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All-optical THz pulse shaping in a dynamic waveguide

by Lauren GINGRAS

Controlling light and manipulating its flow is an important capability for the development of
new technologies, often relevant to communications, and to fundamental research alike. All-
optical control using pulsed laser systems allows dynamic photon manipulation on femtosecond
timescales and enables ultrafast, reversible switching often unlocking new capabilities beyond

passive optical components.

In this work, we demonstrate an all-optical platform for THz pulse shaping based on charge
carrier photoinjection inside a semiconductor-filled parallel-plate waveguide operating over a
broadband frequency range between 0.1 and 1.5 THz. The synthesis of arbitrarily-shaped THz
waveforms, tunable in amplitude, linewidth and center frequency, is demonstrated by creating
multiple replicas of a single-cycle high-field THz pulse. The physics underlying the platform’s
inner workings are discussed and we present experimental data collected using pump-probe time-
domain THz spectroscopy. The platform further demonstrates the ability to tune the phase of
the reflected single-cycle pulse and the capability to engineer the instantaneous frequency of a

waveform demonstrating positive, negative and compound chirps.

We further present preliminary experimental results using such sculpted pulses to perform space-
to-time imaging as well as time-to-space imaging. We discuss the possibility of dynamic photonic
band structure switching and show preliminary demonstrations of coherent control of rotational

wave packets in water vapour.
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Abbrége

La capacité de controler la lumiere et de manipuler sa propagation est une compétence impor-
tante dans le développement de nouvelles technologies souvent essentielle aux communications
et a la recherche fondamentale également. Le contrble entierement optique employant un laser
pulsé permet d’effectuer des manipulations photoniques dynamiques sur I’échelle de la fem-
toseconde et rend possible des commutations ultrarapides et réversibles souvent débloquant de

nouvelles capacités qui vont au-dela des composantes optiques passives.

Dans ce manuscrit, nous démontrons une plateforme entierement optique pour former des im-
pulsions THz basée sur la photo-injection de porteurs de charge a l'intérieur d’un guide d’onde
a plaques paralleles empli d’un semiconducteur sur une bande de fréquence allant de 0.1 a 1.5
THz. La syntheése d’impulsions THz de forme arbitraire modulaire en amplitude, largeur de raie,
et fréquence centrale est démontrée par la création de multiples répliques d’un pulse THz mono-
cycle a haute intensité. La physique sous-jacente est discutée et nous présentons des données
expérimentales collectées utilisant la spectroscopie THz pompe-sonde résolue en temps. La
platforme démontre d’ailleurs I’habileté a moduler la phase d’une impulsion monocycle réfléchie
ainsi que la capacité de sculpter la fréquence instantanée d’une onde en démontrant un chirp

positif, négatif et composés.

Nous présentons de plus des résultats expérimentaux supplémentaires employant la méthode de
modulation des pulses pour démontrer I'imagerie espace-temps ainsi que temps-espace. Nous
discutons de plus de la possibilité de créer des structures de bandes photoniques de fagon
dynamique et démontrons des résultats préliminaires de manipulation cohérente du paquet

d’onde de molécules d’eau a I’état gazeux.
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Contribution to original knowledge

The entirety of the work presented in this manuscript is based on previous proof of concept
demonstrations made by Pr. David Cooke, principal advisor to this thesis, during the course
of his post-doctoral fellow at the Technical University of Denmark (DTU) in 2008 and 2009.
The initial platform used an oscillator-based source and a silicon-filled parallel-plate waveguide
to demonstrate attenuation and time-delay of a broadband terahertz pulse. The platform was
further developed to be integrated to an amplified laser system and used to demonstrate inter-

modal coupling inside a waveguide for a Masters thesis project [1].

The first step taken further was the addition of a patterned photoexcitation resulting in con-
trollable tuning of the waveguide dispersion, on resonance [2]. While the data demonstrates
the switching of a resonance faster than the transit time of the pulse, no spectral signatures
were observed which would require switching the band structure faster than the carrier wave.
This is the first demonstration of switching a photonic band structure from the light line. Per-
haps the greatest insight and most enabling step taken in this work was to begin working in a
configuration where the reflected beam was collected. The waveforms reflected by the device
demonstrate the ability to create shaped THz waveforms for the first time. This is significant
because most modern methods of generating strong field THz pulses produce single cycle THz
pulses. This technique offers the ability to transform these pulses into any shape one desires, and
has applications in data encoding as well as quantum control. The papers presented in chapters
5 and 6 [3, 4] demonstrate some of the capabilities of this platform. In essence, it allows syn-
thesizing of THz waveforms in an all-optical fashion which makes the platform reversible and
fully reconfigurable. The monochromaticity of generated multi-cycle waveforms demonstrated
is on par with commercially available THz bandpass filters but, as mentioned, also offers full
reconfigurability. The platform demonstrated and developed has, to the best of our knowledge,
unprecedented and unparalleled pulse shaping capabilities at low-THz frequencies. We believe
it is an enabling technology for THz control experiments that require more convoluted THz
multi-cycle waveforms. Early unpublished results are presented in chapter 7 as a demonstration
of some of the suggested applications. Each author’s contributions to the work presented in this

manuscript is included at the beginning of the respective chapters.
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Chapter 1

Introduction

1.1 The terahertz spectrum

Though the concept that light should be simultaneously treated as a wave and as a particle is
universally accepted, it remains enormously advantageous, both mathematically and conceptu-
ally, to treat only one of the two cases at a time. In consequence, a great divide was formed in
the electromagnetic spectrum. On the one side, where wavelengths are longer than the typical
object observable by the naked eye, frequencies of interest are typically slow. Notably radio
waves, at the far end of the spectrum, where frequencies are akin to that of audible sound
waves. Slightly closer, still on the low-frequency side, the regime of microwaves is found, where
not only one can heat up dinner but also where modern day communications have thrived and
enabled us to wirelessly connect the world’s population through the internet. All the afore-
mentioned regimes are more widely treated in the wave-like pictures where oscillations of the
electro-magnetic field of light is slow enough to be picked up by free charges. Consequently,
these waves are typically generated and detected via antennas. For this reason the worlds of
electronics and microwaves have symbiotically evolved since the later half of the 20" century.
On the other side of the divide, we find the world of photonics where, as the name makes it
obvious, light is generally treated in the photon picture. Where as on the long-wavelength side
of the spectrum frequency is the typical unit of measure, beyond the visible range energy is a
much more typical unit of measure. Here in the realm of ultraviolet radiation and gamma rays,
interactions between light and matter more generally result in light imparting all of its energy

onto particles or atoms in a fashion more akin to a collision, hence the particle picture prevails.
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By the same rationale, sources of UV or gamma radiation are generally thermal sources of

extreme temperature, particle collision-based sources or radioactively decaying elements.

@&
G / Visible X
- .4'.0 9
Radio waves Micro waves “THz” Infrared Il Ultraviolet  X-rays
A A—
107 0% 10° 10" 10" 10? 10® 10" 10* 10"*® 10"
Frequency (Hz)

FIGURE 1.1: Artistic representation of the electromagnetic spectrum showing where the THz
gap lies. Credits: Daniel Mittleman, circa 1995.

Naturally, this divide left what was long called the “Terahertz gap” at its center. Where most
of the visible spectrum and the lower-energy near-infrared and mid-infrared bands had been
conquered via what could be called a more “photonic” approach, the far-infrared long remained
the ultimate frontier in terms of electromagnetic radiation. Before we discuss the technologies
that helped bridge this gap, we want to ensure that the readers are in familiar territory here.
We present a comparative figure showing the equivalence of the THz gap in units of frequency,
wavelength, wavenumber and photon energy in Fig. 1.2 encompassing the terahertz spectrum,

loosely defined as encompassing frequencies from 300 GHz up to 10 THz.

One of the earliest and perhaps one of the most enabling demonstrations came in the form of a
broadband source of THz radiation that was also, conveniently, a great detector for said waves.
The Auston switch, first demonstrated in 1975 [5], harnessed photo-injected charge carriers to
drive a picosecond current between two biased metallic gates inside a high-mobility semicon-
ductor. This extremely short-lived transit of charges resulted in a radiated ps electromagnetic
pulse frequency-centered around 1 THz. This new family of emitters was made possible thanks
to advancements accomplished in the development of pulsed coherent laser sources which ren-
dered picosecond photoexcitation of free charges possible. By the same process, charges could
be excited across the detector antenna and that same THz field was used to drive them across
the gates allowing the measurement of a current proportional to the THz electric field with a
direction dictated by its phase. Further progress was made in the following decades, pioneers
such as David Auston, Daniel R. Grischkowsky, Xi-Cheng Zhang spearheading the efforts to

bring the worlds of photonics and electronics to a meeting point in the THz gap.
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10 GHz 100 GHz 1 THz 10 THz 100 THz
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FIGURE 1.2: THz gap with respect to frequency, wavelength, wavenumber and photon energy
[184].

The commercial availability of turn-key high-power femtosecond (fs) pulsed laser systems has
since then contributed enormously to the development of more efficient sources of terahertz
light. With innovations made using non-linear crystals to generate broadband THz radiation
through optical rectification, a process further discussed in chapter 2, the THz community soon
saw its own gold rush. With the promise of investigating condensed matter transients with
femtosecond resolution [6-10], performing industrial non-destructive imaging and evaluation
[11], investigating chemical species and transitions [12-14], remotely detecting illicit substances
[15-17] and explosives [18, 19], security detection [20-24], and medical sensing and imaging
[25—29], terahertz science quickly established itself as a powerful tool for probing low-energy

phenomena on ultrafast timescales.

From a fundamental science standpoint, being able to probe the transport properties of semicon-
ductors such as conductivity, photoconductivity, and carrier lifetimes is an extremely desirable
capability. The advent of broadband time-resolved terahertz spectroscopy [30] enabled the sci-
entific community to harness spectroscopic information in a fully phase-resolved and coherent
fashion even below the black-body radiation level of materials [31]. To put it plainly, this mea-
surement technique, further discussed in chapter 2, directly measures the time-resolved electric
field thus enabling one to extract fundamental dielectric properties of semiconductors and other
materials without having to resort to Kramers-Kronig relations. Moreover, synchronization with
a femtosecond laser and the short duration of the THz broadband pulse enable one to follow
the dynamics of these frequency-dependant optical functions following photoexcitation with a
temporal resolution of 10 fs. This technique is especially powerful when studying events with
picosecond characteristic lifetimes such as scattering of free charges [32], phonon oscillations of

a crystal lattice [33], and plasma oscillations [34-36], to name a few.
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The more recent development of high-peak electric field terahertz sources [37-42] has not only al-
lowed for non-linear spectroscopy at THz frequencies [43-46] but has become central to enabling
a great number of new technologies. The ability to generate time-controlled bursts of radiation
with electric fields on the order of MegaVolts/cm using tabletop rather than accelerator-based
sources has been the epicentre for the fields of ultrafast nanoscopy [47-51] and THz field electron

emission and acceleration [52-57].

Moreover, the telecommunications industry has had its eyes set on the THz band for several
years now. As consumer demand increases for bandwidth and sheer volume of data, wireless
communication methods have had to evolve and adapt. The most obvious leap conceivable to
increase data transfer rates is to broaden the bandwidth employed. This is usually more easily
accomplished by expanding communication devices to higher carrier frequencies, as exemplified
by the transition of consumer WiFi bands from 2.3 GHz to 5 GHz and by the escalation of
cellular bands form 1.8 GHz in 2G technologies to 2 GHz in 3G technologies, pushed up to 8
GHz in 4G technologies. Now with 5G around the corner having been allocated up to 86 GHz
into the millimeter wave range the prospect of directional high-frequency telecommunications
is becoming even more realistic. Companies, such as Nippon Hoso Kyokai in Japan, have also
started cornering the market for ultra broadband point-to-point connections allowing transmis-
sion of ultra-high-definition videos in an effort to render costly camera equipment more portable

for live events broadcasts [58].

1.2 An all-optical modulator

One of the key motivations behind this project is the fact that, like mentioned previously, the
demand for high bandwidth in the telecommunications industry has pushed the Federal Com-
munication Commission (FCC) to allocate bandwidths up to 300 GHz. Everything beyond that
falls into the THz regime and is completely uncharted territory. Recent efforts to use existing
diode and antenna-based sources along-side multiplexing schemes have been used to demonstrate
point-to-point wireless communication in air with rates up to 100 GB/s over several meters in a
laboratory environment [59]. More recent results show promise in terms of bandwidth expansion
using antenna units [60, 61], photodiodes [62] and GaAs transistors [63] and pushing the trans-
mission distances using uni-travelling photodiodes [64] and monolithic integrated circuits [65].
State of the art systems are already demonstrating 400 Gb/s transmission over 100 meters in

free space [66]. Most of these advances are rooted in the modulation and mixing of near infrared
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telecommunication frequency signals which are converted and detected via passive elements. A
more extensive review of telecommunication-oriented technologies can be found in ref. [67].
III-V semiconductor-based methods, such as InP transistors have more recently been used to
demonstrate power amplifiers of 200 mW at 210 GHz and showing amplification up to 670 GHz
[68]. Architectures based on silicon have also stepped into THz territory generating picosecond
pulses with frequencies even exceeding 1 THz [69, 70]. Due to their modest footprint, these
structures can also be arranged into arrays to perform beam steering [71]. The ability to control
the propagation of THz waves is also crucial to communication applications and key components
such as passive [72] and active [73] splitters, multiplexers [74, 75], and spatial light modulators
that are electrically tunable [76, 77] have been studied. Though the recent progress has been
remarkable, there is still a need for novel technologies to modulate, de-modulate, beamform,

steer, store and generally control THz radiation in an active fashion.

Industry requirements and demands of course spark a lot of interest from an applications and
engineering standpoint, but achieving control over THz waveforms is equally if not more ap-
pealing from a fundamental science standpoint. A lot of effort have been spent on studying the
nature of light and predicting optical analogues to other natural phenomena. For example, a
properly engineered dynamic modulation inside a resonator structure is predicted to give rise
to a photonic equivalent to the Lorentz force [78], a particle without mass or charge. Careful
modulation of the dielectric environment of light in a dielectric slab waveguide is also predicted
to give rise to a photonic Aharonov-Bohm effect [79]. Ultrafast modulation of resonator cavities
has also been used to overcome the delay-bandwidth limit [80] as well as light stopping and
time-reversal processes [81]. Over the past 10 years, the ultrafast community has been enthused
with the idea of developing and employing pulsed sources of light with sub-cycle tunability
[82-86]. The main attraction is the ability to probe phenomena occurring in matter at ener-
gies significantly lower than most semiconductor bandgaps but with extreme time resolution.
Furthermore, these methods allowed for the investigation of more elusive phenomena such as
high harmonic emission in crystals [87] and graphene [88, 89] as well as the observation of Dirac

currents in topological surfaces [90].

For all of these applications and for much of these fundamental research motivations, a good
number of platforms and devices have been developed for terahertz modulation. In the early
2000s, THz research saw a device boom in the form metamaterials. An originally well established
technology used to filter microwave frequencies, these sub-wavelength conductive resonator ar-

rays were scaled down using standard lithographic methods to better work in the THz domain.
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Using metal-on-dielectric architectures, these compact passive filters were made into low-pass
[91], high-pass [92], band-pass [93-96] and notch filters [97]. Optical modulation also became a
natural extension of these devices where by injecting carriers in the underlying semiconductor
via ultrafast pump excitation the transmission characteristics could be switched on an picosec-
ond timescale [98-100]. These devices, dubbed “frequency-agile” and shown in Fig. 1.3a),
however only offered tunability in the vicinity of their native engineered resonance thus limiting
their individual versatility. Other sources, such as quantum cascade lasers (QCL), displayed
in Fig. 1.3c), also offer a certain amount of tunability [101-105]. The major drawback of this
methods is that the electronic confinement of the quantum cascade requires low-temperature
operation [106]. Other sources have also been developed in recent years in order to provide tun-
able THz emitters. Notably, periodically-poled lithium niobate (PPLN) has been getting some
attention as it provides extremely high conversion efficiencies [107, 108]. The inconvenience
of using PPLN is that tunability is also linked to the quasi-phase matching condition which
is determined by the size of every domain in the crystal and thus locked in the design phase
[109]. Lithium niobate (LiNbO3) has also been used to develop tunable THz sources based on
the modulation of an excitation near-infrared pulse. For example, Pr. Tonouchi’s group at
Osaka University showed that by geometrically patterning the input facet of a LiNbOg crystal,
as shown in Fig. 1.3b), in the tilted pulse-front method, further discussed in chapter 3, one
can generate narrowband high electric field THz waveforms with tunable center frequency and
bandwidth [110, 111]. Additionally, mixing of detuned laser lines was more recently used to
generate frequency and linewidth-tunable THz generation in a method described as injection-
seeded terahertz-wave parametric generator (is-TPG) [112]. All of the previously listed methods
have shown promise, whether through high efficiency or simplicity, though none of them can
claim to do it all. Moreover, only few of the previously mentioned techniques have claimed

adjustability over the underlying phase of the THz waveforms.

For control over the THz pulse carrier-envelope phase (CEP), fewer methods present themselves.
It is important to note that in the photon or intensity picture, where light absorption does not
typically depend on the field shape, the polarity or CEP of the excitation pulse is largely
irrelevant. For highly non-linear phenomena, where the effects studied are dependant on the
amplitude of the instantaneous electric field of the pulse, tuning of the CEP becomes imperative.
To tune the phase of a typical THz broadband pulse via phase delay methods, one needs to
engineer a material or device capable of flat phase shifting over roughly 5 octaves in frequency,

about 5 times the span of the entire spectrum visible to the human eye. This major obstacle is
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FIGURE 1.3: a) Transmission characteristics and capture of the frequency agile metamaterials
[99]. b) Schematic representation of a large aperture PPLN crystal used for tunable narrowband
THz generation [110]. ¢) Schematic representation of the principle of operation of a quantum
cascade laser [113]. d) Representation of the phase shifter components from ref. [114].

why most research groups tend to lean towards simpler methods such as using the Guoy phase
shift which naturally occurs at any focus of a Gaussian pulse. Other ingenious researchers
have developed broadband waveplates using high-resistivity monolithic silicon prisms, showed
in Fig. 1.3d), in order to continuously phase shift a single-cycle THz pulse with ~ 10 %
transmission [114, 115]. Though both described methods are relatively simple, they are also
actuated mechanically and thus greatly limited if rapid tuning is necessary. For this, an optical

[99, 100] or electronic [116] actuation method would be preferable.

On a side note, another important characteristic of propagating light waves is their polarization
state. Though most THz sources are linearly-polarized by nature, a good number of effects
are better accessed via circularly-polarized states of light [117, 118]. More exotic polarization
states, such as vortex beams [119-121], have also been shown to be better suited to study more
elusive natural phenomena. The platform discussed in this work does not, however, offer any

way to tune the polarization state of THz light.

Modulation of electromagnetic waves has been the focus of much research in the infrared band,
mostly using passive components integrated to transmission lines. Using metallic boundaries
and spatially varying refractive indices light is confined and guided such as in an optical fibre.

