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Abstract

Terahertz (THz) radiation is desirable for many different applications due to
the low photon energy exhibited at these wavelengths. With many elementary
excitations in materials occurring in this region, the use of THz radiation in
non-linear spectroscopy has become a valuable tool for material investigations.
Specifically, High-field spectroscopy has been used to probe non-linear effects
in solid-state materials, these require intense THz sources which are harder to
produce. A promising source is the Photo-Conductive Antennae (PCA), these
devices are compact and easily integrated into systems with the ability of elec-
trical modulation and lack of phase matching requirements.

In this thesis a systematic approach has been taken to investigate the effects
of device geometry on the emission of THz radiation from PCA devices fabri-
cated from LT-GaAs on optically transparent insulating substrates. Although
these devices have been shown to be able to produce high-field THz electric
field strengths, no investigations have been undertaken to improve device ge-
ometries and improve upon the the generation efficiency. Work on the effects
of electrode designs and emitting gap sizes to support higher electrical biasing
fields and optical fluences is presented. The results of the investigations led to
the fabrication of a large area PCA device capable of producing ~ 200 kV/cm,
the largest THz field strengths to date from LT-GaAs PCA devices on sapphire
substrates.

Also presented in this work is an investigation of LT-GaAs PCAs operated
at an excitation wavelength of 1030 nm. The generation characteristics are com-
pared to that of devices operated at 800 nm. Investigations into the operation
of LT-GaAs on sapphire PCA devices using high repetition rate lasers of this
wavelength could prove invaluable due to the lack of photoconductive materials
currently available.
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Chapter 1

Literature Review

1.1 Terahertz Frequency Studies

Terahertz (THz) radiation occupies the space between Infrared Radiation (IR)
and Microwaves on the electromagnetic spectrum. The considered frequencies in
the so called, now not so accurately named, ‘THz gap’ range from 0.3 THz to 30
THz. The gap was named thus originally due to the lack of available technology
supporting sources, detectors and THz manipulative components that are of a
similar level of sophistication and as widely available as the electronic and optical
devices that bookend this spectral region [7]. THz radiation is desirable for many
different applications due to the low photon energy at these frequencies (4.13
meV at 1 THz), these are important energies for causing elementary excitations
in many different materials [8]. THz has potential applications in many differ-
ent areas including medicine, security and manufacturing. In medicine, THz
devices have been used for non-invasive medical imaging and disease tracking
(i.e. cancer tracking [9-11]) and medical sensing [12-14]. It is especially suited
for this role due to the low interference and non-ionizing characteristics of THz
radiation [15], as well as the strong interactions that THz frequencies have with
water molecules [16]. Spectral analysis of THz frequency can be used for detec-
tion of certain gases within a multi-component mixture, this provides a way to
detect marker gases in exhaled breath [17] for non-invasive diagnostics, as well
as explosive gases and toxic vapours in the air [18]. In the field of chemistry
THz has been used successfully to investigate rotational and vibrational modes
in molecular systems [19] and chemical reaction pathways [20]. The continued
development of technologies and the increased availability of ultrafast ampli-
fied laser systems has allowed for the increased ability to generate higher THz
electric field strengths, this in itself has unlocked a wide range of important
applications.



1.2 High Field Strength Requirements

The ability to successfully generate high THz field strengths is the motivation
that drives the work in this project, due to the potential applications that they
unlock. High field strengths are typically classified as those >100 kV/cm [21].
The desire for stronger THz field strengths is to investigate non-linear character-
istics of materials in condensed matter systems. With key focus on different non-
linear transport mechanisms, non-linear interactions of excitation modes and
control of different condensed matter systems. With high fields, the surface of
materials can be more readily penetrated and excitations can take place. These
effects on materials can be measured and interpreted in different ways. Spec-
troscopic techniques can be used to measure carrier dynamics in materials [22],
non-linear transport mechanisms in materials can be investigated such as impact
ionisation and inter-valley scattering [23-25], Bloch oscillations [26,27], tunnel
ionisation of impurity states [28,29], and Zenner tunneling [30-32]. These are
of particular interest to understand material behaviour as electronic devices
move towards THz frequencies [33]. Non-linear interactions of excitation modes
include ionisation of Rydberg states [34] and inducing Rabi oscillations [35],
both phenomenon are of great interest owing to the potential applications they
support, such as use in quantum computing [36].

High fields strengths have led to the ability to have coherent control and
manipulation of the electronic properties of different matter, such as ferroelec-
tric phases and domain orientations [37-39] as well as the coherent control of
charge transport in materials [40,41]. Dynamic control of intermolecular mo-
tions in liquids and gases which would allow for the modification of structure
and dynamics of the materials [42].

1.3 Amplified Lasers

With the advancements in the ability to produce tabletop laser sources, utilising
the Chirped Pulse Amplification (CPA) technique [43], the ability to achieve
high energy fs pulses has become more widely available. CPA is a key technology
that has enabled high-field THz table-top sources. This section will explain the
theory and operation behind this method.

1.3.1 Laser theory

Electrons sit within discrete orbital shells, these can move around energy levels
under influence of external energy to the system. In a laser system there are
three main mechanisms that explain photon-electron interactions; absorption,
spontaneous emission and stimulated emission [44].

If we consider a two level system, lower level F; and higher level Es, then
emission of a photon occurs when an electron drops from Ey to Eq, this is the
principle of photon emission. Electrons can be promoted to Fs by an external



stimulus; with an incident wave upon the material there is a finite possibility
that an electron can be promoted to the higher energy level. The energy for this
is provided through the absorption of an incoming photon which has an energy
given by:

hv = Ey — By (1.1)

A

E=hv

— . E,

Figure 1.1: Absorption of a photon promoting an electron to a higher energy
level in a two-level system

Spontaneous emission can occur when the electron decays to Ej by itself
without any external influence, the emission is not coherent, can be in any
direction and can only take place if there is a unoccupied state in E;. The
photon emitted will have a frequency:

E;, — Ey
v=———
h

At a given time t the number of electrons at an energy level is called the
population and is denoted by N. The probability that a photon will emit
spontaneously can be quantified by the fact that the rate of decay of the upper

(1.2)

energy level (dfl\i"’) must proportional to the the population at that level (Ns):
dNs

—= = —AN. 1.3

7 2 (1.3)

A is the Einstein coefficient or the spontaneous emission rate and is depen-
dent upon the specific transition taking place. The time derivative is negative
so the minus sign is to account for that.
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Figure 1.2: Spontaneous emission of a photon due to electron relaxation from a
higher energy level in a two-level system

Stimulated emission occurs when a wave with an energy equal to that of the
difference between the two energy levels is incident on the material, it can stim-
ulate the electron that is present at Fs to transition back to Ey. The incident
photons electric field couples with that of the electron and forces an oscillation
at the same frequency. As the electron transitions it releases the extra energy
as a photon of equivalent energy to the incident photon. As the electron if
forced by the incoming photon, the emitted photon is in the same direction as
that photon, and in phase with it also. This mechanism of emission is the basis
for photon amplification as one photon in equals two in phase photons out, see
figure 1.3.

Similarly to equation 1.3 the probability that stimulated emission will occur
can be written as:
dNs

—= = Wy N 1.4
i 214V2 (1.4)

In this case Ws; is the rate of stimulated emission and is dependent upon
the intensity of the incident wave as well as the particular energy transition.
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Figure 1.3: stimulated emission of a photon due to a driven oscillation from an
incident photon from a higher energy level in a two-level system

LASER is an acronym that stands for Light Amplification by Stimulation
of Emitted Radiation, which aptly describes the working mechanics of these
devices. It can be seen that from a simple two level system that although we
can achieve amplification, the incident photon can only stimulate the emission
if it is not absorbed by an electron at F;. In the two level system the number
of absorbed photons will equal the number of stimulated emissions in steady
state. Hence it can be seen that in order to produce strong amplification the
majority of the electrons need to be at a higher energy level, this is known as a
population inversion.

To facilitate a population inversion a three level energy system can be used
like that seen in figure 1.4, in which an electron can be optically excited from
the ground state E to the top most energy level E3 this is known as the pump-
ing level. The operation of exciting the electrons is known as pumping and this
is performed through absorption of incident photons. Electrons rapidly decay
from F3 to FEs, electrons then accumulate at the energy level Es which has a
much longer decay time. The longer life state is known as metastable. As the
lifetime is much longer a population inversion is achieved at this state as elec-
trons are continually pumped to the E3 energy level. An electron at Ey will
spontaneously emit a photon, this will cause a stimulated emission of another
electron at the same energy level. The process continues as such with each
photon stimulating another and this causes an avalanche effect of stimulated
emission, All the photons are in phase and emitted in the same direction, and
hence the output is a large collection of coherent photons.
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Figure 1.4: Diagram showing how a three-level system achieves a population
inversion to create amplified emission. Red arrow indicates the promotion of an
electron, orange arrow shows a non-radiative transition to energy level Es, teal
arrows are radiative transitions and dark blue arrows represent photons.

A better approach for achieving a population inversion is by utilising a four
level energy system as seen in figure 1.5. In a four level system electrons are
pumped from the ground state to a pumping energy level F,, again electrons
decay quickly to a metastable energy level s, the key difference in this config-
uration is that the lasing is between E3 and an empty electron level Es before
decaying back to the ground state 1. In a three level system absorption losses
will be compensated by gain until Ny = N after this point electrons promoted
will contribute to a population inversion. In a four level system as energy level
FE5 is empty from the beginning a population inversion is achieved immedi-
ately. [45] [46]
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Figure 1.5: Diagram showing how a four-level system achieves a population
inversion to create amplified emission.

To increase output power and intensity from the lasing material it is placed
between two highly reflective mirrors as shown in figure 1.8. A wave reflected
between the two mirrors will pass through the material and stimulate emission
from the pumped lasing medium, hence becoming amplified on each pass. One
mirror is completely reflective and the other mirror is made to be slightly trans-
parent so that an output can be collected. Oscillation in laser cavity will not
begin until the lasing threshold has been reached, this is the point that the
gain of the active material overcomes the losses of the laser. It is important to
note that the feedback is essential for laser operation, without this it is only an
optical amplifier
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Figure 1.6: A diagram of a simple laser cavity set up, m; and ms are reflective
mirrors with mq being partially transmissive

In order to couple the light out of the laser the distance between the mirrors
is engineered specifically to set up a standing wave within the laser cavity. The
resonator condition which must be fulfilled to set up a constructively interfering
wave is given by:

AN
2

Where N is the mode number [47]. This means that the only wavelength
that are multiples of half the cavity length can be supported. The optical cavity
can have a infinite number of modes but only wavelengths that fall within laser
gain bandwidth will be amplified [48]. This effect can be seen in figure 1.7.

L, (1.5)
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Figure 1.7: a) Shows optical modes set up in the cavity. b) Shows the gain
bandwidth of a laser. ¢) Shows the output wavelengths and powers that can be
output by the laser.

The first laser was demonstrated in 1960 [49] using a ruby crystal as the
lasing medium stimulated by a flash tube. The ends of the crystal were flat
and polished with one of them completely silvered and the other only partially
silvered, creating the lasing cavity.

1.3.2 Lasing Materials

From the previous section it can be seen that one of the main components of a
laser is the active medium. The active medium is the material that has lasing
transitions and therefore is the material that dictates the output frequency. Ac-
tive mediums can come in many forms including gas: Helium Neon lasers [50]
and Carbon Dioxide lasers [51]; dye lasers: Rhodamine lasers [52] and Umbel-
liferone lasers [53]. Another type of active medium is solid state lasers and are
the ones that are used throughout this work.

Solid state lasers are defined mainly as those whose active medium is a
transparent host material (oxides like Al;O3 and fluorides like YLiFy) that
has been doped with transition metal ions (Ti, C, Fe), rare earth metal ions
(Ce, Yb, Dy) and actinides (u). The active ions provide the energy levels that
are responsible for the lasing transitions and the host material provides phys-
ical characteristics that help determine the efficiency of the laser, such as the



thermal conductivity and expansivity. The doped atoms replace atoms in the
host material and the arrangement of host atoms around the doped atoms will
change the energy levels around it. The material can be engineered to pro-
duce different lasing transition and therefore wavelength photons by changing
the dopant level in the active medium [54]. Popular solid state lasers are ones
based on Neneodymium and Ytterbium crystals including Neodymium Yttrium
Aluminum Garnet (Nd:YAG), Nd:YLF (Neneodymium-doped Yttrium Lithium
Fluoride) and Yb:YAG (Ytterbium-doped Yttrium Aluminum Garnet). Whilst
Neneodymium and Ytterbium laser can achieve high powers due to the longer
energy level decay times they can not produce ultrafast laser pulses (within
the hundreds of fs range) therefore these are not suited to CPA. For this rea-
son the most common solid state active medium used is Titanium:Sapphire
(Ti:Sapphire) as it has a high gain bandwidth and high saturation fluence. This
means that peak powers within the Terrawatt and Petawatt region have been
achieved [55].

1.3.3 Titanium-Sapphire Laser

Ti:Sapphire solid state laser are fabricated by doping a Sapphire (Al2O3) host
crystal with Titanium ions (7%73). With an output wavelength range from 660
nm to 1180 nm Ti:Sapphire lasers provide the most amount of tuneability of
all solid state lasers. The high degree of tuneabillity is due to the fact that the
active medium has a large gain bandwidth, caused by the fact that the energy
levels have strong interactions with lattice vibrations.

Ti:Sapphire lasers utilise a four-level energy system like that discussed in
section 1.3.1. Electrons are pumped from the ground state to the pumping en-
ergy level, Fy, efficiently through excitation photons of wavelengths in between
400 nm and 600 nm this means it has good green-blue light absorption with the
maximum absorption at 490 nm. From Ej electrons decay fast through phonon
emission to the the upper lasing level, F5. where the longer life time of around
3.2 us allows a population inversion to be achieved over the lower lasing level
FE5. The lasing transition between E3 and Fy produces the coherent emitted
photons. The electrons again rapidly decay via phonon emission to the ground
state F1 from Es to be available for pumping again.
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Figure 1.8: A four-level Ti:Sapphire energy level diagram, broad absorption of
the blue-green range is shown as well as the broadband emission available.

E,

When absorbing green light the output emission is of a longer wavelength, the
red region of the spectrum spectrum. Population inversion when emitting red
light is more easily achieved because the lower lasing level for this wavelength
is at the top of a multi-vibrational level which is unoccupied due to the fast
vibrational decay time. Ti:Sapphire lasers are often used in amplified laser
systems as they are ideal for the creation and amplification of fs pulses, explained
by the fact they has such a large gain bandwidth. These desirable ultrashort
pulses can be obtained through modelocking (explained in 1.5.) [56] [47]

1.4 Q-Switching

The Q factor, also known as the quality factor, of the cavity is a quantity that
defines the losses in the cavity. The Q factor is calculated by eq 1.6 where F
is the stored energy and FEj,ss is the round trip energy losses [46].

Es

loss

Q=27

(1.6)
Q-Switching is a method employed in laser engineering to produce an intense

short laser pulse. This is achieved through the manipulation of the @Q factor to
prevent the cavity from oscillating, thus allowing the gain in the cavity to be
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altered.

To begin, the cavity losses are kept artificially high, this means that the Q
factor of the cavity is kept low. The active material in the cavity is continually
pumped during this period increasing the population inversion in the material
and hence increasing the gain. During this pumping period the gain reaches a
much higher value then would be reached under normal operating conditions.
Once the gain is high enough, the Q factor is quickly switched back to a higher
value causing oscillations to begin in the cavity again, the round trip losses are
heavily outweighed by the round trip gain. As the pulse oscillates it builds
up at a rapid rate, depleting the population inversion on a similar timescale,
causing then a rapid drop in gain in the cavity to below the round trip loss
levels and consequently causing lasing to stop in the cavity (depicted in figure
1.9). The Q factor is then set low and the process begins again. The rapid
processes involved allow for intense short pulses of radiation to be emitted. The
peak power achieved from a laser in Q switched mode can be up to four times
higher then can be generated in the same laser under continuous wave operation.

A Laser pulse
Cavity losses
Power
Gain \ \
N\ >
Time

Figure 1.9: The graph shows the changes in the cavity during Q-Switching
operation. Losses are kept artificially high until the gain has reached a peak
amount, before the Q-factor is switched and losses drop enabling a pulse to be
emitted.

There a several different methods utilized to control the Q factor within the
cavity, each with their own merits and drawbacks. One of the earliest methods
was a simple rotating mirror at one end of the cavity. The mirror is placed on
a rotating shaft and controls the Q factor by only allowing oscillations when
the mirror aligns with the system and opposite mirror. Whilst being a cost
effective and relatively simple method, it suffers from slow switching speeds and
mechanical vibrational noise that can cause miss-alignment ultimately leading
to unreliability from the system.
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Rotating Mirror Output Mirror

Figure 1.10: An active Q-switching method is using a rotating mirror at one
end of the cavity to control the cavity losses during operation.

Another method used is a passive saturable absorber. This is a passive
component placed into the laser cavity to control the @Q factor by absorbing
the radiation keeping the losses high. The active medium is pumped contin-
ually building the population inversion until the gain overcomes the losses via
absorption and thus oscillations begin within the cavity. The oscillations will
completely saturate the passive absorber enabling the pulse to grow rapidly
within the cavity leading to an intense pulse. Saturable absorbers are a fairly
simple solution, they do not require lots of optical components within the cavity
and require no external control. However they do have a myriad of disadvantages
such as the need for careful adjustment initially, the inability to sync the laser
timing to external equipment, amplitude fluctuations, timing jitters and some
saturable absorbers such as organic dye solution as at risk of photo-chemical
degradation requiring replacement.

Saturable Absorber

100% Reflective

Mirror Output Mirror

Figure 1.11: A passive Q-switching method where a saturable absorber is placed
between one of the reflective mirrors .

Electro-Optic (EO) Q switching involves the use of an EO modulator as the
Q factor manipulating unit. The EO modulation unit comprises of an EO crys-
tal which has an induced birefringnece when influenced by an applied electric
field, this is known as a Pockels crystal, and another polarising element such as a
prism. A voltage can be applied across the EO crystal so that it acts as quarter-
wave plate, this means that the radiation circulating the cavity undergoes a 90°
polarisation rotation and is then coupled straight out of the cavity after a single
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round trip. Turning the voltage off enables the Q factor to become higher and
the cavity can enter a low loss mode. This can be done in the opposite configu-
ration where turning on the Pockels crystal can correct for the birefringence of
the polarising element and switch the cavity to a high Q factor. This method
of Q-switching is capable of the fastest switching times with the most precise
timing and stability. However the EO crystal are typically quite expensive and
susceptible to laser damage with intense pulses. This method also requires ex-
pensive voltage sources that are able to produce fast rise time voltage pulses [57].

<
EO Switch ‘
> —>
Gain Medium
Prism
100% Reflective _
Mirror - Output Mirror
Switch Control

Figure 1.12: Q switching with an EO modulator in the laser cavity consists of
turning the EO switch on and off to control the polarisation of the beam. When
the switch is set to keep the Q factor low the polarisation induced will cause it
to not pass through the prism and keep losses high.

Whilst @ switching has its merits for use in the generation of intense laser
pulses it can not be used to achieve ultrashort laser pulses with pulse widths
generally in the ns range [58], this becomes an issue when trying to generate
broadband THz pulses (discussed further in section 1.8.5).

1.5 Mode Locking

When a laser is used in normal operation, all of the modes in the laser cavity
will act independently of each other, that is to say that the amplitude and phase
of the modes vary with time. The output field of a laser is a sum of the fields of
all of the different modes, meaning the output of a laser operating with multiple
modes is that field will also vary in time. The output field will be averaged out
to a steady value if there are many modes. [59]

Mode locking refers to the phenomenon of locking of the cavity modes phases,
this coherence equates to a pulsed field to be produced [60]. When the maximum
intensity of each mode constructively interferes a high intensity pulse is produced
with a small pulse width. The pulses produced come as a pulse train which is
many pulses at periodic intervals. How many pulses are produced in a given
time period is known as the repetition rate of the laser. The repetition rate
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is calculated as the time a round trip of the laser cavity takes as only a single
pulse is released on each pass, this is calculated as a time:

2
T== (1.7)

Where [ is cavity length and c is the speed of light.

One of the key reasons behind the use of mode locking is to produce high
intensity short pulses. A higher intensity is produced from mode locking due to
the modes combining at the locked phase mode to produce an enhanced output,
the peak intensity for a mode locked laser with equal amplitudes is proportional
to N2 \EO|2 where N is the number of modes and Ejy is the amplitude. This
can be compared to the average intensity of a unlocked laser as NV |E0|2. From
this it can be seen that in mode locked operation the intensity is increased by

a factor of N. [61]

The minimum pulse width that can be obtained for a given lasing medium
can be calculated by:

K
T Av

Where K is a number that depends of pulse shape and is called the transform-
limited pulse and Aw is the gain bandwidth of the lasing material. [62]

At (1.8)

There are two main methods of mode locking that are employed; active
mode locking and passive mode locking. Each have been shown to be effective
at producing mode locked pulsed emission. Active mode locking involves an
external influence in the laser cavity to control the mode locking. A modulator
(electro-optic, acousto-optic types) optic can be used to synchronously control
the cavity losses with the pulse round trip around the cavity. For passive mode
locking a saturable absorber can be used within the laser cavity to modulate the
losses. The association between saturable coefficient and the saturation in the
amplifying material allows a natural modelocking to take place that can take
place without any external interference. With passive modelocking the first sat-
urable absorbers that were used were ones made for dye lasers, these were not
particularly suitable for solid state lasers, the recovery time and limited band-
width meant that sub picosecond pulse widths could not be achieved.

The discovery of Kerr lens effect (Kerr Lens Mode Locking (KLM)) has lead
to femtosecond pulse widths becoming achievable from solid state lasers. KLM
is a technique that uses the Kerr lens effect, which is where a beam can be fo-
cused to a higher intensity in the case that the refractive index of the medium it
travels through is also intensity dependent. The higher intensities of the beam
will be strongly focused whilst the lower intensities will not be focused much.
Adding a slit into the beam path will further increase the losses of the weaker
intensities. Hence this technique can act as a saturable absorber in the cavity.
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One of the key drawbacks of KLM is that the cavity will not inherently enter
pulsing mode spontaneously. A strong intensity fluctuation is needed to start
the Kerrs lens effect. This can be done by changing the optical path length in
the cavity; quickly moving one of the cavity mirrors or rotating an optical slide
will achieve this. [62]

1.6 Spitfire Ace PA Laser

The amplified laser system used throughout this project is the Spectra Physics
Spitfire Ace PA. This amplified laser system is an 800 nm wavelength regen-
erative amplified laser. The system consists of four main components; a seed
laser, two pump lasers and amplification section. A schematic of the system is
presented in figure 1.15.

Seed Laser Pump Laser 1 Pump Laser 1
——y___ r,,,ll,,,ﬁ .
Spitfire | | | Regenerative | | Power I ! i
Amplifier | Stretcher |'_’w Amplifier _Nl Ampliier %} Compressor | >
g nmemmer b AT ] !

ETAE /\q

Low Power Reduced Power 1st Stage Amplified 2nd Stage Amplified Compressed High Peak

Short Pulse Stretched Pulse Stretched Pulse Stretched Pulse Power Pulse
Figure 1.13: Block diagram for the Spitfire Ace PA laser showing the different
stages of operation, below shows a representation of how a pulse is stretched,
amplified then compressed again. Reproduced from [1]

A Spectra Physics Element is used for seeding purposes, this is a diode
pumped Ti:Sapphire oscillator that operates with a central bandwidth of 800
nm. As this is an ultrashort oscillatory system the pulse width is ~20 fs at a 80
MHz repetition rate. Both pump lasers are Spectra Physics Ascends which are
Q-switched Neodymium Yttrium Aluminum Garnet (Nd:YAG) lasers capable
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of producing 35 W of output power at a central bandwidth of 527 nm with a 1
kHz repetition rate.

The seed laser produces the initial pulse into the system, it passes into a
Faraday isolator that protects the seed laser from any reflected pulses. The
Faraday isolator works by polarising the seed pulse twice by 45 degrees so that
any reflections are unable to pass through the polarising filter. The next stage
is for the pulse to be stretched in time, this is so that the pulse can be amplified
safely without the risk of damaging any of the other optics in the amplifying
system. To stretch the seed pulse in time it is passed through a Vertical Retro-
Reflector (VRR) and a stretch grating that spatially separates the different
wavelength. Longer wavelength have to travel further than shorter wavelength
and hence become stretched in time. The stretched pulse performs two passes
through the stretch grating before being reconstructed and passed through a
polarisation rotation periscope and on to the amplification section.

The amplification section consists of two parts, the regenerative amplifier
and the power amplifier. Firstly, the seed beam passes into the regenerative
amplifier section. This section, seen in figure 1.14, makes use of Pockels cells
to manipulate the beam through the amplification crystal. A Pockels cell is an
electro-optic device that works on the principal of the Pockels effect. The Pock-
els effect is found in crystals with a lack of inversion symmetry, when under the
influence of an electric field the refractive index of the material can be altered.
The change in refractive index has a linear dependence with the strength of
the applied electric field strength, hence it can be used as a voltage controlled
waveplate [63].

Pockels Pockels
M1 N4 cell 2 Polariser cell 1

Seed Pulse
In\out

Ti:Sapphire Crystal

A
Y

Figure 1.14: Diagram showing the amplification section, the seed beam passes
into a 'z’ style configuration with use of the Pockels cells to confine it to the
cavity for amplification.

If the first cell on the beam passes through to the second cell. If second
cell is also on then the beam will be reflected back through the section without
any amplification. If the second cell is off then the beam is reflected through a
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Ti:Sapphire crystal that is optically pumped by a Q-switched laser. As the beam
passes through the crystal it increases in gain and returns to the Pockels cells. If
the amplified pulse reaches the second Pockels cell before it is switched on again
it is moved towards the power amplifier section, if not then the pulse becomes
trapped in this cavity. By careful control of the Pockels cells the number of
passes through the crystal can be controlled and therefore the amount of gain
the pulse receives can be controlled.

In the power amplifier section the pulse is once more passed through an
optically pumped Ti:Sapphire crystal to increase the pulse output energy, only
one pass through the crystal happens in this section before the pulse is directed
to the final stage of the process, the compressor.

The compressor works in reverse of the stretching grating used at the start of
the amplifier system. The pulse’s wavelength are split once more, however this
time the shorter wavelength are made to travel further and therefore reversing
the temporal stretching. At this point the pulse can be adjusted to optimise
peak power, by optimising the temporal compression. The pulse reflects back
through the compression grating which reverses any stretching effects before
being directed out of the system [1,64].
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Figure 1.15: Schematic for the Spitfire Ace PA laser. Diagram provided by
Spectra-Physics [1]

1.7 High Field Terahertz Sources

This section will be an overview of some of the most common methods of gen-
erating high field strength THz sources.

18




1.7.1 Air Plasma Generation

Air plasma generation is technique that utilises the ionization of a gas as a
means of generation of THz radiation. This technique is set apart from others
as it uses ambient air or another gas as the generation medium. Whilst air
plasma generation is possible using a single wavelength, the highest efficiency
and THz field strengths have been achieved utilizing a 2-colour approach. [65]

As with other techniques for THz generation ultrafast laser pulses are re-
quired, for this a Ti:Sapphire regenerative amplifier can be used. The 800 nm
(w) output from the laser is focused through a Beta-Barium Borate (BBO) crys-
tal to acquire a second harmonic wave at 400 nm wavelength (2w). The first
and second harmonics interact at the focal point generating an ionised plasma,
a third-order nonlinear process takes place at this ionised plasma spot gener-
ating intense ultra-broadband THz radiation [66]. Due to the two wavelengths
differing phase velocity in air, the phase mismatch () at the focal point de-
pends on the distance between the BBO crystal and the focal point. This has
to be adjusted to achieve maximum interaction between the waves to achieve
the highest THz field possible [67]:

w
= c(2ng, — ny)d (1.9)
where n,, and no, are refractive indices for the first and harmonic waves,
and d is the distance between the crystal and focal point.

The THz electric field due to the third-order nonlinear process of the two
beams mixing in the plasma can be approximated from a four-wave-mixing
mechanism approximation [68]:

Eriz o< X®) Bau (1) B3, (1) E3,, (t)cos () (1.10)

Where x(3) is the third order susceptibility, E,, and Es,, are the electric field
strengths of the first and second harmonic beams respectively.

THz generation via an air plasma method has been proven to yield field
strengths of 1 MV /cm [69] and ultra-broad bandwidths of up to 100 THz [70].
Disadvantages with air plasma generation include the need for intense laser
pulses, low optical-to-THz efficiency and the need for very precise alignment to
ensure critical focusing is achieved. [65]

1.7.2 Free Electron Lasers

Free Electron Lasers (FELSs) are a source of radiation capable to operate over
a large range of the electromagnetic spectrum, which makes them highly use-
ful. [71]
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The main components of FELs are the electron accelerator, laser cavity and
the wiggler (sometimes referred to as the undulator) with the latter two making
up the FELSs resonator. The wiggler itself is a magnetic array made up of alter-
nating polarised magnet pairs, this creates a periodically transverse magnetic
field. A relativistic electron beam is steered into the resonator by a magnetic
field and as the electrons travel along the cavity of the resonator the alternat-
ing magnetic field forces them to oscillate about the axis of the cavity. This
oscillatory motion causes emission of EM radiation [72] this will co-propagate
inside the laser cavity with the electron beam. The wiggler field is set so that
the interaction between it and the radiation causes the electron beam to become
bunched, at a modulated period which matches that of the laser wavelength.
This is an important process in order to generate coherent radiation from the
laser. As the radiation makes round trips of the cavity it will become amplified
from the interaction with the electron oscillations.

The wavelength of the emitted radiation is give by:
— )\w
=50

where A, is the wiggler magnetic field period, 7 is the Lorentz Factor, k is
the wiggler parameter given by:

A 1+ K?] (1.11)

eBM\,

= 1.12
2Tmec ( )

Where B is the magnetic field strength, e is the charge of an electron and
me is the effective mass of an electron. This parameter K is usually chosen to
be close to 1 to account for the Doppler shift caused by the induced motion of
the electron beam. [8]

Emission across large regions of the EM spectrum is achieved by altering
some of the parameters of the device including, the wiggler period, electron
beam energy and magnetic field strength. The wiggler period is typically set
during construction so the wavelength deciding factors are the electron beam
energy and magnetic field strength [72]. FELs are capable of high power gen-
eration of THz as they do not suffer from conventional problems attributed to
material damages and thermal lensing as the amplifying medium consists of
only electrons. The radiated emission from FELs is typically narrowband when
compared to that produced by other methods disscused here, and due to the
nature of the generation mechanism, the pulse shapes are often complex [73].
The major disadvantage of these devices is the cost of constructing and main-
taining the equipment, FELs are in essence small particle accelerators and thus
take up a lot of space, and are expensive to run. [8]
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1.7.3 Optical Rectification

Optical Rectification (OR) is a high power THz generation technique that is
capable of producing broadband pulses. The basis of this technique is to use
an EO crystal pumped by a pulsed fs laser source. Popular EO crystals used
are Zinc telluride (ZnTe) and Gallium Phosphide (GaP). The way in which
these devices work is by making use of the non-linear effects within the crystal.
The induced polarisation in the EO crystal is dependent on the polarisation of
the radiation that is entering the crystal, more specifically the polarisation will
change with the angle of the radiation in relation to the crystal axis.

