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Abstract

The modern information era is built upon technologies such as telecommunications,
cryptography, high-performance computing, and, more recently, artificial intelligence
(AI). At the core of all these systems are electronic circuits, whose performance
is fundamentally limited by the physical speed of electrons. Photonic technolo-
gies, by contrast, rely on light quanta—single photons—that propagate orders of
magnitude faster and offer intrinsically higher bandwidth and enhanced security.
Replacing electronic components with optical counterparts promises major advances
in communication speed, data transfer, secure information processing, and quantum
technologies. Central to these developments are ultrabright single-photon sources
(SPSs), including quantum dots and color centers in solid-state hosts. However, the
brightest SPSs currently require cryogenic temperatures, limiting their practicality

in real-world applications.

This dissertation proposes an alternative route toward achieving bright, room-
temperature single-photon emission by exploiting high-repetition-rate excitation.
Advances in laser technology now allow solid-state lasers to operate at gigahertz
repetition rates. By combining such excitation with hybrid quantum systems—where
a quantum emitter is coupled to a nanophotonic structure to enhance its radiative
emission through the Purcell effect—ultrabright SPSs can, in principle, be realized at
room temperature. At these high radiative rates, however, the fluorescence lifetime
becomes extremely short, well below the temporal resolution of conventional single-
photon detectors, which are further constrained by cost, cryogenic requirements,

bulkiness, and limited synchronization capabilities at gigahertz rates.

To address this limitation, this dissertation demonstrates an optical Kerr gate (OKG)
operating at a 1-GHz repetition rate with sub-picosecond temporal resolution. The
OKG is a third-order (X(3)) nonlinear optical process that does not require phase-
matching conditions and is therefore suitable for broadband fluorescence detection.
Kerr gating was achieved using two distinct Kerr media: bulk bismuth-borosilicate
(BBS) glass and two-dimensional thin graphite films. In both cases, OKG signals

were generated using sub-nanojoule gate-pulse energies—remarkably low compared



with traditional OKG implementations that rely on millijoule-level amplified pulses,
more than six orders of magnitude higher. The temporal resolution achieved was 175
+ 1 fs with BBS glass (~ 3% gating efficiency) and 141 + 6 fs with thin graphite
films (~ 10% efficiency). This compact, room-temperature technique requires no
cryocooler, vacuum system, or bulky amplification stages. The demonstrated OKG
platform can be directly integrated into a standard confocal fluorescence microscope,
enabling ultrafast fluorescence measurements from quantum emitters and paving the

way for practical room-temperature ultrabright SPSs.
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Zusammenfassung

Diese Dissertation schlagt eine neue Strategie zur Erhohung der Helligkeit einzelner
Quanteneinzelphotonenquellen bei Raumtemperatur vor, indem Festkorperemitter
mit Laserpulsen hoher Wiederholrate (1 GHz) angeregt werden. Gleichzeitig wird
die dafiir notwendige ultraschnelle Nachweistechnologie experimentell entwickelt.
Viele Festkorper-Einzelphotonenquellen — etwa Quantenpunkte oder Farbzentren —
erreichen ihre hochste Helligkeit nur bei Kryotemperaturen. Eine vielversprechende
Alternative besteht darin, diese Systeme mit Gigahertz-Laserraten anzupumpen,
wodurch die Photonenzahl pro Sekunde stark erhoht werden kann, ohne auf kryo-
gene oder komplexe nanophotonische Strukturen angewiesen zu sein. In hybriden
Quantensystemen, bei denen ein Emitter an eine Nanokavitat gekoppelt ist, kann der
Purcell-Effekt jedoch zu sub-pikosekundenschnellen Fluoreszenzlebensdauern fiihren.
Solche schnellen Dynamiken kénnen mit herkémmlichen Einzelphotonendetektoren,
deren zeitliche Auflésung auf einige Pikosekunden begrenzt ist, nicht mehr gemessen

werden.

