trend remained was consistently
recorded in Figure 2.13-2.15 for measurements pump powers from 2mW-
10mW. The QD id has a responsive voltage limit of 5V,3V and 2V for powers
of 2mW, 3mW and 5mW-10mW respectively with lower voltages observed
for reverse bias at the lower pump powers. For 1mW at≈10V the QD id
antenna had the highest photocurrent of ≈200µA while at 10mW and 20V
the QD Bt1 and the QD Bt2 had a photocurrent of ≈ 620µA and ≈ 420

In this chapter, the PCA has been identified as the method of choice
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for generating THz radiation for this research project. The use of Quantum
dots to improve the optical to terahertz conversion efficiency of PCAs has
been established. PCA samples based on Quantum dot devices have been
designed and tested for THz radiation as will be seen in chapter 4 of this
thesis.
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Chapter 3

3.1 Continuous Wave Terahertz System

This chapter will present the research that was taken towards realising a
compact tunable continuous wave THz source. This will encompass back-
ground literature on continuous wave terahertz generation and principles,
lasers for CW THz generation and experimentation and results on QD laser
for continuous wave THz generation. In Chapter 1, various methods of gener-
ating THz radiation have been outlined including broadband and continuous
wave sources, this chapter will focus on continuous wave sources based on
Photomixing and difference frequency generation. A tunable compact con-
tinuous wave terahertz source is immensely desirable for various applications
such as spectroscopy due to its high spectral resolution and for the realisa-
tion of compact and low-cost systems over pulsed terahertz systems. The
implementation of optical heterodyne down conversion in a photoconductive
antenna and Terahertz quantum cascade lasers are the most widely used
methods of generating continuous wave terahertz radiation. However, the
required cryogenic cooling in THz quantum cascade lasers makes achieving
a compact room temperature terahertz source difficult to achieve. The use
of dual wavelengths at a terahertz difference frequency in a Photoconductive
antenna has been long used for generating continuous wave terahertz radi-
ation [33, 61, 85, 9]. The rise of semiconductor lasers and the appreciable
properties of quantum dot gain media in semiconductor lasers has paved the
way for widely tunable high power semiconductor lasers, moreover, the ex-
ternal cavity diode lasers provide narrow-linewidth that is suitable for CW
terahertz emission
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3.2 Literature Review

3.2.1 Photomixing

D.H Auston first demonstrated the use of a Photoconductive switch also
called auston switch for the generation of pulsed THz radiation in the 1980s,
nearly a decade later, E.R. Brown’s group at MIT reported a continuous wave
THz generation from an optical beat of two CW laser sources in place of the
ultrashort laser pulses as pump. This technique now known as photomixing
or optical heterodyne down frequency conversion poses several advantages
such as wide tunabilty of the THz output frequency due to the ability of
determining the difference frequency by tuning the frequency of the two pump
lasers, however it comes with lower conversion as compared to the pulsed
system[35].

Figure 3.1: A simplified depiction of photomixing

3.2.2 Difference frequency Generation

This technique is analogous to photomixing as it utilises two beams of fre-
quencies ω1 and ω2 at a difference frequency in the THz regime interacting in
a medium with second-order nonlinear susceptibility to generate THz at the
difference frequency ω3= ω1- ω2. The input frequencies are chosen so that
an output THz radiation field is produced by the time-varying second-order
polarization [7, 3].

3.2.3 Continuous wave lasers for THz generation

Distributed feedback diode lasers are widely used as the laser sources, they
employ a grating structure within the active section of the semiconductor
to restrict the laser emission to a single longitudinal mode and a specific
tuning process such as thermal tuning of the grating pitch which allows
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for wide continuous frequency scans. These two diode lasers can then be
tuned to the appropriate frequency difference and combined in a photomixer
or a non-linear crystal for THz generation. Commercially available lasers
from Toptica photonics utilises this technology of deploying two DFB lasers.
Two distributed feedback laser diodes with a nominal wavelength of 783nm
at 25oC with a temperature dependant tuning range of 2.5nm were used
at a difference frequency of 2.5THz for achieving CW THz generation in
a photomixer by Demers et al.[86]. Two distributed bragg reflector laser
diodes with a combined NIR light of 850nm werr implemented by Verghese
et al. for optically pumping a photomixer for CW Terahertz generation. In
the same research publication, Verghese et al. utilised two CW Ti:Sapphire
lasers as the optical pump lasers to achieve a wider tuning range than the
diode lasers[87].