These devices can also be used to attenuate given frequencies, though this approach generally
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makes the device non-reconfigurable. Using the right design, the propagation direction, phase
and even speed at which light travels can be modified. Most of these methods naturally extend
easily to the THz spectrum as geometrically defined devices can be scaled with wavelength.
Many of these structures have already been studied at THz frequencies, for example: photonic
crystals [122, 123], microcavity resonators [124], single-groove notch filters [125, 126], Bragg
resonant structures [127] and curved-surface waveguides [128]. One of the great advantages of
these devices is that the confinement they provide makes for a small footprint which is highly
desirable for platforms potentially aimed at industry applications. Furthermore, THz platforms
benefit from the transparency of a wide number of industry-standard semiconductors making
their implementation easier. Semiconductor waveguide platforms have already shown great
promise in the THz range, with early demonstrations being made in the millimeter-wave range
in the second half of the 90s [129-131]. One-dimensional defect structures were also investigated
through THz pump-probe spectroscopy methods [132] as well as dynamic tuning of a THz signal
inside a sub-wavelength resonator [98]. All of the demonstrations mentioned here benefit greatly
from micro and nano-fabrication techniques which allow for the definition of details, components
and defects on Arp, /100 lengthscales which greatly supresses scattering losses in transmission

lines alongside resonator quality factors reaching over 1000 [122, 127, 133-137].

In the work presented in this thesis, we demonstrate an all-optical platform for arbitrary pulse
shaping in the THz domain, building on previous work by Prof. Cooke on active THz waveguides
[138, 139]. It has already been used to demonstrate transmission amplitude attenuation [140]
control over the propagation direction and pulse delay [141]. More recently and by the author
of this thesis, it was used to show tunable coupling between the geometric waveguide modes
[1]. The platform uses photoinjection inside a silicon-filled parallel-plate waveguide (PPWG) to
modulate the transmission and reflection properties of the THz signal. The research presented
in the following chapters focuses on the patterning of the photoinjected regions in order to create
one-dimensional arrays. The operating principle is schematically presented in Fig. 1.4 where a
spatially patterned pulse of near-infrared light is used to modulate the transmitted and reflected
properties of a guided THz waveform. The modulation is generated by spatial patterning of
the silicon’s dielectric function via the introduction of charge carriers by an optical pump with
above bandgap photon energy. The platform is fully reversible, meaning that after charge
carrier recombination it reverts back to a simple homogeneous dielectric-filled PPWG on a us
timescale. The same idea also makes it completely reconfigurable, implying that one can in

principle change the transmission or reflection properties of the structure at every pass of a
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THz pulse, provided the pump intensity is actuated as quickly.

ETrans(t)

Eren(t)

EInc(t)

FIGURE 1.4: Schematic drawing of the silicon PPWG with a THz pulse coupled in (Epc(t)),
transmitted (Errqens(t)) and reflected (Egesi(t)) as well as the optical pump (red). The pat-
terned pump excitation creates a pulse-shaped reflected waveform.

The couple of following chapters (Ch. 2 & 3) focus on the underlying theory behind the experi-
ments performed during this thesis and the experimental methods used to gather and analyse the
data. We then present three manuscripts published in journals of the Optical Society of America.
The first focuses on the dynamic creation of a gapless 1-dimensional photonic structure and on
the transmission properties of this structure. In the article we discuss the properties of the Bragg
resonator and the phase and group delay generated by the curvature of the photonic band near
resonance. The second published work focuses on the pulse shaping capabilities of this platform
in the reflection geometry. In the article we demonstrate linewidth and frequency tuning of THz
frequency combs as well as the ability to encode information in the THz waveform by digitally
encoding an 8-bit array into a THz waveform. The third manuscript presented focuses on the
pulse shaping capabilities as well but on the phase tuning component. We show the ability to
arbitrarily tune the CEP of the reflected pulse as well as the ability to generate THz waveforms
with arbitrary chirp, both positive and negative. We conclude by presenting preliminary data
recorded using this platform, namely: time-to-space mapping, two-dimensional photonic crystal
structures, and driving and resolving pulse revivals from non-adiabatically switched rotational

wave packets in water molecules.
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We hope this manuscript will convince the readers that the pulse shaping capabilities of the
platform demonstrated in the following work go far beyond the versatility demonstrated by
any other platform in the THz regime [110, 142-144]. Its versatility and performance make it
an excellent source of arbitrarily-shaped THz waveforms, a truly enabling tool for experiments
aiming at controlling the state of matter as well as physical and chemical systems using THz

radiation.



Chapter 2

Terahertz spectroscopy and

light-matter interactions

In this chapter, we will discuss THz generation, detection, waveguiding and spectroscopic tech-
niques used in this thesis. First, we will discuss THz time domain spectroscopy (THz-TDS),
the technique with which the measurements are performed. We will cover the basics of second-
order optical rectification and electro-optic sampling, with which we generate and detect our
signals, respectively. We will then treat THz propagation inside a parallel-plate waveguide and
give a brief overview of the Drude model, which is essential to understanding the pump-probe
extension of THz-TDS used to interact with the THz waveforms in this work. We also discuss
the Fabry-Pérot interferometer and its extension to describe the physics underlying our work.
Summary derivations are presented here but we encourage readers who seek further understand-
ing to look through a great collection of books and review articles in the literature [145-148,

185-188].

2.1 Time domain THz spectroscopy

2.1.1 Classical THz generation methods

Perhaps the first easily available source of coherent broadband THz radiation was first pre-
sented in pioneering work done by Auston et al. [5]. As discussed in chapter 1, these sources

were originally used in transmission lines and evolved and became more commonly known as

11
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photoconductive switches [149-151]. In essence, the switch can be viewed as a discharging
dielectric-filled parallel-plate capacitor. A femtosecond pump focussed between the plates in-
troduces charge carriers that are swept between the anode and cathode by an applied DC bias.

The principle of operation can be understood by the wave equation:

O’E 0
VQE = 6”@ + ,U'a (Jconduction + Jbound) . (21)

It is easy to see that if we consider a non-uniform motion of charge (i.e. (0Jconduction/0t # 0))
the resultant is a non-zero propagating electric field. This way, the charge carriers induced
inside the biased antenna are swept on ultrafast timescales result in a pulsed electromagnetic

field in the far infrared.

Though antennas are still commonly used, the most prevalent way of generating broadband
THz waveforms with pJ [152] or even mJ [153] pulse energies is through optical rectification of
a near-infrared (NIR) pulse inside a second-order non-linear crystal. The first demonstration
of this effect in the far infrared was made in the group of Yuen-Ron Shen [154] in 1971 using
a LiNbOg crystal illuminated by a picosecond laser source. The most common crystal used for
this type of experiment is perhaps Zinc Telluride (ZnTe) due to its high efficiency, 0.1 to 3 THz
generation bandwidth, colinear emission geometry and good phase matching at 800 nm [155]
where Ti:sapphire based femtosecond laser sources are readily available. In this work we employ
tilted NIR pulse-fronts in LiNbQO3, a slightly more convoluted method, to generate high electric
field THz waveforms, though the fundamentals remain the same as in ZnTe. The nonlinear
polarization due to an applied time-varying electric field can be described perturbatively through

a Taylor expansion:

P(t) =Py +xWE@M) + xPE2(t) + xP B3 (t) + ... (2.2)

Here, P, is the built-in polarization of the material in the absence of static charges, y(" is the
n' order electric susceptibility tensor component and E(t) is the electric field amplitude. It is
important to note that though y is a small number, a non-linear material may exhibit y (™1 >
x(™ near resonance in which case the higher-order susceptibility terms must be accounted for
[189]. Furthermore, due to symmetry considerations, only non-linear materials that do not

possess inversion symmetry will exhibit second-order effects. This property is a consequence
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of the inversion operator S for which S - & = —é for an arbitrary vector & inside an inversion
symmetric medium. This result yields y(2?) = —x® for which the only physical solution is
Y2 =0 [189]. Lithium Niobate, which is used in this work to generate THz waves, has a
trigonal crystalline lattice which lacks inversion symmetry. We neglect the third-order term and
introduce two time-varying electric fields of the form Fy(t) = cos (wit) and Es(t) = cos (wat)
into Eq. 2.2. Neglecting the imaginary terms which only contributes to absorption, the time-

dependent polarizability can be reduced to:

(2)
POt = X; [cos ([wi + wa] ) + cos ([wa — wi]t)] (2.3)

Equation 2.3 may be familiar to the readers as the first term represents second harmonic gen-
eration, or frequency doubling. In the continuous wave (CW) case (w1 = we), the second term
is often dismissed as it only contributes to a DC field component. If we consider a femtosecond
pulsed laser system with typical characteristics for a Ti:sapphire amplifier cavity we expect to
have an input bandwidth frequency-centered at 375 THz (800 nm) with equally separated modes
separated by the cavity repetition rate (100 Hz - 100 kHz). The frequencies generated from the
mixing between modes of this frequency comb, whether through second harmonic generation
(SHG) or difference-frequency generation (DFG), will always be separated by the same comb
spacing as illustrated in Fig. 2.1. The maximal bandwidth of the generated pulses will be
dictated by the input bandwidth, which is limited by the gain bandwidth of the laser cavity.
Figure 2.1 illustrates the generation of a THz pulse through DFG. The modes within the THz
bandwidth are given by any combination of the modes within the NIR input pulse.

y NIR input pulse

Generated THz ' Generated visible

Amplitude

FIGURE 2.1: Schematic process of optical rectification and second-order frequency generation
of a broadband pulse. The dashed lines represent the frequency comb of the laser cavity.

One of the conditions required for this process to work efficiently is of course that the group

velocity of the NIR pulse be the same as the phase velocity of the THz wave inside the non-linear
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material. This is what is referred to as the phase-matching condition and in summary it ensures
that the generated frequency-difference term (our THz light) is added coherently through the
entire thickness of the generation medium. In order to derive the mathematical expression
dictating phase matching, we need to first solve the wave equation for the electric field DFG in
the slowly varying amplitude approximation which yields [190, 156]

2 ik(w)L oo IAk(w,Q)z _
B, = L / 2) ¢ L

KR ) Xefr()Aw + Q)A*(w)mdw. (2.4)

Here, 2 and w are the THz and NIR angular frequencies, respectively, L is the length of
the nonlinear crystal, ng)f is the effective second-order susceptibility and A(w) is the complex
spectral field amplitude. We note that this expression is only valid if the pump is not significantly
depleted or modified by the DFG process and explicitly depends on the phase mismatch between

the THz and NIR frequencies [157]:

Ak(w, Q) = Clo (@4 9Q) nw+Q) —w-n(w) — Q- n(Q)) (2.50)
~ Z (n(w) + wdTC‘lE:") - n(Q)> (2.5b)
= = (ngfan) — (@) (2.5¢)

(2.5)

Which, simply states that the group index at NIR frequencies must match the THs phase index.
The approximation made here is valid for the case where the NIR bandwidth is small compared
to its center frequency (Aw < wp). With this same approximation, we can rewrite eq. 2.4 in

the form:

Q2€ik(w)L @) eiAk(w,Q)z -1
C2

BT R VX

c(Q) (2.6)
where C(Q) = [ A(w+ Q) A*(w)dw is the autocorrelation function of the pump beam. It is also
important to consider how well a material can convert photons from the NIR to THz frequencies.

It is then easy to observe that a well phase matched material, yielding a low Ak, yields greater
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field amplitudes. We can define the conversion efficiency nrpy, with which the NIR light is

converted as [158]

21(de s L)? .Y sinh?(arg.L/4)
Eon%anTHng (arp.L/4)?

NTHz = (2.7)
Here I is the NIR light intensity, d.;y is the effective nonlinear coefficient of the medium, L
is the length of the medium, Q is the angular (THz) frequency, €y is the vacuum permittivity,
ny7R is the group index in the NIR, nrp, is the phase index at THz frequencies, c¢g is the speed
of light and a7, is the absorption coefficient of the medium at THz frequencies. We note
that d.yy is simply the tensor component of x@ relevant to efficient second-order frequency
mixing processes in the crystalline axis employed. This equation can be simplified in the case

of negligible absorption (arm.L < 1) to

21(de s L2)?
NTHz = —S e 114) 3. (2.8)
CONNTRTH=C
In the case where absorption is considerable (arg,L > 1), the equation simplifies to
81(der9)?
M = et 2, — (2.9)
CONNIRNTH=zCOT 1 -

The last two equations point to the fact that the generation efficiency scales as the square of the
length of the medium L as long as its length remains smaller than that of the penetration depth
of the THz light (1/arm.). Because of the vanishing dependence on crystal thickness, there is
no benefit to generating THz in the case described in eq. 2.9. Furthermore, the efficiency scales
linearly with incident intensity, though we would like to point out that this equation does not
take into account the damage threshold specific to the generation crystal. More discussion on
the properties of the most widespread crystals used in THz generation can be found in ref. [158]

alongside figures of merit for energy conversion efficiency of these crystals.

Phase matching is indeed increasingly harder to achieve with wider bandwidths and thus crystals
used for ultra-broadband THz generation are generally thinner than their narrowband counter-
parts. For example, 0.5 - 1 mm thick ZnTe crystals yield a bandwidth spanning from 0.1 to 3
THz and are extremely widespread; though a 30 pm thick ZnTe crystal can generate frequencies

up to 37 THz [8], at the cost of over one order of magnitude in conversion efficiency. It is also
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important to mention that this process emits radiation through bound charge carrier displace-

3 0’P
g);md _ T ; meaning that the envelope

of the THz field should be dictated by the bound charge carrier displacement which follows the

ment and the far field solution of Eq. 2.1 thus yields

envelope of the pulsed NIR excitation. The implications being that whether considering the
frequency difference picture or the wave formalism, the achievable THz bandwidth is intimately

linked to the input laser bandwidth and pulse duration.

For this research, the tilted pulse-front method is employed to generate single-cycle broadband
high peak-field THz waveforms [38, 159, 160]. This method is chosen not for its simplicity
but because the d.¢s value of LiNbOs is of 168 pm/V whereas that of ZnTe is of 68.5 pm/V
[161] allowing for energy conversion efficiencies of 1073 [153, 162, 163] whereas ZnTe generally
only provides efficiencies on the order of 107> [164]. One of the most staggering things about
this generation method is the fact that quantum conversion efficiencies, meaning the number
of times infrared photons are used to generate THz photons, can be in excess of 1, exceeding
the Manley-Rowe limit [159]. In fact, due to a cascaded process, NIR photons can be recycled
and reused multiple times manifesting as a significant red-shifted tail in the transmitted pump

pulse spectrum [153].

Though LiNbO3 boasts an impressive nonlinear coefficient, it most certainly does not respond to
the phase matching criteria established earlier with a NIR group index value of 2.26 [165] and a
THz phase index value of 4.96 [166] at 1 THz. This obstacle is circumvented by tilting the angle
NIR of the pulse front in order to match the velocity of both wavefronts. Note that the NIR
and THz frequencies do not travel at the same speed due to the refractive index mismatch but
adequate pulse front tilt insures coherent addition of THz radiation and thus phase matching.
The general principle of operation of tilted pulse-front optical rectification inside LiNbQOj is
relatively simple to understand. Consider the Huygens-Fresnel principle for the wavefront of
a propagating electromagnetic field where every point along this front can be considered as a
point emitter. This picture is often used to illustrate the diffraction of waves inside slits or
around sharp objects and is just as suited for this example. If we consider the case depicted in
Fig. 2.2 where a slice of a pulse propagates inside a material where NIR light is significantly
faster than THz light, the THz waveform generated via optical rectification should be emitted
in a cone shape in the manner of Cherenkov radiation. The cone angle can be simply calculated
using the formula

6 = arccos (¢, /cNiRr) = arccos (nNR/NTH2) (2.10)
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which yields a value of 8 = 63° at 800 nm. The experimental configuration and challenges
used to achieve this tilt angle will be discussed in chapter 3. Note that this picture is also
perfectly analogous to breaking the sound barrier where an object, a fighter jet for example,
is travelling faster than the speed of sound in the medium. In the case illustrated in subfigure
2.2a), we consider a slice of a flat NIR wavefront, depicted in red, perfectly perpendicular
to its direction of propagation. By considering the THz wavelets emitted at each wavefront
extremity, sketched in yellow and green here, we can see that no significant overlap is achieved
between the top and lower portions of the wavefront. Now, if instead tilt the angle of the
propagating NIR wavefront, as depicted in red in subfigure 2.2b), and match the angle of the
tilt to that of the Cherenkov cone, we can achieve significant overlap between wavelets from each
extremities, depicted in yellow and green. This coherent addition results in extremely efficient
THz generation, represented by the green arrows. This clever way of achieving phase matching
between NIR and THz frequencies in LiNbO3 has allowed experimentalists to harness its large
second order nonlinearity, high damage threshold and large bandgap which supresses parasitic
two-photon absorption. Tilted pulse-front THz generation in LiNbOj3 has been one of the
foundations over which non-linear THz spectroscopy has been expanding over the last decade.
If the readers seek further reading on this subject, the literature is teeming with excellent work

and reports [38, 153, 159, 160, 162] and experimental observations of this effect [167, 168].

NNR<NTHZ b) NNR<NTHZ

CNiRZCTHZ , CNiRZCTHZ

FIGURE 2.2: a) Schematic representation of the wavelet emission (yellow and green circles)
from a slice of a NIR pulse (red) propagating inside a higher-index medium. b) Depiction of
the same scenario where the wavefront has been tilted to match the angle of the emission cone.

2.1.2 Free-space electro-optic detection

As mentioned in chapter 1, photoconductive switches were originally developed in the THz
domain to be used both as emitters and as detectors of far infrared radiation. In 1996 though,

a new method of detection was demonstrated almost simultaneously by three different groups
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[169-171] and would soon become the standard THz-TDS detection scheme. This method,
now better known as electro-optical detection, or EO detection for short, uses the Pockels
effect inside a non-linear crystal to imprint the THz amplitude and phase onto the polarization
state of a NIR beam. The working principle behind this technique is illustrated in Fig. 2.3
and requires overlapping a NIR pulse with a THz pulse both spatially and temporally inside
an electro-optically active medium. We can first consider the simple case of subfigure 2.3a)
where no THz is present. The linearly polarized NIR pulse, or gating beam, is incident onto
an EO crystal after which its polarization is modified to circular using a quarter waveplate
(\/4). Both orthonormal polarization components are then separated and detected by individual
photodiode detectors. Careful alignment, balancing and compensation for the EO crystal’s
inherent birefringence should yield equal amounts of light in each diode thus equal voltage
readings. Now, if we consider overlapping a pulsed THz electric field with our gating beam, as
illustrated in subfigure 2.3b), the Pockels effect induced by the THz electric field results in a
polarization rotation in the gating beam inside the EO crystal. We note that this is, just like for
optical rectification, only satisfied if the phase matching condition is met for both THz and NIR
bandwidths. Same as for generation, broader detection bandwidths can generally be achieved
by using thinner crystals. The advantage of using the Pockels effect is that the direction of
rotation of the NIR polarization is sensitive to the field direction. In other words, if the THz
field is pointed up, as in Fig. 2.3b), the polarization will be rotated to the right. If however the
instantaneous electric field is pointed downwards, the polarization would be rotated to the left.
This way, the THz electric field can be directly mapped onto the NIR polarization. This phase
retardation ¢ is given by

sin (Ayp) ~ Ap = (ZOLTZ?.OTMETHZ (2.11)
where w is the angular frequency of the gating beam, L is the length of the EO medium, no
is the refractive index at NIR frequencies, r4; is the electro-optic coefficient of the detection
crystal and Er7p, is the instantaneous THz electric field [185]. We note that this relation is
only valid if Ap <« 1, which is generally the case, but one needs to attenuate Epp, by a known
amount with field strengths above ~ 15 kV/cm assuming using a 0.5 mm thick ZnTe crystal
with 4 pm/V electro-optic coefficient in order to get a sensible field calibration when using a
LiNbOj3 source. Accordingly, the phase retardation, or polarization rotation, is transformed into
an elliptical polarization by the quarter waveplate, as illustrated in Fig. 2.3.b) and delivered
as an imbalance between the orthonormal polarization components to the photodiodes. This

imbalance is directly proportional to Ery, and also sensitive to its phase. By doing careful
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voltage measurements, typically using a lock-in amplifier, it is then possible to retrace the
THz waveform by stepping its temporal overlap with the gating beam, just like in a temporal
correlation measurement. Again, it is important to emphasize that this technique gives direct
access to the phase of the field eliminating the need to resort to Kramers-Kronig relations and
fastidious calculations generally required to extract both components of an optical response

function.

a ) ZnTe crystal

NIR pulse
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FIGURE 2.3: Schematic of the THz and gating pulse polarization for electro-optical detection
in ZnTe where the quarter waveplate is labelled A/4 and the Wollaston prism is labelled WP.

