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Abstract

Linear Terahertz (THz) spectroscopy has become well developed in recent years,
utilising techniques such as Fourier-Transform Infrared Spectroscopy (FTIR)
spectroscopy and Time-Domain Spectroscopy (TDS) to acquire material char-
acteristics and study physical phenomena. Recently, owing to advances in high
field THz sources, nonlinear responses in materials can now be studied, such
as coherent and incoherent material processes, transport dynamics in graphene
and biological processes. These measurements are often performed using a Free-
Electron Laser (FEL) as they generate monochromatic radiation, tuneable be-
tween 1-100 THz with fields in the region of 100 MV cm™*. These are exclusively
contained in large, costly facilities, restricting the availability and practicality of
the technology. There is therefore much appeal in the development of tabletop
systems to perform these experiments, improving accessibility.

In this thesis, the development of a 2D THz TDS experimental system utilis-
ing a tabletop amplified laser as the source is discussed. The system can generate
fields greater than 100kV cm !, sufficient for inducing nonlinear effects within
certain samples. This field is spread over a broad bandwidth (~0.1-5THz),
allowing for multiple spectral features to be acquired simultaneously. The sys-
tem uses both photoconductive arrays and electro-optic crystals to generate the
high field, broad bandwidth pulses and investigations of both types of sources
are presented in this thesis.

Also presented in this work are measurements of two samples using the
system developed, the first being a doped semiconductor impurity centre (ger-
manium doped with arsenic) and the other being a semiconductor quantum well
structure designed to exhibit the self-induced-transparency effect. These mea-
surements obtained values of the transition polarisation lifetimes (73) directly
on the few ps timescales. Knowledge of this lifetime is important for performing
coherent control experiments and is difficult to measure with other spectroscopy
techniques.
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Chapter 1

Introduction

The Terahertz (THz) region is a band of the Electromagnetic (EM) spectrum
between the microwave and infra-red regions, often defined from 0.1-10 THz.
Owing to the difficulty in making suitable THz emitters and detectors, the re-
gion remains relatively unexplored when compared to other parts of the EM
spectrum [1]. In recent years, there has been significant developments in THz
sources, allowing for experimental systems capable of generating high-field THz
radiation, opening new avenues for research into nonlinear material responses
(material responses induced in samples other than weak light-matter interac-
tions of absorption and emission).

1.1 Project Motivation

Nonlinear THz spectroscopy has been shown already to be a useful tool for
investigating coherent and incoherent material processes [2], transport dynamics
in graphene [3], plasmas in semiconductors [4] and biological processes [5,6], as
well having application for coherent control of quantum states [7]. Free-Electron
Laser (FEL) based systems are most commonly used for these measurements
as they are capable of producing the large fields necessary to induce nonlinear
effects (up to ~ 100 MV em™!). These beams are monochromatic and tunable
between 1-100 THz, dependent on the facility [1]. The main disadvantage of
these systems are that they are large, costly facilities, restricting the availability
and practicality of the technology. There is therefore much interest in developing
tabletop systems which can perform these measurements in a typical lab setting.
The advent of Chirped Pulse Amplification (CPA) [8], where an ultrafast (fs)
pulse is stretched and then recompressed has allowed for relatively compact laser
systems with large pulse energies (greater than 10mJ) and small pulse widths
(< 501s) [9], enabling THz spectroscopy systems on a tabletop scale.

This project aims to develop an experimental system capable of perform-
ing Two-Dimensional (2D) THz Time-Domain Spectroscopy (TDS) of quantum
materials with narrow transitions such as doped semiconductor impurity cen-
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tres and electronically confined systems, such as quantum well and dots. To
do this, the system must be able to generate THz pulses with fields in the
~10-100kV cm ! range over a broad bandwidth (3 THz) to allow for a wide
variety of samples to be investigated. The developed system will then be used
to investigate samples of technological interest using 2D THz TDS.

1.2 Thesis Structure

The thesis begins with Chapter 2 where background theory relevant to this work
is presented. Basic laser theory is introduced first, with more detail provided
about techniques for producing ultra-short and intense pulses. A brief review of
methods used to generate and detect THz pulses relevant to this work is then
provided, with the chapter ending with an introduction to THz TDS in one and
two dimensions.

Chapter 3 discusses in detail the Photoconductive Array (PCA) emitters
developed for this work. A short literature review on PCA technology is pre-
sented before a summary of the fabrication technique developed. After this, the
methods used to characterising these emitters are presented alongside results
from some of the devices measured.

Chapter 4 summarises the 2D THz TDS system development process, pro-
viding information on the instruments used and how data acquired from the
system is processed to acquired information from a sample. The first attempt
at creating a system using a single PCA to generate two THz pulse is discussed
first, highlighting the problems with the system that led to the development of
the final system which utilises two emitters which is in turn discussed at the lat-
ter end of the chapter. The next two Chapters (5 and 6) present measurements
performed with the experimental system.

The sample measured in Chapter 5 is a doped semiconductor impurity centre
(Germanium doped with Arsenic (Ge:As)), so basic semiconductor and impu-
rity theory is presented first before the measurement results. Three different
measurements are discussed here: first a low field, linear TDS measurement us-
ing a high repetition rate laser system; then a “saturation” measurement, where
multiple measurements are performed at different THz field strengths to acquire
the field required to saturate the transition of interest and induce nonlinearities;
and finally a 2D TDS measurement. Within the examination of the 2D TDS
results, more detail is provided on how the data is processed.

The sample measured in Chapter 6 is a semiconductor quantum well struc-
ture, designed to exhibit the Self-Induced-Transparency (SIT) effect. Some
background theory on quantum well systems and SIT is provided before the
sample measurements are reviewed. Similarly to the measurements in the pre-
vious chapter, linear TDS, saturation and 2D TDS are performed sequentially,
however, the linear and saturation measurements are performed twice as two
different methods were attempted to couple the THz pulses into the quantum
well structure (namely 45° incident facets and diffraction gratings).

The thesis concludes with Chapter 7, where the findings of this work are
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summarised, alongside a discussion of what further work could be done to im-
prove the system and the findings from the experimental results.



Chapter 2

Introduction to High-Field
Terahertz

2.1 Amplified Lasers

Advances in tabletop laser sources capable of generating ultrashort (fs), high
power pulses, in particular, those utilising the Nobel prize winning technique
of CPA [8], have allowed for the generation of high field THz pulses. This first
section will discuss the operating principles of lasers and how ultrashort, high
power pulses are generated.

2.1.1 Principles of Lasers

In a simple two-level energy system, photon emission is possible when an electron
transitions from the higher energy state Fo, to the lower energy state E;, with
the frequency of the emitted photon being determined by the following equation:

Ey — Ey

= -\ 2.1
= (21)
If the electron transition occurs randomly, the photon is emitted with a random
phase in a random direction. This is known as spontaneous emission (see Figure
2.1a). The change in number density of electrons in the lower state over a given
period of time can be obtained with the following formula:

dn1

—=A 2.2
dt 2172, ( )

where n; is the number density in state i and As; is the Einstein coefficient,
which is the probability per unit of time that an electron in the upper state will
spontaneously decay to the lower state.

If a photon with the same energy as the gap E2; passes through the system
whilst there is an electron in state Es, the photon emitted by the electron
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transition will have the same frequency, phase and direction of the incident
photon. This is known as stimulated emission (see Figure 2.1b). The change in
number density of electrons in the lower state per unit time due to this process
can be obtained with the following formula:

% = lengp(u)7 (23)

t

where p(v) is the energy of the photons, per unit frequency bandwidth at the
transition frequency and Bs; is the Einstein coefficient, which is the probability
per unit time, per unit of spectral radiance that an electron in the upper state
will decay to the lower state.

If the electron is in state £; when a photon passes through the system, the
photon is absorbed and the electron transitions from E; to Es (see Figure 2.1c).
The change in number density of electrons in the lower state per unit time due
to this process can be obtained with the following formula:

dn1

o Bianip(v), (2.4)

where Bis is the Einstein coefficient, which is the probability per unit time, per
unit of spectral radiance that an electron in the lower state will absorb a photon
and become excited to the higher state.

E> 0 E, @ E, @
h'U:E27E1 hU:EQ*El hU:ngEl
AN> AN\ N> N>
AN
E, ¢ E, & Ey ©
(a) Spontaneous Emission  (b) Stimulated Emission (c) Absorption

Figure 2.1: Energy level diagrams illustrating the possible interactions between
electrons and photons in a two-level system

In a system where there are more electrons in Es than FE;, known as a
population inversion, and we have an energy matched incident photon, it is
possible to have a net gain in the number of outgoing photons, as more photons
will be emitted than absorbed. This is the principle of light amplification (see
Figure 2.1b). To create a population inversion, a system with at least three
energy levels is required, as due to the ratio between Einstein coefficients in a
two level system, a photon used to ‘pump’ electrons into the upper state has
the same probability of stimulating emission in electrons already in the upper
state.

In a three-level system, electrons start at the ground state F; and are excited
up to the E3 state with either pump photons or via electrical discharge. F53 has
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a short state lifetime so the electrons quickly transition down to Es, which has
a much longer lifetime, allowing a population inversion between E, and E; to
build. Eventually an electron in state Fy will spontaneously decay and cause
a stimulated emission of further photons. Figure 2.2 illustrates this three level
system.

) o—@
hUIEg—El h’U:EQ—El
N> N>

Ey O @,

Figure 2.2: Energy level diagram illustrating a three-level system used for lasing.

This process allows for photon amplification and is known as a ‘LASER’
(Light Amplification by Stimulated Emission of Radiation), whilst the material
in which the light amplification occurs is known as the gain medium. To in-
crease the intensity of the output beam, the gain medium is integrated between
two mirrors, forming a laser oscillator (shown in Figure 2.3). One mirror has a
~ 100 % reflectivity whilst the other is partially transmitting (e.g. ~ 99 % reflec-
tivity), increasing the degree of collimation of the emitted beam and increasing
the gain intensity, as photons can be reused to perform stimulated emission.
The reflectivity of the mirrors in the oscillator cavity must be designed so that
the round-trip laser gain is greater than the losses from the mirrors or the in-
tensity of a pulse will decay after a few round trips. The length of the laser
oscillator cavity must also be optimised to be of length nA/2, where n is an
integer and A is the wavelength of the emitted photons, to avoid deconstructive
interference of the target wavelength. The mirrors on either side of the cavity
cause the photons to form standing waves of discrete frequencies, dependent, on
the gain bandwidth and length of the cavity:

No. of Modes = ﬁ, (2.5)
c

where B is the gain bandwidth and L is the cavity length. [10,11]
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Pumping

Mirror Output Mirror

Laser Output

R =100 % R =99 %
Gain Medium

Figure 2.3: Optical diagram of a simple laser oscillator cavity.

This aforementioned technique of utilising a three-level system to create a
population inversion and engineering the gain cavity were first used in 1960 to
create the first laser, utilising a ruby crystal as the gain medium and a flash
tube to generate the pump photons [12].

Many modern lasers utilise a four-level system to achieve lasing (see Figure
2.4). Electrons from F; are optically pumped into E,; where they rapidly decay
to E3, which has a longer lifetime. The F, to F3 transition is often radiationless,
with the transition occurring due to material vibrations, known as phonouns.
After some time, electrons in Fj3 then begin to spontaneously decay to Fs,
causing stimulated emission of further electrons. This transition causes the
photon emission for this laser system. Electrons in Es then rapidly decay with
another radiationless transition back to F;. The fast decay of E5 to E; means
that there is a greater population inversion between E3 and Fs, making the
system more efficient than a three-level system, as fewer electrons need to be
pumped for lasing to occur.
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Figure 2.4: Energy level diagram illustrating a four-level system used for lasing.

2.1.1.1 Titanium-Sapphire Lasing

Titanium-Sapphire (Ti:Sapphire) (Ti*":Al,O3) crystals can be used as a four-
level laser system (see Figure 2.5), capable of emitting photons with a wave-
length of 650-1200 nm, generating most efficiently around 800nm. The gain
bandwidth of a Ti:Sapphire is 128 THz [13]. There are two energy level con-
tinua in the crystal used to create a four-level system; one above E; and the
other above E3. FE, is contained within the continuum above the first excited
state, E3 is the first excited state, Fs is contained within the continuum above
the ground state and FEj is the ground state. The E; — F5 and E; — E; tran-
sitions occur due to vibrations within the crystal and have a lifetime on the
order of 1x10713 s, whilst the radiative transition E3 — F5 has a lifetime around
3.8us [13].

Ti:Sapphire crystals strongly absorb photons with wavelengths between 400
600nm, but are most efficient when pumped using 510-530nm. The short
lifetime of the lasing state (3.2ps) and high saturation power means that it
is difficult to pump using non-coherent sources. Strongly focused solid-state
lasers (e.g. Frequency doubled Neodymium-doped Yttrium Aluminum Garnet
(Nd:YAG)) and diode lasers which generate radiation around 530nm are the
most common pump lasers for Ti:Sapphire lasers [13].

A pump laser with a wavelength of 530 nm has sufficient energy (2.35eV) to
excite electrons from F; into the continuum above the first excited state, Fy,
where they will rapidly decay into Ej3, creating a population inversion. After
3.8 s, electrons in E3 will spontaneously decay to the continuum above the
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ground state, Fs, causing stimulated emission of further electrons in E3. The
electrons in Ey will then rapidly decay back to E; [13].

1x107 3¢
on —0@ 2.35eV
3.2 ps

E; —@ 2.00 6V
800 nm
AN>
1x10 g

B o—_ 0.45 6V

530 nm

AN>

Ey O ¥ 0.00 eV

Figure 2.5: Energy level diagram of the four-level system of a Ti:Sapphire laser.

2.1.2 Q-Switched Lasers

Whilst the previously discussed techniques can be used to develop lasers capable
of emitting a constant stream of single frequency photons, known as Continuous
Wave (CW) lasers, more complex techniques are required for producing short
bursts of intense light.

Q-switching is a technique that can be applied to a laser system to produce
pulses on the nanosecond timescale by adding a ‘Q-Switch’ inside the laser
cavity. Initially, the Q-Switch is ‘off’, causing the losses in the cavity to be kept
high, preventing lasing and allowing the pump to build up energy in the gain
medium. The Q-Switch is then turned ‘on’, reducing cavity losses, allowing for
lasing to begin and the beam to make multiple trips inside the cavity to amplify
the pulse. The energy stored in the gain medium is quickly depleted, creating
a short pulse with high intensity. The Q-Switch is then turned back ‘off’, and
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the process is repeated. [14]

2.1.3 Mode-Locked Lasers

To produce ultrashort (sub-picosecond) pulses, techniques other than Q-switching
are required. The technique of ‘mode-locked’ lasing will be described here, as it
is the most common technique used for femtosecond laser oscillators in bench-
top systems.

As mentioned in Section 2.1.1, laser cavities contain multiple standing waves
or ‘modes’ of light. Normally, these modes will have a random phase, causing
multiple frequencies to be emitted at a relatively stable output intensity. If
the phases of these modes are manipulated however, it is possibly to cause
interference within the cavity, leading to an ultrashort pulse with a greater
peak intensity. An example of this effect using ten modes is displayed in Figure
2.6.

Each round trip of the cavity causes a single pulse to be emitted, allowing
for the repetition rate to be calculated using the following formula:

2L

fRep = 77 (2.6)

where L is the cavity length [15]. The minimum pulse duration that can be
obtained from a given laser system is given by the following equation:
TBP
At =, (2.7)

where TBP is the time-bandwidth product, N is the number of modes, Av is
the frequency separation between the modes, which when multiplied together
are the gain bandwidth of the laser. The value of the TBP depends on the
temporal pulse shape with Gaussian pulses have a TBP of 0.441, whilst sech?
pulses have a TBP of 0.315. From this, we can estimate that a Ti:Sapphire
laser, which has a gain bandwidth of 128 THz, would have a minimum pulse
duration of approximately 3.4fs. Currently, the smallest pulse width observed
from a Ti:Sapphire laser is approximately 5 fs [16].

Owing to most of the energy being contained within a small packet of pho-
tons, the peak power is often several magnitudes greater than the average power.
The peak power can be calculated using the following equation:

PAvg
AtfRep ’

where Ppc,y is the peak power, Pay, is the average power, At is the pulse width
and frep is the repetition rate of the laser.

Mode-locking can be achieved both passively and actively. Passive mode-
locking allows for much shorter pulses as the phase modulation occurs much
faster than electronically activated modulation. An example of active mode-
locking is the use of an electro-optic modulator within the cavity. The modu-
lator is periodically activated, synchronised with the round-trip of the pulse in

PPeak = (28)
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Figure 2.6: Simulation of a cavity with 10 modes, with and without modelocking.
Figure 2.6¢ shows that the sum of modes in a modelocked cavity produces a
short, intense burst.

the cavity. When activated, a voltage is applied to the modulator, causing the
refractive index of the modulator to change, altering the phase of the modes
inside the cavity. An example of passive mode-locking is the use of a saturable
absorber. When the pulse in the cavity hits the saturable absorber, the absorp-
tion becomes saturated, causing a brief reduction in the loss through it. This
causes low-intensity CW light to be absorbed, whilst high-intensity pulses will
be transmitted. Kerr-lens mode-locking is another passive mode-locking tech-
nique. It utilises the Kerr effect, which is nonlinear effect where the refractive
index of the medium is dependent of the field strength of the incident pulse. As
the power density in a laser resonator is Gaussian, introducing a Kerr medium
into the resonator causes the higher power regions at the centre of the beam to
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become focused, changing their path inside the resonator cavity. This allows for
the higher power centre of the beam to be diverted out of the cavity over the
edges, causing a reduction in pulse width.

When femtosecond lasers with greater peak powers are required, such as
for systems performing nonlinear spectroscopy, complex techniques must be
performed other than simply sending the pulse through an increased amount
of gain media. The large peak powers from the ultrashort duration of the
pulses quickly becomes much greater than the optical damage threshold for
many optical components, which would lead to lasers with short operational
lifetimes.

2.1.4 Chirped Pulse Amplification

Developed in 1985 [8], the nobel prize winning technique of CPA provides a
method to amplify ultrashort laser pulses. Firstly, the incoming ultrashort laser
pulse is stretched in time in the ‘Stretcher’, reducing the peak power of the pulse,
preventing the pulses from overcoming the gain medium’s damage threshold
when it is amplified. After being stretched, the pulse is amplified in the ‘Ampli-
fier’ and then the pulse is compressed in time, back into being ultrashort using
the ‘Compressor’. A block diagram of this is shown in Figure 2.7.

|
! Seed Laser — Stretcher Amplifier Compressor ~ ——
|

Figure 2.7: Block diagram of a CPA

2.1.4.1 Stretcher

Pulse stretching is achieved when the incident pulse undergoes chromatic dis-
persion, where the different wavelength components of the incident pulse are de-
layed with respect to each other. In free space systems this is normally achieved
by either using dispersive prism pairs or diffraction gratings, however for power-
ful CPA systems, owing to the large amount of dispersion required to stretch the
pulses to a safe enough peak power, diffraction gratings are much more common.
When pulses reflect off, or pass through a diffraction grating they are dispersed
spatially, allowing for the path lengths of each wavelength component to be al-
tered. For a grating based pulse stretcher, the longer wavelength components
are sent over a longer path than the shorter wavelength components before being
recombined. The difference in path length stretches the pulse in time, thus re-
ducing the peak power, as the average power is unchanged (disregarding losses).
The recombination is performed with the split components passing through or
reflecting off another grating, although this can also be performed using a single
grating with two passes. [17]
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2.1.4.2 Compressor

Pulse compression works inversely to pulse stretching, therefore it is possible
to perform compression with the same optical components as a stretcher, such
as prisms and gratings. Whilst stretchers increase the path lengths of longer
wavelengths components, compressors increase the path lengths of the shorter
wavelengths before they are recombined.

2.1.4.3 Amplification Geometries

The amplification step within a CPA system uses similar gain mediums to mode-
locked laser oscillators, such as Ti:Sapphire for 800 nm wavelength systems. To
prevent distortions of the resulting pulse’s bandwidth, the gain medium must
have a gain bandwidth greater or equal to the incident pulse’s bandwidth [15].

The most simple geometry for performing amplification is to have the in-
cident beam make a single pass through the gain medium (see Figure 2.8),
however, this is not the most efficient geometry. A single pass gain stage only
has a gain factor between two to five, but CPA systems often amplify the pulse
by several orders of magnitude, meaning that many single pass gain stages would
be required.

Seed Out Seed In

Pump Out Pump In

Ti:Sapphire Gain Medium

Figure 2.8: Optical diagram of a single pass amplification stage.

One alternative is to use a ‘multi-pass’ geometry (see Figure 2.9), in which
multiple mirror pairs are placed either side of the gain medium’s facets, allowing
for the incident pulse to pass through the gain medium multiple times. This
geometry does have a limit to the amount of gain that can be applied, as each
extra pass through the gain medium must be carefully aligned to overlap with
the pumped area.
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Pump Out >< Pump In

Seed In

Ti:Sapphire Gain Medium

Seed Out

Figure 2.9: Optical diagram of a multi-pass amplification stage.

Another alternative is to use a ‘regenerative’ geometry (see Figure 2.10),
in which the pulse is reflected an arbitrary number of times in an electrically
controlled cavity. The pulses entering a regenerative cavity begin vertically
polarised, but are reflected off a polariser into a quarter-wave plate (\/4) and
a Pockels cell, before being reflected back through the Pockels cell and quarter
wave plate, towards the polariser. Pockels cells are electronically controllable
polarisers, therefore it is possible to change the polarisation of the beam to
become horizontally polarised before the beam is reflected back to the polariser,
allowing it to pass through it and into the gain medium. To keep the pulse inside
the cavity so it can pass through the gain medium multiple times, the Pockels
cell polarisation is changed to keep the pulse horizontally polarised. After the
pulse has passed through the gain medium a set number of times, the Pockels
cell polarisation is then changed so that the pulse will be vertically polarised
again, allowing for it to be reflected off the polariser, out of the cavity.

Seed In / Out

Polariser A/4 Pockels Cell

Pump Out

Pump In

Ti:Sapphire Gain Medium

Figure 2.10: Optical diagram of a regenerative amplification stage.

2.1.5 Spitfire Ace PA Amplified Laser

The amplified laser used for this project was a Spitfire Ace PA (Spectra-Physics)
[9]. It is a regenerative amplifier with an extra power amplifier section, capable
of generating 800 nm pulses with a 40fs width and 13 W average power, at a
repetition rate of 1kHz. A block diagram of the laser is shown in Figure 2.11,
whilst a full optical diagram is shown in Figure 2.12. The following sections
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will describe the optical path of a pulse in the amplification cavity, referencing
components shown in the full optical diagram.

Seed Laser Pump Laser A Pump Laser B

3 Stretcher ‘—»i Regen Amplifier ‘—»i Power Amplifier ‘—»i Compressor  —t—»
I I I I
|

Spitfire Ace PA

Figure 2.11: Block Diagram of the Spitfire Ace PA amplified laser used during
this project.

2.1.5.1 Seed and Pump Lasers

The seed laser is a mode-locked Ti:Sapphire laser (Spectra Physics Element),
emitting radiation with a wavelength of 800 nm with a pulse width of 20fs at a
repetition rate of 80 MHz. Rearranging Equation 2.7, the number of modes can
be estimated as 276000, substituting At = 20fs and Av = 80 MHz.

The pump lasers for both amplification stages are Q-switched, diode-pumped,
frequency doubled Nd:YAG lasers (Spectra Physics Ascend), emitting radiation
with a wavelength of 527nm and an average power of 35 W at a repetition rate
of 1kHz.

Seed pulses first enter the amplifier and pass into a Faraday isolator (F1),
preventing any reflected pulses from re-entering the seed laser, as the amplified
pulses can cause significant damage to the seed laser’s internal components. The
Faraday isolator works by vertically polarising the seed pulse, then polarising by
45° using a Faraday rotator, and then finally polarising by another 45° using an
analyser. The seed pulse will now be horizontally polarised. Any reflected pulses
will not be able to pass through the Faraday isolator as it will be polarised by
45° in one direction by the analyser and then 45° in the other direction by the
Faraday rotator, causing no net change in polarisation. The pulse being hori-
zontally polarised will therefore not be able to pass through the input vertical
polariser. [9,17]

2.1.5.2 Stretcher

After the Faraday isolator, the pulse then passes through a Vertical Retro-
Reflector (VRR) and into the stretcher grating which splits different wavelengths
in the pulse spatially. This allows for the longer wavelengths of the pulse to
travel a longer path than the shorter wavelengths, stretching the pulse in time,
reducing the pulse’s peak power. The pulse is then reflected off a concave
mirror (M1) to a normal mirror (M2), back to M1 and then back through the
stretching grating, recombining the pulse in space. The pulse then reflects off
the VRRs, making a second pass through the stretcher. After this, the pulse is
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Yy

Figure 2.12: Optical Diagram of the Spitfire Ace PA (Provided by Spectra

Physics) [9]
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passed through a polarisation rotation periscope (PS) and reflected off M4 and
M5 into the regenerative amplification section. [9,17]

2.1.5.3 Regenerative Amplifier

The beam’s height is reduced by the polarising periscope PPS and then enters
the Pockels cell PC1. If PC1 is off, the vertically polarised pulse will pass
through the cell without a change in polarisation, reflecting off the polariser
TFP into a beam shield (not pictured). If PCI is on, the vertically polarised
pulses undergo a 90° change in polarisation, allowing it to pass through TFP,
into the second Pockels cell PC2.

If PC2 is on, the horizontally polarised pulse will undergo a 45° change
in polarisation, pass through the \/4 waveplate, rotating the polarisation by
another 45°, reflect off CM1, passing through the A/4 waveplate and PC2 again,
leading to a net rotation of 180°. As the pulse is now horizontally polarised, it
will pass through TFP and continue to the power amplifier section, unamplified.

If PC2 is off, the horizontally polarised pulse will pass through the \/4
waveplate, rotating the polarisation by 45°; reflect off CM1 and pass through
the \/4 waveplate again, leading to a net rotation of 90°. As the pulse is now
vertically polarised, it will reflect off TFP, onto CM2 and then pass through
the Ti:sapphire crystal, which is pumped by a Q-switched pump laser, creating
a population inversion. This causes the optical pulse to increase in gain. The
pulse is then reflected off CM3 to CM4, then back to CM8, which reflects the
pulse back through the Ti:sapphire crystal, performing the second gain pass.
The pulse then reflects off CM2 and TFP back into PC2.