Um diese Einschrinkung zu tiberwinden, wird in dieser Arbeit ein optisches Kerr-
Gate (OKG) mit einer Wiederholrate von 1 GHz und einer zeitlichen Auflésung im
Sub-Pikosekunden-Bereich demonstriert. Das OKG basiert auf einem y®)-Prozess,
erfordert keine strengen Phasenanpassungsbedingungen und kann in unterschiedli-
chen Kerr-Medien realisiert werden. Zwei Medien wurden untersucht: Borosilikatglas
(BBS-Glas) als volumetrisches Kerr-Material sowie diinne Graphitfilme als zweidimen-
sionales Kerr-Medium. In beiden Féllen konnten OKG-Signale mit Gate-Pulsenergien
im Sub-Nanojoule-Bereich erzeugt werden — iiber sechs Groflenordnungen unterhalb
der Millijoule-Pulse, die in herkommlichen OKG-Experimenten tiblich sind. Mit BBS-
Glas wurde eine zeitliche Auflésung von 175 4+ 1 fs und eine Gating-Effizienz von
etwa 3 % erreicht; dilnne Graphitfilme ermoglichten eine noch kiirzere Antwortzeit
von 141 + 6 fs bei einer Effizienz von rund 10 %.

Diese Ergebnisse zeigen, dass effizientes Kerr-Gating auch mit moderaten Leistungen
gigahertz-basierter Festkorperlaser realisierbar ist — ohne Kryokiihler, Vakuumsyste-

me oder sperrige Verstirker. Das demonstrierte OKG kann direkt in ein konfokales
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Fluoreszenzmikroskop integriert werden und ermoglicht die zeitliche Auflosung ul-
traschneller Fluoreszenzlebensdauern zukiinftiger hybrider Quantensysteme, die mit
Gigahertz-Pulsraten angeregt werden. Damit liefert diese Arbeit eine entscheidende
Basistechnologie fiir ultrahelle Einzelphotonenquellen bei Raumtemperatur und fiir

kompakte ultraschnelle Messsysteme in der Quantenphotonik.
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Chapter 1

Introduction

1.1 Quantum emitters for science and technology

This dissertation proposes a novel approach for increasing the fluorescence emission
rate from quantum emitters at room temperature. This approach relies on pulsed
excitation from a solid-state laser operating at 1 GHz repetition rate. The emission
rate of these quantum emitters can be further controlled and enhanced via coupling to
a nanophotonic structure, i.e., nanocone-forming a hybrid system. The fluorescence
enhancement in such a case is achieved by enhancing Purcell factor. When the rate
of radiative decay of a quantum emitter is drastically increased, its fluorescence
lifetime is shortened, beyond the capabilities of current detector technology. In this
dissertation, an optical gating technique is demonstrated that is capable of resolving
such ultrashort fluorescence lifetime at room temperature. The significance of such
optical gating technique is evident when a laser at very high repetition rate, i.e., 1
GHz is used for exciting the quantum emitter, which is coupled to nanophotonic
structures, leading to ultrabright single-photon sources. In this chapter, the first
section introduces the quantum emitters, the second section elaborates the standard
technique of time-resolved fluorescence spectroscopy. The third section provides some
examples of the ultrafast dynamical processes that require high temporal resolution
for studying them. The fourth section discusses the current detection schemes,
highlighting their advantages and limitations. The last two sections are dedicated for

explaining the research project objective, and the dissertation outline, respectively.

Quantum emitters are nanoscale objects with discrete energy levels, which can emit
light on demand that cannot be explained by classical theories, and can be excited
by an optical or electrical pulse. Common examples of quantum emitters are atoms,
ions, semiconductor quantum dots, organic molecules, color centers in wide band-gap

materials, and entangled photon pairs. They are interfaces between light and matter



in quantum technologies, enabling single-photon generation, spin-based quantum
memories, and coherent spin-photon interfaces. Unlike isolated atoms, which require
complex trapping or cooling systems, solid-state quantum emitters are embedded
in stable hosts, e.g., color centers in diamond, which leverage nanofabrication for
integration into devices. With the benefit of integrability comes other challenges.
For instance, solid emitters exhibit variation in the emission wavelength and lifetime
because of material inhomogeneities, and crystal defects that can quench or broaden
their emission. However, quantum emitters have proven to be promising platforms
for various applications, such as quantum computing, quantum communication,
and quantum sensing. The research of quantum emitters began with the work of
Kimble et al. [1] in 1977, where fluorescence photons emitted by a single atom of
sodium within an atomic beam were collected. This was the first observation of
photon anti-bunching behavior. Following this work, early experiments of photon
anti-bunching detection focused on gaseous systems. Isolating single-emitters that
act effectively as individual solid-state atoms, for observing quantum effects was
achieved almost 15 years later. Photon anti-bunching in the fluorescence of single
dye molecules embedded within a crystal was detected in 1992 [2]. Eight years later,
photon anti-bunching from a single quantum dot (QD) at room-temperature was
reported [3], and in the same year from fluorescence emitted by single nitrogen-
vacancy (NV) in diamond was demonstrated [4]. These pioneering findings paved
the way for other researchers to explore the capabilities and challenges of quantum
emitters. Since then, research on quantum emitters has expanded to include other
color centers in diamond, i.e., germanium-vacancy centers (GeV) [5], tin-vacancy
centers (SnV) [6], and silicon-vacancy (SiV) centers [7]; and also extended to defect
centers in other solid-state platforms, like silicon carbide (SiC) [8]. Other QDs, such
as III-V epitaxial semiconductor QDs, e.g., InAs/GaAs have been investigated, due
to their ability to achieve near-unity quantum efficiency, as well as their emission of
high purity, indistinguishable single-photons [9]. Recently, quantum emitters hosted
within atomically thin materials, i.e., hexagonal boron nitride (hBN) and transition
metal dichalcogenide (TMD) monolayers have been reported [10, 11]. Arguably, the
fluorescence emitted by defect centers in their host 2D materials may originate from