3.2.4 Two-Colour Lasers for Continuous wave Tera-
hertz

Two-colour titanium-sapphire lasers have been explored due to their high
spectral purity and tunability. Brown et al. in 1993 incorporated 2 etalons
in Ti:Sa lasers to realise a 2 colour laser [33]. However, Ti:Sa Lasers are
expensive, complex and have a large footprint that makes them impracti-
cal for realisation of compact terahertz source [88]. Shortly after the first
demonstration of THz photomixing; diode lasers have been discussed as an
alternative pumping source for the photomixers [88]. However, they had
power and linewidth limitations; however, the advancement in fabrication
techniques has allowed for high power narrow linewidth diode lasers that are
suitable for THz generation in PCAs. In 1997, Tani Masahiko’s group used
a multimode diode laser to demonstrate photomixing in a LTGaAs Antenna,
further works by the same group using multimode laser diodes have been
previously demonstrated. As demonstrated by E.U. Rafailov et al. the use
of QDs as the gain medium of the laser has enabled stable low threshold high
power, stable laser system for THz generation [84]. Additionally, the deploy-
ment of an External Cavity Diode Laser (ECDL) allows for wide tunability
and narrow linewidth for tunable broad range THz emission.
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Quantum dot dual mode lasers

The dual-mode laser excitation for photomixing is preferable to that by two
independent lasers since the system can be more compact and the difference
frequency stability is improved by the common-mode rejection effect. The
first realisation of semiconductor laser was in 1962 by groups in the United
States and the then Soviet Union [89] through the works of R.N. Hall et al.
Over the years advances in epitaxial growth methods such as MBE has paved
the way for sophisticated and highly controllable semiconductor lasers with
many desirable properties as in Quantum dots [82]. The earliest demonstra-
tion of LDs that utilises a QD-based gain medium was in 1994 by Ledentsov
et al. [90] and Kirstaedter et al. [91] with properties superior to quantum
well lasers and reduced temperature sensitivity. A major design goal at the
time was to improve the gain and lasing threshold, alongside the reduction
of the limiting thermal rollover effects reported in LDs by [90]. Nader et al.
a two colour emission Quantum dot laser with an 8 THz difference frequency
as potential compact CW THz source [92]. Naftaly et al. demonstrated a
two-colour Ti:Sapphire laser with Fabry-perot etalon for CW terahertz gen-
eration and hence reducing the footprint of the THz source[93]. A quantum
dot laser with smaller footprint than the Ti;sapphire enables a more com-
pact THz source. InAs/GaAs. A tunable terahertz beat signal from 1 to
2.21 THz was demonstrated by Jiao et al. from an InAs/InP Quantum dot
modelocked laser combined with external cavity of two fibre bragg gratings,
the dual modes are phase correlated and the generated THz have less phase
noise[94]. Ksenia et al. , Leyman et al. , demonstrated an external cavity
Quantum dot laser for an ultra-compact, room temperature, tunable tera-
hertz generation that is of immense interest to this research [9, 81].

3.2.5 External Cavity diode Lasers

External Cavity diode lasers (ECDL) are of great interest to continuous wave
Terahertz generation owing to their highly controllable wavelength tunability
using a frequency selective element. The ECDLS capitalise on low cost and
efficient laser diodes and by using a frequency selective feedback mechanism
in the form of usually a diffraction grating or mirror they achieve narrow
linewidth and tunability. Many methods have been used in the realisaion
of external cavity dual mode semiconductor lasers such as those that utilise
double grating[95, 96], grating lens[97], grating double-slit[98], double stripe
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mirror[99, 100]. The most widely used configuration for setting up an exter-
nal cavity laser are the Littrow and Littman-Metcalf configurations.

Configuration

Littrow

The littrow configuration utilises first-order diffraction from a diffraction
grating coupled back into the laser diode, and the output beam forms from
the directly reflected light. The littrow configuration is simple and effective
and can be used with gratings to reduce the feedback and increase the power
output, thereby increasing the overall efficiency. The lasing wavelength is de-
pendent on the littrow angle, which is the angle of incidence of the laser beam
with respect to the grating. Precise wavelength tuning can be achieved by
changing the littrow angle. This configuration has been utilised and demon-
strated earlier by works such as that of L.Ricci et al. [101] and Arnold et
al.[102].

Figure 3.2: Littrow configuration

Littman Metcalf

In the Littman Metcalf configuration a grating at near grazing incidence is
used, the first order diffracted beam gets reflected back to the grating and
the diode laser by an additional mirror. In this configuration, the wave-
length is selected by the mirror angle in such a way that the grating and
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the zeroth-order reflected output beam remains fixed in respect to the wave-
length. The Littman Metcalf configuration adds a layer of complexity by
requiring a larger grating and an additional mirror, moreover the loss of the
zero-order reflection of the beam reflected by the tuning mirror leads to out-
put powers that are less than that for a Littrow configuration hence has less
output efficiency. With respect to the aforementioned reasons, the littrow
configuration was implemented in the design of the ECDl for this research,
as further elaborated in the latter section.