If PC2 is still switched off, the vertically polarised pulse will undergo the
aforementioned 90° phase shift from the two passes through the A/4 waveplate,
causing the now horizontally polarised beam to pass through TFP and continue
to the power amplifier section, amplified.

If PC?2 is switched on before the amplified pulse reaches it, it will undergo
a 180° phase shift, owing to the two passes through the \/4 waveplate and the
Pockels cell, maintaining the vertical polarisation. This will cause the pulse
to be trapped inside the cavity, as TFP will reflect the pulse back towards the
Ti:sapphire crystal, increasing the pulse’s gain with each subsequent pass until a
threshold where saturation will begin to occur as the pumped state will become
depleted until the next pump pulse travels through the crystal. The gain of an
optical pulse coming out of this section can therefore be selected by carefully
switching off PC?2, just before the pulse with the requested gain reaches PC2.

The timing of both Pockels cells is synced to the 1kHz repetition rate of the
pump lasers and allows for just enough passes of the pulse through the crystal
for gain saturation to occur, as this helps keep the output power stable.

As the pulse leaves the regenerative amplifier section for the power amplifier,
it passes through PPS, increasing the height of the beam, allowing it to pass
over M5, onto AM1. [9]
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2.1.5.4 Power Amplifier

After the pulse reaches AM1, it is reflected off AM2 and AM3 and through
the second Ti:Sapphire crystal, which is optically pumped by pump laser B.
This second amplification stage is required to increase the pulse energy further,
as the Ti:Sapphire crystal in the previous regenerative stage becomes depleted,
reducing the population inversion between F3 and E5 and therefore the amount
of gain which can be applied. Only one pass through the crystal in the power
amplifier section is performed.

After the pulse passes through the second Ti:Sapphire crystal, it reflects off
AMY, then off M6 and into the telescope optics TM and TL, where it enters
the compressor. [9]

2.1.5.5 Compressor

The pulses are directed onto the compressor grating by M7. The compres-
sor grating splits different wavelengths of the pulse spatially, but causes the
shorter wavelengths to travel a longer path, reducing the temporal stretching
and increasing the pulse’s peak power. The pulse is then reflected onto a Hori-
zontal Retro-Reflector (HRR), which can be adjusted to optimise the temporal
compression, thus optimising the peak power. After reflecting off the HRR, it
passes through the compression grating, into a VRR, reflecting it back into the
compression grating, reversing any stretching effects. The amplified pulse then
passes over M7 onto the alignment optics, M8 and MY, after which the pulse
leaves the system. [9,17]

2.2 Sources

This section summarises some of the sources used to generate high-field THz
radiation, in particular, focusing on those driven by amplified lasers.

2.2.1 Photoconductive Emission

First described in 1984 [18], a Photoconductive Switch (PCS) (also known as
a photoconductive antenna) is a device commonly used in free-space THz sys-
tems for both emission and detection. These devices consist of a semiconductor
(commonly Low-Temperature-Grown GaAs (LT-GaAs) [19] or InGaAs [20]) on
a host substrate (e.g. quartz [19] or Semi-Insulating GaAs (SI-GaAs) [21]),
coated with metal contacts to form a small gap (usually 10-1000 pm in size).
Figure 2.13 shows a schematic diagram of a PCS.

When these devices are electrically biased and have a femtosecond pulse of
light incident on the semiconductor in the gap (band-matched to the semicon-
ductor material), electron-hole pairs are produced. The bias then accelerates
the excited carriers, causing a transient photocurrent, with the rise-time being
proportional to the pulse width of the excitation pulse. The photocurrent then
reaches a maxima and begins to decay, at a rate dependent on the electrical
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Figure 2.13: Schematic diagram of a PCS. Image taken from [22].

properties of the device (which will be discussed later in the section) [23]. This
transient photocurrent generates a single cycle THz EM pulse, with a bandwidth
usually covering 0.1-5 THz, although this is dependent on the pulse width of
the excitation pulse and the electrical properties of the device. The field of the
generated THz pulses are proportional to the change in the photocurrent over
time and scale with the square of the applied bias [24]:

dIpc(t
ETHz o8 Pd(;( )a (29)
Ern, < V2. (2.10)

When designing a PCS, there are certain device parameters which can be op-
timised to improve the emitted power, bandwidth and Signal-To-Noise Ratio
(SNR). An optimal choice for the device’s semiconductor material would have:
a short carrier lifetime, as this would shorten the transient photocurrent, in-
creasing the bandwidth of the emitted pulse; a high carrier mobility, as this
would increase the strength of the generated photocurrent; a high dark resis-
tivity, as this would reduce heating within the device from the applied bias;
a large breakdown voltage, as this would allow for greater biases to be ap-
plied to the device without risking damage to the device; and a direct bandgap
matched to the excitation beam’s wavelength, as indirect bandgap materials
have a longer recombination time, owing to the involvement of a phonon in the
recombination process. When exciting at 800 nm, LT-GaAs is commonly used as
the semiconductor material, owing to it having a direct band gap at ~870nm,
a short carrier lifetime (~300fs), high breakdown field (~500kV ¢cm™1), rea-
sonably good mobility (~200cm? V~'s™1) and a high dark resistance |25, 26].
When using LT-GaAs as the semiconductor material, SI-GaAs is commonly
used as the substrate material [21], as it has suitable material properties for
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THz generation and is needed to grow LT-GaAs using Molecular-Beam Epitaxy
(MBE). It has a high carrier mobility (~8000cm?V~!s71) and a reasonable
breakdown voltage (10-100kV em™!) [27]. SI-GaAs does however suffer from
low resistivity and long carrier lifetimes (~100 ps [28]) which creates long last-
ing, parasitic current channels, causing excess heating, reducing the generation
efficiency [29-31]. Z-cut quartz has been shown to be a promising alternative to
SI-GaAs as a substrate [19] as it has a much greater dark resistivity, allowing for
larger biases to be applied [32], whilst also preventing parasitic current channels.
Quartz also has a lower refractive index at THz frequencies (~ 1.9 [33]) than
SI-GaAs (~ 3.6 [34]), reducing the magnitude of the THz pulse being reflected
back into the device at the substrate-air interface. Being optically transpar-
ent, the quartz substrate also allows for ‘through-substrate excitation’, where
the excitation beam passes through the substrate before interacting with the
semiconductor. This reduces the attenuation and broadening of the generated
THz pulse, leading to a pulse of greater magnitude. LT-GaAs can be bonded
to the quartz substrate after growth via Van der Waals bonding [19] or using
Benzocyclobutene (BCB) [35]. Bonding via BCB is described in Section 3.1.

The design of the device’s electrodes also alters the performance of the de-
vice. Device efficiency has been shown to be inversely proportional to the gap
size [31], with small gap devices (<100um) being more efficient for generating
THz radiation, particularly at higher frequencies [29]. The shape of the elec-
trodes has also been shown to affect the emission spectrum, with sharp edged
electrodes increasing the emission bandwidth [29] and bow-tie shaped electrode
increasing the device’s efficiency [26]. For larger gap devices (>1mm), the elec-
trode shape has a negligible effect [29]. The width of the device’s anode has also
been shown to increase the efficiency of the device linearly owing to plasmonic
oscillations caused by electrons arriving at the anode [36,37]. The cathode width
was shown to have no effect on the generation efficiency. Figure 2.14 shows some
of the more commonly used antenna designs [22].
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Figure 2.14: Various PCS antenna designs. Diagram taken from [22].

2.2.1.1 High Power Considerations

When using PCS to generate large THz fields (>50kV cm™!) there are certain
design criteria that must be considered. Firstly, adequate thermal capacity is
required to dissipate the large amounts of heat produced by the incident high
power optical beam to prevent efficiency reduction or damage to the device. It
is therefore practical to use the host substrate as a heatsink, making materials
with a high thermal conductivity preferable. Large voltages are also required,
making large gap devices and devices with a greater breakdown voltage most
suitable. Using a PCS in an array configuration, known as a PCA is one solution
and has certain benefits over single gap devices. These are discussed in detail
in Chapter 3.

2.2.2 Electro-Optic Emission

Electro-Optic (EO) crystals are a popular choice for generating broadband and
narrowband THz pulses, especially in high power pulsed systems, such as am-
plified laser systems. This is owing to their relatively high optical damage
threshold, when compared with other devices, such as PCS.

In linear optical materials, the polarisation of light passing through the ma-
terial can be determined using the following formula [1,24, 38]:

P =x(E)E, (2.11)

where x(E) is the electrical susceptibility and E is the electric field. However,
in EO crystals which are nonlinear, the polarisation is dependant on a series of



2.2. Sources 22

terms, increasing in order:
P=(x1+x2F + x3E*+ x4FE* +...)E. (2.12)

As the main methods of generating THz radiation are second order effects, we
only consider the second order term:

Py = o E?. (2.13)

The following two sections discuss the main methods used to generate THz
radiation: Difference Frequency Generation (DFG) and optical rectification.

2.2.2.1 Difference Frequency Generation

When two oscillating optical fields are incident on an EO crystal with differing
frequencies of E1 = Fycos(wit) and Ey = Egcos(wat), the second order term
becomes the following;:

Py = x2E1Ey = Xg%[cos((wl — wa)t) + cos((wy + wa)t)]. (2.14)

This causes the polarisation to oscillate at both the sum and difference fre-
quencies, allowing for CW THz radiation to be generated. In practice, THz
generation is often performed with the difference frequency interaction, with
the technique referred to as DFG. [1, 24, 38]

2.2.2.2 Optical Rectification

When femtosecond pulses are incident on the EO crystal, the DFG occurs, with
a mixing of all the frequencies within the pulse’s bandwidth occurring. This
causes a polarisation to occur within the crystal, proportional to the envelope
of the incident pulse, with the emitted pulse’s bandwidth being the inverse of
the incident pulse’s duration. As the optical pulse can be described in the time
domain as:

E(t) = Egelivote(~at®), (2.15)

the time dependence in the polarisation can be said to be:
|P| x E2e208", (2.16)

This technique is used for generating broadband THz pulses.

To solve the polarisation in multiple dimensions, the multidimensional second-
order susceptibility tensor X?j & is required. It requires 27 elements to be solved,
however, owing to crystal symmetry, this often reduces to 18 or less, owing to
many elements being zero. The element tensor can be written as a d-matrix:

1
dy = §x§j?€ (2.17)
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Equation 2.12 thus becomes:

P, di1 dip dis dia dis dis
Py =2F | doy1 dogs dog dog das dog = . (218)
P, d31 dsp d3z dzs d3s dss

Matrices for different crystal structures are discussed in section 2.2.2.6. [24, 38,
39]

2.2.2.3 Coherence Length

Photons at different frequencies propagate through the crystal at different ve-
locities, leading to deconstructive interference and pulse broadening. The co-
herence length is then the propagation length at which the coherence at a given
frequency reduces significantly and can be described by the following equation:
lo=—2 (2.19)
nr —no
where ¢ is the coherence length, 7, is the duration of the ultrashort optical
pulse, np is the refractive index at THz frequencies and no is the refractive
index at optical frequencies. The larger [, is, the more efficient the generation
becomes as the optical pulse will interact with a longer length of the crystal,
increasing the generated field.

A metric related to the coherence length is the Group Velocity Mismatch
(GVM), often quoted in units of psmm ! and is the difference in time that two
pulses through a medium per unit length, with a lower number being better for
EO generation.

2.2.2.4 Phase Matching

Improving the phase matching between the optical and THz pulses can allow
for the coherence length to be increased as the destructive interference will be
reduced. A common method of performing phase matching is to tilt the crystal
to an angle determined by the following equation:

no
NTHz

0, = cos™*( (2.20)

Phase matching by this method has been shown to produce high pulse powers,
however, the bandwidth is not as large as other techniques [24].
2.2.2.5 Optical Damage Threshold

An important property of EO crystals to consider, especially for high opti-
cal power systems, is the optical damage threshold. This threshold dictates
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the maximum optical power which can be incident on the crystal before it be-
comes irreversibly damaged. As greater optical powers generate higher field
THz pulses, crystals with higher damage thresholds are preferred. Crystals
with damage thresholds far away from the optical power often suffer from low
conversion efficiency, so it is beneficial to have the damage threshold close to
the operating power, although this can reduce the crystal’s lifetime [40]. The
optical damage threshold is dependant on the incident pulse’s frequency, pulse
width and repetition rate and differs from crystal to crystal. Typical values
range from a few tens of MW cm ™2 to a few hundred GW cm ™2 [41-43)].

2.2.2.6 Commonly Used Electro-Optic Crystals

This section will discuss some of the more commonly used EO crystals in systems
using a 800 nm excitation beam. The important information is also summarised
on Table 2.2.2.6.

ZnTe is potentially the most commonly used crystal for THz generation,
owing to it being phased matched at 800nm to 1.6+1.0 THz emission at and
having a good EO coefficient of 3.9pm V' [44]. The major limitation of ZnTe
is that it has a relatively small bandwidth owing to its first Transvere-Optical
(TO) phonon being at 5.3 THz [45]. TO phonons in EO crystals cause a massive
reduction in emission and detection frequencies at their resonant frequencies,
causing dips in the emitted or detected spectra. Being a zincblende crystal the
d matrix takes the following form:

000 dy 0 0
000 0 dyg 0] (2.21)
000 0 0 dy

GaP is a common alternative to ZnTe owing to it also not requiring any
awkward phase matching techniques at 800nm. The first TO phonon does
not appear until 8 THz [46], allowing for a greater bandwidth in emission and
detection, however, it has a much smaller EO coefficient (di4) of 0.97 pm V!
[47], reducing the magnitude of the generated or detected pulse. GaP has a
zincblende structure and therefore the same d matrix as ZnTe.

GaSe is another alternative to ZnTe as it has a slightly higher frequency TO
phonon at 6.4 THz [48], a much larger EO coefficient of 14.4pm V! [49] and is
usually quoted with having a larger damage threshold than ZnTe [42], however,
it must be phase matched by being tilting around the horizontal axis. Different
tilting angles have been shown to alter the magnitudes of different parts of the
emission and generation spectra [50,51]. This tilt based phase matching has
been shown useful for generation of tunable narrowband THz emission, where
the emission frequency is set by the tilt of the crystal. [52]. GaSe has a hexagonal
structure and is therefore birefringent, meaning that it has only one optical axis.
Its d matrix is as follows:

0 0 0
dig —dis O
0 0 0

dig
0 (2.22)
0

o O O
o O O
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When looking at only the EO coefficient and first phonon frequency, Lithium
Niobate (LiNbO3) appears to be an ideal crystal for THz generation, with values
of 27pm V! [1] and 7.7 THz [53] respectively. However, it suffers from a large
mismatch between the optical and THz phase velocities, making it ineffective
for collinear generation. This phase mismatch can be resolved by tilting the
optical pulses as discussed in Section 2.2.2.4, with a phase matching angle of
~ 64° [1]. The tilt of the optical pulse is induced by reflecting the pulse off a
diffraction grating, after which the beam is collimated and then focused through
the crystal. The resulting THz radiation is emitted at ~64° from the incident
beam. Systems using LiNbQOj often employ cooling of the crystal, as most of the
generated THz radiation is absorbed by the optical phonon decaying into two
acoustic phonons, but this is reduced at lower temperatures [1]. The bandwidth
from pulses generated using LiNbOgj are rarely greater than ~ 2 THz however.
LiNbOj3 has a trigonal structure and thus, the d matrix takes the following form:

0 0 0 0 ds1 —doo
—doy dyy 0 dz 0 0 |. (2.23)
d31 d31 d33 0 0 0

Generated THz
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Figure 2.15: Optical path of THz generation using a LiNbOj crystal, using a
grating to tilt the incident pulse front. Image taken from [24].

First synthesised in 1989 [54], Diethylaminosulfur Trifluoride (DAST) is the
most widely used organic crystal for THz generation. It has a large EO coeffi-
cient at 800 nm of 160 pm V! [44], but is limited at lower frequencies owing to
two TO phonons at 1.1 THz and 3 THz [55]. It has a similar GVM to ZnTe and
does not require any phase matching techniques.

Another organic crystal comparable with DAST is N-Benzyl-2-Methyl-4-
Nitroaniline (BNA). It was first developed as a derivative from another organic
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crystal, 2-Methyl-4-Nitroaniline (MNA), known for being difficult to grow ef-
fectively [56,57]. It has a large EO at 800nm of ~ 234pm V! [58] at 800 nm
and despite having a phonon at 2.3 THz [38], it is capable of generating with
a bandwidth of 15 THz [58]. Similarly to ZnTe, it does not require any phase
matching techniques to be used, owing to the optical refractive index matching
the THz refractive index.

Crystal | EO Coeff (pm/V) | Lst Phonon Frequency (THz) | Crystal Class | GVM (ps/mm) | Structure Material Type
BNA 234 2.3 mm2 0.2 Monoclinic | Organic Crystal
DAST 160 1.1 m 1.22 Monoclinic | Organic Crystal
GaP 0.97 11 43m - Zincblende Semiconductor
GaSe 14.4 6.4 62m 0.1 Hexagonal Semiconductor

LiNbO3 27 7.7 3m 14.1 Trigonal | Inorganic Crystal
ZnTe 3.9 5.3 43m 1.1 Zincblende Semiconductor

Table 2.1: Properties of commonly used EO crystals at 800 nm excitation wave-
length.

2.2.3 Plasma Emission

Generation of THz radiation from air plasma was first established in 1993 [59],
with the plasma being generated by focused, high power femtosecond laser
pulses. The THz radiation is created by the acceleration of charged particles in
the inhomogeneous EM field within the air plasma, known as the ponderomotive
force. Further experiments attempting to improve air plasma generation found
that adding a parallel Second-Harmonic (SH) pulse at double the frequency of
the main pulse greatly improved the generation efficiency, as the SH pulse ap-
plies a transverse bias to the plasma [60]. The SH generation is often performed
by a type-I 8-Barium Borate (BBO) crystal placed after the focusing lens (see
Figure 2.16). Other methods of improving the THz generation include applying
a bias to the plasma, which causes a linear increase [61]; shortening the laser
pulse’s duration, which increases the magnitude and bandwidth [62]; using a gas
with a greater breakdown voltage (such as Nitrogen) and increasing the pressure
of the gas [63]. As this method of generation is not limited by damage threshold,
the maximum THz field possible with plasmas is limited by the excitation beam
power, allowing for fields in the MV cm ! range to be obtained, however, this
requires very large pulse energies.
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Figure 2.16: Optical path of plasma generation using a BBO crystal. Image
taken from [1].

2.3 Detectors

This section summarises some of the detection schemes used in THz spec-
troscopy systems, focusing on laser driven detectors, capable of performing co-
herent detection (where amplitude and phase of the electric field are acquired).
To perform 2D spectroscopy, phase and amplitude information of the electric
field is critical for acquiring 2D Fourier transforms (see Section 2.4.3).

2.3.1 Photoconductive Detection

To use a PCS for detection of THz radiation, an additional femtosecond ‘sam-
pling’ pulse is required. When the probe pulse is focused onto the PCS gap,
electron-hole pairs are generated in the device’s semiconductor material. Inci-
dent THz radiation then causes these charges to become accelerated owing to
the electrical field of the radiation, generating a current in the gap, proportional
to the field of the THz pulse. The instantaneous current can be calculated using
the following equation:

J(t):/_t Erp,(t)o(t —t"dt', (2.24)

where By, is the energy of the THz pulse and o(¢) is the conductivity induced
by the femtosecond pulse. In the frequency domain, the relationship can be seen
to be: . 3

J(v) = 6(0) B, (v), (2.25)

where J(v), &(v) and Erg,(v) are the Fourier transforms of J(t), o(t) and
Ern,(t) respectively. This shows that a slower recapture time will reduce the
detectable bandwidth, as a faster recapture time will lead to a greater change
of o(t). [24]

The induced photocurrent is often fed into a transimpedance amplifier, al-
lowing for the small current to be converted proportionally into a voltage. As
the generated photocurrents are small, it is preferable to use a semiconductor
with a high dark resistivity, as the dark current will be a source of noise [64].
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Although PCSes work well as detectors for high repetition rate systems as
multiple measurements of the small generated currents can be performed quickly,
however, they are not ideal candidates for low repetition rate systems, such as
ones using amplified lasers.

2.3.2 Electro-Optic Detection

EO crystals may also be used for detection of THz radiation, by use of the
Pockels effect. The Pockels effect occurs when a static electric field is applied
to an EO crystal, causing the polarisation of any incident radiation to change,
proportional to the strength of the electric field. This effect is also utilised in
Pockels cells, as described in Section 2.1.4.3. In Pockels cells, the electric field is
generated by a controllable power source, however in EO detection, the field of
incident THz pulse is used. The THz pulse that is to be detected is focused onto
a spot on the EO crystal’s surface and a femtosecond pulse is also focused onto
the same spot. The incident femtosecond pulse is short compared to the THz
pulse, therefore, the resulting change in polarisation becomes proportional to the
instantaneous strength of the THz field. The phase of the incident femtosecond
pulse is also dependent on the THz pulse with the following relation:

1
I'x XLnSduETHm (2.26)

where ) is the wavelength of the incident pulse, L is the crystal thickness, d4;
is the electro-optic coefficient and ng is the refractive index of the crystal at the
incident pulse’s frequency.

After the femtosecond pulse passes through the EO crystal, it then travels
through a quarter-wave plater, causing the beam to be split into uneven X and
Y components, owing to its elliptical polarisation. The X and Y components
are then separated into two pulses using a Wollaston prism. The difference in
intensity between each component is then detected using balanced photodiodes
(see Figure 2.17). The field of the detected THz pulse can then be calculated
using the following equation:

Ing

I,=1,—-1I, = nads1 ETHy, (2.27)

where I, and I, are the intensities of the X and Y components, Ij is the beam
intensity without an incident THz field and w is the angular frequency. It should
be noted that equation is only valid in the linear regime. To acquire a more
accurate value of the detected field, further corrections can be added to this
equation which are discussed in Appendix 8.1.

Owing to the nature of this detection method requiring the interaction be-
tween THz pulses and femtosecond pulses which have different wavelengths, the
coherence length of the EO crystal (described in section 2.2.2.3) must be taken
into account. This causes thinner crystals to have a larger detection bandwidth,
but a decreased sensitivity. [22]
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Crystal phonons must also be considered when choosing a detection crystal,
as the phonons cause gaps in the detection bandwidth at their resonant fre-
quency, making it hard to resolve information at those frequencies. ZnTe, GaP,
GaSe and LiNbOj3 are commonly used crystals for detection. For this project, a
thin (150 pm) GaP crystal was used for characterising emitters (see Section 3.3)
due to the larger detection bandwidth, but for sample measurements, a thicker
(1mm) ZnTe crystal was used due to the better SNR and because the reflections
of the THz pulse are pushed back further in time, increasing spectral resolution
(see Section 2.4.1).

Balanced
o i photo-diodes
E Wollaston
fs pulse crystal hvz: prism -V

A‘ H v I
THz pulsd) I e
+V

without THz i 1 Q ! L-1,=0
with THz i Q O o -1, = Al

Figure 2.17: Optical path of EO detection. Arrows below diagram denote the
polarisation of the femtosecond pulse, with and without THz radiation incident
on the detection crystal. Image taken from [24].

2.3.3 Noise Reduction Instruments

This section describes some of the instruments used in detection schemes to
reduce noise.

2.3.3.1 Lock-In Amplifier

A Lock-In Amplifier (LIA) is a instrument commonly used in THz detection
systems to acquire a signal obscured by large background noise. The input
signal to the LTA (V1,(¢)) can be represented using the following equation [65]:

Vin(t) = Vo sin(wot + 0o) + Vi (¢), (2.28)

where Vx(t) is the noise and Vp, wy and 0y are the amplitude, angular frequency
and phase of the input signal respectively. V and 0y are the components of the
signal to be extracted. A reference signal (which will be used to modulate the
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input signal) is fed into the LIA, wherein a sine wave of frequency wg, match-
ing the frequency of the reference signal, is generated by a Voltage-Controlled
Oscillator (VCO), producing the internal reference signal (Vget(t)):

VRef(t) =R sin(th + 9R), (2.29)

where Vg and 0y are the amplitude and phase of the reference signal respectively.
The input signal and the internal reference signal are then mixed together:

1
Watix (t) = Vin(t) Vret (t) = §VOVR cos([wp — wr|t + 0o + ORr)

1
— §%VR COS([L«)O + OJR]t + 60y + QR) (230)

+ VN (t)VR sin(th + HR)

The mixed signal is then passed through a Low-Pass Filter (LPF), blocking all
Alternating-Current (AC) signals. If wq is set to the same frequency as wg,
the difference frequency component of Visix(t) becomes a Direct-Current (DC)
signal:

1
Vipr(t) = §V0VR cos(fp — Or).- (2.31)

As Vg and 0y are known, Vj and 6, can be acquired without noise signal Vx(t)
present in the input signal (Equation 2.28).

2.3.3.2 Boxcar Averager

A boxcar averager, also known as a boxcar integrator, is another method of
reducing noise in systems, particularly when the signal of interest has a relatively
short period when compared to the background, such as ultrashort pulses from
low repetition rate laser systems. For the amplified laser used in this project, the
pulses are 40 fs every 1 ms which in turn causing a response on the photodiodes
with a period of ~3us giving a very low duty cycle of 0.003.