As with all detection methods, one must consider the response function of the detector, which
depends on three factors in the case of OE sampling [185]. First, transverse optical (TO)
phonons have a significant impact over the second-order non-linear susceptibility causing it to
shift greatly in the vicinity of its resonance [172]. The second one is subtler and involves the

autocorrelation (Aop:) of the gating pulse’s electric field (Eop:) which is given by
o0
Aopt(wra:) = / Eppr(w — w)Eopt(w' — w — wrp.)dw'. (2.12)

—0o0

What this integral expresses is the decrease in efficiency as NIR light is red-shifted away from
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its initial spectrum content as a by-product of optical rectification and emission of THz radia-
tion inside the detection crystal. Again, this term is intimately linked to the phase matching
condition and to the thickness of the EO medium. The third factor that must be considered is

the frequency filtering A® that arises due to the mismatch in THz and NIR velocity inside the

detection crystal

eiAk(w,wTHz)D -1
AP (w,wry,) =

2.1
iAk(w,wTHz) ( 3)

This last term shows a dependence on the wavevector mismatch Ak and again on the thickness
of the OE medium D. The combination three of these factors is presented in Fig. 2.4 for a 13 um
thick GaP crystal [172]. We note the presence of a sharp dip in the response function at 8 and
40 THz due to TO phonons in GaP [173, 191], though the region of interest in those experiments
entirely lies in the flat response region below 4 THz primarily due to the bandwidth limitations
of our generation method. Readers interested in the calculations and derivations relevant to

electro-optical sampling in the commonly used ZnTe can find an excellent example in an article

by P. Planken, see Ref. [174].
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FIGURE 2.4: Measured spectrum collected by a 13 pm thick GaP crystal and emitted by a GaAs
p-i-n diode (connected dots). Calculated response function of the thin GaP crystal including
dispersion and phonon coupling considerations (thick solid line) [172].
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2.2 THz parallel-plate waveguide

As with all good things in the realm of electro-dynamics, the derivation of the equations gov-
erning light inside waveguides begins with Maxwell’s equations. When expressed in SI units,

using bold characters to represent vector quantities, these take the form

V-E=0 (2.14a)

V-H=0 (2.14b)
OH

VXE= —MOE (214C)

VXH:Jf—}-aa];) (2.14d)

where J ¢ is the free charge carrier current density and D denotes the electric displacement field.
As a reminder, the electric and displacement fields are related through the relation D = éE+ P
where € is the complex electric permittivity and P is the polarization. As we wish to express
travelling electromagnetic waves for a time-domain spectroscopy experiment it is advantageous

to represent the magnetic field H and electric field E as
E(LE, Y, z, t) = E()(LIZ‘, y)ei(szwt) (215&)

H(z,y, 2,t) = Ho(z, y)e'*=7+1), (2.15b)

The axis choice taken here is presented in Fig. 2.5. Using the wave equations and inserting

them into Maxwell’s equations one can find the following after decoupling Ey and Hy:

0? 0? 9 9

|:ay2+ax2+(OJ/C) —k :|E0:0 (2.16&)
0? 0?

[8,7;2 + W + ((U/C)Q — k2:| HO =0. (216b)

o

Wy~ d.

~>

FIGURE 2.5: Axis definitions for the parallel-plate waveguide.
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When this derivation is made in the literature, two general families of solutions arise to this
problem which are referred to as transverse electric (TE) or transverse magnetic (TM) modes.
These occur when E, = E, = 0 in the TE case and H, = H, = 0 for TM modes. Here, the
subscript denotes the component of the field parallel to the axis defined in Fig. 2.5. The chosen
configuration for our experiments is that of the TM modes where the magnetic field is always
parallel to the x-axis. This lets us define a plane wave solution of the form Ho(z,y) = Y (y)e~#*%

which, inserted into Eq. 2.16b) yields a solution of the form
AL [(w/c)2 - kQ] Y =0. (2.17)

This familiar differential equation of course yields a sinusoidal solution which, once we apply

continuous magnetic field boundary conditions at the magnetic plates, gives

H = Hjcos (%y) e~ F % (2.18)

where d is the plate separation, like in Fig. 2.5, and m is a positive integer representing the
mode number. Using Ampere’s law we can derive the electric field equation which is expresses
in the form

E—

—iHo [—% sin (%y) Z+ ’Lk% cos (%y) 5’} e . (2.19)

we

What is interesting to note is that for TM modes there exists an m = 0 solution often referred
to as the transverse electro-magnetic mode (TEM). For any other mode (m = 1,2,3,...), there

exists a cutoff frequency v, under which no propagation is allowed

We  Meo
_ We _ mco 2.20
ve 2w 2nd ( )

This cutoff is a function of the mode number m, of the plate separation d and of the refractive
index inserted between the plates n. At frequencies below its respective cutoff, a mode will
simply decay exponentially along the propagation axis. Because of this resonance, the phase

and group velocities (vy & vg, respectively) dramatically change in the vicinity of this resonance
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€o we 2
vp = 2y f1- (%) 2.21a
0= (2.21a)
Vg = —F————. (2.21b)
We 2
ni/l— (—)
w
This results in a great amount of dispersion on top of the cutoff issue. The truly interesting fact
about the 0 mode is that on top of having no low-frequency rejection band it is completely
dispersionless. What this means for us is that we can input a single-cycle pulse of arbitrarily
wide bandwidth and collect the same bandwidth at the waveguide output, as long as we couple

into and stay in this TEM mode. There exist certain experimental limitations to the coupling

bandwidth but we will address those in chapter 3.

2.3 Free carriers and the Drude model

The all-optical approach to modulating light is, evidently, the fastest imaginable method that
can be used to actuate a THz signal. This actuation cannot however be done directly through
photon-photon interactions as their bosonic nature prevents such interactions. Therefore, we
must rely on a material to mediate the influence of our trigger, or pump, on the THz signal.
The method chosen for the experiments presented in this work relies on free carrier excitation
inside a semiconductor-filled waveguide. As discussed in the previous subsection, the use of the
TEM guided mode allows for free-space-like propagation of a broadband pulse inside a dielectric
environment. By using a pump excitation wavelength above the bandgap of our semiconductor,
high-resistivity float-zone silicon in this case, we can promote charge carriers from the valence
to the conduction band and thus induce a change in the dielectric environment of the guided
THz pulse. In this section, we present the Drude model, which provides an intuitive approach
to deal with the dielectric properties of a band semiconductor. To derive these equations, we
will first consider the Newtonian equation of motion for a charged particle of effective mass
m* moving at a velocity v inside a time-dependant electric field E(¢) and having a dampening

collisional momentum rate of 1/7

dv(t) — m'v
D = =T — eE(1). (2.22)
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By inserting the definition of the current density J = —Nev where N is the density of charge
carriers and by assuming an oscillating electric field and current density of the form J(¢) = Joe'!

we find the relation

2
iwJoe™! + Jpet = " Eyet, (2.23)
m

It then becomes easy to extract both real and imaginary parts of the conductivity (6 = o1 +i02)

knowing that J = oE:

Odc
=—— 2.24
I (wr)? (2:242)
Odc
=W 2.24b
72 = 9Ty + (wT)? ( )
e’r
Here, we have introduced the DC conductivity o4, = — which is dependent on the charge
m

carrier density N. We note that the relaxation time 7 is generally on the order of 50 x 10715 s
in float-zone silicon and the effective valley-averaged mass m* of 0.26 m, for the electrons and
of of 0.37 m, for the holes [175], where m, is the vacuum electronic mass. The number used for
the carrier density are dependant on the pump characteristics, geometry and intensity and will
be discussed in the experimental methods in chapter 3. It is also useful to introduce the plasma

frequency, which is given by

(2.25)

This quantity is associated to the collective excitation of the plasma which can occur when

€1 = 0; this occurs at w = w), for the Drude model.

Given the conductivity equations defined in Eq. 2.24, which are expressed in terms of measurable
. . . e . _ 10
quantities, the complex relative electric permittivity knowing that é(w) = eg + —
cow



Chapter 2. Terahertz spectroscopy and light-matter interactions 25

TOdc
eo [1 + (w)?]
Odc

Q= T @) (2.26b)

€] = €p — (2.26a)

where it has been decomposed in its real and imaginary parts. Here eg denotes the background

permittivity. Remembering the relation € = € + ie2 = 72 = (n + ix)? the real and imaginary

parts of the refractive index (n & k, respectively) are given by

2
o
1 - 1 €2 + <€(:i3 — 6r7w>
n=-—\le— — 5+ 5 (2.27a)
V2 e 14 (wr) 1+ (wr)
o4 2

1 T 1 e% + <€0:} — 6T7w>
= ——7\|— - 2.27b
" \/5\ et €0 14 (wr)? + 1+ (wr)? ( )

It is then possible to write a general solution for a propagating electric field in the presence of

free charge carriers knowing that the wavevector is related to the refractive index via k = fw /co:

E(z,y,2,t) = Eo(z, y)e' "0, (2.28)

Here we can see that the second exponential term introduces loss in the system due to the

imaginary part of the refractive index. We’ve expressed it in terms of the field loss coefficient
2n K

O field = . In most of the literature, authors choose to express loss using the Beer-Lambert

co
law which is expressed in units of power. Since amplitude is naturally measured in THz TDS,
we opt to express this quantity in terms of field amplitude loss, which only differs by a factor of
two in the exponent. Furthermore, this loss term can be expressed in terms of the penetration

depth 0 = 1/2«, the length after which the waveform intensity has diminished by 1/e.

It is also useful to define the electron charge carrier mobility p, = e—T* which relates the drift
m
velocity of an electron inside an applied electric field. This diffusion length [p is given by the

simple equation
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Ip = VDt (2.29)

which depends on time t and on the diffusion coefficient D. This last quantity is a material

property given by its ambipolar mobility u., and which varies as a function of temperature 7"

_ /Labk‘BT
76 .

D (2.30)
We recognise here the elementary charge e as well as the Boltzmann constant kp. The ambipolar
mobility is defined as the collective mobility in the material in the case of an optically created

equal population of electrons and holes. In this case, electrons and holes both contribute to give

Helth

" (2.31)
e

Hab =
where 115, = 300 cm?/Vs and j = 1000 cm?/Vs; with heavy holes dominating the photocarrier
diffusion characteristics for silicon at room temperature. We can thus use these quantities to
evaluate the diffusion length scales relevant to our experiment. For example, a THz pulse takes
20 picosecond to transit through a photoinjected structure of typical size. Over this duration,
carriers will diffuse over a length Ip ~ 100 nm, much less than the 1 THz wavelength in silicon
(88 pm) or the length scales of the photoinjected structures (20 gm). Another relevant timescale
is the recombination time of the electrons and holes in silicon, which is on the order of 1 us.
Over this timescale, carriers will drift up to Ip ~ 20 pum, thus washing out the structures and

making the operation of this device impractical with a CW pump laser.

2.4 Bragg gratings and the transfer matrix method

When light is shone onto a mirror, it is reflected. What is less intuitive is that when a second
mirror is inserted in the beam trajectory in the vicinity of the first mirror, certain frequencies are
allowed to traverse. It is important to note that though the Fabry-Pérot equations describe very
well the basics behind this simple interferometer they fall short when it comes to describing the
more complex case of a distributed Bragg reflector, specially in the presence of dispersive media.

For this, we use an analytical calculation method known as the transfer-matrix method which
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accounts for the non-trivial phase change acquired by light upon reflection off a complex-indexed
medium where n ~ k. We do not wish to get bogged down in the details as many derivations
can be found in optics textbooks but in summary the method relies on matrix formalism to
propagate transmission parameters through various layers with independent material properties.
If we consider light incident from material number 1 onto material number 2, the propagation

matrix Mo can be described the interface interaction as

N9 cos By + nqcosfy  nycosfy —nycosby

_ 2n9 cos b 2n9 cos O
Mz = ng cos By —nyicosfy ngcosly + nycos by (2.32)

219 cos 04 219 cos Oy

for an isotropic medium. Here n; and no are the refractive indices of materials 1 and 2 and
f, and 65 are the propagation angles with respect to normal of materials 1 and 2, respectively.
Furthermore, we need to consider the phase delay acquired through each material using the

matrix expression

eikzd 0
Py = (2.33)
0 e—ikgd

where ko is the wavevector of material 2 and d is the thickness of this material. For transmission
from medium 1 to medium 3 through medium 2, one can then find the transmission and reflection

solution using simple matrix multiplication:

(1) 5B
Ma3 Py M, T(l‘)m = T(3‘)m : (2.34)
ERefl ERefl

The power of this method lies in the ability to cascade matrix multiplications for increasing
number of mediums considered. If we consider the case at hand where we photoinject charge
carriers into a series of periodically repeating silicon regions, we can analytically calculate the
total transmitted and reflected electric fields. For practical reasons, this is more easily done
numerically and the solutions for a typical structure are presented in Fig. 2.6. The case
considered has 20 lines of 20 pm thickness and a 160 um pitch. The charge carrier density (N ~
1016 cm~3) yields a conductivity of 82 Siemens/m which equates to a plasma frequency (w,/27)
of 2.3 THz. What is predicted and observed [176] is an increase in electric field transmission

on resonance with a simultaneous increase in reflection. This is contradictory to the simple
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case considered in the Fabry-Pérot interferometer and as we can also observe does not respect
the Stokes relations (R + T = 1). This is due to the fact that in the case at hand n ~ k (ie.
Re(n) ~ Im(n)) which influences the phase change upon reflection at the photodoped silicon
interfaces. This is further discussed in our published work presented in chapter 4. We note
that though this analytical method makes very accurate predictions on the transmission and
reflection amplitude of a device, it does not yield the time-domain solution to the electric field
of the THz pulse. For this, we opt to primarily rely on finite-difference time-domain (FDTD)

simulations to make predictions on the reflected THz waveform.
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FIGURE 2.6: Electric field transmission (top) and reflection (middle) for a typical photoinjected
structure with charge carrier density of ~ 106 ¢cm™3. (bottom) Intensity transmission and
reflection sum (T+R).

2.4.1 Plasma-dielectric photonic band structure in one dimension

Another useful way to treat our experimental system is to calculate the dispersion relation, or
photonic bands, for a one-dimensional plasma-dielectric stack. This derivation originates from
an article by L. Shiveshwari and P. Mahto and a more detailed discussion can be found in ref.

[177]. By considering alternating layers of plasma (photoexcited silicon) and dielectric (bare
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silicon) of thickness a and b, respectively, with the permittivity of each region defined in Fig.
2.7. We recall w,, the plasma frequency defined in section 2.3 and we also define the structure

period d=a + b.
—€ =1--L
€(z) =€ €(2)

plasma

| ] ] z
|

I I
Nd Nd+b (N+1)d

FIGURE 2.7: Schematic of the one-dimensional plasma-dielectric stack. The plasma is depicted
in light grey and the dielectric, silicon, in blue. The axis defined the stack period and the
dielectric constant of each material.

If we consider the case where w < wy,, which is most always the case in our experiments, the

electric field can be written as:

Byetko(z=Nd=b) | B c—iky(:=Nd—b) In bare silicon
() = | ver (2.35)
Ayethaz=(N+1d) 4 Ay e=ika(z=(N+1)d) T the plasma.

. - . . w
Here, the wavevectors in silicon and in the plasma are given by ky = —./eg and k, =
o
2
w W .
— —g — 1, respectively.
oV w

When considering unit cells N, we can write the boundary conditions to Maxwell’s equations

in the matrix form

(2.36)

where By and By are the amplitude of the forwards and backwards propagating waves in
cell N, respectively. Here M is a 2x2 transfer matrix, as defined in the previous section. By
applying the laws of energy conservation and by using the time-reversal symmetry properties
of Maxwell’s equation we can extract the transmission coefficient of a 1D periodic structure, as

detailed in ref. [178].

Ty = (1 +U%_, (Til — 1>>_1 (2.37)
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In this equation, the Chebyshev polynomial of second kind is defined as

sin(N +1)¢

Uv = sin ¢

(2.38)

where T is the transmission through a single sub-unit and ¢ is the Bloch phase. Their solutions

are given by

1 (ks Kk
¢ = arccos (cosh(kaa) cos(kpb) + 3 <k - kb> sinh(kqa) sin(k:bb)> (2.39)
b a
and
(ke B\ -
— I AN inh2
T = (1 + 1 (k‘b + ka) sinh (k,ﬂ)) . (2.40)

Since the dispersion relation of an infinite structure is given by the trace of the transfer matrix

cos(kd) = Tr(M)/2, we find the dispersion relation for w < wy:

cos(kd) = cosh(kqa) cos(kyb) + % (IZ: - ZZ) sinh(kqa) sin(kyb). (2.41)
By plotting the dispersion relation given by eq. 2.41 for a periodic structure with identical
parameters as those used in section 2.4 (¢ = 20 ym and b = 140 um), we find the band
structure plotted in Fig. 2.8a). Here we have defined a plasma frequency (w,/27) of 3.4 THz
which contributes to flattening the bands near resonance but do not open a gap in the dispersion
relation as the Bragg condition is not fully met on-resonance (n,a # npb). We also plot the
electric field transmission as a function of frequency for the band calculation (Fig. 2.8b), black)
alongside the transfer matrix calculation (red, from Fig. 2.6). We can see that both data sets
match very well. The resonances of the band calculation show narrower linewidths as they
depict the case of a structure with an infinite number of unit cells whereas the transfer matrix
calculations are done for 20 unit cells. It is interesting to note that even for an infinite number
of cells, the resonance linewidth is not infinitely sharp, contrary to what one would expect in

the case of a lossless structure.
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FIGURE 2.8: (a) Calculated dispersion curve in the first Brillouin zone. (b) Electric field
transmission amplitude calculated from the dispersion curve of an infinite plasma-dielectric 1D
photonic structure (black) and for a transfer-matrix method calculation (red). The plasma
frequency w, /27 is fixed at 3.4 THz and the structure dimensions are (¢ = 20 um and b =
140 pm).



Chapter 3

Experimental methods

In the following sections we will discuss the experimental methods used to gather the data
presented in this thesis. We will present an overview of THz time-domain spectroscopy (TDS)
including amplified NIR femtosecond pulse generation, tilted pulse-front optical rectification
inside LiNbO3 and the way they are used to perform THz-TDS as well as pump-probe time-
resolved THz spectroscopy. We describe with some detail the few fabrication steps performed
to fabricate our samples alongside the waveguide design parameters. We further discuss the

experimental challenges and difficulties encountered and the steps taken to overcome them.