Figure 3.3: Littman Metcalf configuration

3.3 Characterisation of Dual-wavelength Quan-

tum Dot External Cavity laser for CW

THz Generation

3.3.1 Experimental Set-up

The design adopted for this research is a modification of the littrow configu-
ration with dual arms, Figure 3 shows the experimental layout of the system,
The QD structure active region used for the laser was grown on GaAs sub-
strate and consists of 10 non-identical layers of InAs Quantum dots grown by
molecular beam epitaxy in the Strantski-Krastanow mode. The laser has a
5µm wide and 4mm long waveguide angled at 5o with respect to the normal
of the back facet to prevent unwanted reflections going back to the laser cav-
ity. Both laser facets have conventional anti-reflective (AR) coatings, with
total estimated reflectivity of 10-2 for the front facet and less than 10-5 for
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the angled facet.

(a) QD laser (b) QD laser top

Figure 3.4: Quantum dot Laser

The experimental set-up is based on an external cavity diode laser with
simultaneous two-wavelength operation achieved using a beam splitter and
two littrow gratings in each arm, wavelength scanning is achieved by rotat-
ing the diffraction gratings to be diffracted back along the incident beam.
The laser was tested in single-arm operation as shown in Figure 3.8 with
a tunability of 152nm achieved under an operation current of 800mA and
temperature controlled at 20o by a Thermoelectric cooler. Thereafter, the
laser was tested in the double grating quasi-littrow configuration, the tun-
ability was made possible across the 152nm tunable bandwidth of the laser
by changing the incidence angle of both gratings shown in Fig 3.5. The de-
sign is to be implemented such that the optical beat of the two beams will
be made incident on a photoconductive gap of a Photoconductive antenna
and terahertz radiation is obtained from optical heterodyne down conversion
(Photomixing). The laser was electrically pumped by a Thorlabs ITC4005
Laser diode/TEC controller; the radiation emitted was split then into two by
a non-polarising beam splitter and coupled into a diffraction grating of 1200
grooves/mm respectively. The DG reflects the first-order diffraction beams
back to the laser chip allowing the simultaneous generation of two wave-
lengths. The dispersion of light by the grating is governed by the equation
2α(sinθL) = mλD [103], where the littrow angle θL is dependant on the most
intense order (m=1), the design wavelength, λD, and the grating spacing
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α[103]. Stable laser operation and characteristics demand a precise temper-
ature stabilisation of the QD laser diode, which was implemented in this
setup by a peltier (Thermo-electric controller) element controlled by a Thor-
labs ITC4005 Laser diode./TEC controller. The temperature was monitored
and stabilised at 20o degrees Celsius

Figure 3.5: shows the set-up configuration for the generation of tunable
continuous wave terahertz generation
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Figure 3.6: The designed external cavity dual wavelength Quantum dot laser
set-up

3.3.2 Results and discussion

Fig 3.7 shows the IV characteristics of the QD laser for a forward drive
current of up to 1.2A, the laser has a maximum output power of ≤420mW
and a low threshold current of ≤ 120mA, the laser shows a healthy IV curve
without any presence of kinks and has a stable operation. The laser has
been characterized for potential integration with resonant QD antennas for
the realisation of a compact THz system.
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Figure 3.7: LIV Characteristics of the External Cavity Quantum Dot Laser

Single Arm Tunability

The optical spectrum and power at each laser operating wavelength was
measured while using only a single diffraction grating and allowing lasing at
single wavelength; the optical spectrum was measure by the aid of a fiber
coupled optical spectrum analyser. The power was measured by an optical
power meter. The laser drive current was set at 800mA and temperature
was maintained at T = 20oC. The Fig 3.8 below shows the tunability of
the ECDL which lies within the THz frequency range for the generation of
tunable continuous wave THz radiation. Stable dual-wavelength operation
from the two laser arms was achieved across the range of 1143nm - 1295nm
obtained wavelengths. The stable operation of the laser is significant for the
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efficient generation of terahertz radiation. The peak power of the laser is
obtained at 1220nm as 247mW.

Figure 3.8: shows the tunability and output power operation of the laser in
single arm operation

Dual Arm Operation

For this measurement, both diffraction gratings were used to couple back
into the QD laser gain medium to enable dual-wavelength operation. The
power of the independent wavelengths were obtained using a Newport hand-
held optical power meter model 1916-r alongside an APE wavescan optical
spectrum analyser that displays the wavelength-dependent intensity of the
input light. The diffraction gratings were rotated to deflect lights of different
wavelengths at different angles to determine the intensity of the wavelengths.
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Figure 3.9: Dual mode operation of the laser at multiple THz difference
frequencies