residual organic molecules trapped beneath the atomically thin layers [12].

Several key metrics are commonly used to characterize the performance of a single-
photon source (SPS), such as a single quantum emitter [13, 14]. One important
parameter is the radiative emission rate, which describes how quickly a photon is
emitted. This rate is inversely proportional to the radiative lifetime. Ideally, a bright
SPS should emit fluorescence at megahertz, or preferably gigahertz, repetition rates.
Another crucial metric concerns the emitted spectrum and linewidth. The coherent

component of the fluorescence is represented by the zero-phonon line (ZPL). The



emission spectrum is often affected by thermal, charge, and spin noise. Thermal
noise, for example, couples phonons into the emission process, broadening the
spectral profile. The ZPL corresponds to the portion of the emission that occurs
without phonon involvement, while the remaining incoherent emission forms the
phonon sideband. Ideally, the ZPL fraction should approach unity, and its linewidth
should be narrow. The minimal achievable ZPL linewidth is set by the inverse of
the radiative lifetime—known as the Fourier-transform limit—and is reached when
decoherence is negligible. The intrinsic quantum efficiency is another important figure
of merit. It is defined as the ratio of the radiative decay rate to the total decay rate
(radiative plus non-radiative). An ideal SPS has unit quantum efficiency, meaning
that photon generation is deterministic. Single-photon purity is also essential. It is
typically quantified by the second-order correlation function at zero time delay, g(® (0),
measured using a Hanbury Brown-Twiss (HBT) interferometer. The purity is given
by 1 - g®(0); an ideal SPS has g(®(0) = 0, indicating that it emits exactly one photon
per excitation event. Another metric is indistinguishability, which measures how
quantum-mechanically identical the emitted photons are. This is evaluated through
Hong-Ou-Mandel (HOM) interference. Identical photons entering a beamsplitter
will bunch and exit through the same output port, while distinguishable photons
exit different ports with a 50% probability. Ideally, the HOM interference visibility
reaches unity. For entangled photon sources, the entanglement fidelity quantifies how
closely the generated quantum state matches an ideal entangled state; high fidelity
indicates low noise and minimal decoherence. A metric particularly relevant to this
dissertation is the brightness of the quantum emitter. Since quantum efficiency
determines whether the emitter generates a photon upon excitation, brightness is
closely tied to collection efficiency. In principle, a single emitter should produce one
photon every time it is excited by a source such as a pulsed laser. In practice, however,
low quantum yield often prevents deterministic photon generation. Moreover, several
factors limit the collection efficiency of the generated photons. First, while an
emitter radiates into a full 47 solid angle, its host material typically has a high
refractive index—for instance, diamond has an index of 2.4. As a result, a significant
fraction of photons is trapped inside the medium due to total internal reflection.
Second, typical fluorescence microscopes collect only about 5-10% of emitted photons
because of scattering and absorption losses in the optical components. Third, the
detection process is constrained by the dead time of single-photon detectors, typically
on the order of tens of nanoseconds. During this period, the detector cannot
register additional photons, further reducing the maximum count rate. For example,
photomultiplier tubes (PMTs) have a maximum count rate of 20 MHz, single-photon
avalanche diodes (SPAD) can reach up to 30 MHz (e.g., Excelitas, SPCM series),
superconducting nanowire single-photon detectors (SNSPD) are up to 200 MHz (e.g.,



ID Quantique, ID281), while the timing electronics for example, modern TCSPC
electronics (e.g., MultiHarp 150, PicoQuant GmbH) can reach count rates above 150
MHz. The brightness and the lifetime of major single-photon sources are presented
in table 1.1.

