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SUMMARY

The invention of ultrafast pulsed laser sources, operating with pulse durations shorter than
1025, has enabled researchers to fully exploit and observe dynamic systems operating on these
timescales. Furthermore, the successful amplification of such short pulses then provided the next
leap towards observing such fast processes when under much more extreme nonlinear regimes.
The amplification of ultrafast sources was considered such a significant impact that Strickland
and Mourou were awarded the Nobel prize in Physics for 2018. One such consequence of the
ultrafast laser is the birth of time-resolved pump-probe experimental methodologies, where a
weak probe pulse is exploited to observe a sample under investigation, while a strong pump
pulse modifies the sample via its nonlinear-optical response at ultrafast timescales. It is then
trivial to vary the delay between the pump and probe pulses in order to directly measure the
dynamical properties of the sample as it relaxes back to equilibrium. This thesis contains the
results obtained in the Emergent Photonics research lab, where I have been developing several
embodiments of these pump-probe schemes. Understanding of a system’s response to extreme
excitation is pivotal to my investigation into the generation and manipulation of Terahertz
waves, another field born thanks to the invention of the ultrafast laser. One promising approach
to the development of Terahertz technologies is through the nonlinear interaction of ultrashort
pulses with matter. Therefore, by developing pump-probe approaches which are able to observe
specifically the region where such a nonlinear interaction occurs, I am able to reveal and study
the complex processes underpinning the Terahertz generation. This thesis is structured as
follows. First, in the introduction I will provide an outline of the physical processes relevant to
my work and publications, including a full and critical literature review of the fields impacted by
my work. FEach chapter will then focus on one of my publications, summarising and describing
how it relates to my previous work, and explaining how it was received after publication. I
will then finish by outlining how my work could be continued in the future and making any
concluding remarks.
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Introduction

This thesis represents a thorough investigation into the fields of THz Photonics and its ap-
plication to the direct observation of surface free-carrier dynamics. Throughout this work I
have observed several novel phenomena and developed new techniques for understanding them.
Initially I will introduce the relevant physics required for the understanding of the works which
I am presenting, via an in-depth literature review. I will discuss the standard methodologies
in THz Photonics and some of the remarkable results associated with the development of THz
technologies and spectroscopy. Then, I will introduce the specific framework of nonlinear THz
processes from semiconducting surfaces. I will then progress into a discussion on pump-probe
techniques, both in the optical and THz ranges, for the determination of how an injection of hot
free carriers and their subsequent motion can be directly observed in the time-resolved modu-
lation on a probing field. This discussion will be concluded with a brief commentary on how
some of these ideas can be applied to media whose dielectric function varies rapidly in time.

Moving forward, I will present a series of articles, both published and in submission, to
which I have contributed throughout the project. Firstly, a novel pump-probe based technique
in the THz range is shown. I will then present how this was used to study the nonlinear limits
of optical-to-THz surface conversion processes. Following this, I present a journal article where
such limits have been overcome by circumventing the contribution of the surface electric field
entirely. The final chapter then provides a focal point of this thesis where many of the previous
ideas converged to the investigation of time-dependent processes within these THz emitting
surfaces. Lastly, I will make some concluding remarks while considering how this work will be
taken forward and continued in the future.

Additionally, I have attached as appendices several articles where my work has been ap-
plied to other investigations into free-electron dynamics and THz imaging. Starting with a
discussion as to how my expertise in pump-probe methodologies contributed to the design of an
all-optical benchmark for the characterisation of novel organic polymers for LED applications.
The second appendix contains articles presenting a remarkable demonstration of THz nonlinear
imaging, where the potential application of such an imaging system relies on the integration
of the nonlinear surfaces discussed throughout this thesis in order to improve its performance

even further.



Chapter 1

Literature Review

In this chapter I will provide an overview of the several areas of physics I have drawn from
throughout the course of this work. Starting with Terahertz Photonics before branching into
photoexcitation dynamics and time-dependent metamaterials. The primary enabling factor for
which is the invention of ultrafast laser sources.

Pulsed laser sources capable of achieving high peak powers within ultrashort durations
enabled the observation of a wide spectrum of nonlinear phenomena and their temporal dy-
namics [2, 3, 4]. Historically speaking, driven by the desire to investigate physical phenomena
occurring on specific timescales, experimentation always converged onto the need of having
optical sampling probes of comparable duration (or shorter). For instance, the famous Muy-
bridge’s demonstration that a horse running has all feet off the ground for brief periods was
realised by developing cameras capable of shutter times orders of magnitude shorter than the
state-of-the-art in the early 1870s [5]. Shutter time in high-speed cameras has improved tre-
mendously in the proceeding one and a half centuries, reaching the technological limits imposed
by electronic technologies, the limiting factor being reactive effects in electron transport (typic-
ally on nanosecond and sub-nanosecond scales). A large kernel of physical processes occurring
in picoseconds is still therefore out of reach for this approach and remained largely a mystery
until the second half of the 20*" century. This forms the modern definition of ultrafast phe-
nomena. Ultrafast optics involves the use of laser pulses with picosecond and sub-picosecond
durations to observe and manipulate such physical dynamics. The remarkably short duration
of these pulses has several other highly sought features beyond the access to high temporal
resolution. Firstly, the mode-locking (the basic operating principle of pulsed lasers) temporally
redistributes the output laser power, confining the finite amount of optical energy into very
short temporal windows. This implies a brief instant where the peak power can be several

orders of magnitude larger than the laser’s average power. Because the relative importance of
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electromagnetic nonlinear polarisation terms (compared to the linear ones) increases with the
field strength, pulses provide access to a large constellation of nonlinear phenomena, including
frequency mixing between photons [6]. Lastly, a short pulse inherently has a wide optical spec-
trum, i.e. it allows for forms of single-pulse spectroscopy techniques.

Although nonlinear optical processes were observed shortly after the invention of the laser,
optical frequency products were significantly weak. It was marked in history in the case where
the editorial board of Physical Review Letters erased the faint trace of the optical second-
harmonic signal from quartz observed by Franken et al in 1961, assuming it a photographic
imperfection [7], In fact, optical nonlinear responses of many systems (with notable exceptions)
are vanishingly low for continuous wave excitations, and the widespread availability of pulsed
sources has been pivotal in enabling access to nonlinear dynamics.

In a very basic definition, we define the ”"nonlinear regime” to be the condition in which
the result when the optical propagation in the medium cannot be described in terms of a linear
combination of the optical excitations. Said differently, the spectral transfer function of a linear
optical system changes with its inputs. A large class of nonlinear effects can be modelled via a
perturbation approach, i.e. the expanded polarisation of the medium in response to an applied

electric field E is given by
Py = eo[XVE + xPVE? + x®E? + ], (1.1)

where ¢ is the permittivity of free space and x(™ is the n'" order susceptibility of the medium.
In contrast, in the traditional linear regime E is small and thus the higher order terms become

negligible. As the total polarisation acts as a source term in the wave equation,

2 92 2
o n20°E 1 9Py
E-— = 1.2
v 2 Ot2  ec? ot (1.2)

the nonlinear field products in (1.1) become the source of polarisation components oscillating
at new frequencies. As y(") generally becomes exponentially smaller as n increases, their asso-
ciated terms tend to be relevant only at or above certain electric field magnitudes such as that

characteristic of ultrashort pulses [8].

1.1 Terahertz Photonics

The use of photonics to investigate physical processes relies on the wide availability of laser
sources operating at a broad range of wavelengths covering the optical electromagnetic spec-
trum. After more than 60 years of development a large selection of natural and artificial media,

with the inclusion of different nonlinear devices, enable laser emission from the Mid-IR to the
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UV frequency regions. On the lower end of the electromagnetic spectrum, electronic oscillators
and antenna devices are able to produce bright electromagnetic radiation from the long-wave
(kHz) to the microwave (hundreds of GHz) bands. In between these two different technological
platforms however there lies the so-called Terahertz band (or far-infrared range in the photonics
denomination). For many years this portion of the electromagnetic spectrum has been known
as the THz "gap” due to a lack of efficient or cheap and accessible sources [9]. In fact, the
typical range of frequencies (0.3 — 30 THz) did not allow for any agile electronic implement-
ations. Conversely, the typically low photon energy makes THz lasing via photonic quantum
transitions quite challenging [10]. Approaches from either side have been attempted in the
form of electronic multiplexing of microwave signals and nonlinear multiplying chains, or in the
manufacture of multi-quantum well structures enabling lasing at THz frequencies [11, 12]. In
addition, for similar reasons the lack of efficient detection methods has also limited the growth
of THz technologies. Early approaches required the use of bolometers and cryogenic cooling
to gain sensitivity against thermal noise from black body radiation [13]. The proliferation of
ultrafast laser sources has brought a completely different methodological pathway via the ex-
ploitation of several nonlinear optical processes.

The pursuit towards bright THz sources and efficient detectors has been fuelled by some
highly promising application scenarios. Many rotational and vibrational resonances of many
materials fall within the THz region, including many forms of biological matter [14]. Further-
more, modern forms of Time-Domain THz spectroscopy reconstruct the temporal dynamics of
the scattered THz field, hence enabling the retrieval of the full complex refractive index and ab-
sorption of the sample under study [15]. Lastly, imaging using THz waves has many attractive
potential applications ranging from security to medical [16]. In security, many common plastics
and fabrics are transparent to THz waves, therefore scanners are able to assess potential metallic
and non-metallic threats contained in enclosures or hidden under clothing [17]. In medicine, the
highly absorbing nature of water in the THz range results in a high contrast when skin tumours

are imaged [18].

1.1.1 Optical Rectification

Perhaps the most ubiquitous approach for nonlinear optical-to-THz conversion exploit the pro-
cess known as optical rectification (OR). OR is an example of difference frequency generation
(DFG) occurring between different frequency components of an ultrashort optical pulse. This
mixing produces near-DC (in relative terms) components within the THz band [19]. An import-

ant aspect in any nonlinear effect involving waves at multiple frequencies is that the conversion
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(and the direction in which energy is transferred) depends on the relative delay (or phase)
between the fields. The condition in which the velocity of waves matches is known as phase
matching and it can be practically difficult to satisfy in many cases. For example, an interaction
between waves propagating in the same direction would require that the refractive index of the
material be the same at all frequencies [20]. It can be demonstrated that for the OR case (where
the frequency product is closer to DC), this condition translates to having the group velocity of
the optical pulse matching the phase velocity of the generated THz waveform. Zinc Telluride
(ZnTe) is a commonly used crystal for collinear OR when Ti:Sapphire ultrafast sources are
used as the group velocity at 800nm is approximately matched to the phase velocity between
0.1 — 3 THz [21]. Yet, because of the relatively broad spectrum generated (i.e. the ratio
between bandwidth and central frequency), the velocity matching condition cannot be accur-
ately kept for all the generated frequency components. As the phase error accumulates, those
frequencies disappear. The ”coherence length” quantifies the propagation distance at which an
interaction between wavelengths is still efficient in transferring the pump energy to the gener-
ated product. As a rule of thumb, to preserve the full output bandwidth the interaction length
in a nonlinear crystal should be kept small enough not to exceed the coherence length for all
the frequency components generated. Hence, in general, the ZnTe output bandwidth can be
increased by decreasing the thickness of the crystal used. However, there is still a fundamental
limitation due to a large transverse optical phonon absorption band at 5.3THz [22]. Other
bulk crystals used for OR at other fundamental wavelengths include semiconductors such as
GaP or GaAs, each with their own trade-off between bandwidth and peak field emission. A
huge kernel of work has also been conducted to find novel organic materials such as dimethyl
amino 4— N —methylstilbazolium tosylate (DAST) with exceptionally high nonlinear coefficients
which are able to realise phase matching across a wide THz frequency range [23, 24]. In cases
where longitudinal phase matching cannot be achieved, such as in Lithium Niobate (LiNbO3),
complex illumination geometries have been developed exploiting a diffraction grating to apply
a spatial tilt to the pulse prior to non-collinear THz generation in a LiNbOs prism [25, 26].
Here I will present a brief description of the OR nonlinear process in terms of the second-
order polarisation term shown in (1.1), by imagining the nonlinear frequency mixing of two
electric fields with frequencies wy and ws. Such that the total electric field within the crystal is

given by

E(t) = E1(t)e*i"“t + Eg(t)e*i‘”t + c.c. (1.3)
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Figure 1.1: The excitation scheme for Optical Rectification of ultrashort pulses in a x(?) non-

linear medium.

Which, when substituted into the second term in equation (1.1), the full second-order polarisa-

tion becomes
P® = eoX(Q) [E%e_ﬂwlt + E%e_ﬂwt + 2E  EgeHwitw2)t (1.4)
+2E Ege~@1mw2)t | ¢ ¢] 4 20y P [E Ef + EoE3). '
This polarisation then acts as a driving term in the wave equation resulting in the emission
of electromagnetic radiation at the various frequency components in (1.4) provided that phase
matching is achieved [27].
OR is namely the zero frequency term in (1.4). In terms of THz generation however, because

the ultrashort optical pulse isn’t monochromatic it is more intuitive to consider the term arising

as the difference between fundamental frequencies contained within that pulse
P]()z%c = 260X(2)ETE2[e*i(“’l*‘”?)’e + c.cl]. (1.5)

Describing the emission of radiation with a frequency equal to the difference wprpg = w1 — wo.
Therefore by defining w; = w and wy = w+Q (with 2 lying within the THz range), such that the
difference radiates low-frequency THz components [28]. Such collinear OR schemes are often
the simplest means by which broadband THz pulses may be generated due to their operation

in transmission, as shown in figure 1.1

1.1.2 Electro-Optic Sampling

Electro-optic sampling (EOS) is the most popular methodology to detect ultrafast THz fields [29,
30]. It relies on a THz field-induced birefringence within a second order x(® nonlinear medium.
Analogous to the reverse process of OR, EOS enables the complete field-sensitive detection of
THz waves by inducing a rotation of the polarisation of an ultrashort optical pulse. EOS is
implemented by co-propagating a linearly polarised ultrashort optical pulse with a THz pulse
inside an EO crystal such as ZnTe, as shown in figure 1.2. When an electric field is applied to
an EO crystal, its refractive index along a particular crystallographic axis is shifted [31]. The

effect of this is to encode a phase delay onto the two polarisation axes of the co-propagating



N —

THz /\ WP /D

Balanced PD’s

Optical \D

(110) ZnTe QWP

Figure 1.2: The experimental set up for electro-optic sampling of a THz (green) pulse. The
input optical (red) pulse is linearly polarised before the ZnTe, after which is a quarter wave

plate (QWP), Wollaston prism (WP) and a pair of balanced photodiodes (PD)

optical pulse, resulting in a polarisation rotation of the probing pulse. In EOS, the applied
electric field is given by the THz waveform, for a (110) zincblende EO crystal such as ZnTe
therefore, this phase shift I is given by [9]

d 3
I— ETHZ%M +sin? ¢, (1.6)

where Ery, is the applied THz electric field, d is the thickness of the crystal, ng is the refractive
index with no external field, v4; is the EO coefficient, A is the central wavelength of the probe
pulse and ¢ is the angle between the optical polarisation and the refractive index ellipsoid’s
long axis.

The polarisation rotation of the optical probe can then be detected by the combination of
a quarter wave plate (QWP), a Wollaston prism (WP) and a pair of balanced photodiodes.
The QWP acts to transform the slightly elliptically polarised pulse back into a superposition of
horizontal and vertical polarisations. These are then separated by the WP, with each component
detected separately by the pair of balanced photodiodes. The difference signal obtained from
the two photodiode responses is then directly proportional to the phase shift given in (1.6),
with the signal .S being given by

S = IpsinT'sin 2¢ ~ IpI'sin 2¢, (1.7)

where I is the optical pulse intensity and I have made the assumption that I' is small. Therefore
the signal .S is directly proportional to the THz field, which can be recreated in time by delaying

the optical probe with respect to the THz waveform.

1.1.3 Photoconductive Switch

A methodology worth noting in the development of THz sources and detectors is the photo-

conductive (PC) switch [32, 33]. Its working mechanism is based on the drift of photocarriers
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between two electrodes inside a semiconductor excited by an ultrashort pulse, shown in fig-
ure 1.3. The PC switch involves a patterning of a semiconducting substrate with metallic
electrodes acting as the antenna, leaving a gap between the anode and cathode where THz
generation or detection can occur. These devices have quickly become a popular solution for
commercial THz technologies due to their compact nature, their compatibility with common
ultrafast fiber oscillators and their high signal-to-noise ratio.

When generating THz radiation from such a device, a large potential voltage is applied across
the semiconducting gap, thus creating a static electric bias field Ey;,s between the electrodes.
An ultrashort optical pulse with photon energies above the band gap of the semiconductor is
then exploited to photo-excite hot electrons into the conduction band (low-mobility holes can
be considered negligible), as shown in figure 1.3a. These conducting free electrons are then

accelerated by the applied bias field, with a photocurrent density described as
J(t) = N(t)eNEbiasa (1.8)

where N () is the free-electron density with an explicit time-dependence given by the convolution
of the pulse intensity with the semiconductor’s photoexcitation response, e the electron charge
and p the electron mobility [34, 9]. The resulting THz field radiated from the PC antenna by

this time-varying photocurrent is then be given by its time-derivative

03(t) ON(H)_
ETHZ X W X at EblaS' (19)

When detecting THz radiation from PC antenna, the electric bias potential is removed and
replaced with an electrical current detection, as shown in figure 1.3b, effectively establishing
an electro-optic sampling setup. In this scheme, the ultrashort optical pulse is still exploited
to generate a free-carrier density within the electrode gap. The drift of the electrons however
is supported by the THz field itself as opposed to any external field. This THz-field induced
photocurrent density is given by

J(t) o< NETp,(t), (1.10)

where N is the average electron density in this case [35].

1.1.4 Time-Domain Spectroscopy

The peculiarity of the electro-optical sampling is in its ability to fully reveal the THz field
waveform generated by ultrafast devices. The synchronisation between those two processes is
the key enabling element of THz Time Domain Spectroscopy (TDS). In THz-TDS, the same

ultrashort pulse is exploited for generation and detection. As this pulse is much shorter than the
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Figure 1.3: The concept of photoconductive emission and detection, the black arrows indicate

the propagation direction of the pulse.

shortest wavelength component in the THz transient (a common occurrence as the THz pulse
bandwidth is significantly smaller than the probe pulse bandwidth), it enables the reconstruction
of the THz waveform (Shannon theorem). The pulse probes a specific section of the THz field
depending on their mutual temporal overlap. By delaying the optical probe with respect to
the THz waveform, the instantaneous value of the THz electric field is encoded into a property
of the optical pulse that can be detected. In doing so, comes the remarkable nature of THz-
TDS, both the temporal envelope and phase Frp,(t) = /1(t)e?*e®®) are known, a condition
quite complex to achieve in photonics. More than that, the knowledge of the ”delay” translates
directly into the knowledge of the phase at any frequency, which removes a classical ambiguity
on coherent optical measurements.

It is trivial to then apply the Fourier transform in order to also retrieve the full spectral
amplitude and phase Erg,(w — Q) = /I(w — Q)e @@= Unlike conventional spectroscopy,
access to the spectral phase as well as amplitude means that it is possible to extract the full
complex refractive index and absorption n = n + i« from any sample the field has passed
through. To do so in transmission, a reference spectrum is taken as well as the signal spectrum
which is taken after a propagation d through the sample. With these two measurements, the
absorption coefficient is then given by

1 Fref(w
alw) = gln <E:;Ew;> ) (1.11)

and the refractive index is

n(w) = 1+ ——(dug(w) — bret(w)): (1.12)

with ¢ the speed of light in vacuum, Eref’sig(w> the reference and signal THz spectra respectively
and ¢ref sig(w) the reference and signal spectral phases respectively. We can understand the fun-
damental relevance of this framework, observing that the refractive index is usually not a direct

measurable in optical measurements and its knowledge normally requires relative measurements
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Figure 1.4: The experimental setup for a typical THz Time Domain Spectrometer exploiting
OR and EOS from ZnTe crystals for generation and detection respectively. BS: Beam Splitter,
L: Lens, M: Mirror, LPF: Low-Pass Filter, OAP: 90° Off-Axis Parabolic Mirror, QWP: Quarter
Waveplate, WP: Wollaston Prism, PD: Photodiode.

of the phase, mapped onto intensity variations.

The full setup for THz spectroscopy is shown in figure 1.4, where a motorised delay stage
has been used to provide the temporal delay between the detected THz field and the optical
probing pulse in EOS. An example of the measured THz waveform using such a setup is shown
in figure 1.5a, where the single-cycle THz pulse is retrieved followed by a coherent ringing due to
the resonant excitation of water molecules in the air. The fast-Fourier transform of the electric

field waveform is shown in figure 1.5b. It provides the spectral components of the pulse, where
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(a) THz time-domain electric field. (b) THz spectral amplitude.

Figure 1.5: The experimental THz electric field (a) and spectrum (b) as measured with the THz
TDS shown in figure 1.4.
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it can be seen that the spectrum extends from 0.1 — 2.7THz with several sharp absorption lines
characteristic of rotational and vibrational excitation modes in atmospheric water vapour [36].
These very sharp spectral fingerprints within the THz range, corresponding to the rotational
and vibrational energy levels of molecules, make THz spectroscopy such a powerful tool. In
fact, chiral compounds of the same molecule (usually offering very similar optical properties)
such as Thalidomide can even be distinguished due to their very different rotational modes,
clearly valuable when the different chiral configurations can have drastically different effects on
the human body [37].

As with any evolving technology, there are future challenges to be addressed before its wide-
spread adoption. One being the time to acquire the full THz waveform, with solutions including
single-shot TDS embodiments which encodes the THz electric field onto an optical spectrum [38].
It is also worth mentioning that it is desirable to extend the usable THz bandwidth beyond that
provided by the most common THz emitters such as ZnTe. A potential solution to this involves

reducing the interaction length for broader phase matching and is explored in chapter 4.

1.2 Free-Carrier Dynamics

Charge carriers clearly play a fundamental role in THz photonics, where their dynamic motion
can be either beneficial or detrimental for sought applications. Because of the low-energy of
the THz photons, the field-matter interaction is mostly governed by the classical acceleration
of quasi-free charges. In photocarrier-driven nonlinear mechanisms, the ultrafast injection of
photocarriers (i.e. absorption) is obviously required. On the other hand however, the increased
conductivity due this process (either via one or multi-photon absorption) screens the propagat-
ing THz field saturating the THz output [39]. Means of directly observing the dynamics of
free carriers following photoexcitation are therefore essential in gaining an understanding of the
complex interplay between the various scattering and recombination processes governing their
motion [40, 41]. Each of these processes have their own timescales associated with them, which
can vary from anywhere between hundreds of femtoseconds to nanoseconds [42]. It’s therefore
in the observation of these ultrafast dynamics where femtosecond pulses may be exploited as
our ultrashort stroboscopic flash to freeze the dynamics as the events unfold. Pump-probe
type experiments have been designed for this specific purpose, where a weak probe pulse is
either transmitted or reflected by the sample in question with minimal interaction. A strong
pump pulse is then overlapped spatially with the probe and used to photoexcite hot carriers
in the same region, thus modulating the absorption, the reflection and the transmission of the

probe [43, 44, 45]. Then by delaying the pump and probe pulses with respect to each other, the
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excitation and recovery dynamics corresponding to the transient motion of the photocarriers
can be directly observed.

Research groups have been very prolific in devising several embodiments of these pump-
probe methods, with pump and probe wavelengths ranging across the entire electromagnetic
spectrum, with various pulse bandwidths [46, 47, 48]. Furthermore, nonlinearities can be probed
by observing modifications to the higher order responses experienced by the probe due to the
pump excitation [49]. When THz is involved however, in addition to observing the interesting
physical processes on such timescales associated with their generation and manipulation, we also

gain information on the fully time-dependent complex refractive index thanks to THz-TDS.

1.2.1 Transient-Carrier Spectroscopy

In its simplest embodiment, the dynamics of charge carriers following photo-excitation can be
monitored using the Transient-Carrier (TC) Spectroscopy setup shown in figure 1.6. Early
experiments involved the investigation of the bandstructure in metals, specifically probing in-
terband excitations, where thermal effects as well as band structure collapse modifies the re-
flectivity of the metal [44, 50, 51]. The high energy pump pulse excites a localised region of hot
carriers, thus increasing the electron temperature and modifying their population distribution.
The change in such a distribution thus has a knock-on effect on the dielectric function and
complex refractive index, modifying the Fresnel coefficients and therefore the transmissivity

/ reflectivity [52]. Following excitation, the thermalization decay time back to equilibrium is
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(a) Experimental Setup. (b) Semiconductor Bandstructure.

Figure 1.6: (a) The experimental set up for Transient Carrier Spectroscopy, where a high energy
pump pulse modifies the sample and hence modulates the reflection, absorption and transmission

of the probe, observed via two photodiodes (PD). (b) Direct semiconductor bandstructure.
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then determined via electron-electron and electron-phonon scattering as shown in figure 1.7a,
wherein an 800nm pump pulse excites a gold surface prior to probing by a 400nm pulse. It
can be seen that the entire dynamics is contained within a few picoseconds, thus the thermal
relaxation time is on this timescale.

A somewhat more relevant scheme for this thesis arises when the strong pump pulse excites
a semiconductor sample with photon energies above the band gap, as exploited by the THz gen-
eration from surfaces discussed in chapter 2.1. Where the dynamics of the Fresnel coefficients
can be rather different [41]. An example of the simplified bandstructure for a direct semicon-
ductor such as InAs is shown in figure 1.6b. In these cases, we are transitioning from a regime
of very low conductivity (typical of a semiconductor) to a regime of much higher conductivity,
via a freeing of bonded carriers. When considering a Gaussian beam profile of spot-size w, the
photo-carrier density n can be assumed to be governed by the linear single-photon absorption
coefficient a and given by

1% a _24y?

n(x,y,z) =tp

where tp is the Fresnel coefficient of transmission at the air-semiconductor interface, w is the
photon frequency, & is the reduced Planck’s constant and Wpyyp is the incident optical pulse
energy. Such an injection of free carriers naturally increases the conductivity of the surface, and
again subsequently modifies the dielectric function observed by the probe. It is worth noting
that equation (1.13) assumes that the pump penetration (i.e. tp) is not significantly altered
by the photo-carrier density. This assumption typically holds until the free-carrier absorption
becomes significant compared to the single-photon absorption process (i.e. the semiconductor

surface conductivity approaches that typical of metals). The decay of the conductivity is gov-
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erned by the carrier recombination, as well as their diffusion, the presence of long-lifetime trap
states due to impurities or inter-facial materials [53, 54]. As the optical pulse energy increases,
saturation of the I'-valley increases the probability of inter-valley scattering, where additional
carriers will be excited into side-valleys with lower mobilities, these valleys therefore contribute
less to the T'C signal [55]. In usual settings, the slowest of the observable dynamics is attributed
to the spontaneous recombination of carriers back into the valence band [56]. An example of
the dynamics for InAs surfaces is shown in figure 1.7b, where an additional process contributes
to a dip in the reflectivity at 7 = Ops, such a sharp peak is characteristic of a nonlinear product
of the pump and probe pulses. This is then followed by a initial transient on the order of 50ps
compatible with diffusion and a somewhat slower decay after that due to spontaneous recom-
bination.

In it’s most basic form, TC spectroscopy enables the inference of a significant amount of
information on the free-carrier dynamics and the timescales associated with the various pro-
cesses. More complicated schemes have been developed exploiting a white light supercontinuum
as the probe pulse [57], where by spectrally resolving the modulated signal it is possible to probe
across a huge bandwidth covering the entire optical range and thus each frequency will probe
a different electronic transition [58]. TC spectroscopy has had far-reaching impact within the
field of ultrafast optics, with applicability in the study of surface science [55], nanomaterial
development [59, 60], and chemistry [42]. As such, the use and further development of these

schemes provides a central role in this thesis.