Fig 3.9 shows the optical spectrum and tunability of the ECDL QD
laser, the laser operation was established with dual stable modes without
mode interplay and the optical spectrum recorded with the optical spectrum
analyser while the power is recorded by the optical power meter. A maxi-
mum stable dual wavelength operation was obtained at 1160nm - 1290nm,
which corresponds to 26 THz difference frequency with power measured at
63mW. Thereafter, difference frequency at 22THz, 18THz, 14THz, 10THz,
5.99 TH and 1.99 THz were measured successfully all possessing a stable
operation at optical powers of 63.7mW, 64mW, 68.1mW, 70.4mW, 79.6mW
and 74.1mW respectively. Finally, on the bottom row in Fig 3.9 coloured in
black is the minimum dual wavelength separation of the laser without any
mode interplay at 0.54THz difference frequency. To obtain continuous wave
THz the two frequencies from the laser diode will be irradiated on a PCA at
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a beat frequency ωT= ω1 – ω2. The optical field of the antenna is expressed
by equation (3.1) {

Eopt(t) = E1e
−iω1t + E2e

−iω2t [7] (3.1)

Where E1 and E2 are the electric field amplitudes and ω1,ω2 are the fre-
quencies of the 2 waves, respectively. The induced photocurrent oscillates
with the beat frequency and THz radiation is obtained when the difference
frequency ωT is tuned to the THz range.
The external cavity QD Laser has been characterised with a tunability of
152nm and a tuning range from 1143nm-1295.8nm that lies within the THz
difference frequency of 26THz - 0.54THz in stable dual mode operation. The
implementation of such ECDL as an optical pump source in a THz genera-
tion system will provide for a much compact THz system, consequent to the
lack of requirement of femtosecond lasers for pulsed optical pumping as in
chapter 4.
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Chapter 4

4.1 Pulsed Terahertz System

This chapter will introduce ultrashort pulse lasers that are required as an
optical pump source for use with non-linear crystals and photoconductive
antennas for Terahertz generation. The spectral bandwidth of dyes paved the
way for ultrafast pulse generation as well as tunability. As early as 1964, Wills
lamb demonstrated that mode-locking a laser could generate a short pulse
limited in duration by the fourier transform of the bandwidth[104]. Ultrafast
lasers generating ultrafast pulsed optical output signals are achieved using
several techniques including gain switching, Q switching and mode locking
in predominantly femtosecond lasers [105]. The most widely gain medium
for femtosecond lasers is Titanium-doped aluminium oxide (Ti:Sapphire)

4.2 Literature Review

4.2.1 Mode-locking

Mode-locking is a term that is used to describe in the frequency domain
the oscillation of several resonator modes with a relatively locked phase, it
is the most widely used technique for generating pulses of picoseconds and
femtosecond durations that are required for pulsed THz generation. Several
pulses are circulating in a laser cavity when the laser is mode-locked, a part
of its energy is emitted every time the pulse hits the output coupler mirror so
that the laser output is a regular pulse train. The pulse energy is replenished
by the gain medium during each round trip[8]. The optical cavity’s round
trip time and the number of pulses determines the pulse repetition rate of the
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mode-locked laser, with longer round trip times leading to lower repetition
rate and vice-versa. Two types of mode-locked lasers will be discussed in the
next section for the generation of THz radiation

4.2.2 Lasers for Pulsed THz Generation

Ti:Sapphire Laser

Ti:Sapphire laser is a solid state vibronic laser that was first confirmed to
oscillate in 1982 by the work of Peter Moulton[106]; (Ti: Al2O3:Ti:Sapphire)
crystal is a sapphire crystal (Al2O3) material in similitude with the earlier
ruby laser base material (Cr: Al2O3 laser) that is doped with Ti3+. It has
a broad tuning range of 660 to 1180nm and high repetition rate, however,
required pumping by another laser. It has so many advantages, that includes
high optical pumping power (≤ 20W owing to it’s high thermal conductivity
and relatively short carrier lifetime of (3.2ms). Ultrashort pulses can be gen-
erated from Titanium sapphire laser through passive mode-locking usually
by utilizing a non-linear optical phenomenon referred to as Kerr-lens Mode
locking or self-mode synchronization. Ti:Sapphire laser’s lasing mechanism
can be simplified as a four level system where electrons are excited by a
green pump laser and then relax into lower and more stable energy states to
achieve population inversion in order to realise stimulated emission[7]. The
figure 4.1 below shows a schematic diagram of a mode locked Ti:Sa laser, an
optical pump laser in the form of a diode-pumped solid state laser and argon
ion laser with peak wavelength at around 500nm is utilised, the dispersion
induced by the gain medium and other optical components is compensated
for by the introduction of a prism pair. Kerr lens mode-locking is achieved
through the adjustable slits by suppressing all the continuous wave modes
while allowing the short pulses to pass through the aperture as shown in the
schematic below.
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Figure 4.1: A schematic of a Ti:sapphire laser

The titanium sapphire laser has become ubiquitous in applications of
generating both pulsed and continuous terahertz radiation due to its tun-
ability, femtosecond pulses, stability and high power output. Since the
work of E. R Brown et al., numerous researchers have employed the Ti:Sa
for THz generation in continuous wave [107] and broadband THz genera-
tion [108, 109]; as well as using various THz generation techniques such as
photomixing[107], difference frequency generation[110] and other methods
[109, 111, 112, 113, 114, 115].