An ideal boxcar can be imagined as a periodic box function with an am-
plitude of 1 and width equal to the peak of interest being multiplied with the
periodic input signal. The signal in the box function is then integrated to ac-
quire the resulting in a digitised value. Any noise outside of the pulse of interest
is then suppressed as it is multiplied by O from the box function. To improve
the SNR further, the result of each period of the boxcar signal can be averaged.
The SNR can be approximated using the following formula [66]:

SNRouwt = SNRi, /7, (2.32)

where n is the number of averages.
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2.4 Time Domain Spectroscopy

Whilst other methods of spectroscopy measure directly in the frequency domain
or using light intensity, TDS acquires spectral features by measuring the electric
field of a pulse in the time-domain and later performing a Fourier transform to
it. Unlike intensity based measurements (e.g. bolometer based measurements),
THz-TDS measurements can also retrieve phase information, by sampling the
electric field directly, allowing for information to be acquired directly from the
sample, such as real and complex dielectric properties, the refractive index and
absorptions. THz-TDS has become a common technique in the field of THz
spectroscopy as it is a coherent form of detection that can be performed in
free space systems and can have a high SNR without requiring a cryogenically
cooled emitter or detector. THz-TDS systems use femtosecond lasers (such as
fibre or Ti:Sapphire lasers) to drive both emission and detection, allowing for
broadband spectroscopy to be performed. [67]

2.4.1 One Dimensional Spectroscopy

In One-Dimensional (1D) THz-TDS systems (see Figure 2.18), a time-domain
pulse is built up over multiple measurements using two femtosecond pulses which
will be referred to as the ‘sampling’ pulse and the ‘probe’ pulse. The ‘probe’
pulse is used to activate the emitter (such as a PCS or a EO crystal), gener-
ating the broadband THz pulse, meanwhile the ‘sampling’ pulse activates the
broadband THz detector. When the detector is illuminated by the ‘sampling’
pulse and the broadband THz pulse produced by the emitter, an instantaneous
reading is taken of the THz pulse, as the period of the femtosecond pulse is
much smaller than the THz pulse, which is normally several picoseconds. To
build up the full measurement of the THz pulse in the time domain, the delay
between the ‘probe’ and ‘sampling’ beams is changed, allowing for a sample of
a different point in time to be acquired. This delay in usually achieved by use
of a mirror attached to a moveable stage, particularly in systems where only
one femtosecond laser is used to generate the ‘probe’ and ‘sampling’ pulses.
As the detector is only active when both the sampling and THz pulses hit it
simultaneously, a high SNR can be achieved [67].

Once a time-domain signal is obtained, it can be fourier transformed to ob-
tain frequency information. The resolution of the resulting fourier transform is
proportional to the time range of time of the time-domain signal. This length is
normally limited by reflections in the system rather than the length of the delay
stage, as these reflection cause pulses to appear in the time domain data. When
EM radiation passes through an interface of differing refractive indexes, part
of the signal is reflected back, with the delay between the reflection calculated

using the following equation:

onL
=2 (2.33)
C

where n is the refractive index and L is the length of the sample. The reflections
cause oscillations to appear in the frequency domain, making it difficult to
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Figure 2.18: Example of a 1D THz TDS system using transmission geometry.

resolve spectrally narrow features [68]. To remove these features, the scan data
is often windowed in post-processing to just before the first reflection. The most
common causes of reflections are from the emitter, detector and sample. Adding
a thin metal subsurface layer to the emitter [69] or an anti-reflective coating to
the detector [68] has shown to greatly reduce the magnitude of these reflections,
however this comes at the cost of reducing the emitted or detected THz signal.

An example of data obtained using TDS and the resulting Fast Fourier
Transform (FFT) is shown in Figure 2.19.
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Figure 2.19: Example of data from a TDS measurement and its resulting FFT.
To improve SNR further, signal processing hardware or software is often
used, the most common being a LIA (see Section 2.3.3.1). Systems using a LIA

require the probe pulses to be modulated on and off at a set frequency, with
this frequency used as a reference in the LIA. This modulation is usually per-
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formed with either a mechanical chopper which periodically blocks the ‘probe’
beam, or via electrical modulation when using a PCS. The LIA is also setup
with a ‘time constant’ which averages the received signal over a given time pe-
riod, also increasing SNR at the expense of scan time. Measurements are also
normally performed in a purged air environment to prevent absorption of the
THz radiation from the water vapour in the air.

To obtain information about a given material, measurements are performed
on a sample and then compared to a reference [1,24]. A time domain THz pulse
after being Fourier transformed into the frequency domain can be represented
as: -

E(w) = / E(t)e™dt, (2.34)
— 00
where E(t) is the electric field of the pulse. The complex refractive index of a
material is defined as:
N =n+ ik, (2.35)

where n is the real refractive index and & is known as the extinction coefficient.
n represents the time delay in the light travelling through the medium, whilst
k represents the attenuation of the electric field travelling through the medium

and can be obtained using;:
ca

k= 9’ (2.36)
where « is the absorption coefficient of the medium. This in turn is defined as
the inverse of the distance where the intensity of an incident pulse is reduced to
1/e of its original intensity. For homogeneous samples, the Beer-Lambert law
can be used:

I = Ipe %, (2.37)

where [ is the measured electric field intensity, Iy is the initial electric field
intensity and d is the distance the electric field has propagated into the sample,
usually the thickness of the sample. To acquire the real refractive index (n), of
a sample of a known thickness (d), the following equation can be used:

dtc
ng = nNr + 77 (238)
where ng and ng are the real refractive indexes of the sample and reference
respectively and dt is the time difference between the sample and reference
pulses arriving at the detector. This complex refractive index also relates to the
complex dielectric constant with the following relation:

€ = N2 (2.39)

The transmission coefficient as a function of frequency can be obtained by di-
viding the Fourier transform of the sample signal by the reference signal:

(2.40)
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The above equations only provide an estimate of the complex refractive index.
Further processing involving transfer functions are required to obtain a more
accurate value [70].

The most common sample set-up for a THz-TDS system is a ‘transmis-
sion’ configuration, in which the THz radiation is focused onto a sample using
parabolic mirrors and is then collected at the other side of the sample by a
separate mirror and focused onto the detector. Reference measurements are
performed by simply having no sample in the set-up, or using a substrate ma-
terial when thin layer samples are being measured.

While most THz-TDS systems have a ‘transmission’ based set-up (i.e. the
THz radiation passes through the sample and is measured on the other side), it is
in some cases impractical to perform measurements this way if a material is too
reflective in the THz region, as not enough signal will be detected by the receiver.
It is still possible to perform THz-TDS measurements with these materials,
but it requires a slightly different experimental set-up. In a reflection TDS
system, the THz radiation is focused onto the sample and then reflected off and
gathered by a parabolic mirror, to be focused onto the detector. In most cases,
to obtain a reference sample, a material with close to 100% reflectivity in the
THz region is used, such as a metal mirror. If the sample has a high reflectivity
however, a reference must be taken using a material with low reflectivity (e.g.
silicon). [71-73]

2.4.2 Pump-Probe Spectroscopy

In pump-probe TDS systems, a third beam is added into the system, known as
the pump pulse. This pump pulse may be broadband or narrowband and may
be in the THz frequency range or otherwise. The probe pulse however is in the
THz range, and relatively weak in field to prevent nonlinear interactions with a
given sample. The pump pulse is used to excite samples, creating responses that
would otherwise not appear without it, for example, exciting a specific electron
transition. The probe beam can then investigate how that transition interacts
with the rest of the sample. If the pump beam is pulsed and can be delayed
in time, then time resolved pump-probe spectroscopy is possible, wherein the
delay between the pump and probe is changed, allowing for the evolution of the
response over time to be measured.

When acquiring a pump-probe response from a sample, the probe signal
measurement with and without the pump beam incident must be acquired. This
is usually done by chopping the pump and ‘probe’ beams at different frequencies
or at the same frequency but out of phase with each other. The response induced
by the pump is then acquired with the following equation:

EProbe+Pum (w)
E esponse e
Resp (W) EProbe(W)

Optical pump, THz probe measurements are the most commonly used THz
TDS pump-probe technique and have been shown to be able to investigate
carrier dynamics in semiconductors [74,75] and nanoparticles [76], as well as

(2.41)
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vibrational spectroscopy in condensed matter systems [77,78]. THz pump, THz
probe measurements have been shown to be able to investigate the gain recovery
time in Quantum Cascade Lasers (QCLs) [79].

2.4.3 Two Dimensional Spectroscopy

Broadband 2D TDS systems are similar in design to broadband pump-probe
systems with both systems utilising two broadband THz pulses, the main dif-
ference being that in 2D systems, both excitation pulses are powerful enough
to induce nonlinear responses within the sample. 2D spectroscopy is a well de-
fined technique for Infrared (IR) spectroscopy [80], but is still a relatively new
technique for THz spectroscopy [81]. In IR 2D spectroscopy, ‘photon echo’ ex-
periments utilising three, non-collinear excitation pulses are the most commonly
used [80]. The first pulse causes the sample to become coherently polarised and
then shortly after, at a delay time of T, the second pulse excites the sample.
After another delay of T', the third pulse interacts with the sample, generat-
ing the nonlinear signals. To acquire phase and amplitude information of the
nonlinear signal, a fourth, low power pulse heterodynes with this signal, acting
as a local oscillator [80,82]. This technique is analogous to Nuclear Magnetic
Resonance (NMR) [83]. As these pulses are non-collinear, the different nonlin-
ear signals generated are separated in space on the detector. In 2D THz TDS,
only two excitation pulses are required to generate the nonlinear signal (Ent,)
as the amplitude and phase of both excitation pulses are acquired as a function
of time when performing TDS. To acquire the nonlinear response, all possible
combinations of the pulses incident on the sample are required; Ex (only signal
‘A’ on the sample), Ep (only signal ‘B’ on the sample) and Eap (signals ‘A’
and ‘B’ on the sample simultaneously). The following equation acquires the
nonlinear response:

ENL(t7T) = EAB(t,T) — EA(t) — EB(t,T), (2.42)

where T is the delay between the two pulses and ¢ is the delay of the sampling

beam. The nonlinear response only occurs when both beams ‘A’ and ‘B’ are
incident on the sample (Eap), therefore when there is no nonlinear response
in a material, Eap = Fa + Ep. The four states can be acquired by chopping
pulses A and B at the same frequency but 90° out of phase. Figure 2.20 shows
an example of a system with no nonlinear response compared with a fictitious
nonlinear response. In this example, obvious pulse broadening can be seen in
FEap when the nonlinear response is present, however in reality, the nonlinear
response is often more subtle (e.g. the nonlinear signal having a peak field of
~25V em ! with a pump field of ~11kV cm ™! [84]). Delays ¢ and T are altered
throughout the measurement, allowing for a 2D time domain nonlinear signal
to be acquired. This can then be transformed into the frequency domain in
terms of ¢ and T by performing a 2D FFT, allowing for the nonlinear signal to
be interpreted.
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Figure 2.20: Simulation of time-domain pulses in a 2D THz TDS system and
the resulting nonlinear response.

There are two possible beam geometries for 2D spectroscopy setups; collinear
(see Figure 2.21) and non-collinear (see Figure 2.22). In a collinear setup, both
pulses are combined using a beamsplitter before being focusing onto a sample.
This beam combination can either be done for the excitation beams, meaning
that only a single emitter is required to generate both intense pulses, or for the
intense THz pulses, using a THz beamsplitter such as a Si wafer or a pellicle
beamsplitter. In non-collinear setups, the pulses are only combined in space on
the sample, usually achieved by having the beams reflecting off different areas on
the parabolic mirror used to focus the pulses onto the sample. Collinear setups
have the advantage of being much simpler to align, making them more reliable
for combining both beams onto the same point on the sample, however this
comes at the cost of reducing the peak field that can be applied to the sample.
For two emitter collinear systems, this is owing to a proportion of the THz beam
being lost at the beamsplitter, whilst for single emitter systems, this is from the
optical power of both excitation beams combined being less than the damage
threshold of the emitter. Non-collinear systems, despite having a potential for
generating greater fields, also suffer from a reduction in the detected nonlinear
response from the phase mismatch, owing to the limited spatial interaction of
both pulses on the sample. This also limits the thickness of samples that non-
collinear measurements can be performed on [81].
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Figure 2.21: Example of a 2D THz TDS system using a collinear geometry.
Image taken from [85].
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Figure 2.22: Example of a 2D THz TDS system using a non-collinear geometry.
Image taken from [85].

As 2D-TDS measurements are often performed using a collinear beam ge-
ometry (see Figure 2.21), all nonlinear responses to appear in the 2D FFT of
Eny, separated in frequency as defined in Table 2.2 [81,82,84,86]. The 10_c>a—
tions _())f the nonlinear signals can be interpreted as a chain of wavevectors k 5
and k g, corresponding to a Liouville pathway. The wavevector k A is a purely
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horizontal vector of size (+vy,0), whilst ?B is 45° to ?A, with size (£vp, t1p).
Figure 2.23 shows examples of the wavevectors in the nonlinear 2D FFT (left
side of the diagram) compared with the double-sided Feynman diagram (right
side of the diagram). The various nonlinear responses can then be isolated and
viewed in the time domain by performing an inverse 2D FFT on a given region
(see Figure 2.24), allowing for information about the specific response to be
obtained [81,82, 84, 86].

Figure 2.23: Various wavevector combinations and corresponding Liouville path-
(a)-(c) are the pathways contributing to the FWM signal, whilst (d)
is a single pathway contributing to the six-wave mixing signal. Image taken

ways.

from [81].

v; (Vo) ve (Vo) v: (vo)

Vi (vo)

-2

0
vt (vo)

()

NS

N

real time t



2.4. Time Domain Spectroscopy 39

Fourier spectrum 1 1 Four-wave-mixing
‘ ~ 3 —
24 @ > ! 3 g 058
i 0% g 8 T
- 1 % - = b
-;P 0— - ‘2\ 90 E
% o 0.0 3,
-1 + c = ®
) 23 g
=2 7 ] \ —_ _—
w
T % T T T 0 -1 0.5
2 -10 1 2 -05 0.0 0.5
vV, Real time t (ps)
Pump-probe signal B Pump-probe signal A
1 = 1 _
—_ . [75)
805 E =
9 ~ o
£ 02 0 £
70 £ ' |”1II< 7
2 O (0]
) [
: : \
05 g
-0.5 0.0 0.5 -0.5 0.0 0.5
Real time t (ps) Real time t (ps)

Figure 2.24: Inverse 2D FFT of a nonlinear signal, separating out the two
‘pump-probe’ signals, and one of the FWM signals. Image taken from [81].
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Table 2.2: Mapping of different nonlinear responses in wavevector and frequency
space [81].

The technique of 2D THz TDS has been shown to be able to resolve multi-
level dynamics in quantum well systems [81,82], including intersubband sat-
urable absorbers [2,84] and QCLs [86], graphene [82], cyclotron resonances in
2D electron gases [87], rotational spectroscopy of gas phase molecules [88] and
vibrational spectroscopy of semiconductor phonons [89,90]. The most common
generation method used for these experiments have been EO rectification (see
Section 2.2.2.2), with LiNbOj being a popular choice as the generation crys-
tal, owing to its large damage threshold and good EO coefficient, allowing for
fields greater than 1MV cm ™' to be generated [91]. As discussed in Section
2.2.2.6, generation using LiNbOgs does have drawbacks, namely that complex
phase matching is required involving reflective gratings and also the bandwidth
is usually limited to ~2 THz.
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Chapter 3

Photoconductive Arrays

A Photoconductive Array (PCA) is a Photoconductive Switch (PCS) design
constructed of multiple interdigitated electrode finger pairs connected to a single
anode or cathode, separated by semiconductor strips, creating multiple PCSes in
a parallel configuration, allowing for constructive interference of the THz pulses
emitted from each PCS. Due to their design, they allow for a much larger area
to be optically excited, reducing the incident optical density and local heating
of the device [92], therefore reducing the likelihood of damaging the device.
Having a large area device consisting of multiple smaller PCSes also has the
added benefit of not requiring as great a bias voltage to apply the same electric
field strength across the semiconductor.

PCAs are typically fabricated similarly to single gap PCSes (a semiconduc-
tor on a host substrate with metal electrodes on the top), but with the electrode
structure consisting of multiple interdigitated pairs, allowing for multiple semi-
conductor strips to be illuminated. This design requires an optical mask to
be deposited on every other gap to prevent deconstructive interference of the
emitted THz pulse, as every other gap is inversely biased which would result in
an equal but oppositely polarised THz pulse to be emitted [92]. Alternatively,
every other semiconductor gap can be removed during the fabrication process,
making the optical mask unnecessary [93,94].

The design of the PCAs electrodes has been shown to have an impact of the
generation efficiency. For a fixed area of illumination, it can be estimated using
the following formula [37]:

a b
FEry.(a.u. ki————————— + ko—, 3.1
TH.(2.1.) o 1p(1+a/L)+ 2p (3.1)
p=a+b+c+d, (3.2)

where k7 is the THz emission efficiency due to the antenna effect on the metallic
anode, ks is the emission efficiency due to the acceleration of carriers within the
semiconductor, a is the width of the anode fingers, b is the width of the bright
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gap (where the semiconductor is illuminated), ¢ is the width of the cathode,
d is the width of the dark gap (where there is no semiconductor or where the
semiconductor is not illuminated) and L is ‘saturation length’ [37]. This is
the length at which the THz field stops scaling linearly with the width of the
anode. For a Au electrode on a GaAs substrate, L is ~40pum [36]. Figure 3.1
shows a, b, c and d on a schematic diagram. From equation 3.1, it can be seen
that the efficiency of the device can be improved by minimising both the width
of the cathode, and the width of the dark gap. The increased efficiency from
increasing the anode size can be attributed to plasmonic oscillations created
by the photoexcited electrons arriving at the anode [36]. It should be noted
however that this study was only performed on small gap devices < 50 pm and
these equations may not be accurate for large gap devices.

a

Figure 3.1: Schematic diagram of a PCA, highlighting lengths a, b, ¢ and d used
in Equations 3.1 and 3.2. Image taken from [37].

Certain PCA designs have also been shown to be capable of generating THz
pulses with precise control of both the amplitude and polarisation [95,96]. The
device is split into multiple smaller PCA ‘pixels’, with half of them emitting
horizontally polarised radiation and the other half emitting vertically polarised
radiation. The amplitude and polarisation can then be controlled by changing
the magnitude and ratio of the voltage applied to the horizontal and vertical
‘pixels’.
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3.1 Fabrication Technique

The fabrication technique for the PCAs used in this project was developed by
Dr. David Bacon [94] and is summarised in this section. Devices used in this
project were provided by Dr. David Bacon and Connor Kidd. Figure 3.2 shows
a simplified version of fabrication process as a visual aid.

The semiconductor material used for these devices is 2um thick LT-GaAs,
grown at ~290 °C using MBE on a SI-GaAs substrate with a 400 nm Aly 7 Gag 3 As
sacrificial layer. The wafer is first scribed into the desired size and then annealed
at 550 °C for 15 minutes to increase resistivity [97]. Next, a 300nm thick layer
of BCB thinned with mesitylene (2:1 by weight) is spun onto an insulating sub-
strate (sapphire or z-cut quartz), after which, the LT-GaAs wafer is placed onto
the insulating substrate where they are then bonded, heated and under vacuum,
in a wafer bonder. When using a sapphire substrate, bonding is performed at
250°C for one hour, whilst for a quartz substrate, this is performed at a lower
temperature for a longer duration due to the thermal expansion coefficient mis-
match between the quartz and LT-GaAs. BCB is used as the bonding adhesive
as it is optically transparent and ensures effective heat transfer between the
wafer and the insulating substrate [98]. After bonding, the SI-GaAs substrate
is chemically-mechanically polished until it is ~30 pm thick and then the remain-
der is removed using citric acid (5:1 ratio). The AlGaAs is removed afterwards
with buffered Hydrofluoric Acid (HF). The LT-GaAs is then patterned with
a positive photoresist and etched in dilute sulphuric acid (H2SO4:H205:H50,
1:8:800 volume ratio), removing the alternate LT-GaAs strips, preventing de-
constructive THz emission. To form the electrodes, a thin layer (15/200nm)
of Ti/Au is first deposited over the entirety of the device, followed by another
positive photoresist. Potassium iodide and buffered HF are then used to etch
through the gold and titanium respectively, creating the interdigitated elec-
trodes.

The first devices produced using this method had electrodes with squared
ends (see Figure 3.3a), but after some devices failed under prolonged use at
higher applied biases, it was concluded that the sharp edges were creating a
concentrated localised electric field. In subsequent devices, the electrode ends
were rounded (see Figure 3.3b) to reduce the concentration of the localised
electric field, improving the longevity of the devices.
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Figure 3.2: Diagram showing the simplified process for fabricating a PCA. Image
taken from [94].
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Figure 3.3: Microscope image of two PCAs. Yellow areas are the Ti/Au elec-
trodes, light blue areas are LT-GaAs and dark areas are the quartz/sapphire
substrate.

3.2 Experimental Setup

This section describes the experimental setup used to characterise the PCAs
used in this project.

3.2.1 Optical Setup

Figures 3.4a to 3.4c show a simplified optical diagram of the system used to
characterise the PCAs. It is a 1D TDS system, with the emitter in a collimated
configuration, utilising a reflective telescope to expand the size of the excitation
beam to fully illuminate larger devices. For devices smaller than the size of
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the expanded beam, this also the provides less intensity variation across the
active region, preventing the centre of the device becoming saturated before
the edges, reducing the risk of damage at the cost of optical efficiency. Due to
the transparent nature of the emitter substrate, Backside-Illumination (BSI) is
used to generate the THz pulse. Here, the excitation beam travels through the
transparent substrate (quartz/sapphire) before illuminating the active region,
preventing attenuation and broadening of the generated THz pulse, leading to
a pulse of greater magnitude.
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Figure 3.4: Optical diagrams of the experimental system configurations used to
characterise PCAs. The system can be configured to detect the pulses at either
the sample space or in the detection space. Measuring the field at the sample
space can provide more accurate values for fields incident on a sample and aid
with alignment.
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The spot size of a Gaussian beam being focused from a lens can be found
using the following equation:

4NFM?

-, (3.3)

211/0 =
where wq is the beam waist, A is the wavelength of the beam, F' is the focal
length of the lens, D beam diameter at the lens and M? is the Gaussian beam
propagation factor. For an ideal beam, M? is assumed to be 1. From this
equation it can be seen that the spot size is proportional to the focal length
of the lens and as a smaller spot size beam would create a larger electric field.
As higher fields are required to perform nonlinear spectroscopy, it is therefore
critical to use a parabolic mirror with as short a focal length as is feasible to still
allow for a sample to be measured. To allow for ample room for a large cryostat,
2" parabolic mirrors with a 4 " Effective Focal Length (EFL) were used, giving a
total sample space of approximately 6" (the two parabolic mirrors in the sample
space take up 1" each from the total 8" length).

The system was designed in such a way to allow for the THz field to be
measured at the sample space (after the first parabolic mirror), as well as after
the final parabolic mirror. This was done to provide a more accurate measure-
ment of the THz field incident on a sample for calculation of saturation fields,
as well as to aid with the alignment of the system. Simplified optical diagrams
with unused optics removed for sample space and measurement configurations
are shown below in Figures 3.4b and 3.4c respectively.

Both expanded Polytetrafluoroethylene (PTFE) and a Si wafer were tested
as potential IR filters for the system, but PTFE was ultimately chosen. Si does
have the benefit of attenuating the signal at higher frequencies to a lesser degree
and allows for a greater bandwidth to be applied to a sample (see Figure 3.5),
however, at higher optical powers, the absorption of the IR beam generates
carriers within the wafer which cause the signal to be attenuated. PTFE does
suffer from a phonon at ~2.5 THz, reducing the SNR around that frequency.
PTFE also does not attenuate IR to the same degree as Si, so at very high
incident optical powers, enough light will pass through to be detectable on the
detection photodiodes.

Earlier iterations of the system utilised a transmissive, focus-through config-
uration (shown in Figure 3.6), where the emitter is placed between the focusing
lens and the sample focal point. THz beams produced from large PCSes have
been shown to follow the path of the IR excitation beam well [99,100], making
this setup much simpler to align and acquire large fields as short focal length
lenses were used, however, some problems were found when using it. To expand
the beam to a large diameter and then focus it with a short focal length lens with
transmissive optics requires relatively thick optics. This causes the excitation
beam to travel through a large and varying amount of glass, leading to varia-
tion across the beam [101]. The pulse broadening can be compensated to some
degree by altering the compression of the amplified laser (see Section 2.1.5), but
due to the variation across the beam, it can never be optimally compressed. The
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placement of the emitter after the focusing lens also vastly reduced the amount
of room available for a cryostat when performing sample measurements.
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Figure 3.5: Bandwidth comparison of using PTFE and Si as an IR filter. The
emitter used was a 15x15mm PCA biased at 400V, excited with an optical
fluence of ~5pJmm—2. A 150 pm GaP crystal was used for detection.
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Figure 3.6: Focus-through 1D TDS system, utilising a transmissive telescope to
expand the beam size.

3.2.2 Instrument Setup

This section will summarise the setup of the instruments used in the system to
acquire data for both reference modulation techniques; electrically chopping the
emitter and optically chopping the excitation IR beam.
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3.2.2.1 1D Spectroscopy Setup (Electrical Chopping Reference)

Figure 3.7 shows a block diagram of the instruments used to acquire 1D-TDS
signals from the system, electrically modulating the emitter as a reference for
the LIA. The amplified laser (Spitfire Ace PA) provides a master 1kHz reference
derived from the 80 MHz repetition rate of the seed laser, synced to the laser
pulse output. The reference is used to generate a 125 Hz signal by the pulse
generator (Agilent 83500B) which is in turn used as the gate signal for the
pulse generator (DEI PVX-4150). The pulse generator takes a high voltage DC
input from the voltage supply (Keithley 2410) and converts it into a square wave,
chopping the DC input using the gate input as a reference. This high-voltage
chopped signal is then applied to a PCA, which generates the THz pulses.
Using EO sampling (see Section 2.3.2), the THz field drives a pair of balanced
photodiodes (Newport Nirvana 2007), which is fed into a boxcar averager (SRS
SR250) and then a LIA (AMETEK 7265) to reduce noise before the resulting
signal is acquired using a LabView program on a PC. The boxcar averager
removes the ‘laser off’ noise from each pulse, as it uses the 1kHz reference from
the amplifier. A boxcar amplifier is used here, as the signal of interest (where
the laser is on) has a relatively low duty cycle. Figure 3.8 shows the boxcar
window used compared to the response from the photodiodes when a THz pulse
is present and absent on the detection crystal. From testing multiple window
sizes and positions, it was found that the ~2 ps window shown provided the best
SNR. The output from the boxcar when a PCA chopped at 500 Hz is used as the
source is shown in Figure 3.9. Here it can be seen that a quantized 500 Hz square
wave is produced from the small photodiode responses. The LIA operates on
pulse trains of 8 pulses (4 with the emitter on, 4 with the emitter off), using the
125 Hz reference from the pulse generator. It allows for a reduction of the ‘laser
on’ noise by extracting the THz signal of interest, which is being modulated
at 125 Hz by the emitter being turned on/off periodically. 125Hz was chosen
as the emitter modulation frequency as it allows for the signal to be averaged
over 4 pulses, helping to reduce noise created by the difference in optical power
between laser pulses.

Voltage Supply Photodiode Boxcar Lock-In Amplifier PC
4 F
Pulse Generator Emitter
T
Pulse Generator |« ---| Amplified Laser |-----------1

..........................................................