3.1 Amplified femtosecond Ti:sapphire laser system

As discussed in previous chapters, using femtosecond near-infrared pulses is an extremely con-
venient way to generate broadband single-cycle phase-locked pulses of THz radiation. Perhaps
the most widespread method of obtaining short mJ level NIR pulses is through chirped-pulse
amplification of a broadband low-intensity NIR pulse. This method has received a lot of atten-
tion in recent months following the 2018 physics Nobel prize awarded to Arthur Ashkin, Gérard
Mourou and Donna Strickland. It is to the two latter-mentioned scientists that we owe this con-
venient method of generating high-intensity ultra-short pulses of light, schematically presented
in Fig. 3.1. Since this method is extremely well described and vulgarized in the scientific and
popular literature we will simply underline the characteristics of the lasers employed for our

experiments.

32
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CPA - chirped pulse amplification

and its
dramatically

stretched,

FIGURE 3.1: Schematic figure representing the process of chirped pulse amplification used in
regenerative amplifier. Credits to The Royal Swedish Academy of Sciences for the illustration
produced as press material for the 2018 Nobel prize in physics announcement.

For the first two experiments presented in chapter 4 and 5, the laser system employed is com-
prised of a titanium-doped sapphire (Ti:sapph) oscillator and amplifier manufactured by the
company Coherent Inc. The mode-locked oscillator provides 50 fs pulses frequency-centred at
810 nm and with an =~ 80 nm bandwidth. At its 80 MHz repetition rate, 320 milliWatts of its
power output are directed to the amplifier to seed the amplification process depicted in Fig.
3.1. The cavity uses a Q-switched Nd:YLF laser with a 527 nm central frequency to amplify
the seed inside the gain medium over roughly 15 cavity passes. A tunable grating compresses
the NIR pulses, each now containing 5 mJ of energy with a power spectrum peaked at 795 nm
and operating at a 1 kHz repetition rate. The amplifier system can be operated to output
bandwidth-limited pulses of 40 fs or 110 fs in length. Though the latter pulse duration is
more suited for optical rectification in LiNbOg due to its smaller bandwidth, we opt to use the
shorter pulse duration configuration in order to increase the conversion efficiency of the optical

parametric amplifier (OPA) used to convert the pump light to 1050 nm.

The OPA used in these experiments is a commercial system provided by the company Contin-
uum. It uses a standard sapphire white-light continuum stage which is mixed collinearly with
the input Ti:sapp pump to convert the input spectrum to anywhere between 550 nm and 2.3
pm wavelength. We choose to operate using the signal output at 1050 nm in order to achieve a
penetration depth of our pump inside silicon on the same order as our waveguide thickness (150

pum). We note that the ambiguity on the penetration depth here is caused by the extremely
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rapid variation of its value in the vicinity of the bandgap of silicon, making it extremely depen-
dent on the precise characteristics of the wafer used. Some of the major drawbacks of having to
resort to using an OPA for light conversion were that it needed half of the laser output power to
function optimally, providing 10-20 pJ pump pulses and reducing the available energy for THz
generation. It also required a fine tuning of the amplifier’s compressor settings thus making it
impossible to optimally compensate for dispersion in the THz generation and detection line in
the absence of an external compressor stage. Furthermore, since the OPA relies on highly non-
linear processes to operate it suffered greatly from short-term pointing instability and long-term
intensity drops even when enclosed and positioned nearby the amplifier output. This resulted
in an extra source of noise in the pump-induced signal and greatly limited our pulse-shaping
capabilities. Furthermore, the wavefront output by the OPA proved to be too distorted to use
a spatial light modulator (SLM) to spatially shape the pump intensity. These problems were
eventually circumvented by switching to an entirely different laser system, which will now be

described.

For the experiments presented in chapters 6 and 7, we used an entirely different laser system
provided by our collaborators at the University of Ottawa. The research group of Pr. Jean-
Michel Ménard employs a laser system originally developed for industrial applications by the
company Light Conversion. The system is a closed-box solid-state amplifier with integrated
oscillator which operates at 1028 nm using an ytterbium-doped potassium gadolinium tungstate
(Yb:KGW) crystal. Though these family of crystals are typically used for their wavelength
tunability, this laser system focuses on providing tunability over its repetition rate, going from
3 kHz all the way to 1 MHz. We opted to use the 6 kHz configuration where pulses carry 1 mJ
of energy over their 180 fs duration. The 1030 nm range is still very well phase matched for
LiNbOg3 and allows us to photoexcite our samples with adequate penetration depths and with
up to 200 pJ pump energies. Needless to say, it would be a great understatement to say that

this considerably simplified our experiments.

3.2 Terahertz time-domain spectrometer

The routing of the beam used for the later set of experiments is depicted in Fig. 3.2 with the
relevant optics labelled. We note that beam is routed using dielectric mirrors optimised for
the NIR though they are excluded here for clarity. 20% of the incident p-polarized intensity is

first sent to the pump line, depicted in solid blue, where it reflects off a spatial light modulator
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(SLM) and imaged onto the sample using a plano-convex lens. We note that a mechanical delay
stage, not depicted here, is added to this line for experiments presented in chapters 4 and 7 in
order to time-resolve events happening between the arrival of the pump (NIR) and probe (THz)
pulses. Furthermore, experiments performed with the 800 nm Ti:sapph amplifier also require
the addition of an OPA to this line (not shown here). Also, the SLM is only used in some of
the later versions of the experiment and was simply replaced by a mirror in chapters 4 and 5.
A beamsplitter positioned before the sample picks off a small part of the light to reproduce
the image plane onto a CMOS array camera in order to characterize the pump intensity spatial
distribution on the sample. The THz generation line is represented by the pink solid line and
comprised of an 1800 lines/mm grating for which the m = -1 diffraction order is imaged onto
the LiNbOg crystal also using a bi-convex lens. We note that the grating is replaced when the
experiment is performed using a source frequency-centered at 1028 nm, though in both cases
the grating angle and lens position are adjusted to match the Cherenkov cone angle discussed
in chapter 2 (63° at 800 nm and 67.5° at 1028 nm). We note that a waveplate is used to rotate
the NIR polarization for optimal THz conversion and a set of mirrors and translation stages

ensure the most efficient alignment is achieved.
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FIGURE 3.2: Schematic representation of the THz spectrometer. The blue line denotes the
pump line, the red line the gating line, the pink line shows the THz generation tracing and
the green line denotes the THz beampath. The relevant optical elements are identified and the
thin black lines crossing the THz generation beam (pink line) denote the orientation of the NIR
pulse front tilt.
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The THz beam generated by optical rectification is imaged at the output of the LiNbOg3 crystal
using an uncooled micro bolometer array camera developed by INO Inc. and optimized to
achieve collimated THz emission. A plano-convex teflon lens is also used to help collimate the
slightly divergent emitted THz beam. The THz pulse is the coupled into and out of the silicon-
filled waveguide using a pair of tapered aluminium plates, or horn antennas, alongside custom-
made high-density polyethylene (HDPE) cylindrical lenses. The transmitted part is directly
collected by a 3” off-axis parabolic mirror, depicted in yellow, and overlapped with the gating
beam. The signal reflected from the waveguide is redirected by a 1 cm thick silicon beamsplitter
to a 2” off-axis parabolic mirror and overlapped with the gating beam. The detection line is split
from the THz generation beam by a 98:2 beamsplitter (2% transmission) and represented in red
in Fig. 3.2. A mechanical translation stage allows to change the length of this line thus changing
the temporal overlap of the gating beam with respect to the THz beam. A 50:50 beamsplitter
splits the gating line to the transmitted and reflected collecting parabolic mirrors where a +300
mm focal length plano-convex lens focuses the NIR beam through a hole in the parabolic mirror
in each line. The THz and gating beams are overlapped spatially and temporally inside a thick
gallium phosphide (GaP) crystal and then routed to the electro-optic detection components
described in the previous chapter. A lock-in amplifier is used in conjuncture with a chopper
wheel to subtract the background of the optical signal in the photodiodes. The amplifier and

step-stage motor are addressed by a computer via General Purpose Interface Bus (GPIB).
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FIGURE 3.3: Time-domain electric field trace (left) generated using tilted pulse-front optical
rectification in LiNbOj in our Ti:sapph amplifier setup. Associated electric field amplitude
(right) of the waveform transmitted through air with no waveguide present in the beampath.

A typical electric field time trace is presented in Fig. 3.3 where a single-cycle THz pulse
is generated using tilted pulse-front optical rectification in LiNbOgs alongside its amplitude

spectrum obtained using a simple fast Fourier transform (FFT). The peak field amplitude
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obtained here is of 800 kV/cm, with only air purged of any water vapour present in the path
of the THz light. The fundamental limit to the dynamic range achievable by this spectrometer
is here limited by the polarization optics, namely Wollaston prism, used for EO detection. The
extinction ratio of these polarisers, meaning the ratio in number of photons that leak to the
wrong polarization direction, is typically of 1:1000 which sets the peak amplitude to spectral
noise ratio achievable, irrespective of the measurement’s signal to noise. With some effort, the
noise in the measurements was more recently diminished to achieve a sensitivity of < 1 pV
on a ~ 10 mV scale, which is majorly governed by the electrical noise. This, helped by the 5
mm thickness of our detection GaP crystal, allows for the detection of electric fields of a few

mV /cm, corresponding to ~ 100 photons per pulse.

The frequency resolution achievable in these measurements is limited by the longest possible
sampled time trace of our electric field. An important detail is that in order to avoid observing
evenly-spaced drops in spectral field amplitude, commonly referred to as etalons, we need to
sample only one instance of the pulse in our FFT range. This goes back to the Fabry-Pérot
resonator described in the previous chapter but is unwanted in this specific case. Accordingly,
every pulse replica created by internal reflections inside the THz generation line, gating line
or THz line must be time-windowed in the FFT or data-recording processes. Using a 200 um
thick (110) cut GaP detection crystal glued to a 3 mm thick (100) inactive GaP crystal is one
of the ways used to ensure we can achieve the best resolution possible. On top of providing

significantly stronger signals, it allows us to sample for a time interval of

o 2dnGaP

At (3.1)

co
where d is the crystal thickness, and ng,p = 3.2 is the refractive index of GaP at NIR and THz
frequencies. This provides us with a 107 ps sampling interval, which corresponds to a frequency
resolution of 4.7 GHz. This can of course be increased further by zero-padding in the time-
domain, i.e. adding zeros to the beginning and end of the data set to increase the frequency
resolution, though this is effectively equivalent to mathematically interpolating between the
data points and adds no new information to the spectroscopic measurement. Furthermore, the
maximum frequency measurable is determined by the time-sampling interval which is limited by
our translation stage. The minimum accurate stepping distance of ~ 6 microns corresponds to a

Nyquist frequency of 50 THz, well above the investigated bandwidth of ~ 5 THz. Accordingly,
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the motor stages are typically moved in larger intervals corresponding to 100 fs time steps in

order to minimize data collection times.

3.3 Terahertz and the parallel-plate waveguide

The essence of the experiment is comprised in the waveguide structure presented in Fig. 3.4.
Subfigure a) shows broadband THz pulses (green lines) coupled into the waveguide with their
electric field perpendicular to the metallic surfaces. The curved aluminium plates help couple
THz frequencies from free-space to the silicon-filled section of the waveguide with efficiencies
up to 103% higher than hyper-hemispherical lenses [179]. A 30 mm curvature of both top and
bottom surfaces at the input and output ports provide good coupling whilst minimizing the
footprint of the device. The two aluminium plates are pressed together using 4 screws located
around the sample in order to avoid any air gaps between the plates and the sample, which can
result in a dramatic increase in propagation loss and dispersion [180]. The top plate is designed
with a hole in its center to provide optical access to the enclosed sample. In this configuration,
the reflected beam travels back co-linearly with the path of the incident THz pulse and is
redirected by a 1 c¢m thick high-resistivity silicon wafer placed at 45° incidence. Simple Fresnel
coefficient calculations for the transmission and reflection ratio of silicon (ng;=3.42) reveal that
the beamsplitter reduces the peak electric field amplitude by a factor of 4.4 (19.3 in power)
due to the combined transmission and reflection losses. Great progress can thus be made by
avoiding the colinear reflection geometry used in those experiments. For this, efforts are being

made to out-couple the beam in a non-colinear fashion in future experiments.

FIGURE 3.4: Schematic depiction of the pumped waveguide device. a) 3-dimensional view of the
tapered parallel-plate aluminium waveguide with a silicon sample inside. A silicon beamsplitter
reflects (red line) the incident THz pulse (green line). b) Side view of the silicon-filled portion
of the waveguide. Gold and ITO coatings provide confinement for the THz wave and optical
access through the top for NIR light (light blue). Charge carriers (white dots) are photoinduced
in a geometrically-defined fashion using a shadow mask atop the I'TO layer.
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Subfigure 3.4b) shows an illustrative representation of the waveguide cross-section. Here we can
see that an incident THz pulse (green line) has traversed a geometrically-defined photoexcited
structure. The photoinduced reflectors depicted by the white dotted regions are created by the
promotion of charge carriers by the NIR beam only in the open section of the shadow mask.
Each of those acts as a partially reflecting mirror and will create a back-travelling lower-intensity
replica of the incident beam (red curves). The optical window used in this waveguide design is

8 mm in length, allowing us to sculpt waveforms up to 182 ps in length.

As mentioned previously, we use high-resistivity (> 20,000 Qm) float-zone silicon to fabricate
the samples. The wafers are 2 inches in diameter, commercially available and can be bought at
a thickness of 147 £ 7 pm with both sides polished. In order to satisfy the boundary conditions
required for propagation of THz light in the TEM mode, we coat both surfaces of the wafer with
conductive sheets. For the bottom we sputter a 150 nm sheet of gold with a 3 nm titanium or
chromium adhesion layer which effectively behaves like a perfect metal at THz frequencies. The
top layer is more challenging as it is also required to provide transparency at NIR frequencies.
For this we have elected to use an indium tin oxide (ITO) layer of a few microns in thickness.
This industry-standard material can be found on just about any touch-screen device due to its
high optical transparency and good conductivity. A company was contracted for its deposition
up to a thickness (several microns) sufficient to achieve a sheet resistivity smaller than 1 Q/sq.
We note that in past experiments we have used thin layers (~ 20 nm) of gold as they provided
both good conductivity [181] and NIR transparency comparable to that of thick ITO (10-20%)
but they had the major drawback of having next to no resistance to mechanical stress. The
addition of a patterned 150 pum thick gold layer is done atop the ITO in order to provide the
best contrast possible between the bright and dark areas of photoexcitation. Again, thinner gold
layers could provide good contrast but would have poor mechanical resistance. The patterns are
defined using standard microfabrication photo-lithography techniques involving UV exposure of

photo-active resins, development and subsequent metal deposition and chemical etching.

The ohmic losses resulting from the finite conductivity of the top plate will greatly dominate
the overall propagation losses in the waveguide in the absence of pump-induced charge carriers.
Let’s consider the field absorption coefficient o = 2ng; /0160 Zpd [186] where ng; is the refractive
index of silicon, &g is the penetration depth of the light inside the material, d is the plate

separation and Zj is the impedance of free space. Knowing that the sheet resistance of ITO is
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given by Rg = 1/010p and assuming a penetration depth of 1 ym in ITO, we find that

(3.2)

This means that for we can propagate the signal through 2.3 ¢m of sample before we reduce
our field strength by a factor 10. In the case of a reflected signal it is good to remember
that a pulse will travel the distance twice; from input to reflector and back again. We note
that the we also need to account for the 31% combined transmission loss due to the Fresnel
reflections at the air-silicon and silicon-air interfaces. Furthermore, the air-filled section of the
waveguide is accountable for a portion of the losses. Knowing that aluminium has a conductivity
of 3.5-107 S/m [192] and yields an 82 nm penetration depth at 1 THz [185] we can calculate
the absorption coefficient of both top and bottom plates a4 = 0.25 cm™!. This equates to a
propagation of roughly 9 cm in air between two plates separated by 150 um before the field is
reduced by a factor of 10.

To ensure good transmission of the THz signal into and out of the silicon-filled portion of
the waveguide it is essential that the facets of the wafer used for the experiment be free of
any metal and have a smoothness on the order of Apg./10. For this, we cleave the samples
manually after the ITO and gold coatings, including the shadow mask, are applied to the
samples. By carefully selecting a dicing angle parallel to the crystalline axis of the silicon
wafers we can achieve exceptionally flat and smooth surfaces, results which were never achieved
using diamond saw dicing. We also note that samples for which manual cleaving did not yield
sufficiently flat surfaces, likely due to strain in the wafers or clumsy wafer manipulation during
the cleaving phase, were polished using extremely fine grit fiber polishing paper to achieve

comparable transmission.

3.4 NIR pump of silicon

One of the most important parameters in these experiments is the wavelength of the pump
excitation. In order to promote charge carriers with a 1 photon to 1 electron-hole pair ratio
we need to provide an excitation energy above the 1.14 eV indirect bandgap of silicon. This
means that we have to choose a wavelength shorter than 1088 nm. This is a rather simple task

though it gets more complicated when considering the depletion of the incident pump intensity
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as it propagates through the thickness of the silicon slab. As mentioned in chapter 2, the Beer-
Lambert law states that the intensity of a beam will diminish exponentially with propagation
distance as it traverses a material. Knowing that in the case of silicon, the penetration depth is
close to 150 pum for light with a 1030 nm wavelength, we can plot the intensity distribution as
a function of distance between the waveguide plates. Figure 3.5 shows the intensity along the
y-axis, as defined in previous chapters, assuming a 150 um penetration depth. The black curve
illustrates the intensity distribution made by the first pass of the beam through the waveguide
thickness. As it reaches the bottom plate, the gold coating reflects NIR light, leaving a new
exponentially intensity distribution now decaying with lowering position (red curve). The same
phenomenon happens at the return to the ITO top plate where the back-travelling beam (red)
is reflected a second time leaving a new exponentially decaying distribution (blue). The sum of
all of these contributions is shown here in pink and we have normalised their values to that of
the incident pump intensity after transmission through the ITO layer. When accounting for the
multiple reflections, we find an average intensity distribution between the plates of 0.94 - I}y, cident
with a 14% standard deviation. Because the value for the penetration depth varies very rapidly
as a function of wavelength near the bandgap, we have calculated those values for a 120 and
180 pum penetration depth which come up to (0.78 £ 0.17) - Lincident and (1.09 £+ 0.12) - Iincident,
respectively. What Fig. 3.5 shows us and what these values corroborate is that after propagation
of the pump through the sample it is safe to assume that the intensity distribution is uniform
across the plates. This is crucial as we do not wish to cause any scattering between the TEM
mode and the higher-order TM modes, which we demonstrated in previous work using pump

light with a 15 pm penetration depth [1].