As the incident radiation is not a constant source but in fact a fs laser pulse,
this gives rise to a time dependence in the induced polarisation which follows
the envelope of the fs pulse. The induced transient polarisation gives rise to the
emitted THz pulse.

An ideal crystal would have zero dispersion and the refractive index of both
the THz and the optical pulse would be equal. In this ideal case the emitted
THz radiation propagates with the incident fs pulse at the same speed, and
the amplitude of the THz pulse would increase linearly with distance. However
there is dispersion within the crystal and the incident pulse and the THz pulse
will propagate at different speeds. At a certain distance the two waves begin
to destructively interfere with each other, meaning over a long distance the
amplitude of the THz radiation would be equal to zero. The length at which
this happens is known as the walk-off length:

cTp
lw e — )’ (1.13)
where 7, is the femtosecond pulse duration. A long walk-off length is es-
sential for efficient THz generation as well as the EO crystal being sufficiently
thinner than the walk-off length [2].

A big problem with OR is with phase matching, in that the optical wave
velocity must be closely matched with the THz wave velocity to ensure efficient
generation. At present it is only possible to achieve this over a limited spectral
range [74].

Inorganic crystals such as ZnTe are relatively stable and phase matching
can be achieved at popular excitation wavelengths like 800 nm, however many
inorganic crystal have strong phonon-interactions at lower frequencies causing
gaps in the emitted bandwidth [75]. Moreover due to low saturation thresholds
and smaller nonlinear coefficients THz fields above 0.6 MV /cm have not been
achieved [76]. More recently organic crystals like; DAST, BNA and DSTMS,
have been shown to produce much larger THz field strengths owing to vastly
superior nonlinear coefficients. These organic crystals have been reported as gen-
erating THz fields of up to 83 MV /cm [77]. However, organic crystals possess
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Figure 1.16: OR of a femtosecond pulse. Reproduced from [2]

issues that have held them back from wider application including degradation in
ambient atmosphere, low optical damage thresholds and typically small crystal
sizes.

Crystals used for generation of THz radiation using the OR technique have
shown broadband emission up to 100 THz, but the radiation is strongly sup-
pressed at particular phonon frequencies within the different crystals [78].

Lithium Niobate (LiNbOj3) is a popular choice for high field generation due to
its large effective nonlinear coefficient and high damage threshold. For crystal
used in the OR technique, having a large nonlinear coefficient is desirable to
achieve higher field THz generation as the radiated energy is proportional to
the square of the value. LiNbOj presents a difficult phase matching condition
due to the large difference between refractive indexes of the pump beam and
the THz radiation [75]. A technique utilised to circumvent this issue is to use a
tilted-pulse-front approach (seen in figure 1.17) which was first demonstrated in
2003 by Stepanov et al [79]. As the name suggests the exciting pump beam is
tilted relative to the phase front using a diffraction grating and lenses, if the tilt
angle is selected correctly it allows the generated THz radiation to propagate
with the pump pulse front ensuring constructive interference in the LiNbOj.
By creating this condition the phase matching conditions are satisfied and THz
electric field strengths of up to 1.2 MV /cm have been reported [80]. Issues
with this technique however include strong THz absorption above 2 THz at
room temperatures, requiring cryogenic cooling to achieve greater bandwidths.
Another problem includes the complicated set-up required when compared to
other forms of high THz field generation. [81]
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Figure 1.17: Generation of THz radiation in LiNbOgs through the tilted-pulse-
front technique. The pulse front is depicted as it changes through the optics in
order to propagate with the THz in the crystal.

1.7.4 Spintronic Emitters

A recent development in the field, spintronic emitters offer the first use of ul-
trafast spin physics for THz radiation. The principle of these devices is the use
of the inverse spin Hall effect [82] to create a transient current within the sub-
strate. Devices consist of a heterostructures comprised of both ferromagnetic
and nonmagnetic material (see figure 1.18). When the device is pumped with
an ultrafast fs laser pulse, spin-polarised electrons are excited in the ferromag-
netic layer and will diffuse through to the nonmagnetic layer creating a spin
current. A transient current is then generated from the spin current due to the
inverse spin Hall effect, giving rise to THz radiation from the nonmagnetic layer
of the structure [83]. As this technology is relatively in its infancy there is much
work being undertaken into engineering the composition of devices to improve
aspects of emission including both the THz bandwidth and amplitudes. This
has included study into the effects that thickness of layers in the heterostructure
has on generation of radiation [84,85], the material composition of the device
has been studied to investigate the effectiveness of different ferromagnetic and
nonmagnetic layers has [86, 87], the dependence of the layer interfaces on the
generated emission [88], and work into different heterostructure composition to
increase efficiency such as trilayers [86] and repeating multi-layers [89].
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Figure 1.18: The generation technique within a spintronic emitter. A fs pulse
excites spin-polarised electrons within the ferromagnetic layer (FM) causing a
spin current (js) to diffuse through to the nonmagnetic layer. Through the
inverse spin hall effect the spin current causes a transient current (j.) to be set
up, from this THz radiation is generated. The THz radiation is perpendicular
to the applied magnetic field (B). Figure reproduced from [3]

There is much promise for these devices for spectroscopy with bandwidths
of up to 30 THz reported [86]. When the pump excites the material THz is
generated in both the forward and backward direction. Field strengths of up to
1.5 MV /cm have been reported [90]. However these devices do have limitations,
efficiency is in the same region as generation from nonlinear crystals [86] of
around le~%. Engineering the THz emission proves the most challenging aspect
of this technology. THz emission is directly controlled by the optical pumping
of the device, however modulation of the emission can be achieved through the
magnetic field control. These emitters also provide less power for frequencies
below 3 THz when compared to other generation techniques [86].

1.8 Photoconductive Emitters

Photoconductive antennas have been a widely adopted source of THz radia-
tion [91-93], much like the name suggests they utilise the photoconductive effect
as the underpinning mechanism to enable generation of THz within the device.
The operation of these devices can be thought of as that of an optically fast
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switch, a pulse from a laser pump source can ‘switch’ the device on causing elec-
tromagnetic radiation to be emitted. The first use of these devices to generate
THz radiation extends back 35 years using a simple Hertzian dipole antenna
fabricated on radiation damaged Silicon on Sapphire as the active material [94],
and since then many different electrode geometries and photoconductive mate-
rials have been explored to enhance the generation [95-100].

1.8.0.1 Semiconductors

Understanding the structure of a semiconductor material is important to under-
standing its electrical properties. When solids are formed, the dense packing of
atoms causes their outer orbitals to overlap; this causes the discrete energy levels
of the free atoms to broaden into a continuous band of energy levels. Semicon-
ductor materials contain an even number of electrons per atom, which results
in the highest-filled energy band being completely filled with electrons. This
highest-filled band is known as the valence band, which is separated in energy
from the next lowest unoccupied energy band, called the conduction band. The
separation between the valence and conduction band is known as the band gap,
Ey. In order to achieve electrical conductivity, an energy equal to E, is needed
to excite electrons into the conduction band; this can be achieved through dif-
ferent processes such as absorbing photons or thermal excitation [101].

A key distinction of a semiconductor is that at absolute zero, there is no
conduction; however, as temperature increases, a finite number of electrons can
be thermally excited into the conduction band, allowing the conduction of elec-
tricity. The difference between a semiconductor and an insulator is the size of
the band gap, with insulators having much larger band gap energies.

Looking at LT-GaAs in particular it is a Face Centred Cubic lattice struc-
ture with a direct bandgap. This means that the maximum energy point of the
valence band matches with the minimum energy point of the conduction band
at the Brillouin centre ‘I (shown in figure 1.19). The two valence bands that
meet in the zone centre relate to the heavy and light hole bands. The band gap
energy is 1.424 eV at 300 K [102]. Two important features to point out are the
shallow defect states and the deep traps. The deep traps are a product of the
excess arsenic present during the growth and annealing (explained in 2.2). The
arsenic precipitates act as buried Schottky barriers [103] and are the primary
electron trapping mechanism. The shallow defects are due to local potential
fluctuations induced by the impurities in the lattice.
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Figure 1.19: The band structure of GaAs showing the direct band gap at the
Brillouin centre I" and the subsidiary minima at X and L. Also depicted are the
deep traps and shallow defect states present in LT-GaAs.

1.8.1 Gunn Effect

Under the influence of an applied electric field, ‘E’, the electrons will begin to
drift with a velocity that is related to their mobility ‘u’:

vy =pE (1.14)

where or
w=—-— (1.15)

Me

Hence, it can be assumed that increasing electric field strength will increase
the drift velocity of the carriers, and at some point, this velocity will saturate.
However, this is not exactly the case in GaAs; the drift velocity increases to
a maximum point before decreasing to the saturation value (depicted in figure
1.20 (b) ). Looking away from the Brillouin centre in figure 1.19, it can be
seen that GaAs has peripheral conduction band minima valleys at both X and
L; these are at a higher energy than the minimum at the zone centre. When
electrons are excited into the conduction band, they will begin in the valley at
the zone centre; here, the effective mass of the electrons is relatively low, and
they have a high mobility, ‘uq’. As electric field strength is increased, at some

26



point, ‘e,’, the electrons will gain enough energy to transition to the X and L
valleys, here the effective mass is higher, and the mobility of the electrons is
lower, ‘uo’. Increasing the electric field strength past e, causes more electrons
to transition to the higher band valley until €, is reached where all electrons
have transitioned. The diagrams in figure 1.20 depict this effect. It can be seen
that whilst ¢ is less than ¢, the velocity increases at a steady rate and peaks
shortly after ¢, is reached. During the transition phase between ¢, and ¢, a
decrease in velocity occurs with increasing €. This decreasing velocity region is
known as negative differential conductance. Once e reaches the value ¢, and
all electrons are in the higher valley, the velocity begins to increase again with
the increasing field but at a slower rate. This effect is known as the Gunn effect
and is exploited in a variety of applications [104-106].
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Figure 1.20: Depiction of the Gunn effect in GaAs. a) Shows the transition of
electrons from the I' valley to one of the subsidiary minima with increasing elec-
tric field strength. b) the resulting drift velocity of the electrons with increasing
electric field strength.

Although the effect can be exploited for benefit, it can also be detrimental
in photoconductive devices. In the negative differential conductance region,
an increase in bias voltage produces a decrease in photocurrent and, hence, a
decrease in the radiated THz field strength. This would restrict the field that
can be applied for efficient operation.
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1.8.2 Gunn Effect in LT-GaAs

The high-field carrier dynamics of LT-GaAs behaves slightly differently to that
of intrinsic GaAs. The nature of the composition of LT-GaAs is explained in de-
tail in section (2.4) and helps to explain the high field transport dynamics. The
main difference of note in LT-GaAs is the excess arsenic precipitates that are
formed in the material during growth and subsequent annealing. It has already
been discussed that the mobility of an electron is dependent on its effective
mass. However, another important parameter is the mean free time ‘7’ (shown
in eq 1.15). Due to the excess arsenic precipitates that are formed within the
material, the likelihood of a carrier colliding with an ion in the lattice increases,
which reduces the mean free time. It can be seen from eq 1.15 that a decrease
in mean free time reduces the mobility and, hence, the drift velocity.

Work by Arifin et al. [107] showed that compared to pure GaAs, the mobil-
ity is drastically decreased in LT-GaAs. As the precipitate concentration is in-
creased the mobility decreases due to the increase of scattering associated with
this phenomena. They calculated that at a precipitate concentration of 106
cm™3 the drift velocity no longer shows a peak and subsequent fall like that
seen in intrinsic GaAs. With the reduced mobility, the drift velocity exhibits a
relatively linear increase with the increasing field. As discussed, the Gunn effect
occurs when the electrons gain sufficient energy to transfer from the I' valley
to one of the subsidiary valleys (X and L). In LT-GaAs, the amount of kinetic
energy that an electron can obtain is lower due to the reduced mean free path,
and thus, the probability of it being able to transfer is reduced. This means
that devices utilising LT-GaAs will be able to operate at electric field strengths
above the Gunn threshold exhibited in pure GaAs.

1.8.3 photoconductive Effect

It is known that an external energy is needed to promote an electron to the
conduction band of a material. As discussed briefly in section 1.8.0.1, this can
be done through the absorption of a photon, and this mechanism gives rise to
the increased electrical conductivity in the material. When photons are incident
upon the semiconductor material, they can be absorbed if the energy exceeds
the bandgap energy. When a photon is absorbed, its energy is transferred to a
bound electron in the valence band, allowing a transition across the bandgap;
this creates a free electron in the conduction band and an absence of an electron
(a hole) in the valence band or in other words an electron-hole pair. This pro-
motion of electrons will increase the free electron density and will hence increase
the conductivity of the material [108].

The photocurrent is usually strongest when absorbing photons of energy
slightly higher than that of the bandgap [109]. For example, GaAs PCA devices
are a popular choice for use with Ti:Sapphire laser systems as the material
bandgap is well matched to the lasers’ emitted photon energy. Even at the
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optimally matched wavelength, materials do not absorb 100 per cent of the
photons due to various losses such as surface reflections [102].

1.8.3.1 Urbach Absorption Tail

In a perfect semiconductor, there would be no absorption of any photons that
do not possess enough energy to promote an electron to the conduction band,
i.e., photon energy smaller than the bandgap energy. Although this is not the
case in a real-world scenario, there can be absorption below the bandgap energy.
Due to defects and impurities in a semiconductor material’s growth, there is a
range of photon energies below the bandgap energy that can be absorbed [110].

Due to the disordered nature of some semiconductors, there is a fluctuation
of electron energy states from place to place in the lattice; this results in an
electron seeing a differing potential at different places in the material. If the
disorder is large, then the density of electron states at the band edges develops
tails, which will extend into the energy band gap. These localised states will
allow for some level absorption below the bandgap energy; the energy range
extending into the band gap is known as the Urbach energy [111]. This is
reflected in the photon energy vs absorption graph as an exponential decay in
the onset of absorption, which is called Urbach tail absorption. The width of
the Urbach tail can be calculated from the Urbach energy, Ey [112]:

E-E,
In( 2B

Qg

Ey = (1.16)

where E is the photon energy, a(F) is the absorption coefficient spectra a
is the value of absorption coefficient at the bandgap energy E,. A higher value
of Ey indicates a higher amount of absorption below the band gap energy.
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Figure 1.21: a) Urbach tail states extending into the bandgap of the semiconduc-
tor due to localised energy states below and above the bandgap edge occurring
from defects and impurities in the material. b) The absorption as a function
of photon energy showing absorption below the bandgap energy due to the tail
states.

1.8.3.2 Absorption coefficient of LT-GaAs

The absorption spectra of LT-GaAs shows the material’s behaviour in response
to photon energies above and below the bandgap energy. As discussed in section
1.8.3.1, the absorption onset does not begin at the bandgap energy but proceeds
it by some amount. The work by Dankowski et.al [113] determined the room
temperature absorption spectra for LT-GaAs and the effects of annealing tem-
perature on the absorption coefficient.

It is well established that LT-GaAs contains a large number of deep traps
as a byproduct of the excess arsenic forming antisite defects. These defects
allow for a broad absorption of energies sub-bandgap. Through annealing, the
antisites form precipitates, which reduces the amount of absorption of energies
below the bandgap, although it does not completely prevent it. Above annealing
temperatures of 430 degrees, the absorption spectra for LT-GaAs begins to
return to a similar form of normal temperature-grown GaAs. The sharper rise
in absorption for photon energies just below the bandgap is due to the Urbach
tail absorption detailed in section 1.8.3.1.

1.8.3.3 Temperature Dependence of GaAs

As discussed in 1.8.0.1, a semiconductor at 0 K has no electrons in the con-
duction band. However, as the temperature increases, some electrons can be
thermally excited into the conduction band. As temperature increases, the
number of lattice vibrations also increases; this lattice expansion causes the
inter-atomic spacing to increase and, thus, the bandgap energy to decrease. It
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is thus important to understand the temperature dependence of the material
bandgap to understand the absorption dynamics.

Panish et al. [114] studied the temperature dependence of GaAs and showed
that the bandgap energy of GaAs. The bandgap energy from 0 K to 1000 K was
measured; from this, it can be seen that the bandgap energy lowers by ~ 500
meV. Although this data was obtained using regular GaAs, the temperature
dependence of the bandgap in LT-GaAs should follow this trend.

1.8.4 Basic Operating Principles

The basic operating principles of a PCA device is underpinned by the photo-
conductive effect (1.8.3). Shown in figure 1.22 is a photoconductive device that
consists of a pair of electrodes atop a photoconductive material. The gap width
is taken as the separation between the electrodes. The substrate is optically
pumped by an ultrafast laser source, with pulse widths typically <200 fs, pho-
tons of energy equal to or greater than the material bandgap are absorbed and
photogenerated carriers are generated in the material. The illuminated gap is
placed under the influence of a biasing field across the electrodes. The biasing
field accelerates the carriers in opposite directions, electrons towards the anode
and holes towards the cathode, this gives rise to a transient photocurrent in
the material. The transient photocarriers give rise to THz radiation which is
emitted from the device. There is an array of factors that dictate the nature of
the THz generation that is emitted from the PCA. To help explain these factors,
we introduce the simple current surge mode (1.8.5).

Electrodes

Photoconductive

< substrate

\
Photogenerated
electron-hole pairs

Figure 1.22: Diagram showing carriers being accelerated under the influence of
a biasing field within an active photoconductive material.
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1.8.5 Current Surge Model

A current surge model can be used to understand the carrier dynamics within
a biased photoconductive material. This model is based on a Drude-Lorentz
theory of carrier transport in semiconductors. This model is an ideal tool to in-
vestigate the effects of material properties on carrier dynamics and, ultimately,
THz generation characteristics of the materials. The model is based on a biased
semiconductor material optically pumped by an ultrafast femtosecond laser.
The model considers different effects within the material that affect the gen-
erated current, including electron and hole interactions, dynamic space charge
effects, carrier scattering and trapping times. The model mentioned here is
adapted from the work seen in [115,116] and coded in MATLAB by Dr J Free-
man. This model specifically looks at LT-GaAs as the active material.

1.8.5.1 Model Assumptions

The model presented by Piao et al. and adapted for use here makes a number
of assumptions. Firstly, as the trapping of free carriers into the midgap defect
states is much faster than the electron-hole recombination time in the material,
this is taken as the carrier lifetime. The model also ignores any non-linear ab-
sorption that takes place from mid-gap states, although it is stated that these
effects at 800 nm are negligible. A constant momentum scattering time is as-
sumed for all carriers, and a constant effective mass for both holes and electrons
is used within the calculations. The model has no variation in space and, as
such, does not take into account specific volumes, geometries or distances.

1.8.5.2 Theory of the model

When photons of sufficient energy are incident upon the active material, carriers
will be generated at a rate proportional to the density of photons absorbed, G(t).
The pump laser is assumed to be a Gaussian pulse; thus, the time dependence
of the generation of carriers also takes this shape. The time dependence of the
carrier density within the active material can be given by:

dn n
—_—= - t 1.1
7 - +G(t) (1.17)

where n is carrier density, and 7. is the carrier trapping time. The trapping
time is considered the dominant factor in determining carrier lifetime because
the free-carrier trapping time is much shorter than the electron-hole recombina-
tion time. For this model, the carrier trapping time is treated as the equivalent
of the carrier lifetime. The biasing field across the active material will accelerate
the carriers at a rate given by the equation:

d e € e
Leh _ _DTeh y deh p (1.18)
dt Ts mz’h

where v, is the average carrier velocity, g is the effective charge of an
electron (hole),7, is the momentum relaxation time, m? , is the effective mass
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of an electron (hole) and F is the electric field strength at the carrier position.
The local field at this point is influenced by screening due to the separation of
carriers and is lower than the applied bias:

Psc
ne

E = Ebias -

(1.19)

where P;. space charge polarisation, 7 is the geometric factor (equal to 3 for
an isotropic dielectric material), and € is the permittivity of the material. Both
trapped and free carriers contribute to the screening of the electric field. The
time dependence of the polarisation is dependent on the recombination time,
Tr, and the current density contribution of the electron-hole pair, J:

dPSC F)SC
= — J 1.20
dt Tr + ( )
where:
J = epup, — env, (1.21)

And e is the charge of a proton. This photocurrent change causes the emis-
sion of radiation, as is known from Maxwell’s equations. Hence the emitted
THz radiation in the far-field is given by [117]:

dJ
Erpg. « T

This equation can be split into two separate components that contribute to
the photocurrent:

(1.22)

d
Erg, x il +en— (1.23)

The first term in equation 1.23 is the contribution from a change in carrier
density, and the second term is the contribution arising from the acceleration of
carriers under the influence of the bias field. This can be assumed by introducing
a relative speed between the electron and hole:

V= Up — Ve (1.24)

The models’ results show that certain parameters influence the generation of
THz radiation more than others. The effects of ultrafast carrier density changes
within the material dominate the emission of THz radiation compared to the
contribution from carrier acceleration. Changes to the photocarrier density in-
clude carrier recombination, trapping of carriers or introducing carriers via laser
pumping.

Initial conditions are set according to the chosen material parameters; here,
the material chosen was LT-GaAs and resolved over a pre-determined time pe-
riod; for these simulations, 5 ps was used. A Gaussian distribution function is
used to provide an accurate simulation to determine the generation of carriers
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from the incident ultrafast optical pump pulse. The resulting dynamics were
calculated and plotted.
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Figure 1.23: An simulated THz pulse, the two main peaks are indicated.

Figure 1.23 shows a simulated THz pulse. The shape of a generated THz
pulse can be classified into two main parts. The first part is the positive peak;
this part of the pulse is created through the generation and subsequent accel-
eration of carriers, so the pulse width of the pump beam, the carrier mobility,
and the saturation velocity of the active material dictate this. A short pulse
width, high mobility and high saturation velocity will ensure the first peak is
temporally narrow. The second part of the pulse, the negative peak, is decided
by the falling edge of the generated photocurrent [118].

34



Pump pulse and Photocurrent Rise Times
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Figure 1.24: The photocurrent rise time in the material can be seen to follow
that of the rise time of the excitation pump pulse incident on the material.
After the pump pulse peaks, the response of the photocurrent is determined by
material parameters.

From the graph in figure 1.24, it can be seen how, initially, the rise time of
the photocurrent is proportional to the rise time of the incident pump pulse;
the photocurrent continues to rise until the incident pulse peaks. Material
characteristics dictate how the photocurrent behaves next, including carrier re-
combination time, trapping time and carrier lifetime. The effects of increasing
carrier lifetime can be seen to increase the width of the photocurrent response,
which leads to a reduction in emitted THz bandwidth. In figure 1.25, it can
be seen that a longer carrier lifetime can improve the strength of the THz gen-
erated pulse; this can be attributed to the fact that shorter carrier lifetimes
support much smaller free carrier densities as the carriers are trapped on a
shorter timescale. Hence, longer carrier lifetimes lead to larger current densities
and THz field intensities [119].
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Figure 1.25: Free carrier density changes at different carrier lifetimes. Larger
lifetimes lead to higher densities of carriers but much longer relaxation times.

Figure 1.26 shows the effects of increasing lifetimes on the THz pulse shape.
Experimentally measured THz pulse shapes will also be strongly affected by
dispersion and loss during propagation and the frequency-dependent response
function of the detection system. This is explained further in section 1.9.2.
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Figure 1.26: Variation of the THz signal in time with differing carrier lifetimes,
the move from single cycle to quasi-half-cycle can be seen as carrier lifetime
increases.
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3.5

The graph in figure 1.27 shows the local electric field strengths and space
charge polarisation as a function of time for different carrier lifetimes. These
graphs show that the local electric field does not deviate significantly from the
applied bias at shorter carrier lifetimes. With quicker recombination times, the
space charge polarisation is much smaller due to lower carrier densities, which
results in reduced screening effects. Longer recombination times cause a more
significant space charge polarisation value due to larger separation and thus
considerably more screening of the applied bias field and hence weaker local
electric field strengths.
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Figure 1.27: Graphs showing the variation of the local electric field strength
and space charge polarisation with time at different carrier lifetimes

The current surge model can also be used to investigate the effects of carrier
density in the active material and how this will affect the generation charac-
teristics. Figure 1.28 shows the graphs of the local electric field and the THz
time domain signal. From the THz time domain signals, it can be seen that
as the carrier density increases, the THz pulse begins to oscillate in time. The
reason for this oscillation can be explained by looking at the local electric field
behaviour; as electrons are initially accelerated in the applied bias field, the
polarisation induced by the separation of the charges acts as a restoring force.
When the density is high enough, the polarisation reaches a comparable size
to the applied field, which is then screened; the electron and hole pair form an
oscillator and cause oscillations in the electric field. Over time, the electric field
will recover due to the recombination of electrons; hence, the oscillations will
settle out and stop.
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Figure 1.28: Graphs showing the local electric field and THz signal variations
with time at different carrier densities

1.8.5.3 Shortcomings of The Model

Although the model shown in this section does provide a good fundamental
understanding of the ultrafast carrier mechanisms that are important for THz
generation in a PCA device, it makes a number of assumptions and ignores some
mechanisms that are important to produce a more realistic model.

The model is based on a one-dimensional Drude-Lorentz model; hence, the
simulation does not include any variation over space; this does not allow for
modelling any variation of charge density according to depth or width in the
material and not being able to account for any effects associated with electrode
geometry. A one-dimensional model also means that any scattering occurring
is not a completely realistic view of the underlying physics involved. The scat-
tering mechanisms within the semiconductor substrate play a pivotal role in
the THz generated during photoexcitation. Thus, a model including as many
scattering mechanisms as possible will be a more reliable tool for understanding
the full effects material parameters will have. The Drude-Lorentz model uses
a single variable to encompass the scattering effects, the momentum relaxation
time ‘7. This variable is assumed constant throughout the simulation, which
in a real-world scenario is not the case. In materials such as GaAs, the non-
parabolicity of the band structure means that there is a chance, under the right
circumstances, that the dynamics of the material will change (see the section
on Gunn effect); this is not included in the model here and would require the
parameters to be changed phenomenologically to provide more accurate simu-
lation. A Drude model only considers that carriers interact with ions in the
lattice and do not interact with other carriers; again, this assumption is unreal-
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istic. One other shortcoming of this model is that it ignores Poisson’s equation;
which would lead to a more realistic determination of the electric potential in
the system and would improve the understanding of carrier screening of the bias
field, which is known to affect PCA devices.

These assumptions mean that care must be taken when using this model to
interpret experimental results. However, the model still provides useful insight
and a better understanding of the basics of photo-generation of THz emission.

1.8.5.4 Improved Current Surge Models

More complete current surge models have since been developed, which can more
accurately model the generation of THz radiation from PCA devices. These
models consider more realistic physical phenomena and mechanics and are good
tools for more in-depth understanding.

The first of these models was developed by Johnston et al. [120]; this model
presents a three-dimensional semi-classical Monte Carlo simulation. The model
describes the ultrafast carrier dynamics in GaAs and how THz radiation is gener-
ated from a surface depletion field. The model works by dividing the simulation
volume into a three-dimensional rectangular mesh to calculate the dynamics of
the electrons and holes over small time periods (2 fs), which is much smaller
than the scattering time. This allows for the motion of the carriers to be eval-
uated in each space and time interval.

A set of scattering rate equations is applied to every particle in the simulation
to evaluate the scattering phenomena. These equations use a random number
generator along with the particle energy and the electron/hole densities in the
local simulation space to determine whether the particle will be scattered in the
time period; if it is scattered, an angle at which it happens is also calculated.
The model considers various scattering mechanisms, including carrier-carrier
scattering, polar and non-polar optical-phonon scattering and impurity scat-
tering. Although parabolic band structure is assumed in the simulation, the
scattering between I' and L valleys is included in the calculations to enhance
further how realistic the model is.

At the end of each time interval, the individual meshes are updated and
used to calculate the electric potential. Solving Poisson’s equation on the three-
dimensional mesh allows the electric potentials at each point to be calculated.
The electric field vector across the material can then be determined using the
difference in electric potentials of the rectangular meshes.

This model uses a typical excitation condition attainable from a Ti:Sapphire
laser as the means of free carrier injection into the GaAs material. The laser
pulse is simulated to have a Gaussian distribution profile in the X and Y direc-
tions, whilst the generation in the Z direction is exponentially weighted using
the absorption coefficient for GaAs. The initial energy given to the electron-
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hole pairs is the difference between the semiconductor bandgap and the photon
energy. Over the simulation time period, the net current density vector can be
calculated, and thus, the time derivative of this can be used to calculate the
THz emission.

The work by Castro-Camus et al. [121] developed the model further to sim-
ulate the THz emission from a PCA device. In this model, the same set of
equations is used to underpin the ultrafast carrier dynamics except for an extra
scattering mechanism, acoustic phonon scattering, which allows the model to
provide an accurate tool for analysis of the carrier dynamics and the influence
these have on the THz emission.

Further to the model in [120], the boundary conditions of Poisson’s equation
are set to simulate a specific device gap size device. The two contacts are
represented by setting one side of the surface to 0 V and the other to the bias
voltage. The inclusions of these in the model allow for a more accurate analysis
of how changes in the operation conditions can affect the generation, i.e. the
effects of asymmetrical optical pumping are presented.