Table 1.1: Major single-photon sources, their lifetime and brightness, without coupling
to photonic structures

Single-photon sources | Lifetime (ns) | Brightness (Mcps)
Organic molecules 1-10 ~50

Color centers in diamond | 1-10 ~1

Semiconductor QDs 0.1-1 ~10

Two main strategies have been pursued to enhance the brightness of quantum emitters
by increasing the collection efficiency of their emitted photons. The first strategy
focuses on controlling the directionality of the emitted fluorescence from quantum
emitters, by shaping its omnidirectional spatial distribution into a narrow, targeted
beam, allowing its collection efficiency to be maximized into a certain direction.
The second centers on modifying the fundamental emission rate and the intrinsic
quantum efficiency of the emitter itself via enhancing Purcell factor. Both strategies
are enabled by optical nanoantennas and microcavities, thanks to recent advances in
nano and microfabrication techniques. An optical nanoantenna is a nanoscale device
designed to efficiently manipulate and control electromagnetic radiation (light) at
optical frequencies. They are the nanoscale analogue of radio-frequency (RF) or
microwave antennas, but operate using principles of nanophotonics and plasmonics,
often overcoming the classical diffraction limit. These two strategies are, in fact,
intertwined: optical antennas primarily used for tailoring the quantum emitter
dipole’s radiation pattern, affect the fundamental emission rate of the quantum
emitter; while microcavities and photonic structures aimed essentially to increase

the emission rate, shapes the far-field radiation pattern directionality.

In the first strategy, an optical nanoantenna converts the near-field localized energy
of the dipole of the quantum emitter to a specific far-field radiation pattern. The
different elements of the optical nanoantenna are precisely spaced, so that the dipole’s
radiation experiences destructive interference in one direction, while experiencing
constructive interference in another, thereby tailoring the isotropic fluorescence
emission into a specific direction. For this purpose, several approaches have been
developed to control the directionality of fluorescence emission through various
designs of nanoantennas. For example, planar Yagi-Uda antennas have been applied
to ensembles of fluorescent nanobeads and shown to direct fluorescence into a narrow

cone, enabling more efficient detection [15]. Other implementations rely on coupling



the emitter’s dipole to a tunable microcavity to improve photon collection efficiency
and, consequently, brightness. Tomm et al. [16], for instance, coupled an electrically
excited single InGaAs quantum dot to a tunable microcavity, producing a coherent
single-photon source delivering thousands of photons in a 1-GHz pulse train. A similar
approach was demonstrated by coupling a SnV color center in a diamond membrane
to a fiber-based Fabry—Pérot tunable microcavity [17]. A major limitation of such
cavity-based systems, however, is that they typically require cryogenic temperatures,

restricting their practicality in real-world applications.

The second strategy depends on modifying the decay rate of a quantum emitter.
When a quantum emitter is placed inside, or in the vicinity of a nanostructured
cavity, and the cavity resonance is tuned, the local density of optical states (LDOS)
at the emitter’s position is drastically increased. Such hybrid quantum systems
require perfectly fabricated nanocavities and precise positioning control between the
emitter’s location and the nanocavity, otherwise the same optical nanoantenna would
inhibit the quantum emitter’s emission. An example of those hybrid systems is a gold
nanocavity—is coupled to the emitter to control its local density of optical states
and enhance its emission rate. This approach is particularly promising because it
enables bright photon sources at room temperature. For example, Flatae et al. [18§]
reported substantial Purcell enhancement of bare core CdTe quantum dots, achieving
1460-fold and 613-fold increases in emission rates for exciton and biexciton states,
respectively, at room temperature. Room-temperature coupling of SiV centers in
diamond membranes has also been demonstrated, although only for ensembles thus
far [19]. Because an increased radiative decay rate corresponds to faster emission,
high-temporal-resolution fluorescence techniques capable of resolving such ultrafast
fluorescence emission from the quantum emitters, which will help us grasp deeper

understanding about their emission dynamics.