Because some of the experiments presented in this work and projected are performed in a
time resolved pump-probe fashion and since some of the effects studied may be sensitive to
the timescale on which the optical perturbations occur we need to consider the speed at which
the light-induced structures are created. We note that this is irrelevant in the case where the
structures are present prior to the arrival of our THz probe pulse, which we refer to as the static
case. This timescale is quickly determined as it simply depends on the time it takes for the NIR
pulse to traverse from the top to the bottom plate of the waveguide. This is simply given by
At = dnyrr/co where d is the plate separation and nyrr = 3.4 is the group velocity in silicon
at 1030 nm. For a 150 pm thick waveguide we find a 1.7 ps turn-on time. This is substantially
slower than the 50-200 fs pulse duration meaning the plate separation is the main limiting factor

for the turn-on time. This means that we have to be careful as the dielectric environment is
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FIGURE 3.5: Relative pump intensity along the waveguide thickness. We show the transmission
through the first waveguide thickness (black curve) and subsequent reflections on the gold
bottom plate (red curve) and ITO top plate (blue curve). The sum of these is shown in pink,
all of which are normalised to the input intensity after the ITO coating. The inset shows the
orientation of the waveguide and the incident pump in this representation.

changed on a ~2 ps timescale, we might experience non-linear effects below 0.25 THz (half a
cycle = 2 ps). Of course, if one wished to investigate such non-linear effects in the THz range
which can arise when the dielectric environment of a pulse is modified extremely rapidly [82,
182], it would be simplest to use thinner wafers as the turn-on time depends linearly on the plate
separation. This 2 ps timescale is also an indication that effects happening on shorter timescales
may be smeared out and unresolved in pump-probe time-domain spectroscopic measurements.
We also note that to some extent the charge carrier uniformity criteria is met once the pulse has
made its second pass through the waveguide thickness after reflection upon the gold backplate,

bringing the turn-on time closer to 3.4 ps.

Another important parameter in those experiments is the recombination time of the charge carri-
ers. As electrons and holes are created through photoinjection these pairs of oppositely-charged
particle and quasi-particle will recombine thus giving our device reversibility and reconfigura-
bility. The timescale over which these carriers recombine is entirely independent on the pump
characteristics other than its intensity. For silicon at room temperature, charge carriers recom-
bination times are on the order of 100 us, which should allow for reconfigurability up to a 10

kHz rate, well above the repetition rate of the lasers used. The experiments are operated below
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any scattering saturation threshold (~ 106 carriers/cm~3) and we do not expect there to be
any significant increase in sample temperature caused by the pump. We note that in order to
decrease the reconfiguration time, thus increasing the reconfigurability rate, it would be possible
to sweep the carriers using a static potential across the plates. Alternatively, one could use a
direct bandgap semiconductor, such as GaAs, which typically yields carrier recombination times
on the order of microseconds. This raises the issue of having to achieve penetration depths on

the order of 100 pm in materials that generally yield only a few microns of penetration depth.

One more important parameter in our experiments is the intensity distribution of the pump
across the waveguide surface. As depicted in Fig. 3.2, we employ a CMOS array camera to
perform this task. The sample is initially removed and the camera is placed with the detector
array in its position. A reference image is then created using the SLM or by simply focusing
a short focal length lens with the camera at the focus. The camera is then put back to its
usual position behind a beamsplitter where it is adjusted to ensure that its detector array is at
the same image plane as the sample. When the sample is put back into position we have an
accurate measurement of the intensity distribution across its surface. We note that the camera’s
dynamic range is somewhat limited and its intensity has to be adjusted using either internal
gain, exposure time or through external neutral density filters. Accordingly, we need to resort
to a separate intensity monitor that is introduced in the line to record the integrated incident
pump power. We can then correlate the two measurements to extract the intensity distribution,
or fluence, over the sample. The camera provides a 5.3 pm pitch which defines our spatial
resolution, though this corresponds to the wavelength of a 16.5 THz signal, largely above our

experimental bandwidth.

3.5 Differential pump-probe measurements

We would like to bring some clarity here on a measurement technique, referred to as differ-
ential measurement, used in this work. As mentioned previously, all of the measurements are
recorded using a lock-in amplifier through EO sampling. The strength of the lock-in amplifier
is that it can be triggered by the signal of a chopper wheel which is modulating the signal at a
frequency commensurate with that of the laser repetition rate. This way, one can subtract the
background signal, or illumination, on the detection photodiodes and minimize the optical, and
even electrical noise of the measurement. When trying to detect a minute modulation of the

signal, the differential measurement is better suited as it allows the subtraction of the signal
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itself. In our experiment, this translates as moving the chopper wheel to the pump line thus
measuring AE(t) = Eycf(t) — Epump(t). Here, E,.s is the reference signal, without pump, and
Epump is the signal in the presence of a pump. Again, when the modulation is small and those
two quantities are similar, this method allows one to measure their difference on a much smaller
scale, or higher sensitivity, thus greatly improving the signal-to-noise ratio and improving the
experimental sensitivity. In order to retrieve the correct amplitude though, one must ensure
proper chopper wheel phase as well as lock-in phase calibrations. A post-processing step is
also generally needed in order to correct the amplitude of the signal in frequency space. By
properly gathering a reference (unpumped) waveform (E,.f), modulated (pumped) waveform
(Epump), as well as a differential waveform (AE(t)) separately we can adjust the amplitude by
a multiplicative calibration factor a given by the equation

Epump(w) —1_g4 AE(w)

Epe (@) 7Eref(w)‘ (3.3)

Furthermore, this calibration should be performed before and after each differential measure-

ment in order to retrieve correct phase information and to avoid time-drift errors.

We should also note that though this technique is great for accessing pump-induced transients
with greater resolution, it also has its drawbacks. For example, when we use the pump-induced
reflectors to generate a back-travelling sculpted waveform, as in chapter 5, the reflected field
amplitudes are on the order of that from Fresnel reflections at the air-silicon sample interface.
Because these surfaces are all parallel to one-another they will all back-travel colinearly and
thus be detected by a regular EO detection scheme. Since the air-Si interface appears before in
the beampath, the reflected pulse it creates will arrive in our detector earlier than the pump-
induced pulses. If we consider the same case but in for a differential measurement; the air-Si
reflection is present in both pumped and unpumped scenarios and will thus be subtracted by
the lock-in amplifier whereas the pump-induced reflections still remain. There are of course
other optics in the THz beampath that cause reflections to be picked up by the detector and
those can be substantially greater than our pump-induced reflections. One can imagine that in a
scenario where samples are probed with pump-induced waveforms the experiment would become
sensitive to THz-pump THz-probe effects and this technique could breakdown, especially in the
presence of nonlinear effects. For this, efforts are being made in developing a pulse-shaping

scheme that prevents the overlap of the pump-induced waveform and stray reflections.



Chapter 4

Dynamic creation of a light-induced

terahertz guided-wave resonator

4.1 Preface

In this chapter we present the first pulse shaping demonstration we made using patterned
photoinjection inside a waveguide. This work focuses on the dynamic creation of a periodic
array of photo-injected lines that result in transmission enhancement on resonance. We note
that all the measurements presented were performed in transmission configuration and that
simulations were used to infer information on the reflected signal. The main reason for the lack
of reflection measurements is that we had not yet realized that the reflection geometry would be
such a powerful tool for THz pulse shaping. The data is recorded with time resolution between
the pump and probe beam arrival in order to investigate the dynamics of spatially-defined charge
carrier photoinjection on a picosecond timescale. The 1-dimensional photonic structure created
did not yield a gap but the bending of the photonic bands showed that this could be used for
slow light experiments. Accordingly, we characterized the group velocity change introduced
by the structure and validated that our experimental conditions were well described by the
Drude model. Furthermore, simulations were performed using finite-difference time-domain
(FDTD) simulations in order to fit the transmission measurements and extract the reflection
characteristics from those same simulations. Analytical transfer-matrix method calculations
were also performed in order to fit the experimental results though these are not presented

in this work as they essentially reproduced almost exactly the results acquired through the
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FDTD method. We also note that some simulations were performed employing finite element
method (FEM) simulations using the commercially available software COMSOL® though the
absence of time-dependent pump characteristics greatly limited their usefulness. Omne of the
truly remarkable things about this experiment, though no clear signature presents itself in
the experimental data, is the fact that the dispersion relation of the THz light traversing the
sample is modified directly from the light line. Whereas most photonic experiments rely on a
pre-existing periodically repeating structure with its own dispersion characteristics, bands and

gaps; we create a new band structure out of “nothing”.

This work was published in 2014 the journal Optics Express and titled “Optically induced mode
coupling and interference in a terahertz parallel plate waveguide”. The authors, listed in order,
are Lauren Gingras, Marcel Georgin and David G. Cooke. The experimental work was almost
entirely done by Lauren Gingras alongside the FDTD and transfer-matrix simulations. Marcel
Georgin, in charge of an undergraduate research project, contributed FEM simulations that
were extremely useful to the understanding of the underlying physics presented in this work.
Though his simulation results were not presented in the manuscript his name belonged in the
list of authors. David G. Cooke was attributed the last author slot for his supervisory work,
which means he basically oversaw every step of the process from conception of the experiment

to overhauling of the article’s manuscript.

We would also like to note that, as required by McGill University’s thesis manuscript guidelines,
this chapter is identical to the published version of the paper, including the list of references
which are numbered and listed independently within the chapter. This will also be the case for

the following two published articles (chapters 5 and 6).

4.2 Abstract

We demonstrate a dynamic light-induced resonator for terahertz (THz) frequency light created
on ultrashort time scales inside a planar waveguide. The resonator is created by patterned
femtosecond photoexcitation of a one-dimensional array of photoconductive regions inside a
silicon-filled parallel plate waveguide. The metal-dielectric photonic crystal is created on a 2 ps
time scale, ten times faster than the 20 ps transit time of the THz light through the array. The
resonance reveals itself through narrowband THz transmission enhancement with accompanying

phase modulation producing an induced group delay of up to 10.8 ps near resonance.
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4.3 Introduction

The development of new methods to confine and control light in the terahertz (THz) region
(0.1-10 THz) of the spectrum is a major area of current photonic research [1, 2]. The expansion
of the wireless communication spectrum, for example, promises multi-Gbit data transfer rates
as the carrier wave is pushed into the THz band [3-6]. Integration of several technologies into
a functional system typically requires confinement and isolation of light via guided modes, as
opposed to free space optics that are susceptible to environmental conditions and requires a
large footprint. For THz light, a parallel plate waveguide (PPWG) operating in the TEM mode
provides a low loss platform for the integration of photonic components [7], with several passive
[8-11] and active [12-15] devices having recently been demonstrated. Periodicity of dielectric
and metallic structures embedded within the waveguide modifies the photonic bandstructure,
modulating the amplitude and phase of transmitted light. Another interesting degree of freedom
in such structures is the possibility of breaking time-reversal symmetry through dynamic mod-
ulation of the local dielectric function via photoinjection of free charges [2, 16]. In the optical
regime, interesting effects such as all-optical stopping [17] and storage of light [18], a photonic
Aharonov-Bohm effect [19], an effective magnetic field for photons [20], and a photonic Haas-van
Alphen effect [21] have been demonstrated using dynamically modulated photonic structures
and resonators. Nonlinear optical effects such as the frequency shifting of light are also possible,

where the dynamic modulation induces an effective x(3) interaction [22, 23].

At THz frequencies, wavelengths are large (1 THz = 300 pum) and so spatial modulations of
sub-wavelength dimension can be easily achieved through illumination by an optical pulse,
down to the diffraction limit. Using femtosecond pulses to modulate the dielectric function,
one can photoexcite on a sub-cycle time scale as well. This new possibility allows one to
dynamically modulate the photonic band structure in the extreme non-adiabatic limit by sudden
introduction of spatial periodicity on a sub-wavelength scale. Furthermore, the possibility of
an optically generated metal-dielectric structure through spatial patterning eliminates the need
for fabrication of permanent photonic structures, making the device fully-reconfigurable and
reversible in nature. Here we demonstrate the dynamic creation of a THz metal-dielectric
photonic crystal inside a PPWG on a time scale much shorter than the pulse transit time.
The sudden creation of a resonant structure faster than the THz pulse transit time permits
the capture of energy within the resonator volume, delaying the arrival of THz light by an

amount determined by the group delay. The more closed a cavity, the longer it can store energy
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however the more difficult it is to couple in light. By switching on the entire structure faster than
the transit time, we transiently increase the coupling into the structure compared to a static
resonator, as verified by experiments and finite-difference time domain (FDTD) simulations. It
is important to note here that no pre-existing structure is present inside the waveguide as is
often the case in dynamic photonic experiments [2, 23, 24]. We show the onset of enhanced
transmission peaks relative to the background absorption as evidence for the dynamically created

resonance and selective temporal delay of THz photons up to 10.8 ps.

4.4 Experimental

The time-domain THz spectrometer used in this work is based on optical rectification in a
LiNbOg3 prism of 800 nm, 40 fs pulses from a Ti:sapphire fs laser amplifier [25-28] using the
tilted-pulse front method and electro-optic sampling in an undoped (110) cut GaP crystal of 200
pum thickness optically bonded to a 4 mm inactive GaP (100) cut substrate to avoid reflections
that can limit the spectral resolution. The THz pulses are collimated exiting the LN prism
and teflon lenses with focal length of 100 mm ensure THz coupling in and out of a tapered
aluminium PPWG, schematically drawn in Fig. 4.1(a). Coupling into the transverse electro-
magnetic (TEM) mode of the waveguide provides minimal waveguide losses and dispersionless
propagation in the enclosed 147 pm-thick high-resistivity silicon wafer (p > 20,000 Q-cm).
The Si-filled region of the PPWG is back-coated with a 200 nm-thick layer of gold and top-
coated with several ym-thick indium tin oxide, a transparent conductor. Both coatings provide
< 19Q/sq sheet resistance to confine the THz pulse while the transparency of ITO is sufficient
to allow for optical pumping as depicted in Fig. 4.1(b). The THz peak electric field is lowered
using a wire-grid polariser pair preventing inter-valley scattering of the photoinjected carriers
inside the waveguide. The pump pulses are centered at 1050 nm, produced by an optical
parametric amplifier. The wavelength was chosen to be above the silicon indirect bandgap to
homogeneously inject charge carriers through the thickness of the waveguide with penetration
depth > 100 gm. A 100 nm-thick gold shadow mask lithographically deposited atop the ITO
layer allows spatial definition of the d; = 10 um wide photoconductive regions with sub-THz-
wavelength precision. The travel time of the NIR pulse across the Si waveguide restricts the
creation time of the resonator to 1.7 ps, comparable to the travel time of the THz pulse between
two adjacent photoexcited regions. Furthermore, the creation time is an order of magnitude

smaller than the transit time of the pulse through the entire structure (20.5 ps). Thus, a
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resonator structure can be dynamically and all-optically created inside a silicon waveguide at a
moment where it entirely encompasses a THz pulse, as depicted in Fig. 4.1b). The turn-off time
of the resonator is ultimately limited by the recombination time of the charge carriers; ~ 100 us
in silicon. However, charge diffusion will contribute appreciably to the cavity deterioration once
charges have diffused over a distance comparable to the smallest length scale of the photonic
crystal. Assuming a critical diffusion distance equal to 10% of the photoexcited wall thickness
(d; = 10 pm) the diffusion time is given by t; = (0.1d;)?/D ~ 4.3 ns. Here, the diffusion
coefficient is given by D = pepkpT/e = 2.33 Cm2/s where kp is the Boltzmann constant, T
is the temperature in Kelvins, e is the elementary charge and given the ambipolar mobility of

electrons and holes in silicon g, ~ 90 cm?/Vs [29, 30].
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FIGURE 4.1: (a) Schematic of the experimental setup showing the THz pulse coupled into
the Si-filled waveguide via a tapered aluminium PPWG. A window allows pumping of the
silicon-filled region using a near infrared (NIR) pump pulse. (b) Schematic representation
of the periodic metal-dielectric array (gray rectangles) being photoinjected on a sub-transit
timescale. (c) Electric field amplitude (arbitrary units) transmitted through the unexcited
(Erer) and photoexcited sample (Epump), well after the pump pulse arrives. The a = 60 pm
lattice periodicity of the structure introduces a resonance at 0.728 THz, indicated by the arrow.
(d) Photonic band structure of the created cavity (red) and of the unpumped waveguide (black)
in the vicinity of the first resonance for the Bragg wavevector q. (e) Corresponding imaginary
part of the wavevector and (f) electric field transmission t (w) = |Epump (W) |/|Eres (w) |.

The signature of a metal-dielectric photonic crystal is a resonant transmission enhancement,
relative to the background absorption, when an integer multiple of half-wavelengths inside the
media is approximately equal to the periodicity of the stack, with small corrections due to the
finite thickness of the metal film [31]. This occurs at a frequency f,, = mco/(2ng;a), where
ng; = 3.418 is the refractive index of Si at THz frequencies, a is the structure periodicity and m
is an integer. Figure 4.1(c) shows the THz transmission spectrum through both an unexcited
silicon slab, with the THz pulse arriving well before the pump (E.ef), and the spectrum when the

THz pulse arrives well after the pump, in the quasi-steady state (Epump). The 60 pm periodic
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metallo-dielectric structure exhibits a marked transmission enhancement at a frequency of 0.73
THz, in excellent agreement with first order (m = 1) Fabry-Pérot resonator physics, as well as
a broadband attenuation due to Drude absorption. We also note that the onset of oscillations
in both data sets at frequencies greater than 1 THz is due to multi-modal interference due to
partial coupling into the TMs geometric mode, caused by slight misalignment into the tapered

PPWG [15, 32).

The band diagram of the structure created is calculated using the one-dimensional metal-

dielectric stack dispersion relation:[33]

1
cos (qa) = cos (k1dy) cos (kadsa) — 5 (2 + zj) sin (k1dy) sin (kods) . (4.1)

Here, ¢ represents the complex-valued Bloch wavevector, di; and ds the thickness of the pumped
and unpumped regions, respectively and ¢ = d; + do is the periodicity of the stack. The

modulation is introduced in the model via the complex wavevector of the photoexcited region

k1 = %\/ n%i +io(w)/egw and using ng; to define the real-valued k-vector of the unpumped
region ko = ngw/c. A scattering time 7p = 50 fs and an effective mass m* = 0.26m, are

used to define the complex conductivity of the photoexcited region through the Drude model

ne?rp/m*

iy for the photoexcited carrier density n ~ 10®¥cm™3. The calculated band

o(w) =
structure in the presence (red) and absence (black) of photoexcitation is presented in Fig. 4.1(d)
in the vicinity of the m = 1 resonance. Without photoexcitation, propagation occurs on the
light line representing the dispersionless propagation of the TEM mode in the waveguide. Upon
photoexcitation, Bragg scattering occurs at the lattice wavevector m/a, with a zero-energy gap
and a reversal of group velocity above and below resonance. On resonance, the imaginary part
of the wavevector, governing loss, shows a marked reduction, shown in Fig. 4.1(e), interpreted as
a resonant tunnelling phenomenon. Transmission spectra can be calculated easily by neglecting
reflections at the beginning and end of the structure, which is a good approximation due to
the soft Gaussian onset of photoconductivity, and assuming Beer’s Law for the electric field
transmission coefficient ¢ = e !™@L A 1,=1.8 mm thick effective medium equivalent to the
12-pair, 60 pum periodic, metal-dielectric structure is created here. On resonance a transmission
peak appears upon photoexcitation with a linewidth of 11 GHz, shown in Fig. 4.1(f). This

represents the fundamental limit to the linewidth, governed by the conductivity of the metallic

constituents in the absence of disorder, with an upper Q-factor for the resonator of vy/Av = 66.
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4.5 Results and discussion
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FIGURE 4.2: (a) Experimental data (open circles) and FDTD simulation results (solid lines)
of the field transmission amplitude t (w, 7) = |Epump (W, T) |/|Eres (w) | for various pump-probe
time delays (7) for a 12 metal-dielectric pairs. (b) Corresponding simulated reflection amplitude
r(w,T) = |Eresi (w,T)|/|Eine (w) |. The dashed red curve presented in (a) shows the transmis-
sion for a homogeneous photoexcitation, plotted below 0.5 THz for clarity. Lattice periodicity
is set to 160 pm and pump energy kept constant at 5.6 pJ over the 1.8 mm structure length.