1.2.2 Optical Pump Terahertz Probe

A natural progression to these pump-probe ideas is to extend the frequency range of interest out
of the optical and into other electromagnetic domains. Remarkable works have extended the
probing fields into the X-ray range, where the electronic and structural dynamics of molecular
systems is studied [47]. Further extensions have enabled the probing with electron beams, where
the perturbation of the e-beam diffraction can be measured with the pump delay to monitor the
modification to the crystal lattice [61]. Relevant to this thesis, exploiting a THz pulse as the
probing field has become a prolific technique with a high impact due to the power of THz time
domain spectroscopy, as discussed in 1.1. Optical Pump Terahertz Probe (OPTP) therefore
has gained a large amount of interest since the wide-spread establishment of the field of THz
Photonics, early experiments focused on the measurement of carrier mobility in semiconduct-
ors [62] or on the recombination lifetime in semiconducting quantum wells [63]. Worth noting

again, is that, unlike with other regions of the electromagnetic spectrum, the THz field detec-
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tion enables the full retrieval of the amplitude and phase of the probing pulse. In such a way,
the direct measurement of the sample’s refractive index and power absorption is easily achiev-
able [64], without the need to carry out the significantly challenging Kramers-Kronig analysis
to extract the refractive index from incoherent transmission measurements.

Similarly to TC spectroscopy, the timescales associated with the change in absorption of the
sample can be related to the photocarrier dynamics such as intervalley scattering, thermaliza-
tion, and carrier recombination [65]. The exploitation of OPTP to study surfaces can however
be challenging due to a limited terahertz sensitivity in many experimental settings [66]. Fur-
thermore, an intrinsic complication in the use of OPTP in reflection is due to the often very
different properties of the sample between optical and THz frequencies. In fact, the low-energy
THz photons often results in a long penetration depth as opposed to the high-energy optical
pump photons which purposefully excites photocarriers above the bandgap within a much thin-
ner region. Therefore the actual overlap between the interacting fields with the region of hot
carriers is often limited. This limiting factor is one of the main focuses of this thesis to be dis-
cussed in chapter 2. Finally, another scheme worth mentioning briefly is in the works on THz
pump THz probe spectroscopy, where rotational energy levels are excited and the coherent mo-
tion of electrons can be controlled, this scheme has been used to observe separately intervalley

scattering [67] and impact ionization [68] dynamics.

1.2.3 Time-Dependent Metamaterials

One rather unexpected outcome of investigating these pump-probe methodologies, specific to
OPTP, is in that optical pulses can easily trigger transitions on timescales smaller than the THz
wave period. The regime where media vary rapidly with respect to the electromagnetic field
has spawned the relatively new field of time-dependent materials [69, 70, 71, 72]. In these cases,
a transition in the dielectric function of the material over time creates a temporal boundary
which can be analogously related to a spatial boundary. Such a boundary, with initial and final

refractive indices n; and ny even brings with it its own version of Snell’s law given by [73]
niw; = NfWs. (1.14)

As can be appreciated, one result of this regime is a frequency shift in the electric field impinging
on such a boundary (which in someway recalls the Doppler shift mechanism). A more rigor-
ous approach to these time-dependent media has given rise to the theoretical study of highly
exotic nonlinear processes such as time refraction and photon acceleration [74, 75, 76]. Further
work has been conducted in the context of flash ionization of gases in optical cavities, where

these novel and complex nonlinearities have been demonstrated due to the instantaneous plasma
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formation [77]. These ideas are yet to be truly understood however due to a lack of experimental
frameworks where they can be studied. This is simply due to the fact that the optical period
is very fast from a technological point of view and so a sub-period refractive index transition is
far too difficult to achieve reliably. Ultrafast THz photonics, with picosecond periods, therefore
represents an ideal and rather unexplored scenario where these effects can be studied. Recently,
the excitation of a highly sub-period transition has shown a frequency shifting in the form of
THz shockwaves in a traditional OPTP context [78].

These conditions are of further interest to the metasurfaces community where the engin-
eering of the nonlinear surface can enable a wide range of interesting optical responses via the
coupling to highly localised plasmonic modes [79, 80, 81]. The net effect of such structures have
demonstrated complete control over the amplitude and phase of the reflected or transmitted
electromagnetic field [82, 83, 84, 85]. These surfaces are typically metallic in nature and fixed
at the design phase, therefore they demonstrate highly limited tunability. Recent advances in
semiconducting metasurfaces however have enabled such tunability based on the application of
electrical bias or via optical photoexcitation [86, 87, 88]. Another natural progression of these
ideas therefore lies in these time-dependent media where the semiconducting metasurface can
be excited with a sub-period excitation. This has been demonstrated in the context of the
so-called bound states in the continuum (BIC), where a all-dielectric THz metasurface exhibits
an active time-dependent response due to such a ultrashort sub-period excitation [89]. This
highly exciting and fertile research area is rapidly growing and these ideas will also be exploited

in chapter 5 of this thesis.
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Chapter 2

Published Paper: Optical Pump
Rectification Emission: Route to
Terahertz Free-Standing Surface

Potential Diagnostics

Driven by the remarkable Terahertz generation efficiencies afforded by semiconductor surfaces,
my first publication [90] on this topic was on the development of a novel technique for meas-
uring the surface potential seeding the nonlinearity. In order to understand specifically how
the nonlinear conversion occurs it is obviously a requirement to have a means of probing the
surface. It soon became clear however, that standard approaches from the literature such as
OPTP [62, 91, 65] would not be suitable for investigating surfaces in reflection. This is due
to the huge mismatch between the skin depths at the pump and probe wavelengths. Several
embodiments exploiting the emitted THz as the probe had been developed [92, 93, 94], how-
ever the actual relation between the measured THz field and the surface field is not direct as
these approaches exploited the free-carrier nonlinearity instead of surface optical rectification.
Therefore, before investigation into the properties of the THz generation, it was necessary to
invent a method which is both specific to the surface of the semiconductor while also providing
a direct measurement of the potential.

In this work my role was initially to assist in the experiments studying the surface optical
rectification phenomenon. I then worked on the physical understanding of the results, develop-
ing the model of the surface field screening mechanism, relating the free-carrier dynamics to the

pinning of the fermi level at the surface shown in figure 2.2 of the article. Lastly I made signi-
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ficant contributions to the writing of the text prior to submission. The article was submitted

to Scientific Reports on the 27" February 2017 and published online on the 29" August 2017.

2.1 Surface Terahertz Emitters

Prior to introducing the article itself it is important to introduce the various physical processes
converging to generate THz pulses at semiconductor surfaces when photoexcited by ultrashort
optical pulses. These processes may be categorised into two main categories, photocarrier-driven
current transients and perturbative (x(™) frequency mixing.

In photocarrier-driven mechanisms, the generation of photocurrents is driven by the thermo-

electric drift-diffusion equation as
Je.n = qnpte hE + qDe )V + qnPrVT, (2.1)

where ¢, n, fie p, Dej and Pr are the carrier electric charge, volume density, mobility, diffusion
constant and thermoelectric power respectively [95, 96, 97].

The first term in (2.1) represents the charge carrier drift induced by electric fields, and as
discussed previously in chapter 1.1.3, is responsible for the emission and detection of THz waves
in photoconductive antennae. At surfaces, although there is no externally applied electric field,
there is however a static surface field established at the symmetry-breaking semiconductor-air
interface [98, 99]. Its establishment is due to the Schottky barrier formed between the vacuum
and the bulk semiconductor, driven by the 2 dimensional surface density of charged states, which
pins the Fermi level at the interface. The Fermi-level equalisation with the bulk results in a
carrier accumulation region close to the surface and in the formation of a depletion field [100], as
depicted in figure 2.1a. Taking InAs as our example (because the sign of the effect depends on
the bulk material) and assuming a volume density N4 of ionised acceptors, a depletion region
with depth (Zp + L), and a 2-dimensional surface density Ng of accumulated electrons, this

surface field at the semiconductor-air interface is then given by [99]
i e
By = 0) = -[Na(Zo+ L) + Ns). (2.2)

When an ultrashort pulse excites photocarriers within this surface field region, these carriers
will be immediately accelerated by this surface field, creating an ultrafast current dipole which

radiates a THz field as

oJ
ot’
with J being given by the substitution of (2.2) into the first term in (2.1). This nonlinear

Ern,(t) = (2.3)

mechanism is depicted in figure 2.1b and is known as the generation of THz by ultrafast surge
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Figure 2.1: The physical mechanisms governing surface THz emission when semiconductor
surfaces are excited by ultrashort optical pulses. Depicting the positively charged holes (white

and red) and negatively charged electrons (black and blue).

currents (SC) and has been used as a valuable diagnostic tool in the measurement of surface
potentials in semiconductor-based devices [101, 102] and solar cells [94].

The second term of (2.1), is associated to a very relevant second THz generation mechan-
ism, known as the photo-Dember (p-D) effect. In this case, the THz emission can be induced
in highly absorptive conditions, when a thin sheet of photocarriers is generated in proximity of
the interface. When a significant difference in mobility between electrons and holes exists, the
faster carrier will diffuse into the bulk of the material more quickly, this process therefore results
in an ultrafast current transient [103, 104], as depicted in figure 2.1c. At low-energy excitation,

the p-D effect represents a major benchmark in surface THz emitters, with a further boost in
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the emitted THz energy possible via the application of an external magnetic field [105] or the
introduction of an asymmetric excitation profile known as the lateral p-D effect [106]. These
schemes enhance the emission by rotating the nonlinear dipole such that there is a stronger
coupling between the radiation cone and free space.

An important distinction to make when considering the surface THz emission due to SC or p-
D photocarrier-migration-based effects is in the symmetry of the generated photocurrent. Where
in both cases the ultrafast current dipole is established perpendicular to the semiconductor-air
interface. For SC mechanisms this is due to the surface field itself which by definition is directed
along the surface normal direction z and hence accelerates photocarriers in the same direction.
For p-D mechanisms the diffusion term has equal preference in the X and y directions, resulting
in a homogeneous distribution which cancels the photocurrent in all but the depth coordinate
z. The critical consequence of this is that the THz field radiating from the dipole is emitted
exclusively p-polarised and independent of the impinging optical field polarisation and semicon-
ductor orientation, so therefore it can be distinguished from other perturbative nonlinearities
such as optical rectification [107, 104].

As the impinging optical pulse energy increases, photocarrier driven mechanisms saturate
due to scattering to other lower-mobility valleys in the conduction band as well as THz screening
induced by the higher photocarrier driven conductivity [97]. Conversely, perturbative nonlin-
earities increase their relative importance as they are usually associated with more superficial
regions of the medium. Although OR is usually connected to the bulk second-order nonlineariy,
as discussed in chapter 1.1.1, where the radiated THz field is governed by (1.5), it has been
shown however that for narrow-bandgap, direct semiconductors, there is a dominant contribu-
tion due to a third-order process [108, 109]. This is because of the large resonant x®) induced
by the absorption and the small penetration depth. This mechanism is shown in figure 2.1d,
known as Surface Optical Rectification (SOR), it is seeded by the same semiconductor surface

field required in SC emission and results in an effective second order response [110]

X = O, (2.4)

Said differently, SOR is the result of the frequency mixing between the optical pulse and a DC
field in the form Qrp, = Wopt — Wopt + Opc-

A key difference in distinguishing SOR (from photocarrier driven mechanisms) is the intro-
duction of the (3 material response, whose components map the incident optical field onto the

various output polarisation components of the emitted THz field. For 43m symmetry crystals
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such as InAs, with a (100) surface facet, radiates p-polarised fields as
Ep—Pol p-Pol 2 s-Pol 2
TH, X % (Eq +as  Eg ; (2.5)

where «, s are linear coefficients determined via a rigorous analytical treatment of the nonlinear
susceptibility and EgS'POI are the polarisation components of the impinging optical field [111].

Then similarly for s-polarised fields
B! o EETOEST, (2.6)

therefore the dependence on the optical polarisation of SOR. can be used not only to distinguish
between different regimes but also to exclude any photocarrier-based mechanisms which would
be detrimental to investigations into the dynamics of SOR.

This phenomena is confirmed in this way to be very much the dominant THz conversion
process at very high optical excitation regimes, however it has been shown to saturate as the
fluence increases [109]. The physics of this saturation process however remains quite unstudied
as it is a complex interaction between the nonlinearity, absorption and the neutralisation of the
surface-field by the photocarriers. This study has a central role in this thesis along with the

investigation of dynamical screening of the interacting fields following photoexcitation.

2.2 Summary

The article introduces the technique of Optical Pump Rectification Emission (OPRE), where
instead of generating the THz probe pulse externally as in OPTP, an optical probe generates
the THz field directly on the surface. This third order nonlinear process relies on a symmetry
breaking static electric field, which is able to mix with the optical field in order to generate the

rectified THz waveform
Pry, = X(g) (wrHy @ —w;w;0) : Eg(—w) : Eg(w) : Eiurfi (2.7)

where x®) is the third order nonlinear susceptibility tensor, E¢ is the generating optical field
and E5""/ is this static surface field which seeds the rectification [110]. Importantly here are two
points, firstly the direct linear relation between the THz polarisation and the surface field, and
secondly the source is confined to the spatial overlap between the optical and the static surface
fields. Therefore the detected THz electric field is a direct measurement of the surface potential,
confined specifically to the surface field region. For direct low-bandgap semiconductors such as
InAs, the skin depth at 800nm is in fact on the order of the surface field region (~ 140nm) [112].

When the screening pump is introduced, also at 800nm, the injection of photocarriers is also
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confined to precisely the same region as the THz source, so any free-carrier dynamics are related
to the surface and any bulk contributions are removed. This was observed by the presence of two
decay timescales after pumping in OPRE, as opposed to one in the OPTP case. Furthermore,
by calculating the efficiency of the screened pulse for various pumping energies, it is possible to

quantitatively estimate the value of the surface field.

2.3 Impact

This publication targeted the Nature publishing group journal Scientific Reports, which has a
5-year impact factor of 4.525. The journal has a very broad scope covering many disciplines
including surface science and Terahertz photonics. Furthermore, the iterative nature of the
work meets the journal’s requirements for novelty. Lastly, the longer report style of the article
obviously fitted well with the journal.

Since publication, the article has been cited 19 times according to Scopus and has been
presented at two highly prestigious conferences, CLEO Europe and the Advanced Photonics

Congress.

2.4 Journal Article

2.4.1 Abstract

We introduce a method for diagnosing the electric surface potential of a semiconductor based
on THz surface generation. In our scheme, that we name Optical Pump Rectification Emission,
a THz field is generated directly on the surface via surface optical rectification of an ultrashort
pulse after which the DC surface potential is screened with a second optical pump pulse. As the
THz generation directly relates to the surface potential arising from the surface states, we can
then observe the temporal dynamics of the static surface field induced by the screening effect
of the photo-carriers. Such an approach is potentially insensitive to bulk carrier dynamics and

does not require special illumination geometries.

2.4.2 Introduction

The diagnosis of electric surface potentials in semiconductors, arising as a result of the charged
states at the surface of the material, together with the measurement of the dynamics of the
surface carriers, has been at the heart of the development of many modern technologies [113].
In particular, in semiconductor technology, the map of surface carrier dynamics is of paramount

importance in a number of industrial steps; for example, it is well established that the surface



23

states strongly influence the potential of Schottky junctions [114]. Many rising technologies,
such as photovoltaics and tuneable metamaterials, rely on thin-layer semiconductors and surface
engineering [115, 116], requiring fast and in-situ monitoring of the surface properties, capable
of evaluating the dynamics of carriers and static potentials at the surface.

There are several ways (e.g. surface-tunnelling microscopy [117, 118]) to investigate the
nature of surface potentials. Optical approaches have been largely investigated as effective,
non-invasive alternatives, particularly suitable when ultrafast carrier dynamics need to be re-
constructed. In these scenarios, the Terahertz (THz) electromagnetic radiation, lying in the
electromagnetic spectrum between infrared and microwaves [119], has been shown to be an
important tool.

Optical Pump THz Probe (OPTP) is a well-established spectroscopy technique [62, 120,
121, 122] to monitor bulk photo-excited carrier dynamics. An ultrashort optical pulse is ex-
ploited to generate free electron-hole pairs, whereas a THz pulse is exploited to probe the excited
semiconductor. The photo-carriers effectively screen the THz field, increasing the absorption
of the sample: the measurement of the THz field hence provides a direct measurement of the
photo-induced free electrons. By changing the relative delay between the exciting pulse and the
measured THz probe, the dynamical response of the free-charges can be reconstructed. Such a
technique is very popular to map the photo-carrier dynamics in bulk semiconductors, providing
relevant information about their mobility and recombination time. OPTP can be used to reveal
a vast array of information, such as the ultrafast carrier trapping in semiconductors [91] and
the electronic properties of nanowires [123].

The OPTP technique can in principle be extended to measure surface photo-carrier dynam-
ics, with an embodiment operating in reflection: a change in reflectivity of the sample can be
related to the density of photo-generated electron-hole pairs, as is generally done in transmission.
The optical penetration depth, when illuminating with photon energies largely exceeding the
semiconductor bandgap, can be within the order of a few hundred atomic layers or lower [112].
This short depth results in the excitation of carriers in proximity of the surface. However,
OPTP is in overall an approach weakly sensitive to surface dynamics. The most important
limitation is that, in all practical scenarios, the THz penetration depth is usually very large, on
the order of some tens of microns. This situation implies that the actual overlap between the
THz decaying field and the photo-excited layer is always quite weak and very weakly dependent
on the carrier dynamics in the surface field region. Most importantly, OPTP is not directly
sensitive to the surface potential.

Better approaches have been proposed in literature to analyse photo-excited surface carriers.
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The Dynamic Terahertz Emission Microscope (DTEM) is an extension of the Laser Terahertz
Emission Microscope (LTEM) [101, 93]. In these techniques a pump laser is used to excite
photo-carriers. The surface current generated by such photo-carriers is the source of a THz
field, which is directly generated in the photo-excited region of the sample, in striking contrast
with the OPTP. The DTEM has been applied to phenomenologically describe the THz gener-
ated by surge currents in a polycrystalline silicon solar cell [94].

Moreover, LTEM based approaches allow information on the surface potential to be extrac-
ted. Very recently, it has been demonstrated that electrically induced changes in the surface
potential of materials such as gallium nitride, where the generation mechanism is dominated by
surge current effects, directly affects the THz generation. Here LTEM has been used to map
changes in the THz spectrum induced by the surface potential [101]. Furthermore, LTEM has
since been used to probe the surface potential of electrically biased silicon [102]. Mag-Usara
et al. proposed the “double optical pump” THz time-domain emission spectroscopy, which
maps the carrier lifetimes by observing variation in the surge-current generated THz electric
field when varying the delay between a THz generating pump and a second optical screening
pump [92].

A potential complexity of LTEM based approaches is that the relationship between the
surface potential and the THz field is not direct: the surface field accelerates the surface photo-
carriers, while the emitted THz is connected to their motional dynamics. Most importantly, in
low bandgap semiconductors, THz generation mechanisms related to carrier dynamics (surge
current generation and photo-Dember emission) are known to saturate quickly as the excitation
increases. A recent study [124] modelling photo-Dember carrier dynamics has attributed its
saturation to the coulomb attraction. For excitation fluences of about tens of uJ/cm?, the THz
emission is ruled by surface optical rectification.

In such regimes, the THz generation is directly related to a symmetry-breaking, static sur-
face field which seeds optical rectification [110]. It is well established that the THz surface
optical generation arises from a third order nonlinear effect involving the optical, THz and
static surface field itself. The resulting THz field is then directly proportional to the surface
field, with an important fallout in surface field monitoring that we will exploit in this paper.
Very interestingly, in most semiconductor surfaces, such surface fields arise directly from the
pinning of the Fermi Level induced by the surface states [98]. Thanks to this mechanism, the
optical nonlinearity has been proposed for probing surface states in topological insulators [125].

In this paper, we investigate the use of optical rectification to probe the surface static po-

tential dynamics of a semiconductor by inducing a population of photo-carriers in the surface
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field region. An ultrashort optical pulse interacts with the surface and, thanks to the presence
of the electrostatic surface field, THz radiation is emitted via a third-order nonlinearity, while
a second optical ‘screening pump’ is used to generate surface photo-carriers. Differently from
OPTP, where the photo-carriers screen a THz field, here the photo-carriers screen the static
field directly and hence inhibits the generated THz. We will assume a screening pump with
typical penetration depth on the scale of the surface field region thickness. This translates to
wavelengths of 800nm or shorter in our case of study (InAs). We name our technique Optical
Pump Rectification Emission (OPRE). It is worth noting that the screening of the propagating
fields has a negligible role in the OPRE.

Similar to LTEM, our approach has the benefit of directly generating the THz field on the
surface of the semiconductor, with the advantage of the THz emission being directly propor-
tional to the surface potential. Moreover, OPRE can also be efficiently applied to low-bandgap
semiconductors, where the nonlinear generation is the dominating mechanism. As such, we
could measure a clear linear relation between the photo-excited charges and the screening op-
tical energy.

This approach may then open up the possibility of using THz spectroscopy for quantitative
analysis of the surface potential distribution in semiconductors and, eventually, of the surface
states. Moreover, our results demonstrate that it provides an efficient alternative to OPTP and

LTEM for the detection of the photo-induced surface carrier dynamics.

2.4.3 Optical Pump Rectification Emission

Before entering into the experimental details, it is useful to describe the general principle of the
OPRE, together with a brief summary of the OPTP technique, which we will use in a reflection
configuration as a benchmark for probing photo-induced surface carrier dynamics. Figure 2.2
sketches the interaction geometry in the two approaches, OPTP and OPRE in (a) and (b)
respectively.

In the OPTP technique (Fig. 2.2(a)) a THz beam is used in reflection geometry to probe
the surface carriers generated by a powerful screening pump. The pump has photon energies
far exceeding the semiconductor bandgap and induces electron-hole free carrier pairs. The
optical penetration depth depends on the strong single photon absorption process and, for a
wavelength of 800nm as used in this experiment is on the order of 140nm [112]. Note that,
in general, such penetration depths are not affected by the generated free-carriers until very
high injections. The absorption process of the THz wave, conversely, is ruled solely by the

contribution of free-carriers. Hence, the photo-induced charges screen the reflected THz wave.
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The absorption by free-carriers is weaker than the single photon absorption process therefore
the THz penetration depth (on the order of 50pym in undoped InAs [126]) is much larger than
the penetration of the optical screening pump. We experimentally observe that this results in
a small change in the reflectivity of the THz probe. In general, other important limitations
arise from the fact that semiconductors usually exhibit a very high refractive index at THz
frequencies [15], hence the signal under investigation is normally superimposed with a large

contribution originating from the Fresnel reflection. This aspect translates in the need of specific
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Figure 2.2: A schematic of the excitation geometry of the InAs surface, depicting the relevant
physical interactions, for OPTP (a) and OPRE (b) Band diagrams along the depth direction
z, with the valence and conducting energies ey and ec are indicated in both cases. (a) A
screening pump induces free electron-hole pairs, such free-carriers are generated mostly within
the skin depth of the pump, indicated with the red arrow. The concentration of free-carriers
changes the reflectivity of a THz probe. The skin depth of the THz is indicated in green. (b) The
surface field Ei‘“f is indicated by the gradated arrow, resulting from the balancing of the surface
charges (plus signs on the top) and localised free-electrons in the surface accumulation region
(0 < z < Zp) and the spatial charge in the depleted (Zy < z < Zy + L) region. Free-electrons
in the conduction band are indicated by black dots with minus signs, while er indicates the
Fermi level. The THz is generated by the interaction of the generation pump with the surface
field, while the screening pump also generates free-carriers in this case, effectively screening the

surface field ESWE.
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reflection geometries to suppress the strong linear reflection (e.g. the usage of a p-polarised
field at the Brewster angle). Moreover, the optical pump can in principle produce an additional
change in the THz reflection coefficient through other nonlinear mechanisms, e.g. Kerr-cross
phase modulation [127] unrelated to the surface free carrier concentration.

In the OPRE technique the THz wave is generated directly in the sample surface field region.
It is important to stress that the underlying principle of surface optical rectification relies on
a symmetry-breaking static (DC) surface depletion field E = E$“"/2 [128]. The DC surface
field is directed along the normal of the surface z, as depicted in Fig. 2.2(b); together with
the optical generating field (Eg(w) in the frequency domain) it contributes to the nonlinear
surface polarization Prpg, that acts as a source for the emission of a quasi-static THz field with

frequency wrp, << w where
Pry, = X(3) (wrH, : —w;w;0) : Eg(—w) : Eg(w) : Eiurfi, (2.8)

with y® the third order nonlinear susceptibility tensor. The surface then behaves as an effective
second-order material [129]. The elements of the resulting nonlinear susceptibility tensor x®
are:

Xooh (W : —wiw) = B0, (wrm - —w;w; 0). (2.9)

The effective nonlinear coefficient is thus directly proportional to the DC surface field of the
material. It is important to stress that this quadratic contribution is not related to the quadratic
nonlinearity of the medium. The THz wave is then generated by an equivalent second order
optical rectification of the ultrashort pulse [130]. From Eq. (2.8), we shall expect a trend of the
THz peak field of the form Epp, oc WgES™, where W is the energy of the THz generating

pulse, i.e. the generation efficiency is:

B
n= TT/EZ oc B, (2.10)

There are two important considerations that need to be addressed. The first is that, following
Eq. (2.8), the THz source is entirely confined within the penetration depth of the optical field
(140nm at A = 800nm). With the generating volume decreasing as the wavelength decreases
and can be as low as 16nm at A = 400nm [112]. The second, following Eq. (2.10), is that the
efficiency 7 directly reveals the DC surface field F5",

Before describing the role of the screening pump, it is important to clarify the nature of the
DC surface field, which is directly related to the electric surface states of the semiconductor.
To formalise the problem and, specifically, the band bending, we consider the general case

of a p-type semiconductor (i.e. with Fermi-level approaching the valence band) and a band
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bending enriching of a negative charge region in proximity of the surface. It is important to
note, however, that in many materials (e.g. InAs, which will be used in the experiments) a
significant band bending also occurs in the undoped case, due to the significant charge of the
surface states.

The electron/hole surface states of a semiconductor represent a perturbation to the charge
balance. The total charge Qgut, hosted by such surface states, needs to balance (and hence
neutralise) the charge in the semiconductor. Such a charge is mostly confined in the band-
bending region close to the material surface [100], comprising the negative accumulation and
Schottky depletion regions, represented in Fig. 2.2(b) for 0 < z < Zp and Zp < z < Zy+ L
respectively.