1.2 Time-resolved fluorescence of quantum emit-

ters

Time-resolved fluorescence spectroscopy is a powerful technique for measuring how
the emission intensity of a quantum emitter decays as a function of time after excita-
tion. The fluorescence lifetime is important because it represents the characteristic
time over which the excited state relaxes radiatively. High-resolution lifetime mea-
surements provide insight into radiative and non-radiative decay channels, quenching
mechanisms, and the emitter’s local environment. Since the fluorescence lifetime 7

is inversely proportional to the radiative transition rate and quantum efficiency, a



short lifetime indicates a high radiative rate and, therefore, a brighter photon source.
In contrast, a longer lifetime may signal low radiative efficiency or the involvement
of metastable states that temporarily trap the excitation. When radiative decay is
the dominant relaxation pathway, the fluorescence decay follows a single-exponential
profile corresponding to a single characteristic lifetime. However, many emitters ex-
hibit multi-exponential decay, indicating multiple relaxation routes or more complex
fluorescence dynamics. For example, the presence of metastable shelving states in

color centers can lead to bi-exponential decay.

Depending on the local environment, the fluorescence lifetimes of quantum emitters
can vary widely, ranging from a few hundred picoseconds to several microseconds.
For example, single colloidal CdSe quantum dots exhibit exciton lifetimes of around
10 ns at room temperature. By adjusting the quantum dot size and the dielectric
constant of the surrounding medium, the emission lifetime can be reduced to the
sub-nanosecond regime [20]. Even faster emission—on the order of 100 ps has been
achieved with single GaAs quantum dots at cryogenic temperatures (5 K) under
strong confinement [21]. Nitrogen—vacancy centers also show characteristic lifetimes:
NV~ centers in nanodiamonds typically exhibit lifetimes of ~ 22 ns, while NV°
centers show lifetimes of ~ 29 ns under 540 nm excitation. Shorter lifetimes are
observed in bulk diamond [22].

Among the various approaches, time-correlated single-photon counting (TCSPC) is
considered the gold standard in time-resolved fluorescence measurements [23]. In
TCSPC, quantum emitters are excited by a pulsed light source—typically picosecond
or femtosecond lasers—and the arrival times of individual fluorescence photons
are recorded by the TCSPC electronics. Simultaneously, the device registers a
radiofrequency (RF) signal corresponding to each excitation pulse. By calculating the
time difference between the excitation pulse (RF signal) and the detected fluorescence
photon, the TCSPC system constructs a histogram of photon arrival times. Fitting
this histogram yields the fluorescence decay curve. A schematic illustration of this

concept is shown in Fig. 1.1.
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Figure 1.1: Scheme of TCSPC operation principle. [24].

Although the TCSPC electronics themselves are capable of providing a temporal
resolution of a few picoseconds, in time-resolved fluorescence experiments, the actual
temporal resolution is determined by the instrument response function (IRF). The
IRF is mainly a convolution of the pulse width of the excitation laser, and the
time jitter of the single-photon detector. The time jitter (known also as temporal
resolution) describes the precision and uncertainty of registering the exact arrival
times of photons. It is defined by the statistical variations in the measured time
difference between the true arrival time of the photon and the time the detector
registers the event. Depending on the type of single-photon detector, the time
jitter can range between a few hundred picoseconds to microseconds. Nowadays
commercial lasers with < 100 fs pulse widths are available. Therefore, the excitation
pulse width does not play a significant role in the IRF. The time jitter, though, still
remains an essential obstacle, in particular for ultrafast fluorescence emission, like
from hybrid quantum systems. There are different types of single-photon detectors,
each of which varies in quantum efficiency, temporal resolution, and dark count rate
(DCR). Quantum efficiency is defined as the number of charge carriers generated
relative to the number of incident photons on the sensor’s active area. Dark count
rate refers to the charge carriers generated without optical photons, due to thermal
excitation. Each of these figures of merit affects the measurements in a distinct
manner. While the time jitter can distort the temporal information, especially for
ultrafast emission processes, photodetectors with low detection efficiency adversely
reduce the maximum count rate, as they produce insufficient charge carriers. This
effect becomes especially critical in photon-starving applications, such as SPSs. In
contrast, photodetectors with high DCR can artificially inflate the detected count
rate in ensemble measurements; or oppositely bury the number of detected photons in

case of SPSs. The most commonly used single-photon detectors are photomultiplier



tube (PMT), single-photon avalanche photodiode (SPAD), superconducting nanowire
single-photon detector (SNSPD), and quantum-dot field-effect transistor (QD-FET).

A comparison between these detectors is provided in table 1.2.

Table 1.2: Comparison of single-photon detectors.

Single-photon det. | Det. efficiency | Time jitter Dark counts
(%) (FWHM, ps) | (cps)

PMT 10-50 300 100-200 k

SPAD 40-80 35-500 0.008-30 k

SNSPD 50-90 30-150 1-16 k

QD-FET 2-12 10°-106 0.002-150

In the following section, examples of ultrafast fluorescence emission processes will
be provided, showing how the low temporal resolution of the above single-photon

detectors limits their ultrafast dynamics.