Figure 3.7: Block Diagram of Experimental System when set up for 1D spec-
troscopy, using electrical modulation for the LIA reference. Dotted lines denote
a trigger connection, thick red lines denote an optical connection, other lines
denote an electrical connection.
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Figure 3.8: Window of the boxcar compared to the photodiode response with
and without a THz pulse present on the detection crystal.
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Figure 3.9: Output of the boxcar compared to the photodiode response. Emitter
is operated at 500 Hz.
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3.2.2.2 1D Spectroscopy Setup (Optical Chopping Reference)

Figure 3.10 shows a block diagram of the instruments used to acquire 1D-
TDS signals from the system, optically modulating the emitter as a reference
for the LIA. The setup is similar to when the emitter is electrically chopped,
but with the emitter biased directly from the high voltage DC supply (Keith-
ley 2410), and an optical chopper (ThorLabs MC2000B) operating at 125 Hz,
phased locked to the 1kHz reference from the amplified laser, being placed in
the optical path before the emitter. The 125 Hz chopping signal is the used as
the reference signal for the LIA.

The main advantages of optically chopping the emitter instead of electrically
chopping is that it is simpler to implement as a pulse generator is not required,
as well it increasing the emitter lifetime, as the number of amplified pulses
incident on the device over a given period of time is halved, reducing the chance
of the device becoming damaged. The main disadvantages are that owing to
the large beam diameter, the phase of the optical chopper must be set precisely
to avoid the excitation beam being clipped and that the chopping phase does
shift with respect to the 1kHz reference owing to the mechanical nature of the
chopping.

Photodiode Boxcar Lock-In Amplifier PC
; ¥
Voltage Supply Emitter '
- Optical Chopper f----=------- o mmm e '
- Amplified Laser |----------- 1

Figure 3.10: Block Diagram of Experimental System when set up for 1D spec-
troscopy, using optical modulation for the LIA reference. Dotted lines denote
a trigger connection, thick red lines denote an optical connection, other lines
denote an electrical connection.

3.3 Characterisation

Emitter characterisation is an important part of creating an experimental sys-
tem as it provides crucial information required to interpret data acquired from
sample measurements, such as the bandwidth and field strength that was ap-
plied. Characterisation is also an important part of developing novel emitters,
as it allows for areas of improvement to be identified for the next design iter-
ation. This informed the change of electrode design shown in Figure 3.3 for
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example. This section discusses the techniques performed to characterise the
PCAs used in this work.

3.3.1 Optical Characterisation

To optically characterise the PCAs, multiple time-domain scans are recorded,
with the optical power applied to the device changing with each scan (the bias
remains constant). To vary the optical power applied to the device, a series of
two optical filter wheels containing Neutral Density (ND) filters are situated in
both pump beam lines, allowing for 36 possible optical powers to be incident
upon the device. The ND filters were all chosen to be of the same thickness and
to be as thin as possible to prevent broadening of the pump beam. A 150 pm
thick GaP crystal is used as the detection crystal for most measurements. The
detection crystal used for the scans is either a 150 pm thick GaP crystal or a
1mm thick ZnTe crystal. The GaP crystal is preferred due it being able to
detect a much larger bandwidth than the ZnTe crystal, however for devices
which do not produce large fields, the ZnTe crystal is used, owing to the better
SNR.

Figure 3.11 shows an example of the relation between the peak THz field
observed, against the applied optical power. For lower optical excitation beam
powers, the field of the emitted THz pulse increases linearly, but for greater
optical powers, saturation begins to occur. When performing this measurement,
the optical power applied to the device is carefully increased until saturation
is observed. If the optical power is increased much further after saturation is
observed, the risk of damaging the device increases dramatically. Saturation in
PCS occurs due to screening caused by the generation of local fields created by
the separation of carriers in the semiconductor [102], particularly in smaller gap
devices [103].

For these measurements, the value of the THz field was obtained by EO
detection using Equation 8.1 with some correction factors added (see Appendix
8.1). These values were later verified using a calibrated THz power meter (see
Section 3.3.4).

Although Figure 3.11 shows data from emitters of three different areas, it
should be noted that the responses cannot be directly compared, as each set of
data was taken using a different optical configuration. The data for the 7x7mm
array was taken with an optical setup similar to Figure 3.6. The data for the
18x18 mm array was taken with an optical setup similar to Figure 3.4c, but
with the emitter placed after the first parabolic mirror, allowing for a focus-
through setup. The data for the 15x15mm array was taken with an optical
setup similar to Figure 3.4a. The optical density data from this array has also
corrected by a factor of 0.43 to account for only part of the expanded Gaussian
beam illuminating the device. This factor can be estimated using the following

equation:

—2xIris Diameter?

Power Factor Through Iris = 1 — ™ Beam rwnHMZ | (3.4)

As the beam expander expands the beam by a factor of four, the incident beam
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Figure 3.11: Optical characterisation data from three emitters of different sizes,
each biased with 400 V. Field estimated from EO detection using a 150 pm thick
GaP crystal. Data for each emitter was taken on different optical setups. Field
values determined using EO sampling.

with a Full Width at Half Maximum (FWHM) of 8 mm becomes 32 mm. Equa-
tion 3.4 presumes a circular iris, however, the active area of the PCA is a
15x 15 mm square, so to acquire the diameter of a circle of equivalent area, the
following equation is used:

J— 2\/Area of Active Reglon. (3.5)

™

Substituting Equation 3.5 into Equation 3.4 obtains the correction factor of
0.43.

3.3.1.1 Noise Suppression

As well as producing a greater output field, using a higher powered optical
excitation beam has the additional benefit of suppressing pulse-to-pulse noise
common in low repetition rate amplified systems caused by the optical power
changing between pulses [104]. This was tested by recording 100 time-domain
scans using an optical power in both the linear and saturated regions of the
PCA’s optical response. From this data, the signal peaks were recorded for
each scan and the standard deviation was acquired. As seen in Figure 3.12, the
scans in the linear regime had a standard deviation of 3% of the mean, whilst
the scan in the saturation regime had a smaller standard deviation of 1.4 % of
the mean [94].



3.3. Characterisation 54

1.06 T T T T
28 pJicm?
165 pJd/icm?

1.04 4
:: i
&
~ 1.02 4
@
[0} .
o
N
|]_: 1.00 0 ~
e E - "
Q s -
2 0.98 5 -
g _UE'; 50 .
o) 3 -
Z 0.96 & . -

0 1]
0 50 100 150
0.94 4 Optical Energy Density (uJ/cm?)
T T T T T T T T T T
2.42 2.44 2.46 2.48 2.50

Optical Signal (a.u.)

Figure 3.12: Plot of the peak THz field of 100 scans against the optical power of
the excitation beam for a PCA in the linear and saturation regime of its optical
response. The peaks of the THz pulses in the saturation regime have a lower
standard deviation than those of the linear regime (1.4 % v 3%). This suggests
that operating a PCA in the saturation regime aids in suppressing optical noise
created by the amplified laser. Data was acquired using an emitter biased at
400 V. Image taken from [94].

3.3.2 Voltage Characterisation

To perform a voltage characterisation, multiple time domain scans are recorded,
with the bias applied to the device changing with each scan (the optical power
remains constant). As seen in Figure 3.13, increasing the applied bias to the
device causes a linear increase in the field of the emitted THz pulse [19], with the
maximum bias being limited by the breakdown voltages of the semiconductor
(~300kV cm ™! for LT-GaAs [26]) and the atmosphere the device is operated
in (~30kVem™! for air [105]). To prevent breakdown of air occurring, the
maximum fields applied to the devices was ~20kV cm—!, which corresponds
to ~400V for a device with a gap size of ~200um. Figure 3.14 shows the
frequency response of an emitter as a function of bias for a 12x12mm PCA
measured with a 150 pm GaP crystal where it can be seen that the shape of the
response does not alter as the device bias changes within a bandwidth of 5 THz.
The differences in response at frequencies greater than 5 THz are from the low
SNR at higher frequencies.
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Figure 3.13: Voltage characterisation data from three emitters of different sizes.
Data for each emitter was taken on different optical setups. Field values deter-
mined using EO sampling.

Voltage Sweep FFT
10! ‘ ‘ ‘

FFT (a.u.)

Frequency (THz)

Figure 3.14: Frequency response of a 12x12mm PCA at different biases. An
optical fluence of 1.5 pJmm™2 was used to excite the emitter. A 150um GaP
crystal was used for detection.

3.3.3 Spot Size Measurement

Knowledge of the spot size is important as it can be used to estimate the power
of the THz pulse incident on a sample from the measured field and indicate if
the system is well aligned, because the experimental value will be close to the
diffraction limit (calculated using Equation 3.6).
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3.3.3.1 Experimental Details

To acquire the spot size of an emitter, a knife edge is placed perpendicularly in
the focus of the beam and moved systematically to block gradually more of the
beam. At each knife position, a THz time domain signal is recorded, with the
peak of the signal decreasing as more of the knife blocks the beam. For a 2D
profile of the beam at a given position, the measurements are repeated with the
knife rotated by 90° and for a Three-Dimensional (3D) profile of the beam, the
knife is translated in the plane of the beam either side of the focus.

The THz spot size can also be acquired by capturing an image using a THz
camera with a known pixel size, as seen in Figure 3.15.
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Figure 3.15: Image of a focused THz pulse generated by a 12x12mm PCA taken
by a THz camera (Photonic Solutions TZCam). False colour applied to image
for clarity. Each pixel is 50x 50 pm in size.

3.3.3.2 Data Processing

To acquire the spot size for a given position, a magnitude metric (such as the
signal peak) is found from the time domain trace recorded at each knife po-
sition. The resulting magnitude metrics are then fitted to the error function,
the integral of the Gaussian function, because the beam has a Gaussian power
distribution. From the fit, the knife positions where 90 % and 10 % of the max-
imum signal are acquired, with these positions then being used to estimate the
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spot size (1/e?) using the following formula [106]:
Spot Size = 0.7803 X |Knife gg5; — Knife 199, (3.6)

where Knife gg0, and Knife 199, are the knife positions where 90 % and 10 % of
the maximum signal is found respectively [107]. Figure 3.16 shows an example
of data from a knife-edge experiment being fitted to an error function, using
the peak-to-peak of the time domain scans as the magnitude metric. Using
the peak or peak-to-peak as the magnitude metric acquires the spot size across
all frequencies of the broadband THz pulse, however, it is possible to acquire
the spot size across a given frequency band by using bounded integrals of the
Fourier transforms of the time domain pulses as the magnitude metric.
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Figure 3.16: Experimental data showing the fitted error function against the
experimental data points of a knife edge measurement. Using the 90% and 10%
values of the fitted data results in a spot size of 1.69 mm, whilst using the 90%
and 10% values of the interpolated data results in a spot size of 1.89mm (see
Equation 3.6).

Figure 3.17 shows the results of a series of knife-edge measurements of a
18 x18 mm array, giving a minimum spot size of ~640+£35pm. The spot size of
this device was later acquired using a THz camera (Photonic Solutions TZCam),
producing images as seen in Figure 3.15. The measurements from the camera
resulted in a spot size of ~740+£60 pm. These values agree somewhat with the
theoretical value of the spot size, which can be estimated using Equation 3.6.
The peak of the frequency response of the emitter is ~0.8 THz, so a A = 375 pm
is used with F' = 10cm and D = 32 mm, resulting in a value of ~746 pm.
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Figure 3.17: Spot size of a 18x18 mm device acquired using error function
fitting. 90% upper and lower Confidence Interval (CI) also shown.

3.3.4 Power Measurements

To measure the power of the generated THz pulses and verify the estimated
field values, a calibrated pyroelectric power meter (OPHIR RMY-THz) placed
in the sample space was used. In certain crystals, changes in temperature cause
the crystal’s atoms to shift, giving rise to a voltage across the crystal, known as
the pyroelectric effect. When THz radiation is incident on these crystals, it is
absorbed, causing a small change in temperate, inducing a voltage which can be
measured. As this measurement is sensitive to other heating sources, the power
reading for a PCA is acquired by averaging the measured power over a period of
a few minutes with the emitter both biased and unbiased. The resulting power
is obtained by subtracting the average power when the emitter is unbiased from
the average power acquired when the emitter is biased. For a 18 x18 mm device,
the pulse energy measured was 113nJ when biased to 20kV cm~!. To convert
the measured energy into a field, the following equation is used:

AW
Bray = | —o, 3.7
™ cepd?mt (37)

where W is the THz pulse energy, d is the spot size and ¢ is the duration of
the pulse. For the measured device, the spot size was measured as 640 uym and
the pulse width (obtained from a time domain scan) was ~1.2ps, acquiring a
field value of 120kV cm . This matched well with the estimated value obtained
using EO sampling (see Section 2.3.2). Due to the sensitivity of this detector,
it was unable to detect lower power THz pulses. To acquire the power for
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these pulses, the field estimate from EO sampling is used instead. For accurate
field values, measurements using a power meter are preferred, because when
measuring the field using EO detection, lots of correction factors are required
(see Appendix 8.1), which if are assumed incorrectly, will provide an inaccurate
field value. Measurements using a power meter are therefore more accurate,
presuming that an accurate value for the spot size has been obtained and that
the signal is strong enough to be detected.

3.4 Conclusion

In conclusion, large area LT-GaAs PCAs with transparent substrates have been
developed and tested, with the work presented here being published in Ref [94].
It has been shown that these emitters are capable of generating the largest
recorded fields from PCAs of ~ 120 kV cm ™!, with a broad bandwidth (> 5 THz)
without spectral holes, common to pulses created by EO generation. Being able
to control the pulse field strength with the device bias is also advantageous as it
means that extra optics do not need to be introduced to attenuate the excitation
beam which may cause the time the pulse arrives at the device to be altered
slightly, owing to different ND filter glass thicknesses for example. Controlling
the device with biasing also means that the emitter does not need to be chopped
using a mechanical chopper as it can be done by applying a square wave instead
of a DC bias. As this is not a mechanical process, it is more resilient to phase
jitter, thus improving the accuracy of measurements.
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Chapter 4

Multi-Beam Experimental
Setup

This chapter discusses the development of the 2D spectroscopy system created
during this project. It is split into two sections, with the first discussing the
initial attempt at creating a 2D TDS using a single PCA to produce both pulses
(Section 4.1) and the other section discussing the final system developed using
two emitters (Section 4.2).

4.1 Single Emitter Setup

The first system developed was designed to be simple to set up, requiring little
change from the system described in Section 3.2, using a single PCA as the
source for both pulses. A single PCA was chosen over using a single EO crystal
because the field generated from a PCAs is sublinear with applied optical power,
therefore using optical powers at half the damage threshold does not mean a
halving of the output field.

4.1.1 Optical Setup

Figure 4.1 shows a simplified optical diagram of the first iteration of the experi-
mental system developed for this work capable of 1D, pump-probe and 2D spec-
troscopy in a collinear configuration. The setup is mostly unchanged from the
setup described in Section 3.2, with the only difference being a 50:50 beamsplit-
ter being added in the pump beam path to combine two separate pump beams.
To prevent destructive interference of the two pump beams, a /2 waveplate
was added to one of the lines, rotating its polarisation by 90°. The rotation of
polarisation does not affect that of the generated THz pulse, as the output polar-
isation of a PCA is dependent on the direction of the bias field [18]. Combining
two IR beams was chosen over other techniques for producing two pulses as it
greatly reduces the complexity of both the optical and instrumentation setup,
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as only one emitter is needed to produce both pulses. The collimation of both
beams is critical for performing pump-probe and 2D spectroscopy, as they need
to be aligned at the same point in space on the sample to generate a nonlinear
response. Combining both beams in the IR region helps considerably with this,
as there are many more easily accessible methods of detecting and measuring
the spacial profile of IR beams than THz ones (e.g. IR Charge-Coupled-Device
(CCD) arrays and handheld IR-optical viewers). The main disadvantage of sys-
tem like this where only one emitter is used is that the peak THz field available
for each pulse is reduced, as the optical power of both pump beams combined
cannot exceed the damage threshold of the emitter.

Pump Line A

Optical Chopper

Optical Chopper
Sampling Line A
Pump Line B

Reflective
Beam
Expander

Sampling Line B

Figure 4.1: Simplified optical diagram of the single emitter 2D TDS system
developed.

4.1.2 Instrument Setup

Figure 4.2 shows a block diagram of the instruments used to acquire 2D-TDS
and pump-probe TDS signals from the system. Two separate IR beams are ac-
quired from the amplified laser using a beamsplitter, with each passing through
an optical chopper (ThorLabs MC2000B with an MC1F2 wheel) then being
recombined on another beamsplitter before the emitter. Both choppers are op-
erated at 125 Hz with a 90° phase difference between them. Chopper A is phase-
locked to the 1kHz amplified laser reference whilst Chopper B is phase-locked
to Chopper A. This is done to improve phase stability between the choppers. A
DC bias is applied to the emitter using the high voltage supply (Keithley 2410),
allowing for THz pulses to be generated at any point in time when either optical
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Figure 4.2: Block diagram of the experimental system when set up for pump-
probe or 2D spectroscopy. Dotted lines denote a trigger connection, thick red
lines denote an optical connection, other lines denote an electrical connection.

pulse passes through it. The resulting THz pulses are acquired using a balanced
photodiode pair (Newport Nirvana 2007) with a boxcar averager to reduce the
noise (SRS SR250), but instead of being fed into a LIA, the signal is ampli-
fied (SR560) and then sent into a Digital-to-Analog Converter (DAC) (built
into the delay stage controller Newport XPS-Q8). The amplification stage is
performed to utilise the full signal range of the DAC, improving the resolution,
whilst also having the added benefit of filtering out the high-frequency ‘spikes’
which occur between boxcar samples. Removal of the LIA was done to reduce
the time taken to perform scans, allowing for more repeat scans for averaging
to increase the SNR. This is done because large SNR are often required for 2D
TDS measurements, as the fields of the nonlinear signals acquired are often very
small in comparison to the fields of the pump pulses [84]. The sampling delay
stage is also set to move at a constant rate throughout the measurement to
reduce the time taken to perform the measurement. The two chopper reference
signals are also fed into the DAC, with data acquisition being triggered by a
1kHz amplified laser reference. Due to the phasing of the choppers, every eight
pulses, all possible combinations of the two input beams will occur (Blocked
(2), A, B, AB) (see Figure 4.3), with each state containing two pulses due
to the chopping frequency (125Hz). The data received from a single scan thus
appears as a combination of four time domain scans (see Figure 4.4a), as the sig-
nal state being detected changes as function of the sampling delay, owing to the
constant movement of the stage. By recording the state of both choppers, it is
possible to separate which data points belong to which state in post-processing,
allowing the four signals to be acquired (example is shown in Figure 4.4b). To
acquire data points evenly spaced in time for each state, the received data is
also interpolated.
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Figure 4.3: Diagram showing the signal state resulting from the choppers posi-

tion.
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(b) Signal from Figure 4.4a separated into states and interpolated.

Figure 4.4: Example of data acquired during a scan and the resulting interpo-
lated signals.
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4.1.3 Data Processing

Data is obtained using a LabView data acquisition program developed by myself
and Dr. Joshua Freeman. The raw data is stored in internal memory on the
delay stage controller and copied across to the program using File Transfer
Protocol (FTP). This was done to reduce scan times to allow for more averaging,
as the default data acquisition protocol is significantly slower. Throughout a
measurement, the program creates multiple text files, one for each T delay (A-
B delay), with each file containing the four state signals obtained from each
repeat measurement. The files are then loaded into MATLAB and are checked
for any state mismatches in the data for any series of scans, which are then fixed.
State mismatches occur due to instabilities in the chopper phase with respect
to the data acquisition trigger. Data spikes are also removed here. After this is
done, the nonlinear signal is acquired for each scan, using a modified version of
Equation 2.4.3:

ENL = (EAB — E@) — (EA — E@) — (EB — E@) = EAB — EA — EB + E@, (41)

where Fg is the signal when no THz pulses are incident on the sample. Fg
is removed from each signal to reduce the effect of the background noise. After
the nonlinear signal for each scan is acquired, nonlinear signals of the same T
delay are then averaged together to improve the SNR. The nonlinear signal for
each scan is acquired first to reduce the effects of noise which is only present
in a single scan (e.g. a brief increase in laser power or data ‘spikes’ caused by
vibrations in the lab). After the nonlinear signal has been acquired for each T
delay, they are arranged into a 2D time domain configuration, with ¢ (sampling
delay) and T as the x and y axis and the nonlinear signal amplitude as the z
axis. Figure 4.5 shows an example of the nonlinear 2D time domain signal.

The nonlinear 2D time domain signal is then Fourier transformed with re-
spect to ¢t and T, producing the 2D nonlinear frequency response, from which
information about the sample can be interpreted (see Section 2.4.3). Figure 4.6
the shows an example of the nonlinear 2D time domain signal.
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Nonlinear Time Domain Signal
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Figure 4.5: Example of the 2D nonlinear time domain signal.
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Figure 4.6: 2D Fourier transform of the nonlinear signal in Figure 4.5.

4.1.4 Efficiency Correction

Initial testing of the system revealed that using a single PCA with two excitation
pulses required further processing to acquire the nonlinear signal, as a false
nonlinear signal would be present, even without a sample being present as Fap—
Ep — Ep # 0. These can be attributed to a combination of the optical response,
recovery time and heating of the PCA. As shown in Figure 4.7 and highlighted
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in Section 3.3.1, the optical response of a PCA is sublinear at greater optical
fluencies. This creates a false nonlinear response at T = 0. The generated
electron-hole pairs from the first pulse creates a screening field opposing the
applied bias, leading to a reduced applied bias, reducing the strength of the
generated field from the second excitation pulse. On short T timescales (|~1 ps|
[22]), the carrier lifetime of the LT-GaAs is also a factor of the false nonlinear
response. On these short timescales, the carriers used to generate the THz
pulse from the first excitation pulse have not returned to their resting position,
so when the second excitation pulse is incident on the device, fewer carriers
are available to generate a photocurrent, thus reducing the magnitude of the
generated THz field. For LT-GaAs, the carrier lifetime is ~ 0.4 ps [19]. Previous
measurements of the recovery time of LT-GaAs emitters at lower pulse energies
provided a similar response, including the sharp oscillation [22].
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Figure 4.7: Optical response of a PCA. Here it can be seen that a doubling of
the optical fluence on the device does not create a doubling of the emitted THz
field.

To correct for these effects, a series of scans were taken across a range of
T delays without a sample present in the system, allowing for the four signal
states to be acquired. For each T delay, an ‘Efficiency Factor’ (¢) is applied to
FEA and Eg so that:

FEag —€aFBEpn —egEp + E@ =0. (42)

ea and eg are acquired for each T delay by systematically varying each between
0 and 1 to minimise the resulting nonlinear signal. Figure 4.8 shows an example
of the efficiency correction factor as a function of T, whilst Figure 4.9 shows a
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comparison of the false nonlinear signal with and without ey and ep applied.
The efficiency factor as a function of T can be used to estimate the carrier
lifetime by fitting the response of the pulse that is incident on the device last
(Ep for T < 0 or Ep for T > 0) to the following equation [22,108]:

€n = Aexp(é) + ¢, (4.3)

where tcr, is the carrier lifetime. Performing this fit in MATLAB using th ep
response where T < 0, a value of 0.459+0.019 ps is obtained for ¢¢p, in good
agreement with other measurements performed on LT-GaAs grown at similar
temperatures [22,108].
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Figure 4.8: Efficiency correction factor for 15x15mm PCA using two excitation
beams of equal intensity.
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Double Pump False Nonlinear Response (T =—12 ps)
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Figure 4.9: False nonlinear signal with and without the efficiency correction
factor applied. Without corrections, the nonlinear signal magnitude is ~23 %
of E4 and Ep. With corrections, the magnitude is ~6 %.

It can be seen in Figure 4.9 that although the magnitude of the false nonlinear
signal is reduced by a factor of ~ 4, it is still significant enough to obscure any
nonlinear signal generated from a sample interaction. As the THz field strength
is proportional to the change in photocurrent over time (see Equation 2.9), the
residual signal is likely caused by there being a different change in current in
the device when both pulses are present on the sample than the single pulse
case, making it impossible to match using a linear combination of the two single
pulse cases.

To simplify the data processing at the expense of alignment simplicity, the
system was therefore redesigned to use two THz emitters to prevent the false
nonlinear signal.

4.2 Two Emitter Setup

This section describes the final version of the setup developed for this thesis.

4.2.1 Optical Setup

Figure 4.10 shows a simplified optical diagram of the final iteration of the ex-
perimental system. The system is still collinear like the system described in
Section 4.1.1, however, the two THz pulses are generated by two emitters and
are then combined in the THz regime using a Si wafer, acting as a beamsplitter.
As well as the aforementioned reduction in data processing complexity, using
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two emitters also has the added benefit of being able to mix emitters, allowing
for the potential to use broadband and narrowband sources, possibly allowing
for a greater spectral resolution, however, this was not performed during this
work. Using a THz beamsplitter does also come with the disadvantage that
a proportion of the generated THz pulses will be lost due to transmitting or
reflecting off the Si wafer away from the sample, reducing the maximum field
that can be applied to a sample. This problem is unavoidable without switching
to a non-collinear geometry, which comes with its own complexities (see Section
2.4.3). Due to space constraints, the magnification factor of the reflective beam
expander was reduced from 4x to 3x. PTFE was placed after each emitter to
block the excess IR pulses from exciting carriers in the Si wafer. If this is not
done, a false nonlinear signal is produced, as whichever pulse hits the wafer first
will reduce the magnitude of the second pulse, when both beams are unblocked
by the chopper wheels. The newly added beamline did not include a beam ex-
pander because EO crystals roughly the size of the unexpanded beam would be
used for emission.

Pump Line B

Pump Line A

Sampling Line A

Electro-optic Detection
Reflective Beam Expander | Emitter B
PTFE Filter M4

Emitter A
PTFE Filter

Flip Mirror

Si Beamsplitter

Sampling Line B

Figure 4.10: Simplified optical diagram of the two emitter 2D TDS system
developed.