Several transmission peaks can be arranged within the bandwidth of the THz pulse simply by
increasing the periodicity. Transmission spectra for various pump-probe time-delays (7) are
presented in Fig. 4.2(a) (open circles) for 12 photoexcited lines of 20 pm width separated by

140 pm unpumped Si. The m = 1, 2 and 3 resonances are evident. The zero time 7 = 0 is
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FIGURE 4.3: (a) Intensity modulation (AT/Ty) as a function of frequency and pump-probe
time delay (7). (b) Lorentzian fit of the intensity modulation in the static regime (7 > 27 ps).
The pump energy is kept constant at 5.6 pJ with a 60 um periodic structure.
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defined as the delay where the THz pulse just exits the photoexcited region when the pump
pulse arrives, identified by the earliest change in THz transmission. Negative pump-probe
time delays are defined as a late arrival of the NIR pump, and the THz pulse transit time
through the total structure is approximately 21 ps. FDTD simulations taking into account
the dispersion of the Drude conducting regions are carried out for a simplified one-dimensional
system using a freely available code written by Larsen et al. [34], with the results showing
excellent agreement with the data in Fig. 4.2 (solid lines). The experimentally observed low-
frequency roll off is attributed to the portion of the electric field existing outside the waveguide,
in the window region, due to finite plate conductivity [35, 36]. Accordingly, the same behaviour is
also present for a uniform non-periodic photoexcitation of the waveguide as shown by the dashed
red curve in Fig. 4.2(a). Pump energy is used as the sole floating parameter and fixed to the
value which best fits the static (7 > 27 ps) photoexcitation transmission. FDTD simulations
further reveal sharply peaked features in the reflected electric field amplitude on resonance.
This behaviour appears counter-intuitive when considering a lossless dielectric resonator where
minima in reflection are usually accompanied by transmission maxima. The observed reflection
and transmission maxima occurs here due to the lossy nature of the metallic constituents of the
1D array. Further investigation reveals that when the imaginary part of the complex refractive
index (k) of the photoexcited silicon regions reaches the same order of magnitude as the real
part (n), the device will begin to exhibit simultaneously enhanced transmission and reflection
on resonance. For a Drude metal, this occurs for frequencies f < 1/(277p) or < 3 THz for
silicon, which encompasses the entire THz pulse bandwidth. At late pump-probe time delays
the resonator acts as a broadband absorber for off-resonant frequencies. Static regime results
are also well-reproduced by analytical transfer-matrix method calculations in both reflection
and transmission (not shown here). The broadband absorption and reflection peak is highest
for 7 = 20 ps, when the THz pulse is traversing the entire photoexcited structure. A noticeable
narrowing of the reflection peak is shown in Fig. 4.2(b) as one moves from a situation where
the photonic structure is created while the THz pulse is inside, to a pre-existing structure
that it transmits through in its entirety. Broadening of the reflected peaks is attributed to
the decreasing number of reflective interfaces on which the THz pulse is incident at earlier T,

reducing the number of reflected THz electric field cycles thus broadening the reflection peaks.

Two dimensional pump-probe spectroscopy performed on the ¢ = 60 um sample provides in-

sight on the dynamic effect of sub-transit-time resonator creation. The intensity modulation
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FIGURE 4.4: (a) Measured electric field transmission t(w), (b) measured phase change
AP (W) = pump (W) /dres (W) and (c) extracted group delay for a 60 pm periodic sample for
various pump energies. The data is recorded in the static regime (7 > 30 ps).

(AT/To = (t* — t3)/t2) of the 1%t order peak taken with respect to the off-resonant THz trans-
mission baseline (7)) is presented in Fig. 4.3(a). For a constant pump energy of 5.6 uJ, a
single crest arises, steadily peaked at 0.73 THz. Shoulder-like features at frequencies adjacent
to the resonance are attributed to inhomogeneities in pump intensity distribution as they are
present even in the static regime; excluding the possibility of dynamic sideband generation.
The absence of additional features in the spectrum further confirms that the 1.7 ps creation
time of the resonator is insufficient to induce any observable nonlinearities at these frequencies.
Fitting of the time-averaged static excitation portion (7 > 27 ps) to a Lorentzian lineshape,
shown in Fig. 4.3(b) indicates a 27 GHz linewidth (Avp) frequency-centered at 0.728 THz. The
modulation is peaked at 56% and exhibits a lifetime (t.) of 6.0 £+ 0.4 ps at large 7 and a Q-
factor of 27. Presented in Fig. 4.4 is the electric field transmission, phase change and group
delay induced by the resonator for varying pump energies. Electro-optic sampling provides

direct access to both amplitude and phase of the transmitted electric field allowing us to ex-

0
tract the group index ng (w) = ng (w) + ww. The phase change induced by the structure
w
A
can be observed in Fig. 4.4(b). The phase index is given by ng (w) = ng; + C(wqu(w) where
w

A¢ (W) = Ppump (W) — ¢ref (w) and d is the length of the resonator. We can thus calculate an
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effective group delay assuming an effective media of length L with a refractive index ny, and
knowing that the group velocity is given by v, (w) = ¢o/ng (w). An average over all 7 > 27 ps
of the group delay induced for a 1.8 mm wide structure made of 30 periodically repeating 60
pm index modulations induced using 5.4 pJ pump energy reveals a maximum of 10.8 £ 0.7 ps

group delay on resonance. The results of a single pump-probe delay are shown in Fig. 4.4(c).
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FIGURE 4.5: Intensity modulation as a function of (a) pump-probe time delay (7) and (b)

pump energy with a sigmoidal fit curve shown as a red dashed line. Intensity baseline as a
function of (¢) pump-probe time delay (7) and (d) pump energy. The data is presented for the
60 pum periodic sample with a baseline defined at 0.6 THz. (a) and (c) are measured at 5.6 uJ
pump energy; (b) and (d) are measured in the static case (7 > 30 ps).

Lorentzian fit parameters extracted from single pump-probe time delay steps indicate no evolu-
tion in the transmitted resonance linewidth, or lifetime, within error margins, once the resonance
becomes appreciable (7 > 5 ps). Peak intensity modulation amplitude increases with time delay
over the 20.5 ps transit time (Fig. 4.5(a)) due to the increased number of photoinjected inter-
faces in the THz path. Accordingly, the intensity transmission baseline, presented in Fig. 4.5(c),
decreases over the same timescale to a minimum of 20 %. The performance of this device is in
this case limited by the available pump energy, by the substantial reflection losses undergone

by the NIR pump at the shadow mask and by the low transparency of the thick ITO layer.
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Adjustment of the pump power provides additional tunability over the intensity modulation
and baseline transmission of this optically-induced resonator. Peak modulation intensity data
presented in Fig. 4.5(b) demonstrates a superlinear increase of the peak intensity modulation
ratio, AT /Ty, with pump energy. A sigmoidal fit to the data is shown as a red dashed line,
describing the data reasonably well while respecting the upper and lower bounds of 1 and
0, respectively. This fit indicates that the modulation would saturate above 90% at a pump
energy of 8 uJ and has a 10% threshold of 2.5 uJ. The associated intensity transmission baseline,
shown in Fig. 4.5(d), indicates a linear decrease with increasing pump energy. This result is
well described by the linear increase of the conductivity with pump fluence predicted by the
Drude model. No appreciable change in center frequency or peak linewidth is observed with
varied pump intensities, again differentiating this device, where the metallic regions are thinner
than the THz skin depth, from a lossless dielectric photonic crystal for which the lifetime is

characterized by the interface reflectance.

4.6 Conclusion

In conclusion, we have demonstrated an all-optically injected and dynamically created resonator
inside a PPWG at THz frequencies in a homogeneous semiconductor slab. The turn-on time of
the cavity, 1.7 ps in this case, is largely limited by the transit time of the NIR pulse through the
thickness of the waveguide which can be reduced by using a thinner wafer. Dynamic creation
of resonator structures encompassing a THz pulse on timescales faster than the transit time
(20.5 ps) demonstrates potential for introducing frequencies otherwise not allowed inside a
structure. The 60 um periodicity sample exhibits a resonant lifetime of 6.0 + 0.4 ps at 0.728
THz corresponding to just above 8 electric field cycles. The measured Q-factor of 27 can
ultimately be improved by a factor 2.45 according to analytical predictions by increasing the
array size and general homogeneity of the pump excitation and by reducing the waveguide plate
losses, dominated here by the ITO. Phase analysis additionally reveals a group delay of 10.8
ps in the static regime. These resonant effects can be tuned to any arbitrary frequency via the
structure periodicity, and incorporation of a spatial light modulator should enable video rate

switching between structures.
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Chapter 5

Direct temporal shaping of terahertz

light pulses

5.1 Preface

In a way, this is really where it all began. After observing the waveforms reflected off the
photoinjected structures through our FDTD simulations we decided to set aside the idea of
dynamic injection of the 1-dimensional photonic structure to focus on the pulse-shaping aspect
of the experiment. We believe that, due to the overwhelming number of methods available to
generate single-cycle pulses of THz radiation and the relatively small number of solutions to
create multi-cycle waveforms beyond passive spectral filters, our device would be truly enabling
for control experiments. By this, we mean that, though broadband single-cycle pulses are ex-
tremely useful for spectroscopy measurements, the ability to generate elaborate pulse sequences
with high field intensities is a remarkable tool if one seeks to control states of matter rather
than just probe them. In this work, we showed not only that one could tune the spacing of
the photoinjected lines and their number in order to control the linewidth and resonance but
we were ambitious enough to demonstrate information encoding on THz waveforms. By dig-
itally addressing a sequence of lines with a defined sequence of pump-on and pump-off states
we generated 8-bit sequences of binary ASCII characters spelling the word “McGill”. This was
the first demonstration of this kind of pulse-shaping ability done directly in the THz spectrum
and long pulse sequences demonstrated showed linewidth finesse equal to or better than those

of current commercially available filters.
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This work was performed and published in 2016 in the optical society of America’s (OSA)
journal Optica with the title “All-optical platform for THz pulse-shaping”. The experimental
work, from sample design and fabrication to data acquisition and analysis was performed by
Lauren Gingras. Francois Blanchard, a post-doctoral fellow working in Pr. Cooke’s lab at the
time helped setup the LiNbOj3 source used to perform these experiments and provided extremely
useful help both in the lab and during the article writing phase. Once more, David G. Cooke is

listed as final author for supervising and helping along every step of the process.

This manuscript was submitted with a short supplementary section comprising only one figure

and caption which is presented in the last subsection of this chapter.

5.2 Abstract

Active terahertz (THz) waveform synthesis is desirable for a broad range of applications includ-
ing high speed wireless communications at Th/s speeds and coherent manipulation of quantum
systems driven by engineered light fields. In this work, we demonstrate an all-optical, fully re-
configurable platform for direct and arbitrary temporal shaping of broadband THz light pulses.
The technique is based on an array of line photoexcitations of charge carriers within an oth-
erwise homogeneous semiconductor embedded within a parallel plate waveguide (PPWG). The
spatially periodic charge distributions locally modulate the THz dielectric function, mapping
each photoexcited line in the array directly to a reflected single-cycle THz pulse. Tuning the spa-
tial distribution of the line excitations, arbitrarily-shaped THz pulse sequences can be created
from a single THz input pulse with relatively little intrinsic loss. We demonstrate synthesis of
multi-cycle THz waveforms, 8-bit digital pulse sequences and THz frequency combs with control

over amplitude, central frequency and linewidth.

5.3 Introduction

The temporal shaping and encoding of information on a THz lightwave is key to achieving Th/s
wireless data transfer rates [1-3]. At the same time, THz time-domain spectroscopy has evolved
from measuring the broadband linear response of materials to highly nonlinear, coherent manip-

ulations of quantum systems requiring advanced control over the pulse field profile [4-7]. Given
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a robust, broadband control scheme over the THz pulse amplitude and phase, multiple phase-
locked THz pulse sequences can be generated and used to manipulate quantum states in the
same manner as microwave pulses are currently used in multi-pulse nuclear magnetic resonance
(NMR) spectroscopy [8]. Passive shaping of THz fields accomplishes this in a static manner
using spectral filters, including plasmonic [9, 10], metamaterial [11, 12] or photonic structures
[13]. Extensions of these methods to active mode operation provides tunability over the tar-
geted modulated bandwidth, often through pulsed photoexcitation, however commonly only in
the vicinity of the engineered resonance [14-23] or photonic band gap [24, 25]. More direct
approaches to narrowband THz generation have been heavily developed by low-temperature-
operated quantum cascade lasers [26, 27] and by tunable difference frequency mixing of optical
pumps in a nonlinear crystal [28] such as in injection-seeded THz-wave parametric generation
(IS-TPG) [29]. These methods, however, offer a limited amount of control over the output

central frequency and bandwidth.

In order to achieve broadband THz waveform envelope control, spatial or temporal shaping
of femtosecond optical pump pulse driving THz generation in an electro-optic crystal or a
photoconductive antenna has been applied [30-32]. Though very versatile, the damage threshold
of programmable optics used to perform optical pulse shaping, such as spatial light modulators
(SLM), often limits the total amount of pump energy available to generate the THz pulse train
and therefore limits the output THz power. Schemes that use gated antennas to generate THz
waves from temporally-shaped optical pulses, while simple, are inherently limited by current
saturation in the semiconductor. Nonlinear optical methods for generating intense single-cycle
THz pulses with photon quantum conversion efficiencies at or exceeding 100% now exist, such
as tilted pulse front optical rectification in LiNbOg [33-35]; waveform synthesis techniques that
operate directly in the THz domain are desirable to take advantage of these high power sources.
In this work, we demonstrate a flexible platform for arbitrary shaping of THz waveforms driven

by such intense, single cycle THz pulses.

5.4 Methods

The pulse shaping method is based on spatially-patterned photo-injected charge carrier dis-
tributions inside a semiconductor-filled THz parallel-plate waveguide (PPWG), which we have
previously demonstrated as a versatile platform to modulate the amplitude [36], propagation

direction and pulse delay [37], mode coupling [38], and frequency content of THz pulses [39].
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THZrer
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FIGURE 5.1: (a) Schematic representation of the experimental setup. A single-cycle THz pulse
(green) is coupled into a dielectric-filled parallel-plate waveguide and detected in reflection
geometry. (b) An optically transparent ITO coating allows spatially defined charge carrier
injection (dotted regions) using above-bandgap pulses of NIR light (light blue). The periodically
repeating photoinjected metallic regions (dotted regions) partially reflect the incident THz pulse
to generate a multi-cycle THz signal (red).

Input THz pulses, polarized perpendicular to the plates, are efficiently coupled into the dis-
persionless TEM mode of the PPWG and interact with the optically-injected photoconductive
regions. Importantly, these can be sub-THz wavelength in their spatial extent due to the much
smaller diffraction limit of the defining optical pump pulse and small diffusive spread in the
picoseconds after injection. In this work, we create a one dimensional metal-dielectric line array
within the waveguide that controllably and reversibly creates replicas of an incident single-cycle
THz pulse, with a temporal spacing between replicas governed by the periodicity of the lines. We
demonstrate multi-cycle envelope-engineered pulses with control over the frequency, linewidth,

and phase as well as encoding of a digital 8-bit binary sequence onto a THz waveform.

The experiment uses a THz single-cycle pulse generated by tilted pulse-front optical rectifica-
tion in a LiNbOgs crystal [33, 40]. This pulse couples into a tapered aluminum PPWG [41],
as illustrated in Fig. 5.1(a). A 10 mm-thick float-zone silicon beamsplitter (BS) at 45° is
placed before the PPWG and redirects 65% of the reflected signal (red) for detection performed
with electro-optic sampling in a ZnTe crystal. A window etched in the top tapered aluminum
plate permits the 1070 nm pump pulse from an optical parametric amplifier to photoexcite the
embedded sample. Figure 5.1(b) shows a side view of the embedded Si wafer; gold and ITO
coatings confine the THz light for dispersionless propagation in the transverse electro-magnetic
(TEM) mode. In the low carrier density regime where all frequency components of the THz
pulse are below the photoinduced plasma frequency wy, the finite conductivity of the opti-
cally transparent ITO dominates the waveguide loss through the power absorption coefficient
awg = ngiRg/(Zod) = 0.6 cm™' where ng; = 3.42 is the refractive index at THz frequen-
cies inside silicon, Zj is the vacuum permittivity, d = 150 pm is the waveguide thickness and

Rg ~ 1 /square is the sheet resistance of the ITO layer [36]. The photon energy of the pump
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FIGURE 5.2: (a) Typical input pulse (black) and reflected pulse replicas (red) for 20 pm wide
pumped lines (w) with a lattice pitch (L) of 160 ym. Accompanying FDTD simulation results
(blue) using the reference pulse shape as input. A digital sequence (111101) is created by
photoexciting all lines but the 5 (inset). (b, top) Incident electric field amplitude (black),
synthesized frequency comb (red) and simulated signal (blue) for 12 photoinjected lines of
20 pm width (w) and 160 pum period (L). (b, bottom) Spectral phase of the experimentally
synthesized multi-cycle signal.

(1.16 eV) is tuned just above the band gap energy of silicon (1.12 eV) to take advantage of the > 1
mm penetration depth [42], injecting charge carriers uniformly through the thickness of the sili-
con to avoid scattering into higher order modes [38]. In our operation regime, the photoinduced
charge carrier densities (~10'® cm™3) are kept one order of magnitude lower than the threshold
for mobility reduction due to electron-hole scattering [43]. Furthermore, the fluence employed
(10 pJ /em?) is still 3 orders of magnitude below the optical damage threshold for silicon excited
at a wavelength of 1060 nm with 100 fs pulses [44]. A shadow mask placed atop the transparent
ITO layer (~10% transmission at 1070 nm) spatially shapes the photoexcitation to induce a
periodic photoconductivity modulation along the THz propagation direction, creating a zero-
gap, l-dimensional metal-dielectric photonic crystal structure with a sharp transmission and

reflection enhancement (compared to uniform illumination) at a frequency f,, = mco/(2ng;L),
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where m is an integer, ¢y the vacuum speed of light and L is the periodicity of the array [39,
45]. We note the complex valued index modulation (Re(n) ~ Im(n)) is intrinsically different
from a distributed Bragg reflector, which is based solely on index modulation and exhibits a
gap in the photon density of states. Furthermore, the predominant single-cycle character of the
transmitted pulse inhibits the pulse-shaping ability in transmission mode, thus all experiments

are performed in reflection configuration.