1.3 Ultrafast fluorescence of quantum emitters

Time-resolved fluorescence spectroscopy is typically used to study emission processes
in quantum emitters whose fluorescence decays on nanosecond timescales. However,
many fundamental dynamical processes are considerably faster, occurring on pi-
cosecond (10712 s) or femtosecond (107'% s) timescales. These ultrafast fluorescence
processes include carrier thermalization, exciton—phonon interactions, intervalley
scattering, and Auger recombination. Since the radiative and non-radiative decay
rates of quantum emitters can be significantly influenced by their local environment,
developing time-resolved techniques that operate at such high temporal resolution is

essential for gaining insight into these rapid processes.

Early studies that attempted to characterize exciton recombination dynamics in
monolayer transition metal dichalcogenides (TMDs), such as WSey and MoSes, were
limited by the modest temporal resolution of conventional time-resolved photolumi-
nescence systems, which typically offer timing resolutions on the order of several tens
of picoseconds. With the advent of modern ultrafast methods, temporal resolutions
approaching 100 fs have become accessible, enabling the observation of very fast
emission decay times of approximately 3-5 ps in monolayer MoS,, MoSe,, and WSe,
at low temperature (T < 10 K) [25]. Ultrafast fluorescence measurements have
also allowed the investigation of intervalley dynamics—processes occurring on a
few-picosecond timescales that determine the decay of spin and valley polarization

in 2D semiconductors [26].



In semiconductor quantum dots, the presence of multi-exciton states leads to fast
non-radiative recombination through Auger processes, typically occurring below
the nanosecond timescale [27]. Strongly confined QDs, such as individual GaAs
quantum dots embedded in quantum structures, exhibit radiative lifetimes as short
as ~ 100 ps, as mentioned previously [21]. Ultrafast charge-carrier dynamics in
CulnS,; QDs have been shown to occur on sub-nanosecond timescales [28, 29, 30].
Furthermore, time-resolved photoluminescence studies of multi-exciton CdSe QDs
have demonstrated that biexcitons emit their photons within a sub-nanosecond
Auger lifetime, substantially shorter than the radiative lifetime associated with
their single-exciton state [31]. These examples highlight the importance of ultrafast
fluorescence techniques in distinguishing between the radiative lifetimes of excitons

and multicharged states, such as biexcitons.

Although optical transitions in color centers like NV and SiV centers in diamond
occur on the nanosecond scale, certain internal processes are ultrafast. A notable
example is the intersystem crossing (ISC) in NV~ centers—a partially non-radiative
transition from the excited triplet state into a metastable singlet manifold—which
takes place on picosecond timescales and contributes to the overall fluorescence decay
(32, 33].

Single organic molecules have also emerged as promising platforms for photonic
quantum technologies due to their narrow emission linewidths [34]. Recently, ultrafast
fluorescence studies of individual terrylene bisimide (TBI) molecules embedded in
a PMMA matrix have been demonstrated using a newly developed technique that
integrates a wavelength-tunable ultrafast laser with a confocal scanning microscope.
With sub-100-fs temporal resolution and micrometer-scale spatial precision, this
approach has enabled direct probing of the femtosecond transient behavior of single
molecules, revealing substantial deviations from ensemble-averaged dynamics due to

variations in their local environment [35].

Hybrid quantum systems constitute another promising platform for studying
light-matter interactions and developing bright single-photon sources. These systems
typically consist of a single quantum emitter—such as a quantum dot or a SiV center
in a diamond membrane—coupled to a nanophotonic structure, for example a gold
nanocone. Proper nanocavity design enables strong confinement of the electromag-
netic field, and by adjusting the emitter—cavity separation, the local photonic density
of states can be controlled in a way that significantly enhances the radiative decay
rate [36]. As a result, the fluorescence lifetime can be reduced to the picosecond
range, in accordance with the inverse dependence of lifetime on radiative decay rate
[37, 18, 38].

Throughout this review, it has become evident that conventional time-resolved



fluorescence methods relying on techniques such as TCSPC and current single-
photon detectors are inherently limited by their electronic timing resolution, typically
restricted to picosecond timescale. Hence, different detection techniques have been

developed, in order to overcome the low IRF barrier.