Castro-Camus et al.’s model was used to simulate the THz radiation emitted
by an insulating GaAs photoconductive switch. Their findings gave a detailed
understanding of the effects of different parameters on the generation of THz
radiation from such a device. It was shown that increasing applied bias voltage
caused the generated THz pulse to become shorter; this effect is attributed to
an increase of electrons transferring to the L valley, thereby increasing the av-
erage effective electron mass and, as a consequence, reducing the mobility. The
reduced mobility leads to a shorter THz pulse, which also causes a broadening
of the emitted spectrum. The effects of the pump pulse width on generation
were also investigated. The results showed that as the pump pulse was in-
creased from 6-120 fs, the temporal width of the THz pulses increased. A THz
pulse power dependence on the pump pulse width was also demonstrated; it was
found that the power decreased both above and below a pump pulse width of
40 fs. Below 40 fs, the decrease in power was attributed to a broadening of the
pump pulses’ energy distribution; this meant that the lower energy tail of the
pump pulse fell below the material bandgap and hence led to a reduction of the
photocurrent. The higher energy tail of the pump pulse causes electrons to be
directly injected into the L valley, thus reducing the radiated energy. When the
pumps’ pulse width was increased above 40 fs, the reduction in emitted power
was due to screening of the applied bias. The screening effects within the device
were found to be independent of the carrier injection times (for pulse widths <
100 fs), and thus, they are a consequence of the carrier dynamics. Screening of
the bias field was shown to be greater across the photoconductive gap but less
prevalent at the electrode edges. Photogenerated carriers can exploit this effect
nearest the anode to enhance the amplitude and bandwidth of the emitted THz
signal.
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1.8.6 Photoconductive Material

Many photoconductive materials have been deployed in PCA designs. When de-
signing and fabricating PCA devices capable of THz generation, it is important
to use an active material that has specific characteristics that are tailored to the
desired application; the following attributes that are discussed are imperative
to achieving a device capable of high fields. Quantum efficiency is described in
equation 1.25 as the ratio between the radiated THz power and the input power
from the incident pulse [122]:

P,
Efficiency = B (1.25)

where P, is radiated power and P; is the source power supplied by the laser.

High fields require higher efficiencies to obtain better performance from the
devices. By choosing a material with a bandgap energy well aligned with the
pump lasers’ photon energy, the quantum efficiency will be higher, and a more ef-
ficient absorption process will take place. Another advantage of bandgap match-
ing is that the photogenerated carriers will be generated at the bottom of the
conduction band where the carrier mobility is the highest [117]. Photons of en-
ergy much higher than the band gap energy are more susceptible to scattering
into the satellite valleys where electron mobility is lower due to higher electron
mass at this state [123].

A key material characteristic is having a high mobility, as this dictates the
maximum efficiency (9maq.) that can be achieved as seen in equation 1.26 [117].
A high mobility has been shown to increase the generated photocurrent [124].
However, high mobility has also been attributed to causing earlier saturation
and contributing to excess heating within the active material [125,126].

_ _TE}
fhmaa = SnOFsat

Where 7g is the free impedance, Ej, is the applied biasing field, 7 is the pulse
width of the pump laser, and Fj,; is the saturation fluence.

(1.26)

A material with a high electrical breakdown field is important as this means
that larger biasing fields can be used. This is essential for the generation of
high THz electric fields as shown in [118], as the emitted THz is proportional to
the biasing field. Large dark resistances are desirable for PCA active material;
the dark resistance is quantified as the resistance measured across the material
when not in the presence of light, it is important for this to be a high value
to ensure that there is a sufficiently small current through the material, this
acts to keep excesses heating low during antenna ‘off” times. Having a sufficient
amount of carriers available to contribute to the photocurrent not only allows
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for larger photocurrents to be achieved but also allows for higher optical pump
powers to be achieved before saturation occurs. However, there is a compro-
mise needed with carrier density within the active material; having this value
too high reduces the dark resistance [127].

Carrier lifetime is an important material characteristic when choosing an
active material capable of broadband generation. It is also important to en-
sure short carrier lifetimes to avoid excess heating in the substrate due to a
long photocurrent flowing through the material. The carrier lifetime dominates
control of the decay of the photogenerated current in the active material and
hence determines the time that the current will flow through the device. From
equation 1.22, it can be seen that depending on how fast the photocurrent rises
and decays determines the temporal shape as it is directly related to the rate of
change of the photocurrent. Again, this can be seen in the current surge model
work and how changes to this parameter affect the generation characteristics.

Many different semiconductor compositions can be used as photoconductive
materials, such as Gallium Arsenide, Indium Gallium Arsenide, and Gallium
Antimonide. Each has its own merits depending on the applications and light
source used to photoexcite. The table in 1.1 shows a comparison. In this project,
the material extensively used in LT-GaAs due to the excitation compatibility
at 800 nm (more in 2.4, a study of this material at 1030 nm is also presented in
5.2.2).

Material Excitation Wavelength (nm) | Carrier Lifetimes (ps)
LT-GaAs 800 As low as 0.1 [128]
SI-GaAs 300 100 [129]
Ton implanted GaAs such as Cr, O, N 800 Dependent on Ion implanted. ~0.2 [130] for GaAs:As
LT-InGaAs 1000-1550 [131] 0.5 [132]
Au doped Ge 1100-1550 300 [78]
Radiation Damaged Silicon on Sapphire | 625 0.6 [133]
GaBiAs 900-1450 1 [134]

Table 1.1: Table showing different photoconductive materials, the optimal ex-
citation wavelength and the carrier lifetimes for each.

1.8.7 Antenna Designs

Since the initial THz PCA emitters designed there has been considerable re-
search into the different electrode geometries, each geometry has advantages
and disadvantages when it comes to the radiation generated. Different geome-
tries are shown in figure 1.29, one of the first geometries was the dipole antenna,
these consist of typically smaller gap sizes and produce a large bandwidth (re-
ported as high as >60 THz [135]), However due to nature of the design these
suffer from earlier saturation points (discussed in detail in section 1.8.8 due to
an increase of carrier screening [136]. Pulse duration for a strip line emitter is
shorter than that of the dipole, gap sizes are usually much wider meaning that
laser focusing is less critical [8]. Bow-tie antennas are more efficient due to the

42



triangular shape of the electrodes, the sharp points cause higher electric field
concentrations which enhances THz generation [137,138] this means that we can
get more power when compared to dipole or microstrip antennas, but the output
generation provides a narrower bandwidth and lower frequency response [136].
Another electrode structure used is a log-spiral antenna, these are set apart
from other design due to the capability to generate circularly polarised THz ra-
diation, this is particularly useful for certain spectroscopic investigations [139].

a) b)

d)

Figure 1.29: Different PCA designs; a) A simple microstrip emitter, b) A
Hertzian dipole antenna, C) A bow-tie emitter and D) A log spiral antenna.
The orange field lines represent the direction of the biasing field. Typical gap
sizes for these designs range from a few microns to 100 microns.

Less traditional designs have been more recently developed that utilise plas-
monic structures to enhance the generation of radiation. First reported by Park
et al. [140], in this work gold nanostructures were fabricated in the gap between
the electrodes of a bow-tie antenna, these nanostructures act to increase the
absorption of the optical pump pulse by confining the pulse near the nanostruc-
ture antennas. This confinement helps to increase the transient photocurrent
and hence the generated THz. Further work has shown that the efficiency can
be as high as 7.5 percent [141,142]. The downside to such a design is the fab-
rication complexity, due to the nature of the geometry it is very difficult to
fabricate over larger areas, as well the saturation point is reached at low optical
powers [118].
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1.8.8 Optical Saturation

The upper limit of THz radiation that can be generated from PCA devices is
governed by key operating parameters and material characteristics. From the
simple model in 1.8.5, the terahertz electric field is proportional to both the
applied bias and the optical power. However, both of these have an upper limit.
As the optical pump power incident on the device is increased, there comes
a point where devices will become completely optically saturated, meaning an
increase in pump power will cause little to no increase of the generated THz
emission. There are several reasons that this is attributed to. One reason is
carrier depletion; sufficiently high optical fluence can cause a rapid depletion
of carriers [143]. Under no optical excitation, the majority of electrons in the
material are bound in the valence band and cannot contribute to any electrical
conduction. Under optical excitation, electrons will begin to be promoted to
the conduction band through absorption of the incident photons, thus creating
a free electron-hole pair. As the intensity of the excitation beam is increased,
the number of electron-hole pairs will increase at a rate proportional to the
number of absorbed photons. However, only a finite number of electrons in the
material can be excited before the valence band is depleted and the conduction
band becomes full, i.e., a finite density of states. A sufficiently intense optical
pulse can thus deplete the valence band. As the depopulation times of the con-
duction band are much longer than the pulse duration, no more electrons are
made available that can be re-excited. [102].

A significant issue within PCA devices is carrier screening of the applied bias
field. This saturation mechanism is brought about by the density of carriers
moving inside the device, causing a space charge screening field that results in
the applied bias field collapsing [144]. When carriers are separated due to the
influence of the biasing field, an internal electric field will be created by the
polarisation induced by a separation of space charges, a dipole moment. As
mentioned in 1.8.5, the induced local electric field acts as a restoring force and
will screen the applied bias field.

Increasing temperature in a device is not desirable, with heat negatively im-
pacting the emitter’s efficiency [100]. Increasing substrate temperatures cause a
reduction in the mobility of charge carriers and thus leads to lower average pho-
tocurrents and smaller efficiency values [145]. Heating can also lead to earlier
thermal material breakdown through effects such as thermal runaway. Thermal
runaway occurs at the point when the rate of heating exceeds the rate of cool-
ing, causing the temperature in the device to increase rapidly and eventually,
material breakdown occurs [146]. Excess heating in a PCA device can be intro-
duced in a few ways; large bias currents can cause joule heating in the substrate,
especially when dark resistances are lower. Increased carrier densities are also
shown to increase the substrate temperature [126]. At higher carrier densities,
the amount of energy absorbed is higher; during carrier relaxation, the excess
energy is released into the lattice, thus inducing a material temperature rise. A
study into device heating is presented in 5.1.
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1.8.9 Photoconductive Antenna Arrays

The desire to generate higher THz field strengths has been discussed in 1.2.
This is hard to achieve whilst using small single aperture PCA devices due to
the saturation at much lower optical and electrical bias values [125]. Increasing
the gap size allows for the saturation point to be increased [147]. However, this
in itself brings its own challenge, such as having to use much larger bias voltages
to achieve similar equivalent fields. Higher power amplified laser systems are
also required to optically saturate large area devices. Increasing bias voltage for
larger gap devices has been shown to introduce electrical noise into the gener-
ated signals [118].

In order to create devices that are capable of producing higher fields, arrays
of PCAs can be used (see figure 1.30). Here, a repeating set of PCA strip line
emitters can be fabricated together to create a larger area array of emitting
pairs connected to common biasing pads, known as an interdigitated PCA ar-
ray. Theoretically, each emitting pair can be considered an independent point
source, which combines in the far field to achieve a single THz pulse. The ad-
vantages of such a design are manyfold; it allows for smaller gap sizes to be used
but still keeps the total illuminated area larger; this, in turn, means that smaller
biasing voltages can be used to obtain equivalent fields. Larger optical pump
powers can be used on larger area devices without reaching optical saturation.
As the device area is larger, the optical fluence is smaller per unit area when
compared to the same optical power focused onto a smaller area device. In order
to saturate the larger area device, a higher power excitation pulse is needed. An
advantage of using larger areas is that larger THz powers can be achieved due
to more material being available for excitation to take place in. The geometry
of an array device allows for a certain level of redundancy to be tolerated, that
is to say that single pairs of emitters act somewhat independently of each other,
so if a single emitter pair becomes damaged, it will not stop the rest of the
device from continued generation. However, the output power will, of course,
be reduced. Lower biases mean that operation within safer material regimes
is also achievable. This means that the biasing field strength is operated well
below the material’s electrical breakdown voltage.
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Figure 1.30: An interdigitated PCA array depicting pairs of stripline emitters
connected together through two bias pads. The red arrows indicate the opposite
electric fields set up in alternate gaps.

A key issue with interdigitated PCA arrays is generation of THz radiation
in every gap of the device. Due to the structure of the interdigitated array,
adjacent gaps have oppositely polarised electric fields which in turn leads to
oppositely polarised THz radiation generated. If the device is fully illuminated
by an excitation pulse the THz seen in the far field will be completely cancelled
out through destructive interference of the oppositely polarised radiation. One
way to avoid this is through the use of a ‘shadow mask’ [148], depicted in figure
1.31. Typically a shadow mask consists of a metal layer to prevent any optical
excitation in alternating gaps. Although this method is effective it reduces the
efficiency of the device by removing large active areas of the photoconductive
substrate.
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Figure 1.31: An interdigitated PCA array with a shadow mask used to prevent
generation of THz in alternate gaps on the device.

1.8.10 Current PCA array research

There is much work being undertaken to improve upon traditionally fabricated
interdigitated PCA devices. The following subsections discuss a few areas of
research working towards this:

1.8.10.1 Microlens arrays

One of the areas of research with PCA arrays is the use of microlens arrays to
increase the efficiency of devices. As discussed, the issue of generating oppo-
sitely polarised generation between alternating gaps calls for the need to provide
a way of preventing this occurring. A microlens array is a structure that can
be coupled to the front of the PCA array and can be used in place of a metallic
‘shadow’ mask, as it increases the amount of the pump pulse illuminating the
active gaps. Work reported by Matthéus et al. [149] used a hexagonal microlens
array coupled with an interdigitated PCA array to increase the percentage of
excitation pulse reaching the devices active gaps to 75% compared to a calcu-
lated 20% achieved in [150]. The microlens array can be engineered such that
the excitation IR pulse is focused solely onto the alternating ‘active gaps’, this
is achieved through careful design of the microlens array dimensions. [149,151]
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Figure 1.32: A microlens array used with a PCA array to focus the IR excitation
pulse onto the alternate gaps. This provides a way to generate THz radiation
of the same polarisation.

Whilst there are proven advantages over ‘traditionally’ designed large area
interdigitated PCA arrays, a microlens array is not without considerable dis-
advantages. One issue with this type of technique is the difficult fabrication
technique of creating the microlens array adding considerable complexity to the
method. Another problem is the delicate alignment needed with the microlens
array to ensure that the excitation pulse is focused on the desired areas of the
device. This is especially true for larger area devices adding complexity to the
set-up and use.

1.8.10.2 Binary Phase Mask

Binary Phase Mask (BPM)s have been used as another means to improve upon
the efficiency of large area interdigitated PCA arrays. Instead of masking the
alternate gaps with a shadow mask a BPM can be used to make use of all of
the array area that is not covered by electrode structures. The BPM works
by fabricating a layer of material, typically quartz, to introduce a change of
phase to the IR excitation pulse. The change of phase causes a delay of THz
generation from the masked active area thus avoiding any destructive interfer-
ence with the gaps of opposite polarity. These types of structures have been
typically used with large gap sizes (3mm in [152]) that produces quasi-half cycle
THz pulses. With the use of a BPM it is possible to achieve a level of control of
the temporal profile through the use of both polarity active areas. The figure in
1.33 shows that if the phase shift is designed correctly that the corresponding
THz pulse measured in the far-field will resemble a symmetrical pulse. Through
varying the thickness of the BPM the amount of interference between oppositely
polarised pulses can be altered. Through this method it has been reported an
effective doubling of the power radiated from a device, this is to be expected as
the number of emitting active areas has doubled. [152]
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Figure 1.33: A BPM technique causes a delay of excitation in the alternate
gaps of the PCA array (a), producing THz generation of opposite polarity that
if designed correctly can constructively interfere to create a quasi-full cycle pulse
(b).The light blue layer is a dielectric film to fabricate the mask onto.

This method has proven to be effective at increasing the efficiency of a large
area interdigitated PCA arrays and consequently the amount of THz radiation
generated. This technique is also rather simple and inexpensive to implement
and does not add the complexity with alignments that a microlens array would.
However one of the major drawbacks is that this technique is only highly effective
with the use of relatively large area gaps. When the gap size is reduced the
emitted radiation becomes less quasi-half cycle and makes the interference of
the oppositely polarised pulses less efficient. There is also a trade-off between
bandwidth and high power. By using a thin BPM the delay between the pulses
is reduced and the interference results in a pulse of reduced time duration, this
shifts the power to a higher bandwidth but reduces the overall power and the
opposite effect is present in thicker masks. Large bandwidth are difficult to
obtain with this method due to the challenges of performing the phase shift
coherently over a broad range of frequencies. [152].

1.8.10.3 Plasmonic Nanostructures

Research into the use of plasmonic structures with PCA devices has shown
promising results towards improving the efficiency of THz emission. Initial
work reported by Berry et al. [141] showed a drastic increase in efficiency of
up to 50 times that of traditional PCA devices fabricated on SI-GaAs. By
using a plasmonic nanostructure like that shown in figure 1.35 fabricated on
the antenna anode and cathode electrodes allowed for an enhancement of the
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IR optical excitation pulse in the area close to them. In this scheme the IR
pulse is coupled into the substrate by the plasmonic waves resonating from the
nanostructures. As the mobility of electrons is much greater than holes in the
material, the pump is focused nearest the anode to achieve the best efficiency.
The reason behind the increased efficiency is due to an increase in the amount of
electrons that are able to reach the anode electrode and contribute efficiently to
the generation of the THz radiation. With an enhancement of the IR pulse near
the anode structure the electron transport lengths are reduced and more are
able to be swept into the electrodes before recombination with holes can occur.
With a grating of plasmonic nanostructures across the length of the device it
provides a greater area of the active material in which this mechanism can take
place. In this work a proof of concept device was demonstrated.

a) b)

Au -+

-+

Figure 1.34: a) A normal stripline PCA device. b) A stripline emitter with the
plasmonic nanostructure fabricated on both electrodes.

This technique of enhancement was demonstrated in interdigitated PCA ar-
rays by Singh et al. [153]. Here they adopted an asymmetrical plasmonic nanos-
tructure such that alternating active gaps contained it. This method was used
as alternative to a ‘shadow’ mask, here the destructive interference between op-
positely polarised THz beams was facilitated. The destructive interference did
not cause a net zero emission due to the enhancements produced by the plas-
monic nanostructures causing THz emission to still be detected in the far-field.

Further work reported in [154] by Yardimci et.al proposed a new technique
to use the plasmonic nanostructure to further increase the efficiency of an inter-
digitated PCA array. To increase the optical confinement of the IR excitation
beam in the active material a nano plasmonic structure was used in conjunc-
tion with a Distributed Bragg Reflector (DBR) to create an optical nanocavity.
With an optical nanocavity setup almost all of the generated photocarriers are
in close proximity to the nanostructures and hence can contribute efficiently
to the THz emission. This technique allows for use of materials which might
not have as short carrier lifetimes due to the less important role it has in the
thermal management of these device.
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Figure 1.35: The diagram shows a single emitting pair of an interdigitated array
with a plasmonic nanostructure. In this case the nanostructure is fabricated
only on the anode electrode and the structure is used together with a DBR. A
shadow mask is also used to prevent generation in the alternate gaps.

These devices have demonstrated some interesting results and show some
promise in increasing the efficiency of THz radiation available from PCA ar-
rays. One of the main disadvantages comes from the more complex fabrication
process involved in realising the structures. Patterning plasmonic nanostruc-
tures requires the use of Electron Beam Lithography (EBL) due to the small
size of the features, EBL is an expensive and relatively slow process compared
to standard lithography. Another disadvantage is that due to the nature of the
plasmonic nanostructures the enhancement is significantly reduced with higher
optical pumping powers, which is due to the increased effects from electron
screening causing early saturation. This is also true for increasing the applied
bias field strength; as more photogenerated pairs are generated, the bias field
is screened earlier due to the large local electric field opposing it. Both of the
effects will cause issues moving to pushing to high THz electric field strengths
as they will prevent large biases and high optical fluences from being applied.

1.8.11 Current High Power PCA Designs

As THz PCA research develops, achievable THz field strengths have improved.
It is essential to analyse the state of the current field of research to see where the
devices fabricated within this thesis lay. The highest THz electric field strength
produced from a PCA array device using GaAs is ~ 230 kV/cm; this was pro-
duced and presented by Singh et al. [155].
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The device in that work is a large area interdigitated array fabricated on
SI-GaAs, with an excitation gap width of 10 pum and a total active area of 1
cm?. The device was illuminated with a 45 fs NIR pulse operating with an 800
nm central frequency provided by a Ti:Sapphire amplified laser system at a 1
kHz repetition rate; the electrical bias applied to the device was 60 kV /cm. The
THz pulse power was measured using a calibrated THz power meter and off-axis
parabolic mirror to achieve a tight focus (spot size ~ 0.45 mm) and found to be
70 nJ, and this corresponds a peak electric field of ~ 230 kV/cm.

The current record for LT-GaAs devices fabricated by the group at Leeds
University was fabricated by Bacon et al. [91]. They presented a PCA device
capable of generating THz electric fields of ~ 120 kV/cm. The PCA device
was fabricated on an LT-GaAs layer transferred onto an insulating substrate
(sapphire). This fabrication technique is the basis for the work described in this
thesis and can be found in detail in Appendix (A). This device consisted of 200
pm wide excitation gaps and a total active area of 1.8 cm?. The optical pump
was provided by a 40 fs NIR pulse operating with an 800 nm central frequency
supplied by a Ti:Sapphire amplified laser system with a 1 kHz repetition rate.
The THz electric field was measured by focusing the generated THz pulse down
with an off-axis parabolic mirror onto an EO crystal. The field is estimated
through EO sampling (see section 1.9.2), and a 150 pum thick GaP crystal is
used; a THz electric field was measured as 120 kV/cm. The THz pulse power
was measured with a pyroelectric detector and was found to be 113 nJ, and the
THz pulse spot size at the focus was ~ 0.63 mm.

1.8.11.1 Comparison of high powered devices

Comparing this device to the one presented by Bacon et al. [91], some points
of interest can be discussed. It can be seen that both devices are capable of
producing high field THz generation, with the device fabricated in [155] (SI-
GaAs device) producing a field strength 100 kV/cm higher than that of the
device in [91] (LT-GaAs device). However, the pulse energy of the Si-GaAs
device is ~ 40 nJ smaller than the LT-GaAs; this is due to a tighter focal
spot using a shorter length parabolic. The LT-GaAs device has a larger active
area than the SI-GaAs device. The saturation fluence of the SI-GaAs device
is much smaller than that of the LT-GaAs device; this can be attributed in
part to the fact that the LT-GaAs device has a substantially larger excitation
gap width. The fabrication process of SI-GaAs is simpler than that of the LT-
GaAs device. Still, one advantage of using LT-GaAs is a much higher material
electrical breakdown field than SI-GaAs (~ 300 kV/cm compared to ~ 150
kV/cm). Higher electrical breakdown fields mean that there is the potential
that higher biasing fields can placed across the LT-GaAs device. This can be
seen as a higher biasing field applied to produce a higher THz pulse, albeit with
lower pulse energy, in the SI-GaAs device. The SI-GaAs device can be seen to
produce a higher electric field for the respective optical pulse energy, i.e. it has
a better optical-to-THz conversion efficiency; this is thought to be because the

92



broader spectrum emitted from the device leads to a shorter THz pulse width.

1.8.12 Why Choose PCAs Over Other Sources Of High
Power?

There are many characteristics that make the use of PCA devices for high field
generation of THz radiation highly desirable and why they are chosen over other
sources. These devices can be used with a vast range of laser sources to produce
both narrowband and broadband generation [156]; many different photoconduc-
tive materials can be used to fabricate PCAs. An important feature is attributed
to the fact that devices are operated at room temperature, which removes the
need for complicated and expensive experimental setups that involve the use
of cryogenics. PCAs have greater efficiency than other forms of THz genera-
tion based on non-linear optics [156]; this greater efficiency is because PCAs
are not governed by the Manley Rowe limit [157]. With PCA devices, there
are no phase matching considerations like that seen in 1.7.3; this means that
the bandwidth of the emitted radiation is not limited to the frequencies that
satisfy phase matching conditions [74]. Relatively low optical powers are re-
quired to generate similar emitted field strengths compared to the other forms
of high power generation. Air plasma (1.7.1) and free-electron lasers (1.7.2)
both require high optical pulse energies to generate high power THz pulses;
this value is smaller in PCA THz devices due to greater efficiency. PCA device
operation requires the use of a biasing electric field; this grants an additional
amount of control over the generated radiation field by being able to attenuate
or increase through this biasing voltage. Electrically steerable THz beams can
also be realised by controlling the bias voltage [99]. Electrical control of the
polarisation is achievable with these devices [123,158], which make it possible
to obtain anisotropic properties and material excitations that were previously
not possible [159]. Having electrical control of the polarisation allows for much
faster modulation of the THz radiation than is achievable by systems based on
mechanically rotating components [160].

1.9 Detectors

In section 1.1 it was stated that one of the reasons that the so called ‘THz gap’
originated initially was due to a lack of available detectors. Whilst this has
improved greatly over the past 30 years there are still fewer detectors available
than that seen at other frequencies. There are a few different detector tech-
nologies that can be drawn upon for such a set-up as described here, the key
parameter being that both phase and amplitude information needs to be ob-
tainable, hence a detector that exclusively measures power is unsuitable. The
leaves several appropriate options; one is using a PCA device in the detection
space whilst the other is Electro-Optic (EO) detection.
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1.9.1 PCA Detectors

The operational theory behind PCA devices, when operated as detectors, is
conceptually similar to that of the generation scheme. A fs pulse generates
electron-hole pairs in the semiconductor material, which are then accelerated
under the influence of an incident THz electric field. This movement generates
a net current across the gap of the device that is proportional to the convolution
of the THz pulse electric field and detector response; from this, the information
of the THz pulse can be determined. The recapture time is a key parameter of
this detector; a small recapture time is essential to be able to detect over a large
bandwidth. When the current is produced across the gap, it is amplified and
converted into a voltage, which is then recovered by a lock-in amplifier. As the
sampling beam used in this system is from an amplified system, it is unsuitable
for use. The amplified laser system has a low repetition rate of 1 kHz, so
multiple measurements can not be taken of the small photocurrent generated in
the detector. For a higher Signal-to-Noise Ratio (SNR), EO detection is used
to measure the THz fields through this thesis.

1.9.2 Electro-Optical Sampling

Electro-Optic Sampling (EOS) can be used as a means to detect THz radiation
in both Continuous Wave (CW) and ultra-short single-cycle pulse generation
schemes. The operation of this technique is theoretically similar to that used
for generation in an EO crystal described in (ref optical rectification). The dif-
ference when an EO crystal is used for detection is that the THz radiation is
focused onto the crystal. This will induce the polarisation change, which can
be detected through a change in a NIR sampling beam [161].

In linear optics, the relationship between polarisation and the electric field
is given by:

P = epxe. (1.27)

where P is induced polarisation, € is permittivity of free space, x is electrical
susceptibility and ¢ is the electric field. When a non-linear optical element is
used, the equation that describes the induced polarisation becomes a series of
increasing order terms:

P=pPY 4 p@ 4 pB 4  pm), (1.28)
When considering EOS, the second order term is used:
P¢(2) =€ Z Xg-;)ﬁjfk- (1.29)
Jk=x,y,z

where ¢,7 and k are representative of the Cartesian crystal coordinates x,y
and z. The €; and €, represent the electric fields of the optical fs pulse and the

THz pulse respectively. The second-order non-linear susceptibility tensor Xz(' j ©2)
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solves the polarisation in multiple dimensions. The tensor contains 27 elements;
however, for most crystals, this can be reduced to 18 elements due to zero value
elements [2].

The quasi-static electric field is applied to the EO crystal by the THz pulse
€; in an EOS detection scheme. It induces a polarisation change in the NIR
pulse. The induced polarisation is proportional to the product of the electric
field components of the THz pulse €; and the NIR pulse €. For detection, the
electric field of the NIR pulse is kept constant. Hence, the polarisation change
induced becomes proportional to the magnitude of the THz pulse.

The magnitude of the induced effect depends on the angle at which the pulses
hit the crystal; the largest magnitude of induced polarisation and, therefore, the
largest signal is achieved when the pulses propagate along the crystal axis with
the highest electro-optic coefficient. The induced polarisation is orthogonal to
the pulses’ propagation direction, which causes a field-induced birefringence in
the crystal. The NIR sampling beam begins as a linearly polarised pulse before
it passes through the crystal; once it goes through the crystal, the field-induced
birefringence causes the pulse to become slightly elliptically polarised. The
magnitude of the ellipticity of the polarisation is dependent on the strength of
the quasi-static field of the THz pulse. Without the presence of the THz pulse,
the polarisation of the NIR pulse will stay linear; this is depicted in figure 1.36.

A A A

Linear Linear Circular Linear
A A A A
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THz Signal > > i > >
Linear Circular Elliptical Linear
Sampling
Beam
THz Signal
EO Crystal N4 Waveplate Wollaston Prism Balanced Photodiodes

Figure 1.36: The EO detection setup showing how the THz influences the po-
larisation during detection, both cases of how the polarisation altered with and
without a THz beam are shown. Note that the effect on the polarisation is
heavily exaggerated to highlight the effect.

In an ideal scenario, the NIR pulse and the generated THz radiation would
propagate at equal speeds through the detection crystal. However, the reality is
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that there will be some dispersion in the crystal medium, and this results in a
difference in propagation velocities between the two beams. At a certain point,
they will destructively interfere. The length at which this occurs is known as
the coherence length, L., defined as:

Cc

Lc(wTHz) = (130)

wrHz Mo — N1l

where 7, and 77 is the effective refractive indexes of the EO crystal at NIR
and THz frequencies respectively. This shows that the coherence length is a
frequency-dependent value. EO crystals need to be thinner to allow higher
frequency THz detection, but this is a problem due to the loss of detection
sensitivity. Thus, there must be a trade-off between the bandwidth and the
detection sensitivity [162]. Two crystals used in this thesis are a 1 mm thick
ZnTe crystal with an effective bandwidth of ~3 THz, and a 150 pym thick GaP
crystal which has a much larger effective bandwidth of ~6 THz.

Once the sampling NIR beam has passed through the crystal and undergone
a change in polarisation, it can be processed to find the strength of the THz
electric field. The NIR pulse is passed through a quarter-wave plate, which
causes the beam into an X and Y component; if the polarisation is elliptical,
these components will not be equal. The pulse finally passes through a Wollas-
ton prism that spatially separates the X and Y components. The intensity of
the separated beams is detected by balanced photodiodes, which measure the
difference between the two components.

The NIR sampling pulse is an order of magnitude shorter in time than the
THz pulse. Therefore, the induced polarisation change in the pulse is propor-
tional to the instantaneous value of the THz field at the point the two pulses
overlap. By delaying the sampling pulse incrementally, the THz pulse can be
sampled in full [161].
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Figure 1.37: The the stage moving causes a delay to the sampling beam; by
moving this through a range of times, sampling of each section of the THz
beam is achievable

1.10 Electric Field Measurements

The motivation to produce devices capable of generating high electric field
strengths was discussed in section 1.2. In order to characterise this quantity,
a reliable method of measuring must be established. Two options can be used
for this: one is a direct calculation via electro-optic sampling, and the other is
to use a power measurement and spot-size measurement to estimate the field
strength.