4.2.2 BNA Emission Crystal

For the second emitter in the system, it was decided that a BNA crystal mounted
to a sapphire substrate (Terahertz Innovations) would be used as it is well
phase matched at 800 nm, has a large EO coefficient, large damage threshold
and emits over a broad bandwidth of ~11THz (see Section 2.2.2), allowing
for it to generate large fields with a collinear beam geometry. The crystal
is mounted to a high thermal conductivity sapphire substrate as it has been
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shown to increase the damage threshold by a factor of three, allowing for a
~ 2.4x increase in the generated field [109]. Due to the relatively low melting
point of BNA (103°C), it is believed that the damage threshold is impacted
significantly by the repetition rate of the laser system, as the faster repetition
rate systems do not allow for the crystal to cool down significantly, increasing
the chance of melting. For an unmounted crystal, the damage threshold was
found to be 6 mJem ™2 with a 100 Hz repetition rate system using 50 fs 800 nm
pulses [110], for a 500 Hz repetition rate system using 100fs 800 nm pulses, the
damage threshold was found to be 4mJcm~2, dropping to 2mJcm 2 when
the repetition rate was doubled to 1kHz [109]. Adding the crystal substrate
increases the damage threshold to between 11-15.4mJcm 2 (using a 500 Hz
repetition rate system) [109]. As the system used for this project is a 40fs
800 nm system with a repetition rate of 1 kHz, a damage threshold for the crystal
in this system was estimated by extrapolating the aforementioned values to be
2mJem~2 (including the 3x increase in damage threshold from the sapphire
substrate).

The BNA was first optically characterised using a range of optical powers
below the damage threshold of the crystal in an unexpanded beam (see Figure
4.11), resulting in a peak detected field of 232 kV cm ™! when using a Si wafer as
the IR filter. It was expected that the optical response would be linear, however
the sublinearity seen can be explained by the excess IR beam generating carriers
in the Si, screening the emitted THz pulse. This is confirmed when a PTFE
filter is used instead of the Si, as the response become linear (see in Figure 4.12).
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Figure 4.11: Optical response of the BNA crystal. Sublinear response is due to
the use of a Si filter (see Figure 4.12).
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BNA Filter Comparison
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Figure 4.12: Optical response of the BNA crystal using a Si wafer and PTFE
as a filter. The optical response can be seen to become linear when using the
PTFE.

Comparing the BNA at its maximum output to a 15x15 mm PCA using the
same system configuration (no beam expansion with a Si filter), it can be seen
that the BNA is capable of generating peak fields ~ x4.6 greater in magnitude
(see Figure 4.13a), over a greater bandwidth (see Figure 4.13b).
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(a) Time domain responses. (b) Fourier transform of Figure 4.13a.

Figure 4.13: Comparison of the BNA crystal and a 15x15mm PCA and peak
operating fields. Both measurements were performed using the same setup
shown in Figure 4.10 without the reflective beam expander. Both emitters were
placed in a collimated excitation beam in the position of ‘Emitter A’. Time
domain scans were obtained using a 150 pm GaP detection crystal. An Si filter
was used to block excess any of the excess IR excitation beam after the emitters.
The delay of both pulses have been centred on the peak of the response. The
PCA was biased with an electric field of 22kV cm~! and excited with an optical
power of 380 mW. The BNA was excited with an optical power of 2 W.

In the system described in Section 4.2.1, the BNA crystal will be used as
‘Emitter B’ for 2D measurements, as the incident beam size is comparable to
the crystal and because the from testing, it was found that the Si beamsplitter
is not 50:50 and more of the THz pulse is transmitted than reflected. This
meant that for both pulses to reach the emitter with a large field, the strongest
emitter would have to be placed in the Emitter B position to compensate for
the transmission losses. For 1D saturation measurements where larger fields
are required than the PCA can generate, the BNA is used in the ‘Emitter A’
position.

4.3 Conclusion

Figure 4.14 shows the false nonlinear response of the single emitter system
compared with that of the two emitter system. From this it can be seen that
the false nonlinear signal of the two emitter system is indistinguishable from
noise, unlike the single emitter system which has a definite response. This
shows that this system is a definite improvement over the first developed.
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Figure 4.14: Comparison of the false nonlinear signal of the single and two
emitter systems. Signals have been normalised to the peak field of Exp and ¢
delay has been centred to the peak of Eap. The false nonlinear response for the
single emitter system has efficiency factors applied. Both scans were taken at
T = 0ps.

In summary, a 2D THz TDS using two emitters has been developed. Both
excitation beamlines have a maximum pulse energy of 3mJ, sufficient for PCAs
and EO crystals to be operated close to their damage threshold, providing the
maximum field.

Owing to the design of the system, the THz field at the sample space can
be measured. This has proved to be incredibly useful when aligning the system,
as the overlap of both pulses can be measured at the sample space and the
detection space. For 2D TDS measurements to be performed successfully, both
pulses must be overlapped on the sample in space for the same region to be
excited, allowing for nonlinear responses to be induced. Field detection at the
sample space also proved useful for calibrating ‘saturation’ measurements which
are discussed in the following chapters (Sections 5.4, 6.3.2 and 6.4.2), where
TDS measurements are performed at multiple field strengths to extract the
field required to saturate an absorption within a sample.

A BNA EO crystal has been tested with the system and shown to be able to
generate peak fields > 200kV cm ™! over a broad bandwidth (> 6 THz) without
the need of any phase matching as required with other EO crystals, such as
LiNbOj3. This allows for BNA crystals and PCAs to be used interchangeably
within the system.

The system has also been designed for possible future measurements. Us-
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ing two separate emitters allows for the possibility of using a narrowband THz
emitter combined with a broadband THz emitter (instead of the two broadband
emitter approach currently used). This may be useful for ‘pump-probe’ mea-
surements (see Section 2.4.2), where a narrow transition is to be excited, with
the dynamics of the multiple relaxation paths are measured.
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Chapter 5

2D Spectroscopy of Ge:As

This chapter details the first sample measured using the experimental setups
described in the previous chapters. The sample itself is a semiconductor wafer
(Ge) doped with impurities (As). The chapter is split into three sections, with
some background semiconductor physics theory being introduced first (Section
5.1), followed by a more detailed summary of the sample (Section 5.2), finishing
with a summary of the measurements performed on the sample and findings
(Sections 5.3 to 5.6). It should be noted that the measurements performed
on this sample occurred throughout the three-year duration of this PhD, thus
there are differences in the experimental setup used between experiments. A
summary of the specific experimental system used is provided at the start of
each experimental section.

In the THz region, applications of impurity centre transitions include devel-
opment of impurity state lasers [111], THz detectors for space telescopes [112]
and coherent control of quantum phenomena [7], which has applications in quan-
tum computing for control of spin orbitals. Impurity centres operating outside
the THz region (specifically Si:P) have been shown to be able to perform quan-
tum computing operations [113,114].

This sample was chosen due to the strong transitions in the 1-3 THz range,
well within the detectable bandwidth of a 1mm ZnTe detection crystal. Per-
forming broadband 2D THz TDS measurements on the sample gives access to
multi-level dynamics and for 77 and 75 lifetimes to be measured in a lab based
system, rather than a FEL. Using a FEL, the T} value can be acquired us-
ing pump-probe measurements [115] whilst the T value can be acquired using
photon-echo measurements [7]. With 2D THz TDS, both of these values can be
acquired simultaneously from the nonlinear signal [84].

5.1 Theory

This section will introduce the theory of semiconductors, in particular, doped
semiconductors and impurity centre theory.
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5.1.1 Introduction to Semiconductors

Electrons orbit atoms in shells which can be described by two quantum num-
bers, n and [, which are the principal and orbital angular momentum quantum
numbers respectively. Both numbers are integers, increasing by one for each
shell (n =1,2,3... and { =0,1,2...), with the maximum number of electrons
in a given shell given by 2(2] 4 1) [11]. Table 5.1 shows the maximum number
of electrons per shell and subshell. Using Ge as an example, it has an atomic
number of 32 so the electrons in the subshells n = 1 — 3 will all be filled and
at n = 4, the s subshell will be filled and the p subshell will contain two elec-
trons. This is commonly written in the form 1522s522p®3523563d'04524p? with
the superscript denoting the number of electrons in the given state. The sum
of electrons in the atom equal its atomic number.

Subshell
=0 1 2 3

n  Shell S p d f
1 K 2

2 L 2 6

3 M 2 6 10

4 N 2 6 10 14

Table 5.1: Maximum number of electrons per shell and subshell of an atom.

Subshells are grouped into pairs of electrons with opposite spin and when
a given subshell is filled, no more electrons can be accepted into that state.
When groups of atoms are brought together, electrons in the outermost unfilled
subshell interact with each other, allowing for them to become bonded. In
a structure with N atoms, the energy levels overlap, forming energy bands.
Within these bands, the probability of finding an electron at a given energy
level (F) can be obtained using the Fermi function:

1
f(E) = — (5.1)
1+ exp(%)

where k is the Boltzmann constant, 7' is the temperature and Er is the Fermi
energy of the material, which is the energy level that electrons will fill up to
at 0K. In metals (e.g. Cu and Au), the bands overlap, producing a single,
continuous energy band, forming a ‘sea’ of free electrons available for conduction.
The region of fully filled electron states is known as the valence band, whilst
the region with unfilled states is known as the conduction band. This can be
represented using an energy band diagram, shown in Figure 5.1.

In semiconductors (e.g. Si and Ge), the bands do not overlap, but are
separated by an energy gap (E¢), meaning that at 0K, they act as insulators,
but electrons in the valence band can undergo thermal or photo excitation into
the conduction band. The fermi energy for an intrinsic semiconductor is found
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Figure 5.1: Bandstructure diagram of a metal.

in the middle of Es. Figure 5.2a shows an energy bandstructure diagram of an
intrinsic semiconductor.
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(a) Intrinsic semiconductor. (b) n-type semiconductor. (c) p-type semiconductor.

Figure 5.2: Bandstructure diagrams of differently doped semiconductors at low
temperature. Impurity donor electrons are shown as blue circles. Impurity
acceptor holes are shown in white.

Semiconductors may also have impurities embedded into the crystal struc-
ture in a process know as ‘doping’. This is done to introduce carriers into the
material, either as electrons in the conduction band (n-type doping), or as holes
in the valence band (p-type doping). This increases the fermi energy of the crys-
tal in the case of n-type doping, whilst decreasing the fermi energy for p-type
doping. Figures 5.2b and 5.2c show the energy bandstructures of an n and p
doped semiconductor respectively. The amount of dopant added to the crystal
is often very small (1 dopant atom per 10° intrinsic atoms), but can cause a
drastic increase in conductivity (~ 1000x increase in magnitude), leaving the
crystal structure mostly unchanged.

5.1.2 TImpurity Centres

At low temperatures, the extra carrier introduced by a donor atom becomes
bound to the donor atom itself, whilst still being affected by the forces from the
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surrounding crystal structure. Under these effects, the donor atoms behave like
hydrogen atoms and are known as impurity centres [116,117].

For a hydrogen atom, the frequency of a transition can be obtained using
the Rydberg equation:

1 1
f= CRH(TT% - %)7 (5.2)

where n; is the principal quantum number of the base energy transition level,
ng is the principal quantum number of the excited energy transition level and
Ry is the Rydberg constant, which is ~1.097x 107" m~'. For an impurity centre,
the forces from the surrounding crystal structure decrease the energy of these
transitions, acting as a scaling factor, allowing for the transition frequencies to
be obtained using the following formula:
1 1. m*

f= CRH(n% n%)( =2 ), (5.3)
where m* and e, are the effective electron mass and dielectric constant of the
bulk semiconductor respectively. The main impact of this factor is how the
transition wavelengths become shifted into different spectral regions. For n; =1
in hydrogen, the transitions occur in the Ultraviolet (UV) region, whilst for
an impurity centre in a Ge crystal, the transition will be in the THz region
(m* =0.22 and ¢, = 16.2).

5.1.2.1 Transition Relaxation Times

The relaxation times of transitions of impurity centres have historically been
estimated using indirect methods, such as measuring the detection bandwidth
[118] and the dependence between temperature and hole mobility [119], how-
ever, this led to values ranging from picoseconds [120] to microseconds [121],
depending strongly on the doping concentration. The advent of the FEL and
pump-probe techniques have allowed for direct and therefore more precise mea-
surements to be performed, enabling relaxation times on the nanosecond [122]
and even ~100ps [123,124] to be measured. Measurements using FELs do
however suffer from limited time resolution of ~50 ps [125].

5.2 Sample Details

The sample tested was a Double Side Polished (DSP) 10x10x3 mm Ge:As wafer,
with a doping concentration of 9x10'* cm ™2, giving a resistivity of 1.7 Qcm.
The sample was provided by Dr. Sergey Pavlov, DLR, Berlin. The As dopant
causes the wafer to become n-type doped, as an extra electron is embedded into
the structure. Table 5.2 shows the energy levels of the As impurity centre, from
which it can be seen that the s states split into two separate states; Ns(A;p)
and Ns(T3). This is due to ‘chemical splitting’ and occurs at all states of the
impurity centre, but only causes significant splitting on the s states. Owing to
the states having non-spherical symmetry, the p states lose their degeneracy,
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splitting into a singlet (po) and double (py) state. The combination of these
perturbations in the sample relaxes the selection rules compared to the atomic
structure, allowing for s — s and p — p transitions in some circumstances. [117]

State | Energy (meV) | Frequency (THz)
1s(Ay) -14.18 3.42
15(Ty) -9.94 2.40
20 474 1.14
25(A1) 4.10 0.99
25(T>) -3.59 0.87
3po -2.57 0.62
3s(Ay) -2.32 0.56
3s(Th) -2.14 0.52
2Ipt 174 0.42
3p+ -1.03 0.25

Table 5.2: Energy levels of Ge:As [117]. Diagram of these level shown in Figure
5.3.

Initial linear spectroscopy was performed by Dr. Sergey Pavlov and the re-
search team at the DLR using Fourier-Transform Infrared Spectroscopy (FTIR),
producing the data seen in Figure 5.4 (dark purple line). From the data, it can
be seen that as well as the expected absorptions from the As impurities, there
were other, lower frequency absorptions. These were determined to be unin-
tended Sb impurities which embedded into the wafer during the doping process.
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Continuum (0 meV)

—1.03meV
3p+
—1.74 meV 9
3s(Ty) —2.14meV P+
3s(A1) 9 39 meV —2.57meV 300
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25(1%) —4.10meV
—4.74meV
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—9.94
15(T) 9.94 meV
1s(Ay) —14.1%meV

Figure 5.3: Energy level diagram of the Ge:As [117]. The blue arrow represents
the main transition under investigation (1s(A1) — 2pg) which has frequency of
2.28 THz.
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Figure 5.4: FTIR transmission through the Ge:As sample. Dark purple line is
the 3mm thick sample measured. The light purple line is a thinner (440 pum)
sample not discussed. Data provided by Dr. Sergey Pavlov (DLR, Berlin).
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5.3 Linear Spectroscopy

To confirm that the transitions were visible using TDS, the sample was measured
in a low power TDS system [126]. The system uses a Ti:Sapphire laser oscillator
(Coherent Vitatra-HP) with a 80 MHz repetition rate and <20fs pulse duration
with single-gap PCS for emission and detection [19]. The emitter and detector
are both mounted on thick quartz substrates, allowing for a long time range
before the first reflection to improve the frequency resolution [19]. The use of
a PCS as a detector allows for a detectable bandwidth >5THz and due to it
being an high repetition rate oscillator system, it is easier to obtain a high SNR
when compared with a low repetition rate amplified system.

The sample was clamped on the cold finger of a cryostat (Ozford Instru-
ments Microstat) with Polymethylpentene (TPX) windows using two copper
plates with 3 mm diameter holes cut into each plate to allow for light to be cou-
pled in and out of the sample. For the experiment, the Ge:As was first measured
at a temperature cold enough for the free electron from each As impurities to
settle into quantised, hydrogen-like states (<10K) and then the measurement
was repeated at a higher temperature where the electrons become thermally
distributed, so no hydrogen-like states will be observed. The higher tempera-
ture measurement was performed to act as a reference to normalise the data
when post-processing. For the remainder of this chapter, the low temperature
measurement, will be referred to as the ‘sample’ measurement, whilst the higher
temperature measurement will be referred to as the ‘reference’ measurement.
For this experiment, the temperature of the sample and reference measure-
ments were 4.8 K and 50 K respectively. The system is also purged with dry air
to prevent the excitation pulse being absorbed by water molecules in the air,
increasing the strength of the THz pulse and producing a cleaner spectrum [127].

Figure 5.5a shows the obtained time domain data. The measured scan range
ended before the first system reflection so no windowing was performed on the
data. Figure 5.5b shows the resulting frequency domain data, obtained by per-
forming a FFT on the time domain data. After the FFT is acquired, the trans-
mission through the sample as a function of frequency is then acquired by divid-
ing the sample FFT by the reference FFT. This normalises the sample frequency
domain data, suppressing unrelated absorptions present in the system. Figure
5.6 shows the resulting transmission of the sample. From this, the 1s(7%) — 2pg
of the Sb (1.25THz) and the 1s(7%) — 2py of the Sb (1.98 THz) can be seen
quite clearly, whilst the absorptions around 3 THz have become obscured into
a single, broad absorption. The feature of main interest (1s(A;) — 2pg of the
As) at 2.28 THz is unfortunately not as clear to distinguish from the transmis-
sion data, but can be seen more clearly in Figure 5.5b. This was attributed to
the temperature of the reference measurement not being warm enough for all
of the higher frequency states to be fully ionised (kT'/h = f ~ 1THz). The
greater transmission seen at lower frequencies is attributed to the electrons in
the sample no longer screening the THz pulse when the sample is cooled. The
shape of the graph is quite different to that of FTIR data (Figure 5.4) because
the length of scan used was relatively short, obscuring the narrow transitions,
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but it could also be because the sample was not cooled enough to depopulate
all the states. This measurement still however confirmed that the transitions
could be seen using THz TDS.
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(a) Measured time domain data. (b) Fourier transform of Figure 5.5a.

Figure 5.5: Data from the linear spectroscopy measurement of the Ge:As wafer.
Blue data is the ‘sample’ measurement of the wafer cooled to 4.8 K and the red
data is a ‘reference’ measurement of the same wafer at 50 K. A PCS was used
as the detector.
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Figure 5.6: Transmission through the Ge:As at low excitation fields. Transmis-
sion response obtained by dividing the response of the ‘sample’ measurement
(taken of the Ge:As wafer at 4.8K) by that of the ‘reference’ measurement
(taken of the same sample at 50 K) shown in Figure 5.5b.
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5.4 Saturation Measurement

The next measurement to be performed was a ‘saturation’ measurement, wherein
multiple 1D-TDS measurements are made, with the peak THz excitation field
being altered after each series of measurements. This is done to acquire an esti-
mate for the excitation field required to saturate a specific transition within the
sample. This information is crucial when performing 2D-TDS measurements,
as if the transition is not saturated, certain nonlinear effects may not occur.

5.4.1 Saturation Field Estimation

First, an estimate is made of the field required to saturation the transition, for
which, we need the dipole moment of the transition, which can be estimated by
using the Bohr radius, the radius between and electron in the ground state and
the nucleus. For hydrogen, this radius, ag is well known as ~52.9 pm. Because
the sample can be viewed as hydrogen-like, we can apply a scaling factor to
account for the surrounding Ge crystal field to estimate the Bohr radius of the
sample using the following equation:

), (5.4)

aq = ag( "

m
where ¢, is the dielectric constant and m™* is the effective electron mass; for
Ge, these values are 16.2 and 0.22 respectively, acquiring ag =~ 73.64ag. The
Bohr radius can then be used to estimate the distance between the transitions
of interest, as the radius of a transition can be acquired using:

r=n2aq, (5.5)

where n is the quantum number of the transition. As the transition of interest
is a 1s — 2p transition, the distance between the states can be estimated as
~11.7nm. This is then the dipole moment when multiplied by the unit charge
(d = ¢Ar = ¢11.7nm). Finally, we can estimate the field required to induce a
full Rabi oscillation (explained in detail in Section 6.1.2) using:

Qranilfi
Ern, = TdT , (5.6)

where Qg.p; is the Rabi frequency, which for this transition is 27 x 2.28 THz.
Substituting in the dipole moment estimate, a narrowband saturation field of
~8kV em ! is acquired. Because the system can produce peak broadband fields
greater than 100kV cm ™, it should be possible to saturate the transition.

5.4.2 Experimental Information

For this measurement, a setup similar to the system shown in Figure 3.6 was
used, with a 10x10mm PCA being used as the emitter. The 800 nm excitation
beam width was doubled using a transmissive beam expander and then focused
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onto the emitter and subsequently the sample using a 50 mm focal length lens.
The emitter was placed 5 mm away from the focusing lens. A 2mm sheet of
expanded PTFE was placed between the emitter and the sample to block any
excess IR from exciting the sample. This configuration allowed for fields greater
than 100kV em ™! to be obtained. A 1mm thick ZnTe crystal was used as the
EO detection crystal. This crystal was chosen as the features of interest were
all below the maximum detectable bandwidth of the crystal (~3 THz) and to
maximise strength of the detected signal and the time range available before
the first reflection. The sample was mounted in a cryostat the same way as
described in Section 5.3. The sample and reference temperatures used were 10 K
and 100K respectively. The excitation field strength was altered throughout
the measurement by varying the bias applied to the PCA. PCAs are ideal for
this style of measurement, as the emitted THz field is linearly proportional to
the applied bias [18]. In a system using EO crystals for generation, the THz
field strength would need to be altered by changing the power of the excitation
beam which is commonly done using a series of ND filters. These ND filters
potentially induce a difference in path length between different configurations
due to slight changes in the thickness of glass, causing issues when comparing
scans at different excitation powers. All measurements were performed in a dry
air environment.

5.4.3 Data Analysis

To process the data, the acquired time domain traces were first windowed to
remove reflections which may obscure the transition of interest in the frequency
domain. Figure 5.7a shows the time domain trace before and after windowing
and Figure 5.7b shows the resulting Fourier transforms. It can be seen in Figure
5.7b that the oscillations in the trace are suppressed, allowing for a cleaner
trace to be obtained, showing a definite absorption at 2.28 THz, relating to the
1s(A1) — 2pg transition.
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(a) Measured time domain data. (b) Fourier transform of Figure 5.7a.

Figure 5.7: Measured data of the Ge:As at 10K with an applied field of
14kVem !, Red traces are the windowed data whilst grey traces are unwin-
dowed data. The reflection at ~121 ps is from the PCA substrate. The reflection
at ~136 ps is from the detection crystal. A 1mm thick ZnTe crystal was used
as the detection crystal.

From the windowed data, it can be seen that the absorption at 2.28 THz
narrows and strengthens when unwindowed, suggesting that the lifetime of the
transition is longer that the window used. When plotting the strength of the
absorption as a function of window size, if the window size reaches the transition
lifetime, the absorption would reach a constant amplitude. Figure 5.8 shows that
with the data taken, even unwindowed, this has not occurred, suggesting that
the lifetime larger than 40 ps.
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Figure 5.8: Absorption at 2.28 THz of the Ge:As sample cooled to 10 K with an
applied THz field of 14kV cm ™! as a function of window size. The data being
windowed is shown in Figure 5.7a. Window starts at the same position (Delay
= 110ps) for all window sizes evaluated. Data is windowed in the time domain
and then Fourier transformed to obtain the FFT amplitude for each window
size evaluated.

Figure 5.9 shows the sample and reference data for the same applied THz
field after being windowed. From Figure 5.9a, it can be seen that the strength
of the detected reference signal is much lower than the sample signal. This is
because at higher temperature, the electrons in the wafer are in an excited state,
screening the incident THz radiation. The shift in time of the signal is attributed
to the refractive index of Ge changing as a function of temperature [128].
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(a) Measured time domain data. (b) Fourier transform of Figure 5.9a.

Figure 5.9: Sample and reference measurement of the Ge:As wafer with an
applied field of 14kV cm™!. Red data is the ‘sample’ measurement of the wafer
measured at 10K and the cyan data is a ‘reference’ measurement of the same
wafer at 100 K. A 1mm thick ZnTe crystal was used as the detection crystal.

After the data is windowed and Fourier transformed, the transmission as
a function of frequency is acquired by dividing the sample frequency domain
data by the reference frequency domain data. This normalises the sample fre-
quency domain data, suppressing unrelated absorptions present in the system.
Figure 5.11 shows the resulting transmission response of the sample. From this,
it can be seen that there is a strong absorption at 2.28 THz present with all
excitation fields as expected, but there is also a strong absorption at ~2.6 THz,
only at present at the strongest applied field. After further investigation, the
unexpected absorption was determined to be an artefact caused by the photo-
diode signal saturating the boxcar, causing the signal to become clipped. The
other traces were checked and no clipping was found. This is more pronounced
when comparing the Fourier transforms of the sample data at the highest field,
shown in Figure 5.10, where a low frequency oscillation, characteristic of squared
waveforms, can be observed in the response that is absent from the lower field
measurements.

From the calculated transmission, the peak absorption at a given frequency
can be obtained using the following formula:

A(f) = —1log1o(T(f)), (5.7)

where T'(f) is the transmission through the sample as a function of frequency.
To acquire the field required to saturate the transition of interest, a frequency
slice at the transition frequency (2.28 THz) is acquired and plotted as a function
of intensity. The square of the applied THz field is used as the unit of intensity
because I < V2. As the measured transitions of the As dopants are interacting
with the non-uniform field of the surrounding Ge crystal structure, it is expected
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Figure 5.10: Frequency response of the Ge:As wafer measured at 10 K at various
applied THz field strengths. Differing field strengths obtained by changing the
bias applied to the PCA emitter. A 1mm thick ZnTe crystal was used as the
detection crystal.
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Figure 5.11: Transmission through the Ge:As wafer at different THz field
strengths as a function of frequency at low temperature (10 K) when compared
to the same sample at a higher temperature (100 K).
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that the linewidth of the transition will be inhomogeneously broadened [117].
For inhomogeneously broadened transitions, the absorption response can be
fitted to: )
Ai(I) = Nk (5.8)
1 -
+ T

where [ is the intensity and I, is the saturation intensity. An attempt to fit the
absorption response to a homogeneously broadened transition is also made:
1
Au(I) = 7 (5.9)

14+ =
+IS

This is done to aid the validity of the analysis, as if the absorption response was
homogeneous, it would indicate that another transition is being measured.

Figure 5.12 shows the calculated absorption data with four fits. From this,
it can be seen that the data is a closer fit to an inhomogeneously broadened
transition, with a saturation field 15-20kVem™'. The data point from the
highest field does not entirely fit within the expected line, however this may
be owing to the aforementioned clipping. This range of saturation fields is well
within the range that can be generated by the system, meaning that it should
be possible to generate nonlinear effects within the sample using 2D-TDS.