1.4 Detection of ultrafast fluorescence emission

The endeavor to overcome the time resolution challenge has led to significant advances,
in both, single-photon detector electronics, and optical-based ultrafast techniques.
For example, SPADs with time jitter of about 35 ps have been commercially available
[39]. The progress of research and development of SNSPDs has rapidly evolved,
where sub-3 ps has been recently demonstrated [40]. Such advancement of SNSPD
enabled reaching an IRF of 4.4 ps [41]. However, such single-photon detectors require
sophisticated fabrication of the meander structure of the nanowire utilized for single
photons detection. Moreover, this type of detectors demands a cryocooler, which
is costly and renders the entire device bulky. Streak camera is an ultrafast optical
detector that converts incident photons into photoelectrons ejected from its cathode,
and swept via electrodes before being converted back into photons on a phosphor
screen. It has been already employed for fluorescence emission detection [42]. In
spite of its ability to reach sub-ps time resolution, streak cameras operate under
vacuum. This, in turn, requires periodic maintenance, and makes the device also
bulky. Also, this camera has a low signal-to-noise (S/N) ratio at IR regime, and it is

difficult to synchronize with high repetition rate lasers, i.e., 1 GHz.

Recent advances in optical measurement have led to the development of several
time-resolved ultrafast techniques, some relying on nonlinear sampling and others
operating without nonlinear media. Among these is the femtosecond fluorescence mea-
surement method based on two-photon interference, which combines a Mach-Zehnder
interferometer with two-photon coincidence detection [43, 44]. This approach enables
independent measurement of fluorescence coherence time and ultrafast pulse envelope
width. Its key strengths include the absence of nonlinear crystals—allowing operation
in spectral regions not covered by x® media—as well as low power requirements
and suitability for weak fluorescence signals. Its temporal resolution is determined
mainly by the precision of the delay line. However, the technique suffers from several
limitations: it is highly sensitive to dark counts, requires long integration times for
weak emitters, and its extraction of fluorescence lifetime depends on deconvolving an
autocorrelation curve—an ill-posed problem in which multiple decay functions can
produce the same autocorrelation. Consequently, it is not well suited for single-photon

emitters.
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Another method, designed specifically for single emitters, is the femtosecond double-
excitation photon antibunching technique (FeDEx) [45]. This approach exploits the
photon antibunching behavior of single-photon sources, using double femtosecond
excitation pulses and analyzing coincidence ratios to determine ultrafast fluorescence
dynamics. FeDEx does not require nonlinear media or intense lasers and has demon-
strated sensitivity down to tens of picoseconds, with applications including measuring
ultrafast energy transfer and Purcell-enhanced emission. Its major limitation is that
it applies only to single emitters, since antibunching does not occur in ensembles.
Additionally, the technique requires precise control of the double-pulse delay and

sufficient photon counts per excitation cycle.

A more technologically involved technique is photon counting by time magnification
(the time-lens or TM-TCSPC approach), which uses four-wave mixing Bragg scatter-
ing in highly nonlinear fibers to stretch ultrashort fluorescence signals into longer
temporal profiles that can be resolved with standard SPAD and TCSPC systems
[46]. This method provides sub-picosecond intrinsic resolution (~ 550 fs), high
sensitivity down to ~0.03 photons/pulse, and high conversion efficiency exceeding
97%. However, it requires a complex arrangement of synchronized pump lasers,
dispersion-compensating fibers, and nonlinear components. Temporal distortions
introduced by fiber dispersion must be corrected, and the system is limited by the

gate pulse width and noise contributions such as spontaneous Raman scattering.

Fluorescence-lifetime Hong-Ou-Mandel (FL-HOM) sensing presents another alterna-
tive based on two-photon interference [47]. In this technique, an attenuated reference
pulse interferes with fluorescence photons, and the depth and decay of the HOM dip
reveal the fluorescence lifetime. FL-HOM operates at low photon numbers, requires
no nonlinear media or high-power lasers, and has demonstrated picosecond-scale
lifetime measurements for several dye systems. Its limitations include reliance on
interferometric stability, difficulty coupling faint fluorescence into single-mode fibers,
and sensitivity to the spectral bandwidth of filters, which affects both temporal

resolution and interference visibility.

Frequency up-conversion, a well-established x(® nonlinear sampling technique, mixes
fluorescence with a strong gate pulse inside a nonlinear crystal to generate a sum-
frequency signal that is free from background fluorescence. This method achieves
sub-100-fs temporal resolution and can detect even single-photon fluorescence after
upconversion [48,; 49]. Tt is widely applicable to biophysics, mid-IR imaging, and
quantum optics. However, its implementation is technically demanding because it
requires satisfying stringent phase-matching conditions, which become challenging
for broadband fluorescence. Thin crystals allow broader bandwidths but require high

gate-pulse energies, and nonlinear crystals are expensive and susceptible to optical
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damage. The setup is therefore complex and sensitive to alignment.