1.10.0.1 EOS Electric Field Measurement

The detected voltage on the photodiodes ‘V},’ is used with equation 1.31 to cal-
culate the generated THz electric field strength. [2]

Vp-A-LIF
Vo-2m-L-n3 T Dr-du
Where A is the wavelength of the sampling beam, V, is the photodiode re-

sponse with no THz signal present, L is the crystal thickness, 7, is the refractive
index of the crystal at the sampling beam frequency, d4; is the EO coefficient

Erp. = (1.31)
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of the detection crystal and Dpg is the response of the crystal. T, is the trans-
mission of the THz pulse at the air-crystal interface, given by:
2

C l4ar

where 7t is the refractive index of the crystal at THz frequencies. LIF is to
account for the lock-in amplifier detected signal; it is the first Fourier component
of the detected square wave:

(1.32)

(&

- 2v/2sin(wD)

D is the duty cycle of the detected signal. The values for the crystal used
within this thesis can be seen in table 1.2.

LIF (1.33)

Crystal L da1 Dpg No nr
GaP 150 x 107 ] 0.97 x 1072 | 0.9 | 3.57 | 3.34
ZnTe 1x 1073 4 %1012 0.72 | 2.85 | 3.12

Table 1.2: The two different EO crystals used throughout this work and their
associated values.

A 200 pm gap 18 x 18 mm PCA array at a bias voltage of 20 kV /cm (~400
V) was measured using the optical set-up discussed in this thesis. Using a 150
pm thick GaP detection crystal, the electric field strength was estimated to
be ~120 kV/cm (this is the device reported in [91]). The measured THz time
domain signal is shown in figure 1.38.
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Figure 1.38: THz time domain signal of an 18x18 mm PCA device. The peak
THz field strength measured is 120 kV/cm, using a 150 um GaP crystal for EO
detection. This field was achieved using an electrical bias of 20 kV/cm and an
optical excitation energy of 0.66 mJ.

1.10.0.2 Pulse Energy Measurements

One method of obtaining the electric field strength of the THz pulses generated
is to obtain the pulse power and convert it to a field measurement. A power
measurement can be obtained using a calibrated pyroelectric power meter. A
pyroelectric meter utilises the pyroelectric effect seen in some materials because
the polarisation of the material has a temperature dependence. When radiation
is incident upon the material’s surface, the heat-induced will cause a polarisa-
tion change of a size determined by the pyroelectric coeflicient of the material
and the temperature change. This change in polarisation is detected as a change
in output voltage [163].

As this heating change is typically small and the power meter is sensitive to
other sources of heating present, the measurement is taken over a set period to
allow for averaging. Further, average power measurements are taken with the
device on and off to obtain more accurate readings.

To estimate the electric field strength, the power measurement is used with
the spot size of the pulse [164]:

4w

_ 1.34
cepd? Tt (1.34)

Eryg. =

where W is The THz pulse energy, d is the measured pulse spot size, and ¢
is the pulse duration.
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1.10.0.3 Spot Size Measurements

An accurate spot size measurement with a pulse energy measurement is required
to obtain the THz electric field strength. In order to determine the spot size,
a knife edge measurement can be performed; this is carried out through a sys-
tematic sweep through the spot using a sharp edge to block each part of the
beam in turn. A time domain signal is acquired at each knife position, and the
peak signal is extracted. To obtain a two-dimensional spot size value, the knife
edge is swept first through the x-axis; the knife edge is then rotated 900 and
swept through the y-axis. The knife edge is moved in the z-axis through the
focus to obtain a three-dimensional spot size, repeating the same x- and y-axis
movements.

The spot size can be obtained through signal processing from the obtained
peak values. The pulse has a Gaussian-type power distribution. Therefore,
the values can be fitted to the integration of the Gaussian function (the error
function). The fitted graph can then be used to determine the spot size using
the following equation [165]:

d = 0.7803 x |Knifeggy, — Knife; oy (1.35)

Where Knifeggy and Knife;qe, are the knife position values taken where the
peak signal is at 90 and 10 % respectively, it is important to note that using the
peak signal value gives the spot size across all the frequencies generated from
the broadband source.

1.10.0.4 EOS Validity

The EOS detection scheme was cross-checked with a power and spot size mea-
surement in order to obtain the accuracy of the THz electric field strength mea-
surements. The test in this subsection was performed by Dr Thomas Gill [164]
using a 200 pm gap 18 x 18 mm PCA array at (the device reported in [91]) a
bias voltage of 20 kV/cm (~400 V).

The power measurements were taken with a pyroelectric detector (OPHIR
RM9-THz) placed in the detection space (see figure 3.2). The power is averaged
over a few minutes to achieve a more reliable reading; this is performed with
the device, both biased and unbiased, allowing any background noise to be sub-
tracted from the measurement. The average power is then taken as the average
biased power subtracted by the average unbiased power. The measured power
of the device was calculated as 113 nJ.
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Figure 1.39: Knife edge measurement data plotted with the fitted error function.
The 90% and 10% points of the THz signal are used to calculate the THz spot
size (shown in 1.35), this results in a spot size of 640 pm.

Next, the THz spot size was determined through knife-edge measurements as
described in 1.10.0.3. A knife edge measurement for the 18x18 mm PCA device
can be seen with the fitted error function in figure 1.39. The graph in figure 1.40
shows the THz spot size measured for multiple knife-edge measurements as the
z-axis position of the knife is moved through the focus of the beam; this gives a
minimum spot size of 640 £ 35 um. The THz electric field strength can now be
estimated using eq 1.34 along with the spot size and power measurement values.
The electric field calculated is ~120 kV /cm; this value is in good agreement with
the value obtained through EOS. From these calculations, the validity of the
EQOS detection is demonstrated.
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Figure 1.40: Spot size measurements obtained as a function of the knifes’ z-axis
position. The spot sizes are obtained through the error function fitting of the
measured peak THz values.

1.11 Spectroscopy

One of the driving factors for the improvement of PCA devices is the desire
to utilise the high fields THz fields they are capable of producing for spectro-
scopic investigations. Terahertz Time-Domain Spectroscopy (THz-TDS) is a
widely used technique for material identification and characterisation. In this
version of TDS, THz radiation is employed to penetrate and probe materials.
The resultant radiation that passes through can be detected, and the material
information can be extracted. The advantage of THz-TDS is that the collected
radiation contains both phase and amplitude information of the probed ma-
terials’ effect on the radiated THz pulse. The key applications of high field
strength THz pulses and the material information that can be investigated have
been discussed in 1.2.

With THz-TDS, a few different set-ups can be used to perform investiga-
tions, each with slightly different methods of probing and gathering material
information. An in-depth discussion of these methods is beyond this project’s
scope; however, due to the influence these methods have on PCA designs, some
noteworthy methods are briefly discussed. These main methods to note are
two-dimensional THz-TDS, which is used to examine the ultrafast non-linear
response of materials.

With 2D THz-TDS, an initial pump pulse excites the target material, and at
a set delay time, a secondary pump pulse follows and causes a secondary excite-
ment of the material. At each stage, the detected THz signal is measured and
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recorded. In order to determine the system’s non-linear response, each combina-
tion of the pulses incident on the sample must be captured. By comparing the
collected pulse information, it is possible to obtain material characteristics and
behaviour. The following equation is used to determine the non-linear signal:

ENL(t7’7'):EAB(t,T)—EA(t)—EB(t,T) (136)

where F 4p is the signal when both excitation pulses on the sample together,
FE 4 is the signal for just the initial pulse exciting the sample, Ep is the signal
when just the second pulse is exciting the sample. This gives the non-linear sig-
nal as both a function of the time delay ‘7’ between pulses A and B, as well as
the time delay of the sampling pulse ‘¢’. By adjusting 7 and ¢, the full 2D-time
domain non-linear signal is to be acquired.

Another noteworthy THz-TDS method, that is a similar set-up to the one
used to characterise PCA devices, is one-dimensional THz-TDS. This method is
less complicated to implement by design than the previously mentioned method,
it utilises a singular beam line to excite the material and then the information
from this interaction can be investigated.

Sample Space
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THz Source l |
——
\ i
-
! I
|
Sample Space

Figure 1.41: A typical 1D THz-TDS set-up, here the THz pulse is generated
from a source before interacting with the sample, the beam line is the only
source of THz radiation in the system.
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Figure 1.42: The 2D THz-TDS set-up is similar to that of the 1D set-up, however
it can be seen that there is two THz sources here to create both a pump and a
probe beam. Using the configuration depicted here, the sources generate THz
radiation from a fs source. These beams propagate co linearly towards the
sample.
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Chapter 2

Fabrication

This chapter will outline the fabrication processes used for producing PCA
emitters on sapphire substrates. There will be a discussion on the benefits of
transferring LT-GaAs to a sapphire substrate using an Epitaxial Lift-off (ELO)
technique over other methods. A focus on the improvements made to the fab-
rication process and the reasons for these are also included in this chapter.

2.1 LT-GaAs

LT-GaAs differs from traditionally grown GaAs by the temperature it is epitax-
ially grown at; careful control of this temperature results in arsenic-rich sites in
the crystal. This allows the growth of high-quality crystals with substantially
reduced carrier lifetimes [166]. LT-GaAs is typically grown at temperatures of
200-300 °C; this lower temperature and the excess arsenic lead to lattice de-
formations in the GaAs layers. The deformations occur in the form of arsenic
antisite defects, with these forming a donor miniband near the centre of the
bandgap. The lower the temperature, the larger the lattice deformation, and
the concentration of arsenic antisite defects increases as the growth tempera-
ture decreases [167]. The decrease in carrier lifetime is attributed to the rapid
trapping of conduction band electrons into the newly created midgap state [128].

LT-GaAs has many characteristics that are highly desirable for THz fre-
quency capable PCA device including carrier lifetimes reportedly as short as
100 fs [128] ensuring broadband THz generation, and high break down fields of
300 kV/cm. High breakdown fields result from reduced electron mobilities of
200 cm?/Vs [168,169] leading to reduced ohmic heating [170].

Potential saturation problems arise due to the accumulation of charges in
the defect energy states. With the electron-hole recombination time being sev-
eral orders of magnitude larger than the trapping time [128], charges are quickly
trapped into the defect energy states but do not recombine as fast, leading to
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the accumulation of charges. Also, the midgap states formed by the large den-
sity of arsenic antisite defects cause hopping conduction, leading to substrate
resistances as low as tens of ohms [171]. These issues can be resolved by anneal-
ing the material at high temperatures [172]. All of the LT-GaAs used within
this project were epitaxially grown at the University of Leeds, with wafer com-
positions typically taking the form seen in figure 2.1

LT-GaAs — 2 pm
AlGaAs — 400 nm

SI-GaAs — 650 pm

I
T
i

Figure 2.1: A typical LT-GaAs wafer composition, the three distinct layers are
the bulk SI-GaAs and the LT-GaAs layer separated by a thin etch stop layer
composed of AlGaAs. Not to scale

2.2 Annealing LT-GaAs

A post-growth high temperature annealing of the LT-GaAs wafer causes the ar-
senic antisite defects to form metal precipitates [167]; these become the primary
trapping sites. The metal precipitates act as buried Schottky barriers in the
GaAs material, and the overlapping As/GaAs depletion regions lead to a rise
in the device resistance. The saturation effects are overcome due to the large
density of states formed in the As precipitates.

The temperature at which the material is annealed plays a crucial role in
the materials’ behaviour post-anneal. Increasing the annealing temperature in-
creases the size of the As precipitates and increases their distribution in the
GaAs material, resulting in higher resistance [173]. Higher annealing temper-
atures, however, have an intrinsic drawback as they increase carrier lifetimes.
Therefore, a compromise is required to achieve acceptable carrier lifetimes and
sufficiently high resistance values. Temperatures typically used are between
500-600 °C for 10-15 minutes; this allows enough time for the As point defects
to form the precipitates. As the temperature increases, the amount of point
defects decreases as they migrate to form precipitates. Around 550 °C, it has
been shown that the As point defects are essentially eliminated with all con-
tributing to precipitates. At an annealing temperature between 500-600 °C, the
resistance is increased 5-fold. [128].
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2.3 LT-GaAs on Optically Transparent Substrates

Extensive engineering of the device’s active material has been undertaken to
improve PCA device performance.

One way to improve device performance is by removing a thin film epitax-
ially grown active layer from a bulk substrate and transferring it onto a more
desired one, known as a lot technique. This technique is advantageous as it al-
lows for the use of substrates which are not well lattice-matched to the epitaxial
layer. Poor lattice-matching means the two materials would be difficult to fab-
ricate through heteroepitaxial growth. This method was first demonstrated by
Yablonovitch et al. [174], where an epitaxially grown layer of AlGaAs was re-
moved and transferred from the bulk GaAs substrate to an arbitrary substrate.
The process involved covering the epitaxially grown layer in wax and then re-
leasing the layer from the substrate by etching a sacrificial AlAs (Aluminium
Arsenide) layer. The thin film layer can then be transferred to a substrate
through vdw bonding.

Cunningham et al. [175] were the first in the group to use an ELO technique
to fabricate on-chip THz spectroscopy frequency band-stop filters for applica-
tions in sensing and detection. In this work, thin film LT-GaAs was transferred
onto an organic dielectric (Benzocyclobutene (BCB) discussed further in ap-
pendix A). Etching the transferred LT-GaAs layer allows for photoconductive
switches to be defined at any desired location on the device. Similar work has
been undertaken to transfer LT-GaAs, utilising the ELO technique in [174], onto
different substrates [176,177].

Building on the work mentioned above, Bacon et al. [4,91,162] used the ELO
technique to transfer an LT-GaAs layer onto an optically transparent substrate,
first quartz and later sapphire to fabricate PCA devices. This work has been
shown to lead to an increase in device performance.

Typically, thin epitaxial layers of LT-GaAs are grown onto thick bulk sub-
strate SI-GaAs. PCA emitters historically have been fabricated directly on
a Semi-Insulating Gallium Arsenide (SI-GaAs) substrate (these are known as
LT-GaAs on SI-GaAs (LoG) emitters) with the electrode structures patterned
directly onto the top of the LT-GaAs. However, it has been shown that by re-
moving the LT-GaAs from the bulk SI-GaAs substrate, the output performance
of the device can be increased; these are the LT-GaAs on Quartz (LoQ) devices.

Transferring the LT-GaAs from the bulk improves the device’s thermal prop-
erties. SI-GaAs has a relatively low thermal conductivity (~ 0.6 Wm!K~*
[178]), and therefore, the ability to transfer heat is not as efficient. Transferring
to a substrate with a higher thermal conductivity value will, therefore, increase
the ability of the device to dissipate heat. Another advantage of transferring the
epitaxial layer to a different substrate is that it removes the parasitic current
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channel in the device’s SI-GaAs bulk. This parasitic current is due to the differ-
ence in carrier lifetimes in the two materials, meaning that the current flows in
the SI-GaAs after the carriers in the LT-GaAs have recombined. Excess joule
heating is no longer generated with no parasitic channel, leading to higher out-
put powers and increased device breakdown voltages (material breakdown due
to excessive heating) due to an increased dark resistance value. By removing
the bulk substrate, no carrier generation occurs in the substrate, as there is no
photon absorption in the quartz. Another consequence of the ELO process is it
allows through substrate illumination to occur; this method allows for the THz
to propagate freely from the device.

Quartz has a high electrical resistivity compared to SI-GaAs, has very low
losses and is optically transparent to 800 nm light. It has a low refractive index
in the THz region of approximately 2 [179], whereas SI-GaAs has a refractive
index value of 3.5 [180]; this means that less of the emitted THz radiation is di-
rected back into the device and omits the need of a hemispherical lens to collect
radiation. The graph in figure 2.2 shows that LoQ devices emit peak fields as
high as 8 times that of equivalent LoG devices [4].
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Figure 2.2: Graph comparing the peak-to-peak value of THz field produced
from both devices at different optical powers [4]

However, fabrication complications arise with the use of quartz due to the
thermal expansion coefficient miss-match between itself and LT-GaAs; this leads
to often long bonding times and unreliable bonds, which is detrimental to the
fabrication process. For this reason, sapphire was replaced by quartz. Whilst
still being optically transparent to 800nm light, it has a slightly higher refractive
index in the THz region of 3 [179]. Still, the thermal expansion coefficient is a
closer match to that of LT-GaAs, resulting in more reliable bonds. Sapphire has
a thermal conductivity value of ~ 30 Wm~1K~! [181], so provides a high level
of thermal dissipation. Further, a thin layer of BCB is used to ensure an even
and reliable bond. The BCB acts as an adhesive layer between the LT-GaAs
and the sapphire layer (see appendix A).
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Material Thermal Eé);gziréio_ri )Coefﬁ(nent
LT-GaAs 6.0 [182]

Sapphire 7.0 [183]

Quartz 0.55 [184]

Table 2.1: A comparison of the thermal expansion coefficient for the three
materials. The large thermal mismatch between quartz and LT-GaAs can be
seen.

2.4 LT-GaAs Basic Fabrication Process

As mentioned in 2.3, the basic fabrication method was developed by Bacon et
al., and the results of early devices can be found in [91,162]. However, this
process suffered from low yield. An in-depth description of this process can be
found in the Appendix A. This section will discuss the improvements made to
the basic process throughout this project.

The following briefly summarises the basic fabrication process first presented
in [4]. This process was the starting point for the fabrication of devices before
the improvements were made. The diagram in figure 2.3 depicts the fabrication
steps.
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Figure 2.3: A depiction of the steps of the basic fabrication process, (1) The
starting wafer, (2) An BCB layer is applied, (3) The LT-GaAs wafer is bonded
to the sapphire substrate, (4) The substrate is thinned, (5) A citric etch is used
to remove the remaining SI-GaAs, (6) Etch stop removal to complete the ELO
process, (7) Photoresist bars are patterned on, (8) LT-GaAs bars are etched, (9)
Gold is evaporated onto the device, (10) The electrode structure is patterned
onto the device, (11) The unwanted metal is removed via an etch to finish the
device.
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2.4.1 Steps

1. The sapphire substrate and LT-GaAs wafer are cleaned to ensure a strong
and even bond is achieved between the layers.

2. A spin on polymer called Benzocyclobutene (BCB) is applied to the sap-
phire substrate. BCB is a polymer-based resin used as an adhesive layer
to ensure a reliable bond between the LT-GaAs and sapphire layers. A
target layer thickness between 400-500 nm ensures a strong bond with
as little interference to the radiation introduced as possible (the thermal
characteristics of BCB are discussed in section 5.1).

3. To achieve the ELO process the LT-GaAs layer must be bonded to the
sapphire substrate. The LT-GaAs wafer is inverted and placed in the
centre of the sapphire substrate in the chamber of a wafer bonder. The
wafer is bonded at a force of 500 Ncm? and a temperature of 250 °C for 1
hour. The chamber temperatures cure the BCB and secure the two wafers.

4. To leave only the LT-GaAs layer, the bulk SI-GaAs must be removed.
This is achieved through a two-step process. Firstly, the majority (= 620
pum) of the material is removed through mechanical lapping; this relatively
aggressive method introduces a high-stress level to the device. To ensure
that the LT-GaAs layer is not damaged, the final ~ 28 pum is removed
through a second process using a wet etch.

5. The final 30 pm is removed using a citric etch (5:1-CgHgO7:H203). This
process is a lot more selective, and coupled with using the AlGaAs etch
stop, the remaining SI-GaAs is removed.

6. The final step of the ELO process is removing the etch stop; this is achieved
using a buffered Hydrofluoric Acid (HF) solution.

7. An etch mask is patterned onto the LT-GaAs layer to be able to define
the individual emitting strips of the device.

8. The bars are etched using a wet etch solution ( comprising of HoO:H2049:HoSOy
in a ratio 250:8:1). The diluted ratio is used to produce sloped sidewalls
of the LT-GaAs bar to ensure the electrodes can be interfaced properly.

9. To fabricate the electrode structures, a metal layer is sputtered onto the
device first. Sputtering ensures that the metal coats the sidewalls of the
device well and achieves good electrical contact. An initial 20 nm titanium
layer is deposited before applying a thicker 200 nm gold layer.

10. To define the gold structure, a photoresist mask is used to cover the areas
in which the gold is to remain.

11. A potassium iodide etch is used to remove the unwanted gold, and a final
HF etch is used to remove the titanium.
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2.4.2 Mounting

The finished device must be packaged for testing. The device’s resistance in the
absence of the optical pump (the ‘dark’ resistance) is probed. The resistance
value varies depending on the device gap size. However, all devices are expected
to be within the M{2 range. Low resistances will lead to increased dark currents
flowing through the device and excess heating. Measuring the resistance at this
point also allows any shorts to be found; if any are detected, re-masking and
etching can be performed to rectify.

Copper Tracks

FR4 Layer

Aluminium Core

Figure 2.4: Structural layout of the PCBs used for mounting PCA devices. The
FRA4 acts as the top insulator on top of the aluminium core.

The devices are mounted on custom Printed Circuit Board (PCB); the di-
agram in figure 2.4 shows the board’s composition. The PCB is an aluminium
core with an insulating top layer of material called FR4, a flame-retardant glass-
reinforced epoxy resin laminate material. The copper tracks provide an elec-
trical connection between the device and the SMA connector. The hole size
in the board is drilled to match the device’s active LT-GaAs area. The PCA
is connected to the board’s copper tracks via their gold contact pads; a silver
conductive paint can be used to hold the devices to the board and serve as the
electrical connection. Larger devices require a two-part silver epoxy to connect
fly wires to the board due to the silver paint’s inability to support the increased
device weight. Before the SMA connector is soldered to the board, a small strip
of Kapton tape is used to isolate the connector from the board’s aluminium core
electrically, avoiding any grounding issues.
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Figure 2.5: The device mounted with the backside pointing out from the board

2.5 Fabrication Improvements

The fabrication process is difficult and requires high levels of precision. For this
reason, the yield of working devices is low. Throughout the project, improve-
ments to the fabrication process have been implemented to ensure a higher yield
of successful devices.

2.5.1 Fabrication issues

Whilst the existing process presented by Bacon et al. [91] does yield working
devices, certain issues arise from it. These issues have led to device design and
operation limitations.

One of the major issues found with the existing process was the citric etch-
ing process, causing a high percentage of device loss. During the bulk SI-GaAs
removal, it was found that the LT-GaAs layer was being attacked and etched si-
multaneously. This is an undesirable circumstance, especially because the layer
thickness is considerably thinner than the remaining bulk SI-GaAs, ultimately
causing the LT-GaAs to etch fully. When the edges of the LT-GaAs layer etch,
it causes the wafer to fracture, and large pieces detach from the sapphire sub-
strate. As can be expected, this is not a salvageable issue and, in all cases, led
to the failed devices.

Another issue arising from the fabrication process was found during device

testing. The LT-GaAs bars have rough sidewall profiles; this was adjudged to
cause a lack of continuity in the gold electrode layer, which is thought to lead
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to lower breakdown applied electrical biases.

With the investigations of device structures, it was seen that the process
was limited to producing large gap sizes of >50 pm and large electrode widths
of >50 pm. With the existing fabrication process, the electrodes are added
to devices via an etch-down approach. However, issues with this method arise
when trying to move to smaller electrode widths. The etch rate of the gold
etch solution becomes difficult to predict when the widths were smaller, mean-
ing that anything below 50 pm was not feasible to fabricate in this way; in all
cases where this was attempted, it resulted in over-etching of the gold, giving
inconsistent and non-reproducible features and in some cases complete removal
of the gold.

2.5.2 Bulk Etch Preparation

Protecting the LT-GaAs active layer while removing the remaining bulk SI-
GaAs material is an important step in the fabrication process. Originally from
the process in section 2.4.1 2, a photoresist barrier is applied to the edges of the
semiconductor layer with a fine-tip cotton bud to protect the active material.
This method, whilst, if done correctly, will protect the LT-GaAs during etching,
is relatively time-consuming and hard to do so accurately. A thick photoresist,
A74562, is used to ensure that the layer barrier thickness is sufficient to cover
the LT-GaAs layer. To apply the photoresist accurately, it must be ensured
that the LT-GaAs layer is covered but that there is no overlap onto the SI-
GaAs surface as this prevents it from etching. With the combined thickness of
both these layers at this point being around 30 pum, achieving a high percentage
of LT-GaAs coverage without greatly overlapping the SI-GaAs also is difficult.

A new method for protecting the active was developed to improve the yield
of devices undergoing successful bulk SI-GaAs removal and the time it takes
to process devices. The new method still uses a photoresist as the means of
protection; however, by spin coating the entire device and uncovering only the
SI-GaAs surface, the LT-GaAs layer is protected well.

To apply the protective layer, a negative photoresist is chosen, Ma-N440. A
negative photoresist means that the exposed photoresist is not dissolvable in the
developer solution, whereas the unexposed photoresist is. By using a negative
photoresist, the optically transparent sapphire substrate can be exploited to ex-
pose the resist through the backside of the device; this then uses the LT-GaAs as
a natural mask to prevent the exposure of the photoresist on top of the SI-GaAs.

The photoresist is applied in two layers; the reason for this is to provide a
sufficiently thick layer to cover the device. The first layer is spun at a lower
speed to ensure a thicker layer, and the second layer is spun faster to create a
slightly thinner top layer. The first layer is statically dispensed on the device
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Figure 2.6: The completely covered device before exposing the AZ4562 resist.

surface and spin-coated at 3000 rpm for 60 seconds; the device is then baked
for 5 minutes at 100 °C. The longer bake time is purposefully used to deform
the shape of the photoresist; longer bake times partially destroy the photo-
chemicals, which increases the exposure time and increases the adhesion to the
device. The longer bake times produce a slight overlap of the resist with the
SI-GaAs edges when developed. The second layer of resist is applied in the same
way as the first but at a spin speed of 6000 rpm. Again, the device is baked
for a longer time of 10 minutes at 100 °C to deform the resist and ensure good
adhesion to the first layer.

To expose the photoresist, a UV IR mask aligner provides a flood exposure.
The device is placed upside down on the exposure stage and then exposed with
a relatively high dose of 2400 m.J/cm?; as mentioned beforehand, this is due
to the longer bake times. The device is placed into the developer Ma-D 331, a
sodium hydroxide-based solution, for around 5 minutes to clear the unexposed
photoresist. The technique of application for the protective layer is the cause
for the longer development time as the resist is adhered well to the surface of
the device. The slight resist overlap with the edge of the SI-GaAs wafer edge
ensures that the underlying LT-GaAs is still protected when the wafer starts
etching.

This new method solved the problems with this step of the process, with
100% of the devices fabricated with this method successfully undergoing the
substrate removal.
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Figure 2.7: a) Once the resist is photoexposed and developed, the SI-GaAs
surface is exposed, while the rest of the device remains covered with resist.
b) A side view showing how the resist protects the bottom LT-GaAs layer by
flowing up the sidewall.

2.5.3 LT-GaAs Etching

Problems appeared during device testing, with them exhibiting earlier than ex-
pected electrical breakdowns. One of the reasons theorised for this was a poor
continuity of the electrode gold layer due to a rough sidewall profile. The ratio
of constituent etch chemicals outlined in section A.0.4 defines the sidewall pro-
file of the LT-GaAs bars; with a smaller ratio of water to hydrogen peroxide and
sulfuric acid, the etch is quite aggressive, leaving pits and dents in the sidewall.
Different ratios were tested to find an improved ratio to improve the sidewall
profile. A test pattern (seen in figure 2.8 was created with differing LT-GaAs
bar sizes to investigate the etch capabilities.
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Figure 2.8: The etch test pattern design. The designs consist of different width
bars ranging from 500 pm down to 12.5 pm.

Three different etch ratios were investigated, each with a different water
concentration and maintaining constant sulfuric acid and hydrogen peroxide
concentrations. The ratios of constitute chemicals were ; 250:8:1, 800:8:1, and
1000:8:1 of HyO:H502:HoS04. A single 1x1 cm piece of LT-GaAs on SI-GaAs
wafer was used. For simplicity, the wafer did not undergo the ELO process, and
instead, the designs were patterned straight onto the LT-GaAs.

The Scanning Electron Microscope (SEM) images in 2.9 show the LT-GaAs
bars created by each etch. The profile produced by the strongest etch (250 parts
water) is as expected, with rough sidewalls and many pits and dents. Measuring
the features post etch showed an undercut on the bar width dimensions; hence,
the design accuracy is also somewhat lost with this ratio. The 800 part water
etch ratio yielded better results; there is still some pitting and dents on the
sidewall and some small undercutting of the bar dimensions. The weakest etch
(1000 parts water) provided the best looking sidewall profiles from the testing;
the sidewalls are virtually free of pitting and visible roughness. There is also no
visible undercut of the bars due to the weaker etch being less aggressive.
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Figure 2.9: SEM images of the etched bars. (a) The strongest etch can be seen
to aggressively attack the sidewalls, leaving rough surfaces. (b) The weakest
etchant produces much smoother sidewalls due to the slower etch rate.

A by-product of a weaker etch is a much steeper sidewall pitch, which limits
the size of the bar that can be produced. For the weaker etch, the sidewall slope
length is 20 pm; this left only the 50 pm width bar as the smallest feature on
the test device.

From these tests, the etch ratio was adapted to 1000:8:1 of HyO:H505:HsSo0y4.
The sidewalls support better electrode continuity, and the weaker etch allows
for greater repeatability with the devices.

2.5.4 Electrode Deposition

Experimenting with the electrode widths (see 4.2) became a point of interest
to improve device efficiency. This required asymmetrical electrode geometries;
some designs became much smaller than previously fabricated. The problem
with fabricating smaller electrode widths using a gold etch method became ap-
parent with features below 50 ym in width. It was found that for most cases
smaller features were over etched, with really small features (>20 pm) being
etched through due to an unreliable etch rate. The reason for the unreliable
etch rate is due to the acceleration of the rate once the etchant becomes ex-
posed to the underlying titanium layer. Therefore, a new method must be
developed to achieve the desired features.

Using a photolithography and lift-off technique, it is possible to fabricate
smaller features. This technique was not considered when the original fabrica-
tion method was devised owing to worries that the photoresist would not adhere
well to the BCB, rendering it an unviable option. After preliminary testing of
some simple structures patterned directly on a BCB layer, it was apparent that
these suspected issues were not prevalent, meaning that this method could be
used. Previously, sputtering was the deposition technique chosen as it provides
good sidewall coverage. However, it can not be used in conjunction with a lift-
off technique as the angled coverage is not compatible; removing the unwanted
gold after deposition without damaging the device would be impossible. For the
aforementioned reasons, thermal evaporation was selected for electrode deposi-
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tion. This is still a suitable method for producing good sidewall coverage, as
there are no protruding features to cause shadowing.