Ge:As 1s(A1) — 2py Absorption

O Experimental Data
0.9 VI; = 15kVem ™! (Inhomogeneous) | |
| — VT, =20kVem™" (Inhomogeneous)
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o7 Y --- VI, = 40kV cm ™" (Homogeneous)

Normalised Absorption
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Figure 5.12: Absorption of the 1s(A4;) — 2po transition (2.28 THz) of the Ge:As
wafer as a function of estimated intensity. Normalised absorption values ac-
quired from the transmission at low temperature (10 K) when compared with a
higher temperature (100 K), seen in Figure 5.11.
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5.5 Two-Dimensional Spectroscopy

The previous measurements indicated that the 1s(A;) — 2pp transition could
be saturated with THz fields in the 15-20kV cm ™! region so a 2D-TDS mea-
surement was performed on the sample using the two emitter setup described
in Section 4.2.

5.5.1 Experimental Information

A 15x15mm PCA and a BNA crystal (described in Section 4.2.2) were used
as the emitters, combining on a Si beamsplitter. Expanded PTFE filters were
placed after each emitter to block any excess IR. With this configuration, both
emitters are capable of generating peak fields of ~60kV cm—!. The peak fields of
both devices were used for this experiment. For the remainder of this section,
the pulses generated from the PCA will be referred to as ‘A’ pulses, whilst
pulses generated from the BNA will be referred to as ‘B’ pulses. A 1mm thick
ZnTe crystal was used for detection, identical to the one used for the saturation
measurements in Section 5.4. The sample was again mounted in a cryostat, as
described in Section 5.3. The sample was cooled to 6 K for the measurement.
All measurements were performed in a dry air environment.

A sampling delay (t) range of 18 ps with a step size of 0.01ps was used,
giving a Fourier transform range and resolution of 100 THz and 56 GHz respec-
tively. The delay range between Fa and Ep (T) was —5—1 ps with a step size of
0.05 ps, giving a Fourier transform range and resolution of 20 THz and 167 GHz
respectively. It was initially planned for a larger T range with a smaller step
size to be used, however, this was impractical owing to the time constraints on
performing the experiment. This dataset took ~ 10 hours to obtain and requires
the sample to be cooled to < 10 K using a continuous flow He dewar. Perform-
ing the measurements over longer timescales would require the sample to be left
cooling unsupervised overnight which could cause temperature instabilities or
at worst, a potential safety hazard. Time domain traces of all four signal states
were acquired for each T delay 100 times to improve the SNR.

5.5.2 Data Analysis

The following sections summarise the data analysis techniques performed on the
dataset and the results acquired.

5.5.2.1 Initial Processing

After all the data is acquired from the experiment, the T delay of each measure-
ment is corrected before any other processing takes place, as the initial T delay
is only an estimate. This is done by acquiring the difference in ¢ delay between
the peak signals of E4 and Ep for each estimated T delay and calculating the
difference from the estimated T delay:

TCorrection = TEstimate — [t(Peak Egp) — U(Peak EA)]- (5.10)



5.5. Two-Dimensional Spectroscopy 93

The mean Tcorrection 18 then calculated using Toorrection from every T delay and
then added to T. For this measurement, Tcorrection = —0.31 ps. To make the data
easier to read, the t delay for the data is centred to the ¢ delay where the peak
field of E'p is found as well. Next, the time domain traces are converted from
arbitrary units to estimated field using Equation 8.1. As a 1mm ZnTe crystal
is the detection crystal, 747 = 3.9pm V~! [44], L = 1mm and ngy = 2.85 [129].

5.5.2.2 Excitation Pulse Analysis

Figures 5.13a and 5.13b show the time and frequency domain responses of the
excitation pulses Fp and Ep at T & 0 after passing through the sample. From
this, it can be seen that Fa has more power at lower frequencies (<1THz),
whilst g has more power at higher frequencies, centred around ~1.7 THz. The
frequency domain plots for both pulses appear to show an absorption around
the 1s(A1) — 2po transition frequency (2.28 THz), indicating that both pulses
are inducing the transition in the sample as expected. Figures 5.14 and 5.15
show the signals in the time and frequency domains respectively as a function
of t and T.
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(a) Measured time domain data. (b) Fourier transform of Figure 5.13a.

Figure 5.13: Time and frequency domain response of Ex and Fp at T = 0.01 ps
after passing through the Ge:As sample cooled to <10K. Ej is generated by a
PCA with a peak field of 60kVcm~'. Eg is generated by a BNA crystal with
a peak field of 60kV cm™1.
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Figure 5.14: Time domain responses of Ex and Ep as a function of ¢ and T delay.
Ej is generated by a PCA with a peak field of 60kV cm™!. Ep is generated by
a BNA crystal with a peak field of 60 kV cm™!.
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Figure 5.15: 2D FFT of the signals in Figure 5.14.

To see if any nonlinear effects are induced in the sample when both pulses
are present on the sample simultaneously, the Fap and Ea + Ep signals can be
compared in the 2D time and frequency domains. It should be noted that this
type of comparison may not always indicate nonlinearities if the nonlinear effects
are small, relative to the strength of the input pulses. Figures 5.16 and 5.17
show the 2D time domain and corresponding 2D FFT respectively. Only small
differences can be observed between the time domain plots around ¢t = T = 0,
however, in the frequency domain, features can be seen faintly at T < 0, ¢ > 0,
indicating that some nonlinear effects have been induced in the sample.
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Figure 5.16: Time domain responses of Ex + Ep and Eap as a function of ¢ and
T delay. Eap is a measured signal whilst Ey + Fp is calculated. If no nonlinear
response is induced, Eagp = Ep + Eg.
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Figure 5.17: 2D FFT of the signals in Figure 5.16.

5.5.2.3 Nonlinear Signal Analysis

Although a small nonlinear effect can be seen in Figure 5.17, it is obscured
by the strong excitation signals. Using Equation 4.1.3 allows for the nonlinear
signal to be isolated in post-processing. This section discusses how the nonlinear
signal is acquired from the measurement and how it can be analysed.

The nonlinear signal for each repeat measurement at each T delay is first
acquired, giving a signal as seen in Figure 5.18. The nonlinear signals from
each of the 100 repeat measurements are then averaged together to improve
the SNR (see Figure 5.19). In this example, the peak SNR is increased from
~12dB to ~30dB. A subset of the final nonlinear signals are shown in Figure
5.20, offset to improve readability. From this, it can be seen that the largest
nonlinear response occurs when Fa and Eg overlap at T =~ 0ps, which is when
the sample is excited by the greatest field (~ 120kVcecm™1). For T < 0, the
nonlinear response appears at t = 0 due to pulse B exciting the sample initially,
then pulse A, which is fixed at ¢t = 0, further exciting the sample, inducing the
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nonlinear response. For T > 0, the nonlinear response appears to move in time
with respect to ¢ due to pulses A and B swapping roles. The nonlinear response
at T = 1ps is different to that of T = —1ps as Ex # FEp, meaning that the
sample experiences a different excitation depending on pulse order, leading to
a different nonlinear response. The greater nonlinear response seen at T > 0
is likely due to Es having more amplitude at low frequencies (< 1THz) (see
Figure 5.13b).
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Figure 5.18: Time domain signals of each of the four states obtained with a single
scan of the Ge:As wafer and the resulting nonlinear signal. Ej is generated by
a PCA with a peak field of 60kV cm~!. Ep is generated by a BNA crystal with
a peak field of 60kV cm™1.
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Figure 5.19: Comparison of the Ge:As wafer’s nonlinear signal at T = —4.64 ps

acquired from a single scan and the result after 100 scan repeats. This averaging
increases the SNR from 25 dB to 58 dB.
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Figure 5.20: A subset of nonlinear signals at different T delays induced in the
Ge:As wafer. Signals are offset to improve readability.
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Figure 5.21: Fourier transform of the nonlinear signals shown in Figure 5.20.
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A 2D plot of the nonlinear signal as a function of ¢t and T delay is then
produced, shown in Figure 5.22. Performing a 2D Fourier transform on this
produces the 2D frequency domain response, shown in Figure 5.23.
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Figure 5.22: 2D nonlinear signal of the Ge:As sample. Nonlinear signal induced
by a PCA with a peak field of 60kV cm ™! (E4) and a BNA crystal with a peak
field of 60kVem ™! (Ep).
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Figure 5.23: 2D Fourier transform of 5.22.

As discussed in Section 2.4.3, different regions of the nonlinear 2D FFT cor-
respond to different nonlinear responses (e.g. third harmonic and Four-Wave-
Mixing (FWM)). These regions can be inverse Fourier transformed to allow for
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that effect to be isolated in the time domain [81,82]. Figure 5.24 shows the non-
linear 2D FFT with the different third-order regions labelled and Figures 5.25a
to 5.25d show the resulting time domain signals after the inverse FFT is per-
formed. These regions were decided upon using the frequency space rules shown
in Table 2.2 with vy = 2.28 THz. To improve readability of this section, ‘pump-
probe’ signals will be denoted using P and p, where P represents the ‘pump’
pulse, p represents the ‘probe’ pulse. The pump pulse refers to the pulse ini-
tially exciting the sample, whilst the probe pulse identifies the pulse which then
further excites the sample. It should be noted that this response is not referring
a classical pump-probe experiment, as the probe pulse in such an experiment is
set to be low in power so as not to induce nonlinear effects.

Both Papp and Pgpa both appear as expected, with the response of Pspp
appearing at a constant ¢ delay and then dissipating at T < 0, where E switches
to becoming the probe pulse. Meanwhile, the response of Pgpa appears when
T < 0 and is strongest at ¢t =~ T. It does not appear at exactly t = T as the ‘zero’
position of Ep is defined as the first peak of the time domain response, which
has a slightly lower field than the second peak (see Figure 5.13a).
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Figure 5.24: Zoomed area of Figure 5.23, highlighting the suspected third-order
signal regions. Pgpa found at (0 — 3,0) THz, Papp found at (0 — 3, ~ 2) THz,
FWM A found at (0 — 3,~ —2) THz and FWM B found at (0 — 3,~ 4) THz.
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Figure 5.25: Inverse 2D FFT of the nonlinear responses highlighted in Figure
5.24.

The FWM responses can be used to determine if the transition is homoge-
neously or inhomogeneously broadened by comparing where their centre points
in time are found when compared with Fx and Fp [81]. The time centre of a
pulse is obtained using the following equation:

JtE(t)%dt

te = TEw (5.11)

For a homogeneously broadened transition, t. of the FWM response would ap-
pear at a constant delay after the second pulse excites the sample, whilst for
an inhomogeneously broadened transition, ¢. would appear at a delay of T after
the second excitation pulse [81]. Figure 5.26 shows the comparison between t.
of both FWM responses compared with EFx and Ep and where the expected
response of the FWM should be for an inhomogeneously and homogeneously
broadened transition. It should be noted that an arbitrary delay of 1ps was
used for the homogeneously broadened response. From this, it can be seen that
neither FWM responses follow the expected t. of either an inhomogeneously or
homogeneously broadened transition.
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Figure 5.26: The t. of the FWM responses seen in Figure 5.25 compared with
EA and EB-

The 2D nonlinear time domain response can also be directly investigated to
obtain the 77 and 75 values of the transition by fitting a slice of T at a set ¢
delay using the following equation [84]:

T T
Exy(t) = Ay exp(— =) + Az sin(wT) exp(—=). (5.12)
T1 T2
Figure 5.27 shows the 2D nonlinear time domain signal with the chosen delay
slice to be fitted at ¢ = 0.5 ps highlighted.
The T} for the sample is expected to be large when compared with the delay

range of the data (~ ns [130]), meaning that A; exp(—Tl) ~ A;. This removes
1

a term from the fit, improving the chance of acquiring an accurate fit for 7. As
the main transition expected to be excited occurs at 2.28 THz, w = 2.28 x 2.
The equation used for the first attempt of the fit was then:

Eni(T) = A, + Aysin(2.28 x 277) exp(—Tl). (5.13)
2

Using MATLAB’s fitting toolbox, the data slice shown in Figure 5.27 was fitted
using Equation 5.13, creating the fit shown in Figure 5.28a. From this, it can
immediately be seen that Equation 5.13 is not a good fit, with a Root-Mean-
Square Error (RMSE) of 2.906. This fit acquires Ty as 0.2251+0.1867 ps. As
the nonlinear signal may be being generated from a three-level system rather
than a two-level system, Equation 5.13 was further modified, adding a second
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Figure 5.27: Zoomed region of the 2D nonlinear signal shown in Figure 5.22.
The dotted line denotes the slice used for fitting Equation 5.12.

exponentially decaying sine wave to the fit, leading to the following equation:

ENL(T) = A1 + A sin(2.28 x 277T) exp(—TL) + Assin(fp X 277T) exp(—TL),
24

2B

(5.14)
where fp is the frequency of the second transition, 754 is the T3 value of the pri-
mary transition (occurring at 2.28 THz) and T» 5 is the T5 value of the secondary
transition (occurring at fg). The most likely secondary transition from the 2p,
state is to 2p+ so fp was set to ~ 0.7 THz. Figure 5.28b shows the resulting fit,
with the two frequency components separated, so their contributions to the final
fitting functions can be seen. This fit acquires To4 = 5.829+£4.311 ps and T =
0.134010.0518 ps with a RMSE of 1.6. This fit can still be improved further by
ignoring the outlying data point, leading to the fit shown in Figure 5.28c. This
acquires To4 = 0.8656+1.7214ps and Top = 0.1268+0.0179 ps with a RMSE
of 0.6297. The two frequency fits with and without the outlier included give
a similar value Top value of ~ 0.13 ps, however the value of 754 varies wildly.
This is likely owing to the value of T54 being much larger than the provided
delay range, making it difficult to accurately fit to the data. This is indicated
by the large uncertainty of T4, however, the lower uncertainty of To5 makes
it more likely to be an accurate fit. The measured T value of 1s(Ty) — 2pg is
much smaller than that of the same transition in Si:P, measured as 160420 ps
using a FEL in Ref [7], which does raise some doubt about the value acquired
for the Ge:As.
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Figure 5.28: Results of fitting Equations 5.13 and 5.14 to the nonlinear response
slice shown in Figure 5.27. Fitting reveals that there are two frequency compo-
nents in the nonlinear response, relating to the primary transition 1s(A;) — 2pg
(2.28 THz and a secondary transition at 0.7 THz, possibly the 2pg — 2p+ /3s(A;)

transition.
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5.5.2.4 Pump-Probe Analysis

The data can also be interpreted using a ‘pump-probe’ style analysis where the
response induced in the sample when both pulses are incident on the sample
can be obtained using the following equation:

EP (t T) = EAB(t’T) - EA(t’T) T< 07 (5 15)
n Eap(t,T) — Ep(t,T) T>0, '
Ep(t,T) = Bplt,T) <0, (5.16)
Ea(t,T) T>0,
i g) = Lp@ ) (5.17)

vp(wi, wr)

where Ep, is the time domain response through the sample when both pulses
are incident with the ‘pump’ signal removed, E, is the ‘probe’ signal, vp,, is the
2D FFT of Ep, and v, is the 2D FFT of E,. It should be noted however that
this is not a true pump-probe measurement, as the probe pulse is intense enough
to cause nonlinear effects within the sample. Figure 5.29 shows a time domain
and corresponding FFT obtained using the above equation at T = —0.99 ps.
Although the difference between Ep, and E, is quite subtle in the time do-
main (Figure 5.29a), it is more pronounced in the frequency domain (Figure
5.29b), where an absorption can be seen between ~0.6-0.8 THz, whilst an in-
crease in signal can be seen between ~2.2-2.8 THz. This could be interpreted as
that when both pulses are incident on the sample, the first pulse has saturated
the 1s(A41) — 2pp transition (leading to the observed increase in transmission
around 2.28 THz), allowing for the second pulse to excite the 2py — 2p+ or
2pop — 3s(A;) transitions (leading to the reduction in transmission between
~0.6-0.8 THz). Due to the lack of spectral resolution, it is difficult to resolve if
the drop in transmission at ~0.6-0.8 THz is caused by a single transition or from
two or more transitions as the 2py — 2p1 and 2py; — 3s(A4;) transitions occur
within the region (0.72 THz and 0.58 THz respectively). Figure 5.30 shows the
full response of vg as a function of T, where the aforementioned features can
be seen to oscillate as a function of T. Taking a frequency slice as a function of
T at these frequencies show that the response is an exponentially decaying sine
wave.
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Figure 5.29: Time domain and FFT of the ‘pump-probe’ signal compared with
the ‘probe’ at T = —0.99ps. E, = Ep is shown in green, Ep, = Fap — 4 is
shown in purple and vg = vp, /v, is shown in orange.
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Figure 5.30: Pump-probe frequency response (vg = vpp /1) of the Ge:As wafer
as a function of T delay.

5.6 Experimental Conclusions

In conclusion, the data suggests that the main transition (1s(A;) — 2pg) can
be saturated by the experimental setup with a field of ~ 20kVem™!. There
is also data to suggest that with a two pulse experiment, the 2p, state can
be excited into higher states (possibly 2pi+ or 3s(A;)) as the absorption at
0.7 THz is not seen in the linear spectroscopy data. The 2D TDS measurement

Response Transmission
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allowed for the T values of both transitions to be obtained simultaneously;
~0.87 ps for the 1s(A41) — 2pg transition and ~0.13 ps for the 2py — 2py /3s(A;1)
transition. A 2D TDS measurement with a larger T range would allow for a more
accurate measurement of Ty of the transitions in the sample, whilst performing
the experiment at a range of excitation fields would allow for it to be tested
if one of the transitions is undergoing Rabi flopping [84]. Confirmation of this
would allow for further experiments to be planned to perform coherent control
on the transition [7]. Performing a ‘reference’ 2D-TDS measurement with the
sample at room temperature would also improve the validity of the results,
because at higher temperatures, the sample should not show any nonlinearities,
thus any nonlinearities seen will be caused by other factors in the system (e.g.
phase mismatch between the excitation pulses or interactions with the cryostat
windows).



108

Chapter 6

2D Spectroscopy of
Self-Induced-Transparency
Structures

This chapter details the second sample measured for this work. The sample is
a GaAs quantum well structure designed to exhibit the SIT effect for potential
applications in mode-locking QCLs. Owing to the ultrashort recovery time
of QCLs (~1-50ps [79]), mode-locking has proved difficult to achieve, with
only active mode-locking techniques being employed [131-133], allowing for 3 ps
pulses to be obtained with mid-IR QCLs [132] and 5 ps pulses with THz QCLs
[134].

Mode-locking using SIT is not limited by the gain recovery time, making it
an ideal candidate for performing mode-locking of QCLs. SIT absorbers can be
engineered using quantum wells structures, so it is also possible for them to be
integrated within the QCL structure, alternating between gain and absorbing
layers [135]. Simulations of this design suggest that it is possible to achieve
100fs pulses for mid-IR QCLs [135].

The SIT absorbing layers need to be precisely engineered to operate as in-
tended so the saturation dynamics of the structures must be investigated. In-
vestigations of 77 and T5 lifetimes in quantum well structures have been shown
to be possible using 2D-TDS, allowing for short lifetimes (<5ps) to be mea-
sured [2, 84, 86].

The chapter is formatted similarly to the previous chapter, with background
theory being introduced first (Section 6.1), followed by a detailed summary of
the sample (Section 6.2), finishing with a summary of the measurements and
findings (Sections 6.3 to 6.6). As mentioned in the previous chapter introduc-
tion, the measurements were performed throughout the duration of the PhD so
differences in the experimental setup are provided at the start of each experi-
mental section.
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6.1 Theory

This section will introduce the background theory of quantum well structures.

6.1.1 Quantum Wells

When electrons are confined in a narrow region of low Potential Energy (PE) by
two regions of high PE, such as in a semiconductor heterostructure, the allowed
energies becomes quantised. These systems are known as quantum wells.

6.1.1.1 Infinite Quantum Well

In a quantum well of length L bounded by infinitely high PE regions, the energy
of the system can be calculated using the time-independent Schrédinger equation
[11,136-138]:

HY, =E,¥,, (6.1)

where F,, is the energy of the electron, ¥,, is the wavefunction of the electron
and H is the total energy of the system, which is the sum of the kinetic and
potential energy of the system. As V(z) = 0 in the low PE region and V' (z) = o0
in the high PE region, the total PE of the system will be 0, therefore H is equal
to the kinetic energy only: ,

=" (6.2)

2m’
where m is the mass of an electron and p is the electron momentum operator:

p=—ihV (6.3)

and V is the gradient operator. As the quantum well is a one dimensional
system, V can be replaced with d/dz, leading to the full Schrédinger equation:

B @
- 55 V() = BU(e), (6.4)

As U(z) must be a function equal to itself with a negative multiplication factor
after being differentiated twice and be 0 at the boundary regions z = 0 and
z =1L, ¥(z) = Asin(kz), with kz being equal to an integer multiple of :

U(z) = Asin(%). (6.5)

Substituting Equation 6.5 into Equation 6.4:

K2 n2n? . nmz . NTz
—Qm(—Lz )(Asm(T)):E(Asm(iL ), (6.6)
h2 n2r?
- Qm( L2 ) (6.7)

From this, we can see that the energy difference between the bands in the well
can be engineered by changing the length of the quantum well. The probability
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of finding an electron at a given energy level must be equal to one, thus the
condition of normalisation is:

/ (w1 (6.8)
0

Solving this allows for A from Equation 6.5 to be obtained as A = /2/L,
meaning that the full wavefunction is:

U(z) = \/E sin(LZZ). (6.9)

Figure 6.1 shows a 200 A GaAs infinite quantum well (using an effective electron
mass of m* = 0.067m.) and its first three wavefunctions at their respective
energy levels.

Infinite GaAs Quantum Well
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Figure 6.1: Diagram of an infinite quantum well, showing the first three wave-
functions. Simulated using QWWAD simulation tools [137].

6.1.1.2 Finite Quantum Well

In real systems, the potential barrier between the low and high energy regions
are finite, changing the electron wavefunction. Considering a low PE region
of length L, symmetric around z = 0, so that the potential barriers are at
z = +£L/2 and have an energy of V, the Schriodinger equation in each region
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will be the following [11,136-138]:

P E 5+ V() = Bu(2) < L (6.10)
omdz? 2= 2 =Ty '
h? d? L L
22 — Zc.<Z .
5 752 U(z) = EV(z), 5 < z < 5 (6.11)
h? d? L
——— U v =FEU — <z 12
P v v = Bue), E<s (6.12)

In the well (—L/2 < z < L/2), the wavefunction may now be either a cosine
or sine function, dependent on the parity. Parity is referred to as either ‘even’
when the function is symmetric (¥(z) = ¥(—z2)) or ‘odd’ when the function is
antisymmetric (U(z) = —¥(—2)).

Inside the right barrier (z < —L/2), by rearranging Equation 6.12:

h? d?
——V(z)= (V- FE)¥ 6.13
() = (V- B)U(), (6.13)
it can be seen that the wavefunction must equal itself when differentiated twice,
meaning that Bexp(+xz) would fit. As z tends towards +oo, ¥(z) tends to-
wards zero, this leads to the following wavefunctions when the states have an
even parity:

U(z) = Bexp(kz), z < —g, (6.14)
U(z) = Acos(kz), —% <z< %, (6.15)
U(z) = Bexp(—kz), g <z (6.16)
where
k= 2;71E’ and K= M (6.17)

Equation 6.16 equals Equation 6.15 at z = L/2, for an even parity wavefunction,
thus:

ktan(%) —k=0. (6.18)

For an odd parity wavefunction (where Equation 6.15 is substituted with ¥(z) =
Asin(k)):

L
kcot(%)—kf@':O. (6.19)

The allowed energy levels can then be acquired either graphically [139] or nu-
merically, using techniques such as Newton-Raphson iteration [137]. Figure
6.2 shows a 200 A finite GaAs quantum well surrounded by two Alg.12Gag ggAs
barriers and its first three wavefunctions at their respective energy levels. An
effective electron mass of m* = 0.067m, and a barrier height of 100 meV was
used.
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Figure 6.2: Diagram of a GaAs finite quantum well surrounded by two
Alg.12Gag ggAs barriers, showing the first three wavefunctions. Simulated us-
ing QWWAD simulation tools [137].

6.1.1.3 Multiple Quantum Well Systems

It can be seen that there is a small probability in a finite quantum well for an
electron to be outside the well. This effect is known as quantum tunnelling
[11]. Due to this tunnelling effect, when multiple quantum wells are placed
in close succession, separated by a thin potential barrier, the wavefunctions
become coupled between the wells. This is known as ‘hybridisation’ and can be
seen in Figure 6.3 which shows two GaAs wells (the same as shown in Figure
6.2), separated by a 17A Al 12Gag ggAs high PE region. In superlattices of
many repeated quantum well structures, wavefunctions with the same quantum
number hybridise, forming minibands, with the width dependent on the strength
of the coupling between wells [138]. Applying a bias to these structures cause a
potential gradient to be applied across the wells, causing the energy difference
between the minibands to increase and allowing for electrons to travel through
the structure, tunnelling through the barriers.



6.1. Theory 113

Double Quantum Well
120 T T
— |la >
|16 >
100 M —[2a> | 4
|2b >
— [3a >

3b >
80 g

60 -

Energy (meV)

N\
_\%\ —

20 -

V<

= S

0

| I | | | |
0 100 200 300 400 500 600 700 800 900
2 Distance (A)

Figure 6.3: Diagram of system of two GaAs finite quantum wells, seperated by
a 17TA Alg»GagsgAs barrier, showing the first six wavefunctions. Simulated
using QWWAD simulation tools [137].

Use of quantum well superlattice structures led to the development of diode
lasers [140] and then later the QCL [141]. Unlike regular diode lasers where the
frequency of the emitted photons is dependent on the bandgap of the material,
the emission frequency can be engineered by adjusting the width of the wells
and the bias applied to the device. As the photon emission occurs in solely the
conduction band of the device in QCLs, the transition energy is much smaller
(meV instead of €V), leading to lower frequency photons being emitted. This
led to the development of QCLs capable of emission in the THz frequency range
[142]. Figure 6.4 shows an example of the bandstructure of a QCL which has an
output frequency of 3.3 THz. Quantum well superlattices can also be engineered
to utilise intersubband absorption to allow for detecting radiation in both the
IR [143] and THz [144,145] regions of the EM spectrum with devices known as
‘Quantum Well Photodetectors’. QCLs have also been shown to act as detectors
through ‘self-mixing’ [146], allowing for the laser to act as both the emitter and
detector within a system.
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QCL Bandstructure
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Figure 6.4: Bandstructure diagram of a resonant phonon QCL which emits
radiation with a frequency of 3.3THz. The structure in A is as follows:
47/98/17/74/41/54/54/54 (Alg.15Gag.s5As barriers are in bold, Si doped layer
(5x10'% cm™?) is underlined, GaAs barriers otherwise). Two repeats of the
structure are shown. Simulated using QWWAD simulation tools [137].