Table 4.1: Commercially Available Tunable Pulsed Titanium Sapphire lasers

Lasers Lasers Tuning range Output
Power

Pulse repeti-
tion rate

M2 Sprite <180fs 720nm-940nm >1.3 W 80MHz
M2 Sprite XT < 150 fs 720nm-980nm > 1.5 W 80 MHz
Thorlabs
Tiberius

140fs 720nm-1060nm >2.3W 80 MHz

Km Labs Griffin <12fs ∼680nm - ∼910nm >2.3W 75-102 MHz
Spectra Physics
Mai Tai SP

<25fs 780nm-820nm 750mW 84 MHz
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Mode-locked Fiber Lasers

Femtosecond fiber laser are of growing interest in generation of terahertz due
to their compactness compared to Ti: Sapphire lasers and non-requirement
for cooling among other benefits, however their major drawbacks are longer
wavelength and lower peak power than the Ti: Sapphire laser[23]. More-
over, significant research is currently undertaken in terahertz materials that
will enable integration with 1.5 µm wavelength of most fiber lasers. Erbium
doped fibre lasers producing 1550nm wavelength are of benefit for terahertz
generation for their low cost, compactness and integration with telecommu-
nications components.

Fiber lasers have a number of qualities that make them attractive for
the generation of ultrashort pulses via active or passive mode locking due to
the large gain bandwidth of rare-earth-doped fibers which will allow for the
generation of femtosecond pulses. Active fibers have high gain efficiency that
allows for low pump power operation of the lasers and tolerance for optical
cavity elements with relative high losses. Roman J et al. implemented two
erbium-doped fiber lasers in demonstrating an all fiber-coupled THz Time-
domain-spectroscopy system. The lasers were passively mode locked by a sat-
urable absorber and emitting at 1560nm with <100fs optical pulse duration
and 80mW average power at 100MHz repetition rate. An InGaAs./InAlAs
heterostructure PCA was used to achieve output powers of up to 64µW [116].

4.3 Experimental Set-up

Not only resonant optical pumps at the ground state and excited state photon
energy of the QDs excite the photocarriers in the QD substrates moreover
photons with energy above the bandgap of GaAs due to the carrier excitation
in the bulk GaAs containing the QDs. The QD’s pivotal role is serving as
a carrier capture site and hence shortening the carrier lifetimes of the free
carriers.
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(a) QD Bt1 optical pump image (b) QD Pl optical pump image

(c) QD id optical pump image (d) Teravil optical pump image

Figure 4.2: Camera Image of the optical pump source focused on Antenna
gaps

4.3.1 Golay Cell Detection

Figure 4.3: THz power detection with golay cell
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For the detection of the generated THz power from the PCAs, a Tydex Go-
lay cell detector was implemented as shown in Fig 4.3 above, the golay cell
was calibrated prior by the work of Dr Ross Leyman with a bolometer to
ensure the accuracy of the obtained results. An Msquared Sprite XT ultra-
fast tunable Ti:sapphire laser was used as the optical pump source owing to
its relative compatibility and stable operation without frequent re-alignment.
The temperature of the Ti:sapphire was maintained at 25oC, a pulse dura-
tion of 130fs at 78MHz repetition rate was obtained from the laser for the
experiment. The laser beam from the Ti:Sapphire laser was focused on the
antenna gap as shown in Fig 4.2; by the aid of mirrors, the antenna position
was adjusted to the point with least resistance; a power supply was used
to provide bias voltages of 2V to 20V at 2V increments to the antennas for
the experiment. A hyper hemispherical silicon lens was used to focus the
generated THz beam onto two parabolic mirrors and onto the golay cell for
detection. For detection of the THz radiation, the laser beam was modulated
by an optical chopper at a frequency of 16 Hz due to the low time response
of the golay cell detector. This was fed into the Stanford Instruments SRS
800 lock-in amplifier to isolate only the generated THz signal at this refer-
ence frequency and suppress the surrounding noisy signal from the ambient
environment. As the golay cell is a thermal detector, the laboratory temper-
ature was maintained all through the experiments for consistency and also
other sources of IR such as body heat were mitigated as much as possible
to not interfere with the reading. The chopper frequency was chosen away
from the mains AC frequency and it’s harmonics to avoid cross talk or in-
terference. The obtained data from the lock-in amplifier were recorded on a
computer by the aid of a Labview programme designed with the help of Dr
Semyon Smirnov for data analysis. The measurements were taken at 780nm
and 800nm wavelengths, optical pump power of 1mW, 2mW, 3mW, 5mW,
7mW and 10 mW and bias voltages of 2V-20V as shown in figs 1-3
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Golay Cell Results