The Schottky depletion region L is characterised by a constant density of space charge,
resulting in a total charge Qg.:

Qse = —eN4L, (2.11)

with N4 the density of ionised acceptors. Close to the surface, the bending of the bands increases
and the Fermi level approaches the conduction band minimum. Here the semiconductor has a
narrow accumulation region rich of free-electrons with 2-dimensional concentration Ny [131, 132],
the total charge is:

Qz, = —e(Ns + NaZy). (2.12)

The total charge balancing the surface charge Qgy,t in the band-bending region is then Q) z, +Qsc.
In Fig. 2.2(b) we reported the energy level diagram in the surface accumulation and Schottky
depletion regions. The surface charge Qg+ is represented on the top surface of the material.
The free-electron charges are sketched behind the surface. They represent a large fraction of
the total charge when the Fermi level is pinned well above the conduction band minimum. The
biasing potential induced by the charge of the surface states gives rise to the DC surface electric
field that seeds the four wave-mixing process in Eq. (2.8). The DC field immediately at the

surface [99] is then

By = 0) = _M

— g [Na(Zo + L) + Ny]. (2.13)

The DC surface field monotonically decreases with z in the Schottky region until it completely
neutralises. In surface optical rectification, however, we can assume that a significant fraction
of the generated THz can be attributed to the region between the surface and the electron
accumulation layer (where the surface field is maximum and approximately constant) and is
proportional to the electric field given by Eq. (2.13). This is also true in low-doped or intrinsic

materials, as in those cases the DC surface field is only strong for z < Z.
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We can now take into account the role of the screening optical pump. When photoexcitation
is included, hot carriers are induced in proximity of the surface, similarly to the case of OPTP.
We will assume that, immediately after excitation, most of the photo-excited electrons are
localised in the potential well and drift (because of the high mobility) towards the surface,
screening the surface charges and hence the DC surface field ES™f. By assuming that the
saturation dynamics is effective within the typical THz timescales (our screening time resolution
is within the order of 3ps) the density of photo-electrons close to the surface layer can be

approximated as a surface density npp, which directly modifies Eq. (2.13):
e
Bz = 0) = E[]\IA(ZOjLL)JrNs—nph]. (2.14)

The carriers inhibit the DC surface field ES™, effectively reducing the THz generation efficiency
in proximity of the accumulation region (where the nonlinear conversion is stronger because of
the high field). Relevantly, at low injections, the density of screening photo-electrons is pro-
portional to the impinging optical energy. Neglecting the very small impinging angle difference

between screening pump and THz generating pump, we expect a dependence of the type:
npp(z) x (Weg + W), (2.15)

where Wyg is the energy of the screening pulse. For low energy, the modulation of the surface
potential is the sole source of change, as the THz emission is not significantly related to the
screening of any of the propagating fields, in stark contrast to OPTP where the photo-carriers
screen the THz field directly by increasing its reflection.

Before closing this section, it is worth briefly discussing the expected dynamics of the photo-

carriers. The total electromotive field for electrons is [96]

dT BDN dNPh
E — Esurf P
(2) = B2(z) + Pro + 2N

(2.16)

with Ppr the thermoelectric power, T' the temperature, Dy the electron diffusion coefficient,
Npy, the volume density of photo-generated carriers and ¢ the conductivity. At high screening
injections, we expect ES™(2) to be comparable or smaller than the thermoelectric and diffusion
terms in Eq. (2.16), hence other dynamics may become relevant. It is outside the scope of this
paper to discuss high-injection dynamics, but we can argue that, as the excitation increases, the
depletion layer contracts because the band-bending is reduced by the accumulation of photo-
electrons close to the surface. This means that we expect a saturation of the screening effect
because most of the carriers will then be generated near or outside the surface field region. The
motion of those carriers is then dominated by diffusion and thermal dynamics, only marginally

contributing to further screening of E5"(2).
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2.4.4 Experimental Setup

Figure 2.3(a) and (b) show the experimental setup for OPTP (used as reference) and OPRE
respectively. The excitation pulses are supplied by a bmJ-class Ti:Sa regenerative amplifier (Co-
herent Libra-He) generating 100fs pulses centred at A = 800nm, with a 1kHz repetition rate.
The beam diameter (intensity at 1/e?) d = 9mm was determined via knife-edge technique. The
setup comprises of three separate beam lines, the THz excitation pump (~ 1.5mJ), the screening
pump (~ 2.5mJ) and the optical sampling probe (~ 1uJ) for the detection. A THz electro-optic
detection is implemented by co-propagating the THz field and the optical sampling probe in a
standard 1mm thick (110) ZnTe crystal [1]. For the OPTP, the detection crystal and the probe
polarisation are set to detect the p-polarised THz field. For the OPRE a s-detection is preferred
as it is in principle unaffected by any carrier-mediated generation phenomena. As in standard
TDS schemes, the time-domain traces are reconstructed by changing the delay t; between the
THz and the optical probe. The TDS signal is measured with a balanced photo-detection unit
feeding a lock-in amplifier.

The main emitter consists of a standard 1mm thick (110) ZnTe crystal for the OPTP case
that generates the THz probe. The sample under investigation is an undoped 0.5mm-thick
(100) InAs crystal, which is also used for generating the THz in the OPRE case. The typical
semiconductor bandgap is on the order of 0.35eV, much lower than the photon energy of 1.55eV
used for both the generating and screening pumps, translating to a skin depth for normal illu-
mination on the order of 140nm [112]. This value needs to be considered as an upper boundary,
and it has been found that the skin depth decreases with the impinging angle [133] of the optical
beam on the surface. The angle between the screening pump and THz probe and between the
screening pump and generating pump is fixed at 11.9° for both OPTP and OPRE respectively.
This results in a temporal smearing and thus a resolution of the pump delay within the order
of 3ps.

A system of delay lines allows for the independent control of the group delay in the screening
pump and optical probe lines.

For the OPRE case in Fig. 2.3(b), the generation mechanism of the s-polarised THz emission
in InAs was confirmed to be optical rectification by rotating the polarisation of the generation
pump: we observed a two-fold symmetry typical of optical rectification emission from sur-
faces [128]. This also allowed us to exclude any relevant contribution of the photo-Dember
effect, which is unaffected by a change of polarisation [128] and was not detectable for angles of
minimum generation by optical rectification. In contrast to [124], where the sample was rotated

to suppress the surface optical rectification, we oriented the surface and the generating pump
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Figure 2.3: Experimental setup for OPTP (a) and OPRE (b) diagnostics. The red and green
beam paths denote the 800nm optical and THz beam paths respectively. For both setups, the
THz field is measured with a standard electro-optic detection [1], which retrieves the change of
polarisation of an optical probe of energy (~ 1uJ) inside a ZnTe detection crystal (ZT1) due
to the THz field. A delay line D1 controls the delay t; between the THz and the optical probe
and allows for the reconstruction of the THz waveform. (a) The THz is generated by a ZnTe
crystal (ZT2) converting a generation pump with a pulse energy of 1mJ. (b) The THz is directly
generated on the sample under investigation (InAs sample) converting a generating pump with
energy 0.1mJ. In both configurations, the relative angle between the screening pump beam and
the THz probe beam (a) or optical generating pump (b) is 11.9°. The p-polarised screening
pump energy was 1lmJ and 0.1mJ for (a) and (b) respectively. The delay between the screening
optical pulse and the generating optical pulse 75 is controlled with the delay line D2 in both

cases.

polarisation to maximise the nonlinear conversion efficiency.

2.4.5 Results and Discussion

As a benchmark of our technique, we measured the photo-carrier dynamics with a reflective
OPTP trace for an undoped InAs substrate. In this experiment, the THz was generated by
bulk optical rectification of 1mJ optical pulses in a ZnTe crystal. Figure 2.4(a) reports a typical
THz wave generated in the system, reconstructed in time against the delay t; between the THz
pulse and the optical probe pulse in the detection scheme (Fig. 2.3). The reflectivity of the
sample for the THz probe was increased when a screening pump of 1mJ was overlapped in the
sample. This is visible in Fig. 2.4(b) where we report the evolution of the THz waveform with
the delay 75 between the optical screening pump and the THz. The change of reflectivity is

visible in a weak modulation of the THz wave that fades away for large delays. Reflective OPTP
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Figure 2.4: Reflective OPTP trace for an undoped (100) InAs substrate. (a) A typical THz
waveform reflected by the InAs sample, for a generating pump energy of 1mJ, as a function of
the TDS delay t4. (b) Measured THz field as reflected from the InAs substrate as a function
of the TDS delay t4 and screening pump delay 75, for a THz pump energy and screening pump
energy of 1mJ. The delay 75 = 0 represents the perfect temporal matching between the screening
pump and the peak of the impinging THz wave. (c¢) Detail of the recovery of the peak THz field

(ta = 0) vs the screening pump delay 7.

indeed allows for the carrier relaxation dynamics to be inferred from the change in reflectivity
of the sample. The increase in reflectivity is related to the increased conductivity due to the
photo-carriers generated by the screening pump.

As stated above, the interpretation of the time-resolved or frequency resolved traces is quite
complex because in many practical scenarios the penetration depth of THz and optical fields
are rather different. Hence, the distribution of photo-carriers along z is very inhomogeneous on
the scale of the THz penetration depth. This makes the modelling of the reflection using the
standard Leontovich approach difficult [134].

Most importantly, the key drawback of this technique is that the signal variation (and there-
fore the change in the THz signal) is very small when compared to the total signal received, as
visible in Fig. 2.4(b). A better visualisation of the reflectivity change is obtained by plotting
the THz peak field (measured for a fixed delay t; = 0), as reported in Fig. 2.4(c). This is

the measurement with the best contrast and the relative change in THz field is approximately
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5 x 1072. The RMS noise of this measurement was 8.2 x 1073, resulting in a signal-to-noise
ratio (SNR) lower than 8.6dB.

Widening our comparison to the reflective electro-optic sampling approach [135] (that es-
timates the carrier density from the optical reflectivity) we also experimentally observed a very
faint relative change of the power of the reflected THz generating optical pump, which is on the
order of 4 x 1075,

Summarising, the OPTP approach leads to signal contrast on the order of 5 x 1072, with
a low SNR of 8.6dB, in measuring the photo-carriers effect on the reflectivity. In addition, the
observed carrier dynamics show a decay on the order of ns, as visible in Fig. 2.4(c). Such a
decay time is compatible with the carriers’ recombination time and appears mostly unrelated
to the dynamics of the surface potential, which are expected to occur at lower time scales.

More importantly, we observe here rather different temporal dynamics. This is visible in
Fig. 2.5(b), where we observe the change in the THz field with the delay 74 for the whole tem-
poral scale, and in Fig. 2.5(c), where we observe the recovery of the THz peak measured at
tqg = 0.

Differently from the OPTP trace in Fig. 2.4(c), that shows a slow recovery in the ns range,
the OPRE reveals a fast recovery immediately after the screening time 7, = 0. We argue that
OPRE perceives the modulation of the DC surface potential (which is established in a thin
region), where the diffusion of photo-electrons (described in Eq. (2.16)) is a relevant process in
InAs on the ps scale [97], making it the source of these fast dynamics. This migration reduces
the effective concentration of charges screening the DC surface electric field. A second, slower,
dynamic is instead related to the recombination time, similarly to what we observed with the
OPTP diagnostics. In sharp difference with the OPTP, however, the OPRE technique explicitly
reveals the dynamics of carriers interacting with the DC surface field region.

For the data in Fig. 2.5, we found that the decaying curve can be fit by a combination of
two exponential decays (reported in dashed black) with different time constants: a fast recovery
time constant on the order of 50ps, that we can associate to the diffusion of the photo-carriers
away from the surface-field region, and the much slower recombination time, above 1ns (the fit
of the fast recovery is quite sensitive to the estimation of the screening time). This description
potentially provides another physical mechanism consistent with the need in literature to fit
surface charge decay rates with two different time constants in experiments based on THz emis-
sion spectroscopy [136], e.g. when emitted by surge currents [92]. In fact, such an experiment
could face a similar decay trend as in our OPRE case.

To further analyse the capability of the OPRE experiments, we studied the effect of the
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Figure 2.5: OPRE trace for an undoped (100) InAs substrate. (a) A typical THz waveform
generated by the InAs sample, by a pump energy of 0.1mJ, as a function of the TDS delay
tg. The blue plot is the TDS trace for no screening pump, the black plot is for a perfectly
overlapped (75 = 0) screening pump of 0.1mJ (b) Measured THz field as generated from the
InAs substrate as a function of the TDS delay t; and screening pump delay 7, for a THz pump
energy and screening pump energy of 0.1mJ. The delay 7 = 0 represents the perfect temporal
matching between the screening pump and the peak of the impinging THz wave. (c) Detail of
the recovery of the peak THz field (¢4 = 0) vs the screening pump delay 75. The dashed-plot
represents the best fit with a double-exponential trend. Under measuring conditions, the laser
source stability introduces noise with RMS relative to the peak field estimated to be lower than

3.5%.

screening pump energy on the THz generation efficiency 7 defined by Eq. (2.10).

Specifically, we considered the reduced efficiency resulting from the screening pump by meas-
uring the THz peak field, that occurs at 7, = 0 and t4 = 0 (black plot in Fig. 2.5(a)). In Fig. 5
we report such a minimum for the efficiency at various screening pulse energies obtained from
OPRE scans.

In line with Eqs (2.15, 2.16), as discussed previously, such a measurement is mapping the
screening of the DC surface field. As visible in Fig. 2.6(a), the THz field initially decreases
linearly with the screening pump at low energy injection (better highlighted in Fig. 2.6(b)) for
values below 2uJ, whereas the dependence becomes more complex at high screening energies.

This result is consistent with the prediction of the linear dependence between DC surface field
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Figure 2.6: (a) Generation efficiency n = Ery,/Wq vs. screening pump energy Wy for three
different THz generation pump energies Wg. (b) Detail of the generation efficiency at low

screening energies, showing the linear trend with the screening energy Wg.

and screening pulse energy (i.e. a quadratic dependence between the THz pulse energy and the
screening energy). Such a linear dependence also occurs with the energy of the generating pump
Wea. From Fig. 2.6(b), we can appreciate that, in the case where Wg = 0.5mJ, the efficiency
n for Wg = 0 is approximately 35% the efficiency for W = 0.2mJ and 10% the efficiency for
Wea = 0.05mJ. This corroborates the hypothesis that the surface potential is screened by the

surface carriers.

2.4.6 Conclusions

To conclude, we have proposed a new technique for mapping the DC surface potential in semi-
conductors. The THz field is generated uniquely in the DC surface field-region by optical
rectification and the efficiency of the process is directly dependent on the DC surface field. We
tested our method by analysing the inhibiting effect in the THz generation of photo-induced
free-carriers by an optical screening pump. We observed that the THz generation is strongly
inhibited by the presence of the photo-carriers and that the reduction of the efficiency genera-
tion is linear with the optical screening pump energy at low injections.

In addition, when compared to the standard OPTP, our enhanced sensitivity to the surface
carriers is due to the inherent physical difference between the two methods, the OPTP approach
being based on a screening effect of the charges on the THz probe, that increases its reflectivity,
while our OPRE is based on a modulation of the generation directly related to the screening

of the DC surface field. This was also confirmed by verifying the linearity of the reduction in
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generation efficiency with the optical energy.

Finally, as opposed to OPTP, which is not specifically related to carrier dynamics at the
surface, nor directly related to the surface potential, the OPRE is directly related to the surface
potential in semiconductors. This could lead to novel methods to qualify semiconductor surfaces

with potential impact in electronics, photovoltaics and optical sensors.
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Chapter 3

Published Paper: High-Energy
Terahertz Surface Optical

Rectification

Now armed with a proper technique for investigating surface-field carrier dynamics in the OPRE
the next project was then to exploit it to study the THz conversion mechanisms at semiconductor
surfaces [137], and, in particular, to understand how the SOR nonlinearity saturates at high
fluence excitation, a common stumbling block in the production of bright THz sources. At
low energies, the excitation of semiconductor surfaces represents an important benchmark in
THz systems, where carrier drift-diffusion is responsible for the generation of photocurrent
transients at THz frequencies [95, 104]. InAs in particular is often exploited due to its large
mismatch between electron and hole mobilities resulting in a significant THz emission due to
the Photo-Dember effect [138]. As the optical pulse energy increases however, the injection of
higher densities of photocarriers results in a saturation of this effect due to excitation to other
conduction band valleys [97], therefore SOR becomes the more relevant nonlinearity until it
eventually saturates too. Previous work [109] had identified a saturation effect on the order
of tens of uJ/cm?, but the actual physical process by which this saturation occurs was never
investigated. Following the establishment of the OPRE technique sensitive to surface field
dynamics, I was then clearly able to begin to research how the injection of photocarriers in this
surface field region modifies the emission, thus providing insight into how exactly this saturation
occurs.

In this work my role was to study the free-carrier dynamics following photoexcitation. I

discovered in the highly n-doped InAs substrates the recovery is much faster than the p-type
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or undoped samples. I worked to understand these results in terms of the different thickness of
the surface field region between dopings, which then lead to further insights into the saturation
mechanism. I worked to create figures 3.3 and 3.5 as well as making significant contributions
to the writing of the text. Furthermore, I conducted a thorough study on the implications of
using focused beams at low energies to explore the same carrier dynamics, the result of which
are the supplementary figures 3.12, 3.13 and the discussions surrounding them. The article was
submitted to Nano Energy on the 24" November 2017 and was accepted on the 13" January
2018.

3.1 Characterisation of THz Emission

Prior to beginning the investigation into SOR dynamics at high energy, it was important to
characterise the THz emission from InAs surfaces both at low and high energy to confirm that
the behaviour I observed was in fact due to the SOR contribution.

The first of these relates to the confirmation of the polarisation dependence of the THz
radiation emitted from (100) InAs under ultrashort pulse illumination. This was conducted at
high energy using a setup similar to that shown in figure 2.3(b) excluding the screening pump
SP with an optical pump pulse energy of Wz = 1mJ and its polarisation was controlled by
introducing a zero-order half waveplate before the InAs substrate. The electro-optic sampling
detection setup was also optimised for detection of p and s polarised THz fields by tuning the
probe polarisation and ZnTe orientation following the approach outlined in [139]. With this I
could observe the dependence on each THz component as a function of the pump polarisation,

the results of which is shown in figure 3.1. As can be observed, both p and s polarised THz
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Figure 3.1: The peak THz field has been plotted against impinging pump polarisation for

electro-optic sampling detection optimised individually for p and s polarised THz detection.
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radiation are verified to exhibit the expected 2-fold symmetry as expected for SOR from (100)
InAs as predicted by equations 2.5 and 2.6. With this information I can exclude parasitic THz
contributions from photo-carrier driven mechanisms by detecting s-polarised THz fields and op-
timising the pump polarisation for maximum emission (Polarisation = 125° in figure 3.1), this
was the condition used in the experiments presented in chapter 3.4. For completeness in the
supplementary information the same investigation was repeated under the condition of max-
imum p-polarised THz emission (Polarisation = 0° in figure 3.1) and is shown in chapter 3.5.1.
The second experimental scenario that needed confirming was the choice of ultrafast laser
source and its influence regarding the temporal smearing on the results presented in chapters 3.4
and 3.5. This necessitated that I expand the pump-probe methodology to a high repetition
rate ultrafast oscillator (4W average power, 140fs pulse duration, 800nm central wavelength
and 80MHz repetition rate) as in principle very similar intensity domains can be reached by
tight focusing of the ultrashort pulses, as opposed to the large collimated beams used with
the 1kHz regeneratively amplified source. I discovered however that there are some very sig-

nificant limitations surrounding the use of high repetition rate sources. The first of which is
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Figure 3.2: (a) The peak THz field as a function of the screening pump pulse energy Wy and

time delay, where it can be seen that there is a clear influence of the screening pulse energy

on the measured field even for negative delay times. (b) A representative OPRE trace for

Wg = 24.6nJ. (c¢) The dependence of the unscreened (delay times < Ops) peak THz field on

W, demonstrating the significant accumulation of carriers by previous optical pulses.
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that the tight focusing results in a highly localised THz source with significant divergence. A
consequence of this is initially that a large numerical aperture collection and imaging optics
is required to image the THz field onto the electro-optic sampling detection without major
losses. A second and somewhat more important consequence is that the screening pump also
has a large divergence and as such it is highly challenging to completely separate the cross-talk
between screening and generation pumps. This scenario is discussed thoroughly in the supple-
mentary information of the article and presented in chapter 3.5.2. In addition, the use of a high
repetition rate source for pump-probe experimental campaigns has another drawback in the
requirement that the semiconductor sample must decay fast enough such that all photocarriers
are returned to the valence band before the next optical pulse arrives shortly after (12.5ns for
an 80MHz source). This accumulation of photocarriers from previous pulses can be quantified
by observing the OPRE trace for various screening pump energies Wg, as shown in figure 3.2.
From which a macroscopic THz screening can be observed induced by the previous pulse in the
ultrashort pulse train, where the truly unscreened case at W = OnJ exhibits a peak field 15%
greater (32% in THz energy) than that when the screening pump pulse is higher in energy. This
effect is impossible to remove without complicated mitigation and so any pump-probe dynamics
that are observed it should be considered that the free-carrier transition actually occurs from
an intermediate excited state as opposed to the ideal case of the ground state. It is for these
reasons that I chose in chapter 3.4 to perform the pump-probe based experiments using a low

repetition rate, amplified ultrafast source.

3.2 Summary

It was previously known that the addition of dopants will drastically alter the surface states and
hence the band bending establishment of the surface field [97, 140, 141]. In InAs in particular,
the surface states are always positive regardless of the quantity of dopants added, hence the
sign of the surface field always remains the same. A key difference however, is in the quantity
of free carriers accumulating in a thin region at the surface as well as in the depth of the static
field. The first noteworthy result in the investigation came in the saturation curves shown in
figure 3.4, where we highlight two important factors. We show that the saturation never truly
occurs, there is only a change in the steepness of the trend, after which the same expected
quadratic energy relation is re-established. This is due to a fundamental limit as to how close
carriers can approach the surface when they drift in this potential. Therefore, after a certain
threshold in the carrier concentration, any additional photocarriers are generated outside of this

surface field region and cannot move to screen it. The second interesting point is that the n-type
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samples do not exhibit the same transition between quadratic trends, instead they display the
second shallower trend only. This can be explained as the intrinsic carrier density provided by
the dopants has already screened and shrunk the surface field close to this fundamental limit.
To test this hypothesis, OPRE measurements were performed on the different doping types,
remarkably showing a much faster recovery time for the n-type substrates with no evidence of
spontaneous recombination. The timescale of this recovery was on the order of the time taken
for carrier diffusion, and so we proposed that for all substrates, as the optical energy increases
the surface field is screened and contracts up until a limit comparable to the free-carrier density
of the n-InAs. After which any further increase in energy will result in carriers generated outside
of this surface field region, hence they can no longer contribute to the screening and saturation.
Lastly we confirmed this by taking the p-InAs and recreating the saturation trends of the other
doping types by optically doping it with a quantity of hot carriers to match the surface field in

the other samples.

3.3 Impact

This publication targeted the new Elsevier journal Nano Energy, which has a 5-year impact
factor of 15.280. The journal targets the development of nanotechnologies for the manipulation
of energy. The article was an investigation into the surface field dynamics, which is highly
relevant in the behaviour of solar cells and other optoelectronic devices, so it fitted with the
scope of the new journal.

Since publication has been cited 21 times according to Scopus and has been presented several
times at international conferences and summer schools. Furthermore, the simultaneous press
release conducted with the University triggered a widespread interest amongst popular science

outlets resulting in an Altmetric score of 28.

3.4 Journal Article

3.4.1 Abstract

The interest in surface terahertz emitters lies in their extremely thin active region, typically
hundreds of atomic layers, and the agile surface scalability. The ultimate limit in the achievable
emission is determined by the saturation of the several different mechanisms concurring to the
THz frequency conversion. Although there is a very prolific debate about the contribution of
each process, surface optical rectification has been highlighted as the dominant process at high

excitation, but the effective limits in the conversion are largely unknown.
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The current state of the art suggests that in field-induced optical rectification a maximum
limit of the emission may exist and it is ruled by the photocarrier induced neutralisation of the
medium’s surface field. This would represent the most important impediment to the application
of surface optical rectification in high-energy THz emitters.

We experimentally unveil novel physical insights in the THz conversion at high excitation
energies mediated by the ultrafast surface optical rectification process. The main finding is
that the expected total saturation of the Terahertz emission vs pump energy does not actually
occur. At high energy, the surface field region contracts towards the surface. We argue that this
mechanism weakens the main saturation process, re-establishing a clearly observable quadratic
dependence between the emitted THz energy and the excitation. This is relevant in enabling

access to intense generation at high fluences.

3.4.2 Introduction

The improvement of the generation efficiency of Terahertz pulses (THz) from intense ultrafast
optical sources is presently a very hot topic, with a wide spectrum of solutions ranging from
the development of novel materials [24, 23, 142] with a higher nonlinear response to efficient
non-trivial field-matter interaction geometries [143, 25, 26, 144]. Few options are left when
ultrathin emitters are desired. Common quadratic nonlinear crystals have a low absolute con-
version efficiency for effective thicknesses within the fraction of micrometres or less. In such
scales the nonlinear field-matter interaction is only marginally governed by the bulk properties
of the medium. Conversely, it is fundamentally ruled by a series of processes that belong to
the domain of surface physics, responsible for THz conversion efficiencies per unit of thickness
orders of magnitude larger. Although the literature on surface THz generation is quite vast,
the generation at very high excitation and its physical limitations are quite untackled.

A significant fraction of the pioneering works on THz surface emission focuses on narrow
band-gap I1I-V semiconductors, such as InAs and InSb, which exhibit surface terahertz (THz)
emission when excited with ultrashort optical pulses. In most scenarios, the generation is driven
by the kinetic carrier dynamics [107, 145, 104] and surface field induced Optical Rectification
(OR) [110, 128, 146], upon excitation with photon energies well above the energy bandgap [124].

The interest is certainly driven by the surprisingly high conversion efficiencies. For materials
possessing a direct band structure, the optical absorption depth for photons with energy exceed-
ing the bandgap is typically very low (e.g. approximately 140nm at A = 800nm in InAs [112]).
A significant and macroscopic THz emission is then obtained in a very thin interaction region,

with very high energy conversion per unit thickness [147, 148].
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At low impinging fluences (below 100nJ/cm?), InAs is perhaps one of the most important
benchmarks for surface THz emission driven by the photo-Dember effect [149, 150]. However it
has been argued that THz generation by carrier migration is quite saturated at high excitation
energies such that the generation is dominated by surface OR [10]. This interpretation recon-
ciles the observed dependence of the emission from the polarisation and crystal orientation in
InAs and seeded through works about the microscopic mechanisms responsible for the nonlin-
earity [151, 152, 153].

A saturation fluence for surface OR has been identified within the order of tens of uJ/cm?
by Reid et al. [109]. The specific mechanism has not been investigated. Yet, its understand-
ing is clearly fundamental in boosting the THz conversion efficiency at semiconductor surfaces.
The basic model of the surface Optical Rectification process suggests that the main saturation
mechanism in OR is driven by the accumulation of photoinduced carriers that screens the static
surface field of the semiconductor responsible for the surface nonlinearity [110].

In this paper we explore the emission limits, with a novel methodology. Our experimental
approach involves the THz generation with an ultrafast generating pump and the simultaneous
injection of photo-carriers in the surface field region (within 100nm— 200nm of the surface) with
a second optical screening pump. The underlying idea is to connect the change of the emitted
field to the modulation of the surface field as it is neutralised by the photo-carrier drift. The
photo-carriers frustrate the surface potential, changing its contribution to the third-order non-
linearity in surface OR, in a process that we can define as Optical Pump Rectification Emission
(OPRE) [90] (by analogy with the popular Optical Pump Terahertz Probe (OPTP)). Krotkus
et al. [154] argued that at moderate exciting peak powers the surface static field could be sig-
nificantly augmented by the carrier diffusion but that this does not affect the OR frustration
mechanism. With specific reference to our experimental campaign, the signature of this specific
contribution is not present at high energy excitations (we present our complete characterisation
set in the Supplementary materials). It is worth noting that the THz emission through surface

OR is a third-order nonlinear phenomenon and is driven by the cubic relation [110]

ErH, X(B)(wTHZ —wyw;0) : Eg(—w) : Eg(w) : E©

surf

(0)z. (3.1)

As such it is not related to the bulk OR which is driven by the second-order medium
nonlinear response (x(?) and is not relevant in the physics at semiconductor surfaces.