5.5 Results and discussion

An example of the input and reflected THz waveforms are shown in Fig. 5.2(a) where the black
line is collected from the air-Si interface reflection inside the tapered PPWG. A digital sequence
(red curve) of (111101) is created with 1 denoting a photoexcited line and 0 an unexcited line,
as shown in the inset diagram. The amplitude of the THz reflection from each individual lines
(1% here) increases with charge carrier density and therefore pump fluence, providing a way to
greyscale adjust the relative peak amplitude of each pulse in the waveform. The Gaussian spatial
intensity profile of the pump pulse illuminating the entire 1 dimensional array is then imprinted
along the time-axis of the synthesized waveform. The shadow mask period (L) and line width
(w) used are 160 and 20 um, respectively. The blue curve shows finite-difference time-domain
(FDTD) simulation results using the aforementioned experimental parameters and using the
experimental reference electric field profile as an input field. We use a Gaussian spatial pump
intensity profile to replicate the experimental conditions and reproduce the experimental results

with good agreement.

Generating a waveform composed of 12 pulse replicas with the aforementioned parameters leads
to the synthesis of a frequency comb with line separation Av = ¢p/(2ng;L) = 274 GHz. The
incident broadband electric field amplitude (black, top) and reflected frequency comb (red, top)
presented in Fig. 5.2(b) demonstrate the clear spectral reshaping induced by a 10 pJ NIR
pump pulse. The blue curve shows that the FDTD simulations reproduce the spectrum of the
synthesized waveform very well with a faster decay of experimental reflection in frequency due to
guiding losses. The bandwidth of the incident pulse determines the highest harmonic achievable
for a given line separation as well as the frequency range where single-harmonic sythesis can be
achieved. The red curve in the lower panel shows the associated spectral phase of the reflected
waveform in the vicinity of the first three resonances with high and low frequency ranges omitted

due to low signal.
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FicURrRE 5.3: Electric field time trace of the 12-line frequency combs and associated power
spectrum (inset) for various lattice pitches (L) at constant pump energy (15 pJ) and line width
(w=20 pm).

The frequency comb can be tuned continuously within the input THz pulse bandwidth by
adjusting the lattice pitch (L). Figure 5.3 shows the effect of tuning the lattice pitch from 160
pm (black curve) to 60 pum (pink curve) with a constant line width (w = 20 pm) and line
number (12). Consequently, the first order resonance is shifted from 0.27 THz to 0.73 THz,
as shown in the inset. The input bandwidth determines how short the input pulse is in time
and thus how closely lines can be brought together before replicas start overlapping temporally.
When the overlap is significant, envelope reshaping can occur as can be observed in the peaked
oscillations at early times of the 60 ym (pink) data set. For the largest pitch of 160 pm, where
multiple resonances lie within the input pulse bandwidth, a gradual drift can be seen in the
carrier envelope phase of each replica from 14 ps to 47 ps, respectively. This evolution in the
carrier envelope phase is due to the dispersion induced within the photoexcited regions in the
vicinity of the plasma frequency (w,/2m ~ 1.3 THz). When a single resonance is present within
the input bandwidth and is located far enough from the plasma frequency (e.g. the L = 80
pm waveform in Fig. 5.3) the resulting waveform is purely monochromatic and has envelope

characteristics solely governed by the pump intensity profile.

Bandwidth tuning of the THz waveforms is achieved simply by adjusting the number of pho-

toexcited lines in the array. As the pump intensity profile is narrowed, using an adjustable slit
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FIGURE 5.4: Power spectrum and corresponding electric field time traces (inset) for varying
spatial pump widths. The horizontal lines (inset) show the equivalent spatial pump width used
to tune the number of cycles.

just above the shadow mask, fewer lines are injected resulting in fewer pulse replicas and broader
bandwidth. Linewidth tuning, shown in Fig. 5.4, becomes evident as the pump spatial extent
is broadened from 0.12 mm (black) to 2.45 mm (green) with the inset showing the synthesized
electric field time traces. We observe excellent agreement between the waveform envelope ex-
tent and the time equivalent of the spatial extent of the slit opening (horizontal black lines,
inset). The full extent of the illumination (green) generates a 20-cycle THz waveform with a
linewidth of 23.2 & 0.4 GHz at a 274 GHz central frequency, or a spectral purity of 8% which
rivals commercially available THz bandpass filters. The Gaussian profile of the pump is again
responsible for the lower electric field values at early and late times. The minimum linewidth
achieved is limited only by the number of lines etched in the sample shadow mask and by the

size of the optical port etched in the aluminum tapered PPWG (Fig. 5.1(a)).

Numerical simulations were performed using commercially available FDTD software (Lumerical)
to further understand the limitations of the technique. By tuning the plasma frequency, w,, of
a set of 12 lines of 20 um width with a 160 um period up to 19 THz, the reflected waveform
is tuned from a multi-cycle to a single-cycle waveform (Fig. 5.5(a)). In the scenario where the
plasma frequency is significantly greater than the input THz pulse bandwidth the transmission

coeflicient of individual lines t(w,) becomes the limiting factor to the total number of pulses
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FIGURE 5.5: (a) Simulated (FDTD) reflected THz waveforms for 12 lines of 20 pym thickness
with 160 pum period for indicated pump-induced plasma frequencies. (b) Reflected spectrum as
a function of pump-induced plasma frequency (Egefi (W, wp) /ETrans (w,0)). The white dashed
line denotes the transfer matrix method solution for 25% field reflection from a single 20 pm
line. (c) Reflected spectrum for fixed w, values (from (b)).

an array can contain. The reflected peak amplitude of the n'™ line in the array scales as
E,=FEy-r- t2(n=1) where Ey is the incident field amplitude and r(w,) is the individual line
reflection coefficient. The peak field reflection coefficient can reach up to 65% at w,/27 = 19
THz. Provided that r is on the order of 1%, as in our experiments, light can traverse the
entire array and back without significant loss compared to the first line reflection. The spectral
amplitude reflection (Eref (w,wp) /ETrans (w,0)) plotted in Fig. 5.5(b) shows the continuous
transition between 10'® and 10'® cm™2 electron density regimes. Vertical cuts in Fig. 5.5(b)
show the corresponding reflection spectra in Fig. 5.5(c) for the datasets presented in (a). We
can see that as the plasma frequency reaches 10 THz (black line) a broadband background

reflection becomes evident and even more pronounced as w, reaches 19 THz (solid blue line).
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FIGURE 5.6: 8-bit array of binary 1s (pulse present) and Os (pulse absent) encoded in a THz
pulse train. The pulse sequences presented here spell “McGill” in 8-bit binary ASCII characters.
The 20 um wide lines are photoinjected using a 10 pJ pump pulse with a lattice pitch of 160

pam.

Transfer matrix calculations corresponding to a constant 25% field reflection off a single 20
pm thick photoinjected slab are shown in Fig. 5.5(b) by the dashed white curve. When the
frequency is increased, higher plasma frequencies are required to achieve the same amount of
reflection, as expected. The good agreement between this curve and the resonant peak roll-
off from FDTD simulations confirms the Drude response of the media is responsible for the

frequency dependence of the peak reflectivity and not disorder in the array.

Finally, each line in the photoexcited array can be independently addressed to individually
modulate the replica pulses in the THz waveform. Thus, information can be encoded into the
pulse train using binary 1’s (pulse present) and 0’s (pulse absent), as demonstrated in Fig. 5.6.
The top-most waveform (purple) shows all 8 field cycles in the ”1” state with subsequent data
sets displaying binary sequences that spell ”McGill” in 8-bit binary American Standard Code
for Information Interchange (ASCII). The shadow mask has a 160 ym pitch with 20 pm wide
lines and is pumped with 10 pJ pulse energy. Again, variations in peak field amplitudes, or

greyscaling, is caused by the inhomogeneous pump intensity distribution. For demonstration
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purposes the array is limited to 8 cycles, or bits, though in the w,/27m ~ 1 THz regime FDTD
simulations indicate that 32 bits could be encoded with > 35% peak fields ratio between the
15t and last electric field cycle due to the enhanced THz transmission on resonance [46] (see
supplementary materials). It is worth noting that using a pump fluence that increases with
the number of lines can help circumvent diminishing signals as the number of photoinjected
lines increases. Furthermore, the high transmission ratio of this device enables recycling of
the incident single-cycle pulse when operating in the non-depleting w,/27 ~ 1 THz regime.
Cascading arrays thus makes it possible to generate multiple bit sequences from a single input

pulse.

5.6 Conclusion

We have demonstrated temporal shaping of broadband THz light using spatially controlled
photoinjected charge carriers inside a PPWG. THz waveforms were synthesized from of a single
incident THz pulse using periodic one dimensional arrays, creating frequency combs that are
completely tunable in frequency, bandwidth, amplitude and chirp. Moreover, individually ad-
dressing each line excitation in the array allows on-off keying of information onto a THz pulse
train. Leveraging high peak field THz pulses, this platform can be used to arbitrarily tailor
multi-cycle pulse sequences for quantum control schemes of meV scale excitations in matter,
or to encode information for THz wireless transmission anywhere within the input bandwidth.
The all-optical nature of this device makes it fully-reversible and reconfigurable after charge-
carrier recombination. This refresh rate could be pushed to the GHz range using direct band

gap semiconductors with shorter carrier lifetimes such as GaAs and two photon excitation.
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Fig. S1. Simulated reflected electric field for 32 lines of
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set to 1 THz for all lines showing a 35% peak field ratio
between the 1% and 32"¢ line. The waveguide losses due
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Chapter 6

Active phase control of terahertz

pulses using a dynamic waveguide

6.1 Preface

At this point, we hope the readers are well acquainted with the method developed for pulse
shaping and its advantages. What is important to emphasize though is that one of the major
drawbacks of the experiments presented previously was the necessity to use an OPA to convert
the wavelength of the pump light. As mentioned, poor pointing stability as well as extremely
distorted wavefronts prevented us from using more refined imaging methods to fashion the pump
intensity onto the sample. This impediment, we ended up solving through the establishment of
a collaboration with Pr. Ménard’s group at the University of Ottawa. By using their Yb:KGW
laser, which is well suited for tilted pulse-front THz generation in LiNbOg3 as well as uniformly
pumping our silicon waveguide, we were able to extend the pulse-shaping method one step fur-
ther. We should mention that the expertise of Pr. Ménard is also extremely conveniently suited
to some of the projected experiments, briefly mentioned in the next chapter. The integration of
a spatial light modulator (SLM) is perhaps one of the most enabling improvement as it allows
for reconfigurability of the pump intensity pattern at a 60 Hz refresh rate. This, in principle
eliminates the need for a lithographically-defined permanent shadow mask atop the waveguide.
However, most of the experiments performed here still employ a shadow mask which provides
unparalleled pump intensity contrast and definition. For this work, we demonstrated not only

multi-cycle amplitude modulation but also phase modulation of a broadband single-cycle THz
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pulse as well as the generation of arbitrarily-chirped waveforms. Demonstrations of arbitrary
phase shifting of broadband pulses have been made in the THz domain though most of them
are somewhat limited since they rely on mechanical actuation, which is slow. As for arbitrar-
ily chirped pulses, no demonstration has ever been made in the THz domain, to the best of
our knowledge. For this, we believe that this platform has proven not just to be useful but
to be truly ground breaking as a source for THz-induced control and field-induced manipula-
tion experiments. We hope to elaborate on some of those and present preliminary results in

chapter 7.

This work was a natural extension of that presented in the previously chapter and was thus
submitted and published in 2018 to the Optics Fxpress journal with the title “Active phase
control of terahertz pulses using a dynamic waveguide”. The experimental work published in
this manuscript was performed in vast majority by Lauren Gingras with some help from Pr.
Ménard’s students Wei Cui and Aidan W. Schiff-Kearn. Professor Jean-Michel Ménard himself
was also extremely useful in helping with the manuscript and with some of the experimental im-
provements. Once again, David Cooke has showed outstanding feats of supervision throughout
the preparation, execution, and publication of this work, most of which was performed sitting

at a coffee shop or at a picnic bench near Burnside Hall.

6.2 Abstract

Control over the spectral phase of a light pulse is a fundamental step toward arbitrary signal
generation in a spectral band. For the terahertz spectral regime, pulse shaping holds the key for
applications ranging from ultra-high speed wireless data transmission to quantum control with
shaped fields. In this work, we demonstrate a technique for all-optical and reconfigurable control
of the spectral phase of a light pulse in the important terahertz (THz) band. The technique
is based on interaction of a guided THz pulse with patterned photoexcited regions within a
uniform silicon-filled parallel-plate waveguide. We use this platform to demonstrate broadband
and tunable positive and negative chirp of a THz pulse, as well as control of the pulse carrier

envelope phase.
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6.3 Introduction

Terahertz (THz) light is an important spectroscopic tool for probing low energy excitations
in condensed matter [1-3], molecular [4, 5] and biological systems [6, 7]. Recently nonlinear
spectroscopy in this spectral region has become possible [8], due to efficient generation of intense
THz pulses [9-11]. States-of-matter can now be prepared and manipulated using engineered THz
fields in the time domain [12, 13]. A key aspect of any such optical coherent control experiment
is a means to tune the pulse spectral phase, ideally in a fast and reconfigurable manner. Such
phase control can be used to change the evolution of these states in a prescribed manner,
enhancing desired interactions and suppressing background signals [14]. Many highly nonlinear
interactions are also crucially sensitive to the absolute, or carrier-envelope phase (CEP), of the
pulse. THz-scanning tunnelling microscopy, for example, using the THz pulse field as a temporal
gate, is intrinsically sensitive to the CEP of the pulse [15-20]. Field emission of electrons from

a metal nanotip [21-23] also depends critically on the pulse polarity.

The phase of a THz pulse generated using short pulsed lasers is intrinsically locked at generation.
Control over the chirp of the THz pulse has most commonly been accomplished post-generation,
by introducing a dispersive medium with variable thickness in the beam path [24], or by using
stacked prism wave plates [25]. There are far fewer methods for controlling the CEP of the
pulse, for example by using the Guoy shift at the THz focus or by variable delay between two
pulses undergoing difference frequency generation in a nonlinear crystal [26]. Though simple,
these methods rely on mechanical actuation of the dispersive element or optical delay stage,
which is slow. A handful of demonstrations have also been made for tunable narrowband THz

generation [27-31], though again few solutions adjust the waveform chirp in an active fashion.

In this work, we demonstrate a technique for complete phase control of THz light pulses. Our
technique shapes the phase of THz pulses by reflection from patterned photoexcited regions
inside a silicon-filled parallel-plate waveguide (PPWG). These light-induced reflectors are spa-
tially tailored in the propagating plane of the THz pulse using a two dimensional spatial light
modulator (SLM). This makes them fully reconfigurable and capable of introducing both neg-
ative and positive chirp and gives control over the CEP. We believe the versatility that this

platform offers will make it a useful tool for several THz applications.
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6.4 Methods

The technique relies on a silicon-filled PPWG, depicted in Fig. 1(a) and detailed in previous
work [32]. The THz pulse is coupled and guided in the dispersionless TMgyy mode. The sil-
icon is made optically addressable by using a transparent conductive oxide coating as a top
plate, thereby allowing photoexcitation of the silicon within and creating localized metallic do-
mains experienced by the THz pulse propagating in the plane. This optically addressable THz
waveguide is a versatile platform for a variety of THz pulse control experiments, having already
demonstrated amplitude modulation [33], pulse delay and beam steering [34], guided mode cou-

pling [35], frequency selection [36], tunable frequency comb generation and information encoding

32].
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FIGURE 6.1: (a) Schematic representation of the experiment where a broadband single-cycle
THz pulse is coupled in a PPWG. The dielectric-filled waveguide is pumped with a NIR pulsed
source which is spatially patterned using a SLM. A CMOS camera records the intensity profile
reflected by a beamsplitter. (b) Cross-section of the PPWG where a spatially shaped pump
photoinduces a phase-shifting reflector for the THz pulse.

For these experiments, a solid-state Yb:KGW femtosecond laser amplifier providing 180 fs du-
ration, 1 mJ pulses with a center wavelength of 1028 nm was used to generate, detect and
modulate the THz pulse. THz pulses were efficiently generated by tilted pulse-front optical
rectification in a LiNbOj prism. The platform’s core consists of a tapered aluminium PPWG
that provides coupling between free-space and a silicon-filled guided section [32]. A 150 nm gold
layer is deposited on the bottom side of a double-side polished, 150 pm thick high resistivity
float zone silicon slab (resistivity > 10,000 Q-cm). A thick (sheet resistance of 1 £2/sq) indium
tin oxide (ITO) coating was deposited on the top surface of the silicon to form the second
conducting plate in the waveguide while allowing optical access for the pump light. The NIR

pump beam is spatially patterned using a two dimensional SLM, and the intensity profile of
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the pump beam on the sample is measured in-situ by splitting a fraction of the beam before
illumination and casting the image onto a CMOS array. The SLM used is a commercial product
from Holoeye with a 1920 x 1080 pixel array (8 pum pixel pitch) each providing 256 phase levels
and a 27 maximum phase shift. The SLM and imaging optics define structures with a spatial
resolution of approximately 40 pm, much smaller than THz wavelengths inside silicon (100 pm).
The 1028 nm pump pulse wavelength is chosen close to the indirect band gap of silicon such
that the optical penetration depth (&~ 200 pm) is larger than the waveguide thickness, creating
a uniform excitation through the thickness of the silicon slab. The resultant charge carrier den-
sity profile created by the patterned pump distribution locally modulates the complex-valued
refractive index inside the waveguide (see Fig. 6.1(b)). The subsequent space-to-time mapping
that occurs upon THz pulse reflection is the key to the functionality of the device. A silicon
beamsplitter introduced before the waveguide at 45° (not shown here) redirects the reflected

THz pulse for electro-optic sampling detection inside a GaP crystal.

6.5 Results and discussions

The broadband phase ¢ of the THz pulse can be shifted easily by multiples of m by reflection off
an even or odd number of conducting interfaces within the waveguide. We can demonstrate this

phase flipping capability by retro-reflecting the THz pulse off a single or a pair of photoexcited
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FIGURE 6.2: Reflections of an incident single-cycle THz pulse off dielectric-metal interfaces with
associated diagrams. (a) 7 phase shift and (b) 27 shift generated by reflections off one and two
dielectric-metal interfaces, respectively. (¢) m and 27 phase shifts induced by the simultaneous
presence of all pump-induced metallic reflectors.
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lines in the silicon. Figure 6.2 shows the THz reflection from a structure which holds the
possibility of either odd (Region I, red) or even (Region II, blue) reflective surfaces, combining
a single line excitation and two interfaces at 45° and —45°. The interfaces of these pump-
induced reflectors are patterned by a lithographically-defined gold shadow mask deposited atop
the ITO layer, shaping the transmitted pump pulses and ensuring a sharp conductive interface
and optimal reflection. The SLM is then used to direct light to the two reflectors, and can
tune the individual line reflectance. The Drude optical conductivity of injected photocarriers
in silicon is purely real and flat to a good approximation over the entire 0.2 - 1 THz bandwidth
of the pulse and so the dispersion of the carriers can be neglected. The excited regions are 20
pm in width, and their conductivity is adjustable via pump power tuning over each section.
Figure 6.2(a) shows the reflected pulse when 40% of the 120 pJ NIR pulse is used to create
Region I, a normal incident reflection off a single surface. With a single interface, we achieve
a peak electric-field reflection coefficient of 43% and 19% is reached when both regions are
photoexcited. Note, some light leakage in the dark areas defined by the SLM results in the
small amount of reflection observed at 42 ps and 14 ps in the A¢p = m and A¢ = 27 data sets,
respectively. When the pump is switched to illuminate only Region II, in Fig. 6.2(b), the pulse
is time-shifted due to the extra path length travelled within the waveguide but now the phase
is flipped by 27. If, however, both regions are illuminated with Region I acting as a partial

reflector, a phase flipped pair of pulses is received at the detector as shown in Fig. 6.2(c).