The electrode patterning step takes place after defining the LT-GaAs bars.
The process is similar to the one in A.0.5 except a Lift off resist (LOR) layer
is applied to ensure a clean lift-off. The LOR, LORT7B, is spin-coated onto the
device at 3000 rpm for 40 seconds and baked on the hot plate at 165 °C for 5
minutes. The photoresist, S1813, is spin-coated onto the device at 3000 rpm for
40 seconds before being baked at 115 °C for 1 minute. A direct write laser com-
pletes the photoresist patterning, although the dose and defocus values change
to 130 and -1 respectively, to account for the LOR layer now present. The de-
vice is developed in MF-319 for 1 minute and then rinsed in DI-H2O to stop
the development process. The device must be checked under the microscope
to ensure that the LOR has been fully developed and cleared from unwanted
areas; this can be seen as a slight undercut of the top photoresist layer. If the
LOR is not removed fully, then the metal will be stopped from adhering to the
device surface; over-development causes channels where LOR is completely re-
moved, which can lead to photoresist de-lamination. The devices are ashed in
the plasma asher at 50 percent power for 2 minutes to remove any delaminated
or residual photoresist.

Figure 2.10: An overview of the new electrode fabrication steps. a) A photoresist
layer covers the device b) The electrode mask is patterned onto the surface c)
A Gold layer is evaporated onto the entire device d) After lift-off, the electrode
pattern is left defined on the device.
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An E-beam evaporator is chosen for thermally evaporating the electrode
materials as it provides a high level of precision when evaporating layers. Evap-
oration must be performed under a high vacuum to ensure a high-quality film
free from impurities. A high vacuum will improve the mean free path of the
vaporised material from the metal source and allow the material to travel di-
rectly to the target substrate without reacting with any other particles [185].
Not achieving a high vacuum can lead to non-uniform or discontinuous films,
as vaporised molecules from the source material can collide with undesired par-
ticles in the chamber. Therefore, the evaporation chamber is pumped down to
a high vacuum of 1 x 1076 mBar. First, a 5 nm Ti layer is deposited again to
aid the adhesion of the gold layer. The source is then changed, and a thicker
200 nm layer of gold is deposited. Devices are placed into a positive photoresist
stripper, SVC-14, heated to 60 °C on a hotplate. The photoresist stripper is left
to work on the device until all unwanted metal is removed. This occasionally
requires a gentle agitation in an ultrasonic bath at 20 percent power; this aids in
removing the LOR layer underneath. This technique has allowed for electrode
widths down to 5 um to be fabricated successfully.

2.5.5 Small Gap Fabrication

The new etch ratio provides reproducible results with good sidewall profiles.
However, the sidewall length is 20 pym in length, meaning that the filling factor
is limited when moving to small gaps devices (<50 pum ). To maximise the
packing factor, the periodicity of the electrode pairs must be reduced. A new
method for defining the LT-GaAs bars was developed to achieve this.

To reduce electrode pair periodicity, the etched bar sidewall length needed
to be reduced. The solution was to use a fast etch which is much more aggres-
sive and provides near-vertical sidewalls. A by-product of this method is that
it no longer allows for the electrodes to be fabricated to roll up the sidewalls of
the LT-GaAs bars. This resulted in a complete restructuring of the fabrication
steps. The electrodes are patterned and deposited on top of the un-etched LT-
GaAs layer before the bars are defined.
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Figure 2.11: A close up section of an array with the etch mask patterned on.
The red coloured photoresist protects the LT-GaAs between the electrode pairs
and the entire electrode structure.
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After the ELO fabrication steps are completed and the LT-GaAs layer is
exposed, the electrodes can be patterned and deposited. The electrodes are
realised in the same method as outlined in section 2.5.4; once the lift-off process
is completed, the device can be masked ready for the LT-GaAs etching step.
As with most of the masking in the fabrication process, S1813 is statically dis-
pensed and spin-coated onto the device at 3000 rpm for 40 seconds before being
baked at 115 °C for 1 minute. The design of the etch mask seen in 2.12 e) shows
that the amount of LT-GaAs removed is much less as the entire device sits atop
the active layer. The etch mask is patterned onto the device using a direct write
laser, the dose and defocus of 130 and -1 respectively, before being developed
in the standard solution of 4:1 HoO:MF-319 until clear. A plasma ash is again
used to remove all unwanted photoresist.

To etch the LT-GaAs bars, the etch solution consists of HyO:HyO9:HsSO4
in the ratio 40:8:1. The etch is very aggressive providing an etch rate of 500
nm/min; it is clear to see when the LT-GaAs has etched due to the optically
transparent substrate. It is imperative that the device is not left too long as
it will over-etch, leading to loss of the electrode structures. The results in 4.5
demonstrate the fabrication capabilities this method provides.

Figure 2.13: The entirety of the finished small gap device sits atop the LT-GaAs
material.
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2.6 Conclusion

In conclusion, the initial process for fabricating PCA devices using an ELO
technique was presented. A number of issues arising from the initial fabrication
were discussed, and the current limitations on device design and fabrication
were highlighted. Several improvements to the fabrication were also presented,
increasing the yield and fabrication times for the devices. A new method for
protecting the LT-GaAs layer during the bulk SI-GaAs etch was developed,
which ensured that the LT-GaAs layer was prevented from being exposed to
the etchant solution and subsequent device failure. A study on the LT-GaAs
etchant ratios was conducted to find an optimum ratio that provided LT-GaAs
bars with an improved sidewall profile and repeatable sidewall lengths. In order
to fabricate smaller electrode geometries, a new method for electrode deposition
was employed; this provided the ability to fabricate <50 pum electrode features.
An E-beam thermal deposition was used to increase the design accuracy of the
electrode geometries. Finally, a new technique for fabricating small gap PCA
devices was developed, allowing a greater range of device designs to be used.
The new technique involved completely restructuring the fabrication process,
moving to fabricating the electrode structures on top of the device and then
using a fast wet etch to remove unwanted LT-GaAs.
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Chapter 3

Characterisation Methods

This chapter will discuss the characterisation set-up and the system variations
used throughout this project to characterise fabricated devices. A discussion of
the difference between the setups is presented here, as well as comparisons with
alternative methods.

3.1 Emitter Characterisation

The two main components of the testing set-up are the optical and instrument
set-ups. The optical set-up comprises the optical components used to facilitate
the generation and detection of THz radiation. Then there is the array of
control electronics employed to ensure accurate capture of device information
and provide biasing for PCA devices. Both parts are of equal importance.

3.1.1 Optical Set-Up

The set-up used for testing devices is similar to that which would be used
for 1D-THz-TDS and can be seen in figures 3.1 and 3.2. A Spitfire ACE PA
provides the excitation pulse (discussed in 1.6, and the pump line is attenuated
using Neutral Density (ND) filters, with this providing a range of adjustability
to the optical power available. The fs pump beam excites the PCA device,
causing the emission of THz radiation. This radiation propagates into free
space, following the path of the incident IR pump beam. Due to the pump beam
having such a high peak power, a Polytetrafluoroethylene (PTFE) filter blocks
the pump beam after excitation to prevent it from damaging the photodiodes.
As this set-up is designed for THz-TDS, a set of parabolic mirrors directs the
generated radiation to the detection area. The THz radiation is generated in
a collimated beam before being focused down to a sample area; during device
characterisation, this area is void of any materials. The radiation is collimated
again before being focused onto the detection crystal in the detection space. The
sampling line originates from the main fs beam line earlier in the system using
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a 90:10 per cent beam splitter. This line passes through a hole in the center
of the final parabolic to ensure a collinear arrival at the EO crystal, providing
maximum overlap with the focused THz spot. The altered sampling beam then
goes through the detection optics mentioned above. The main experimental
arrangement discussed here is within a purge box, ensuring a low humidity
atmosphere (<10% humidity).

3.1.1.1 Testing Set-up versions

Throughout the project, the optical layout of the experimental arrangement
underwent slight variations, the main one being a change from generating in a
collimated beam to generating in a focused beam. The optical layout discussed
in 3.1.1 is the main basis for the set-up used for testing, with the changes being
how and where the pump beam excites the PCA.

The first optical layout generates THz using a collimated fs pump beam.
When the pump beam leaves the amplifier, the beam diameter is roughly 8
mm, measured as Full Width at Half Maximum (FWHM). The pump beam is
expanded using a reflective beam expansion method to a width of 32 mm; this
consists of a reflective telescope and a 2-inch beam expander. Expanding the
beam to this diameter pre-excitation of the PCA has a dual purpose: it firstly
allows for the use of larger devices, and secondly, it accounts for any intensity
variations of the excitation pulse, ensuring the centre of smaller devices are not
saturated before the outer edges. This set-up can be seen in figure 3.1.
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Figure 3.1: Optical diagram of the testing set-up with the emitter in the colli-
mated beam.
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The second optical set-up seen in figure 3.2 shows that THz generation takes
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place in a focused fs beam. The reason for this is to improve the detected signal,
by generating in a focused beam it ensures the resulting generated THz beam
will fill the collecting parabolic. The advantage of a fully filled parabolic is that
the focus of the THz pulse will be much smaller in the detection space. This
can be explained in terms of Gaussian beam theory. A Gaussian beam has an
intensity profile that follows an ideal Gaussian distribution. This is to say that
the intensity profile is radially symmetrical about the centre of the beam and
decreases as the distance from the centre increases. The beam waist ‘wp’ is
taken as the point at which the intensity drops to 1/e? (13.5%) of the peak
value at the centre of the beam. A collimated Gaussian pulse is one in which
the beam radius does not vary significantly over the distance it propagates [57].
When a collimated Gaussian beam is focused by an optical element, the spot
size achievable at the focus is given by [186]:

AM2\f
)

where M is the beam quality parameter, A is wavelength, f is the parabolic
mirror focal length and D is the beam diameter before focusing. The tighter
the focus, the higher the field strength. There are drawbacks to this method; it
is hard to align well and thus is susceptible to larger beam deformities, which
negatively impact the spot size. Also, with a focused generation scheme, there
is no longer any compensation for intensity variations in the fs pump beam.

2wo (3.1)
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Figure 3.2: Optical diagram of the testing set-up with the emitter in the focused
beam. This ensures that the excitation beam will fill the entirety of the device.
The THz spot sizes at the sample and detection space is ~ 640 +35 pum

3.1.2 Instrument Set-Up

The instrument set-up plays a vital role within the testing set-up; a block dia-
gram of the instruments involved can be seen in figure 3.3. A boxcar averager
and Lock-In Amplifier (LIA) is used for data acquisition to improve the SNR.
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The reference for the LIA is set to match that of the frequency at which the PCA
bias is modulated. A 1 kHz master reference signal is provided by the spitfire
laser, which is synchronised with the pulse output. A signal generator (Agilent
33500B) is triggered from the master reference, producing a 125 Hz signal used
to gate the pulse generator (DEI PVX-4150). The PCA emitter electrical bias
is supplied by a high-voltage DC power supply (Keithley 2410) connected to
the pulse generator’s input. The pulse generator creates a square wave voltage
signal by chopping the DC voltage supply; this square wave provides the bias
voltage for the PCA.

On the detection side, a pair of balanced photodiodes (Newport Nirvana
2007) are used for the EO detection (as described in 1.9.2), the output of which is
connected to the boxcar averager (SRS SR250). The signal from the photodiodes
is a very low-duty cycle signal, with a repetition rate of 1kHz and an electrical
pulse duration of 3 us; this adds a large amount of noise to the signal; in order
to improve the signal, the boxcar averager can be used. The 1kHz master signal
triggers the boxcar amplifier. Once triggered, there is a controllable delay time
and window width. The signal is averaged over this window and then sent to
the lockin for further processing. This removes any noise from the photodiodes
when no signal is expected. The LIA receives the signal from the boxcar output
and is ’locked’ into the modulation frequency of the PCA being 125 Hz; this
means that the LIA works on an 8 pulse train with 4 ’on’ and 4 ’off” pulses,
to suppress the noise further. Finally, the signal is acquired from the LIA and
recorded using a Labview program running on a PC.
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Figure 3.3: The block diagram shows the instrument control set-up, the main

signal of note is the master 1 kHz reference from the amplifier as this provides
the synchronisation for the rest of the instrumentation.
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3.1.3 Reflections

Reflections are a significant problem during spectroscopy scans. The resolution
of the frequency domain information is proportional to the scanned time range
of the time domain signal. Thus, reflections determine the length of time the
sample can be scanned without introducing oscillations in the frequency do-
main. This limiting of the time scans reduces the overall resolution of the scan
and the information obtained from each experiment. Also, reflections of the
THz pulse may interfere with 2D spectroscopy measurements; this can occur if
reflected pulses interact with the sample fast enough after the initial excitations
to re-excite the sample and give false results.
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Figure 3.4: The time domain signal of a 5 ym gap array measured with a 150
pm thick GaP crystal. The main pulse can be seen as the first and largest pulse
followed by two reflections. The 1st reflection is from the detection crystal and
the 2nd comes from the substrate.

There are a few different places that reflections in the system may come
from. One of the main sources of THz reflections is from the substrate of the
PCA emitter. Another area of the set-up that reflections come from is the EO
crystal. Reflections can also occur from the sample being experimented on.
In each of these cases, the reflections result from the mismatch between the
refractive indexes of air and the materials. The delay between the main THz
pulse and the reflections can be estimated using the equation:

_ 2nL
¢

t (3.2)
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where n is the material’s refractive index, and L is the length of the ma-
terial. Using this equation, the origin of the reflections in figure 3.1.3 can be
determined. The main pulse is seen at ~ 4 ps. The reflection from the GaP
detection crystal will have a time delay of ~3 ps (using n=3.3 at 1 THz and
L=150 pm). The reflection from the sapphire substrate will be delayed from
the main pulse by ~13 ps (using n=3 at 1 THz and L=650 pum). Therefore, the
first reflection originates from the detection crystal, and the second comes from
the substrate.

There are different ways to improve the reflection issue, mostly by pushing
the reflections back in time to delay them. Delaying the reflections allows for
longer scans, improving the scans’ resolution. This can be done in the emitter
by using a thicker substrate, as this would delay the reflection in time. In the
EO crystal, increasing the thickness would also push the reflections back in time.
However, this presents its own problems mentioned in section 1.9.2.

3.2 Characterisation

There are some key characterisation experiments that are performed for each
device; the two main tests are designed to determine the relationships the gen-
erated THz signal has with bias voltage and optical pump power.

3.2.1 Optical Characterisation

The pump power is swept through a range of values to characterise the THz
emission as a function of the optical excitation pulse incident on a device. The
optical pump power is set, and a scan is taken to acquire the time domain THz
pulse generated. The peak THz signal value can be extracted from this. These
scans are repeated for each new optical pump power and are used to build an
accurate picture of the optical behaviour. Throughout each optical sweep, the
bias voltage is kept consistent; the bias can be changed for a new set of sweeps
depending on the information required. It is important to obtain this informa-
tion as it indicates how the excitation power affects the emission. The device
will begin to saturate at a certain optical power, as discussed in 1.8.8; this point
is critical to ensure that it is not exceeded when operated.

The pump laser line is attenuated by 2 sets of ND filter wheels, allowing for
36 variations of the optical power available to excite devices. Each individual
filter must be chosen to be of a similar thickness and as thin as possible to ensure
as little beam broadening as possible. The graph shown in figure 3.5 shows the
behaviour of a PCA device with changing optical power; from this, two distinct
operational modes can be observed. The peak THz field increases linearly at
low optical pump powers. This is the first operational regime, referred to as the
linear regime. The second regime is present at higher optical pump powers. As
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the power increases, the device begins to saturate, and a linear increase is no
longer observed; instead, an exponential decay can be seen. There will come
a point when the device becomes completely saturated, and there will be no
increase in THz field for increasing optical power. The saturation occurs for
several reasons, all discussed in 1.8.8. During measurements, it is important to
ensure that the device behaviour is observed carefully as the optical power is
increased; this is because the risk of damage becomes greater when the device
enters the saturation regime. Operating a device in the saturation regime for
experimental work is preferred due to the increased protection against power
fluctuations of the pump laser. However, increasing the pump power whilst the
device is completely saturated leads to an increase in device heating and, in
some cases, complete breakdown of the device.
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Figure 3.5: An optical characterisation graph for a PCA device, the linear and
saturation regimes are depicted. The device is a 5x5 mm active area array.

3.2.2 Bias Field Dependence Characterisation

Testing the electrical behaviour of a device is an important step during the
characterisation process that is required to fully understand how the device op-
erates. When electrical behaviour is spoken of here, it refers to the relationship
between the biasing voltage and the peak THz signal obtained. To characterise
the electrical behaviour, the biasing voltage is firstly started at a fairly low
value before being incrementally increased to a bias voltage deemed ”safe”; ini-
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tially, this biasing field was 20 kV/cm due to the breakdown in air value (~ 30
kV/cm), this is discussed further in 4.3. During the voltage sweeps, the optical
pump power is kept the same to ensure that the only influencing factor is the
biasing field. As with the optical characterisation, sweeps may be repeated at
different optical powers to observe the behaviour under different regimes. At
each bias value, a time domain scan of the THz generated pulse is collected,
and from this, the peak THz signal is extracted. The graph in figure 3.6 shows
the electrical behaviour of a device (same device shown in figure 3.5); it can be
seen from this that the peak THz signal increases linearly with increasing bias
values. The linear relationship is a key indicator of how good a PCA design is;
the equation describes the linear relationship:

on
Erm. x EBiasE (3.3)

This shows that the THz field increases proportionally with the biasing field.
Any sub-linear behaviour is an indication of the electrical saturation of a device.
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Figure 3.6: An electrical characterisation graph for a PCA device, the linear
trend can be seen. The device is a 5x5 mm active area array the same as figure
3.5. As the device is optically excited in a collimated beam the optical power
values can be adjusted. This is done by using an iris set to the size of the device
active area and taking a power meter measurement.

During characterisation, it is important to note that selected bias voltages
are chosen as a function of device gap size. In essence electric field across each
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emitting pair is given by:

VBias
Epios = 34
B Déap (3.4)

Where Dgqp is the emitting gap width and Vs is the applied voltage.
The optical pump power chosen for electrical testing is one that sits within the
saturation regime and one within the linear regime, this allows for a greater
understanding of electrical operation in both states of device operation.

3.3 Repeatability of Experiments

In order to be able to understand and interpret any trends within the experi-
mental data measured in chapter 4, the repeatability of experiments must be
considered. For experiments performed within this work, there are three ar-
eas that could potentially introduce areas of unreliability. These areas are as
follows: pump laser variations over the course of days, pump laser variations
pulse-to-pulse and device fabrication variations.

The Ti:Sapphire amplified laser system used for excitation requires a stable
ambient room temperature to minimise laser instability. This is because tem-
perature changes in the room can cause the beam’s pointing to change slightly.
However, this change is more in the order of days than pulse-to-pulse, with
a day-to-day power variation of <5%. To minimise the effects of this type of
variation and increase the reliability of the measurements, directly compared
devices are measured one after another on the same day of testing.
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Figure 3.7: THz peak field vs excitation beam power for 100 repeats of a PCA
device operated in the saturation and linear regime (highlighted in the inset).
The standard deviation is 3% and 1.4% in the linear and saturation regimes
respectively.

The pulse-to-pulse-laser variations cause another area of variation that could
affect the reliability of the results. This is explained as the power variation be-
tween pulse trains common within low repetition rate laser systems. For this
laser system, the pulse-to-pulse variation was investigated by Dr David Ba-
con [91]. A bias PCA emitter was tested in both the linear and the saturation
regimes of optical pumping. The peak THz signal was plotted, and the standard
deviation was acquired to determine the variation over 100 repeated THz time
domain scans. Figure (3.7) shows that the standard deviation of the peak THz
signal obtained from the device operated in the linear and saturated regime is
around 3 % and 1 % respectively.

Finally, device variations could make determining trends in experimental
results difficult. Device variations occur during the fabrication of individual
devices. There are many steps to the fabrication process, and there is a possi-
bility of introducing small variations at each step. This could cause two nomi-
nally identical devices not to generate identical THz radiation. To minimise as
many device variations as possible, each device that forms a comparative study
was fabricated simultaneously on a single chip and separated before mounting
(4.1.1).
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3.4 Conclusion

In this chapter, different device characterisation methods are discussed. The dif-
ferent optical set-ups used throughout this project were presented; these were
the two main optical layouts used to characterise devices: a collimated genera-
tion and a focus-through generation scheme, with the advantages and disadvan-
tages discussed. The testing instruments set-up was shown, and a detailed block
diagram showing how the electrical equipment is interfaced to obtain accurate
measurements was provided. The methods used for characterising PCA devices
were explained in detail, and examples of the typical trends that are looked for
when testing devices were presented. A discussion on the repeatability of experi-
ments explained the variations that can be introduced into device measurements.
The main introduction of results variations is from the excitation laser system,
both pulses-to-pulse and day-to-day, as well as device-to-device variations intro-
duced during fabrication. It was shown that the variations pulse-to-pulse did
not, on average, exceed 3 %, and day-to-day variations of the laser power were
less than 5 %.
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Chapter 4

Device Geometry

Throughout this project, numerous studies have been undertaken to improve the
device geometry of interdigitated PCA array devices, one aim being to increase
the strength of the THz THz electric field generated. The work presented in
this chapter will outline each of the studies conducted and present the findings.
Each study was used to investigate different device geometries and the effects
these have on the device characteristics.

4.1 Triangular Electrodes

Some of the earlier fabricated devices showed signs of electrical weakness when
biasing voltages were increased; it is theorised that the current densities flowing
in the electrode structures are the issue. It is desirable to be able to fabricate
devices that support higher current densities as it prevents earlier device failure.
Support of larger current densities would lead to an increase in THz radiation.
This is seen in equation 1.22 in 1.8.5.

When the bias voltage was increased, the electrical weakness observed was
manifested at so-called ‘weak’ points in the electrode structure; in the cases
seen, the electrodes underwent electrical failure, rendering the electrode pair on
the array no longer operational. The weak point is where the electrode leaves
the LT-GaAs bar and connects to the biasing pad, seen in figure 4.1. When
higher biases and larger optical pumps are applied to a device, the current
density flowing through the electrodes will be higher. The point where this
current would be the highest is located in the area of the electrode connecting
the biasing pad and the LT-GaAs. The device seen in figure 4.7 indicates the
weak points of the device.

Another reason device failure could have been seen in the device is due
to dielectric breakdown. High biasing fields can cause dielectric breakdown if
the fields exceed certain values. The important dielectric breakdown values
with these devices are air (~30 kV/cm), LT-GaAs (~300 kV/cm) and BCB
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(5.3 MV/cm []). Thus, a dielectric breakdown of air is likely to occur before
the breakdown of the other materials. However, the area that this would be
expected would be across the dark gap due to the reduced distance compared to
the active gap. For this reason, it was theorised that it was the aforementioned
current density issue.

Key:
Failure Point -
Current Flow ——

Figure 4.1: The diagram shows a simple interdigitated electrode PCA structure
with the suspected weak points highlighted at the point where the electrode
arms connect to the biasing pads.

4.1.1 Designs

A new electrode design approach was tested to prevent this type of failure. If the
theory is correct and a large current density causes failure in the electrode fin-
gers via overheating/melting, then changing the electrode shape to compensate
for the weak point should allow higher currents to be applied without causing
damage. Increasing the amount of current that the electrode can handle at the
weak point can be done by increasing the width of the electrode at this point;
this allows for the concentration of the current to be spread over a larger area.

The new electrode structure design can be seen in figure 4.2. The electrode
fingers have been altered from a rectangular shape to a more triangular design.
The triangular shape was chosen for this design as it increases the electrode fin-
ger width in the targeted area without changing the overall layout of the design
greatly; this allows for the packing factor to be kept the same. As with the
rectangular style electrode fingers the ends of the triangular electrodes are also
rounded as this prevents any fringing effects and field concentrations caused by
a sharp point.

Multiple designs were created to investigate the effect of the electrode ge-
ometry on the THz generation and the biasing capabilities. Table 4.1 lists the
different designs created; the main difference for each is the pitch of the elec-
trode geometries, i.e. the electrode finger width at the suspected weak point
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Figure 4.2: A comparison of the two different electrode geometries. a) Shows
the rectangular geometry, b) shows the proposed triangular geometry.

and the width at the end of the electrode.

Design | Gapsize | A | B C
1 150 140 | 20 | 5500
2 150 120 | 40 | 5500
3 150 100 | 60 | 5500
4 150 70 | 70 | 5500

Table 4.1: The different electrode geometries dimensions for the triangular de-
signs 1-3, the design 4 is the control device adopting the rectangular electrode
geometry.

All devices are fabricated from a single piece of LT-GaAs to ensure that the
testing produces fair and comparable results. The designs were adapted to fit
onto the single piece of LT-GaAs bonded to the sapphire substrate, allowing
every device to undergo an identical fabrication process. The CAD design in
figure 4.3 shows the designs used for this investigation; the active area of each
device is 1.4 x 4.6 mm. Note that the active areas were chosen to ensure equal
sizes for each device from the material available.
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Figure 4.3: The CAD design used to pattern device geometries onto a single
piece of LT-GaAs. From the top down it is device 1 to 4. All devices consist of
4 pairs with a 150 pm gap size.

Once the devices were made, two different post-fabrication processes were
tried. Due to the risk of damaging devices during post-fabrication, dicing was
not performed initially. A new PCB was designed to support the mounting of
all four devices so that operation can be switched between each one. However,
this new approach proved unusable for the reasons mentioned in the following
section. Thus, post-fabrication dicing was performed. With devices diced, they
can be mounted via the usual method described in 2.4.2.

It is also important to note that two different sets of the designs shown in
4.1 were fabricated. However, due to complications with the fabrication, only
four of the eight devices were successful. These are devices with designs 1,2,
and 4 fabricated on the first chip (set 1), and then from the second chip (set 2),
only one device based on design 4 worked.

4.1.2 Results

To fully characterise each device, it is important to keep the testing set-up
the same throughout; this includes ensuring that each device is tested in one
session. Operating the tests in such a way ensures that the results are com-
parable due to the negation of variation in laser power day by day. Devices in
this section were optically excited in a collimated beam with a diameter of 2 cm.
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Figure 4.4: THz signal as a function of optical pump power for the four differ-
ent test devices, testing was performed at two different electrical biasing field
strengths 5 kV/cm (left) and 20 kV/cm (right).

The graph in 4.4 shows a comparison between the optical performance for
the four different designs, characterised at two different biasing fields: 5 kV /cm
and 20 kV /cm. It can be seen that under the influence of the lower biasing field,
all devices generate similar THz radiation; from the theorised operation, this
is what would be expected for these devices. The generation from the devices
should be similar, as the active area is identical for all four devices. At lower
bias voltages, there is not believed to be an issue with the current density dam-
aging the electrodes, with all electrode structures able to support the operation
of the devices.

Comparing the results at the higher applied field of 20 kV/cm, there ap-
pears to be an enhancement of the generated THz radiation as electrode width
increases. This enhancement could be due to the near anode effect, explained
and tested below, which is seen to have reduced effectiveness as the width is
decreased. This does not seem to be the case for a conventional electrode de-
sign (rectangular) like device 4, as it can be seen that the device generates the
same amount of radiation that device 1 is capable of. Due to the failure of the
other devices in this set, direct comparisons between sets 1 and 2 cannot be
drawn as they were fabricated separately. Therefore, this cannot be taken fully
into account. Here, it can be seen that the regular electrode device operates
similarly to device 1. Theoretically, this makes sense at lower bias voltages as
the gap size is the same for both, and the fluence is the same. Analysing the
results with respect to the potential errors that can be introduced to the results
(as discussed in 3.3), the accuracy of the trends seen can be determined. As
the devices are tested in succession on the same day, the laser power variation
considered is the pulse-to-pulse measurements. The average pulse-to-pulse vari-
ation seen in results is only around 3%, so this would not explain the large
difference between the two nominally identical devices seen in figure 4.4 where
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the devices were operated at a higher biasing field. However, this does show
that device-to-device variation appears to be more prevalent under higher device
stress (i.e. at the higher biasing fields); this is why direct comparisons between
the different device sets not fabricated together can not be drawn.

The peak THz signal as a function of the applied bias strength for the de-
vices at two different optical excitation powers is shown in figure 4.5. It can
be seen that in both cases, at the lower biasing strengths, the peak emission is
similar for all devices; this, however, changes as the biasing field is increased.
At both the higher and lower optical excitation power, the rate at which the
field increases can be seen to follow a steeper rise for the larger-width triangular
electrodes (device 1) and a shallower gradient for device 2. Again following the
same trend exhibited with increasing optical powers, it can be seen that device
4 from set 1 shows an increase that is slightly shallower than device 1 and pro-
duces THz peak signals just below the values of it also.
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Figure 4.5: THz signal as a function of electrical biasing field strength for the
four different test devices, tested at two different optical pump powers; 60mW
(left) and 220 mW (right)

Two devices are shown here to assess how robust the devices are (device 1
and device 4). These devices were illuminated using an optical power of 42 mW,
and the electric bias increased linearly until each device showed signs of failure.
The devices are considered to have started to fail when the radiated emission
drops significantly, as this is a key sign of damage or complete device failure in
some cases. It can be seen from figure 4.6 that both devices increase roughly
linearly with increased bias until the point that they failed. Both devices in-
creased beyond the point of normal bias operation (20 kV/cm) by a considerable
amount, to almost x3.5 that value to 70 kV/cm for device 4 and 67.5 kV/cm
for device 1. The triangular electrode device was able to operate at the highest
bias of the two, but no significant improvement was seen from the triangular
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designs. The value of bias operation for both these devices is considered highly
impressive compared to any previous devices tested; for reference, the largest
device fabricated with this ELO technique to date [91] started to show signs
of damage at 25 kV /cm biasing field. The image in figure 4.7 shows a stere-
oscope image of one of the devices after undergoing failure. The images show
the failure points on the device, which appear to be similar; it is shown that
there is damage between the bias pad connecting the arms of the electrodes and
the tips of the other electrodes. This damage is believed to result from shorting
across the dark gap (the etched gap between emitting pairs), which is attributed
to the bias voltage, not the current. A similar observation was made with the
triangular electrode device.

Peak THz emission Vs Applied Electric Bias
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Figure 4.6: A comparison of the peak emitted THz signal as a function of applied

bias strength for device 1 and device 4. It can be seen that both increase towards
a bias field strength of 70 kV/cm before damage was sustained.

This test concludes that the issues that were seen previously, showing the
failure points of each device, were not found to be a problem with either of these
devices. A minor improvement was seen; however, there is no clear benefit to
using a triangular geometry over the current rectangular designs. For this rea-
son, it was decided that future devices would continue to use the rectangular
geometry.
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Figure 4.7: Device PCA device showing the failure point on the rectangular
electrode device. It can be seen that the damage occurred between the tips of
one set of electrodes and the connecting arms of the other. This is indicative of
shorting across the gap.