6.1.2 Rabi Oscillation

When a strong oscillating electric field interacts with a two-level system, such
as two states in a semiconductor quantum well superlattice, it is possible for the
population and polarisation of the system itself oscillate. This is known as a
Rabi oscillation. The polarisation and population of the system can be obtained
using the following equations [10]:

AN (t) = ANy cos Qrapit, (6.20)
P1 (t) = Pm sin QRabita (621)
where AN is the change in population, Ny is the initial population, P,, is the

maximum value of the polarisation and Qg.p; is the Rabi frequency, defined
using the following equation:

3Yrad€A?
8m2h

where 7;.q is the decay rate of the transition, € is the dielectric permeability of

the sample and ) is the wavelength of the excitation beam. A full derivation of

QRabi = E?, (6.22)
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these equations can be found in Appendix 8.2.

From the behaviour described above, a strong pulse with a duration 7}, where
wrT, = 7 entering a two-level system will cause a total population inversion
which will decay to its initial state with a time constant of 77. Pulses which
cause this are known as ‘7’ pulses as they have a ‘pulse area’ (wgT,) of 7 [10].
A diagram showing the population and polarisation of a two-level system as a
function of pulse area is shown in Figure 6.5.

Rabi Oscillation Population and Polarisation
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Figure 6.5: Diagram showing the population and polarisation of a two level
system undergoing a Rabi oscillation as a function of pulse area.

6.1.3 Self-Induced Transparency Effect

In a two level system where a 27 pulse is applied, pulse is absorbed in the first
half-cycle causing a population inversion and then the same energy is coherently
emitted in the second half cycle, reverting the system back to its initial state,
causing no energy to be absorbed in the system as it occurs over a period shorter
than the relaxation times of the system (77 and 7). This causes the system
to appear transparent when compared to a lower energy pulse of the same
frequency. This effect is known as SIT and was first described in 1967 [147]. It
is dependent on the transition dipole moment, (d12), the population relaxation
time (73) and the dephasing time (7%) of the two-level system, as well as the
duration (1) and area (S) of the slow envelope (£(¢)) of the pulse. If T < T3 and
S = dia/h [ e(t)dt = 27 the effect can occur [148,149).

The SIT effect can be used to passively mode-lock (see Section 2.1.3), as
27 pulses have the lowest loss, thus other pulse shapes will be absorbed in
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the media, leading to only 27 pulses being present, thus the system acts as a
saturable absorber. For passive mode-locking with other saturable absorbers,
the pulse duration is limited by the inverse bandwidth of the gain medium
t = 1/T3, however, this does not apply to SIT media, as the pulse duration is
inversely proportional to the incident optical power [150]. This is because the
duration of the Rabi oscillations do not have a lower limit [151]. For mode-
locking using SIT, it is also critical to have the laser gain medium have a dipole
strength twice that of the SIT region [135,150]. This causes the 27 pulse in the
SIT region to act as a m pulse in the gain region (i.e. a half Rabi oscillation
occurs, stimulating emission of all electrons in the upper lasing state to the lower
lasing state). It is difficult to find material pairing that operate within these
parameters, however, quantum well structures appear a promising candidate, as
their material properties can be precisely engineered [135].

The following sections of this chapter describe an experimental investigation
of a SIT structure using the system described in Section 4.2.

6.2 Sample Details

The SIT sample was designed by Dr. Muhammad Talukder, fabricated at the
University of Leeds by Dr. Lianhe Li and has the following layer thicknesses
GaAs layers, values in bold font are Aly.11Gag.ggAs and values in bold italic
font are Alg2GaggAs layers. Layers which are underlined are doped with a
density of 2x10'6 cm—3. The sample is 10 pm thick, containing multiple repeats
of the aforementioned quantum well structure. A diagram of the bandstructure
(simulated using QWWAD simulation tools [137]) is shown in Figure 6.6. The
energy levels of the first four states in ascending order are 24.6 meV, 32.2 meV,
45.4meV and 59.3meV. The structure is designed so the SIT effect is seen when
incident THz radiation is resonant with the £y — F5 transition (~ 1.85 THz).

Using the wavefunctions obtained from the simulation shown in Figure 6.6,
the excitation field to induce a full Rabi oscillation can be estimated using the

following equation:
QRabifi
Ern, = T dT , (6.23)

where Qgap; is the Rabi frequency and d is the dipole moment of the transition
which is obtained using;:

d= q/zb;(x)xwl(x) dx, (6.24)

where ¢ is the charge of the particle transitioning, ¢ is the wavefunctions of
the initial state and 13 is the complex conjugate of the excited state and =z
is the position of the particle. For this sample, Qgra.pi = 27 x 1.85 THz and
d = g x 55nm, giving an excitation field of ~ 1.4kV cm™!.
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Figure 6.6: Bandstructure diagram of the measured SIT sample. The structure
mal font are GaAs layers, values in bold font : agAlj Hi(}aongs and values in
bold italic are Alg>Gag.gAs layers. Layers which are underlined are doped with
a density of 2x10'% cm—3. Two repeats of the structure are shown. Simulated
using QWWAD simulation tools [137].

6.3 Wedge Coupling

The first challenge considered with measuring the sample using TDS was how
to couple the THz radiation in and out of the sample as the interactions with
the quantum wells occur perpendicular to the growth direction of the sample
because of dipole selection rules [152]. It is possible to do this by orienting
the sample so that the edge of the structure is at the focus of the parabolic
mirrors [22,79], however, with the sample being ~ 450 um tall (including the
substrate), much smaller than the spot size of the THz beam, most of the beam
will be not couple into the sample, reducing the SNR. It was decided that the
edges of the wafer would have a larger 45° face polished into both edges of
the wafer, turning the shape into a right parallelogrammic prism (an extruded
parallelogram). To polish the sample, the sample was attached to a steel block
with an integrated 45° hole with ~ 1mm of the sample protruding from the
block. The block containing the sample was then hand-polished to a mirror
finish using fine glass paper. The shape would allow for the THz beam to be
coupled into the sample in the growth direction at an edge, reflect internally off
the 45° face, excite the quantum wells and the reflect at the opposite 45° face
out of the sample (shown in Figure 6.7). As this geometry would cause a shift in
the position of the beam coming out of the sample, the collection parabolic was
also shifted the length of the sample (~ 5mm) to ensure that the THz beam
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was still collected and refocused onto the detector correctly.

Top View Side View
Polished Edge THZlIn
P a——
THz Out

Figure 6.7: Diagram showing the SIT sample wafer after being polished to allow
for coupling.

6.3.1 Linear Spectroscopy

To check if the sample had the expected absorption around 2 THz, linear spec-
troscopy was first performed on the sample using the low power TDS system
described in Section 5.3. The sample was attached to a copper plate with a
rectangular hole ~ 1 x 10 mm using vacuum grease (see Figure 6.8) and then
attached to cryostat’s cold-finger (Ozford Instruments Microstat). Similar to
the experiments discussed in Chapter 5, a ‘sample’ measurement was taken at
a low temperature (< 10K) where the electrons in the sample have settled into
the ground state and then a ‘reference’ measurement is taken of the same sam-
ple at a higher temperature, where the thermal distribution of the electrons will
have reduced the population differences between the levels, to allow for the data
to be normalised. For this measurement a temperature of 4 K was used for the
sample measurement, whilst a temperature of 100 K was used for the reference
measurement. The measurement was also performed in a dry air environment.
To ensure that the optimal position to couple THz pulse into the sample and in-
teract with the wells was obtained, the sample was stepped along the horizontal
plane where the measurements were repeated.
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THz Out

Cryostat Mounting Hole

Figure 6.8: Diagram showing the SIT sample mounted to a copper plate, allow-
ing it to be fixed to a cold-finger.

Figure 6.9 shows the time domain response and FFT for the sample and ref-
erence measurement, as well as the resulting normalised ‘transmission’ response
(sample FFT / reference FFT) from a single sample position. A rectangular
window has been applied to the time domain data to remove obvious reflec-
tions. Figure 6.10 shows the normalised transmission responses for each of the
sample positions tested. From this data, no distinguishable features around the
expected absorption frequency (~ 2THz) could be seen at any of the tested
sample positions. The general increase in transmission above 2 THz is due to
electron screening at the higher frequencies at the reference temperature. The
oscillations seen in the transmission data across all sample positions is likely
due to a reflection being present in the time domain data. Decreasing the width
of the window in post-processing could not remove this however.
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Time Domain FFT and Transmission
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Figure 6.9: Linear spectroscopy data of the wedge-polished sample. Red traces
are the ‘sample’ measurement of the SIT wafer measured at 4 K whilst blue
traces are the ‘reference’ measurement of the same wafer taken at 100 K. THz
pulses are generated and detected using PCSes.
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Figure 6.10: Transmission through the SIT wafer at low THz fields as a function
of frequency through the wedge at multiple positions. Transmission values are
obtained by dividing the spectrum obtained at low temperatures (4 K) by the
spectrum obtained at higher temperatures 100 K.

To improve the confinement of the THz radiation into the sample and to
hopefully allow for the transition to be observed, a layer of Au was added to
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the surface [153,154] using a metal sputterer (performed by Nikollao Sulollari),
leaving an unmetallised gap of ~ 1 mm to still allow for coupling into the sample.
Figure 6.11 shows a diagram of the sample after metallisation. The measurement
using the low power TDS system was then repeated but this also did not yield
any conclusive results due to a reduction of the strength of the detected signal.

Top View Side View
Polished Edge w/ Au Layer
~imm ge W/ Y THz In
P
Au Layer
_—
A\ THz Out
No Au Au Layer

Figure 6.11: Diagram of the SIT sample after metallisation of one face was
performed to increase the confinement of the THz pulse in the sample.

6.3.2 Saturation Measurement

Despite the lack of conclusive results from the linear spectroscopy measurements,
a ‘saturation’ measurement was performed on the sample (see Section 5.4 for
an explanation of the measurement technique).

For this measurement, a setup similar to the system shown in Figure 4.1 was
used (using only one beam line). A 15x15mm PCA was used as the emitter
and excitation was performed using a ~ 32 mm FWHM collimated 800 nm beam.
The strength of the THz pulse incident on the sample was altered by chang-
ing the bias applied to the PCA. The peak field applied to the sample ranged
between 6.25-50kV cm ™! (measured at an earlier date). Expanded PTFE was
placed between the emitter and the first parabolic mirror to block the excess
IR pulse from interfering with the sample. A 1 mm thick ZnTe crystal was used
for EO detection as the feature of interest was expected to be below the de-
tection bandwidth of the crystal (~ 3 THz) and detected signal was expected
to be small. The sample was mounted with the same cryostat and mounting
plate as described in Section 6.3.1. Temperatures of 7K and 180 K were used
as the sample and reference temperatures respectively. Similarly to the linear
spectroscopy measurement of this sample (Section 6.3.1), the measurement was
repeated at multiple horizontal positions in the sample space to ensure that
the best coupling was achieved. All measurements were performed in a dry air
environment,.

The following analysis will only discuss the data acquired at the sample po-
sition where the strongest absorption was seen at the sample temperature for
brevity. The time-domain traces were first windowed using a rectangular win-
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dow and then Fourier transformed as seen in Figure 6.12. These graphs show
the response from an applied field of ~ 6.25kV cm ™' because the absorption
should be more obvious at lower excitation fields, where the transition is not
saturated. In the FFT of the sample measurement, a clear, narrow absorption
can be seen at ~ 1.85 THz which does not appear in the reference data and is
therefore likely to be the transition of interest. To then check is the strength of
the absorption changes with the applied THz field, the FFT amplitude at each
applied field is first compared (see Figure 6.13a). From this, it does initially
appear that the strength of absorption seems to be affected by the strength of
the applied field, but due to the differing overall amplitude of the spectrum,
it is hard to acquire a conclusive answer. Figure 6.13c then shows the spectra
in Figure 6.13a, divided by the maximum FFT amplitude of each scan. This
normalises the data, allowing for the strength of the absorption to be compared
for different applied fields. Comparing the strength of the absorption at the
greatest field (50kV em™!) to the other measurements, it can be seen that the
absorption is much weaker, indicating that the transition may be saturating.
To isolate that the peak field strength is affecting the transition and not that
region of the spectrum, the self-normalisation was also performed on the refer-
ence data (Figure 6.13b shows the initial spectra and Figure 6.13d shows the
normalised spectra). The normalised reference spectra does not appear to have
much dependency with the strength of the applied field, adding credibility to
saturation being observed in Figure 6.13c. The strong absorption seen in the
reference data around 1 THz is unexpected and it is unclear where it has ap-
peared from. It is possible that it could be due to misalignment of the sample
as the cryostat finger has heated and expanded, causing a shift in the output
beam, as the sample acts as a waveguide.
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Figure 6.12: Single scan from the saturation measurement of the SIT wafer with
an applied THz field of 6.25kV cm—!. Red traces are the ‘sample’ measurement
of the SIT wafer measured at 7K whilst blue traces are the ‘reference’ measure-
ment of the same wafer taken at 180 K. THz pulses are generated and detected
using PCSes. Signals were detected with a 1mm thick ZnTe crystal.
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Figure 6.13: FFTs from the saturation measurement of the SIT wafer at varying
applied THz fields. The different THz field strengths are obtained by changing
the bias applied to the PCA emitter. A 1mm ZnTe crystal was used for detec-
tion. ‘Sample’ measurements were taken at 7K whilst ‘reference’ measurements
were taken at 100 K.

Figure 6.14 shows the sample FFTs normalised using the reference FFTs.
The subsequent analysis on the saturation of the transition seen at ~ 1.85 THz
uses this metric of ‘transmission’ (Sample FFT / Reference FFT), as it should
provide a more accurate normalisation than the self-normalisation shown in Fig-
ure 6.13c. The absorption minima shifts slightly between measurements, so the
metric used to characterise the saturation will use the integral of the trans-
mission at ~ 1.85 THz + 122 GHz. Figure 6.15 shows the result of this plotted
as a function of peak, broadband applied field (measured without the sample
present) and squared applied field (because Field® o Intensity). The peak ab-
sorption at a given frequency can then be obtained using Equation 5.7 (also
plotted on Figure 6.15). A typical absorption response of a saturated transi-
tion follows an exponential decay (see Figure 5.12), however it is immediately




6.3. Wedge Coupling 124

apparent that this is not the case for this data. At low fields (< 30kVem™1),
the absorption of the transition increases as a function of applied field, however,
at higher fields (> 30kV cm™1), the absorption response switches to reduce as
a function of applied field. Figure 6.16 shows this absorption response as a
function of intensity (V}%,,), where the absorption at the greater applied fields
appear to exponentially decay, as expected for a saturated transition. To esti-
mate the field required to saturate the transition, these data points were fitted to
an inhomogeneously and homogeneously broadened transition (Equations (5.8)
and (5.9) respectively) using MATLAB. From fitting a homogeneously broad-
ened response, a saturation field of 46.464+2.07kV cm ! was obtained giving a
RMSE of 0.01335, whilst fitting an inhomogeneously broadened response, a sat-
uration field of 27.8540.91kVem ™! was obtained giving a RMSE of 0.00771.
These saturation fields are much higher than the estimate from the Rabi os-
cillation calculation in Section 6.2 because the estimation was the field of a
narrowband pulse, ignoring coupling losses. From this, it can be seen that it
not conclusive if the transition is homogeneously or inhomogeneously broad-
ened, as the data fits well to both, albeit with the inhomogeneously broadened
transition having a lower RMSE and therefore, fitting better. In general, the
transitions of semiconductor quantum well structures are homogeneously broad-
ened [81,155], however, inhomogeneities can arise from slight variations in the
structure during wafer growth [155].
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Figure 6.14: Normalised transmission from the saturation measurement of the
SIT wafer, shown in Figure 6.13. The normalised transmission is obtained by
dividing the frequency response of the ‘sample’ measurement (taken at 7K)
by the ‘reference’ measurement taken at 180 K. The SNR is much lower after
2 THz.
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Absorption Response at 1.85 THz + 122 GHz
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Figure 6.15: Absorption response of the SIT wafer at 1.85 THz + 122 GHz.
Blue traces are the transmission response (see Figure 6.14), red traces are the
absorption response.
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Figure 6.16: Absorption response of the SIT wafer (shown in Figure 6.15) as a
function of intensity, fitted to a homogeneously and inhomogeneously broadened
transition. Fitting performed using MATLAB.
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6.4 Grating Coupling

An alternate coupling method was also tested where a metal grating structure
is added to the surface of the wafer [84,144,156]. The metal grating allows for
the incident THz pulses to be coupled into the quantum wells via diffraction,
with the period of the grating determining the wavelength of the light to couple
into the sample. The period can be designed using the grating equation:

mA = nd(sin a + sin 3), (6.25)

where m is the order of diffraction, X is the wavelength of the light to be coupled,
n is the refractive index of the sample, d is the grating period and « and S are
the angles of the incident and diffracted light. For grating designs in general,
A is usually the cutoff wavelength of the grating, meaning that wavelengths
shorter than A will be diffracted, however, for near-field interactions such as for
quantum well structures, it has been shown that longer wavelengths may also
be coupled, and incident light with wavelengths equal to A\ are coupled in most
efficiently [144]. For the SIT sample under investigation, the grating is designed
for A =~ 160pm, o = 0°, 8 = 90° with n =~ 3.2, as the wafer is predominantly
GaAs. Thus, Equation 6.25 can be simplified to:

d ~ 50pum x m. (6.26)

This equation is however a simplification and for a full understanding of how
the incident pulses diffract into a multilayer structure such as a quantum well
system, simulations must be performed [157], which is outside the scope of this
thesis. For the SIT sample being tested, four gratings were designed and simu-
lated by Dr. Paul Dean, with fabrication being performed by Dr. Mohammed
Salih. The dimensions of each design is shown in Table 6.1. A diagram showing
the layout of the gratings on the wafer are shown in Figure 6.17. The values of
the grating periods in the table are lower than the estimation (Equation 6.26)
as the dispersion effects between the multiple layers have been accounted for to
optimise coupling at 1.85 THz.

Grating Number ‘ Grating Period (pm) ‘ Metal Width (pm) ‘ Gap Width (pm) ‘ Repeats ‘ Diffraction Order
1 19.5 12 7.5 102 2
2 20.5 12.6 7.7 97 2
3 21.5 13.2 8.3 93 2
4 41 25.2 15.8 49 1

Table 6.1: Dimensions of the grating structures fabricated onto the SIT sample.
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Au Grating

SIT Wafer

10 mm
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Figure 6.17: A diagram showing the placement of the grating structures fab-
ricated onto the wafer. Each 2x2mm grating region has a different spacing,
found in Table 6.1. Diagram not to scale.

6.4.1 Linear Spectroscopy

The sample with the gratings were first tested using the lower power TDS sys-
tem to ascertain which grating structure performed best. The measurement
technique and system configuration was identical to that of the experiment de-
scribed in Section 6.3.1, with two measurements being performed on the same
sample at a low ‘sample’ temperature and a higher ‘reference’ temperature. 7K
and 290K used for the sample and reference measurements respectively. The
sample was clamped between two copper plates with four holes, allowing for
the THz pulses to only be coupled into via the gratings. This also allowed for
all four gratings to be tested within a single cooldown cycle of the cryostat to
improve reliability of the comparison between the gratings.

Figures 6.18 to 6.21 show the time domain and FFT of each grating (after
a window has been applied to the data). If the grating is working as intended,
an absorption should be present around 1.85 THz at the sample temperature.
Looking solely at the FFTs, a subtle, broad absorption is observed in all gratings.
This is confirmed when a transmission response is obtained, normalising the
sample data with their references, seen in Figure 6.22. Unfortunately, this
normalisation is not perfect as there appears to be strong oscillations in the
reference measurements of gratings one and two (see Figures 6.18b and 6.19b),
possibly caused by water vapour being present in these scans owing to the
system not being fully purged, as the absorption frequencies match with that
of water [127]. An absorption can be seen with all the gratings tested, close
to the expected frequency of 1.85 THz, however, grating four (the first order
grating design) was chosen for further measurements, as the magnitude of the
time domain signal was the greatest, whilst also having the strongest absorption
at the 1.85 THz transition frequency (see Figure 6.23). The strong, narrow



6.4. Grating Coupling 128

absorption at ~ 4 THz seen in all of the measurements is caused by an absorption
in the quartz cryostat windows. This absorption is not normally present in
measurements with the system, however, to match the polarisation of the THz
pulses to the grating, the emitters were rotated, causing the pulses to interact
with a different crystal axis of the quartz.
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Figure 6.18: Grating 1 time and frequency domain response at the sample and
reference measurement temperatures. Red traces are the ‘sample’ measurement
of the SIT wafer measured at 7K whilst cyan traces are the ‘reference’ measure-
ment of the same wafer taken at 290 K. THz pulses are generated and detected
using PCSes.
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Figure 6.19: Grating 2 time and frequency domain response at the sample and
reference measurement temperatures. Blue traces are the ‘sample’ measurement
of the SIT wafer measured at 7K whilst gold traces are the ‘reference’ measure-
ment of the same wafer taken at 290 K. THz pulses are generated and detected

using PCSes.
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Figure 6.20: Grating 3 time and frequency domain response at the sample and
reference measurement temperatures. Green traces are the ‘sample’ measure-
ment of the SIT wafer measured at 7K whilst purple traces are the ‘reference’
measurement of the same wafer taken at 290 K. THz pulses are generated and

detected using PCSes.
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Figure 6.21: Grating 4 time and frequency domain response at the sample and
reference measurement temperatures. Magenta traces are the ‘sample’ measure-
ment of the SIT wafer measured at 7K whilst ornage traces are the ‘reference’
measurement of the same wafer taken at 290 K. THz pulses are generated and

detected using PCSes.
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Figure 6.22: Transmission responses of the four gratings on the SIT wafer at low
THz fields. Transmission response obtained by dividing the frequency response
at low temperature (7K), by that of a higher temperature reference (100 K).
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Figure 6.23: Zoomed low THz field transmission response of the SIT wafer,
coupled using grating 4, shown in Figure 6.22.
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6.4.2 Saturation Measurement

A saturation measurement was performed on the sample using a setup similar
to the system shown in Figure 4.10, using only one beamline with a BNA crystal
as the emitter. A BNA crystal was chosen over a PCA because the BNA was
capable of generating greater peak fields (up to ~ 230kV cm™1!), with greater
spectral amplitude around the feature of interest at 2 THz (see Figure 4.13b).
Excess IR was blocked using a 1 mm thick Si wafer. The strength of the emitter
THz field was altered throughout the measurement between 23-233kV cm ™' by
changing the incident optical power on the emitter using a series of ND filters.
Owing to the slight difference in thickness of glass of the filters, the point in
time that the peak field is found shifts with a range of ~ 0.5 ps, corresponding
to a maximum difference in glass thickness of ~ 100 pm (Borosilicate Glass
(BK7) with n = 1.51). This small change in thickness will not significantly
impact the pulse width of the excitation beam and should therefore not impact
the generated THz pulse noticeably. A 1mm ZnTe crystal was used as the
detection crystal. The sample was mounted to the cryostat identically to as
described in Section 6.4.1. ‘Sample’ measurements were taken at 6 K whilst
‘reference’ measurements were taken at 290 K.

Figures 6.24 to 6.26 show a subset of the spectra obtained at three differ-
ent excitation fields for the sample and reference measurement and the result-
ing normalised transmission response. In all of the transmission responses, an
absorption can be seen close to the expected frequency (1.85 THz) of varying
strength. In the lower field measurements, it is more pronounced, whilst for the
high field measurement, it appears less clearly, indicating that saturation may be
occurring. The shift in absorption frequency is potentially caused by the grating
and from a lack of frequency resolution to resolve any narrow absorptions.
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Figure 6.24: Response of the SIT wafer using grating four to couple a THz pulse
with a peak field of 29kV cm—!. Blue traces are the ‘sample’ measurement of the
SIT wafer measured at 6 K whilst green traces are the ‘reference’ measurement
of the same wafer taken at 290 K. THz pulses are generated using a BNA crystal
and are detected with a 1mm ZnTe crystal.
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Figure 6.25: Response of the SIT wafer using grating four to couple a THz pulse
with a peak field of 81kV cm~'. Gold traces are the ‘sample’ measurement of the
SIT wafer measured at 6 K whilst cyan traces are the ‘reference’ measurement of
the same wafer taken at 290 K. THz pulses are generated using a BNA crystal
and are detected with a 1 mm ZnTe crystal.
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Figure 6.26: Response of the SIT wafer using grating four to couple a THz pulse
with a peak field of 233kV cm~!. Green traces are the ‘sample’ measurement
of the SIT wafer measured at 6 K whilst magenta traces are the ‘reference’
measurement of the same wafer taken at 290 K. THz pulses are generated using
a BNA crystal and are detected with a 1mm ZnTe crystal.
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To investigate this further, the normalised transmission response of all fields
were compared (see Figure 6.27). From this it can be seen that similarly to
the saturation measurement of the polished sample, the intensity of the THz
field applied to the sample does seem to affect the strength of the absorption.
Looking at the transmission response does however highlight that the reference
used is not ideal, as there are lots of oscillations. This is likely owing to the
sample changing thickness with temperature, but may also be from the cryostat
windows being non-uniform, so when the coldfinger changes in length from the
temperature change, the thickness of the window also changes. Some form of
self referencing is required to remove the effects of the grating in the frequency
domain, isolating the 1.85 THz absorption. Figure 6.28 shows the transmission
of the feature at 2 THz 4+ 122 GHz as a function of peak THz field. The shape of
the response appears similar to that seen with the polished sample (Figure 6.15),
with there being a decrease in transmission as the field increases at low fields
(< 80kVem™1), then at higher fields, the transmission increases as a function
of field, which when converted to an absorption response vs intensity (Figure
6.29), has an exponential decay as expected.
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Figure 6.27: Normalised transmission response of the SIT structure using grat-
ing four to couple in the THz pulses. The normalised transmission is obtained
by dividing the spectrum obtain at low temperatures (6 K) by the respounse at a
higher temperature (290 K). Pulses of different THz field strengths are obtained
by changing power of the 800 nm excitation beam incident on the BNA crystal.
A 1mm ZnTe crystal was used to detect the pulses.
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Figure 6.28: Absorption response of the SIT wafer at 2 THz 4+ 122 GHz. Blue
traces are the transmission response (seen in Figure 6.27), red traces are the
absorption response.