Reflection from a distributed interface allows the possibility of broadband phase manipulation
and can be used to control the CEP of a pulse [16]. Figures 6.3(a)-6.3(c) show THz pulses
reflected off three different charge carrier distributions, each with a carrier-envelope phase shift
A¢ = —7/2, 0 and +7/2, respectively. The pump intensity profiles giving rise to these charge
carrier distributions are defined by the SLM and the measured profiles are shown in the adjacent
graphs. Taking the intensity profile of Fig. 6.3(a) as an example, one can think of this carrier
distribution as two separate regions. The first, spanning from 0.1 to 0.3 mm, acts as a phase
delay for the THz pulse as it passes through the region twice with minimal losses; the second, a
peak at 0.37 mm, redirects the pulse as a mirror. An analytical estimate can capture the main
contributions to the phase change in the dc limit of the Drude conductivity, where the angular
frequency and the scattering time product wr > 1, assuming a constant real conductivity oy
of length d. This is appropriate for silicon in the range of frequencies investigated as 7 ~ 50
fs at room temperature for carrier density on the order of 10'® cm=3 [37]. In the first, low
d [ojw

photoconductivity region, the change in CEP phase is approximately Apcpp = 2o ,
Co €0



Chapter 6. Active phase control of terahertz pulses using a dynamic waveguide 81

1ra) Ag=-mi2 |

0 =
g ~
E Nt
D 2"
o 2
3 Eos) :
© 3
e}
8 ; D:_ 00 1 1
§ Ap=T12 ]| 10+ .
©
@

05F .
-1 . 0.0 L
0 10 20 0.0 0.2 . 0.4 . 0.6
Time (ps) Z (THz propagation axis) (mm)

FIGURE 6.3: Imparting broadband +7/2 phase changes to an incident THz pulse using en-
gineered photoconductive reflective interfaces within the waveguide. The data sets show the
reflected THz signal as well as the pump intensity profile of the single line generated by the
SLM and recorded by the CMOS camera. (a) —m/2 phase flip, (b) 0 phase flip, and (¢) +7/2
phase flip along side the intensity profile employed.

where o7 is the real part of the conductivity, ¢y is the vacuum permittivity and cg is the speed
of light in vacuum, respectively. The slowly-varying square root dependence on THz frequency
serves to introduce a relatively flat phase shift across the pulse; continuously tunable through
the thickness of the medium traversed. Finite-difference time-domain (FDTD) simulations
performed using a software developed by Larsen et al. [38] provided the intensity profiles
required to achieve the desired phase modulation, however minor fine-tuning is performed in
situ to achieve the desired pulse shape. We note that given the reconfigurable nature of this
phase shaping method it could easily be implemented with a genetic algorithm for pulse shape

optimization.

The ability to arbitrarily control the chirp of a pulse is also valuable for control experiments
such as vibrational ladder climbing in a molecular system [39]. For a first demonstration, we
designed a shadow mask with 20 um wide lines with a pitch of Az = 90 x 0.98" pm, where n
is an integer indexing lines in the array. By using a mask, we sacrifice the reconfigurability of
the device for better contrast and smaller details in the photoinjected structure, thus reaching
higher resonant frequencies. By illuminating the shadow mask with a Gaussian intensity profile,
the reflected THz pulse becomes positively chirped as seen in Fig. 6.4(a). Due to the distributed

nature of the reflector, the peak electric field reflectivity demonstrated here is kept at 2.3% per
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FIGURE 6.4: Positively chirped THz electric field (a) and associated STFT intensity (b) for
a shadow-masked sample pumped with 100 pJ pump energy. Negatively chirped THz electric
field (¢) and associated STFT intensity (d). The pump-intensity profile generated using the
SLM and captured by the CMOS array is shown in the insets (b and d). The cyan solid lines
(b and d) shows the position of the intensity maxima and the black dashed curve the maxima
position predicted from the mask design (b) or pump intensity profile (d).

cycle. A short-time Fourier transform (STFT) of the waveform, presented in Fig. 6.4(b), shows
the instantaneous frequency as a function of time increasing from 0.47 THz to 0.75 THz with
an average chirp of 8 GHz/ps. The inset shows the pump intensity profile parallel to the THz
propagation axis as recorded by the camera. The cyan line follows the position of the intensity
maxima of the STFT data and shows excellent agreement with the predicted instantaneous
frequency v(t) (black dashed curve). From the mask design (Az), we calculate v(t) = ¢/2ng;Az

where ng; = 3.42 is the refractive index of silicon.

Negative chirped THz pulses are as easily generated as positive. In this case, we present a mask-
less implementation using only the SLM to shape the carrier distribution within the waveguide.
Operation in this manner is currently limited to chirped frequencies below 0.45 THz due to
the pixel size of the SLM and imaging optics used, however the waveforms are completely re-
configurable. Presented in Fig. 6.4(c), the chirped waveform shows a clear increase in cycle
period as a function of time. The STFT performed on this data is shown in Fig. 6.4(d), ex-
plicitly showing a negative chirp of -11 GHz/ps on average between 10 and 30 ps over a 220
GHz bandwidth. The inset shows the pump intensity profile achieved using the SLM overlaid
with the image recorded by the camera. The STFT maxima (solid cyan curve) shows excellent

agreement with the expected instantaneous frequency (dashed black curve), calculated directly
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from the recorded the pump intensity profile. From the pump intensity profile design, the chirp
can be reversed from negative to positive within the same pulse as it does here at 30 ps. This
feature is intentionally created by a region near 2 mm (see inset of Fig. 6.4(d)) where the pump
induced features are slightly closer together, and this reversal is very well reproduced by the

experimentally observed waveform.

6.6 Conclusion

We have demonstrated CEP control over broadband THz pulses using spatially engineered pho-
toinjected reflectors inside a silicon-filled PPWG. Odd or even integer multiples of m phase flips
are demonstrated using a single or a pair of pump-induced reflective interfaces, respectively.
Broadband tuning of THz pulse phase over +7/2 increments was also demonstrated by pho-
toinjection of low-conductivity phase delay volumes adjacent to the photoinduced reflectors.
In addition, arbitrarily chirped THz waveforms were demonstrated in the same platform, both
positive and negative, showing 8 and -11 GHz/ps chirp between 0.25 and 0.75 THz. We be-
lieve this device will be a great asset for THz dispersion control, wireless communication, and

spectroscopy of molecular and solid state systems.
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Chapter 7

Further experiments

In the sections that follow we will discuss a few applications suited for the platform we have built
in the course of this project. This list is by no means exhaustive and focuses on underlying the
applications that we wish to pursue and also for which we already have collected preliminary
data. As this is all ongoing research we present the relevant theory only in a brief fashion;
the recorded experimental data sets presented are by no means comprehensive and we wish
to expand on the experimental parameters that might be relevant or interesting to investigate
in future studies. We would like to note that most of these measurements were performed
during the course of other experiments mainly as exploratory proof-of-concept projects in the
laboratory spaces of the University of Ottawa. We therefore have performed the necessary

calibrations and verifications to ensure the validity of the experimental data.

7.1 Time-to-space mapping

One of the first concepts that is interesting to point out is that, as was pointed out earlier, these
experiments rely on the concept of space-to-time mapping where photoinjected lines form a
pattern in space that is directly imprinted on the time-domain data recorded through the electric
field waveform. What is also interesting to note is that this concept can also be extended to
perform time-to-space mapping, in which by looking at the time-resolved information collected
one can infer information about the spatial distribution of the electric field amplitude, for

example.
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7.1.1 Echelons and THz wavefront imaging

In this experiment, we define a set of 4 small mirrors that are overlaid in a step-like arrangement.
A pictorial depiction can be seen in the insets of Fig. 7.1 where an incident Gaussian intensity
wavefront is partially reflected by 4 small mirrors. By separating the mirrors along the z-axis,

each individually provides information about the intensity of the pulse at its position.
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FIGURE 7.1: Time-to-space mapping of the THz field amplitude spatial distribution. a) Shows
4 peaks separated in time labelled 1-4 alongside a schematic representation of 4 small spatially
separated mirrors causing the reflection. The red lines in the inset depict the photoinjected
mirrors whilst the green shape shows the Gaussian spatial distribution of the THz field amplitude
inside the waveguide. Subfigures b)-e) show the mapping of the field amplitude as the mirrors
are moved by 1 vertical pitch between each plot. We note that there are redundant peaks
between each subsequent measurement.
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The separation along the z-axis is directly correlated to the time-difference in the arrival of
the pulses at the detector, as illustrated by the labels (1-4) on the reflectors and associated
peaks. By shifting the reflectors both in the x and z directions, it is possible to reconstruct
the spatial distribution of the wavefront inside the waveguide. By looking at the subfigures a)
and e) we can immediately recognize the wings of the Gaussian distribution whilst subfigure
c¢) mirrors the flatter distribution near the Gaussian maximum. The z-axis range scanned here
is roughly 8 mm with reflectors of about 1 mm in length defined using the SLM. This ensures
minimal scattering of the field upon reflection due to the absence of wavelength-sized features
and spans the entirety of the sample in the z-axis. This confirms our former assumption that
the experiments were performed with a “soft” focus inside the waveguide (ie. the focus is far

from diffraction-limited).

7.2 'Two-dimensional photonic crystals

One more interesting aspect of this platform is the possibility to create two-dimensional (2D)
photonic crystals out of light-induced pillars inside silicon. As illustrated in previously published
work, the 1D structures did not exhibit a photonic gap, or a band where no frequencies are
allowed to propagate freely. As we demonstrate here, this is however not the case for two-
dimensional structures where periodic boundary conditions can be engineered to prevent certain
frequency bands from being allowed within the array of pillars. The structure is created using
a shadow mask in order to ensure maximal contrast and smoothness of the pillar edges. The
lattice is comprised of a 10 x 10 array of cylinders (30 pm radius) with a 100 gm center to center
distance. The sample is illuminated uniformly and both transmitted and reflected electric field
time traces are collected for analysis. The frequency domain data is presented in Fig. 7.2 for
both transmission and reflection with pump energies of 15, 72 and 133 uJ. As we know, square
array lattices have a few rejection bands, or gaps, in the I'-X region for TM modes [193].
Accordingly, if we draw our attention to the reflected spectra which is more evident, we can
observe reflection peaks at 0.2, 0.45 and 0.9 THz. Though those peaks are more pronounced
for higher intensities we also see the appearance of a broadband reflection due to the increasing
metallic nature of the structure. This results in smaller penetration of the THz light into the
lattice which results in broadband reflection but also lessens the interference effect. If we look at
the transmitted spectrum, we can observe a clear reduction at 0.2 and 0.45 THz though the effect

is not as clear as in reflection. It is important to note that the data presented is the differential
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transmission. Due to the small dimension of the array, much of the incident THz light collected
by the detector was able to pass outside of the photoinjected region. Thus, the differential and
reference data sets could not be correlated properly because of a high unmodulated background
signal. This could obviously be improved in future experiments simply by defining an array

spanning the entire sample in the photolithographic stage of the sample fabrication.

7.2.1 Bandgap structure
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FIGURE 7.2: (top) Transmission of a THz pulse through a 10x 10 square array of photoinjected
cylinders. The structure has a 100 pum pitch and the columns have a 30 wum radius. The
total pump intensity is varied between 90 mW and 800 mW. (bottom) Reflected electric field
amplitude for the same structure and parameters.
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7.2.2 Future experiments

One of the details that might strike the reader about the previous experiment is that it was
performed in the static regime, where no time resolution is provided between the arrival of the
pump light and THz light. This is simply because no mechanical translation stage had been
implemented in the pump line when these experiments were performed. It might seem like an
obvious extension of this work to investigate the dynamics of photonic band creation, and it
would be. In future experiments we wish to investigate not only more structures (rectangular,
hexagonal, etc.) but also the effects of dynamic creation of photonic gaps in order to probe
the adiabatic and hopefully non-adiabatic transitions that occur when the environment of a
broadband pulse is modified on ultrafast timescales. Again, it is important to remember that
the all-optical nature of the structure and lack of pre-existing folded photonic band structure
results in infinite input bandwidth, within the constrained experimentally available bandwidth
of course. What this allows if for the possibility of creating gapped structures entirely encom-
passing a THz pulse on timescales faster than the transit time. Using these methods we hope
to investigate the possibility for trapping of broadband signals but also perhaps of subsequent
pump-induced releasing. This is of course still in a speculative phase and we have begun in-
vestigating these effects using FDTD simulations though major issues have arose leading to
non-converging solutions due to dynamic refractive index modulations within the model. Need-
less to say, this is a very interesting prospect from a fundamental science standpoint and also a

work in progress.

7.3 Pulse shaping for molecular control experiments

Perhaps one of the most interesting prospects enabled by arbitrary pulse shaping is the ability to
control molecular vibrations instead of just probing their resonances. For example, by tailoring
a field on or near resonance, it is conceivable to prepare groups of molecules in a preferred
alignment, orientation or to populate their rotational vibrational states in a given order. This
is of course an extension of the principle at work behind nuclear magnetic resonance (NMR)
spectroscopy, where a series of pulses is applied to probe and prepare samples, typically small
molecules, by targeting resonances of the atomic nuclei’s local magnetic field. In the THz regime,
transitions targeted would be in the few-meV energy range such as the rotational vibration of

water molecules.
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7.3.1 Resonance and free induction decay

For a proof of concept and quick experiment, we turned to perhaps the most easily avail-
able molecule in a laboratory space: HoO. As every THz spectroscopist knows too well water
molecules have a wide array of resonances at THz frequencies. The folded molecule indeed has
a very high polarity and is exceedingly abundant in the Earth’s atmosphere. This is of course
extremely convenient to any living organism but extremely aggravating to lab-dwelling THz
spectroscopist as gaseous HyO is responsible for considerable dispersion and the myriad of dips
observed throughout the far infrared spectrum [30]. This of course has been known for a long
time now and spectroscopists have figured out clever ways to avoid suffering from these, such
as building elaborate enclosures made of plexiglass and garbage bags surrounding the portions
of the spectrometer where THz light freely propagates. These enclosures are then purged with

dry air or nitrogen in order to remove the excess water molecules.

|
so0 - para-H,0 | ortho-H,0
= i
F: o 524 !
§ 400 - — 4y |
3 Sy !
§ 300 45 Su |
w 404 3 :
E— 22
5 W0 i
5 B 20, |
T 100 2,21 Voo
S P P
0 -— J kake 1:
Kek=0 1 2 3 4" 0 1 2 3 4

FIGURE 7.3: Rotational energy levels of ortho- and para-water. The ball-stick model indicates
the rotation axis a & ¢ for the k-state quantum numbers (K, & K., respectively). This figure
was reproduced from Yang et al. [183].

What this experiment focuses on is the resonant excitation of the transition between the 1¢;
and 119 molecular rotations which corresponds to a transition frequency of 556 GHz. These
numbers refer to the J, K, and K. quantum numbers of the molecular vibrational states, which
are shown in Fig. 7.3, which is reproduced from Yang et al. [183]. The 556 GHz transition
might be familiar to the reader as it is the lowest order vibrational transition of ortho-water,
the expression of HoO with oppositely aligned hydrogen spins. We note that this is not a
transition from the ground state (Ogg) as the vibrational ground state only exists in the para-

water molecule where both hydrogen spins are aligned and k-state sums must be even. By
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tailoring a slowly increasing field resonant with the 556 GHz transition and by increasing the
number of field cycles we can observe the free induction decay of water molecules in air at 30%
relative humidity, as shown in Fig. 7.4. Here, we observe the exponential decay expected from
the resonant creation of an excited population of molecular with preferential alignment due to

the polarization of the THz electric field.
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FI1GURE 7.4: Electric field time trace of a multi-cycle driving field exhibiting radiative decay of
the 556 GHz water rotational molecular transition. The data is presented for increasing number
of field cycles, all at 30% relative humidity.

7.3.2 Echo of the 556 GHz H,O transition

What is remarkable though is that if we simply purge the volume inside the box using nitrogen
from a gas cylinder down to 5% relative humidity homogeneous linewidth broadening diminishes
due to lessening in intermolecular collision frequency and given a large enough number of cycles
and field amplitude we are able to observe an echo of the rotational state. The left side of Fig.
7.4 shows the time traces of the pump used and the echos observed whilst the figures to the
right show a blowup of the echo. In this case, the experiment was performed with water vapour

in both the collimated and focused section of the sample. For this, it is difficult to evaluate the
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number of molecules being probed as there is no defined volume being probed at a precise field
value. We believe that the greater contribution originates from the gas volume encompassed by

the focus of the sample where field intensities, and thus alignment, are greater.
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FIGURE 7.5: Electric field time trace of a multi-cycle driving field exhibiting an echo of the
556 GHz water rotational molecular transition. The data is presented for increasing number of
field cycles, all at 5% relative humidity. The plots on the right side show enlargements of the
full time traces presented on the left in the vicinity of the echo.

By looking at the resonant peak intensity (E?(t)), it is possible to gather information about
the nature resonance. Whilst this is still an ongoing investigation and since there are still
many experimental unknowns, we show Gaussian fits of the resonances in Fig. 7.6. The main
parameters shown here are the linewidth of the echo (FHWM) and the time delay (At) between
the last driving cycle and the echo peak. We believe these two parameters are linked to how
narrowly-defined the two interfering states are and their energy separation, though the nature of
those is still uncertain. The presence of a triplet state in ortho-water raises the question of Stark
splitting of the resonant levels though this is still speculative and more careful experimental
investigation needs to be made before any conclusions can be drawn. What seems to be certain
is that no clear change is observed in the echo apart from its amplitude when more cycles

are added to the driving field. Since the 556 GHz resonance has a van-Vlek-Weisskopf line
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shape which is characterized by a dispersive response that spans much of out incident THz
bandwidth further investigations should consider the effects of dispersion on the pump beam.
As such, future experiments should investigate the dependence on the humid air volume and

propagation distance of the THz pulse in this volume.
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FIGURE 7.6: Intensity (E?(t)) peaks of the rotational echo of the 556 GHz transition in water
molecules at 5% relative humidity. The red curves show Gaussian fits to the peak maxima with
their FWHM and central time delay (At) with respect to the last driving cycle maxima.

7.4 Eyecandy

We would like to conclude by presenting some images that illustrate well the power of the pulse-
shaping method discussed in this manuscript. The waveforms fashioned for the following figures
have perhaps no scientific value but serve to exemplify just how arbitrarily the envelope of THz
fields can be sculpted using this method. Figure 7.7 shows 22 consecutive field cycles with an
envelope fashioned to match the structure of the Jacques-Cartier bridge linking Montreal and

the south shore of the St-Laurent river. As shown in the backdrop image, the structure has
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been recently been fitted with several thousands of LED light structures which are used to bring
light shows to the metropolis area. Figure 7.8 shows an even more impressive structure, the
Canadian parliament located in Ottawa. The envelope of the 23 field cycles overlap with the
building’s roof and towers to create what we believe to be the most elaborate THz waveform

generated to his day.

FiGURE 7.7: Time trace of a THz multi-cycle pulse fashioned to overlay with a picture of the
Jacques-Cartier bridge joining the island of Montreal and the south shore of the St-Laurent
river.
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FIGURE 7.8: THz waveform with an envelope engineered to overlap with the Canadian parlia-
ment building.
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