In this investigation, we argue that because of the very small penetration depth of the
optical NIR excitation, the change of the THz generation is also significantly connected to the

weakening and contraction of the surface field region upon carrier screening. Hence, at high
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Figure 3.3: A representation of the bending of the boundary of the valence (ey) and conduction
(ec) bands at the InAs surface for (a) Undoped InAs and (b) n-Type InAs, where the positive
surface states pin the fermi level (ep) above the conduction band minimum at the surface. Es(ng
is depicted by the gradated arrow where darker shades represent a higher field magnitude. In

the latter case, photo-excited electron-hole pairs are mostly generated outside the surface field

region, weakening their role in surface field screening.

pumping energies most of the photocarriers are generated outside of the surface field region and
therefore they no longer contribute to the saturation. At this point the system converges again
to a quadratic conversion efficiency because the progress of the screening of the surface field is
no-longer significant. In different words, a real flattening of the pump vs emission trend is not

observed.

3.4.3 The field-matter interaction mechanism

The field-matter interaction at the semiconductor band bending region is sketched in Fig. 3.3.
In Indium Arsenide, our benchmark model, the surface states result in a positive charged surface
density regardless of the doping type [96]. This pins the position of the Fermi-level above the
conduction band minimum at the surface such that an electron accumulation layer is formed
immediately below the surface. When photoexcited electron-hole pairs are generated, the elec-
trons dominate the surface potential dynamics in light of their much higher mobility.

To infer the contraction, we start observing that in InAs the surface field region is known
to weaken and contract as the concentration of free electrons increases [140, 141, 97]. Interest-

ingly, because of the large difference in mobility, moderately doped p-type InAs exhibits lower
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conduction and a thicker surface field region than intrinsic and n-doped InAs. At significant
n-doping levels, at room temperature, the surface field region thickness (Fig. 3.3(b)) can be
much smaller (tens of nm) than the optical penetration depth.

We show here that the typical generation vs excitation trend observed at any n-doping
concentration can be reproduced by photo-exciting a p-type semiconductor, corroborating the
hypothesis that even in this latter case the field region weakens and thins as the concentration
of photocarriers increases. Hence, we argue that upon intense optical pumping the fraction
of photocarriers neutralising the surface-field decays and that this is a relevant mechanism in

re-establishing a quadratic dependence between emission and excitation.

3.4.4 The experimental setup

The experimental setup is described in Peters et al. [90]. It is supplied with a ultrashort 100fs
optical pulse train with 1kHz repetition rate and centre wavelength A = 800nm, generated by
a mJ-class Ti:Sa regenerative amplifier (Coherent Libra-He). The beam diameter (intensity at
1/e?) is d = 9mm.

A Time-Domain Spectroscopy detection is implemented using a probe beam originating from
a 3%-beam sampler. A motorised delay line controls the relative delay between the probe and
the THz waves which are overlapped in a 1mm thick nonlinear ZnTe (110) crystal which func-
tions as a THz electro-optical sampler [30]. The THz-emitting semiconductors are illuminated
at an impinging angle of 45°.

For the implementation of the OPRE measurements a beamsplitter was placed to obtain two
separate pump lines. A screening pump (SP) was directed towards a (100) InAs sample with
an impinging angle of 11.9° relative to the THz-generating pump (TP). The SP is delayed by 7
using a second independent motorised translation stage. 75 = 0 represents the synchronisation
of the two optical pulses.

We verified that the screening does not induce an appreciable change in the emitted THz
pulse field profile (which is expected for a DC surface field modulation). In addition, the ac-
tual THz-generating pump beam size is reduced with an iris in order to mitigate the temporal
smearing (down to the ps scale) in the synchronisation with the screening pump because of their
slightly different impinging angle. Nevertheless, by changing the iris size, we verified that our
observations are marginally affected by the beam profile.

Central in this investigation, in order to isolate the contribution of the OR from any para-
sitic contribution of carrier-mediated generation mechanisms, we rotated the detection crystal

to detect the s-polarised (perpendicular to the impinging plane) Terahertz emission and we
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maximised it by changing the generating pump polarisation. We argue that for (100) InAs
under the given illumination condition the potential out-of-plane (s) carrier dynamics induced
by structural anisotropies for both the field-driven surge-current and photo-Dember mechan-
isms should be negligible. We also verified that no Terahertz contamination from the screening
pump (p-polarised) is perceived in the detection. We stress here that a typical advantage in
using large collimated pumps, made possible thanks to the availability of millijoule pulses, is
the absence of cross-talk with the screening pump (for comparison, examples of OPRE with
focused generation are presented in the Supplementary materials). Finally, no cross-frequency
mixing between screening and generating optical fields can be present for 75 larger than a few
ps, as both pulses and the nonlinear response of the medium are shorter.

For pump photons with energy much larger than the energy bandgap, we can assume that

the density of photocarriers is proportional to the impinging TP pulse energy W at any z.

npp X Wg (3.2)

The surface accumulation layer is essentially a 2-dimensional distribution of electrons centred
up to tens of nanometres below the surface because of the quantisation of motion of the electrons
in the z-direction [99]. We assume that a fraction of the photo-electrons drift to screen the

surface field E, (0)

st and approximated that as equivalent to an effective 2-D layer of density npy.

(&
Byuri(z = 0) = E{)t = npn (3.3)

However, as the field weakens at high excitations, np;, becomes a progressively smaller
fraction of the total population of photoexcited carriers, mitigating any further increment of
npp, i.e. weakening the main saturation mechanism. This is a potential source of the trend
observed in Fig. 3.4, where a linear dependence between THz peak field and pump energy (i.e.
a quadratic conversion) is re-established after a ‘knee’. Quite interestingly, in the case of highly
n-doped materials (blue and red plots), in which the surface field region is known to be very thin,
this high-energy linear dependence between peak field and energy (i.e. a quadratic conversion)
almost covers the entire generation pump energy range.

In Reid et al. [109], the saturation curve in the OR process is fitted with a typical saturation
equation

AWea

Ery,= ———— 3.4
TH WG + Wsat ( )

Where A represents the maximum THz peak field, Ery, is the THz field and W, is the
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Figure 3.4: The peak THz field has been plotted for various excitation energies, for a number of

different freestanding (100) InAs substrates, two n-type samples doped with Sn and S donors,

one undoped sample and one p-type sample doped with Zn acceptors. The peak THz field

has been normalised across all substrates with respect to the maximum field achieved with the

Zn-doped InAs.

saturation energy. The best fit values for Wy, for each of the curves are displayed in Table 1.
In light of the sufficient accuracy of our experimental measurement, we can observe in Fig. 3.4.
that at high energy Ery, does not exhibit the plateau predicted by Eq. ( 3.4). This results in
a very poor fit quality at high excitation energy [109]. The observed linear trend corroborates

the hypothesis that the main saturation mechanism weakens at high energy.

Substrate Doping [em™3] | Wy [uJ] | 71 [ps] | 72 [ns] | R? [N.U.] | Relative Dark Conduct-
ivity [N.U.]

n-InAs S-doped (100) |n=1x 108 201 40 N/A 0.817 2.83 +0.01

n-InAs Sn-doped (100) | n =3 — 10 x 10'7 | 371 31 N/A 0.846 3.40 £0.01

n-InAs undoped (100) | n < 3 x 101 88 54 >1.0 |0.947 1.00 +0.01

p-InAs Zn-doped (100) | p = 5.3 x 10'® 86 37 >1.0 |0.982 0.28 £ 0.01

Table 3.1: Shows the known carrier concentration, saturation power and THz recovery times for
a number of different substrates. The R? (statistical coefficient of determination) values show
the goodness of the fit used to retrieve recovery times. Considering the very different accuracies
in the doping specified by the different sample suppliers, we also report the measured dark

conductivity, relative to the undoped sample.

It is worth noting that because of the much higher mobility of electrons, the undoped
substrate (that possesses a process-induced n-doping around 2 x 106cm™3) exhibits a weaker

surface field and a lower conversion efficiency when compared to the p-doped sample.
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Figure 3.5: OPRE measurements of the peak THz field vs the screening pump delay for the
four different freestanding (100) InAs substrates of Table 3.1. Each curve is normalised with
respect to the unscreened peak THz field. Each measurement was performed with a generating

pump energy Wg of 0.1mJ and a screening pump energy Wg of 0.1mJ.

In Fig. 3.5, the OPRE measurement in the different samples is presented: it is clear that
the free electron concentration has an important impact on these dynamics. Following a similar

approach in literature we fit the normalised recovery trend as [92]

ETHZ =1- kl X 6_% — kQ X 6_% (35)

where ki1, ko, 71, 72 are the fitting parameters and 75 is the time delay between the screening
pump and the THz emission pump. 71 represents a fast recovery time. It is potentially consist-
ent with the time scale of the migration of photocarriers away from the surface-field region as its
thickness can be a very small fraction of the pump wavelength. Although we should expect the
carrier diffusion to be a dominant process in the carrier dynamics (as recognized in a number
of studies as the source of the photo-Dember mechanism) we cannot exclude a contribution
from quasi-ballistic photo-electron dynamics [155] and from the electron scattering into other
conduction band valleys. 75 is consistent with the slow recovery time typically associated with
the bulk recombination of photoexcited carriers.

For the n-doped sample we consider ko = 0 as there is no appreciable slow decay in the
traces: this appears consistent with the assumption that only the decay of the photocarrier
density in a very thin region close to the surface dominates the dynamics. As soon as the
concentration of carriers becomes comparable to the inherent free carrier concentration (from
doping) the THz emission returns to its original level. Therefore, in n-doped substrates the

bulk carrier recombination time does not appear to be relevant in the OPRE measurements.



49

1.5 T

*  0.013mJ

*  041mJ
— *  unclipped
=
—
5
" * *H*****H%M
N 05 " ;
2 =3

* R S S

0.4 0..6 0.I8 1

Energy [mJ]
Figure 3.6: Peak THz field plotted against W¢, for a Zn-doped (100) p-InAs substrate, for
various screening energies Wg fixed at 7, = 0. Each measurement was performed with a
generating pump energy Wg of 0.1mJ. The peak THz field has been normalised across with
respect to the maximum peak field generated by Zn-doped InAs.

The best-fitting parameters can be appreciated in Table 3.1.

We compared the doping of the substrates along with the calculated values for the saturation
power (Wg,) and surface field recovery times in Table 3.1. For the sake of comparison, Wyt
was extracted from the data fitted using Eq. (3.4). From this we observe that the apparent
saturation of n-type samples occurs at significantly larger powers when we best fit the curve.

To test our hypotheses, we reproduced the conversion trend of Fig. 3.4 for the undoped
and n-doped media by artificially pumping photocarriers within the surface field regions in the
p-type InAs, using the SP with appropriate energy. We fixed the delay of the SP to obtain the
maximum screening. The expected effect is an increase in the electron-mediated screening of
the surface field. The acquired data are presented in Fig. 3.6.

We could adjust the average screening pulse energy Wy to reproduce fairly accurately all
the observed conversion trends in the undoped and n-doped cases of Fig. 3.4. Hence, we argue
that the photo-carriers produce the same contraction of the surface field region as occurs in
n-doped materials.

In addition, it is worth observing that the photo-excited carrier distribution in the example
of Fig. 3.6 is certainly very different from the almost homogenous free-carrier density of the
n-type sample. Then, the close matching of the trends of Fig. 3.4 and Fig. 3.6 suggests that all
the screening dynamics must occur within depths much smaller than the optical skin depth (so
that the carrier profile plays a minor role), which also corroborates the main hypothesis. This

also suggests that the carrier induced screening of the THz propagating field plays a minor role
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(the typical THz skin-depth in the used n-doped materials lies in the range of hundreds of nm
to micrometre scales).

In conclusion, a physical process for the saturation of surface optical rectification at high
fluences has been proposed. We argue that as the injection of photo-carriers increases, the thick-
ness of the surface field region contracts and a progressively larger fraction of the photocarriers
are excited outside of the surface field region. As those carriers do not contribute to the surface
field screening, a quadratic conversion trend (i.e. a linear dependence of the peak THz field
from the generating pump energy) is eventually re-established at high excitation energies. As
confirmation of our hypothesis, we verified that the depth of this surface field layer, and there-
fore the saturation trend of the substrates, can be controlled with either doping of the material
or by injecting an equivalent quantity of photocarriers. We believe this to be an advancement
in the understanding of the THz surface generation physics at very high excitation and a step

forward in the realisation of high energy surface THz emitters.

3.5 Supplementary Material

3.5.1 OPRE detecting p-polarised THz waves

In our investigation, in order to isolate the contribution of the OR from any parasitic contribu-
tion of carrier-mediated generation mechanisms, we detect the s-polarised THz field (perpen-
dicular to the impinging plane). Fig. 3.7 shows the detected THz waveforms for both s- and
p-polarised electric fields emitted by (100) Zn doped p-InAs, where the input optical polarisa-

tion has been oriented to maximise the emitted THz field.

P-Polarised

S-Polarised

THz Field [N

-2 -1 0 1 2
Time [ps]
Figure 3.7: Detected THz waveform generated from (100) p-InAs. Both TDS measurements

have been normalised with respect to the p-polarised peak field.
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Figure 3.8: The peak THz field has been plotted for various excitation energies, for a number of
different freestanding (100) InAs substrates, two n-type samples doped with Sn and S donors,
one undoped sample and one p-type sample doped with Zn acceptors. The peak THz field
has been normalised across all substrates with respect to the maximum field achieved with the

Zn-doped InAs.

Although we cannot exclude contamination from carrier mediated generation, for the sake
of completeness we recreated analogous cases of Figs. 3.4, 3.5, and 3.6 for the p-polarised emis-
sion (Figs. 3.8, 3.9, and 3.10 respectively) to highlight that the phenomenological trend is very
similar. This is expected as the available literature concurs about the fact that at high energy

OR is the dominant process.
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Figure 3.9: OPRE measurements of the peak THz field vs the screening pump delay for the
four different freestanding (100) InAs substrates of table 3.1. Each curve is normalised with
respect to the unscreened peak THz field. The energy and illumination conditions of both

optical excitations are comparable to one of Fig. 3.5.
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Figure 3.10: The peak THz field has been plotted against W, for a Zn-doped (100) p-InAs
substrate, for various screening energies Wy fixed at 7 = 0. The peak THz field has been

normalised across with respect to the maximum peak field generated by Zn-doped InAs.

3.5.2 Temporal smearing in the OPRE measurements

The angle between generating pump and screening pump induces a temporal smearing of the
screening effect on the order of 3ps, because of the induced temporal mismatch of the wavefronts
at the target surface.

To investigate possible artefacts induced by such a smearing, we performed an OPRE meas-
urement detecting the s-polarisation for (111) undoped InAs while reducing the size of the THz
generating pump to lmm diameter and keeping the large screening pump. This corresponds to
a maximum smearing estimated within the order of 600fs. As expected the screening transition
appears steeper (the higher noise is induced by the lower THz field detected). However no other
substantial differences are highlighted by the measurement.

To further reduce the temporal smearing to negligible scales we performed the OPRE meas-
urement exploiting a highly focused THz generation. In order to keep a sufficiently high de-
tected THz signal we performed the measurement using an ultrafast Ti:Sa oscillator (Coherent
Chameleon Ultra II) that provides an ultrashort pulse train with 80MHz repetition rate, 140fs
pulse duration and 4W average power at a centre wavelength of 800nm.

It is important to stress that to achieve sufficient screening fluences 2.2W were diverted to
the screening pump and focused to a spot size of 0.7mm. This may result in two potential
issues:

-(i) the first is common to all pump-and-probe measurements performed using a high-
repetition rate source and it is due to the low temporal separation between two consecutive

pulses. Because the observed relaxation time for InAs in our experimental condition is on the
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Figure 3.11: OPRE measurement of (111) InAs with a reduced impinging optical spot size of
lmm. The measurement was performed with a generating pump energy Wg of 0.1mJ and a
screening pump energy Wg of 0.1mJ. The peak THz field has been normalised with respect to

the average unscreened field.

scale of ns, the 12.5ns pulse period is not sufficiently large to ensure the complete decay of all
the photo-excited carriers. This means the observed dynamics can in principle be affected by an
accumulated screening observable even when the screening pulse impinges after the generation
pulse.

-(ii) when the screening pump is focused the cross talk between generation and screening
pump increases. Normally, in typical lock-in signal detection the generating pump is chopped to
introduce an oscillating THz signal. Therefore, the photo carrier density injected by the genera-
tion also oscillates at the chopping frequency. Hence, the THz generated by the screening pump
is chopped by the screening induced by the generating pump. If the screening pump is Gaussian
with 0.7mm FWHM (our case), the resulting THz intensity profile has a FWHM on the order of
0.49mm because of the quadratic relation between pump and THz. The peak spectral efficiency
for the InAs emission is usually at a frequency fpear = 0.7THz (Apear = 427pum) or lower. At
0.7THz we can estimate a Gaussian beam divergence (half-angle) of about 18.6°. At this angle
the field is still 36% of the maximum and a small fraction of the power is still contained on
one side of the beam at larger angles (i.e. a relevant portion of the total field). This means
that a good isolation requires very large angles between screening pump and generating pump
and small numerical apertures of the THz collecting optics (which has the effect of reducing the
detected signal). It is important also to consider that the emitted spectrum also contains much
lower frequency components (typically down to 0.3THz).

There is also another factor that potentially increases the cross talk at any screening pump
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Figure 3.12: S-polarised OPRE traces of (111) InAs measured with a focused generation (20m
spot) the screening pump was focused to a spot size of 0.7mm. The measurements were per-
formed with a generating pump energy Wg of 2nJ and a screening pump energy Wy of 27.5nJ.

The screening pump impinged onto the sample at 10° to the normal.

size, which is due to the nature of the photocarrier induced modulation. The carrier modu-
lation severely alters the THz emission profile of the screening pump, punching a hole in the
THz profile of the typical dimension of the generating pump. Hence, the modulation potentially

induces THz scattering at much larger angles, which becomes more visible as the generating

pump becomes stronger.
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Figure 3.13: S-polarised OPRE traces of (111) InAs measured with a focused generation (20um
spot) the screening pump was focused to a spot size of 0.7mm. The measurements were per-
formed with a generating pump energy Wg of 0.5nJ and a screening pump energy Wy of 27.5nJ.
In (a) The screening pump impinged onto the sample at 10° to the normal. In (b) The screening

pump impinged onto the sample —70° from the normal.
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For the data presented in Fig. 3.12, the screening pump impinges onto the sample at 10° to
the normal (i.e. 35° between the two pump wavevectors) of the semiconductor surface, which
results in a sub-100fs smearing. We can observe that there are no fundamental differences in
the screening dynamics after excitation. However, a modulation in the detected s-polarised field
is observed within the timescale of the THz generated by the screening pump at the overlap
between the two pulses. For the sake of completeness, at lower generation pump energies the
photocarrier modulation is less significant and manifests as an increase in the detected peak field
before the main drop (shown in Fig. 3.13(a)), which could be consistent with the phenomenon
investigated by Krotkus et al[154]. However, in our experimental conditions a contamination
from the screening pump appears to have a major role as this feature significantly changes with
the numerical aperture (NA) of the optics collecting the THz wave and with the screening pump
angle. In fact, the oscillation at the edge of the slope in Fig. 3.12 resembles the field profile
of the screening pump. It was also confirmed that this modulation remains present even when
the generation pump precedes the screening pump by 3ps, by delaying the optical-sampling of
the same amount, so it is synchronised with the screening pump and not with the generation
pump (the THz-field related to the generation pump is very weak at that time section). Again,
this appears to indicate that the feature arises from a contamination due to the focussed illu-
mination geometry. In the plot in Fig. 3.13 the screening pump impinging angle was changed
(to achieve better immunity from the screening pump) such that it counter propagates in the
same quadrant of the THz wavevector, at —70° from the InAs normal. The increased temporal
smearing induced by the large angle is still well within the sub-ps scale. This configuration
certainly reduces the average fluence, which appears to be the only determining factor in the

observed decay dynamics, as verified at high energy with larger beams.
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Chapter 4

Published Paper: All-Optical
Two-Colour Terahertz Emission

from Quasi-2D Nonlinear Surfaces

In the pursuit of creating highly efficient THz emitting surfaces, inspiration came from the
generation of THz in air using the highly nonlinear ionised plasma [156]. In this extreme
regime, a pulse is combined with its second harmonic within a very tightly confined and highly
intense region in air. Initial descriptions of this process modelled it as a third order perturbative
x®) nonlinearity mixing the incident fields to produce a rectified THz field [157, 158] while the
air provided a medium which is naturally phase matched. Further studies have revealed that
a more accurate interpretation of the THz conversion is provided by the field ionisation and
subsequent electron dynamics [159, 160]. At semiconductor surfaces however, under above
bandgap excitation conditions, the y®) is significantly high and relevant, as demonstrated by
surface optical rectification. Therefore I considered the case where, instead of seeding the
rectification with the surface field (which is now known to be heavily screened), we could seed
the nonlinear product with the second harmonic of the pump field. In doing so, we would
enhance the total emitted THz energy by surpassing the soft-saturation limits of SOR. Another
important factor to note, is that the skin depth of 400nm light is significantly shorter than
that of the fundamental (16nm as opposed to 140nm at a wavelength of 800nm). Therefore
the interaction region is highly subwavelength and is in principle free from any phase matching
limitations of bulk nonlinear processes.

In this work I initially designed and carried out the experimental campaign. I then worked

to describe the subwavelength physical process and its interpretation in the data. Including the
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analysis of the saturation results, separating the contributions of the standard SOR process from
our two-colour scheme. Lastly I made significant contributions to the writing of the whole text
prior to submission. The article was submitted to PRL on 2" September 2020 and published
on 215" December 2020.

4.1 Enhancing the THz Conversion Efficiency

Prior to introducing this novel application of two-colour THz generation, it is also important to
note other means by which one might enhance the nonlinear optical-THz conversion, without
arbitrarily increasing the optical pump power up until the damaging threshold of the semicon-
ductor. With the third-order nonlinearity there is therefore two main approaches, the first would
be to modify the surface states to increase the surface field and the second would be to bypass
the surface field entirely. The latter becomes a focal point of this chapter but there are still
interesting physics associated with the former that should be considered. There have, in fact,
been investigations where such an idea has been exploited to enhance the surface field in Silicon
by electrically biasing the surface, assessed via the induced THz emission of the Si surface [102].
A more passive increase to the surface field is preferred however, and can be achieved by scal-
able deposition processes involving novel 2D materials with remarkable electronic properties,
graphene being a highly promising candidate [161, 162]. The extreme interest in graphene has
resulted in many exfoliation and deposition techniques being developed with scalability in mind.
Therefore, it was proposed that we exploit liquid phase exfoliated [163] (LPE) graphene depos-
ited on InAs via a Langmuir-Schaefer approach [164] in order to fundamentally enhance the
surface field and thus the emitted THz energy. Interestingly, 2D-materials have also been pro-
posed as potential THz sources: where rectified THz pulses have been observed in graphene [165]
and several layered transition-metal dichalcogenides [166, 167], mediated by plasmonic photo-
currents and optical rectification.

Graphene-on-semiconductor based devices however, have already been extensively studied
for their rectifying behavior, fuelling a large amount of experimental work on graphene Schot-
tky junction diodes [168, 169]. A key factor in the passive increase of the surface field at any
interface is related to the alignment of the Fermi levels across the interface, where inter-facial
charge transfer must occur to accomplish this. For a Graphene-InAs interface therefore, due
to the fact that the Fermi energy of graphene is higher than that of InAs, an electron charge
transfer towards the InAs bulk is induced. The net effect is an enrichment of the surface charge

density and an additional built-in potential difference between the graphene surface and the
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Figure 4.1: Sketch of the Graphene-InAs Schottky junction. (a) Shows the bare InAs surface,
where a surface density of positive charges @, (white and red) forms a static DC field Egy¢ in
proximity to the surface holding a 2D distribution of negative electrons @, (black and blue).
(b) Shows the effect of graphene deposition on the surface, where electrons are transferred into
the substrate, contributing to an additional positive charge dq on the surface, enhancing the
localised potential at the flake position. (c) Shows the band structure of the junction after

charge transfer due to the Fermi level alignment (from ep ¢ and ep g individually to epg4s).

InAs bulk given by

1
Vy = E(EF’G —€rS) (4.1)

where €r ¢ and €r g represent the Fermi energy of the graphene and semiconductor prior to
electronic contact respectively. This potential V; is additive to the intrinsic surface potential
and contributes its own electric field oriented from the positive surface towards the negative
depletion region, thus enhancing the intrinsic surface field at the interface which would thus be

given by
EXyz = E)

surf’

z+ V'V, (4.2)

where Es(ng is the initial, vacuum-InAs surface field [169]. This then feeds into equation 3.1

to result in local increases to the radiated THz field wherever Graphene is deposited on the

surface.
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Figure 4.2: (a) Kelvin probe Force Micrograph of the individual graphene platelets. (b) Scanning
electron micrograph of a graphene flake coated surface. (c) Image of prepared graphite powder

in NMP solution.

The graphene platelets were prepared via liquid phase deposition of graphite powder in N
Methyl-Pyrrolidone (NMP) solution [163, 170], as depicted in Fig. 4.2, and deposited onto the
(100) InAs surface using a Langmuir-Schaefer approach [164].

By varying the surface density of graphene on the substrates, evaluated via SEM images.
I took the bare InAs surface as a reference, and defined a relative coverage density parameter
RD as normalized to the lowest coverage in our sample set (roughly corresponding to a visible
1.16% of area coverage). Fig. 4.3 shows the THz TDS of the samples. At RD = 1.5 the peak

field enhancement is on the order of 26.6%, which corresponds to a 60.3% increase in emitted

bt
51
:

E(THz) [N.U]
(==}

o
[,
T

=1.5 -1 -0.5 0 0.5 1 1.5
Time [ps]

Figure 4.3: THz-TDS scans of an undoped 5 x 5 x 0.5mm (100) InAs along with TDS scans of
samples with relative coverage density of 1.5 and 4.0. All three TDS scans are normalized to

the maximum peak of the bare InAs sample.
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Figure 4.4: The emitted peak THz field as a function of the relative graphene coverage density.

The figure is normalized to the maximum peak field of the bare InAs sample.

THz power, and demonstrates that graphene has indeed enhanced the emitted THz field as
expected. Notably, the sample with RD = 4 actually exhibited a reduction in the radiated THz
field, suggesting that as the graphene platelets percolate across the surface, the screening and
absorption of the interacting fields becomes more relevant [171]. From another point of view
therefore, SOR is actually assessing the ratio between area coverage and percolation, this holds
a number of potential applications in process control of the deposition.

For completeness, an overall assessment of the peak THz field obtained for different RD
is presented in Fig. 4.4, where a clear peak around RD = 1.5 can be observed. Therefore
demonstrating that although these measurements are highly promising, there are limits to the
enhancement and so I begun to consider other all-optical means to bypass the surface field

instead, which is presented as a published article later in this chapter.

4.2 THz Emission from Laser-Induced Plasma

When approaching a scheme for all-optical THz generation at semiconductor surfaces, it is
critical to consider how rectified near-DC frequency photons can be created from a combina-
tion of fundamental photons at frequency w. For a x(?) process such as OR (as described in
chapter 1.1.1), this is trivial as the difference frequency between two photons within the same

ultrashort pulse achieves this as [27, 28, 9]
WTHz =~ OTH, = w — w. (4.3)

As has previously been discussed in chapters 2 and 3 however, the primary source of THz

radiation at semiconductor surfaces is in fact due to the large resonant y(3) response, where the
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Figure 4.5: The electronic energy level diagrams displaying how the different combinations of

photons can sum to Ory, via transitions between virtual energy levels.

frequency difference is supplemented by the DC surface field, i.e. wr, =~ Org, = Opo +w —
w [110, 109]. When moving to the all-optical scheme however, the nonlinearity must be seeded

by the second harmonic field at 2w as

WTHy ~ OTH, = 2w — W — w. (4.4)

A schematic representation of these processes is shown in figure 4.5.