4.1.2.1 Single Chip Testing

SMA Connectors
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Devices

Figure 4.8: A schematic showing how the 4 devices on a single chip were mounted
and tested. A specially designed PCB that allows all 4 devices to be indepen-
dently biased. All devices share a common ground connected through the SMA
connectors.
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As discussed above, initially, the devices were not diced post-fabrication to
avoid damaging devices, and these were mounted to custom PCB for testing.
As above, devices A, B, C, and D correspond to the electrode designs of 1,2,3,
and 4 seen in 4.1. The results for the single chip produced some results that
were not as expected; ignoring the antenna geometry initially, it was expected
that the performance from equal active area devices under the same bias and
optical fluence would produce similar THz emission. The real difference was
expected at increased electric biasing fields, hoping for increased operation into
higher biases. From the optical sweep plot, seen in 4.9, of all devices operated
at a biasing field of 5 kV/cm, it can be seen that the devices exhibit a trend
of decreasing performance from the largest triangular width device A to device
D, whilst the decreasing performance could conceivably be an artefact of the
electrode design the difference of signal of x2.5 times of C and D compared to
A was not expected.
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Figure 4.9: THz signal as a function of optical pump power for the four different
test devices on one chip, an electrical biasing field of 5 kV/cm was applied to
all devices.

Even at low optical powers, there is a clear difference between the THz sig-
nals of devices A and B and devices C and D. This difference could not be
explained by any device-to-device error, as the devices were fabricated simul-
taneously on a single chip. The pulse-to-pulse variation would also not explain
the difference as the variation between peak THz signals is larger than 3 %;
hence, the difference must be caused by a different mechanism. This turned out
to be an issue with the device mounting method. It can be clearly seen when
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compared to the operation of the diced devices in figure 4.4. When the devices
were diced and mounted separately, their operation was more closely matched,
especially at the lower optical powers. The erroneous results are theorised to
have arisen from a capacitance issue between the devices; this could have been
from the ground passing through each SMA connector or coupling between the
devices on the board through the ground connection. To avoid any further is-
sues, it was decided to perform the post-fabrication dicing and single device
mounting as described in 2.4.2 and tested above.

4.2 Anode Width

Another area for improvement is the near-anode enhancement effect. This is
where the anode electrode can be engineered to enhance THz generation from
the area closest to it. This effect has been demonstrated before with single
stripline emitter pairs fabricated on LT-GaAs on SI-GaAs, seen in [187]. In
that work, it was shown that increasing the anode width produced an increase
in the THz emission generated. However, this has never been tested with a
LT-GaAs on sapphire device like the ones fabricated in this project, nor with
gap sizes as large as the ones tested here.

The potential advantages of adopting this method with these devices are
two-fold; firstly, there is the added enhancement of the THz field, which pro-
vides increased emission from each optical excitation pulse. Secondly, by finding
the optimum electrode widths, the device’s layout can be optimised to allow for
the best packing factor, ensuring the most efficient use of the device’s active area.

It was discussed in the 1.8.5 the contributions that electrons have on the
emitted THz radiation. As the electron mobility in GaAs is much higher than
the mobility of the holes, the electrons are considered the major contributor to
the emitted radiation. Along with carrier dynamics and direct emission from
the semiconductor substrate, there will be a contribution to the emission due to
the current that propagates in the electrodes. Photoexcited carriers generated
near the electrode cause an impulsive THz field due to their motion. The local
dipole can excite resonant modes in the electrode structure due to the near-field
coupling of the local dipole and the resonant modes’ electrical near-field, with
the strength of this coupling dependent on the spatial and spectral overlap of
the two [188]. The THz emission from the electrode is influenced by the change
in mode structure; these can be thought of as plasmonic excitements at the
semiconductor-metal interface. The surge current that is induced in the elec-
trode by the plasmonic excitation is dependent on the propagation length in the
electrode; this is equivalent to the width of the electrode in this case. Hence,
by changing the width of the electrode, the THz emission can be altered. This
effect, previously studied in [187], has shown that the THz electric field will in-
crease linearly for electrode widths much smaller than the wavelength emitted.
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Device Number Anode Width | Cathode Width | Gap Size Numk')er of IPrdions Tl
(pm) (pm) (pm) Pairs
1 40 10 50 18 45.69 %
2 30 10 50 18 45.69 %
3 20 10 50 18 45.69 %
4 10 10 50 18 45.69 %

Table 4.2: The dimensions of the test devices from test set A, the cathode
width is kept consistent with the anode width varying. Each device contains 18
generating pairs, ensuring packing factor is identical for each.

4.2.1 Designs

As mentioned in the previous section, this enhancement effect is most prominent
for anode widths that are much smaller than the emitted wavelength. There-
fore, the gap size of the emitter is important. The size of the electrode gap
defines the amount of biasing voltage required to achieve the required biasing
electric field; this, in turn, directly affects the electrode’s size. With smaller
electrodes, a smaller current flows through it, and we can scale it to fit the
size of the emitting gap width. Hence, the smallest gap size supported by the
current fabrication method was selected, this being 50 pm.

Increasing the electrode width will increase the periodicity of the emitting
pairs, thus reducing the packing factor. Finding an optimal ratio of the anode
width enhancement to the packing factor will lead to an increase in efficiency
from the fabricated devices.

Two different sets of test devices were designed and fabricated to carry out
the investigation. As with the previous study in 4.1, each set of 4 devices
are fabricated from a single piece of LT-GaAs and separated post-processing
to ensure identical fabrication conditions. The dimensions of test set A are
shown in table 4.2; this test set varies the anode widths of each device without
increasing the number of electrode emitting pairs. This test set allows the
anode enhancement effect to be investigated independently of any other device
geometry variations. The second group of devices, test set B, are displayed in
table 4.3. Again, the same anode width designs are used here; however, each
device is purposefully designed to maximise the packing factor. From this set
of test devices, it is hoped to understand to what extent an enhancement of the
anode improves the THz generation capabilities of these devices when compared
to maximising the packing factor.
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Device Number Anode Width | Cathode Width | Gap Size Numk')er of IPrliions Tl
(pm) (pm) (pm) Pairs
1 40 10 50 18 45.69 %
2 30 10 50 20 50.76 %
3 20 10 50 22 55.84 %
4 10 10 50 25 63.45 %

Table 4.3: The dimensions of the test devices from test set B, each generating
electrode pair keeps the dimensions outlaid in test. Each device contains a
varying amount of generating pairs, ensuring packing factor is maximised for
each device.

4.2.2 Results

The results in figure 4.10 show a comparison of the THz signal generated from
the four different device designs at differing optical pump powers. These devices
are composed of identical active areas to ensure that the effects of the anode
enhancement effect could be isolated from any other device enhancements. It
can be seen that there is a clear trend of the generated THz signal with anode
width. It can be seen that as the anode width decreases, the emitted peak THz
signal is decreased; this is the result that was to be expected from the literature.
The maximum radiation emitted is when the anode width is 50 pm. There is
then a drop in signal when the anode is at 30 pm width, and subsequent drops
for 20 and 10 pm respectively. The emission performance from the 10 and 20
pm devices is much lower than the two larger anode-width devices, which can be
seen as roughly the same. As discussed above, it was seen that the near-anode
enhancement effect produced only a linear effect for anode widths that were
much smaller than the emitted wavelength.

The results plotted in 4.11 show the anode enhancement test devices with
the bias reversed across the electrodes; this means, in effect, that the devices are
operated in a widened cathode configuration (see figure 4.12) whilst the anode
width is kept constant. This allows for an investigation into the effect that a
widened cathode width has on the THz generated. It can be seen from 4.11
that the devices generate a similar THz signal. This indicates that the cathode
width does not play a significant role in the generation of THz radiation. This
result is expected and can be explained by the carrier dynamics in the active
material. As mentioned in the current surge model section 1.8.5, the electron
mobility is much higher than that of the holes in GaAs; hence, the electrons are
considered the majority carrier. Therefore, the anode width has a larger impact
on the generated THz signal. This is due to the greater electron density change
at the anode-semiconductor interface compared to a smaller hole density change
at the cathode-semiconductor interface [189]. It is to be noted that the results
for device 4 have been omitted; the results for these devices were considered
invalid due to a laser drifting issue and became damaged before being re-tested.
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THz Peak Signal vs Optical Pump Power
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Figure 4.10: THz signal as a function of electrical bias field strength, for the
different devices of test set A. The changing anode widths were used to investi-
gate the effects of width on the generated emission.
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Figure 4.11: THz signal as a function of electrical bias field strength, for the
different devices of test set A. The anode width is kept the same whilst the
cathode width is varied. This confirms that the width of this cathode matters
little with regards to the generation of THz radiation.
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The enhancement resulting from an increased anode width can be seen fur-
ther from the results plotted in 4.13. Each plot compares the peak THz signal as
a function of optical pump power for each device with the positive bias applied
to the designed ‘anode’ and the designed ‘cathode’. The widest anode device has
the largest difference between the two operating modes, producing the largest
anode enhancement. This difference in peak signal decreases with decreasing
anode width; as the anode width decreases to the point that it is double that
of the cathode, the difference in peak signal is quite small with only a slight en-
hancement of the THz field. This trend is consistent with the expected response
and the analysis of the results with respect to any errors that could arise from
the testing. As all devices were fabricated simultaneously, the device-to-device
error would be small. The difference in peak THz signals between each of the
devices is outside of the 3% error that pulse-to-pulse variations in the beam
power can introduce.

Widened ‘Anode’ Operation

Device 1 Device 3
40um 20pm
10um 10um
Ground Ground

Device 2 Device 4

30pm 10pm
10pm 10pm
Ground Ground

Widened ‘Cathode’ Operation

Device 1 Device 3

10pm 10pm
40pm 20pm

Ground Ground

Device 2 Device 4
10|,|m 10pm
30pm 10um
‘Ground ‘Ground

Figure 4.12: Diagrams showing the two operated states of the devices, the top
four devices depict the widened anode operation and the bottom is the case
when the devices are operated with a widened cathode operation. The red
arrows indicate the direction of the electric field.
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Figure 4.13: THz signal as a function of electrical bias field strength, for the
different devices. Each graph shows a comparison of the generated emission as
the device is operated with the anode or the cathode as the positive electrode.

The graph in 4.14 shows a comparison of the peak THz signals generated at
different optical pump powers for the four different ‘maximum active area’ test
devices. It is shown that the device with the equal anode and cathode widths
generates the highest peak THz signal; this device has the highest packing factor
of all devices at 63 per cent. A clear correlation can be determined from the data
set that the peak THz signal of a device decreases with the packing factor; the
largest anode width device generates the lowest peak signal. By decreasing the
anode width of the device, the number of generating pairs in the array can be
increased, thus increasing the packing factor. It is apparent from these results
that the additional THz radiation generated from the increased active area is
greater than the enhancement provided by the increased anode width.
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THz Peak Signal vs Optical Pump Power
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Figure 4.14: THz signal as a function of electrical bias field strength, for the
different devices of test set A. The graph indicates that maximising the amount
of photoconductive area on the device has a greater effect on the generated THz
field.

The results from this study show that there is a clear enhancement to the
radiated THz field as the anode width increases, but this is not a dominant
effect when compared to a maximised surface area. A greater near-anode effect
enhancement of the THz field may be seen if the device gap size and electrodes
are smaller. For smaller active areas, enhancing the anode width to increase
the generation capabilities may prove beneficial to maximise efficiency if the
active area is limited or fixed. However, the anode enhancement effect is a non-
dominant effect compared to the generation provided by increased active area;
thus, prioritising maximising active area during device design is important. Fur-
ther study would be needed into the effectiveness of anode enhancement on gaps
less than 50 pym to reveal systematic trends.
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4.3 Gap Size

It is theorised that by using smaller gap sizes, the device should support much
larger equivalent biasing fields, increasing the generated peak THz field strength.
The reason for this is that for smaller gaps, the amount of bias required to
cause electric ionisation of the air is increased, which is desirable as an electric
breakdown in the air is one of the major causes of device failure. Paschens’s law
is used to determine the minimum field strength needed to cause the electric
breakdown of a particular gas, and this law states that for smaller gap sizes with
constant pressure, the biasing field required to cause breakdown is increased
[190,191]. To date, the most powerful device fabricated utilising the method
outlined in this project uses large gap sizes of 200 pm [91]. With such large gap
sizes, the biasing field applied is kept to a maximum value of 20 kV /cm; this is
deemed the ‘safe’ operating voltage found from previous testing. An advantage
of using smaller gaps is that the biasing voltages needed to create equivalent
fields are reduced significantly; this facilitates the use of less sophisticated and
less expensive lower-voltage power supplies.

4.3.1 Methodology

Three different devices were designed with varying gap sizes to investigate the
effects of smaller gap sizes on the amount of bias that can be supported. As with
the other devices described in this chapter, these were fabricated concurrently
using a singular bonded wafer of LT-GaAs on sapphire before being diced dur-
ing post-processing. With the developments in the fabrication method (2.5.3),
specifically the wet etch chemistry, the smallest gap size obtainable is 50 pm.
Fabricating smaller gap devices requires a different process, described in 2.5.5.
Due to this, 50 pm will be the smallest gap size designed and tested. The de-
signs can be seen in 4.4.

Device Number

Gap Size (um)

Anode Width (um)

Cathode Width (um)

Pairs

Packing Factor

1

200

4

44 %

2

100

9

50 %

3

50

18

50 %

Table 4.4: The dimensions for the devices in the gap size study, the gap sizes
are 200,100 and 50 pm. Table also indicates the packing factor of each device.

To test the operation, each device had an equivalent biasing field applied
before a time domain scan was captured. The biasing fields were firstly applied
at 2.5 kV/cm before being increased in steps of 2.5 kV/cm until device break-
down occurred. The devices were all optically characterised through the method
detailed in 3.2.1 to find the saturation point; this was then chosen as the point
to operate the device for bias testing. With this investigation, the comparison
between absolute values of the generated THz electric fields is not considered a
dominating factor, with the maximum biasing field that can be applied to the
device before breakdown as the value of merit.
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4.3.2 Results

The bias operation of the three different gap size devices can be seen plotted
in 4.15, it shows the THz generated at increasing bias strengths of each device
compared with one another. It can be seen that the THz radiation generated
does not deviate significantly between each device; as the gap size decreases to 50
pm, the generated THz radiation can be observed to be reduced when compared
to the other two widths fabricated. As mentioned before, the geometry of each
device was designed to provide an accurate comparison of the gap size operation
and the effects of such changes; the active area of each device was kept at roughly
the same size. It can be seen that a decreasing gap width is not detrimental
to the generation capabilities of a device; this indicates that the width of the
generating gap can be reduced without reducing the maximum field achievable
by a device, holding to the fact that the active area of the entire device remains
near enough unchanged. It is clear to see, however, that the bias field strength
that each device can withstand before mechanical (or electrical) breakdown
occurs is not equivalent for each device, with a clear trend emerging. As the
gap width decreases, the strength of the biasing field that the device is able
to withstand increases as expected. As the THz signal is similar at each bias
point for each device, this confirms that the gap size can be decreased without
impacting the generation significantly, withstanding that the total active area
remains roughly the same. As the active area is kept similar for each device,
this would not explain the difference in the amount of bias that can be applied;
hence, it confirms that it is the smaller gap sizes and dark gap widths that are
responsible for an increase in bias field that the device can support. The 50
pum gap operated up until an applied bias of 60 kV/cm, compared to the larger
200 pm, which became damaged above 30 kV/cm. The smaller gap was able to
handle twice the applied field strength.
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Figure 4.15: Peak THz signal as a function of electrical bias field strength, for
the 3 different gap size devices. It can be seen by using a smaller gap device, it
is possible to apply a larger biasing field and increase the the amount of THz
radiation generated. Note that the 200 pm gap device became damaged at a
bias of 30 kV/cm and continued to operate until complete breakdown at 40
kV/cm. A linear fit is plotted to show the deviation of the THz peak values
from ideal behaviour.

The deviation of each device from ideal linear operation can be seen in figure
4.15, from equation 3.3 in section 3.2.2 it can be seen in the ideal case the peak
THz signal should increase linearly with field strength. Devices with gap sizes
of 200 pm and 100 pm operate with near linearity, and the 50 pum device is
slightly sub-linear; these results suggest that there is no saturation occurring
from electrical biasing fields of the two larger gap sizes, but there are signs at
higher biases the 50 um gap does exhibit slight saturation. One of the issues
with moving to smaller gap sizes is the problems that can occur from earlier
device saturation, which limits the operating capabilities of the devices [125].

A motivation behind a move to smaller gaps is that it removes the need for
large power supplies, as smaller gaps require smaller voltages to achieve equiv-
alent biasing field strengths. The results from the comparison study show that
the equivalent biasing field strengths of the smaller gaps still provide similar
levels of peak THz radiation. The peak signals achieved at 100 V for a 200 pm
gap can be achieved using 25 V when the gap sizes are reduced to 50 pm.

The time domain plot in figure 4.16 shows each device’s time-resolved THz
pulses. As the gap size decreases, the negative ‘tail’ of the THz pulse increases.
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Figure 4.16: THz pulse shape shown for the 3 different gap size devices, taken
at equivalent bias strengths of 20 kV/cm and optical pump power of 286 mW.
It can be seen as the gap size reduces the negative peak of the pulse gains in
strength. The THz signal values have been normalised for comparison.

This result is of interest; it can be seen in the time domain pulse of the 200
pm gap device that the negative portion of the pulse is almost non-existent; the
reason for this is not fully understood. One of the potential reasons for this
observed phenomenon is related to the geometry of the array structure. The
time domain pulses in 4.18 show both a 100 ym gap bowtie device compared to
the 100 um array device; it can be seen that despite the array device consisting
of the same gap size that there is a significant difference between the negative
peaks produced by the respective devices. This result suggests that rather than
being an issue with the gap size of the array device causing the asymmetri-
cal peak, the array structure causes it. As mentioned in section 1.8.9, each
generating pair of electrodes and consequent LT-GaAs active area acts as an
independent point source generating radiation between the gap, the resultant
THz generation seen in the far-field is, therefore, a coherent superposition of
the individual point sources. The array structure of individual point sources
provides a grating effect depending on the gap size of the array; hence, the
emitter pairs’ period will dictate the effect’s strength. Later on in this chapter,
this effect will be discussed further.
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Figure 4.17: The bandwidth of the three devices plotted from the time domain
pulse signals recorded above. The smallest gap device has its peak amplitude
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Figure 4.18: TDS pulses taken from a 100 pm gap bowtie PCA and the 100 pm
gap PCA from this study. Both 100 pm devices were biased with 20 kV/cm
biasing fields. The differing pulse shapes are clear to see. The difference in pulse
widths is due to the different excitation pulse widths each device was pumped
with (40 fs for the array device and 10Q5s for the bowtie device).



4.4 Large Area Emitter

A key aim for this project is to improve the peak THz field strength obtainable
for PCA devices fabricated on sapphire substrates. While improvements to the
electrode designs described above will contribute to this, large area devices are
required to maximise emission and achieve the highest peak fields.

4.4.1 Methodology

To fabricate a device capable of generating high THz fields, it is essential that
the device supports high biasing fields to maximise the generation capabilities.
Another important factor deduced from the investigations conducted in this
chapter is that the packing factor should be kept as high as possible. This
information was collated, and the designs for a large area PCA device were
created to incorporate the optimised features that have been tested.

The design seen in 4.19 shows the features mentioned above all incorporated.
Fabrication becomes significantly harder to complete for devices with large ac-
tive areas; this leads to a lower yield of successfully completed devices. The
device has an 18x18 mm active area; the full design geometry can be seen in
table 4.5. The packing factor is relatively low; this is due to the length of the
sloped sidewalls being 20 pm, which means to maintain a sufficient dark gap,
the period of the emitting pairs must be reduced.

Device Active area | Gap Size | Anode Width | Cathode Width | Number of | Packing
(mm) (pm) (pm) (pum) Pairs Factor
18 x 18 50 40 20 140 38.9%

Table 4.5: The dimensions for the large area PCA, these features were designed
according to results learnt from preliminary studies on smaller test devices. The
cathode width in this case was determined by the pitch of the LT-GaAs sidewall
bars, this being 20 pm.

4.4.1.1 Fabrication Challenges

One of the challenges that has seen a lack of implementation and use of large
area devices is the complexities that are introduced during the fabrication stage.
Increasing the device area size decreases the tolerance for errors in all aspects
of the fabrication process, leading to lower yields.

During the fabrication of this device, one of the main issues encountered
arose from the wafer bonding process; obtaining a strong, level bond across the
entirety of the increased surface area proved difficult. This has been attributed
to either the bonding plate levelling or the applied bonding force. Compared to
small area devices like those discussed earlier in this chapter, a large area device
requires a higher degree of plate levelling accuracy due to its higher percentage
of contact with the bonding plates. If the bonding plate levelling is insufficient,
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Figure 4.19: The CAD design for the large area design, these were created as
two masks one for creating the LT-GaAs bars (grey) and the other to pattern
the electrode structure (gold). The full design is seen in the top image and the
bottom is a small exert showing specific geometry of the pair and an alignment
Cross.

the device will fail to receive an equal bonding force in areas below the initial
contact point. Problems are also believed to have originated from the use of
insufficiently high bonding forces. A standardised bonding force of 500 N/cm?
was used to fabricate previous smaller devices. However, when this was used
for the large area devices, it yielded only a partial bond.

Due to a shortage of LT-GaAs wafers available for fabricating large area

devices, only two attempts were made to produce this design. During the fab-
rication, there were issues with both device bonding attempts, the first using

117



the standardised bonding force stated in A.0.2 and the second using a force of
750 N/cm?. On both bonding occasions the wafers were not bonding correctly,
with one of the wafer edges not bonded to the sapphire substrate. To correct
for this, attempts were made to apply additional BCB to the device edge to try
and secure the bond and remove the gaps.

Another issue that can be encountered is an uneven BCB layer. Instead
of an even layer of BCB, deformities in the form of ridges can form in the
layer. This is a direct result of correcting for uneven bonding; an uneven BCB
layer causes issues for patterning electrodes. A correction can be made by
using an oxygen Inductively Coupled Plasma - Reactive Ion Etching (ICP-RIE)
etch; this completely removes the exposed BCB. Although this solved the issue
for patterning, this caused a ‘step’ between the substrate and LT-GaAs bars,
shown in figure 4.20. The BCB step can cause further issues with the device
performance, however, as discussed in the following section.

Gold

BCB

Sapphire

Weak Point

Figure 4.20: The issue that occurs from etching the BCB creating a step up
to the LT-GaAs bars. The top image shows how the device should be with a
full BCB layer and the lower image shows the case with it removed creating the
potential issue.

Due to the fabrication challenges, only one of the two starting devices fabri-
cated successfully made it through the entire process. This device was mounted
on the specially designed PCB and then tested.

4.4.2 Results

The peak THz field as a function of applied bias for the large area PCA at two
different optical pump powers can be seen in figure 4.21
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Figure 4.21: The peak THz field as a function of applied bias for the large area
PCA, two different optical powers were used for excitation 106 mW (left) and
220mW (right).

A comparison of the THz field as a function of applied bias is shown in figure
4.22; the data is normalised to the small signal and plotted with a straight line
showing the departure from a linear relationship. The THz signal generated by
the device at the different optical pump powers can be seen to perform similarly.
Both begin to generate a THz field strength that increased linearly with increas-
ing bias field before showing increasing saturation at the highest biasing field
strengths. The linear increase at smaller biasing fields is the expected behaviour
the generation of THz radiation should have due to 3.2.2. The saturating trend
observed at higher biasing strengths is not expected, and the reason for this
was not initially understood. A similar trait can be seen from increasing optical
excitation power and is attributed to optical saturation. However, this trend is
seen with increasing bias strength at both optical excitation powers, so it can
not be attributed to the same saturation mechanism. If it were saturation due
to screening of the bias field, it would be less prevalent at lower optical powers
as the number of carriers in the gap is reduced. Hence, this effect could be due
to electrical saturation being reached in the device at higher biasing strengths.
Higher electrical bias field strengths induce heating in the substrate, reducing
the carrier mobility and consequently the strength of the emitted THz radiation.
Although this provides a potential reason, it would be expected that the effect
would be exaggerated at higher optical pump powers. However, it is clear to
see this is not the case, with the same trend observed at both the higher and
lower optical powers.
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Figure 4.22: A comparison of the peak THz field as a function of applied bias
for the large area device, with excitation optical pump powers of 106 mW and
220 mW. To compare linearity, the THz peak signals have been normalised and
plotted with a straight line.

Investigating further, the results of this device were compared with a smaller
area 50 pum gap device tested in 4.3. A comparison plot of the THz field strength
as a function of applied bias is shown in 4.24. It can be seen that although not
completely linear, the THz radiation produced by the smaller area device dis-
plays a stronger degree of linearity than that of the large area PCA and does
not exhibit the same saturation at higher applied biases. This indicates that
the issue is more likely to result from a fabrication issue rather than a device
design issue. With the challenges during fabrication leading to a ‘step’ between
the LT-GaAs material and the sapphire substrate, there is no longer an even
BCB layer across the device; instead, it is isolated under the LT-GaAs bars.
The reduced BCB could lead to a reduction in heat transfer to the substrate,
which would lead to excess heating, but again, this does not seem likely as this
mechanism is still seen at lower optical pump powers. As well with this created
step, the continuity between the top of the electrode (situated on the sidewall
of the LT-GaAs bar) and the bottom (which sits on the now exposed sapphire
substrate) may not be good, introducing electrical issues. This could lead to
excess heating in the substrate or non-uniform field if some of the sections are
not connected properly.
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Figure 4.23: A comparison of the peak THz field as a function of applied bias
for the large area device, operated optical pump powers of 106 mW and 220
mW, and for a smaller area 50 yum gap device from 4.3. The THz peak signals
have been normalised and plotted with a straight line to compare linearity.

Figure 4.21 shows that under an optical excitation of 220 mW, a maximum
THz field strength of 198 kV/cm was measured at an electric biasing field of
35 kV/cm. This field strength was measured via EO sampling using a 150 pum
GaP crystal; the detected signal was processed through the method described
in 1.9.2. Due to the earlier-than-expected breakdown of the device, no power
measurement cross-reference was taken for this device. However, as the EOS
accuracy has been demonstrated in 1.10.0.4, there is a high degree of confidence
that these results are accurate. These results show that the device is capable of
producing high field THz radiation and shows a significant improvement over
the previous record achieved of 120kV/cm in [91] for a device fabricated on
sapphire using the ELO technique. The previous record for an LT-GaAs device
on sapphire was obtained using an 18x18 mm? active area with 200 um wide
gaps (discussed in 1.8.11). Comparing that device with the one fabricated here,
they both have identical active areas of 324 mm? while the previous device has
a better packing factor than the one demonstrated here of 52% to only 39%
respectively, the reason discussed earlier. It can be seen that the maximum
field strength achievable from the device here is almost 1.5 times higher from
the same active area and with a lower packing factor. Another advantage of this
design is that due to the gap size being a factor of 4 smaller than the older de-
sign, a smaller voltage can be used to achieve an equivalent biasing field strength.
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Looking at the emitted THz pulse shape from the device in 4.24 (a), it can
be seen that there is a large degree of asymmetry between the positive and
negative sections. The quasi-half cycle pulse that is seen is believed to be a
result of the structure of the array; this concept was discussed in the gap size
section 4.3. As a consequence of the pulse shape, the bandwidth of the emitted
THz pulse shape can be seen in figure 4.24 (b). The bandwidth extends up to
5.5 THz (limited by the bandwidth of the GaP crystal), with the majority of
the spectral weight concentrated below 1 THz. The emitted pulse bandwidth
displays lower spectral weight at higher frequencies, which is believed to be
caused by the physical dimensions of the device array structure.
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Figure 4.24: The figure shows the pulse of the emitted THz radiation (a) emitted
under a bias field of 20 kV/cm and optical excitation of 220 mW. The resultant
bandwidth of the pulse is shown in (b). A 150 pm thick GaP crystal was used
for detection.

As mentioned in the previous section, the device experienced an earlier-than-
expected breakdown. The device experienced complete failure as the bias was
increased past the 35 kV/cm point, where the THz signal dropped to near zero.
Under microscope inspection, it can be seen clearly that one of the emitting strip
lines is completely destroyed. Figure 4.25 shows the microscope images of the
damaged electrode pair; it can be seen that the discolouration of the LT-GaAs
indicates significant surface roughness compared to the pairs either side which
is due to the damage caused through a large discharge of current through this
pair. The path of the discharge can be seen between two pairs through the ‘dark
gap’; this caused an effective shortfall across the entire device and rendered it
no longer working. The reasons for the short happening could be due to sev-
eral factors; firstly, the poor adhesion of the electrodes onto the device (due to
removed BCB causing a ‘step’) discussed above would have caused issues with
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the continuity of the gold effectively causing two paths of lower current carrying
capabilities. When the current becomes too high, the electrode effectively blows
from the lower part, creating a short across the gap. Secondly, as the ‘dark gap’
between conducting pairs is small, large enough pieces of debris can land on the
device, effectively bridging the gap and providing a low resistance channel to
ground for the current.

Damage
across the Destroyed

o
o
=)
=
3

I

Figure 4.25: A microscope image of the device viewed in transmission. The
damage to the device can be seen between two pairs, and the path that the
current took can be clearly seen through the electrodes. The transmission view
shows that the LT-GaAs material has been significantly damaged.

This is the highest field strength produced to date with a device fabricated
on sapphire using the ELO technique. Also, it has been demonstrated that
through the improvements of the electrode geometry and gap size spacing, it is
possible to apply larger biases when compared to previous high field strength
devices [91]. It can be seen from 4.3 that the 50 um gap test device was able
to operate at a much higher biasing field (60 kV/cm or 300 V) than the large
device (30 kV/cm or 150V) here was capable of achieving, about 30 kV/cm
smaller. This discrepancy between the two operating values was not expected
but accounted for by the poor fabrication of the electrode structures, specifically
the damaged point showed in figure 4.25, which prevented the device from being
able to operate at a higher electrical biasing field strength. With an issue-free
fabrication, achieving fields of over 300 kV/cm should be possible.
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4.5 Small Gap Devices

The work in this chapter shows that moving to smaller gap sizes has yielded
greater improvements and devices with higher efficiencies. A limiting factor
with the fabrication process used for the previously described devices is that it
is not possible to produce devices with gap widths smaller than 50 pm; hence,
to move to even smaller gap sizes, a new process was developed (see 2.5.5).