Figure 4.4: THz signal output power detected by Golay cell at 1mW optical
pump power
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Figure 4.5: THz signal output power detected by Golay cell at 2mW(top)
and 3mW (bottom) optical pump power
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Figure 4.6: THz signal output power detected by Golay cell at 5mW(top)
and 7mW(bottom) optical pump power
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Figure 4.7: THz signal output power detected by Golay cell at 10mW optical
pump power

4.3.2 Golay Cell Results Discussion at 780nm

Figs 4.4-4.6 shows the golay cell detection of THz radiation output power at
780nm and 2V-20V bias voltages. The QD id antenna had the highest THz
output power in respect to the applied voltage and pump power, however,
as discussed earlier in Chapter 2, its IV characteristics shows a lower voltage
limit than the rest of the antennas and hence it was limited to only lower
bias voltages. At 2mW pump power the interdigitated electrode antenna
QD id has the highest power output of ∼0.22µW but due to the lower voltage
limitation that was identified as stated earlier the bias voltage for the QD id
was limited at 10V. At this parameter of 2mW and 10V bias voltage the THz
power of the QD id antenna is more than 20 times higher than that of the
teravil antenna. At 3mW the QD id still had the highest power output of
∼0.17µW amongst all antennas however higher bias voltages can be applied
to the other antennas and an almost linear increase is seen from 6V bias
voltage to 20V bias voltage. At the relatively higher pump powers of 7mW
and 10mW bias voltage the THz output powers of the QD Bt2 and QD Pl
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were the highest. At 10mW and 20V bias voltage the QD Bt2 and QD Pl
had a THz output power of ∼0.325µW and the QD Bt1 coming next at
∼0.28 µW. The Teravil antenna had THz power of ∼0.028 µW. It can be
seen from this that the Quantum dot antennas shows over 10 times more
THz power than the commercial THz antenna from Teravil antenna at the
aforementioned conditions.

Figure 4.8: THz signal output power detected by Golay cell at 1mW optical
pump power
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Figure 4.9: THz signal output power detected by Golay cell at 2mW(top)
and 3mW(bottom) optical pump power
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Figure 4.10: THz signal output power detected by Golay cell at 5mW(top)
and 7mW(bottom) optical pump power
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Figure 4.11: THz signal output power detected by Golay cell at 10mW optical
pump power

4.3.3 Golay Cell Results Discussion at 800nm

The antennas were further optically pumped at 800nm with the same set
of parameters as was carried out for 780nm. It can be seen Fig 4.7 - Fig
4.9 that at 1mW all the Quantum dot antennas show slightly increased THz
output powers at 800nm. For comparison, the QD id antenna at 1mW and
16V bias voltage recorded a power of ∼0.17 µW and ∼0.14µW at 800nm and
780nm respectively and hence higher absorption of the 800nm pump than
the 780nm pump wavelength. A similar trend in respect to the quantum
dot antennas powers and the teravil antennas was recorded at 800nm just
as previously highlighted for the 780nm. In Fig 4.8 at 3mW and 8V bias
voltage the QD id antenna had a power output of ∼0.17 µW the QD Bt1
recorded ∼0.021 , QD Bt2 records ∼0.04 µW while the Teravil records ∼ 0
W THz power which shows that at these conditions there is very minimal
photocarrier generation in the Teravil antenna as suggested by the ∼ 20µA
photocurrent measured as shown in Figure 2.12. The antennas shows an
increase in output power response with an increase in optical pump power
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and bias voltage as expected, however saturation points and antenna limits
were not recorded due to sample limitations.

4.3.4 PCA Detection

Figure 4.12: THz Pulse detection with Photoconductive Antenna

The system was tested with a THz optical-pump-probe set-up, a Ti:Sa laser
by m squared was used to provide the ultrafast laser pulses to pump the
emission antenna and probe the detector antenna. The pulses were split into
two paths, with one going through an optical delay stage by aid of mirrors
mounted on a translational stage. The other was focused on the detector
antenna, the spot size and pump position on the emitter PCA was monitored
by using a camera. The main parameters for the laser are stated as follows:
800nm wavelength, pulse width is 130 fs, repetition rate of 80MHz and the
power at the probe path was maintained at 45mW while the pump power
was controlled by an attenuator to provide the required power levels as will
be stated.
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Figure 4.13: THz Time domain pulse at 1mW for 2v, 6V and 10V bias voltage
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Figure 4.14: THz Time domain pulse at 2mW for 2v, 6V and 10V bias voltage
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Figure 4.15: THz Time domain pulse at 3mW for 2v, 6V and 10V bias voltage
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Figure 4.16: THz Time domain pulse at 5mW for 2v, 6V and 10V bias voltage
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Figure 4.17: THz Time domain pulse at 7mW for 2v, 6V and 10V bias voltage
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Figure 4.18: THz Time domain pulse at 10mW for 2v, 6V and 10V bias
voltage
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4.3.5 THz Time domain Pulse results discussion at
800nm