This scheme is entirely analogous to the generation of THz radiation from a laser-induced
plasma in air [172, 173, 156]. In the seminal work on THz plasma generation, it was in fact
described exactly this way in terms of a perturbative x(® nonlinear mixing of photons rep-
resented in figure 4.5b and modelled by equation 4.5 [174]. Although this theoretical model
was in fact later replaced by non-perturbative mechanisms involving the electron trajectories
in the free-electron plasma [175], the scheme can still be applied to solid-state semiconducting
materials and the plasma generation used to characterise the experimental setup is shown in
figure 4.7. By tightly focusing the intense fundamental ultrashort optical pulse with its second
harmonic in air, a highly nonlinear air-plasma is formed and the radiated THz photons are
critically dependent on the temporal overlap between the two optical pulses. To characterise
and determine the 7cp = 0 point (made non-trivial by the required subsequent optics), the
birefringent calcite plate in the setup was rotated while observing the THz radiated from the
laser-induced air-plasma. The peak THz pulse (shown in figure 4.6) detected in this way corres-
ponds therefore to the orientation of the calcite plate for perfect temporal overlap which could
then be applied to the two-colour generation at the InAs surface which will be explored in the

following sections.
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Figure 4.6: The THz field generated via laser-induced air plasma excited by two-colour fields.

4.3 Summary

The presented article therefore, is a thorough investigation of the coherent generation of THz
radiation from narrow-bandgap semiconductor surfaces exploiting two-colour, deeply above-
bandgap illumination. This process we denoted as All Optical Surface Optical Rectification
(AO-SOR) described by:

Pri, = X% (wrhy 1 2w; —w; —w) : Boy(£) : BX () : EX (1), (4.5)

where E,(t) is the fundamental electric field of the optical pulse and Eg,(t) is its second har-
monic. To observe this emission the fundamental field was first converted into second harmonic
via type I phase matching in a 8-BBO crystal cut for SHG at 800nm. Furthermore, by in-
troducing a birefringent calcite plate after this, the phase delay between the fundamental and
second harmonic fields could be controlled and a beating between them was expected at the
SH frequency. From this beating it is then possible to isolate the contributions from both SOR
and AO-SOR, demonstrating the shorter THz pulse duration and thus enhanced bandwidth due
to the thinner interaction region of AO-SOR. The article then demonstrates the high-energy
behaviour of the emission, where again by separating the contributions it can be demonstrated
that the SOR component displays the same expected soft-saturating trend while the AO-SOR
component increases quadratically with the square of the pump energy, as expected by con-
sidering Eg,, EUQJ Lastly, a quantitative estimate for the x(® nonlinearity can be made by
considering the dependence on the AO-SOR component from the crystal orientation, which

has a strong 4-fold symmetry when detecting the s-polarised THz field and illuminating with
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p-polarised optical fields

3 3 3 .
Eyrits o BpowE2 (0 — 2x0 — x2))sin(49), (4.6)

where ¢ is the crystal orientation angle measured from the 100 crystal axis. This resulted in an

m?2

estimation of the nonlinear susceptibility of ) ~ 9 x 1072 VT

4.4 Impact

This publication targeted the highly prestigious journal Physical Review Letters, which has a

5-year impact factor of 9.227 and a very broad scope covering all areas of science.

4.5 Journal Article

4.5.1 Abstract

Two-color terahertz (THz) generation is a field-matter process combining an optical pulse and
its second-harmonic. Its application in condensed matter is challenged by the lack of phase-
matching among multiple interacting fields. Here, we demonstrate phase-matching-free two-
color THz conversion in condensed matter by introducing a highly-resonant absorptive system.
The generation is driven by a third-order nonlinear interaction localized at the surface of a
narrow-bandgap semiconductor, and depends directly on the relative phase between the two
colors. We show how to isolate the third-order effect among other competitive THz-emitting

surface mechanisms, exposing the general features of the two-color process.

4.5.2 Main Text

The nonlinear generation of broadband terahertz (THz) fields from ultrafast optical pulses is a
subject of great interest for fundamental research and disruptive applications in imaging, spec-
troscopy and the design of materials and devices [176, 177, 178, 179, 180, 181, 182, 183, 184, 185,
186, 187]. Current research focuses on identifying new materials and generation mechanisms
to boost the efficiency and versatility of nonlinear THz sources, as in the case of organic crys-
tals [188, 189], spintronic substrates [190], and tunable gas lasers [191]. Second-order optical
rectification (OR) in non-centrosymmetric x(? bulk crystals, such as ZnTe or LiNbO3 [130, 143]
has been at the core of bright THz source development for many years. The stringent require-
ment to maintain the longitudinal phase-matching condition among the interacting fields across
a wide optical bandwidth, strongly limits both the laser sources and nonlinear materials. This

is achieved via sophisticated settings, and it is certainly a growing challenge when synchronous
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propagation of multiple fields is required, as in the case of third-order phenomena. A prom-
ising alternative is provided by new types of emitters based on thermally-induced spin-current
transients, capable of high-conversion efficiency over short propagation distances [188], as in
the case of ultra-thin spintronic substrates [190, 192, 193]. In this context, specific classes
of narrow-bandgap semiconductor surfaces have emerged as remarkably efficient surface THz
sources, under ultrafast (typically 100fs-class pulses) illumination. Indium Arsenide (InAs), in
particular, provides exceptionally high conversion efficiencies per unit length and stands as one
of the standard benchmarks for surface nonlinear THz generation [137]. While at lower fluences
(< 100nJ/cm?), InAs sources are mostly driven by carrier diffusion dynamics [104], in the high-
pump regime (>10uJ/cm?) their emission is dominated by DC-biased Surface Optical Rectific-
ation (DC-SOR) [128, 90, 194]. Similarly to second-harmonic generation from centrosymmetric
surfaces [195], in DC-SOR the optical pump interacts with a symmetry-broken medium provided

by the surface depletion field s of the semiconductor, which leads to an effective quadratic
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Figure 4.7: Experimental setup. (a) The red, blue and green beams denote the 800nm, 400nm
and THz beam paths, respectively. The inset displays the role played by the phase delay. (b) A
schematic of the whole setup. HWP: Half-wave plate, BBO: Barium Borate crystal, CP: Calcite
plate, SW: UV fused silica window, QWP: Quarter-wave plate, ZnTe: Zinc Telluride.
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response in the proximity of the surface [110]. Due to the neutralisation of the surface depletion
field from excited photo-carriers, however, the emission from DC-SOR. typically saturates at
high pumping fluences [137, 109]. This saturation, however, does not directly affect the third-
order x® nonlinearity, which can be exploited to generate THz radiation by mixing an optical

pulse with its second-harmonic through a process known as two-colour OR:
Braa(t) o xP(Q, 2w, —w, —w) Eau, (t) EZ5 () EL (1), (4.7)

where E,,(t) and FEy,(t) are the electric fields of the optical and second-harmonic pulses, and *
denotes complex conjugate.

The key signature of this interaction is the dependence of the THz amplitude from the
mutual phase and frequencies of the interacting fields [196, 197], a degree of control generally
not attainable in y(®-based THz sources. Two-color generation has been extensively exploited
in laser-induced gas plasmas, leading to the demonstration of THz sources with record-breaking
bandwidths [173, 198, 199, 172, 200, 201, 202, 203]. In these systems, the role of the four-wave-
mixing is negligible, as demonstrated by [175], whereas the THz emission is rather the result of
highly non-perturbative mechanisms. Two-color excitation also plays a key role in the injection
and coherent control of ultrafast ballistic currents in bulk semiconductors [204, 205, 206, 207].
In these experiments, the interference between two quantum pathways, single-photon absorption
at 2w and two-photon absorption at w, leads to the ultrafast injection of directional currents,
acting as a THz source [205, 208, 209]. Quantum interference is mediated by a below-bandgap
optical illumination seeding the two-photon absorption process (fw < E4 < 2hw, where Ej is
the semiconductor bandgap). However, in the presence of highly above-bandgap illumination in
narrow-bandgap semiconductors, (E, < hw), the direct one-photon absorption is the dominant
mechanism, effectively reducing the number of photons available for multi-photon nonlinear
current injection processes. [209]. A central challenge in implementing Eq.(4.7) is in keeping
synchronous interactions among all the interacting fields, a condition practically out-of-reach in
bulk condensed matter.

In this Letter, we demonstrate, for the first time, two-color optical rectification at an air-
InAs interface via a highly-resonant above-bandgap excitation, a process we denote as All-
Optical Surface Optical Rectification (AO-SOR) to distinguish it from the DC-SOR. The strong
absorbing regime is responsible for the very high effective y(3) nonlinearity and results in a
deeply sub-wavelength penetration depth that localizes the interaction within a quasi-2D surface
(in the scale of 25 atomic layers). The dimensionally-reduced interaction length allows the
relaxation of typical phase-matching constraints found in bulks. It also affects the dynamics

of competitive surface mechanisms, e.g. the photo-carriers-driven screening, on the emission.
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Figure 4.7 illustrates our experimental setup comprising a fundamental (FH) excitation beam

(@) (b)
% @ THz ‘)Q) % THz
\\/ delayrck /

lsurface field Equr

sub-A interaction region

InAs

InAs

©

skin depth at A=400nm skin depth at J=800nm %

Figure 4.8: THz emission from (a) DC-SOR, and (b) AO-SOR. In (c), the interaction region
(yellow line) is compared to the skin-depth of the interacting fields, A =400nm and A\ =800nm

respectively.

(A = 800nm, 100fs, 1kHz, ~ 1.0mJ, red beam) co-propagating with its second-harmonic (SH)
signal (A = 400nm, ~ 35.4uJ, blue beam). The cross-polarised SH pulse at 400nm was generated
via type-I process (0o-¢) in a 0.1mm thick 5-Barium Borate (BBO) crystal. A birefringent calcite
plate (CP)! introduced a tunable phase delay 7cp(¢) between the two cross-polarized fields.
Specifically, the phase delay is due to the difference in optical path length between the ordinary
wave at w and the extraordinary wave at 2w [210]. A second half-wave plate at 800nm rotated
the polarisation of the fundamental field, resulting in the two pumps being co-polarised. As
a nonlinear surface, we exploited an undoped (100) InAs substrate. The pumps illuminated
the surface at 45° respect to its normal. The THz signal was collected along the specular
reflection direction (green beam) through a standard Time-Domain Spectroscopy (TDS) setup,
implemented via a nonlinear (110) ZnTe crystal [1]. In this configuration, the generated THz

field consists of three major contributions:

By (1) oc X' B () EL(t) ot
+ X(g)EZLu(t - TCP)ESW (t - 7—C'P)Esurf
+ X Eo(t — 7o) EX () EX(t) cos(2wrep).  (4.8)
The first two terms account for separate DC-SOR contributions from the fundamental E,, and
second-harmonic Fy, fields (Fig. 4.8a). The third term, conversely, represents the AO-SOR

mechanism under investigation, where fundamental and SH fields interact through the third-

order x®) process from Eq. (4.7) (Fig. 4.8b), where 7¢p is the delay between E, and E,.

'EKSMA BBAR@800+400 nm-310-450 fsec
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We neglected any term arising from carrier dynamics as they are highly saturated at the con-

sidered fluences [137, 109]. Both DC-SOR and AO-SOR are localised within the sub-wavelength
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Figure 4.9: (a,b) Peak THz emitted field as a function of the phase delay 7cp. In both
plots, the THz field has been normalised with respect to the DC-SOR contribution. (c, d)
Detected THz pulse for 7ocp = 0 and 7¢p = 7/4w respectively. In both cases, we considered
p-polarised excitation and detection. (e, f) Comparison of the pulse temporal and spectral
amplitudes obtained by AO-SOR (red line) and DC-SOR (black dashed line), respectively. In

these experiments, the incident pump energy was 1.2mJ

region defined by the short skin depth of the incident optical fields (approximately 140nm at
Aw = 800nm and 16nm at Ag, = 400nm) [112]. In this condition, longitudinal phase-matching
does not play a significant role in the emission (Fig. 4.8c). The delay 7op is controlled by
rotating the calcite plate [210], and it affects only the amplitude of the all-optical process. By
holding the TDS delay in the position of maximum field detected, a change of 7cp produces
a beating pattern of period 1/(2f) = 7/w (Fig. 4.9(a-b)), as predicted by Eq. (4.8). When
Top = 0, all the sources components are in phase, resulting in a peak in the emission. Interest-
ingly, in this case, the emitted THz field is enhanced by a factor of ~40% (96% in power) (Fig.
4.9¢) when considering an incident pump energy of 1.2mJ. When 7¢p = /4w, conversely, the
AO-SOR component is suppressed, and we can isolate the DC-SOR contribution (Fig. 4.9d).
By subtracting the two signals, we can thus determine the THz field generated solely by AO-
SOR. As illustrated in Fig. 4.9(e,f), the THz pulse generated by AO-SOR is shorter in time
and broader in spectrum than that from DC-SOR. In the range 2-2.5THz the AO-SOR power
spectral density is 3.5-4dB above the corresponding spectrum for the DC-SOR. It is worth not-
ing that our current ZnTe-based detection limits the appreciable bandwidth creating a slope in

the spectrum as the frequency approaches 3THz. This limitation, however, could be removed
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by employing different nonlinear detection crystals operating at different wavelengths, such as

GaP [211], or an air-ABCD detection scheme [212]. We obtained further insights on the AO-
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Figure 4.10: (a,b) THz peak emission as a function of the phase delay 7¢p and the pump
energy P,. For each pump energy, we extracted the SOR contribution (panel b, blue line),
corresponding to the centre value, and the AO-SOR contribution (orange line), correspond-
ing to the beating amplitude. For each pump value, we extracted these values by fitting the
experimental data (red circles) (c) Total emission and DC-SOR contribution as a function of
the pump power, highlighting the soft saturation at high pump energies characteristic of the
DC-SOR emission mechanism. (d) AO-SOR emission as a function of |Ppymp|?. The dashed

line highlights the fitted ideal quartic dependence

SOR emission mechanism by measuring the emitted THz field as a function of the incident
optical power, as summarised in Fig. 4.10. To this end, we measured the peak THz field as
a function of 7¢p and the incident pump energy (Fig. 4.10(a)). As shown in fig. 4.10(b), for
each value of the pumping power we can employ the interference signal (green line) to isolate
the DC-SOR contribution (mean value of the oscillation, dashed blue line) from the cosine-like
AO-SOR contribution (amplitude of the interference oscillations, dashed orange line). For each
pump energy, we extracted the individual contributions by fitting the experimental data (red
circles). The analysis of these contributions is particularly useful to discriminate the saturation
dynamics of the two competing mechanisms, as illustrated in Fig. 4.9(c). The DC-SOR contri-
bution (blue dots) shows an initial linear trend at lower energies, followed by a soft saturation
profile characteristic of the field-induced DC-SOR [109, 137]. The AO-SOR, conversely, does
not show any appreciable saturation effect at the high fluences of our experiment, as the mech-
anism is not affected by the screening of the semiconductor surface field. Note that direct THz

photo-carriers screening tends to be also negligible due to the extremely short skin-depth of the
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second harmonic that defines the interaction region. This result is illustrated in Fig. 4.10(d):
by extracting the AO-SOR field contribution, we observe how it increases quadratically with
the square of the input optical energy (P2, o |E,|*, Fig. 4.10(d)) as dictated by Eq.(4.7) in
the presence of a second-harmonic field of the form Es,, o EZ2.

Quite interestingly, we were able to observe the onset of a sub-quartic trend for high pump ener-
gies. Main contributors to this effect are potentially the self-phase and cross-phase modulation
in the BBO crystal, which can induce a change of the nonlinear product at the InAs surface
by slightly detuning the fundamental and SH waves at high pump rates. Further insights on
the AO-SOR process can be obtained by observing the THz emission dependence from crystal
rotation. To this end, we analytically calculated such a dependence by generalising the full-
vector approach described in [213, 214, 215]. We derived a set of nonlinear Fresnel reflection
coefficients for the p and s polarisation components by matching the incident fields with the
nonlinear polarisation field Py, generating the THz field. Following the standard approach
outlined in Ref. [8], we obtained the THz field generated in reflection by matching Py, with a
wave reflected at the air-InAs interface. Our calculations show that the crystal orientation af-
fects each generation mechanism differently. A particularly relevant case involves the s-polarised
THz field generated by a (100) InAs by p-polarised pumps. In this configuration, the standard
DC-SOR is suppressed by the symmetry properties of the nonlinear tensor y ) [109, 128]. The

two-colour THz emission, on the contrary, reads as follows:
3 .
Eys = ZQLeffAsfgféctIZthp X sin(4¢) [xuii — 2Xiij; — Xijji] Fow) En (4.9)

where ¢ is the crystal orientation angle measured from the 100 axis, and Xjii,Xiij; and Xijji
are the three independent components of the tensor x(®). To ease a direct comparison with
the DC-SOR case, all the other quantities in Eq. (4.9) are identical to those in [109]. Our
experiments captured the four-fold symmetry predicted by Eq. (4.9), as illustrated in Fig. 4.11.
These results confirm that the AO-SOR emission originates from the nonlinear susceptibility
tensor of InAs. Interestingly, Eq. (4.9) allows us to also estimate the value of the nonlinear
susceptibility x® for the AO-SOR process in InAs as y3) ~ 9 x 10~21m?2/V2,

In conclusion, we provide here the first experimental demonstration of phase-matching free,
two-colour THz generation in condensed matter. This process, which is not observed in bulk
crystals, occurs in highly absorptive systems within a subwavelength interaction region dictated
by the skin depth of the SH field (~ 16nm at A = 400nm). The reduced interaction length
acts as a quasi-2D structure and ensures that the optical-to-THz conversion is unaffected by
longitudinal phase mismatch between the interacting waves. We predict that this approach

could be ideal for the generation of THz waves with large frequency detuning between the
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Figure 4.11: AO-SOR THz emission as a function of the crystal orientation angle () and the
mutual delay 7op. As predicted by analytical theory, the emission is characterised by a four-fold
symmetry which descends from the symmetry properties of the nonlinear susceptibility x(®) of

InAs. (inset) Peak-field trace as a function of 2wrcp for ¢ = m/4 (dashed line).

two-colour excitations, opening to the realisation of non-zero-frequency-carrier THz parametric
amplification. Our results also suggest that AO-SOR can significantly outperform DC-SOR
for the same total input pump power. Indeed, in our experiments, a minor amount of SH
contribution (about 3.5% in Fig. 4.9) produces a macroscopic enhancement of the optical to
THz conversion from InAs. If we denote as « the total fractional power of the second-harmonic
generated from the 800nm pump, the THz fields increase as Erp, < (1 — a)y/a. Such a
function has a very steep gradient around « ~ 3.5% and peaks at about a =~ 33%. Although
this consideration does not account for the losses, it indicates that this process yields a much
higher net efficiency when compared to standard benchmark surface emitters. We believe that
our proof-of-concept results could seed new developments in the implementation of ultra-thin
THz emitters for, e.g., near field imaging applications and integrated nanophotonic devices,
in which traditional nonlinear crystals cannot be scaled to the same size without reducing to
unpractical levels the optical-THz conversion efficiency [186, 187, 216]. In addition, the lack
of any observable physical saturation mechanisms typically related to photo-carrier mediated
screening of the surface field in DC-SOR, strongly suggests that the conversion limit of AO-SOR

is set by mechanisms that become relevant only close to the damage threshold of the substrate.
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Chapter 5

Accepted Paper: Terahertz Emission
from Ultrafast Temporal

Metamaterials

In my investigations of using pump-probe methodologies on THz emitting surfaces, I considered
one fundamental idea which can exploit the low frequency of THz waves. That being that it
is simple to achieve an transition in a material’s dielectric function which is in fact much
shorter than the THz period. The physics of sub-period excitations had previously been quite
thoroughly explored theoretically and can give rise to exotic nonlinear responses such as time
refraction and photon acceleration [74, 75, 76]. Experimentally however, when exploiting typ-
ical optical responses, achieving a sub-period excitation is quite unreasonable. Therefore many
of these effects have been studied with regard to the instantaneous flash ionization of gases in
optical cavities, giving rise to these complex nonlinear responses [77]. Little work therefore had
been conducted to observe any time-dependent nonlinearities in the THz range where not only
is it possible to excite a sub-period transition but a field-resolved detection enables the exact
measurement of phase effects. In the work on OPTP, it would be expected to observe some of
these effects, however in practice the material properties at optics and THz are very different,
resulting in very little overlap between the time-varying medium and the THz fields. A recent
study has shown that it is possible to observe THz shockwaves, a cutting of the field profile
in time caused by an extremely sub-period (8fs) pulse [78]. It is thus interesting to exploit
the OPRE scheme I previously developed to excite a sub-period transition directly on the THz
source, in this case choosing Black Silicon (B-Si) as the source in question. B-Si is a random

assortment of Si nanopillars which acts to trap > 96% of impinging light [217]. It was chosen
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both because of this highly enhanced absorption (hence a greater dielectric transition), but also
due to it’s ability to emit THz radiation when excited by ultrashort pulses [218], making the
random metasurface ideal for this investigation.

In this work my role was to conduct the experimental pump-probe study of the time-
dependent nature of the B-Si surface. I then analysed the results and formulated the physical
description of the process. After which I developed a time-dependent Drude model to be used
in a homebuilt by me 1D-FDTD simulation designed to observe the phase-shifting dynamics.
Lastly, I wrote the majority of the text prior to submission. The article was accepted by Physical

Review Research on 16" September 2021.

5.1 All-Optical THz Generation in Si

Briefly before continuing with the discussion on B-Si it is worth discussing one of the advantages
to the all-optical THz generation scheme presented in chapter 4, that being the use of the
x®) nonlinearity present in many optical materials. This provides the flexibility and opens to
the possibility of expanding the result to other material platforms with their own advantages
compared to InAs. Silicon for example being one such platform which is cheaper and far
more widely used with more mature material processing and manufacturing capabilities. Such
all-optical schemes for THz generation therefore could be used to quantitatively assess the y®)-
specific nonlinearity of semiconductor devices. By using the same optical setup as in 4.7, I then
replaced the InAs by Si to see if I could observe the same THz signal as predicted by equation 4.7.

Additionally, Si has another advantage as there isn’t any significant background THz signal in

THz Field (N.U.)

SB3r 27w -Tr 0 s 2 37
Relative Phase ZwTCP (rad)

Figure 5.1: The All-Optical Surface Optical Rectification signal obtained from a Si surface as

a function of the phase delay 7¢op.
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the measurement, this is due to the x(®) nonlinearity being non-existent and the fact that the
first two terms in equation 4.8 are negligible in the current scenario due to a much lower surface
field strength, thus the all-optical THz signal is fully decoupled from any other component. The
result of this measurement can be appreciated in figure 5.1, where the oscillations are clearly
visible about zero due to this negligible background. This proof-of-concept demonstrates the
flexibility of the AOSOR scheme to enable a much broader range of THz surface sources to
be implemented in a wide variety of practical scenarios where advanced fabrication processes
are possible, for instance via the use of metasurfaces to enhance such nonlinear effects. Black
Silicon therefore represents an interesting concept where the increased surface area due to the

nanopillars could result in novel physics being revealed.

5.2 Black Silicon THz Emission Dependencies

One of these novel physical processes is a remarkable phase-shifting dynamic due to the presence
of a fast-varying refractive index and is a main focus of this chapter, discussed thoroughly in
section 5.5. An additional result presented however is a large amplification of the THz signal
at the overlap between pump and probe pulses, which can be observed in figure 5.6 at 7 = Ops.
Where such an effect can be explained as a higher order phenomenon involving the potential
resonant and localized plasmonic coupling between pump and probe beams which are enabled
by the B-Si surface morphology. Here I will briefly present some experimental evidence for such

a plasmonic coupling that aren’t presented in the article itself.
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Figure 5.2: The B-Si enhancement factor as a function of the finite angle 6 between pump and

probe pulses.

The first of which is a dependence between the enhancement factor, defined as the ratio



74

between the peak THz field radiated at 7 = Ops in figure 5.6 and the peak THz field radiated
at 7 = —10ps, and the impinging angle between pump and probe pulses. In this scenario, the
coupling of the pump electric field to surface-plasmon-polariton (SPP) waves requires that the
pump impinging angle scatters at the surface such that the k-vectors between the optical and
SPP fields match [238]. This impinging angle dependence can be observed in figure 5.2, where
it can be seen that the smaller the angle the greater the enhancement. Worth noting however
that smaller angles weren’t possible due to the contamination of the detected dynamics by the
metallisation-pump-radiated THz field which is less efficiently spatially decoupled at shallower

angles.
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Figure 5.3: The enhanced THz field radiated from B-Si at the overlap between pump pulses as

a function of the pump polarisation angle.

The second dependency which was verified was the pump polarisation dependence, which
should show a clear preference for p-polarised electric fields which are aligned along the direc-
tion of the nanopillars (i.e. the normal to the surface itself). It can be seen in figure 5.3 that
the enhancement only exists for polarisation angles of 0°, +180° and —180°, with a degree of
control over the enhancement possible by tuning the polarisation.

The final dependency is on the impinging wavelength which should be specific to the mor-
phology of the specific sample. This measurement was made by introducing a BBO crystal
and 400nm bandpass filter in the metallisation pump beam path prior to photoexcitation. The
result of which can be seen in the full transient THz dynamics shown in figure 5.4. In this case
however there is no evidence of any enhancement at the temporal overlap, potentially due to
the fact that the nanopillar geometry being too large to act as a metasurface at 400nm. In
this case though it is important to mention that the migration from the near infrared to the

ultraviolet represents a very large modification to the material response, where the vast differ-
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Figure 5.4: The pump-probe dynamics of B-Si when a pump central wavelength of 400nm is

used.

ences in skin-depths and absorption profiles can significantly influence the observed dynamics.
Furthermore, the lack of any AOSOR component is due to the coarse temporal resolution used
as well as the spatial separation of the detected THz field.

These effects in combination demonstrate a potential plasmonic coupling which is also com-
patible with the results presented in section 5.5, with applications given in the coherent control
enabled purely by acting on the external pumping parameters. These other dynamics represent
an avenue by which this work can be taken further in the future by including more compre-
hensive experimental campaigns into these effects as well as a full 3D simulation including the

interactions between the free-carrier dynamics and the optical field propagation.

5.3 Summary

The article is an experimental and numerical investigation into the photo-excitation dynamics
at B-Si surfaces following THz emission. The experimental setup was similar to that of the
OPRE in chapter 2, however instead of observing the free-carrier modulation to surface optical
rectification, I am investigating how the ultrashort exciton injection affects a drift-diffusion THz

source given by
oJ(t)

ETHz(t) X W, (51)

where J(t) is the photocurrent density. Similarly to previously, by exploiting two optical pulses
for the pump and probe, I am able to confine the photocarrier density to precisely the same
region as the THz source. Firstly B-Si samples were fabricated using a self-masking Inductively

Coupled Plasma - Reactive Ion Etching (ICP-RIE) protocol based on an SFs/O2 plasma [219].
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These samples were characterised using scanning electron microscopy, where it was observed
that high aspect ratio (base ~ 100nm, height ~ 1pm) nanopillars were etched into the surface.
Such that the surface enables light trapping and a smooth index transition which minimises
reflections and enhances the absorption, giving it its black appearance. In the pump-probe
temporal dynamics several remarkable regimes were observed, the unscreened THz field typical
of B-Si, a phase-shifted enhancement during excitation and the subsequent recovery of the
sample as carriers diffuse and recombine. I then develop the time-dependent Drude model of

the dielectric function given by

wf,(w,t, T) (5.2)

£,7) = oo —
€(wrt,7) = € w? —iwy(w,t,7)’

where €., is the high-frequency dielectric constant, (¢, 7) is the rate of carrier scattering and

62N(t, T)

M*€0€ns
0€oo

wf,(t, T) = (5.3)

with e, m*, g being the electron charge, effective mass and vacuum permittivity respectively.
By propagating THz fields within the temporally-varying dielectric function via a 1D-FDTD,

similar phase shifting dynamics were able to be recreated.