The benefits of smaller gap sizes have been discussed previously in this chap-
ter, and the desire to move to these even smaller gap sizes is to improve further
on the results already seen. With gap sizes <50 pum, the need for larger DC
power supplies is negated due to the smaller voltages needed for generating
equivalent electric biasing fields, making it more accessible to operate.

4.5.1 Methodology

Three devices were designed to investigate the behaviour of the small gap de-
vices. A 5, 10 and 20 pum gap was fabricated with the dimensions seen in 4.6.
Here, the devices were fabricated separately on 3x3 mm pieces of LT-GaAs; due
to the need for the biasing pads to sit on the LT-GaAs material, only a 3 x
1.5 mm area of the wafer is available as the active area. An important note for
the designs is that all dark gaps were kept consistent; this decision was made
to maximise the active area for each device. The dark gap was 8 um for each
device, which is the minimum deemed achievable with this fabrication method.

Device Active area | Gap Size | Anode Width | Cathode Width | Number of
(mm) (pm) (pm) (pm) Pairs
3x 15 5 5 5 130
3x 15 10 10 10 78
3x1.5 20 20 20 44

Table 4.6: Device dimensions for the three small gap designs. The gap sizes
designed were 5, 10 and 20 gm. The dark gap for each was 8 um, hence the
variation in pair numbers.

4.5.1.1 Fabrication Challenges

Working with such small devices, the tolerance of errors is understandably
smaller than larger gap devices; for this reason, large area PCA devices are
not fabricated with such small gaps. One of the main challenges with small
gap fabrication is ensuring that all resist mask patterns are photo-aligned onto
the devices accurately. Time must be taken to inspect the device under a mi-
croscope to make sure all photoresist clears in between channels and that none
has delaminated from sidewalls, causing any gaps to become bridged, since the
likelihood of such an occurrence is significantly increased due to the decreased
distance between features. This also highlights the importance of plasma ashing
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the devices after mask development to remove residue photoresist.

Figure 4.26: A SEM image showing a gold ‘spit’ that happened during the
evaporation of the electrode metal. This defect can be seen to have bridged the
gap causing an electrical short in the device.

A recurring issue throughout the fabrication process stemmed from the elec-
trode deposition, particularly the spitting of the source material onto the surface
of the device. When the source material, mainly gold, was evaporated from the
heating crucible, it resulted in large metal deposits upon the device’s surface.
The image in figure 4.26 shows how the gold spits bridge device gaps, causing
an electrical short; these are ~30 pm in height, making them near impossible
to remove. To solve the deposition problem, the deposition was moved from a
thermal evaporator to an E-beam evaporator. This switch allowed for a greater
degree of control during the evaporation and provided a much cleaner film; the
problem of spitting was no longer seen.

4.5.2 Results

The peak THz emission as a function of optical excitation power is shown in
figure 4.27 for two different biasing field strengths. It can be seen from the
graphs that the linear and saturation regimes are very distinctive. The first two
optical excitation powers cause a larger increase in THz peak field before an
abrupt beginning of the saturation regime.
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Figure 4.27: 5 pm gap device peak THz emission as a function of optical excita-
tion power shown for two different applied bias field strengths; 5 kV/cm (left)
and 20 kV/cm (right).

The abrupt jump from the linear regime to the saturation regime with 800
nm excitation is due to the limited variation of lower optical powers to choose
from with the ND filters in the system; as the device is small, the fluence is much
higher due to the focus through testing scheme. The saturation seen in smaller
gaps can also be due to increased charge screening effects. At 7.3 mW of optical
power on the device in a focus through testing regime, the fluence is 100 uJ/cm?

An interesting trend in the devices is an asymmetrical scaling of the time
domain pulse shape with both increasing optical excitation power and applied
biasing field strength. Looking at the evolution of the time domain pulse for the
device as the optical excitation power is increased, one can clearly see the change
in asymmetry between the negative and positive peaks, shown in figure 4.28. As
the pump power increases, the THz signal radiated increases; the growth in the
positive peak at incremental powers is not equal to the growth of the negative
peak at the same excitation power.
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Figure 4.28: THz signal as a function of time for emitted pulses from the 5

pm small gap device for different optical excitation powers. The asymmetrical

growth in the negative peak of the pulse with increasing excitation power can
be seen. All pulses were normalised for comparison.

The THz emission as a function of applied bias can be seen in figure 4.29; the
graphs show the data measured as both peak signal and also the peak-to-peak
THz signal. In the first instance, looking at just the increase in peak signal,
it does not show a complete linear trend; to begin with, the device appears to
increase linearly between 2.5 and 17.5 kV/cm before a sublinear trend appears.
Looking at the peak-to-peak case instead, it can be seen that the increase holds
a greater degree of linearity. This is explained by a change in the emitted pulse
shape discussed previously. It is important to note that a full electrical test was
not performed during initial testing due to the availability of only a single device
and the wish not to cause any damage; hence, only a safe operating bias of 30
kV/cm was applied. The linearity of the increased emitted THz field shows no
electrical saturation up to the measured applied bias field.
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Figure 4.29: The peak-to-peak (left) and peak (right) THz emissions as a func-
tion of applied bias field. Both are plotted with straight line fits showing the
degree of linearity.

As discussed within section 4.4, the array structure’s increased period size
distorts the pulse shape from large gap devices; this is reflected as a loss of
amplitude at higher frequencies, as seen in the bandwidth plots of the devices.
This behaviour is attributed to the grating effect caused by the large area array;
this hypothesis is supported by the FFT bandwidth plot seen in 4.30.

When this bandwidth is compared to that of a large area device with 50
pm gaps, it is clear to see there is a significant improvement in the spectral
weighting. For the large device, the highest spectral weight is at the lower
frequencies, with the peak being below 1 THz before a steady decline as the
frequency increases. The 5 pm gap device has roughly even spectral weighting
between 1 and 4 THz before beginning to decline. The much-improved spectral
weighting is desirable for spectroscopy, allowing for the probing of non-linear
effects present at higher frequencies.
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Figure 4.30: The 5 um gap device spectrum compared to that of a 50 um

gap large area array device (from section 4.4). Both amplitudes have been
normalised for a clear comparison to be drawn.

A simple simulation used to determine the effect the period of each device
has on the diffraction of the emitted frequencies can be seen in figure 4.31. The
diffraction of the THz beam from the array structure can be determined by
thinking of each gap as an individual point source; the diffraction angle for each
nt" order can be calculated:

6= sz‘n*l(”—A) (4.1)

the grating separation, d, is taken as the period of the emitting pairs and A
is the radiation wavelength in free space.

The two graphs in figure 4.31 show the diffraction angles for the small 5 pm
gap device, which has a small period spacing of 23 pum, and the larger 50 pm
gap device, which has a larger period spacing of 370 um. For the case of the
larger device, there is less diffraction of the higher frequency components with
complete suppression of the first five orders of diffraction only achievable up to
~ 1 THz. The opposite can be seen for the 5 um gap device; due to the smaller
period spacing, the suppression of all orders of diffraction is obtained up until
13 THz. This supports the hypothesis that diffraction effects from the array
structure of the device are responsible for the change in the emitted frequency
spectrum of larger gap devices.
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Figure 4.31: Diffraction angle vs Frequency for the two different devices. The
large area 50 pm gap (left) with a 370 ym period, and 5 pm gap device (right)
with a 23 pum period. It can be seen that the smaller period suppresses the
higher orders of diffraction.

4.6 Conclusions

In conclusion, different electrode geometries were designed and tested, and the
effects on the generation of THz emission were discussed. A study into a trian-
gular electrode geometry was presented, this was done to investigate whether
a triangular electrode was capable of supporting higher electrical biases. The
results showed no advantage to using such an electrode design over a conven-
tional rectangular electrode. However, this study did highlight how fabrication
variations can impact the generated signal from a device, with two nominally
identical devices fabricated separately having a ~ 20 % difference in peak signals.

An investigation of the enhancement of the generated THz signal through
asymmetrical electrode widths was conducted. It was shown that increasing the
anode width whilst keeping the cathode width constant enhanced the THz signal
generated. In contrast, it was demonstrated that increasing the cathode width
while keeping the anode width fixed did not produce the same enhancement.
This enhancement effect was then compared against the enhancement arising
from maximising the device’s active area. It was shown that an increased pack-
ing factor showed a more significant enhancement of the THz signal.

Different gap sizes were studied to investigate whether smaller gap devices
could support higher biasing fields. Three different gap sizes were produced; 200
pm, 100 pm and 50 pm. It was found that the THz signal generated from each
device was comparable at the same electrical bias and optical pump fluence. It
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was also shown that the smallest gap device could support an electrical bias of
twice that of the largest gap device.

An 18x18 mm large area PCA array was fabricated with 50 ym gaps. This
device was shown to produce THz electrical fields of ~ 200 kV/cm. This de-
vice showed a THz field enhancement of almost 1.5 times that of the previous
high-power LT-GaAs on sapphire device fabricated by the group. The device,
however, succumbed to earlier-than-expected device failure, with a complete
electrical breakdown occurring at 35 kV/cm. The device failure was attributed
to fabrication issues; it is believed that with issue-free fabrication, electric bias
fields of up to 70 kV/cm could be applied.

Finally, a small 5 ym gap array was fabricated. This device was fabricated
using the new small gap fabrication method presented in 2.5.5. It was shown that
the small gap device produced a THz pulse with improved spectral weighting,
with the emitted energy weighted fairly evenly between 1 and 4 THz. The
reason that this was seen is explained by the smaller array geometry causing
greater diffraction of the higher frequency orders.
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Chapter 5

Large area LT-GaAs arrays
pumped with a 1 ym
Y b-fibre laser

The work discussed here was performed in collaboration with Ecole Normale
Supérieure Paris [6] with testing on a 1030 nm wavelength Ytterbium (Yb)-
doped fibre laser system with a 200 kHz repetition rate. Investigations into
the operation of LT-GaAs on sapphire PCA devices using high repetition rate
lasers of this wavelength is limited, so this work is performed to understand the
behaviour at this wavelength.

It was discussed in section 1.2 that the desire for intense THz pulses for
spectroscopic investigations; currently, intense THz pulses have been achieved
through a variation of different sources. These intense sources have commonly
been driven by femtosecond pulses at 800 nm wavelengths, generated by rela-
tively low repetition rate Ti:Sapphire amplified laser systems in the KHz range.
LT-GaAs PCA devices are commonly excited at 800 nm to generate intense
THz pulses due to the photon energy closely matching that of the LT-GaAs
bandgap [128]. For some spectroscopy applications, a high signal-to-noise ratio
is required, which in turn requires high repetition rate lasers. Yb-doped laser
systems are capable of achieving fs pulse widths with optical powers reaching
hundreds of pJ with high repetition rates of hundreds of kHz, as well these
systems are cheaper than amplified ones. The ability to operate LT-GaAs PCA
devices with high repetition rate lasers of this wavelength remains highly desir-
able due to the lack of photoconductive material available.
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5.1 Heating Investigations

With the potential issues that device heating has on THz generation from PCA
devices, it is important to garner a better understanding of the device heating
and recovery time; the higher repetition rate is expected to increase heating. A
major source of excess heating was removed during the ELO technique and helps
to improve the device recovery time; this is discussed in 2.3. Another area of
potential excess heating is expected to come from intense excitation pump laser
pulses. These pulses have high peak energy values; thus, the absorbed pulse
will cause a temperature rise within the LT-GaAs substrate. The compounding
effect of repetitive high energy pulses heating a PCA device fabricated with
the ELO has not been studied before. Here, a FE simulation software pack-
age (COMSOL Multiphysics) is used to analyse the thermal effects within the
substrate, with particular interest in the heat dissipation away from the sub-
strate and operating temperatures. Simulation of optical excitation is carried
out for two different laser systems; firstly, an 800 nm Ti:Sapphire amplified laser
system with a 1 kHz repetition rate and then secondly, a 1030 nm Ytterbium
(Yb)-doped fibre laser system with a 200 kHz repetition rate.

5.1.1 Finite Element Analysis

The COMSOL Multiphysics FE package can analyse, simulate and model ma-
terial behaviour. In essence, the FE analysis can be considered a discrete tech-
nique of solving partial differential equations, making it an indispensable tool
for investigating many material properties such as fluid flow, magnetic fields
and, importantly, for this work, heat transfer. As the name suggests, FE works
based on splitting the modelled system into a set of discrete or finite elements
connected by nodes. Separating the model into these finite elements allows the
system to be represented by a set of finite equations. These equations are gen-
erally set from each other with independent variables that commonly depend
on nodal distance. The independent set of solutions from each element allows
a larger continuous picture to be formed, thus, the material behaviour to be
modelled. [192]

5.1.2 Method

To analyse the heating effects, first, the device is modelled; figure 5.1 shows
the composition of the model. The device consisted of a 2 ym thick, 5x5 mm
LT-GaAs active area. The active layer was on a 650 pym thick, 1x1 cm sapphire
substrate. Between the active layer and the substrate is a 500 nm thick BCB
layer. The device is mounted on a PCB using a silver conductive paint; this was
modelled as a pair of identical patches on top of the active area, the electrical
connection between the active layer and the board. The gold electrode structure
is omitted for the simplicity of modelling, and as it is assumed, the reflectivity of

133



gold is sufficiently high, and the gold film is thin enough to negate any heating
through absorption, which is hence assumed negligible. Another key point to
state is that any contribution to the heating from the induced photocurrent is
not included because the average current is small enough to cause the temper-
ature rise to be negligible compared to the laser heating. The PCB comprises
a 1.5 mm thick aluminium board with a 0.1 mm top insulating FR4 board, to
which the PCA is affixed. The cut out in the PCB is so that the device can be
operated through both backside and front-side illumination.
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Figure 5.1: Comsol model of the LT-GaAs device on sapphire mounted to a
PCB

The heat transfer model module of COMSOL handles the physics using ther-
mal parameters input into the simulation. In order to obtain accurate simula-
tions, it is important to use correct material values when setting up the model.
The key thermal properties are specific heat capacity, thermal conductivity and
material density. With COMSOL, these parameters are already programmed
into the material catalogue and included in the thermal dynamic package. Be-
fore commencing the simulation, the thermal dynamic simulation requires set
control variables and boundary conditions. The main value of note is that the
bottom surface of the PCB, which is the aluminium part, is set as a boundary
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condition to remain at 300 K, which is close to room temperature; this sets
this surface as the heat sink of the model. This boundary condition was used
because it is the only physical connection between the device and the optical ta-
ble. Another important parameter was the initial heating from the laser source.
The laser pulse heating was applied using a COMSOL function that simulates
a deposited beam power. This function models a heat source based on a beam
with a Gaussian-type distribution. The beam was set to have a 2.5mm radius
to fill the active area fully and was centred on the active area. The temperature
rise induced by this beam is calculated as:

EBeam
AT = 5 (5.1)

Where Epcqm is the beam’s energy, p, V and Cy are the density, volume
and specific heat capacity of the LT-GaAs respectively. This assumes that all
the beam energy incident on the active area is absorbed. The incident beam’s
power can be adjusted accordingly to simulate different absorption percentages.
Solving the model allows for the localised heating to be analysed; by solving over
a specific time period, the thermal dynamics of the device can also be found.

5.1.3 Results

The device heating effects due to optical pumping were modelled in two steps.
First, the steady-state solution was calculated by applying the average incident
beam power to the LT-GaAs film. This solution effectively assumes a constant
(i.e. CW) laser power. In the second stage, outlined below, the effect of the
time dependence of the laser pulses will be examined. The range of average laser
powers simulated was based on the average laser powers that are obtainable
across both the 800 nm and 1030 nm laser system; these powers can be seen in
tables 5.1 and 5.2 with the corresponding substrate temperatures induced. It is
important to note that the values used for the average laser power of the 1030
nm system (table 5.2) were adjusted to account for an absorption coefficient of
54 % (discussed further in 5.2.1) before performing the simulation.

Average laser power (W) | Sapphire Substrate Temperature (K) | LT-GaAs Temperature (K)
0.1 302.17 302.22
0.2 304.34 304.44
0.3 306.51 306.67
0.4 308.68 308.89
0.5 310.85 311.11

Table 5.1: Average laser powers used for optical excitement at 800 nm and the
induced sapphire substrate and LT-GaAs temperature temperature at each.
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Average laser power (W) | Sapphire Substrate Temperature (K) | LT-GaAs Temperature (K)
0.54 311.72 312
1.08 323.44 324
1.62 335.16 336
2.16 346.87 348
2.70 358.59 360
3.24 370.31 372
3.78 382.03 384
4.32 393.75 395.99
4.86 405.47 407.99

Table 5.2: Average laser powers used for optical excitement at 800 nm and the
induced sapphire substrate and LT-GaAs temperature at each.

The graph in figure 5.2 shows the average sapphire substrate temperature as
a function of the average laser power incident on the device. It can be seen that
the substrate temperature has a linear increase with increasing average laser
power. It can also be seen that the substrate temperature induced by the lower
average laser powers used for optical excitement at 800 nm (0.1 W - 0.5 W)
causes a much smaller temperature rise in the substrate. This trend is expected
as the 800 nm system has a much lower average power. The temperature induced
by the 1030 nm system is much higher, with a maximum substrate temperature
of 405 K.
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Figure 5.2: Substrate temperature induced as a function of average laser power.
It can be seen that the substrate temperature increases linearly with increasing
laser power. Also plotted is the same simulation, except the BCB layer has been
removed; this shows that the BCB is thin enough not to have a major effect on
the heat transfer between LT-GaAs and Sapphire layers

In the second step, to evaluate the device’s thermal relaxation, the induced
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substrate temperature can be set as the initial temperature, the deposited beam
power is removed, and the temperature of the device is allowed to evolve towards
the heat sink temperature. By allowing the model to be solved over a set time
period corresponding to the repetition rate, the thermal evolution of the LT-
GaAs and the sapphire substrate can be analysed between pulses. The graph
in figure 5.3 shows the temperature variation for the sapphire and LT-GaAs
layers over the 5 us time interval between pulses when operated on the 200
KHz repetition rate system at 1030 nm wavelength. The LT-GaAs layer can
be seen to quickly dissipate ~ 40 % of the induced heat over the time period,
but the layer will still be hot when the next pulse arrives. It can also be seen
that the sapphire substrate does not dissipate any significant heat over the time
period; this shows that the temperature of the sapphire substrate will stay nearly
constant over each 5 us period; this is because of the much larger thermal mass
of the sapphire substrate. This finding gives confidence that the steady state
model gives a reasonably accurate estimate of the sapphire temperature, despite
the pulsed excitation. The LT-GaAs layer, with its much smaller thermal mass,
will have a temperature that fluctuates between pulses. One would expect the
temperature of this layer to increase above the sapphire bulk immediately after
the optical excitation and decrease below it before the next pulse arrives, with
a similar time scale and amplitude to that shown in figure 5.3.
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Figure 5.3: The time evolution of the sapphire substrate and the LT-GaAs
layers. It can be seen that the sapphire substrate does not change over the 5 us
time period. The LT-GaAs layers’ temperature relaxes between pulses. These
results are obtained for an average laser power of 0.54 W when the device is
operated on the 1030 nm 200 KHz rep rate system.
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The graphs in figure 5.4 show the temperature of the LT-GaAs and sapphire
layers of the device over a 1 ms time period; this is the time delay between
pulses on the 1 KHz 800 nm system. This graph shows the LT-GaAs layer
has an initial steep thermal relaxation as the heat dissipates into the PCB (the
LT-GaAs layer is very close to the PCB) but then slowly begins to rise again
as some of the heat from the sapphire flows back into the layer. The substrate
temperature shows again that the temperature varies very little over the 1 ms
time interval. Again, this finding gives confidence that the steady state model
gives a reasonably accurate estimate of the sapphire temperature, despite the
pulsed excitation, while the temperature of the LT-GaAs layer will fluctuate
around the sapphire temperature as the pulses arrive.
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Figure 5.4: The time evolution of the sapphire substrate and the LT-GaAs
layers. It can be seen that the sapphire substrate does not change substantially
over the 1 ms time period. The temperature of the LT-GaAs layer relaxes
between pulses initially and then begins to rise slowly again. These results are
obtained for an average laser power of 0.1 mW when the device is operated on
the 800 nm 1 KHz rep rate system.

The results from this modelling have shown that the operation of the LT-
GaAs PCA device using the 800 nm 1 KHz repetition rate system is not likely
to be affected by detrimental high-temperature effects [193]. At the highest
modelled power of 0.5 W, the operating temperature will only be ~ 11 K higher
than the start temperature, with the temperature of the LT-GaAs fluctuating
around this by 1-3 K. These thermal characteristics are greatly aided by a longer
relaxation time and the fact that less power is applied to the devices than with
the 1030 nm system. In the case of an LT-GaAs device operated using the 1030
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nm 200 KHz system, it can be concluded that the operating temperatures will
be much higher; at the highest average laser power that is applied, the device
operating temperature would be ~ 100 K higher than the start temperature.
However, this temperature increase is not at a point that would lead to device
thermal breakdown; it will still impact the device’s performance. It is believed
that carrier mobility will be somewhat reduced at higher optical powers, and
hence THz emission would be affected.

5.2 1 pym Set-up

The device dimensions were designed to utilise the maximum beam diameter of
the 1030 nm system to fill the device fully. The laser system diagram can be
seen in 5.5, optical excitation was provided by a 1030 nm wavelength, 200 kHz
repetition rate Yb-doped laser system (Tangerine laser system manufactured by
Amplitude). To achieve pulses with durations of 30 fs yet still be spectrally
broad, the pulse is manipulated using a krypton-filled capillary tube to spec-
trally broaden the pulse before using a compressor to achieve ultrashort pulse
widths. The testing set-up shows this is a THz-TDS set-up similar to that men-
tioned in chapter 3. In this set-up, an EO detection scheme is used, with a 200
pm thick ZnTe crystal.

The device used in this experiment is the 1x3 mm active area, 5 um gap
device detailed in 4.5. To compare the results of the operation of the device at
this wavelength, another device was fabricated. A 130 pym gap 2x2 mm PCA
device, fabricated using LT-GaAs on a sapphire substrate.
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Figure 5.5: A system diagram of the 1030 nm system. The pulse originates as
120 fs pulse centred at 1030 nm from a 200 kHz repetition rate Tangerine laser
system by Amplitude. The pulse is spectrally broadened and compressed to
achieve a 30 fs pulse width. Diagram is taken from [5]

Figure 5.6: Microscope images of the two different LT-GaAs arrays tested on
the 1030 nm system. The 130 pum gap array device (Left), and a 5 um gap
device (Right).

5.2.1 Absorption of 1030 nm wavelength pulses in LT-
GaAs

As mentioned in the opening section of this chapter, the number of suitable
photoconductive materials that can be excited at this wavelength is limited.
Typically, SI-GaAs shows very little absorption of 1030 nm wavelength radia-
tion due to the photon energy of 1.2 eV being smaller than the bandgap energy
of the material (1.42 eV). It has been shown, however, that the absorption
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characteristics of LT-GaAs differ considerably [113]. As discussed in chapter 2,
during the growth of the semiconductor, an excess of arsenic is incorporated in
the material as arsenic antisites and interstitial point defects. These points form
a weakly-bound continuum of shallow defect around the bottom of the conduc-
tion band, which allows photons of energy lower than the material bandgap to
be absorbed; this is an effect known as Urbach tail absorption. [194,195]

To investigate the percentage of the excitation pulse absorbed at this wave-
length, Fourier Transform Infrared (FTIR) spectroscopy was performed by the
group at ENS Paris. The FTIR spectroscopy was carried out on the LT-GaAs
layer of the device in a transmission geometry. Due to the broadening effects
of the absorption tail, an absorption coefficient of 3900 cm ™' is obtained at a
wavelength of 1030 nm (seen in figure 5.7. The percentage of the pulse absorbed
can then be calculated:

A=1—¢o® (5.2)

where « is the absorption coefficient and « is the thickness of the absorbing
sample. Hence, in a 2 pum thick LT-GaAs layer, only 54% of the pulse energy
is absorbed at a wavelength of 1030 nm. There will also be an enhancement of
direct bandgap absorption in the material at increased temperatures due to a
lowering of the bandgap energy (as discussed in 1.8.3.3). It has been simulated
in section 5.1 that device operating temperatures can increase up to 100 K; this
will play a role in the amount of direct bandgap absorption occurring as this
can lower the bandgap by 0.1 meV [114]. The spectral broadening of the pump
pulse was also considered. Using the obtained absorption data, the absorbed
pulse was determined by applying the measured absorption to the spectrum of
the input pulse; it can be seen in figure 5.8 that the broadening of the pump
pulse does not change the absorption spectrum significantly.
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Figure 5.7: The absorption coefficient in the LT-GaAs layer as a function of ex-
citation energy obtained from FTIR. The star denotes the 1030 nm wavelength,
at which an absorption coefficient of 3900 cm™1 can be seen. The inset diagram
depicts the Urbach absorption of sub-bandgap energy photons into shallow de-
fect states. Reproduced from [6]
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Figure 5.8: The Gaussian distribution of the absorbed pulse in the LT-GaAs,
this is accounts for the spectral broadening of the pump pulse.
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5.2.2 Results

The THz emission as a function of optical fluence for the device was first tested
to see its behaviour at the longer wavelength. The THz electric field strength
was measured through electric optic sampling using a 200 pgm thick ZnTe crys-
tal. The graph in figure 5.9 shows the radiated THz signal as a function of the
optical pump power for the 130 um gap array; it can be seen that, initially, a
linear rise is seen up to 2W optical powers before entering the saturation regime
from 2 W to 9 W. This behaviour follows the trend seen in devices characterised
previously. However, the device never reaches a fully saturated state, limited by
the maximum pump power of 9 W available from the laser system. The fluence
produced is around 1.5 mJ/cm? at 9W average power; this is due to the 200 kHz
repetition rate. Also, due to the percentage of the absorbed excitation pulse,
the number of photogenerated carriers is reduced, further postponing optical
saturation. The saturation seen in the device is due to the screening of the
applied field via the induced field caused by the separation of charges.
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Figure 5.9: a) Comparison of the peak emitted THz field strength as a function
of applied bias for the 130 um and 5 pm gap array devices. b) The peak emitted
THz field strength as a function of optical fluence of the 130 p gap device. The
inset shows the linear generation regime at low optical fluences. This figure was
prepared by Dr Juliette Mangeney and Dr Niloufar Nilforoushan.

The effect of increasing electrical bias field strength can be seen in figure 5.9
(a). It shows that the peak-to-peak increase in THz radiation has a linear in-
crease; this shows the good operation of the device following with the expected
behaviour according to 3.2.2. The linear increase also demonstrates no electri-
cal saturation occurring in the device. Comparing the device to the larger 130
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pm gap array that was tested, it can be seen that it has a similar linear rise
with increasing bias. Regarding maximum emitted field strengths, the 5 pm
gap array has a peak field strength of 12 kV/cm, and the 130 ym gap array’s
peak emission is 34 kV/cm. The difference in maximum field obtained is due to
the larger device area that can have the optical excitation pulse spread across
and because of the larger fluence on the device. As the small gap device has a
1x3 mm active area, the beam spot size has to be a 1.5 mm radius to fill the
entire array. In the case of the 130 um gap array, the active area is 2x2 mm;
thus, a small spot size can be used and, hence, a higher fluence than the small
gap device.

The graph in figure 5.10 compares the emitted bandwidth from both gap size
devices; the amplitude values normalised to the smaller device. The bandwidth
of the radiation emitted by both devices can be seen to be similar. Both have
the majority of the energy around 1 THz with quite a steep roll-off towards
a maximum of 3.2 THz. The 5 pum gap array has slightly improved spectral
weighting up until 3 THz. When looking at the time domain pulses emitted by
both devices, shown in figure 5.11, the large gap has a pulse width of 487 fs,
and the small gap is 458 fs. The slightly faster pulse emitted from the 5 pm
gap array explains the slight improvement of the emission spectra (explained in
1.8.5).
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Figure 5.10: The spectrum of the emitted THz radiation from the 5 pm and
130 pm gap array devices, obtained through FFT of the time domain spectra.
The bias fields and optical pump energy applied were 30 kV /cm (15V) and 0.4
mJem™2 for the 5 pm gap array, 34.6 kV/cm (450V) and 1.5 mJem™2 for the
130 pm gap device.
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Figure 5.11: Evolution of the peak THz electric field with time for both 5 and
130 pm gap array devices.

5.2.3 Comparison of operation at 800 nm wavelength

To better understand the device’s operational characteristics at the two differ-
ent wavelengths, it can be compared with operation at 800 nm, presented in 4.5.

The difference in systems must be addressed to compare the THz radiation
emitted as a function of optical excitation power. With the 800 nm system
being a low repetition rate laser, the average power is lower. However, peak
powers are much higher compared to the higher 200 kHz repetition rate at 1030
nm wavelength. In both cases, the pump spot size was adjusted to fill the array
completely (9=3 mm); the fluence obtainable at 800 nm is substantially higher
than that at 1030 nm.

The THz radiation generated as a function of optical fluence can be seen in
5.12; this shows a saturation trend similar to all the other devices tested. From
(a), it can be seen that the device became fully saturated at an optical fluence
of 110 pJ/ecm? when excited at 800 nm, unlike at 1030 nm, where full optical
saturation was not observed until the fluence was at 400 pJ/cm?.
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Figure 5.12: A comparison of the peak emitted THz signal as a function of
optical fluence. A bias value of 20 kV/cm was used for both. a) Both devices
plotted with normalised peak THz signal to show the difference in saturation
fluences. b) Both devices plotted with normalised peak THz signal and nor-
malised fluences to show the saturation trends are closely matched.

The higher saturation fluences are attributed to the lower absorption coef-
ficient at that wavelength. Both devices exhibit the same trend as expected
with increasing optical pump power, with optical saturation observed in both
cases. Looking at b) the shape of the saturation trend for both devices is closely
matched, suggesting that the mechanism for saturation is the same for both de-
vices.

When looking at the peak THz emission characteristics as a function of
applied electrical bias for the device at both wavelengths, it can be seen that
the behaviour is similar for both ( see figure 5.13). The devices exhibit a linear
increase in peak-to-peak THz field strength at both wavelengths for increasing
bias strengths. This shows that electrical saturation is not seen for both systems
up to 30 kV/cm applied bias field. Again, it is important to note that the 30
kV/cm field was chosen as the maximum value applied so as not to damage
the device. From the investigations in 4.3, it is believed that this value could
be increased to 70 kV/cm applied field. It is also clear that the maximum
peak-to-peak THz field strength obtainable is much higher using the device at
800 nm than at 1030 nm, with 26 kV/cm and 12 kV/cm achieved, respectively.
Again, the difference in emitted field strengths is attributed to the lower optical
fluences and significantly lower absorption at the longer wavelength.
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1 ]
-*
T 0.8
2 .
E ®
g L ]
S 0.6 .
Z
= *
&
& 0.4 o
N [ ]
X [ ]
= [
0.2
o° ® 1030 nm
° ® 800 nm
o . ‘ . . .
0 0.2 0.4 06 0.8 1

Bias Field Strength (Normalised)

Figure 5.13: A comparison of the peak emitted THz signal as a function of
the applied bias for the 5 ym gap array at the two different wavelengths with
both operated with pump powers in the saturation regime. Both bias and peak
emitted signal values have been normalised to compare clearly.