The electric field of the THz was measured through the photocurrent from
the detector PCA as a function of the time-delay between the arrival of the
THz and probe pulse at the detector antenna. The time domain pulse was
recorded at 2V, 6V and 10V bias voltages for 1mW, 2mW, 3mW, 5mW, 7mW
and 10mW as shown in figures 1-10. The QD id antenna with inter-digitated
electrodes had the highest THz E-field compared to the rest of the antennas,
with a significantly higher difference for the relatively lower pumps. All the
QD antennas shows a higher THz E-field amplitude than the Teravil Antenna
with over 20 times higher THz E-field at 1mW and 2V bias voltage and over
4 times at 10mW and 2V bias voltage. Only the pulse amplitude is increased
when increasing the bias voltage for each pump power, without any changes
to the shape of the pulse. However, with increase in optical pump power
the pulsewidth has been observed to decrease in time as the trend can be
seen across figure 1-10 which can possibly be explained by the carrier lifetime
shortening in the QD antennas due to Auger processes[117].
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Figure 4.19: THz Time domain pulse at 1mW for 2v, 6V and 10V bias voltage
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Figure 4.20: THz Time domain pulse at 2mW for 2v, 6V and 10V bias voltage
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Figure 4.21: THz Time domain pulse at 3mW for 2v, 6V and 10V bias voltage
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Figure 4.22: THz Time domain pulse at 5mW for 2v, 6V and 10V bias voltage
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Figure 4.23: THz Time domain pulse at 7mW for 2v, 6V and 10V bias voltage
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Figure 4.24: THz Time domain pulse at 10mW for 2v, 6V and 10V bias
voltage

4.3.6 780nm Pulse results discussion

With similar experimental conditions, the same measurements were carried
out at 780nm wavelength. The increase in THz E-field amplitude with-
out affecting pulse shape in accordance to bias voltage increase at the same
power level is similarly observed as reported for 800nm, also the same nar-
rowing of pulse width with increase in pump powers was recorded. At the
same pump power and bias voltage conditions the plasmonic QD Pl anten-
nas shows a wider pulse width than the non-plasmonic QD Bt1 and QD Bt2.
The QD Bt1 and QD Bt2 shows a higher THz E-field amplitude at 780nm
than at 800nm however the pulse width was slight narrower at 800nm. The
adjustment of antenna position to maximise for the point of least resistance
upon pump illumination results into slight spatial difference in antenna posi-
tion which leads to temporal variation in the starting point of the THz pulse
hence the reason for the THz pulses from the antennas not starting from the
same point.
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Figure 4.25: THz Frequency spectra of antennas at 1mW for 2v, 6V and 10V
bias voltage
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Figure 4.26: THz Frequency spectra of antennas at 2mW for 2v, 6V and 10V
bias voltage
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Figure 4.27: THz Frequency spectra of antennas at 3mW for 2v, 6V and 10V
bias voltage
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Figure 4.28: THz Frequency spectra of antennas at 5mW for 2v, 6V and 10V
bias voltage
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Figure 4.29: THz Frequency spectra of antennas at 7mW for 2v, 6V and 10V
bias voltage
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Figure 4.30: THz Frequency spectra of antennas at 10mW for 2v, 6V and
10V bias voltage
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4.3.7 Discussion of Frequency domain properties at
780nm pump wavelength

To extract the frequency domain properties of the THz from the antennas, a
fast fourier transform of the time domain pulses was carried out as shown in
the results from Figures 4.19-4.24 presented above for 780nm, The Quantum
dot antennas show higher normalised fft amplitudes and bandwidth than the
teravil antenna
The SNR of the antennas at 780nm, 10mW pump power and 2V bias volt-
ages was calculated from the top plot in fig 4.24 to be 49dB, 45 dB, 49 dB,
43 dB and 30dB with a frequency bandwidth of 1.89THz, 1.61THz, 2.2THz,
2.1THz,1.38THz for the QD Pl, QD id, QD bt2, QD bt1, and teravil anten-
nas respectively. The frequency bandwidth can be seen to increase with in-
crease in the optical pump power relative to the narrowing of the pulsewidth
that was observed in the time domain.
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Figure 4.31: THz Frequency spectra of antennas at 1mW for 2v, 6V and 10V
bias voltage
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Figure 4.32: THz Frequency spectra of antennas at 2mW for 2v, 6V and 10V
bias voltage
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Figure 4.33: THz Frequency spectra of antennas at 3mW for 2v, 6V and 10V
bias voltage