5.4 Impact

This publication targeted the new American Physical Society journal Physical Review Research.
The journal scope covers the whole spectrum of physics research, focusing on important and
novel publications which fits with this work due to its fundamental linking of THz science with
the exciting field of time-dependent media.

The article has also been presented at several conferences. Including oral presentations given
by myself at the 2018 Advanced Photonics Congress in Zurich and the 2021 virtual conference
CLEO/EUROPE-EQEC.

5.5 Journal Article

5.5.1 Abstract

Systems with ultrafast time-varying dielectric properties represent an emerging novel physical
framework. We demonstrate here the first observation of sub-cycle dynamics interacting dir-
ectly with a photoexcited electromagnetic source. The photoelectron dynamics occurring on
timescales faster than the carrier-envelope field, confined in nanostructured silicon surfaces in-
duces a for nonlinear ultrafast phase shifts in the terahertz emission, exposing a completely

novel physical setting.
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Figure 5.5: (a) The full experimental setup for THz generation and ultrafast metallization of
black Silicon substrates. BS: Beam Splitter, GP: Generation Pump, MP: Metallization Pump,
B-Si: Black Silicon, ZnTe: Zinc Telluride, HWP: Half-wave Plate, WP: Wollaston Prism. (b)
A schematic displaying the three major regimes in the transient measurements as the B-Si
transitions from a semiconducting to the metallic state. (c) The corresponding shift in the real
part of the time-dependent refractive index induced by the MP, the inset shows a SEM image
of the B-Si surface (scale bar 5um).

5.5.2 Main Text

Materials with time-varying optical and physical properties provide an intriguing emerging
physical framework to study new forms of nonlinear light-matter interactions [72, 71, 220]. In
these systems, any electric field propagating in the medium perceives a temporal variation in
the dielectric properties of the medium as a temporal boundary [70, 221]. In the presence of
a temporal discontinuity of the refractive index between two values n; and ny, the conserva-
tion of the electromagnetic field components leads to the definition of “temporal” refraction
and reflection laws affecting the energy and spectral properties of the waves and involving the
evolution of the frequency from w; to wy via njw; = nywy [69, 75, 222]. By taking advant-
age of these relationships, it is possible to directly modify the spatiotemporal properties of
the electromagnetic wave and induce exotic nonlinear responses such as time refraction and
photon acceleration [74, 75, 76]. These phenomena have also been applied to achieve adiabatic
frequency conversion [223, 224, 225|, anti-reflection couplers in waveguides [226], spontaneous
photon emission [227] and to dynamically tune the direction of the Poynting vector [228]. In
this context, the absorption of ultrashort optical pulses in semiconductor nanostructures and
photonic crystals provides an ideal framework to study time-dependent optical responses in
accessible experimental settings [89, 229]. Due to the optical injection of a large density of

excited photo-carriers, the material undergoes an ultrafast metallization process corresponding



78

to a time-dependent complex susceptibility [55, 230]. Such an effect is analogous to the flash
ionization of gases in optical cavities, where the ultrafast formation of plasma leads to the onset
of complex interactions between the optical waves [77]. An interesting open question is whether
an ultrafast temporal boundary can affect the spatiotemporal properties of nonlinear sources
localized within the medium. When the dielectric transient occurs within timescales shorter
than the optical period, in particular, the mismatch between the characteristic timescales of
photonic responses and their coupling with the propagating fields poses a significant challenge.
Interestingly, this condition is met in the framework of terahertz (THz) pulse generation by
photo-excited carrier systems. The typical THz period (~ 1ps) can be significantly longer than
the metallization transient induced by standard ultrafast optical sources (~ 100fs pulses). An
additional advantage arising from exploiting THz pulses for physical investigation lies in the
ability to perform fully coherent field-sensitive detection, as in the case of Time Domain Spec-
troscopy (TDS), where the time-resolved detection of the field oscillations allows the retrieval of
the amplitude and phase information of the pulse [10]. TDS detection thus provides the ability
to perceive fast-arising time-boundaries beyond the effect they produce on the power spectral
density distribution of the electromagnetic wave [78, 70, 231]. In the past few years, this pos-
sibility has been explored in a series of Optical Pump Terahertz Probe (OPTP) spectroscopy
experiments focused on the direct observation of the impact of rapid variations of the density of
free carriers on the THz electric field [62, 65, 91]. Quite interestingly, for transitions much faster
than the THz field, researchers have observed the formation of additional frequencies in the THz
pulse due to the THz shockwaves reflected from an ultrashort step in the conductivity [78]. In
these experiments, however, the ultrafast transient would simply cut the THz waveform in time,
and the new frequencies would actually result from ultrafast damping of the dynamics. As in
the case of standard temporal refraction in CW systems, no energy transfer takes place between
the pump and probe pulses and the energy at these new frequencies has simply been distributed
from the original spectral profile [223, 232]. In OPTP, moreover, the actual overlap between
the dielectric transient and the THz field can be minimal due to the conspicuous mismatch
between the optical and THz penetration depths [90]. More importantly, in these conditions
the propagating wave interacts with a spatially static temporal conductivity transient, and the
modulation is critically smeared in time by the large velocity mismatch between the modulating
mechanism and the propagating wave.

In this work, we investigate an entirely different physical scenario where a nonlinear THz
source lies within the time-varying medium. To this end, we employ a Black Silicon (B-Si) ma-

terial platform consisting of a random distribution of Si nanopillars [233]. As B-Si is known to
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emit THz radiation when excited by optical pulses [218], this platform allows us to observe the
effects of the ultrafast metallization on a concurrent THz generation mechanism. Although the
precise origin of THz emission from B-Si is still a matter of debate in the literature [218, 234], it
is widely accepted that the morphological confinement of the carrier dynamics plays a primary
role. In our experiments, we investigated the effect of the ultrafast metallization on the THz
generation mechanism through a dual-pump optical setup inspired by the Optical Pump Rec-
tification Emission (OPRE) scheme discussed thoroughly in [90, 137]. Our experimental setup
is illustrated in figure 5.5(a). We employed a regenerative-amplified ultrafast source (Coherent
Libra HE+) which provides a train of ultrashort pulses with 1kHz repetition rate, 800nm cent-
ral wavelength, 100fs pulse duration and a beam diameter at e=2 of 9mm, as determined by a
knife-edge technique. We split the beam into three lines. The two main lines are responsible
for the generation of THz (generation pump, 0.6mJ) and to induce the ultrafast metallization
in the sample (metallization pump, 0.3mJ). We controlled the delay between the two pumps by
means of a mechanical translation stage. The third line (~ 1uJ) acted as an optical probe for
the detection of the generated THz field via electro-optic sampling [30]. We fabricated our B-Si
samples through a self-masking inductively coupled plasma-reactive ion etching (ICP-RIE) pro-
tocol in a SFs/02 plasma [219]. In this procedure, the competition between surface passivation,
ion bombardment and chemical etching leads to a highly anisotropic etching which results in
the spontaneous formation of sharp Silicon needles on the surface [233]. In our configuration,

the generation pump induces a photo-current J(¢) which acts as a direct THz source:

23 (t)

Erm,(t) o vt (5.4)

The metallization pump, conversely, drives an ultrafast metallization transient, i.e. a temporal
variation in the free-carrier density N:

_t—7

Nit—71)=[H({t—T)xA(t —7)]e Tsi.

(5.5)

where 7 is the intra-pump delay, H (t) is the Heaviside step function, A(t — 7) is the pump pulse
envelope, and 7g; (> 1ns) is the characteristic carrier recombination time (we assume the rising
front of the metallization is instantaneous in the timescale of the THz wave period). By acting
on the delay 7 between the two optical pumps, we could observe the effects of the temporal
discontinuity on the THz emission across all the different stages of the metallization process.
As illustrated in the temporal trace shown in Fig. 5.6, we observed the onset of rather different
and counter-intuitive regimes in the emitted far-field THz waveform. When 7 < —bps, the gen-
eration pulse reaches the sample before the metallization pulse. In this condition, the generated

THz field corresponds to the standard emission from B-Si substrates and it originates from
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Figure 5.6: (a) The full transient THz dynamics spanning tens of picoseconds before and after
photoexcitation. (b) The B-Si THz waveforms taken at the pump-probe delay times depicted
by the lines marked in (a). With 7 = —10ps, 7 = Ops and 7 = 10ps corresponding to the
standard unexcited B-Si, the transient metallization region and the metallic state respectively.
(c) The THz spectra obtained via the fast Fourier transform of the temporal waveforms shown

in (b).

photocarrier drift-diffusion mechanisms (Fig. 5.6(b), red line) [218]. At 7 ~ —5ps, the genera-
tion and metallization pulses begin overlapping in the sample, where the ultrafast injection of
photocarriers leads to a rapid change in the complex dielectric function in proximity to the THz
source. Quite interestingly, the effect of the ultrafast metallisation on the THz emission mani-
fests through a stark coherent phase shift and enhancement of the generated pulse. This effect
peaks at 7 = Ops (Fig. 5.6(b), green line). In this scenario, the conductivity transient acts as
a temporal boundary which is perfectly overlapped in space and synchronized in time with the
THz source, causing the shift in the position of the peak of the detected THz field. It should be
noted that the delayed onset of the shift, which is maximized at 7 = Ops, is a direct consequence
of the finite angle between generation and metallization pumps, which results in unavoidable
temporal smearing (on the scale of a few ps) between the two. After the transition is completed
(7 > 5ps), the system relaxes to a stationary condition following two notable timescales. At
first, the field enhancement decays quite rapidly as the temporal overlap between the probe
and the index step increases within the smearing. Secondly, the system follows a slow recovery
dynamics due to the spontaneous recombination of photocarriers in the sample. Quite notably,
the phase shift is preserved even after the temporal transition is complete, suggesting that it is

fundamentally related to the onset of a metallic state in the BSi needles. In our experiments,
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we further noticed that the magnitude of the phase shift varies across samples with different
morphologies and it appears independent of the pumping rate, suggesting that it depends on
the specific geometry of the B-Si nanopillars. Furthermore, we observed that the amplitude can
be tuned by acting on several pumping parameters such as wavelength, polarization and pulse
energy, which modify the photocarrier density, energy, and spatial overlap with the interacting
fields.

To provide further insights on the fundamental process driving the phase-shift, we stud-
ied the ultrafast metallization process through fully-dispersive (implemented via a Auxillary
Differential Equation method), 1D-FDTD simulations [235]. More specifically, we integrated
a time-varying material configuration by generalising a standard Drude model to the time-
dependent material configuration. Following standard approaches, we expressed the Drude
dielectric function as follows:

27w, (t — 7))

w? —iwy(t—171)’ (56)

e(w,t —7) = €00 —

where €., is the high-frequency dielectric constant [236]. In Eq. (5.6), we explicitly introduced
the time-dependent properties of the medium through the scattering rate v(t — 7) and the
material’s plasma frequency v,(t — 7). The first is determined by a combination of electron-

electron scattering as well as electron-phonon scattering contributions, while in a semiconductor

1 [e2N(t—r1)
Vp(t—T):% Tmteota (5.7)

with e, m*, ¢y denote the electron charge, effective mass and vacuum permittivity, respectively.

the latter is expressed as:

We assumed a plasma frequency of v, = 0.75 THz for the stationary case and v, = 70 THz
for the photo-excited case, corresponding to an excitation free-carrier density of 2.6 x 102°cm™3

compatible with our experimental conditions. Following the approach described in Ref. [237],

_1_

08Fs upon excitation due to

we also assumed scattering rate of before excitation and

1
10.5fs
reduced electron scattering in the higher conductivity regime [238]. These values correspond to
a refractive index discontinuity of ~ 57, consistent with the magnitude normally achievable in
plasmonic systems. This suggests that the temporal boundary is in fact mediated by surface
plasmon polariton (SPP) electronic waves [238, 80, 81] enabled by the nanopillar geometry,
where the jump in refractive index can be much larger than that of the planar case. We also
considered a slightly longer excitation pulse duration of 640fs to minimise the onset of spurious
reflections in the FDTD propagator [235]. Our FDTD simulations consisted of a THz pulse

source launched from within a Si substrate whose dielectric function is varying as given by Egs.

5.5-5.7 for different values of the intra-pump delay 7. The model accounts for the experimental
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Figure 5.7: (a) The fully simulated THz time-dependent dynamics, where all waveforms have
been normalized with respect to themselves to highlight the phase shift induced by the mater-
ial metallization. (b) The temporal THz fields corresponding to the pump-probe delay times
marked in (a). With 7 = —7.5ps and 7 = 7.5ps being the semiconducting and metallic states
respectively. (c¢) The experimental dynamics shown in figure 5.6 with the same normalization
to demonstrate the behaviour similar to that shown in (a). (d) The experimental waveforms

taken at the same delay 7 as in (b).

temporal smearing with a low-pass filter (with a time constant of 3ps) along the pump-probe
delay axis 7, but does not include any corrective effect for reproducing the morphology of the
surface. As a result, any potential resonant and localized plasmonic effects induced by the
metallic cones or nonlinear mixing cannot be appreciated here. Such effects possibly contribute
to higher order effects, such as the field enhancement observed in Fig. 5.6, but are remarkably
not necessary to reproduce the fundamental phase dynamics of the phenomenon. This is evident
in Fig. 5.7, where we compare the simulations with the experimental results. Remarkably, our
simple model reproduces accurately the experimental phase shift and this is a core evidence
that our photo-excited metasurface mainly behaves as a temporally varying material.

In conclusion, we have provided the first experimental characterisation of the effects of an
optically-induced, ultrafast temporal discontinuity on the field generated by a nonlinear THz-
source. This physical scenario is significantly different from previous investigations as the non-
linear source is embedded in the time-varying medium. This novel physical framework enables
the observation of a coherent time-dependent phase-shifting dynamic in the emission and in a
net gain of the optical-to-terahertz conversion efficiency. Quite significantly, the phase-inversion

dynamics can be fully retraced to the time-dependent transition in the medium, as demonstrated
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by introducing a time-dependent Drude susceptibility model in FDTD simulations. Finally, our
results suggest that inducing a time-dependent refractive index within nonlinear optical sources
can enable novel intriguing features. For example, while photocarriers are traditionally only
exploited to screen a THz field in a standard pump-probe embodiment [234], we demonstrated
that a time-varying photoexcitation can control the far-field THz phase by acting solely on
the pump-probe delay. By allowing direct access to the amplitude and phase properties of the
emitted THz pulse, we expect that this new physical framework could trigger new perspectives
and methodologies to gain full-field control on the THz emission, while simultaneously provid-
ing a benchmark for further investigations on time-dependent phenomena exploiting the optical
excitation of THz field sources. Furthermore, we predict that such schemes can also create
impact in complex nonlinear imaging [187, 186] and in the optical control of electron-electron

interactions [182, 183].
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Chapter 6

Conclusion

To conclude, a large quantity of physical advances have been made and presented within this
thesis. Starting with chapter 2, my work on the specific measurement of surface potentials
and their modification due to the injection of photocarriers. Which provides novel insights into
the emission of THz radiation from semiconductor surfaces with application in the quantitative
characterisation of semiconductor devices with impact in electronics, photovoltaics and in optical
sensors. Directly relating to this work, chapter 3 presented novel insights into the saturation
of surface optical rectification was presented, demonstrating for the first time the actual lack
of any hard saturation process, instead showing the return of the quadratic dependence on
the THz emission. Such a result was discussed in context to the general THz community with
impact in the understanding of semiconductor surface emitters and their applicability to imaging
systems. I have also presented a method by which the SOR process can be circumvented. This
method, discussed in chapter 4, showed that it was possible to circumvent the SOR. process by
illuminating the surface with both the fundamental and second harmonic ultrashort pulses, and
as such separate the contribution from the surface field which can in fact be detrimental to the
emission at extreme excitations. Such a result furthermore removes the requirement that the
surface emitter has any significant surface field, as such it is in principle able to be extended to
other material platforms exhibiting a high x®) nonlinearity at a lower cost, such as in Silicon.

I then applied in chapter 5 all the knowledge that I had gained so far on THz photonics
and free carrier dynamics to provide the first measurement on the THz dynamics in black
Silicon surfaces, with novel results being revealed whose roots can be attributed to the rapidly
expanding and exciting field of time-dependent media. This result has the potential to generate
a large amount of excitement in the metamaterials and THz fields where the combination
of the sub-period excitation timescales with the field detection enabled by TDS can provide

a platform for the experimental study of these novel dynamics. Lastly, I presented in the
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appendices how some of my work has been applied. Firstly, in appendix A, I explain how my
gained expertise in the pump-probe measurement techniques was then exploited in the optical
domain. Demonstrating yet again the strengths of such techniques in the direct measurement
of photocarrier motional dynamics in the time domain. Then, in appendix B, the development
of a novel nonlinear ghost imaging system is presented, where the THz image is built up by a

correlation between the spatial patterning of an optical pulse with the detected THz waveform.

6.1 Future Work

There are several potential avenues that shall be taken in the future due to this work. Firstly,
the all optical surface optical rectification scheme presented in chapter 4 is currently being
expanded to enable the systematic investigation of the x(3) based nonlinearity in a range of
semiconductors including ZnTe. Furthermore, by the addition of a significantly sensitive phase
measurement, it is expected to be used to reveal the dynamics of the quantum interference
mechanism and its contribution to the nonlinearity. Secondly, my work on the black Silicon shall
be continued to the realisation of a fully complete model fitting to all aspects of the experimental
results. Furthermore, the time-dependent nature enables my approach to be targeted towards
the broader metasurfaces and plasmonic communities, where a doubly resonant structure can
be designed with a tunability afforded by the pump induced temporal variation in the refractive
index. An additional area where my work can be continued outside of the field of terahertz is
in the optical observation of charge carrier dynamics enabled by the Trans-Carrier spectroscopy
presented in appendix A. Through which the experimental scheme may be used to investigate
other samples where charge-transfer dynamics are relevant in their operation, such as in certain
forms of nanostructured catalysts. Lastly, the continued development of THz ghost imaging
systems (like those presented in appendix B) which can integrate THz emitting surfaces to
enable a highly subwavelength propagation in order to minimize the spatio-temporal coupling

experienced by the THz field in its current configuration.
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Appendix A

Published Paper: Charge Transfer
Hybrids of Graphene Oxide and the

Intrinsically Microporous Polymer

PIM-1

As I had rapidly gained advanced competences in nonlinear surfaces, free-carrier dynamics and
pump-probe methodologies, I joined a collaboration with the Material’s Physics Group at the
University of Sussex. They had developed hybrids of nanoparticles of a novel polymer of in-
trinsic microporosity (PIM) with graphene oxide (GO) nanosheets. PIM-1 in particular has
been suggested as a new material with efficient charge transport and semiconducting properties
suitable for low cost, flexible polymer light-emitting diodes [239]. Furthermore, the microporous
nature of the polymer structures make it an exciting material for heterogeneous catalysis [240].
Introducing other materials such as GO into hybrids can both further the understanding of
the optoelectronic properties of the PIM-1 nanoparticles, the signature of which was still unex-
amined in literature.

My role in this work was to investigate the ultrafast charge transport properties of the PIM-
1/GO nanohybrids by performing transient absorption measurements of three samples, pure
PIM-1, pure GO, and a 50% hybrid. I designed and performed the experiment, including the
data analysis, fitting and retrieval of the decay time constants, the result of which can be seen
in figure 2F. I also contributed significantly to the writing of the section of the text referencing
the figure and the description of the experimental setup. The article was submitted to Applied
Materials and Interfaces on the 5* June 2019 and was published on the 27¢ August 2019.
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A.1 Summary

The article presents a thorough characterisation of the optical properties and the electronic
charge transfer dynamics of nanohybrids of PIM-1/GO. This is initially done via time-resolved
photo-luminescence spectroscopy, where the sample is photoexcited with a pump pulse at an
above band-gap excitation wavelength of 358nm. The spontaneous recombination is then ob-
served by the emission of photons with an energy equal to the band-gap, corresponding to a
wavelength of 510nm, which is then mapped over nanoseconds by observing the decay in the
brightness of the photo-emission. While the photo-carrier lifetime can be extracted from these
measurements, with the hybrids demonstrating a faster recovery, charge transfer typically occurs
on much shorter timescales. The second characterisation therefore was the transient absorption
spectroscopy, to observe the carrier dynamics on sub-picosecond timescales. In this measure-
ment, a strong ultrashort (< 100fs) pump pulse at 400nm was exploited to excite carriers into
the conduction band of the samples. The enhanced conductivity is then mapped by observing
the modulation in the transmission of a weak 800nm probe pulse, which otherwise doesn’t in-
terfere with the sample. By delaying the pump pulse with respect to the probe pulse, the decay
of the differential transmission provides insight into the carrier drift, diffusion and recombina-
tion dynamics. Noteworthy, was that the hybrids displayed a shorter recovery when compared
to the GO samples, evidence that the PIM-1 polymer has provided additional trap states and
charge transfer pathways for the photocarriers. As these measurements provided evidence for
excited state charge transfer between the two materials, Raman mapping and Kelvin probe
force microscopy was used to observe modifications to the doping density and work function
of the nanohybrid. From this thorough characterisation, a simple model of the charge trans-
fer interaction was then presented as an alignment of their Fermi levels and the movement of

excitons from the GO across the PIM-1 before recombination and photon emission.

A.2 Impact

This publication targeted the American Chemical Society journal Applied Materials and In-
terfaces, which has a 5-year impact factor of 8.456. The journal scope covers the development
of novel polymers and composite materials such as PIM-1/GO, surface and interface physics,
as well as in the application of electronic devices / catalysis. Clearly therefore, the journal
provided a perfect fit for this article.

Since publication, the article is yet to be cited or presented at any conferences.
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A.3 Journal Article

A.3.1 Abstract

Nanohybrid materials based on nanoparticles of the intrinsically microporous polymer PIM-1
and graphene oxide (GO) are prepared from aqueous dispersions with a reprecipitation method,
resulting in the surface of the GO sheets being decorated with nanoparticles of PIM-1. The
significant blueshift in fluorescence signals for the GO/PIM-1 nanohybrids indicates modific-
ation of the optoelectronic properties of the PIM-1 in the presence of the GO due to their
strong interactions. The stiffening in the Raman G peak of GO (by nearly 6cm ') further indic-
ates p-doping of the GO in the presence of PIM. Kelvin probe force microscopy (KPFM) and
electrochemical reduction measurements of the nanohybrids provide direct evidence for charge
transfer between the PIM-1 nanoparticles and the GO nanosheets. These observations will be
of importance for future applications of GO-PIM-1 nanohybrids as substrates and promoters in

catalysis and sensing.

A.3.2 Introduction

Charge transfer processes on the nanoscale play a key role in a range of organic electronic devices
such as solar cells [241], light emitting diodes [242], and field-effect transistors [243, 244]. The ef-
ficiency of charge transfer at the interfaces between the electron-donating and electron-accepting
materials is critical to the performance of such devices. The effect of charge transfer is also ob-
served in the fields of sensing and catalysis [245]. In particular, the charging effect between the
individual component [245] and the substrates [246] could facilitate the formation of conductive
phases thus further promoting the catalytic efficiency [247].

Polymers of intrinsic microporosity (PIMs) have emerged as a novel class of materials in a
range of applications including gas permeation [248, 249, 250], gas separation [249, 250], and
hydrogen storage [248]. In particular, a polybenzodioxane polymer, PIM-1, the first synthes-
ized soluble and processable PIM (see structure in Figure A.1A), due to its conjugated nature,
exhibits strong fluorescence and is solution processable allowing it to be cast as a transparent,
yellow-tinted freestanding film. Recently, it has been suggested that PIM-1 possesses n-type
semiconductor characteristics and efficient electron charge transport for low cost and flexible
polymer light-emitting diodes (PLEDs) [239]. Moreover, PIM-1 exhibits molecularly rigid and
constrained structures leading to microporosity, which make it a useful material for heterogen-
eous catalysis [251]. Introduction of other materials to form the hybrids seems to be a feasible

route to further understand and improve the properties of PIM-1. However, to the best of our
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knowledge, the nanoscale electronic properties and the associated optical signature of the PIM-1

nanohybrids have never been reported.

Figure A.1: (A) Molecular structure of PIM-1 and schematic illustrating the formation of
GO/PIM-1 charge transfer nanohybrid materials. (B) Photographs of aqueous dispersions of
PIM-1 nanoparticles and GO. (C) Photographs of the GO/PIM-1 nanohybrids with 33, 50, and
67 wt % GO from left to right. (D) Scanning electron micrograph of PIM-1 nanoparticles on
a silicon wafer and (E) GO/PIM-1 (50wt%) nanohybrid. (F) Atomic force micrograph of the
nanohybrid in E. (G) Particle size histogram from AFM for the GO/PIM-1 nanohybrid.

Graphene oxide (GO) is usually employed as a precursor for the large-scale production of
graphene [252] because of two important characteristics, solution processability from aqueous
colloidal dispersions and synthetic accessibility from inexpensive raw graphite. Recently, GO
has been highlighted not only for its relevance to graphene production but also for its own
unique chemical structure and characteristics, which enable new applications in fields like cata-
lysis, electronics, and optolelectronics [253]. One of the most interesting properties of GO is

related to its heterogeneous electronic structure, which results from the existence of both sp?
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and sp? hybridized carbon atoms [254] in an atomically thin 2D nanosheet. The presence of
functional groups on the basal plane and at the edges of GO allow interaction with a range
of chemicals through either covalent or noncovalent bonds to produce nanohybrid materials
with novel properties [255]. The charge-transfer phenomena between graphene and conjugated
polymers have been extensively reported, and the resulting nanohybrids exhibit enhanced con-
ductivity and better efficiency, for example, in photovoltaic devices [256, 257, 258]. However,
the interesting properties of graphene oxide nanohybrids with polymer systems are only begin-
ning to emerge. In previous work [259], we employed the reprecipitation approach to prepare
conjugated polymer/GO nanohybrids to facilitate the intimate contact between both materials.
These nanohybrids were found to exhibit interesting charge transfer behavior. Hence, it is of
great interest to apply this same approach to develop novel GO-functionalized or nanohybrid
materials and to understand and tailor nanohybrid properties. Previous work on hybridization
of graphene oxide and polymers of intrinsic microporosity has been sparse. Graphene oxide
has been incorporated into PIM-1 membranes with enhanced gas transport and gas separa-
tion performance [260, 261], but the nanoscale interactions between these two materials have
not previously been investigated. Here, a novel type of nanohybrid is studied based on these
two interesting materials, graphene oxide and the fluorescent polymer of intrinsic microporosity
(PIM-1), in order to reveal the inherent electronic properties.