Comparing the bandwidths of the device at the two different wavelengths
(see figure 5.14 (a) ), it can be seen that they do not emit the same bandwidth.
At 1030 nm, the bandwidth is limited to 3 THz with most of the energy concen-
trated below 1 THz. In contrast, at 800 nm, the device exhibits a bandwidth
extending up to 6 THz with the energy more evenly spread between 1 and 3
THz before a gentler roll-off to 6 THz. It is essential to look at the detection
method to compare the results. The measurements for both systems were ob-
tained using EOS with a 200 pym ZnTe crystal to obtain results at 1030 nm, and
a 150 ym GaP was used at 800 nm.
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Figure 5.14: a) The FFT comparison shows the spectrum that the small 5 pum
gap device emits when excited at 800 nm and 1030 nm wavelengths. b) The
spectrum for the 5 pm gap array excited at 1030 nm compared to the spectrum
emitted from a GaP crystal used for THz generation at 1030 nm using the same
set-up. A 200 pum ZnTe crystal was used for EOS detection to obtain results at
1030 nm, and a 150 ym GaP was used at 800 nm. In both plots, the amplitude
of both has been normalised for clear comparison.

As discussed in 1.8.5, the values contributing to the emitted bandwidth are
carrier lifetimes and the pulse width of the exciting pulse. The material carrier
lifetime will be the same for both, as the same device is used at both wave-
lengths. The pulse widths of the laser system are 40 fs and 30 fs at 800 nm and
1030nm respectively; again, these are very similar, so it would not explain the
vast difference in bandwidths. Considering the detection bandwidth of the two
different crystals used for EOS, The 150 pm thick GaP crystal used for detection
on the 800 nm set-up does have a better detection bandwidth. However, it can
be from the graph in figure 5.14 b) that the 200 um ZnTe crystal is not limiting
the bandwidth of the 5 um gap device at 1030nm as the bandwidth produced
by EO rectification from 1mm Thick GaP crystal exceeds that of the 5 pm gap
device. Therefore, the reason for such a drastic difference must be the nature
of the absorption of the exciting pulse. At 800 nm, the photon energy is closely
matched to the bandgap of LT-GaAs, allowing for the direct promotion of an
electron from the valence band into the conduction band; hence, the emission is
determined by the pulse width of the excitation pulse. In the case of the 1030
nm wavelength system, the absorbed pulse promotes an electron from the va-
lence band to the shallow defect states. The electron must reach the conduction
band through scattering or hopping before being accelerated by the applied field
and contributing to THz emission. It can be thought of now that the limiting
factor is the time needed to reach the conduction band from the defect state
and is no longer dependent on the pulse width of the excitation pulse. This
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time is longer than the pulse duration, resulting in a reduced bandwidth.

5.3 Conclusion

This chapter presents investigations into the operation of PCA arrays at a longer
wavelength of 1030 nm. These investigations form the basis of the work reported
in [6]. A study into device heating was conducted using a FE modelling pro-
gram, COMSOL Multiphysics. The heating effects due to optical pumping were
simulated, and the thermal characteristics of the device were analysed. The
thermal effects caused by laser heating in the device were simulated for powers
obtainable from the 1030 nm and 800 nm laser systems. It was found that de-
vices optically excited using the 1030 nm laser system were subjected to larger
temperature changes, with the largest optical power obtainable from the system
resulting in a 100 K temperature rise. The effects of device heating, when oper-
ated using the 800 nm system, were found to be much lower, with temperatures
induced by the highest simulated laser power being only 11 K higher than at
the start.

The absorption data was presented for the LT-GaAs device optically excited
at 1030 nm. This showed below-bandgap absorption of the optical pump, re-
sulting in an absorption coefficient of 3900 cm™!. In the 2 um thick LT-GaAs
device, it was calculated that 54 % of the optical pump is absorbed.

A comparison was shown between a 5 ym gap array and a 130 ym gap array
characterised at 1030 nm. It was seen that both devices displayed a linear in-
crease in output THz signal with increasing electrical bias; this confirmed that
no electrical saturation was present up to a bias field of 30 kV/cm for both.
It was also shown that the emitted spectrum of both devices was very similar,
with the bandwidth extending up to 3 THz and a slightly improved spectral
weighting above 1 THz for the 5 um gap array.

Finally, the emission characteristics of the 5 pm gap array device optically
excited at 800 nm and 1030 nm were compared. At both wavelengths, the device
displayed a linear increase with increasing electrical bias strengths. The device
pumped at 1030 nm can be seen to optically saturate at a much larger fluence
than when pumped at 800 nm; this was attributed to the lower absorption
coefficient at the longer wavelength. The device pumped at 800 nm had a much
larger bandwidth than when it was pumped at 1030 nm, which was explained
by a difference in the absorption mechanism for the device when pumped at the
two wavelengths. The Urbach tail absorption of carriers in the LT-GaAs, when
pumped at 1030 nm, causes an increase in the transient photocurrent time and,
thus, a reduction in the bandwidth.
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Chapter 6

Conclusions And Further
Work

6.1 Conclusions

In chapter 2, the improvements to the ELO fabrication process were presented.
It was found that a ratio change of the constituent chemicals can be used to
improve the sidewalls of the LT-GaAs bars of the device. By using a weaker
etch (1000:8:1 of HoO:H2045:HyS04), the bars produced had better sidewalls
with fewer defects; this method provided reproducible results.

A new method of protecting devices during the removal of the SI-GaAs
carrier substrate was developed and demonstrated. A protective barrier was
created using a negative photoresist and through-sapphire exposure that en-
sured the underlying LT-GaAs layer was not etched. This development allowed
the yield of devices to be vastly improved over that seen in the initial method.

The ability to produce smaller electrode structures was shown through the
use of a new electrode patterning and deposition method. Switching to a lift-
off technique made it possible to create electrodes with widths smaller than
50 pm. This was an important step in enabling the design and realisation of
smaller gap width devices, with electrode widths as small as 5 pm demonstrated.

A complete restructuring of devices post ELO and alternate etch chemistry
was developed to create devices with gap widths smaller than 50 pm. By fabri-
cating the electrode structures first and etching the LT-GaAs afterwards, it was
possible to define smaller gaps whilst conserving higher packing factors. The
improvements to the fabrication process and the development of the fabrication
method for small gap devices have allowed for a greater versatility of device
design. As well, all of the improvements have introduced more robustness into
the process and improved the reproducibility of designs.
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Chapter 3 discussed the techniques used for testing PCA antennas. The
different optical set-ups used throughout this thesis were presented: a collimated
generation and focus-through generation scheme. The instrument set-up was
shown, which gave an overview of how the electrical equipment was interfaced
and used to perform measurements of devices. A discussion of the different
techniques employed for characterising PCA devices was presented. The theory
of the characterisation methods was detailed, and how they can be used to
determine a device’s optical and bias performance. Finally, the experimental
repeatability was evaluated; this included a discussion of the different factors
that can introduce variation in the results of a device. One area where variation
can arise is due to the laser system, which has both day-to-day and pulse-
to-pulse power variations. The other factor that can introduce variations is
device-to-device variation, resulting from the fabrication process.

In chapter 4, a systematic investigation was undertaken to determine the ef-
fects of differing device geometry, both gap sizes and electrode designs, had on
the emitted THz emission. Changing the shape of electrodes from rectangular to
triangular was investigated to increase the amount of current that could be sup-
ported in the device before electrical failure. Different triangular pitches were
designed, tested, and compared with a rectangular electrode structure. It was
found that although there were some slight improvements to the THz emission
at higher optical powers, no significant improvements were seen in the ability
to apply higher bias between the different electrode geometries. The maximum
applied bias was also demonstrated, showing that both the triangular electrode
design and rectangular design reached field strengths >60 kV/cm. This high-
bias operation again showed no real enhancement between the two devices, and
hence, the use of a conventional rectangular electrode design was continued.

The effects of asymmetrical electrode widths on THz emission were inves-
tigated. Both how anode width affects the generation and how important this
effect is compared to the maximised packing factor were examined. This in-
vestigation involved changing the anode width for a fixed cathode width to
enhance a plasmonic effect at the anode-semiconductor interface. It was seen
that larger anode widths enhanced the generation significantly and that wider
cathode widths did not contribute to any enhancement. However, an increased
packing factor provided a better enhancement to the generation of THz signal
compared to an enhancement from the anode widths at the cost of the device’s
packing factor.

For devices to be capable of supporting higher applied biasing field strengths,
devices of different gap sizes were designed. It was clear that the smaller the gap
size, the higher the applied biasing field could be applied before device failure.
It was seen that the smallest (50 pm gap) device was able to support twice the
amount that the largest (200 pum gap) device was able to, 30 kV/cm and 60
kV/cm, respectively.
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A large area PCA device was fabricated using the knowledge obtained from
the device geometry investigations. The device was designed with 50 um gaps
and an asymmetrical electrode design. Generation of high strength THz fields
was demonstrated, with a maximum of 196 kV /cm achieved. This device showed
an improvement over the previous record field obtained by an LT-GaAs device
on a sapphire substrate reported in [91].

Lastly, the operation of a small 5 ym gap array was presented. The small
gap device was fabricated to investigate whether further improvements could be
obtained at even smaller gap sizes. A large improvement to the bandwidth of
the emitted THz radiation was seen, with bandwidths extending beyond 5 THz.

One of the conclusions from this chapter of work is that a common theme
of smaller gap sizes was generally seen to be more efficient; however, for high
strength THz fields, the gap size can not be taken too small due to saturation
mechanisms more prevalent at those gap sizes. Another important conclusion
drawn was that the quality of the device fabrication played a crucial role in the
device’s performance and that it is important to ensure good device quality to
support higher biasing fields and larger excitation powers.

Chapter 5 presented investigations of LT-GaAs PCA excited at 1030 nm
wavelengths. Simulations of heating in the device were conducted to determine
whether laser-induced heating would be detrimental to device operation. It was
seen that the heating induced in the device excited at 1030 nm was higher than
it would be when excited at 800 nm; the maximum operating temperature was
found to be 100 K higher than the starting temperature at ~ 5 W of optical
power on the device.

Clear differences were observed when the device operation at 1030 nm wave-
length was compared with the operation at 800 nm. At 1030 nm, the maximum
emitted THz field strength was 12 kV/cm, which was half of the maximum ob-
served at 800 nm, attributed to the lower absorption of the excitation pulse.
Another significant difference is the bandwidth of the emitted pulses. A much
smaller bandwidth is seen at 1030 nm compared to 800 nm; this was explained
by the difference in absorption mechanisms in the material at the different wave-
lengths, causing a longer delay before the absorbed electrons can contribute to
the current.

6.2 Further Work

The PCA devices fabricated in this thesis have given a better understanding of
the effects of device geometry on the emission capabilities of a device. However,
work is still required to investigate the effects further to improve the emission
of THz radiation from PCA devices. Repeating the asymmetrical electrode
width testing work on devices with even smaller gaps (<50 pm) would allow
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the effects of the plasmonic enhancement to be studied further. It is thought
that the dependence on the electrode widths will be greater at smaller gap sizes,
which would also allow for an improvement of the packing factor for the smaller
devices. Repeating the fabrication of the large area device, seen in section 4.4,
to improve upon the fabrication of the larger area device, aiming to increase
the maximum emitted field strength even further than the device reported. An
investigation into fabricating the device using the method outlined in section
2.5.5 would allow an improvement of the packing factor as the longer sloped
sidewalls would be removed.

These devices have shown the potential to be used as a source of THz ra-
diation at this longer wavelength. Although the generation is not as efficient
when compared to operation at 800 nm, there is much promise. Further work
to increase the percentage of absorption in the material would allow for better
utilisation of the energy available. Investigations into the annealing temperature
of the LT-GaAs material would allow for an optimisation of the material struc-
ture to achieve higher absorption percentages. Plasmonic structures like that
described in 1.8.10.3 could also enhance absorption at the 1030 nm wavelength.
Increasing the amount of the optical power absorbed would allow for larger area
devices to be used as the material would be saturated at lower optical fluences,
which would allow for higher fields to be generated.
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Appendix A

Fabrication steps

The following subsections detail the fabrication process first presented by Bacon
et al. [4].

A.0.1 Wafer Preparation

An important first step is to prepare the LT-GaAs and sapphire wafers for bond-
ing. If this step is not adhered to it can lead to problems during the bonding
stage. The LT-GaAs and sapphire wafers are bonding using a spin on polymer
widely used in RF and micro-electromechanical systems, called BCB (discussed
further in A.0.2), the layer thickness of which is comparatively small when com-
pared to debris and organic contaminants typically present on the un-cleaned
wafer surfaces. This can cause defect points in the BCB layer and cause bond
failure. BCB is used as it is optically transparent at THz frequencies and ex-
hibits low absorption at 800 nm.

Figure A.1: Microscope images of the surface of an LT-GaAs layer after the ELO
is complete. (a) Shows small areas of the surface raised where contaminants are
between the sapphire and LT-GaAs layer preventing bonding. (b) shows an area
where the substrate has come away from the layer completely due to the area
not bonding.
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Larger surface debris is first removed using alternating hand agitated rinses
in Acetone (ACE) and Isopropyl alcohol (IPA). The wafers are then dried using
nitrogen gas before a dehydration bake on a hotplate set to 180 °C for 5 minutes,
this ensures the surface dries completely. For smaller contaminants ultrasonic
agitation is required, again alternating between ACE and IPA solutions wafers
are ultrasonicated for 5 minutes at varying levels of agitation power depending
on the wafer. Sapphire can withstand higher levels of ultrasonic power so the
highest level is used, whereas the LT-GaAs is somewhat brittle and therefore
uses just 20 percent power. As above the wafers are dried and dehydrated be-
fore inspection. This process is repeated as required until the surface is clean.
In some extreme cases in order to remove organic surface contaminants plasma
ashing was used, this is a process in which an oxygen plasma created under a
vacuum is utilised to remove surface contaminants through a reaction.
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Figure A.2: Microscope images of an LT-GaAs surface before and after cleaning.
(a) shows the surface before cleaning, with a large number of contaminants on
the surface. (b) The surface after cleaning, the majority of large contaminants
have been removed

A.0.2 Wafer Bonding

With clean wafers the next step is to prepare the wafers for the bond by apply-
ing the BCB which is pivotal for adhesion between the sapphire and LT-GaAs
layer. First an adhesion promoter, AP300, is used. AP3000 is a organosilane
coupling agent in an organic solvent that enhances the adhesion of the BCB to
the wafers. The adhesion promoter is statically dispensed and spin coated onto
both the sapphire and the LT-GaAs wafers. The promoter was span at a speed
of 3000 rpm for 20 seconds. The adhesion promoter is baked at 100 °C for 30
seconds as this further enhances adhesion by removing the solvent.

The BCB solution is spin coated onto the sapphire wafer at 3000 rpm for 60
seconds (see section A.0.2.1), only the sapphire wafer is coated with the BCB
solution as the sapphire surface is comparatively larger than the LT-GaAs wafer
this in turn means that any edge bead that the BCB causes will not be an issue
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when bonding. The BCB undergoes an initial soft baking to drive the remaining
solvent from the layer, and provides stability and repeatability of the final film
thickness. The soft bake is performed at 150 °C for 3 minutes.

Figure A.3: Sapphire substrate with a BCB layer applied to the surface.

To bond the two wafers together the LT-GaAs wafer is inverted and placed
in the center of the sapphire substrate so that the surface coated with adhe-
sion promoter is in contact with the BCB covered sapphire wafer surface. To
achieve the bond a wafer bonder is used, this machine is capable of providing
both temperature and force control of the bond whilst providing a vacuumed
atmosphere. The wafer bonder stage is pre-levelled as to ensure an even bond
pressure across the device, this is a crucial step to achieving a strong bond. The
device is transferred to the stage along with a graphite sheet which is placed
on-top to account for any levelling inconsistencies between the two wafers, and
ensures an even load across the surface. It is important to perform the bonding
under a high vacuum (Cyclotene is susceptible to oxidation at high tempera-
tures and therefore needs to be under an inert atmosphere) this ensure that
the BCB is transmissive to the THz frequencies. At an atmospheric pressure of
~ 2 x 1076 mBar pressure vacuum is considered reached and the temperature
of the bonding plates can start to be increased. One of the aims of bonding
is to hard cure the BCB layer as this provides maximum chemical resistance
as well as stabilising the mechanical and electrical properties of the layer, the
upper and lower bond plates are ramped at 5 °C/min until it reaches the target
temperature of 250 °C. Whilst the temperature is ramping the pressure of the
plates can be increased, a safe bonding force is considered to be 500 N/cm?
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(calculated from the area of the LT-GaAs wafer). When the desired tempera-
ture and bond force are reached the BCB takes 1 hour to hard cure, the plate
heaters are then turned off and the device is left under the applied force to cool
to room temperature. Once cooled the chamber can be vented, the pressure is
released and the device removed.

Figure A.4: The device after bonding showing the LT-GaAs face of the wafer
bonded to the sapphire substrate.

A.0.2.1 BCB

Dow chemicals ‘Cyclotene’ is a polymer based resin derived from BCB that is
designed for use in a variety of microelectronic applications. In this method of
fabrication the BCB is utilised as the adhesive layer to ensure a reliable bond
between the LT-GaAs and sapphire layers. Originally no adhesive was used
during the bonding stage and Van der Waals forces were deemed a sufficient
means [174], this lead to device reliability issues and as consequence BCB was
chosen as it provides a more uniform and reliable bond than Van der Waals
bonding.

In order for the layer of BCB to be thin enough to ensure as little interference
with the THz as possible yet still yield a uniformly strong bond the layer thick-
ness is chosen to be between 400-500 nm. Using Cyclotene 3022-57, the thinnest
layer achievable is 5.55 pm, therefore a dilute BCB solution must be prepared.
Mesitylene (1,3,5-trimethylbenzene) is a benzene derivative and solvent used to
dilute Cyclotene. When mixed in various ratios, control of the layer thickness is
achievable. In order to obtain the correct dilution ratio and spin speeds required
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to achieve the desired layer thickness, spin curve tests were undertaken. Three
different BCB:Mesitylene compositions mixed by weight were prepared; 1:1, 1:2
and 1:3. The BCB was statically dispensed and spun onto plain silicon samples
(prepared with AP3000 applied in the aforementioned way) at three different
spin speeds per BCB mixture 1000,2000 and 3000 rpm. After each spin coating
the samples were soft baked at the data sheet recommended temperature and
time, 150 °C for 3 minutes.

To measure the layer thickness first the refractive index,n, and extinction
coefficient, k, must be determined. These values are obtained through optical
ellipsometry, this technique exploits changes in polarisation of a reflected beam
from the target film to measure the dielectric properties of a material. The mea-
sured results are compared to a model and the values can be extracted. The
ellipsometry data from the BCB compositions are plotted in figure A.5, with
a Sellmeier model fitting obtained from the model the n and k values can be
extracted. For wavelengths above 350 nm k is zero as there is no absorption.
The graph shows the values of n, there is a slight spread between the estimated
values of n but this is fairly low.
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Figure A.5: The graphs show the different values of n obtained for three different
compositions of BCB solutions each span at speeds of 1,2 and 3 krpm.
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With the dielectric values obtained, measurements on a reflectometer were
performed to measure the thickness of each of the BCB solution layers. The
spin curves can be seen in figure A.6 and from this the desired thickness is can
be seen to achieved with a dilution of 1:2 BCB:Mesitylene at a spin speed of
3000 rpm.
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Figure A.6: The graphs show the variation of layer thickness with spin speeds
for the three different BCB compositions, standard deviation errors bars are
included.

A.0.3 Substrate Thinning and Removal

With the two wafers bonded the process of removing the bulk SI-GaAs begins.
This thinning of the substrate is achieved through a combination of lapping and
polishing. Preparing the bonded device for lapping involves mounting it onto
a glass carrier disc, this disc is used to support the device during the thinning
process. To mount the device a plasticised general bonding wax is applied to
the glass disc on a hotplate set to 60 °C, the wax melts and the device is placed
onto the melted wax with the sapphire wafer backside in contact. To ensure the
mounting is level pressure is applied through a specially designed jig, the device
is left under this applied pressure for 10 minutes and then left to cool. As the
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levelling of the mounting is so crucial, careful measurements must be taken to
acquire the levelling and the starting thickness of the wafer before thinning. If
the device is not level on the glass disc then there is a serious risk of removing
too much of the wafer which renders the device unusable. If the device is not
level then it must be unmounted and the process repeated.

The lapping process works by rubbing the SI-GaAs surface against a rotat-
ing glass lapping plate with an abrasive between them. For the process here
the abrasive used is a 3 pm grit calcined aluminium oxide powder suspended in
water, this smaller grit allows for a more controlled removal of material. The
carrier disc goes into a precision jig which keeps the device in contact with the
lapping plate and applies the load to the device, the load used for device lap-
ping is 250 g/cm?. Devices are lapped at a plate speed of 20-30 rpm depending
on the lapping rate, there is a micrometer attached to the precision jig that
tracks the amount of material lapped from the device. Lapping is a faster sub-
strate removal process than polishing but introduces higher levels of stress to
the device, hence once the bulk of the SI-GaAs is removed the remaining bulk
is removed via polishing. The aim of polishing is two fold, it allows for a higher
level of removal precision and polishing leaves a uniform surface roughness. For
polishing the plate is changed to a plate with a polishing cloth, the abrasive
grit is replaced with a sodium hypochlorite polishing fluid which is suited for
GaAs processing. The same level of force is applied from the jig and a similar
plate speed is used to that whilst lapping. To avoid removing too much SI-
GaAs, polishing is stopped with ~30 um of material left. The SI-GaAs surface
must be cleaned thoroughly to ensure that any debris from removed material
is not left on the surface as well as to stop the polishing fluid reacting with
the surface, this is achieved through an in situ DI water rinse. The device is
unmounted from the glass carrier disc by heating the wax again and sliding the
device off. An important caveat here is to avoid contaminating the SI-GaAs
surface with the melted wax as this will cause issues with the final removal in
later steps. To remove the wax properly from the device it can be immersed in
Tetrachloroethylene (TCE), this will dissolve the wax and remove it from the
device.

To remove the remaining bulk SI-GaAs a wet etch is utilised, this is cho-
sen to exploit the selectivity of the etch solution allowing a precision removal
of SI-GaAs with out the risk of removing more material then needed and pen-
etrating into the desired LT-GaAs layer, whilst this is slower than polishing
it allows for a controlled removal of the remaining substrate. This methods
preciseness is supported by the wafer composition seen in 2.1, the Aluminium
Gallium Arsenide (AlGaAs) etch stop prevents the selective etch from removing
the LT-GaAs material underneath. Although the etch stop will stop the etch
from penetrating top down, due to the device geometry it does not protect the
LT-GaAs layer from the etchant penetrating from the sides (see figure A.8).
To account for this a protective photoresist layer is applied to the edges of the
devices this stops the edges of the LT-GaAs layer from being exposed. It is
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Figure A.7: The device after lapping and polishing, this removes the bulk of the
SI-GaAs.

important that this photoresist does not get on the SI-GaAs surface as this will
prevent it from etching.

Etchant Flow Etchant Flow

¢ AlGaAs Etch Stop LT- GaAs ¢

A

Sapphire substrate

Figure A.8: Without a protective layer around the edges of the semiconductor
wafer the etchant will attack the LT-GaAs layer

An etch solution comprising of citric acid and hydrogen peroxide having
a solution concentration of 5:1-CgHgO7:H5O5 is used. To provide stable etch
conditions and reproducible results the set-up shown in figure A.9 is used, this
consists of the etchant in a water bath kept at 30 °C on a hotplate with a resis-
tive feedback thermometer, there is also a magnetic stirrer to mix the etchant
solution and to provide agitation during etching. The solution is mixed in ad-
vance of use and left to reach the desired temperature. The device is placed
into the etchant and the SI-GaAs begins to be removed, the rate is 1 pm/min,
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there is a clear change in the surface colour of the device once the SI-GaAs is
completely removed, the surface goes from grey to turquoise once the etch stop
is revealed, this typically starts in one corner of the device before spreading
across the entirety of the surface. Once this change is observed the device is
left for another 10 minutes in the etchant solution to ensure that all of the bulk
SI-GaAs is removed.

Clamp /

Stand

Etchant

Resistive
Feedback
Probe

/

Stirrer Speed
Control

+—— Hotplate

Temperature
Control

Figure A.9: The diagram shows the set up that is used for the etch, all compo-
nents labelled. The water bath is kept at a constant temperature through the

resistive feedback thermometer.

The final step to complete the ELO process is to remove the AlGaAs etch
stop, this can be done in a buffered Hydrofluoric Acid (HF) solution. Buffered
HF is selective so will only attack the etch stop and not the LT-GaAs under-
neath. The etch stop layer is visibly removed in 14 minutes, the colour reverts
from turquoise back to grey, and then left for a further 6 minutes to ensure
the etch stop is completely removed. Once this step is done the protective

photoresist layer can be stripped.

A.0.4 Active Area Etching

With the ELO transfer complete the device geometries can be defined upon
the surface. As seen in 1.8.9 the benefits of defining individual emitter strips
from the larger piece of LT-GaAs over simply masking the alternating gaps were
discussed. These features can be realised using another wet-etch, first an etch-
mask must be patterned onto the device surface. A layer of S1813 photoresist is
statically dispensed and spin coated onto the LT-GaAs at 3000 rpm before being
baked for 90 seconds at 115 °C. A direct write laser system is used as the means
of mask-less alignment for patterning, by not using a traditional mask aligned
process it allows for design to be updated and adapted with having to remake
masks. The pattern is exposed using a light energy of 130 mJ/cm? and a laser
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Figure A.10: Device with all SI-GaAs removed leaving the AlGaAs etch stop
exposed.

defocus of -1, this provides a clear definition of features in the photoresist mask.
Once patterned and consequently developed in S1813 developer, H20:MF319
4:1, the quality of the mask must be checked under a microscope as any defects
will provide undesirable etch results.

The etch solution used is a weak piranha etch, HoO:Hy05:H3So4 in a ratio
250:8:1. The reasoning as to using a weaker etch is produce sloped sidewalls
on the bars, this allows for the gold contacts to be rolled up the sides of the
LT-GaAs bars ensuring a good contact with the material and providing an even
electric biasing field. As with the citric etch used for bulk SI-GaAs etching,
a water bath set-up is utilised here to keep the temperature of the solution
constant and to provide agitation. Once a solution temperature of 30 °C is
obtained the device can be submerged in the solution, the etch rate is ~125
nm/min which results in the LT-GaAs bars being defined fully in 16 minutes.
It is clear to see this point visually due to the transparent sapphire substrate.
When the bars are etched the device is rinsed in water to ensure etchant is fully
removed preventing further etching.
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Figure A.11: The etch mask patterned onto the device will define the LT-GaAs
bars.

AN

S

Figure A.12: The LT-GaAs bars defined fully from the larger active material,
the etch mask is removed.
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A.0.5 Electrode Patterning

The electrode structures are a key feature as they provide the means to bias
the devices hence the fabrication procedure is carefully thought of. To ensure
the electrodes cover the active material sidewalls well, a sputtering deposition
technique is chosen. The method uses a blanket coverage of metal on the surface
with the electrode structures defined after by means of etching down into the
metal layer to remove unwanted material. The device is first cleaned in ACE
and TPA solutions to remove the photoresist left from patterning and to remove
any organic contaminants left on the surface. With a sufficiently clean surface
the device can be secured to the sputtering deposition stage and placed into
the chamber, the deposition is performed under vacuum so the chamber must
be purged before proceeding. An initial 20 nm layer of titanium is sputtered
onto the device, this has dual purpose, firstly it ensures good adhesion for the
gold layer and secondly the gold etchant will attack the LT-GaAs so a thicker
protection layer of Titanium is required. A thicker 200 nm layer of gold is then
sputtered onto the device, this thicker layer ensures that at higher biases the
current carrying ability of the electrodes is sufficiently high enough to avoid any
electrical failures.

\/
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Figure A.13: The device covered with the Ti/Au layer.

In order for the electrode structures to be etched from the metallised layer
an etch mask is again required. As in other steps, a layer of S1813 photoresist
is spin coated onto the devices metal surface at a speed of 3000 rpm for 40
seconds and baked at 115 °C for 60 seconds on a hotplate. Similar to the etch
mask for the LT-GaAs bar definition in A.0.4, the mask aligner is once again
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used to realise the pattern. An example of an electrode mask design can be
seen in figure (link), this is aligned to the reference alignment crosses defined
previously. The alignment crosses ensure the electrodes are defined precisely
on underlying LT-GaAs bars. The pattern is exposed with the same dose and
defocus values used for defining the bars in A.0.4. The exposed mask pattern
is developed in MF-319 photo-developer for 45 seconds, the pattern is checked
under a microscope to ensure the features are sharp and not underexposure. It
is crucial at this step to ensure that there is no photoresist remaining in unde-
sired areas as this leads to electrical shorts after etching. To mitigate the risk of
exposed and developed photoresist remaining across gaps the device is plasma
ashed at 50 percent RF power for one and half minutes, this will ensure that
only the unexposed photoresist pattern remains.

Figure A.14: The CAD 2D etch mask, this is patterned onto the gold layer.

To etch the gold a solution compromised of potassium iodide and iodine is
chosen. The solution selectively etches the unmasked gold whilst not reacting
with the photoresist mask. The etch rate is 150 nm/min, so for a 200 nm gold
layer the total etch time needed is &~ 1 minute 22 seconds. Due to the nature
of the chemistry, over-etching can occur relatively fast causing large undercuts
of the electrode structures which can cause complete removal of electrodes de-
pending on their width. The titanium layer can be removed in 1 minute using
a buffered HF solution, as the HF is highly selective it will not attack the rest
of the device. It is important to ensure complete removal of unwanted metal,
an example of a device without the titanium layer completely removed is seen
in figure A.16, this causes an electrical short.
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Figure A.15: The etch mask used for realising the gold electrodes from the
metallic over layer patterned onto the device.

Figure A.16: The darker colour seen between the gold bars indicates all the
metal was removed, the lighter colour is remaining Ti which causes a short
between electrodes
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