N.G.Bello, PhD Thesis, Aston University 2021 118



N.G.Bello, PhD Thesis, Aston University 2021 119



Figure 4.34: THz Frequency spectra of antennas at 5mW for 2v, 6V and 10V
bias voltage
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Figure 4.35: THz Frequency spectra of antennas at 7mW for 2v, 6V and 10V
bias voltage
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Figure 4.36: THz Frequency spectra of antennas at 10mW for 2v, 6V and
10V bias voltage

4.3.8 Discussion of Frequency domain properties at
800nm pump wavelength

Figure 4.26 (top plot) shows the Frequency spectrum of the fft of the entire
temporal pulse length at 800nm wavelength, 2mW pump power and 2V bias
voltage for the antennas. The results where normalised for comparison and
it can be seen that the QD id, QD Bt2, QD Bt1 and teravil antennas had
an FFT amplitude of 4.5,4.4,4,4 and 3.55 (a.u) respectively. The precision
and accuracy of the delay line movement eliminates pulse-pulse jitter and
artefacts that can affect the fft of the signal, hence the absence of any abrupt
artefacts in the frequency spectrum. The Figures 4.25 - 4.30 presented above
shows the frequency spectrum of obtained from the fft of the THz time do-
main pulse at 800nm, the same parameters for the measurements at 780nm
were carried out. Similar trends of increase in bandwidth with higher pump
powers was recorded. The noise floor in 780nm is observed to be slightly
higher than in 800nm at the relatively higher optical pump powers.

The results have consistently shown the increased THz output power
from the Quantum dot antenna samples as compared to the Teravil antenna
based on LT-GaAs. The antennas have been tested at 800nm wavelength
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and 780nm wavelength at various pump powers and bias voltages as reported
earlier in the chapter.
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Chapter 5

5.1 Conclusion

This research project set out in the pursuit of compact terahertz sources,
the utilization of Photoconductive antennas towards achieving this goal was
identified due to their room-temperature operation, tunability and potential
for integration of compact pump laser sources. The low optical pump to
THz conversion efficiency was set out to be overcome by the utilisation of
quantum dot structures in the antenna substrate, furthermore, the use of
Quantum dots as the active region for compact optical source was estab-
lished. The integration of quantum dot structures in lasers has enabled the
development of lasers with the suitable requirements for the generation of
continuous-wave terahertz. This research has demonstrated the appreciable
properties of quantum dots towards realising a tunable, compact, room tem-
perature continuous-wave terahertz source. A Quantum Dot external cavity
laser emitting at two frequencies for continuous-wave terahertz emission in
a Photoconductive Antenna (PCA) laser has been characterised. The exter-
nal cavity QD Laser has been characterised with tunability of 152nm and
a tuning range from 1143nm -1295.8nm that lies within the THz difference
frequency for the generation of THz radiation from QD based PCAs The im-
plementation of quantum dots in Terahertz Photoconductive antennas has
been shown to yield various advantages in the Photoconductive antenna, the
lack of defects in the quantum dot structures result in high carrier mobility
and the quantum dots’ action as carrier trapping sites shortens the lifetime of
free carriers for more efficient PCAs. Antennas capitalising on quantum dot
structures have been designed and tested for this research. The output tera-
hertz was compared to a commercial antenna from teravil at various optical
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pump and bias voltage parameters. The quantum dot antennas have shown
a significant increase in THz output power at lower pump powers that are
representative of the optical pump powers of semiconductor lasers that are
planned to be integrated to the QD system towards an efficient compact THz
system.The higher THz output powers obtained from the designed antennas
for this research as compared to the commercial Teravil antenna paves the
way for the utilisation of cheaper, low-power optical pump sources (∼50mW)
that effectively reduces the cost of the THz generation system. Non-resonant
pumping of the antennas has shown a significant increase in THz output pow-
ers, the next step is for the design and development of Quantum dot lasers
that will enable resonant pumping of the antennas at the bandgap energy of
the QDs for a more efficient system. Due to the limitation of the antenna
samples the operating parameters were set to be low, with more antenna
samples in the future, the limiting parameters for the operation of the an-
tennas will be measured for a more comprehensive characterization of the
antennas.
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Appendix B - QD laser diode connection Schematic

Figure 5.1: QD Laser connection schematic
The figure shows a schematic of the connection interface between the
designed Quantum dot laser to a diode controller for power supply and

temperature management.
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