In this paper, we demonstrate the presence of localized charge transfer effects based on ex-
tensive characterization of GO/PIM-1 nanohybrids (illustrated in Figure A.1). The nanohybrid
materials were fabricated in water dispersions with varying GO concentration. The structural
morphology was characterized by scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM). UV—visible photoluminescence (both steady-state and time-resolved) and Raman
spectroscopies were employed to understand the interaction and resultant optoelectronic prop-
erties. Electrochemical measurements were performed to characterize the ease of reduction of
GO to graphene as a function of PIM-1 polymer content. It is illustrated that charge transfer in
the nanohybrid materials is likely to cause tuning of some spectroscopic and surface properties
for both GO and PIM-1. This opens up opportunities for further exploration, in particular for

microporous nanocomposites as substrates/promoters for catalysis and for sensing.

A.3.3 Experimental Section
Chemical Reagents

Polymer PIM-1 was prepared following a literature recipe; the dibenzodioxane formation re-

action was performed using the commercially available bis-catechol 5,5, 6, 6'-tetrahydroxy-
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3,3, 3, 3'-tetramethyl-1, 1’-spirobisindane and 2, 3, 5, 6-tetrafluororo-terephthalonitrile [249]. Graphene
oxide in an aqueous dispersion (25mg/mL) was obtained from Graphenea (San Sebastidn, Spain)
(flake size ~ 10pum, monolayers, C/O ratio ~ 2.1). Tetrahydrofuran, phosphoric acid (85%),
and sodium hydroxide were purchased from Fisher Scientific and used without further purifica-
tion. Solutions were prepared with deionized water of resistivity of 18.2MQ-cm freshly prepared

using a Thermo Scientific Barnstead Smart2Pure purifier.

Synthesis of GO-PIM-1 Nanohybrid Materials in Dispersion

PIM-1 nanoparticles and GO/PIM-1 nanohybrids were synthesized using the reprecipitation
method. A volume of 1mL of PIM-1 in THF solution (1mg/mL) was added into 20mL of GO
water dispersion (GO weight, Omg, 0.5mg, 1mg, or 2mg) drop-by-drop under vigorous stirring
(6000rpm for 10min) in a Silverson LM5-A high shear mixer. The GO/PIM weight ratios in

the resulting nanohybrid dispersions in water were 33, 50, and 67 wt %, respectively.

Characterization

Scanning electron microscopy (SEM) measurements were performed using the Zeiss SIGMA
field emission gun (FEG-SEM). The working conditions were an accelerating voltage of 1.00kV
and working distance of 2mm. AFM was performed on thin films coated on a silicon wafer with
a Bruker Dimension Icon in QNM mode and KPFM mode. Silicon probes doped with nitrogen
(PFQNE-AI) were used for the investigation, Kn > 0.6 £ 0.1N/m. Freshly cleaved HOPG
was used as a reference to measure the work function of the tip (4.31 £ 0.04eV) in ambient air
conditions at 33% humidity. The VCPD (contact potential difference) data was recorded at
a lift height of 10nm. UV-vis absorption spectra were recorded with Shimadzu UV3600Plus
UV-vis—NIR from 250 to 600nm. Photoluminescence emission spectroscopy was performed
on a Shimadzu RF 6000, and time-resolved photoluminescence was performed using a Horiba
Deltaflex with a 10mm path-length quartz cuvette with an excitation wavelength of 358nm. All
the PL measurements were carried out with the samples exhibiting the same optical density to
be consistent. Raman spectroscopy was carried out with a Renishaw inVia Raman-AFM with
an excitation wavelength of 660nm.

Electrochemical measurements were recorded with a Gamry Reference 600+ potentiostat
with glassy carbon as the working electrode (3mm diameter, BASi), platinum wire as the counter
electrode, and Ag/AgCl (3M KCl) as the reference electrode in phosphate buffer solution. A
volume of 4mL of GO and GO/PIM-1 nanohybrid dispersions was deposited onto the glassy

carbon electrode. Cyclic voltammetry experiments were performed (scan rate 10mVs™!) to
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investigate the electrochemical reduction of GO in aqueous 0.1M PBS, pH = 5. Size distribution

measurements were performed with an Anton Paar Litesizer 500 particle analyzer.

A.3.4 Results and Discussion

Figure 1A schematically illustrates the chemical structures of the component materials. PIM-1
nanoparticles and GO/PIM-1 nanohybrids dispersed in water were synthesized using a repre-
cipitation method. The polymer is dissolved in a good solvent (THF) which is miscible with
an antisolvent. Mixing of these two dispersions causes the solvated polymer chains to contract
and precipitate as solid nanoparticles. Stable dispersions were obtained by this method (see
Figure A.1B,C) with 1mg of PIM-1 and 0.0, 0.5, 1.0, or 2.0mg of GO in 20mL of water. The
morphology of PIM-1 nanoparticles and GO/PIM-1 nanohybrids were studied by scanning elec-
tron microscopy (SEM) and atomic force microscopy (AFM). Figure 1D shows that uniform
PIM-1 nanoparticles are successfully prepared, and they are smaller than 100nm in diameter.
For the nanohybrids, Figure A.1EF suggests that PIM-1 nanoparticles formed in the GO dis-
persion tended to graft uniformly to the surface of the GO sheets. The particle size histogram
(Figure A.1G) produced from AFM images of the hybrids is consistent with observations of the
pristine PIM-1 nanoparticles.

PIM-1 is a nonconductive molecule with interesting nanoscale structural and optical prop-
erties. As such investigation of the optical properties can yield information on the interactions
of the PIM-1 chains with one another and their environment. It has been suggested that inter-
molecular interactions, such as hydrogen bonding, could lead to rearrangement of PIM-1 chains
in different molecular environments (as may be produced through the reprecitpitation process),
but it is hard to completely confirm [262]. To the best of our knowledge, the effect of chain
arrangement of PIM-1 on optical and electronic properties has never been reported. As for
other conjugated polymers, there is extensive prior work in the literature [263]. Indeed, our
previous work on nanohybrids of poly(3-hexylthiophene) (P3HT) showed evidence for polymer
conformational effects in the form of vibronic features in the optical spectroscopy measure-
ments [259]. UV—visible extinction spectra are shown in Figure A.2A for PIM-1 nanoparticles
and for GO/PIM-1 nanohybrids in an aqueous dispersion over a wavelength range of 250 to
600nm. In agreement with previously reported data [239], two intense peaks are observed for
PIM-1. The peak centered around 291nm corresponds to the ¢ — 7* transition, and the peak
centered at 429nm arises from a w — 7* transition, which is commonly observed for conjugated
aromatic compounds. In the hybrid materials, both absorption peaks for PIM-1 are observed

to be diminished and slightly red-shifted with increasing GO content (see also Figure S1 for a
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second derivative plot of the data in Figure A.2A). The inset in Figure A.2A shows the optical
bandgaps of the component materials derived from Tauc plots (see Figure S2) of the UV—-vis
spectra. We observe a negligible trend in the optical gap with increasing GO content in the
hybrids, suggesting that there is no strong structural or chemical interactions of the component
materials. This suggests the observed peak shift of the PIM-1 UV—vis features is likely due to
increased scattering caused by the addition of GO [263].

PIM-1 exhibits strong fluorescence due to the presence of conjugated ring groups within the
polymer backbone [264] (see Figure A.1A). The spectra in Figure A.2B show that the fluores-
cence intensity is quenched by the presence of GO (see also Figure S3). The inset in Figure A.2B
shows that the peak intensity scales approximately linearly with the GO/PIM-1 ratio. Addi-
tionally, the emission peak is significantly blue-shifted (see also a Gaussian deconvolution in
Figure S4), which indicates a strong interaction between these two materials [265]. Since there
is no significant change to the PIM-1 optical gap we can reason that the decrease in the Stokes
shift (see also emission and excitation spectra in Figure S5) in the hybrid indicates a decrease
in the exciton binding energy [264]. The Stokes shift is approximately 200meV in the pristine
PIM and is reduced by ~ 75meV in the hybrid. In many conjugated systems the Stokes shift,
determined from the difference in energy of the absorption edge and emission energy, is found to
decrease as the rigidity of the polymer backbone is increased. Similar effects may be responsible
for the observed decrease in Stokes shift in the nanohybrids. Moreover, the energy gap for an
electronic transition of a chromophore is influenced by the fluctuations in the environment. In
our hybrid systems, as the GO content increases, it may be that the associated reduction in
Stokes shift can be explained by a steric interaction of the PIM-1 adsorbed onto the GO.

Figure A.2C,D shows the time-resolved emission spectra under 358nm excitation. Although
it is not the optimum excitation for this measurement, the energy is above the optical gap
and as such can still produce excited carriers, which relax nonradiatively before PL emission.
In addition, the lower emission intensity does not influence the PL lifetime measurement for
the same emission energy between the excited state and the ground state. Both plots have
a contour at 50% intensity (relative to peak emission) which show that the hybrid lifetime is
reduced over the whole emission range. Since the maximum position of the fluorescence peak
is at 510nm for excitation at 358nm, Figure A.2E shows the temporal decay curves at this
wavelength (A, = 510nm) for both the PIM-1 nanoparticles and the GO/PIM-1 nanohybrid.
The decay data for the pristine nanoparticles is best fitted to a double-exponential function
with component lifetimes of 71 = 0.66ns and 75 = 2.66ns. Delocalization of the electron—hole

pair across two chains gives longer-lived PL while the exciton confined to a single chain gives
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Figure A.2: (A) UV-vis extinction spectra for GO, PIM-1 nanoparticles, and GO/PIM-1 nano-
hybrids in aqueous dispersion. (Inset) Optical bandgap energies for the component materials in
all dispersions, measured from Tauc plots. (B) Steady-state fluorescence data (Ac; = 358nm) for
PIM-1 nanoparticles and GO/PIM-1 nanohybrids. (Inset) Relative fluorescence intensity versus
the GO/PIM-1 weight ratio. Time-resolved emission spectral data for PIM-1 nanoparticles
(C) and GO-PIM-1 nanohybrids (D). The black contour denotes 50% of the peak intensity
in both cases. (E) Single-wavelength time-resolved fluorescence decay curve (A, = 358nm,
Aem = 510nm) for PIM-1 nanoparticles and GO/PIM-1 nanohybrids. (F) Transient differen-
tial transmission curves for GO, PIM-1 nanoparticles, and GO/PIM-1 hybrids as a function of
pump-probe delay with a 400nm pump (5.4GW/cm?) and a 800nm probe (0.6GW /cm?).

short-lived PL. This is due to an increase in electron—hole wave function overlap (and hence
recombination probability) for decreasing binding radius. Therefore, we attribute the two com-

ponent lifetimes to intra- and interchain emission, respectively. In the hybrids, the short-lived
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intrachain component is unmodified while the long-lived interchain component reduces in in-
tensity and lifetime [259, 266, 267]. As such we observe a consistent reduction of the total PL
lifetime of GO/PIM-1 nanohybrids with increasing mass ratios (33, 50, 67wt% GO) (see Figure
S6).

The photophysical properties of the nanohybrids were further investigated by pump—probe
transient absorption measurements (Figure A.2F). In this technique a pump pulse (at 400nm)
is employed to generate a population of electrons in an excited state which are then probed with
delayed pulses (at 800nm) to investigate the effect of the modified electron population on the
transient absorption. This method facilitates investigation of the short-time carrier dynamics
in the GO and how the addition of the PIM-1 modifies this behavior. Since PIM-1 does not
contain extended conjugated segments, charges elevated to excited states by the pump pulse
do not contribute to the optical behavior below the HOMO-LUMO transition energy; this res-
ults in the negligible change in sample transmittance observed in Figure A.2. In GO, charges
elevated by the pump pulse are free to move due to extended (though not globally connected)
conjugated regions. This carrier mobility means that the generated population of carriers acts
as a free electron gas, increasing the sample reflectance (and lowering the transmittance) at the
probe photon energy, which is below the bandgap of the material. Depopulation of this excited
state, and therefore recovery of the sample transmittance, can occur by recombination of the
electron—hole pairs or by charge trapping. The data for both pristine GO and the nanohybrid
were fitted with double exponential functions (shown in Figure A.2F). For the pristine GO the
time constants 71 and 7o were 1.15 and 23.6ps, respectively. For the GO/PIM-1 nanohybrid the
corresponding values were 71 = 0.94ps and 5 = 11.4ps. A significant decrease in the transient
state lifetime of GO with the presence of adsorbed PIM-1 nanoparticles is noted, suggesting an
increase in recombination rate as carriers become trapped by PIM states through nonradiative
energy loss (and are subsequently able to undergo radiative relaxation) [265].

Given the spectroscopic evidence of excited state charge transfer between the two materials
in the nanohybrid, we applied other characterization techniques to elucidate the presence of
any ground state interactions. Raman spectroscopy is convenient for this purpose, as it has
been demonstrated that electronic doping of the extended conjugated regions of graphene ma-
terials causes reproducible shifts to their characteristic Raman features [268, 269]. The Raman
spectrum (660nm excitation) for PIM-1 nanoparticles is shown in Figure A.3A. There are sev-
eral modes in the range between 1300 and 1700cm ', which are consistent with the reported
Raman spectrum for PIM-1 [270] and arise from the conjugated ring species present in the

polymer backbone (see Figure A.1A). An intense mode at 2236cm ! is attributed to C = N
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bond stretching, and the broad feature centered at 2900cm~! can be attributed to the various

C-H stretches [271].
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Figure A.3: (A) Raman spectrum for PIM-1 nanoparticles (Ae; = 660nm). (B) Comparison of
normalized Raman data for GO and GO/PIM-1. The highlighted area is enlarged in the inset,
for clarity. (C, D) Raman mapping for GO/PIM-1 nanohybrids, showing the peak intensity
at 2236cm ! and G peak position, respectively. Scale bars are 5um. (E) Pixelwise correlation
analysis of the G peak position and the peak intensity at 2236cm * for GO/PIM-1 nanohybrids.
The line shown is a guide to the eye based on the observed G peak shifts in the low-magnification

point spectra.

Figure A.3B compares normalized Raman spectra of GO and the GO/PIM-1 nanohybrids.
For GO the typical D-peak at 1335cm ! and G-peak at 1590cm ! are observed in addition to the
2D peak at 2680cm ! and the D+G peak at 2880cm ! [272]. An increase of intensity observed
in the D4+G peak in the nanohybrids is due to overlap with the C—H band in the polymer [269].
The stiffening of the G peak (by nearly 6cm 1) indicates a charge transfer process [273]. The
significant softening of both D- (15cm ') and 2D-peaks (30cm !) indicates effective p-doping of
the GO, as observed in other work on defective graphene [274]. In the literature, softening of the
2D peak with decrease in carrier concentration (lowering of the Fermi energy, corresponding to
p-doping of the GO), which is observed in our data, is noted. However, for pristine, defect-free
graphene systems, the opposite effect is indicated (softening of the D and 2D modes indicates
n-doping) [272]. The difference in behavior of the D and 2D modes appears to be related to

the nature of the defects within the carbon lattice that are prevalent in graphene oxide but not
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observed in pristine graphene.

Figure A.3C,D shows Raman mapping of the hybrids (over a 25 x 25um area) for the peak
intensity at 2236cm ! and G-peak position, respectively. Clearly visible is a correlation between
the intensity of the PIM feature and the G-peak shift in the GO. Figure 3E plots the G-peak
position against the peak intensity at 2236cm ! using pixel-wise data from Figure A.3C,D. This
data is binned and averaged to clarify the overall trend. Additionally, a line is shown as a
“guide to the eye”, based on G-peak positions in point spectra of the pristine GO and hybrid.
According to the equation [275] fiwg = o/|ep| = o \/ngmhvr (where ep is the Fermi energy, ng
is the doping density, hivp = 5.52eV, and o/ = 4.39 x 103 at 0K), the shift in the G-peak can be
used to estimate the doping density, resulting in a value of 2.25 x 10'2cm™2. From this value it is
possible to estimate the resultant shift of the work function of the nanohybrid [276] as 7T5meV.
This prediction of the modification to the work function can be experimentally investigated
through the use of Kelvin probe force microscopy (KPFM).

KPFM is a scanning probe technique that measures the local contact potential difference
(Vepp, in mV) between the probe and the sample. The CPD relates to the surface charges
formed as a result of Fermi level alignment between the tip and the sample materials (through
external circuit connections). The value of Vopp can be directly related to the work func-
tions ¢ of the two materials in question by Vepp = (¢sample—@tip)/€, Where e is the electronic
charge [277]. Either by use of a tip with calibrated work function or by examining measurements
relative to a common material in multiple samples (such as the silicon substrate), it is possible
to infer relative changes to the work functions in the nanohybrids by comparison to the pristine
materials.

Figure A.4A B shows the AFM topography and KPFM contact potential difference (CPD)
maps of the nanohybrids where the PIM-1 nanoparticles appear on top of the GO sheet. Fig-
ure A.4C,D shows equivalent data for a region of the sample where the GO sheet lays on top
of the nanoparticles. The line sections marked in Figure A.4A,D are plotted in Figure A.4E-H.
We observe from the height profiles in both cases (Figure A.4E,G) that the nanoparticles have
diameters consistent with the histogram presented in Figure A.1G. For the PIM-on-GO samples
in Figure A.4A B, the GO is measured as having Vopp around 100mV, while the PIM-1 nan-
oparticles are measured to have Vopp values between 200 and 350mV. This is taken to be
representative of the pristine materials due to their separation when probing the surface of the
PIM-1. By contrast, GO is atomically thin and has non-negligible conductivity [278], meaning
that the influence of the PIM-1 on the Vepp can be determined by measuring GO-on-PIM

samples. The isolated area of GO in Figure 4C,D has broadly similar Vopp as in the PIM-on-
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GO samples, while Vopp of GO in the presence of wrapped PIM-1 nanoparticles is found to
increase to around 200mV (Figure A.4H). This can be interpreted as a modification to the work
function of the GO sheet due to doping by the underlying PIM-1 nanoparticle. This work func-
tion modification is in agreement with the shift calculated from the doping density determined
by Raman spectroscopy, suggesting the GO is indeed p-doped by a charge transfer interaction
with the PIM-1.
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Figure A.4: (A, B) AFM topography and KPFM (respectively) of the GO/PIM-1 nanohybrid.
(C, D) AFM topography and KPFM of GO sheets on top of “wrapped” PIM-1 nanoparticles.
(E, G) Height and CPD line profiles of PIM-1 nanoparticles on top of the GO sheet, from the
data in A and B, respectively. (G, H) Height and CPD line profiles of GO sheets on top of the
“wrapped” PIM-1 nanoparticles, from the data in C and D, respectively. (I) Electrochemical
reduction for GO and GO/PIM-1 nanohybrids deposited onto a glassy carbon electrode in
phosphate buffer solution (pH 5, first cycle, scan rate 10mVs !). (Inset) Overpotential of GO
reduction against GO/PIM-1 weight ratio. (J) Schematic energy level diagram of the isolated

materials and nanohybrid.
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For electrochemical measurements (see Figure A.4I), a volume of 4mL of GO and GO/PIM-1
nanohybrid was deposited onto a glassy carbon electrode. Cyclic voltammetry was performed
to study the electrochemical reduction of GO in aqueous 0.1M phosphate buffer solution (PBS)
at pH 5. The reduction of GO is observed as a chemically irreversible process, which is in agree-
ment with ref [279]. Therefore, the first linear potential sweeps were recorded for comparison.
Clear and sharp peaks are observed in all cases. For the GO/PIM-1 nanohybrids, the shape
of the peak shows some broadening consistent with a kinetic barrier to the GO-to-graphene
transition due to surface coverage of the GO by PIM-1. The underlying mechanism for the
electron transfer is due to the relative energies of states in the electrode and the species. If the
Fermi level in the electrode is higher than the lowest unoccupied molecular orbital (LUMO) of
the species, electrons will be transferred from the electrode to the species, resulting in reduction
of the species. Therefore, since the overpotential for the GO/PIM-1 nanohybrids (plotted in
the inset to Figure A.41) increases with increasing PIM-1 content, we can infer a lowering of the
Fermi energy and corroborate the observation of p-doping of the GO [259] through the other
measurement techniques above. Finally, The LUMO energy can be calculated from the onset
reduction potential as E(LUMO) = —e[E2% + 4.4] [280], so the LUMO energy of the GO is
estimated as 3.6eV.

Based on the measurements presented, a simple model of the charge transfer interaction
in the hybrid system can be illustrated as in Figure A.4J. From the literature [239, 276], the
HOMO (5.5eV) and LUMO (3.0eV) levels in PIM-1 are higher than in GO (6.6eV, 3.6eV) in
good agreement with the values presented here, where measured. In addition, the alignment of
their Fermi levels in the hybrid presents the possibility of intermolecular exciton diffusion due
to the narrower bandgap in the polymer. The photoexcited electrons and holes generated in
the GO (~ 350nm) can be injected into PIM-1 in an exciton transfer process. Subsequently,
the exciton can recombine in the PIM-1 to emit in the green (~ 500nm). While this does not
account for the extrinsic nature of these semiconductors (n-type PIM-1 and p-type GO) [281],
it is even possible that bound excitons are delocalized across the interface of the materials with
electrons preferentially transferred to the PIM-1 and holes remaining in (and resulting in doping
of) the GO until recombination. The ability to design such charge transfer complexes on the
nanoscale is important, and application of effects at this length scale are most likely in sens-
ing and catalysis where charging can translate into chemical effects, for example, in promotion

effects in catalysis.
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A.3.5 Conclusion

In this report, we prepare GO/PIM-1 nanohybrid charge transfer materials through a facile
reprecipitation approach. By this method, PIM-1 nanoparticles form and associate with GO
sheets in dispersion, resulting in the nanohybrid materials. Microscopy analysis by both SEM
and AFM reveal uniformly dispersed nanoparticles attached to the GO surface. The op-
tical properties of the GO/PIM-1 nanohybrids are investigated using UV-visible extinction,
steady-state and time-resolved photoluminescence spectroscopies, Raman spectroscopy, and
pump—probe transient absorption spectroscopy. We conclude from these techniques that there
are both excited state and ground state charge transfer effects present. Kelvin probe force
microscopy and electrochemical measurements provide direct evidence for ground state charge
transfer causing a shift in the Fermi level of the GO component in the nanohybrids. In sum-
mary, graphene oxide is p-doped while PIM-1 is n-doped in the GO/PIM-1 nanohybrids. The
resulting charging effects are chemically significant and could be important in other fields such

as in gas adsorption and separation, in membrane development, and in sensing and catalysis.
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Appendix B

Published Paper: Hyperspectral
Terahertz Microscopy via Nonlinear

Ghost Imaging

The vast work pursued previously on nonlinear surfaces has been in the pursuit of developing
efficient THz emission from quasi-2D media. This is due to the development of nonlinear THz
imaging systems, where the diffraction of THz fields represents a significant limiting factor in
the resolution of any images recovered. One such solution to this problem therefore is to place
the object as close to the THz source as possible such that the distance propagated by the
THz field is minimal, a condition easily fulfilled by the generation from surfaces. Parallel to
my investigations therefore includes the development of novel THz imaging systems where such
limits can be overcome, primarily via ghost imaging techniques [187, 282, 283]. These ghost
imaging systems use a single pixel bucket detector (which are much more convenient in the THz
region thanks to TDS) and spatially pattern the beam with a series of orthogonal matrices in
order to retrieve the image. The idea being that the bucket detector signal varies with each
pattern depending on the spatial frequencies of the pattern, by correlating the patterns with
the detected field and summing over them the image is formed. The motivation for using such
a scheme in the THz range is because in principle, by patterning the optical beam prior to THz
generation, the actual observed resolution is limited by the spatial light modulator pixel size
instead of the much longer THz wavelength.

My role in this work was supervisory and in the design of the experimental setup. I had
gained some previous expertise in the tilted pulse front THz generation method [143, 284] when

developing a THz near-field microscope, therefore I provided the geometrical specification of the
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ultrafast pulse tilt induced by the digital micromirror device (DMD) used for the spatial light
modulation. The DMD induces a pulse tilt which is detrimental to the ghost imaging process
and so needs to be compensated for by pre-tilting the pulse prior to the DMD. In addition,
I designed and realized the ultrafast diagnostics of the experiments, required to specify the
high-energy ultrashort input pulse. The article was submitted to Optica on the 25" October
2019 and was published on the 19** February 2020.

B.1 Summary

The article is an experimental demonstration of hyperspectral THz nonlinear ghost imaging,
where the diffraction in the THz fields is overcome by detecting the full time-resolved waveform
and backpropagating the image. The imaging system was first characterised using a metallic
structure on kapton with fixed-time sampling, where the temporal evolution of the THz field
can be observed clearly in the subwavelength imaging without backpropagation. The second
demonstration of an organic leaf demonstrates the hyperspectral nature of the ghost imaging
setup, where the spectral properties of the imaged object can be retrieved. Lastly, the over-
coming of the space-time coupling via inverse propagation was demonstrated to significantly

improve the hyperspectral image.

B.2 Impact

The article targeted the Optical Society of America journal Optica, which has an impact factor
of 9.263. The journal scope spans all of optics and photonics, obviously fitting with the claims of
the article. The article currently has 14 citations, and the potential impact is highly significant
within the THz imaging community. Furthermore, as in chapter 3.3, a simultaneous press
release garnered a large following among the media resulting in an Altmetric score of 134 and
a large social media presence.

On the same topic, this research also resulted in the invitation to submit a follow up review to
Micromachines (with 2 citations), in which methods to speed up the acquisition of the nonlinear
image and how surface THz emission could be exploit to further improve this novel imaging

scheme [285].
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B.3 Journal Article

B.3.1 Abstract

Ghost imaging, based on single-pixel detection and multiple pattern illumination, is a crucial
investigative tool in difficult-to-access wavelength regions. In the terahertz domain, where high-
resolution imagers are mostly unavailable, ghost imaging is an optimal approach to embed the
temporal dimension, creating a “hyperspectral” imager. In this framework, high resolution
is mostly out of reach. Hence, it is particularly critical to developing practical approaches
for microscopy. Here we experimentally demonstrate time-resolved nonlinear ghost imaging, a
technique based on near-field, optical-to-terahertz nonlinear conversion and detection of illu-
mination patterns. We show how space-time coupling affects near-field time-domain imaging,
and we develop a complete methodology that overcomes fundamental systematic reconstruction
issues. Our theoretical-experimental platform enables high-fidelity subwavelength imaging and
carries relaxed constraints on the nonlinear generation crystal thickness. Our work establishes a
rigorous framework to reconstruct hyperspectral images of complex samples inaccessible through

standard fixed-time methods.

B.3.2 Introduction

The reconstruction of complex field distributions in space and time is a challenge in many do-
mains, with a significant transversal impact in fields beyond optics, such as microwave beam
steering, ultrasound imaging, and biology [286, 287, 288, 289, 290, 291, 292, 293, 294]. On
another front, hyperspectral imaging has a pivotal assessment role in many disciplines, as it
allows one to determine the 2D morphology of an absorption spectrum [295, 296, 297]. Hyper-
spectral imaging assumes a broader probing significance in time-resolved systems; in particular,
the delay of each frequency component can be profitably used to access the 3D morphology of
the spectral phase response of a target, i.e., its spatially resolved complex dielectric function.
Modern photonic approaches have produced essential breakthroughs in medicine, biology, and
material science imaging [297, 298, 299, 300, 301]. In this context, the ability to reconstruct the
time-domain waveforms provides direct access to the field [302]; although these approaches are
well established in microwave and ultrasound imaging [287, 290, 291, 292], they are sensibly less
diffused in photonics. Terahertz (THz), in this regard, has emerged as one of the most relevant
photonics frameworks in which the time evolution of a field amplitude is experimentally access-
ible. Indeed, THz time-domain spectroscopy (TDS) has played a pivotal role in establishing
THz as an independent research field [303, 304, 305, 119].
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Single-pixel imaging approaches find their origin in domains where single-point detectors
outperform detector-arrays in terms of specifications or availability [306, 307]; for this reason,
they have attracted interest also in the THz community [308, 309, 310]. In photonics, these
methods have unlocked the powerful ability to add multiple dimensions and novel functional-
ities to simple spatial probing, enabling several breakthroughs in classical and quantum ima-
ging [309, 311, 312, 313, 314, 315, 316]. In its most modern connotation, ghost imaging (GI) is
a form of computational imaging that employs the sequential illumination of an object with a
set of predetermined patterns [307, 317, 318, 319, 320, 321].