Fitting was again attempted on the exponentially decaying region of the
data as both a homogeneously and inhomogeneously broadened transition using
MATLAB. Neither of the curves provided a good fit for the data, however, the
inhomogeneous fit provides a better fit than the homogeneous, with a saturating
peak field of 11.89+2.19kV cm ! being obtained. The fitting parameters are
displayed in Table 6.2.

Fit Saturation Field (kV/cm) | RMSE
Homogeneous 36.35 + 10.16 0.03644
Inhomogeneous 11.89 £ 2.19 0.0141

Table 6.2: Parameters used for the fits shown in Figure 6.29.
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Figure 6.29: Fit of the absorption response of the SIT wafer at 2THz as a
function of THz pulse intensity. Fitting parameters can be found in Table 6.2.
Fitting performed using MATLAB.

6.5 Two-Dimensional Spectroscopy

6.5.1 Experimental Information

The 2D-TDS setup used for the experiment was the same as described in Sec-
tion 4.2, using a 15x15mm PCA and a BNA crystal for THz generation, with
the pulses being combined on a Si beamsplitter. Expanded PTFE filters were
placed between each emitter and the Si beamsplitter to block the excess IR from
exciting carriers in the wafer. With this configuration, the PCA was capable of
generating peak fields of ~ 60kV cm™!, whilst the BNA was capable of gener-
ating peak fields of ~ 130kV cem~!. Both emitters were configured to emit at
their peak field for this measurement. The pulses generated from the PCA will
be referred to as ‘A’ pulses, whilst the pulses generated from the BNA will be
referred to as ‘B’ pulses for the remainder of this section. A 1mm ZnTe crystal
was used for detection and the sample was mounted in a cryostat as described in
the previous measurements (Sections 6.4.1 and 6.4.2). The sample was cooled
to 6 K for the measurement. All measurements were performed in a dry air
environment,.

A sampling delay (¢) range of 16ps with a step size of 0.01ps was used
giving a FFT range and resolution of 100 THz and 63 GHz respectively. The
delay range between Fa and Eg T was —2.32-1.1 ps with a step size of 0.03 ps,
giving a FFT range and resolution of 33 THz and 292 GHz respectively. Time
constraints on performing the experiment prevented a larger T range from be-
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ing used. Similarly to the 2D TDS measurement detailed in Section 5.5, this
dataset took ~10 hours to obtain, and required the sample to be cooled using
a continuous flow He dewar, making it impractical to perform longer scans as
they would require unsupervised, overnight measurements. Time domain traces

for all four signal states were acquired 100 times for each T delay to improve the
SNR.

6.5.2 Data Analysis
6.5.2.1 Initial Processing

Similarly to the 2D-TDS experiment discussed in Section 5.5, some initial correc-
tions are performed on the dataset before further analysis is performed. Firstly,
the T correction is found using Equation 5.10 (which for this dataset is —0.1 ps)
and applied to all scans. Next, the signals are averaged together to increase the
SNR. This later is shown to be critical for this measurement because the nonlin-
ear signal is incredibly small when compared with the detected excitation pulses,
which are already relatively low due to losses through the sample. Finally, the
detected signals are converted from arbitrary units into an estimated field using
Equation 8.1 with r4; = 3.9pm V! [44], L = 1 mm and ng = 2.85 [129] because
a 1 mm ZnTe detection crystal was used.

6.5.2.2 Excitation Pulse Analysis

Figure 6.31 shows the time and frequency domain response of Fx and Egp after
passing through the sample at T &~ 1ps. Pulse Ep has a DC offset from the
intense, unabsorbed IR excitation pulse scattering inside the system, creating a
background level of light that was picked up by the photodiodes. In future exper-
iments, this was fixed by adding baffling and opaque plastic sheeting around the
photodiodes. The two broad absorption features around 1 and 2 THz, character-
istic of the grating as seen in previous measurements (Figures 6.21b and 6.24b),
can be seen clearly in the spectrum of Ex (Figure 6.30b), indicating that the
pulses are passing through the grating as intended. Plotting Fa and Ep as a
function of ¢ and T (Figure 6.31) show that both pulses appear as expected; Ea
appears at a constant ¢ for all values of T, meanwhile Eg appears at t = —1.
There are no obvious abnormalities which appear as T changes, indicating that
E\ and Ep stay relatively homogeneous throughout the measurement.

An analysis comparing Fag to Ea + Ep as performed for the 2D-TDS mea-
surement discussed in Section 5.5.2.2 is not included here are the differences
between the 2D signals are too minor to be seen within a simple 2D time plot.
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Figure 6.30: Excitation pulses after passing through the SIT wafer at T =
—1.00ps. Pulses are coupled into the quantum wells using grating 4. Ej is
generated using a PCA with a peak field of 60kV cm . Ep is generated using
a BNA crystal with a peak field of 120kV ecm . Pulses are detected using a
1mm ZnTe crystal.
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Figure 6.31: 2D time domain response of the excitation pulses after pass-
ing through the SIT wafer. FEj\ is generated using a PCA with a peak field
of 60kVem ™. FEp is generated using a BNA crystal with a peak field of
120kV cm L.

6.5.2.3 Nonlinear Signal Analysis

In the next stage of analysis, the nonlinear signal for each T delay is acquired
using Equation 4.1.3 to remove background artifacts. Figure 6.32 shows the
time domain traces of all the signal states at T ~ 0 to highlight the difference in
magnitude between the excitation pulses and the nonlinear signal, with the peak
of Ep (with the DC offset removed) being around 70 times larger than Eni.
Figure 6.33 shows that Fxr, is even obscured by the noise of the measurement
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when a single scan is performed, and even after averaging 100 scans, the SNR
is still only ~5dB (using the peak signal field and peak noise field).
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Figure 6.32: All signal states from the SIT wafer at T = Ops. Ea is generated
using a PCA with a peak field of 60kVcm . Ep is generated using a BNA
crystal with a peak field of 120kV cm ™', Pulses are detected using a 1 mm ZnTe
crystal. Signals have been averaged using 100 repeats.
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Figure 6.33: Comparison of the nonlinear signal at T = 0ps acquired from a
single scan and after 100 repeated scans.

Figure 6.34 shows a subset of the calculated nonlinear signals where it can
be seen that it becomes difficult to distinguish the nonlinear signal when T < 0.
This is likely because for T < 0, the weaker pulse F, is exciting the sample.
Making an assumption that with the peak field of Fa being two times weaker
than Eg, the resulting nonlinear signal would also be two times weaker, the peak
field of the nonlinear signal when T < 0 would be obscured by the noise, which
may explain why it cannot be seen. Plotting the nonlinear signal in the 2D time
domain (Figure 6.36) allows for some features to be distinguished at T < 0. A
nonlinear signal typical appears at t = 0 when Tt > 0 and then appears at t = —T
when T < 0, however here a response can be seen at t = 0 for all values of T. This
suggests that there may have been a phasing issue with the choppers, causing
Ex to ‘leak’ into the background correction signal Eg. Viewing the 2D FFT
of the nonlinear signal (Figure 6.37), the frequency response at f. = 0THz
does also appear similar to that of Ea (see Figure 6.30b) also indicates that
this is the case. This is confirmed when Fg, is averaged (see black trace in
Figure 6.35), where a response can be seen around ¢ = 0 ps. It should be noted
that the general skewed shape of Eg is caused by the detection electronics. To
remove this unwanted contribution whilst still removing the skew caused by
the detection electronics, the method of calculating Enp, (Equation 4.1.3) was
adjusted slightly. Instead of adding raw E, data, Ey is first passed through a
100 point moving average filter before being added. This corrects for the low
frequency shape of the signal, whilst removing the higher frequency unwanted
component without adding in artefacts caused by E5. A 100 point filter was
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chosen (see blue trace in Figure 6.35) as using a lower number of points caused
the unwanted features to still be present (see red trace in Figure 6.35), whilst
using a greater number of points smoothed out the general shape, reducing the
accuracy of the correction (see green trace in Figure 6.35).
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Figure 6.34: Subset of the nonlinear responses induced in the SIT wafer at
different T delays. Signals are offset to improve readability
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Figure 6.35: E, (averaged) at T = —0.01 ps before and after being processed
with a /N point moving average filter. Here it can be seen that using a moving
average filter with at least 100 point removes the signal embedded at ¢t = 0 ps
whilst still keeping the overall shape of the signal.
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Figure 6.36: 2D nonlinear time domain response (Eyy,) of the SIT wafer cooled
to 6 K. Nonlinear signal induced by two pump pulses, £5 and Ep and are
coupled into the quantum wells using grating 4. E, is generated using a PCA
with a peak field of 60kVcm~'. Eg is generated using a BNA crystal with a
peak field of 120kV cm™".
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Figure 6.37: 2D FFT of Eyy, in Figure 6.36a.

Figure 6.38 shows a subset of the re-calculated nonlinear signals which when
compared with the original analysis (Figure 6.34), it appears that the unwanted
response at ¢ = 0 when T < 0 has been removed (purple and yellow traces) and
this is confirmed when comparing the full 2D nonlinear time domain responses
(Figures 6.36 and 6.39). The new 2D nonlinear FFT also shows that the resid-
ual response of Ex at fr = 0 THz has been removed, leaving only the response
expected at (f, fr) = (2,0) THz, corresponding to the Pgpa (P, refers to the
‘pump’ pulse, whilst p, refers to the probe pulse). The other regions of interest
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are (2,2) THz, corresponding to the Papp signal and (4, 2) THz, possibly corre-
sponding to the Sum-Frequency Generation (SFG) signal (the features around
(6,0) THz are artefacts).
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Figure 6.38: Same subset of the nonlinear signals shown in Figure 6.34, but using
the filtered Eg for correction. Here it can be seen that the response present at
t=0psseen in T = —1ps and T = —1.99 ps in Figure 6.34 is removed. Signals
are offset to improve readability.
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Figure 6.39: 2D nonlinear time domain response of the SIT wafer, obtained
using the filtered Fg shown in Figure 6.35 to remove residual signal present in

Eo.
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Figure 6.40: 2D FFT of Eyy, in Figure 6.39a. The nonlinear responses present
have been labelled. Pgpa found at (2,0) THz, Papp found at (2,2) THz and
SFG found at (4,2) THz. The response seen at (5,0) THz is an artefact.

Performing an inverse 2D FFT on the three nonlinear response regions high-
lighted in Figure 6.40 acquires the time domain signals shown in Figure 6.41. In
general, these signals appear at their expected regions in time, indicating that
the signals are not artefacts; the Pgpa signal appears centred around ¢t = 0,
disappearing at T < —t; the Papp signal appears centred around t = —1;
and the SFG signal appears where both pulses are strongly overlapped in time
(~t =1 =0). In measurements of a similar sample (a Double Quantum Well
(DQW) system), a second-order nonlinear effects was seen (a DFG response),
however this was attributed to frequency mixing in the bulk GeAs semiconduc-
tor [82]. Performing a FFT as a function of T on these nonlinear responses and
then plotting the average response and selected frequency slices acquired the
graphs shown in Figure 6.42. This data is difficult to interpret in this state, as
the T range is short, however an oscillation is observed in the Papp response
(Figure 6.42b) at the expected frequency of 1.85 THz when T < 0, which is where
the Papp response is expected to be seen. As this oscillation is not seen at the
slightly higher frequency of 2 THz, it is likely an observation of the transition.
The other graphs do not provide much insight into the sample, however this is
somewhat expected, as the Pgpa signal (Figure 6.42a) would reside at T > 0,
where we a limited by the range of the dataset.



6.5. Two-Dimensional Spectroscopy 146

Pump B Probe A Nonlinear Time Domain Signal

Pump A Probe B Nonlinear Time Domain Signal
2
45

0.05
: 0.04
0.03
0.02
- 0.01
o
-0.01
002
/ -0.03
- / -0.04
| 005
6 4 =2 o 2 4 & 8 10

05

+ Delay (ps)
+ Delay (ps)

1

2 4 6 8 10
tDelay (ps)

(a) Pepa at (2,0) THz. (b) Papp at (2,2) THz.

E,*Eg SFG Nonlinear Time Domain Signal

t Delay (ps)

=+ Delay (ps)

2 4 6 8 10
t Delay (ps)

B -4 2 0

(c) SFG of Ea and Eg at (4,2) THz.

Figure 6.41: Inverse 2D FFT of the nonlinear responses shown in Figure 6.40.
The position of the responses in time appear as excepted, for example, the SFG
signal appears where both pump pulses (Fa and Eg) are overlapped in time
near T~ t ~ 0.
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of the FFT of Figure 6.41a. Orange
and yellow traces show the frequency
response at 2.00 THz and 1.86 THz re-
spectively.

Pump A, Probe B FFT Avg

/:_3'\ T T T
A G\
]_07 [~ —
P VN
% [ |
5 i |
—4 | |
e 10 B E
E L | | | | |

-1 0 1
T Delay (ps)

(b) Blue trace shows averaged response
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Figure 6.42: Averaged FF'T responses and single frequency slices of the nonlinear
responses shown in Figure 6.41 as a function of T delay. Owing to the limited
T range, it is difficult to interpret this data, however, an oscillation is seen at
1.85 THz in Figure 6.42b where T < 0 as expected.
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As discussed in Section 5.5.2.3, it has been shown in a recent study of a
similar sample [84] that the 77 and 75 values of the transition can be obtained
by fitting a slice of the nonlinear 2D time domain signal at a set ¢ delay to
Equation 5.12. A region with greater intensity can be seen at ¢ ~ 0.4 ps in the
2D nonlinear signal (see Figure 6.39b) so a slice at this delay was chosen for
fitting. To reduce the noise in the data to be fitted, the mean signal over a range
of t delays (0.33-0.51 ps) was used instead of a single slice of ¢. Again, similarly
to the fitting performed in Section 5.5.2.3, the 77 component of the equation
was replaced with a constant (A1), as it proved difficult to obtain a good fit,
likely owing to the small range of T of the signal to be fitted. The data slice
appeared to have the characteristic dampened oscillatory response beginning at
T < 0 so a constant delay shift (Tsnire) was applied to the fit to account for
this. This shift arises from the change in which pulse is pumping the sample
not occurring exactly at T = 0, but at some negative T delay, likely because Ep
is much more intense than EA. As the transition of interest occurs at 2 THz,
the equation used for fitting was the following;:

(T + Tsnifs) )

Enp(t) = A1 + Agsin(2 x 27(T + Tspise)) exp(— 7

(6.27)
Using MATLAB’s fitting toolbox, the data slice was fitted using Equation 6.27,
producing the fit shown in Figure 6.43, acquiring (7> = 1.064+£0.996 ps. This
value seems reasonable, as slightly a larger value of 2.24+0.2 ps was found for
a Multiple-Quantum-Well (MQW) saturable absorber [84], a sample similar to
the SIT sample measured here. The fit however, is not perfect as the data is
very noisy for T > 0.5 ps, reducing the reliability of the fit.
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Figure 6.43: Fit of a slice of the nonlinear signal shown in Figure 6.39 to obtain
the T lifetime of the transition. Owing to the low SNR of the nonlinear signal,
the data points between ¢ =0.33-0.51 ps are averaged instead of taking a slice
at a single t delay. A Ty value of 1.064+0.996 ps is obtained for the transition
of interest at 1.85 THz.

6.6 Experimental Conclusions

In conclusion a Ty value of the transition of interest has been obtained of
1.064+0.996 ps and which seems reasonable given the number of barrier/well
interfaces the wavefunctions interact with and hence an increase in interface
roughness scattering compared to the 2 ps T5 time measured in the double quan-
tum well sample by Raab et al. [84]. The data used to obtain this value could be
improved by repeating the measurement and using a larger T range with more
repeats per T delay to improve the SNR of the nonlinear signal. Repeating the
measurement for a number excitation fields would also allow for Rabi flopping
of the transition to be investigated, allowing for the population inversion as a
function of ¢t and T to be estimated, as well as the excitation field necessary to
induce a 27 pulse within the sample [81,84]. This information is critical for the
future application of the sample of integrating the structure into a QCL to act as
a saturable absorber. Performing the measurements at multiple fields may also
give more insight into the odd saturation behaviour seen discussed in Sections
6.4.2 and 6.3.2, however as this response was present with two different coupling
methods, it is likely not a measurement artifact. Simulating the measurements
would also help verify the results and potentially identify the cause of the SFG
signal found in the nonlinear 2D FFT (Figure 6.40).
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Chapter 7

Conclusions and Further
Work

7.1 Conclusions

Chapter 3 introduces large area, LT-GaAs on transparent substrate PCAs,
designed for use with amplified laser systems, a progression from the single
gap, LT-GaAs on quartz emitters [19] designed for use with low power, high-
repetition rate mode-locked laser systems. Methods of characterising these de-
vices have been discussed and results from this have shown that fields greater
than 100kV cm ™! over a broad bandwidth greater than 5 THz can be generated,
with also having the benefit of suppressing pulse-to-pulse noise caused by using
amplified lasers [94].

In Chapter 4, a two emitter, 2D THz TDS spectroscopy system has been
demonstrated. Both emitters are interchangeable but have been tested with
a large area PCA and an EO crystal (BNA), both of which are capable of
generating the large fields required for nonlinear spectroscopy. In the current
configuration, both emitters are optically chopped at 125 Hz (1/8*" of the 1kHz
repetition rate of the laser), with a 90° phase difference between the two choppers
allowing for the four possible signal states to be acquired within eight laser
pulses. The chopping frequency could however be sped up to 250 Hz to allow
for the four signal states to be acquired every four pulses if a different optical
chopper is used. The design of the system allows for the THz field at the
sample space to be measured directly which has proved to be advantageous
when aligning the system and estimating the field applied to a sample.

In Chapter 5, a doped semiconductor impurity centre (Ge:As) was measured,
with the primary transition, 1s(Al) — 2pg, at frequency of 2.28 THz being
the main transition of interest. Performing a saturation measurement acquired
that a broadband pulse with a peak field of ~ 20kV cm™! is sufficient for the
transition to become saturated, with the response following the expected trend
of a inhomogeneously broadened transition. The 2D THz TDS measurement
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performed on the sample allowed for electrons excited from 1s(A1) — 2pg to
become excited to a higher state, with a transition frequency of ~ 0.78 THz,
likely being either 2py or 3s(A1l). This measurement allowed for a T, value of
both of these transitions to be obtained being ~ 5.83 ps and ~ 0.12 ps for the
1s(Al) — 2pg and 2py — (2p4/3s(Al)) respectively.

In Chapter 6, a quantum well structure, designed to exhibit the SIT effect
with incident pulses at a frequency of 1.85 THz. Two methods of coupling
broadband THz pulses into the quantum wells were tested, polishing 45° incident
facets into the wafer and diffraction gratings fabricated on the wafer surface.
Both coupling methods allowed for a response to be observed at the expected
frequency when the system was cryogenically cooled, however owing to its ease
of use, coupling using gratings is preferred. Saturation measurements performed
on the sample using both coupling methods acquired an unexpected response,
where the absorption of the transition as a function of applied field increases
until a threshold field, where the response changed to a more expected response
(the absorption reduces with applied field). The field where this change in
response occurs is dependent on the method of coupling used, as the coupling
efficiency differs between the two methods. A 2D THz TDS measurement was
perform on the sample using the diffraction grating coupling method where a T5
value of the transition was acquired as ~ 1ps. This measurement also showed
that a SFG signal was being induced within the sample.

7.2 Further Work

The PCAs developed by Dr. David Bacon for this work show lots of promise as
broadband emitters for high power systems such as the one developed. Devices
with larger area active region and with other device optimisations (e.g. unequal
anode to cathode width [37] or anti-reflective coatings [94]) would allow for
even greater fields to be obtained. The other major improvement which could
be implemented is to use thicker substrates to increase the spectral resolution
of the measurements, as the reflection in the substrate would be pushed back in
time, however, this would likely require the current device recipe to be altered
to account for this.

The experimental system could be improved further by investigating meth-
ods to improve the SNR and to reduce the time taken to acquire a TDS trace,
as this would allow for smaller strength nonlinear signals to be detected and
allow for larger datasets to be obtained. The scan times could be improved
by adding a fast, frictionless delay line (referred to as a ‘shaker’) [158], or by
using Echelon mirrors which split the sampling beam into an array of beamlets
delayed in time, which are then captured by a CCD array, allowing for the THz
pulse to be acquired in the time domain every laser pulse [159]. Adding more
parabolic mirrors of different focal lengths before the sample space to reduce
the THz spot size would also allow for the field strength to be increased at the
cost of increased complexity of the system. With the system uses two emit-
ters simultaneously, measurements with a narrowband pump and a broadband
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probe should be relatively straightforward to perform and may be preferable to
be implemented when only a single transition is being investigated, for example.
Use of an Optical Parametric Amplifier (OPA) and certain EO emission crystals
(e.g. GaSe) would allow for controllable narrowband pulse generation.

Regarding both of the measured samples (Ge:As and the SIT sample), re-
peating the 2D THz TDS measurements with a larger T delay range and more
repeats per T delay would allow for the 75 values of the transitions to be ob-
tained with more accuracy then in the data shown in this work and for the SIT
sample, this may allow for a value of 77 to also be obtained. Performing the
measurements at multiple field strengths may potentially allow for Rabi oscil-
lations to be observed which is important for both samples. For the Ge:As,
observation of a Rabi oscillation and knowledge of 77 and T3 would allow for
coherent control measurements to be performed on the sample, whilst for the
SIT sample, it would allow for the suitability of the structure as a saturable
absorber for a QCL to be assessed.
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Chapter 8

Appendix

8.1 Electro-Optic Detection Field Estimate

The following equation is used to provide a more accurate field estimation of a
THz pulse detected using EO detection and was provided by Dr Joshua Freeman:

ALIF
Erw, = Vi ,
T P Vo2r Lnddy DrTe
2
T = 8.1
C= T (8.1)
T
LF=———
2v/2sin(7D)

where Ery, is the estimated THz field, Vp is the voltage received from the
balanced photodiodes, A is the wavelength of the detection beam, V; is the
voltage received from the photodiodes when there is no THz present, L is the
thickness of the detection crystal, ng is the optical refractive index of the crystal,
dy1 is the EO coefficient of the crystal, Dg is the response of the EO crystal, T¢
is the transmission of the THz pulse at the air-crystal interface, ny is the THz
refractive index of the crystal, LIF is a factor accounting for the square nature
of the signal detected by the LIA and D is the duty cycle of the detected signal.

The parameters used with the crystals used in this project can be found in
Table 8.1.

Crystal ‘ L ‘ dy1 ‘ no ‘ nr ‘ Dr
ZnTe 1x 1073 4% 10712 2.85 | 3.12 | 0.72
GaP 150 x 1076 | 0.97 x 107'2 | 3.57 | 3.34 | 0.9

Table 8.1: Parameters used in Equation 8.1 for the crystals used througout this
project.



8.2. Rabi Oscillation Derivation 154

8.2 Rabi Oscillation Derivation

To derive a Rabi oscillation, we first consider the transition as a dipole in reso-
nance using the following equation [10]:

d*p(t) dp(t) o

72 + Aw“? +wip(t) = KAN(t)e(t) (8.2)

where p(t) is the polarisation of the transition, Aw, is the linewidth of the
transition, w, the frequency of the transition, N(¢) is the population of the
transition, (t) is the electric field of the excitation field and K is defined by the
following equation:
3wa €A Vrad
dz2 7
where € is the dielectric permeability of the sample, ;.4 is the decay rate of the
transition and A is the wavelength of the excitation beam. A resonant applied
field can be written as (t) = E1 () exp(jw,t) and the polarisation can be written
as p(t) = —jP1(t) exp(jw,t) as there is a phase difference of —90° between &(t)
and p(t). Substituting this into Equation 8.2 gives:

K= (8.3)

d?P(t)
dt2

dPy(t)
dt

+ (2jwa + Awy)

+jwaAwaPi(t) = JKE (HAN(H).  (8.4)

This can be simplified further by using the Slow Varying Envolope Approxi-
mation (SVEA): the envelope of a pulse changes slowly when compared to its
wavelength. This allows for the second-derivative term to be ignored as it will
be small compared with the first-derivative term. As Aw, < wq, the Aw, in
front of the first-derivative may also be ignored, giving the following equation:

dP1 (t) + Awa K

- SLP() = 5 —Ei(DAN(D), (8.5)

2w,

We then consider the population of a two-level system which is defined by the
following equation:

dAC]l\tf(t) . AN(t)T ; ANy _ 7(%)6(15) _dp(t) (8.6)

where T7 is the carrier lifetime and Ny is initial population. Presuming that
e(t) - p(t) is averaged over time, Equation 8.6 can be simplified to:

dN(t)  AN(t) = AN, _ 1
-+ T waﬁEl(t)Pl(t). (8.7)

Next we substitute Equation 8.7 into Equation 8.5 acquiring:
d*’AN(t)  Aw, 1 dAN(t)  Aw, N KE?

Awy,
dt? + 2 +T1) dt +(2T1 2hw,

JAN(D) = G ANo. (88)
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The Rabi frequency (Qgapi) is then defined as:

KE?  3viaqe\®
2 _ 1 _ 9a 2
Qfabi = Shon = 8n%h E;. (8.9)

This allows for Equation 8.8 to be rewritten using Qrap; in terms of AN (t) or
Pl (t)

d? Wq 1.d Aw, Aw,

gzt (5 + Tl)dt +( 2T, JAN() = 2T, ANo, (8.10)
d> Wa 1.d Aw, KFE;

[7dt2 —+ (—2 —+ —Tl )% —+ ( 2T1 )] Pl(t) = 2T1wa ANQ (811)

Finally, assuming that E; is strong and Qrap; > Aw, and Qgap; > 1/T1, Pi(t)
and AN (t) can be found by substituting Qrap; into the above equations:

d*AN

oz T Q2. AN =0 = AN(t) = ANy cos Qranit, (8.12)
2P, .
ez + QpapiPA~0 = P (t) = P, sin Qrapit, (813)

where P, is the maximum value of the polarisation oscillation and equals

VER]2wa ANy [10].
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