In terms of accessing newly emerging wave domains, such as THz, GI offers the option of
closing relevant technological gaps while raising new challenges, such as the limited availability
of THz spatial light modulators (SLMs) and the coarse diffraction limit [309].

The combination of single-pixel imaging and TDS provides the exciting possibility of ex-
ploiting novel space—time computational imaging approaches [315, 316], and the TDS-GI has
been recently proposed as viable for THz imaging [322, 282, 283, 323, 216]. The THz field can be
densely sampled in space, giving access to subwavelength microscopy when an object is exposed
to the near field of a THz source, detector, or mask. Besides its potential practical impact in
THz microscopy, GI microscopy provides an accessible fundamental framework for investigating
time-resolved imaging in the presence of strong spatiotemporal coupling, a dominant condition
in the near-field domain.

In this paper, we experimentally implement an imaging protocol based on the time-resolved
nonlinear ghost imaging (TNGI), which we have recently theoretically proposed as a single-pixel
imaging method where a set of nonlinear wavelength transformations are inserted in both the
illumination and detection chains [187]. We generate the THz patterns used for the GI recon-
struction by nonlinear conversion of spatially modulated optical pulses in a quadratic medium.
Leveraging the time-dependent field detection, as opposed to the intensity detection usually
implemented in the optics Gl-equivalent, we implement the detection in the Fourier plane, ef-
fectively acquiring the average value of the scattered field. With this approach, the system
resolution is effectively independent of the numerical aperture of the detection system, in sharp
contrast with standard single-pixel approaches working in optics. We test our time-dependent
THz microscope on benchmark images, showing the capability of our system to extract the
spectrally resolved morphology, such as the water content in a leaf.

Most importantly, we demonstrate near-field, coherent hyperspectral imaging in a regime
where spatiotemporal coupling is strongly evident. We experimentally show that, in this re-

gime, the image information is inherently inaccessible when the reconstruction is performed at
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fixed-time slices of the transmitted field, as the traditional isotime imaging approaches become
affected by errors and artifacts. We show experimentally that in the near field, the full spa-
tiotemporal signal is required to preserve space—time imaging, and we provide a methodology,
which we refer to as “space—time refocusing” for high-fidelity reconstruction. Interestingly, we
also show experimentally that the thickness of the generation crystal does not preclude signi-

ficantly higher resolutions (as in some of the proposed THz-GI approaches).

B.3.3 Methods: The TNGI

We formulated the TNGI as a single-pixel imaging approach based on the time-resolved detec-
tion of the electromagnetic field scattered by a sample, as opposed to the standard formulation
of GI that relies on the time-averaged field intensity [187]. Without loss of generality, the TNGI
describes the optical and morphological features of a sample through a spatiotemporal transfer

function Tgample(2,y,t) that is reconstructed through a sequence of measurements as follows:

Teample (2, Y, ) = (Ca () In(2,9)), = (Cn(8)), (In(2,9)) » (B.1)

where I,,(z,y) is the intensity distribution of the n'* incident optical pattern, and (---), is
the average over the distribution of patterns. In Eq. (B.1), the expansion coefficients C,,(t) are

defined as
Colt) = / E(a,y,)dedy, (B.2)

and correspond to the spatial average of the complex electric field E; (x,y, t) transmitted by
the sample and acquired by TDS detection (see Supplement 1 Section S3). Note that Eq. (B.1)
is closely related to the linear formulation of standard GI, where the incident and scattered
intensities are linearly related. Such a similarity is a direct consequence of the optical-to-THz

conversion taking place in quadratic media, where the generated THz field is expressed as

ETHZ(xvy) X X(2)In($ay)v (B3)

where () is the second-order nonlinear susceptibility of the nonlinear medium. The capab-
ility of directly controlling the THz field by acting on the incident optical intensity is an essential
feature of our approach, as in casting Eq. (B.1) we do not require any assumption stemming from
the binary nature of the illumination (as required, e.g., in mask-based GI [322, 283, 323, 216]).

It is also worth noting that, differently from the standard GI formulation, the coefficients in
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Egs. (B.1) and (B.2) are built up by coherent measurements of the electric field, and they do
not represent the scattered intensity.

The principal elements of our experimental implementation of the TNGI are shown in
Fig. B.1. We impressed a series of intensity patterns on an ultrafast optical beam (A = 800nm,
repetition rate 1kHz, pulse duration 75fs) using a commercial wavefront-shaping device. In our
experiments, we employed both a binary amplitude digital micromirror device (DMD) and a
phase-only liquid crystal on silicon (LCoS) SLM. We converted the optical pattern to a THz field
distribution Ery,(x,y,t) through nonlinear optical rectification in a quadratic crystal (ZnTe) of
thickness zg. The generated THz pattern sampled different targets (in our experiments different
metallic masks and dielectrics) placed in proximity to the crystal surface, and the average trans-
mitted field was measured through electro-optic (EO) detection. In our THz implementation,
the C,(t) coincide with the electric field detected via TDS at the center of the Fourier plane (i.e.,
at k; = ky, = 0) [324]. As an image-reconstruction protocol, we exploited a Walsh-Hadamard
encoding scheme (with “Russian doll” ordering [325]) based on binary amplitude patterns, which
is known to maximize the SNR of single-pixel imaging schemes [322]. A detailed schematic and

further details on the optical setups are included in the supplementary information (SI).

(a) _ 3 e ™ Optical pump
Nonlinear crystal \-}‘)S ample THz radiation
Optlcal patterns SLM / . Time-resolved

detection

.
Nonlinear pattern Fixed-time Full-time
generation reconstruction reconstruction

Figure B.1: Conceptual description of the TNGI approach. (a) Key experimental components
and methodology; (b) volumetric representation of the nonlinear generation of THz patterns;
(c) fixed-time reconstruction with a field of view 2mmx2mm and 32 x 32 spatial sampling; (d)

backpropagated hyperspectral image, averaged between 1 and 2THz.
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Figure B.2: Spatiotemporal image of a metallic sample. (a) Temporal response of the metallic
sample with fixed-time image reconstructions. It is worth noting that field evolution (color
change) can be appreciated underneath the metallic mask as the structure resonance produces
a secondary emission. (b) Spectral response with hyperspectral images. The field of view was

2mmx 2mm with a 16 x 16 spatial sampling.

The use of nonlinear conversion to generate THz patterns provides a series of features when
developing a single-pixel TDS imaging scheme. First, the ability to control the THz field dis-
tribution by shaping the optical field, as expressed by Eq. (B.3), allows us to generate patterns
with subwavelength resolution when compared to the THz wavelength (300pm, at 1THz). The
resolution of the optical pattern I,(z,y) is ultimately bound by the optical diffraction limit
and the numerical aperture of the optical setup. Second, the SNR of the detected THz signal
increases linearly with the incident optical intensity. Finally, there is perfect temporal coher-
ence and spatial correspondence between the pump pulse and the distribution of THz sources.
Temporal and spatial coherence is a direct consequence of the nonlinear conversion process and
has significant consequences for our abililty to image samples in challenging experimental con-
ditions. An open issue in THz-GI concerns the impact of the distance between the THz pattern
source and the sample, as required when assessing the transmission from a sample placed on a
holding substrate. As discussed in Refs. [322, 187], the near-field propagation of subwavelength
patterns exhibits spatiotemporal coupling, altering the spatial and temporal features of the
pattern [326]. Under these conditions, the sampling function impinging on the object is not the
original, predetermined pattern, but its space—time “propagated” version. Such discrepancy
introduces a systematic and uneliminable error in determining the scattered waveform from the
object using a time-sliced (or isotime) imaging. While the effect of spatiotemporal coupling

could be reduced when the sample distance from the sources is much smaller than the resolu-
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tion targeted (i.e., by employing a thin patterning substrate), the error introduced by diffraction
(and by the interaction with samples with complex transmission properties) is always present.
Such an error is not quantifiable in the case of single time-slice acquisition, and it cannot be
represented by standard definitions of SNR employed in image analysis. The combination of
optical coherence and direct field detection allows us to reverse the effects of spatiotemporal
coupling, to obtain the correct time-domain reconstruction of a sample within one wavelength

of distance, and to perform coherent hyperspectral imaging through TNGI.
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Figure B.3: Hyperspectral image of a leaf. (a) Optical image of the leaf; (b) microscope
image; (c) temporal response of the field transmitted by the leaf; (d) fixed-time reconstruction
(128pixelsx 128pixels); (e) local temporal response of the fresh leaf in the points indicated in
(b); (f) hyperspectral image of a fresh leaf at 1.5THz (16pixelsx16pixels); (g) phase image of
the fresh leaf, obtained without phase unwrapping of the experimental data; (h)—(j) same as
the previous panel for a dried leaf (32pixelx32pixel images). All the images correspond to a

field of view of 4mm x4mm.

B.3.4 Experimental Results: Hyperspectral Imaging

As a first case study, in Fig. B.2 we present the 2mm x 2mm spatiotemporal image of a metallic

structure deposited on a 50pum Kapton substrate. The image was retrieved by shaping the
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optical illumination with a binary DMD and by placing the metallic structure in the prox-
imity of a zg = 1lmm thick ZnTe generation crystal. We achieved analogous results using an
LCoS modulator, as shown in Supplement 1 Fig. 2. By retrieving the spatiotemporal image
of the sample [Fig. B.2(a)], we can capture the full effects of the interaction between the THz
field and its subwavelength metallic features. As can be observed at t = 0.2ps, in fact, the
object does not appear just as a blocking mask, but it features complex resonances from the
edges of the object. The time-resolved measurement of the scattered field also allows us to
reconstruct the hyperspectral image of the sample [Fig. B.2(b)]. Interestingly, in our experi-
ments, we were able to resolve features within the 50-100um scale even in the presence of a
relatively thick generation crystal (as opposed to the typical thickness requirements in other
approaches [322, 283, 323, 216]). This is a direct consequence of the nonlinear conversion of
optical patterns taking place across the entire volume of the generating crystal and not only at
its surface. In this condition, the field-spatial spectra of each generating layer in the ZnTe do
not mix incoherently and, differently from the linear case, allow single-pixel reconstruction of
subwavelength features (see Supplement 1 Section S2 for a detailed discussion).

The access to the coherent temporal field response allowed us to reconstruct full spati-
otemporal images of semitransparent samples. As a relevant example (and to credit a similar
image in Ref. [305], widely considered one of the first milestones in THz imaging), we show in
Fig. B.3 an image of a leaf at different stages of desiccation. As can be evinced from Figs. B.3(c)
and B.3(d), the isotime image of a semitransparent sample is significantly harder to interpret
than a standard metallic mask, as the different parts of the sample induce different temporal
delays and phase shifts. Nevertheless, we were able to retrieve the TDS time trace in different
points of the sample [Figs. B.3(e) and B.3(h)] and retrieve its hyperspectral image both in terms
of amplitude [Figs. B.3(f) and B.3(i)] and spectral phase [Figs. B.3(g) and B.3(j)], allowing us
to reconstruct its morphology and spectral fingerprint. As relevant examples, we present data
for a fresh leaf [Figs. B.3(e)— B.3(g)] and a dried leaf [Figs. B.3(h)- B.3(j)]. By comparing the
transmission from the two samples, it is possible to assess the changes in water content, as in

Ref. [305].

B.3.5 Imaging Through Inverse Propagation

The experimental results presented in Fig. B.4 explore a relevant consequence of the space—time
coupling in near-field TNGI. In this case, we collected the image of a metallic sample, analogous
to the one in Fig. B.2, but introducing a nonnegligible distance between the sample and the

emitter, which includes the Kapton substrate, in a typical time-of-flight imaging case.
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Figure B.4: Time-resolved image reconstruction: inverse propagation approach. (a) Conceptual
illustration of the propagating imaging scheme: the sample is placed at zyp = 300um from the
crystal. (b) Temporal response of the sample; (c)—(d) fixed-time reconstructed images at the
points indicated in (b); (e) hyperspectral image averaged between 1 and 2THz; (f) conceptual
illustration of the backpropagation scheme; (g) temporal response of the backpropagated image
(green) and the temporal response without the sample (gray); (h)—(i) fixed-time reconstruction
of the backpropagated image at the points indicated in (g); (j) backpropagated hyperspectral
image, averaged between 1 and 2THz. In all panels, the field of view was 2mmx2mm with a

32 x 32 spatial sampling.
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In these conditions, the sample morphology cannot be appreciated in any of the isotime
images regardless of their temporal position [Figs. B.4(c), B.4(d) show some examples|, or in
the hyperspectral image [Fig. B.4(e)], which shows a quite distorted image even if in some pixels
a high contrast is reached. As theoretically demonstrated in Ref. [187], such a limitation is a
direct consequence of spatiotemporal coupling, which leads to a substantial modification of the
incident sampling patterns as they propagate [Fig. B.4(a)]. At this stage, it should be observed
that our TNGI protocol relies on the collection of the average field as performed by sampling
the origin of an optical Fourier plane (i.e., k; = ky = 0). As a result, it only requires an optical
system capable of collecting a very narrow spatial spectrum, and the numerical aperture of the
imaging system plays a minimal role in defining the image resolution. On the contrary, the SNR
of the THz detection plays a fundamental role in resolving the vanishing near-field scattered
contributions (at high spatial frequencies) for increasing values of the distance between the
sample and the emitter.

With the sensitivity available, we could then backpropagate the pattern sampling function
in order to “space—time refocus” the image [Fig. B.4(f)] and reverse the effect of spatiotemporal
coupling (see Supplement 1 Section S3 for a theoretical discussion on the inverse propagation
reconstruction) [187]. This procedure allows us to retrieve the correct time-resolved image of
the scattered field in the proximity of the sample, restoring the morphological and spectral
features of its hyperspectral image [Figs. B.4(i)— B.4(j)]. We argue that the inverse propagation
reconstruction is a strict requirement to reconstruct the sample properties at different depths,

i.e., in near-field time-of-flight imaging.

B.3.6 Conclusions

In conclusion, we performed the first experimental example of the TNGI approach exploiting
a nonlinear quadratic conversion. We devised a general reconstruction method based on the
linear dependence between impinging optical patterns and the detected THz time-domain field
average. The approach enables hyperspectral imaging as performed in the state-of-the-art by
TDS imagers. It features near-field imaging and shows relaxed constraints in terms of thickness
of the nonlinear converter (our proof-of-concept exploits off-the-shelf nonlinear substrates). As
predicted in Ref. [187], we demonstrated that popular isotime approaches are not suitable
for near-field spatiotemporal microscopy, and this is a central issue when an object comprises
elements at different optical depths. We proved experimentally that, thanks to the spatial
and temporal coherence, it is possible to devise an inverse propagation operator capable of

“refocusing” the image in space—time and, therefore, correctly reconstructing the hyperspectral
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image of the sample. We believe this work can have a substantial impact in the field of near-field
imaging, especially in light of the emergence of thinner and more efficient THz emitters (e.g.,
spintronic substrates, surface emitters, or novel materials with exceptionally high nonlinear

coefficients such as DSTMS crystals) [137, 190, 189, 188].

B.4 Published Paper: Route to Intelligent Imaging Reconstruc-

tion via Terahertz Nonlinear Ghost Imaging

B.4.1 Abstract

Terahertz (THz) imaging is a rapidly emerging field, thanks to many potential applications
in diagnostics, manufacturing, medicine and material characterisation. However, the relatively
coarse resolution stemming from the large wavelength limits the deployment of THz imaging in
micro- and nano-technologies, keeping its potential benefits out-of-reach in many practical scen-
arios and devices. In this context, single-pixel techniques are a promising alternative to imaging
arrays, in particular when targeting subwavelength resolutions. In this work, we discuss the key
advantages and practical challenges in the implementation of time-resolved nonlinear ghost ima-
ging (TIMING), an imaging technique combining nonlinear THz generation with time-resolved
time-domain spectroscopy detection. We numerically demonstrate the high-resolution recon-
struction of semi-transparent samples, and we show how the Walsh-Hadamard reconstruction
scheme can be optimised to significantly reduce the reconstruction time. We also discuss how, in
sharp contrast with traditional intensity-based ghost imaging, the field detection at the heart of
TIMING enables high-fidelity image reconstruction via low numerical-aperture detection. Even
more striking—and to the best of our knowledge, an issue never tackled before—the general
concept of “resolution” of the imaging system as the “smallest feature discernible” appears to be
not well suited to describing the fidelity limits of nonlinear ghost-imaging systems. Our results
suggest that the drop in reconstruction accuracy stemming from non-ideal detection conditions
is complex and not driven by the attenuation of high-frequency spatial components (i.e., blur-
ring) as in standard imaging. On the technological side, we further show how achieving efficient
optical-to-terahertz conversion in extremely short propagation lengths is crucial regarding ima-
ging performance, and we propose low-bandgap semiconductors as a practical framework to
obtain THz emission from quasi-2D structures, i.e., structure in which the interaction occurs
on a deeply subwavelength scale. Our results establish a comprehensive theoretical and experi-
mental framework for the development of a new generation of terahertz hyperspectral imaging

devices.
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B.4.2 Introduction

In recent years, there has been increasing interest in the development of imaging techniques
that are capable of reconstructing the full-wave properties (amplitude and phase) of arbitrary
electromagnetic field distributions [327, 328, 293]. While standard optical technologies, such
as cameras and photodiodes, are usually sensitive to the field intensity, a large part of the
sample information is encoded in the optical phase of the scattered field [329]. Interestingly,
the direct detection of the field evolution is achievable at terahertz (THz) frequencies thanks to
the availability of the time-domain spectroscopy (TDS) technique. TDS detection provides a
time-resolved measurement of the electric field (e.g., via electro-optical sampling [330]), allowing
researchers to retrieve the complex-valued dielectric function of a sample. Such a capability,
coupled with the existence of specific and distinctive spectral fingerprints in the terahertz fre-
quency range, are critical enabling tools for advanced applications, such as explosive detection,
biological imaging, artwork conservation and medical diagnosis [178, 177, 331, 332, 333]. How-
ever, despite the vast body of potential applications, the development of TDS devices that are
capable of high-resolution imaging is still regarded as an open challenge. A typical TDS imple-
mentation relies on complex and expensive optical components that cannot be easily integrated
into high-density sensor arrays [184].

To date, THz imaging mostly relies on thermal cameras, essentially the equivalent of optical
cameras, which employ arrays of micro-bolometers to measure the time-averaged intensity of
the THz signal. As such, they cannot be employed for time-resolved THz detection and they
are insensitive to the optical phase and temporal delay of the transmitted THz field. In an at-
tempt to develop arrays of TDS detectors, researchers have proposed two-dimensional full-wave
imaging devices that are composed of arrays of photoconductive antennas or Shack—Hartmann
sensors [334, 335]. However, these devices require complex and expensive technological plat-
forms and their practicality is still a matter of debate. Furthermore, they fundamentally sample
the image information in an array of single and well-separated small points. Hence, obtaining
a high resolution can still require mechanical action on the sample.

A promising alternative to TDS imaging arrays is single-pixel imaging, or ghost imaging
(GI). In these approaches, the sensor array is replaced by a single bucket detector, which col-
lects the field scattered by the sample in response to a specific sequence of incident patterns.
By correlating each acquired signal with its corresponding incident field distribution, it is pos-
sible to reconstruct the sample image [336, 337, 306, 338]. However, despite its simplicity, the
implementation of GI at terahertz frequencies is affected by the limited availability of wavefront-

shaping devices (e.g., spatial light modulators) that are capable of impressing arbitrary pat-
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terns on an incident THz pulse. Following the initial experimental demonstrations with metallic
masks and metamaterial devices [308, 309], several research groups’ researchers have proposed
indirect patterning techniques for the generation of high-resolution THz patterns. One of the
most successful approaches relies on the generation of transient photocarrier masks on semicon-
ductor substrates [282, 322, 216, 323]. In these experiments, a standard optical Spatial Light
Modulator (SLM) impresses a spatial pattern on an ultrafast optical beam. Upon impinging on
a semiconductor substrate, the latter generates a distribution of carriers matching the desired
pattern profile, which acts as a transient metallic mask and can be used to pattern an external
THz beam. While this technique has been successfully employed to achieve THz imaging with
a deeply subwavelength resolution, it is also affected by a few limitations. In particular, recent
works have shown that the maximum resolution achievable with these techniques is strongly
dependent on the semiconductor substrate thickness: in Stantchev and coworkers [282, 322], for
example, researchers have demonstrated that deeply subwavelength resolutions are achievable
only when considering patterning substrates with a thickness below 10um.

In a series of recent works, we have proposed a new imaging technique, time-resolved non-
linear ghost imaging (TIMING), which overcomes several of these limitations [187, 339, 186].
TIMING relies on the integration of nonlinear THz pattern generation with TDS single-pixel
field detection. In this work, we discuss the main features of our approach and present our latest
results on the theoretical framework underlying our image reconstruction process. Via analysis
of the compression properties of the incident pattern distribution, we show how a TIMING
implementation based on an optimised Walsh-Hadamard encoding scheme can significantly re-
duce the number of incident patterns required to obtain a high-fidelity image of the sample.
Finally, we discuss how the development of ultra-thin THz emitters can provide a significant

improvement to the imaging performance of TIMING.

B.4.3 Time-Resolved Nonlinear Ghost Imaging: A Conceptual Overview

A conceptual schematic of our imaging setup is shown in Figure B.5a. A spatial pattern is
impressed on the optical beam through a binary spatial light simulator, e.g., a digital micromir-
ror device (DMD), obtaining the optical intensity distribution I3 (z,y,w). The THz patterns
E9(x,y,t) are generated using a nonlinear conversion of Ig**(z,y,w) in a nonlinear quadratic
crystal (ZnTe) of thickness zp. The THz pattern propagates across the crystal and interacts
with the object, yielding a transmitted field, which is collected by a TDS detection setup. Dif-
ferent from the standard formulations in optics, which relies on the optical intensity, our object

reconstruction scheme relies on the time-resolved detection of the electric field scattered by the
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object. More specifically, the electric field distribution is defined immediately before and after
the object as E~(x,y,t) = E(x,y,20 — €,t) and E*(z,y,t) = E(x,y, 20 + €,t), respectively,
where z( is the object plane and e > 0 is an arbitrarily small distance (Figure B.5a, inset).
Without loss of generality, the transmission properties of the object are represented by defining
the transmission function T'(z,y,t), which is defined on both the spatial and temporal com-
ponents to account for the spectral response of the sample. To simplify our analysis, in the
following, we considered two-dimensional objects, i.e., we restricted ourselves to transmission

functions of the form T'(z,y,t). Under this position, the transmitted field is straightforwardly
defined as:

ET(x,y,t) = /dt’T(a:,y,t —tYE ™ (x,y,1). (B.4)
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Figure B.5: Conceptual description of time-resolved nonlinear ghost imaging (TIMING). (a)
Schematic of the experimental setup. (b,c) Simulation of the TIMING reconstruction of a
semi-transparent sample, including the average field transmission (panel b) and the full spa-
tiotemporal image of the sample (panel c¢). The simulated object size was 10.24cmx10.24cm,
sampled with a spatial resolution of 512 x 512pixels (Az = 200um) and a temporal resolution
of At = 19.5fs. The nonlinear crystal thickness was zp = 10pm. n.u.: normalised units, TDS:

Time-domain spectroscopy.
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The objective of a single-pixel imaging methodology is to reconstruct the transmitted field
distribution E7(x,y,t) through a sequence of measurements to retrieve the transmission func-
tion of the object. In our approach, this corresponds to measuring the TDS trace of the
spatially-averaged transmitted field from the object in response to a sequence of predefined pat-
terns (a procedure known as computational ghost imaging) [306]. The nth pattern is denoted
by E, (z,y,t) = P,(x,y)f(t), where P,(z,y) is the deterministic spatial distribution of the
pattern and f(¢) is the temporal profile of the THz pulse. The reconstruction process is defined

as follows:

T(x,y,t) = (Cn(t) Pa(2, )y, — (Cn(t))y (Pul(; )y » (B.5)

where (---), represents an average over the distribution patterns and the expansion coeffi-

cients Cy,(t) are defined as follows:

Cp(t) = /dxdyE:(x,y,t) = /d:vdydt'T(:c,y,t —tE, (z,y,1). (B.6)

A numerical implementation of the image reconstruction process is shown in Figure B.5b,c,
where we employed TIMING to reconstruct the transmitted field from a semi-transparent sample
(a leaf). In Figure B.5b, we report the spatial average of the reconstructed field, exhibiting the
characteristic temporal profile of the incident THz pulse. Since our image reconstruction oper-
ates simultaneously in time and space, it allows for not only retrieving the spatial distribution
of the object but also its temporal /spectral features. The specific result of a TIMING scan is a
spatiotemporal image of the transmitted field, as shown in Figure B.5c.

An interesting question is whether the distance between the distribution of THz sources and
the sample has any effect on the image reconstruction capability of our setup. This point is
pivotal when time-resolved imaging is desired, as propagation always induces space—time coup-
ling. This condition represents a typical challenge in mask-based ghost imaging when time-
domain detection is sought. The propagation within the patterning crystal is known to lead to
significant reconstruction issues when considering deeply subwavelength patterns [282, 322, 216].
These issues are related to the intrinsic space-time coupling that takes place within the crys-
tal [326]. In essence, once the patterns are impressed on the THz wave at the surface of the
crystal (at z = 0), they undergo diffraction. As a result, the electric field distribution E,, (x,y,t)
probing the sample is not the initial distribution EO(x,y,t), but rather a space-time propagated

version of it. The latter is mathematically expressed as:

E;(.%',y,t) = En(l‘, Y, 20 — E,t) = /dwdydt’G(x - .’L‘/,y - yla 20 — 67t - t,)Eg(x7y>t)7 (B7)
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where G(z,y, z0 — €,t) is the dyadic Green’s function propagating the field from z = 0 to
z = zp — €. Since space-time coupling is essentially a linear process, it can be inverted by
applying a Weiner filter to the reconstructed image to mitigate the effects of diffraction. In the
angular spectrum coordinates (k, ky, z,w), the Weiner filter is defined as:

GT(k:x, ky,z,w)
|G kg, ky, z,w)| + aNSR(ky, ky,w)’

W (g, oy, 2, w) = (B.8)

where NSR(k;, ky,w) is the spectral noise-to-signal distribution, « is a noise-filtering fitting
parameter and T stands for Hermitian conjugation [187]. As expressed by Equation (B.8), the
Weiner filter is the equivalent of an inverse Green’s function operator that is modified to take
into account the presence of noise in the experimental measurements. The effect of the NSR
term in the denominator, which is controlled by the parameter «, is to suppress the regions of
the spectrum that are dominated by noise and could render the inversion operation an intrins-
ically ill-posed problem [340].

From a physical point of view, Equations (B.7) and (B.8) can be read as follows: when
performing a time-domain reconstruction of the image, the spatial distribution of E;f (z,y,t) is
acquired at a given time. However, this is not the scattered field from the object in response
to the incident pattern EQ at that time; there is no time in which the scattered field E2(z,vy,t)
is univocally represented in the sampling pattern £, . The reason is simply that the method
is slicing a fixed-time contribution of a piece of information that is warped in the space-time.
This warping is introduced by the distance between sources and the object plane; therefore, it
is different for any plane of the object being imaged.

Said differently, using fixed-time images to reconstruct planar features produces a funda-
mentally i