Finally, the optical Kerr gate (OKQG) is a x®-based technique that uses an intense
laser pulse to induce ultrafast birefringence in a Kerr medium placed between crossed
polarizers, thereby opening a temporal “gate” through which fluorescence can be
sampled [50]. OKG offers sub-picosecond temporal resolution without requiring
phase matching, and it is compatible with a wide range of Kerr media, including
liquids, solids, fibers, and 2D materials. It has been used in ultrafast spectroscopy,
microscopy, and even single-photon waveform measurement. Its primary disadvantage
is its reliance on high-intensity gate pulses, typically produced by amplified lasers
operating at low repetition rates. Achieving spatial and temporal overlap between

pump and probe beams can also be sometimes experimentally demanding.

In summary, while substantial progress has been made toward achieving ultrafast
fluorescence detection, the existing techniques often require cryogenic detectors,
nonlinear crystals, high-power lasers, or precise interferometric stability, limiting
their practicality for compact, robust, and high-repetition-rate measurements at room
temperature. These constraints underline a clear need for an alternative approach,

which is the focus of the following section.

1.5 Research objective

The goal of this dissertation is to propose an alternative approach for enhancing
the brightness of quantum emitters through high-repetition-rate pulsed excitation.
To pursue this idea, a solid-state Ti:Sa femtosecond laser operating at a 1-GHz
repetition rate (producing one billion pulses per second, each of which is temporally
separated with 1 ns from the consective one) will be used to increase the emission rate
of quantum emitters at room temperature. This method avoids the complexity of
cryogenic instrumentation and eliminates the need for intricate micro- and nanocavity
structures typically used to enhance emission. Moreover, it remains compatible with
realistic experimental conditions and constraints, such as the low quantum yield
of many quantum emitters, the limited collection efficiency of standard confocal

fluorescence microscopes, and the maximum count rate of single-photon detectors.

A key motivation for employing a gigahertz excitation source is its ability to deliver a
substantially higher number of excitation events per unit time than conventional MHz
lasers, thereby enabling significantly higher fluorescence count rates and improved
S/N ratio. This becomes particularly important for low-quantum-yield emitters,
where only a small fraction of excitation pulses result in detectable photons. To

quantify this advantage more rigorously, we consider the expected fluorescence counts
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per time bin in a Kerr-gated detection scheme. Assuming a fluorescence lifetime of 1
ns and a gate time resolution of 100 fs, the probability of detecting a single photon
in a given time bin is on the order of 10~*. This probability is further reduced by
the collection efficiency of the microscope, the gating efficiency of the OKG, and
the detection efficiency of the single-photon detector, but it increases directly with
the repetition rate of the excitation laser. For instance, assuming a fluorescence
lifetime of 10 ps, a collection efficiency of 10%, a gate efficiency of 10%, and a
detector efficiency of 50%, the overall probability per bin becomes approximately
5 x 107°. When multiplied by a 1-GHz repetition rate, this yields an expected signal
of about 10 counts per second (cps) per time bin, which is sufficient for reliable
detection. Under identical conditions, an 80-MHz laser would yield fewer than 102
cps, a level comparable to the dark-count rate of avalanche photodiodes (typically
25-100 cps), making accurate measurements significantly more challenging. Thus,
gigahertz excitation is essential for achieving adequate S/N in Kerr-gated ultrafast

fluorescence measurements.

Ultrabright single-photon sources (SPSs) can therefore be realized when a 1-GHz
excitation laser is combined with a hybrid quantum system, in which a quantum
emitter—for example, a SiV center in diamond—is coupled to a nanocavity such
as a gold nanocone. With an intrinsic emission lifetime of approximately 1 ns,
such a system can exhibit radiative lifetime shortening down to a few hundred
picoseconds through Purcell enhancement. Given the rapid timescales involved and
the limitations of current detector technology, an ultrafast measurement technique

capable of resolving such events is required.

Considering the advantages and drawbacks of existing ultrafast techniques, the
optical Kerr gate (OKG) nonlinear sampling method has been selected for this
work. Its primary advantage is that it does not require the stringent phase-matching
conditions associated with y®) processes. Although ideal quantum emitters possess
narrow zero-phonon lines (ZPLs), real emitters often exhibit comparatively broad
spectral bandwidths; x®-based Kerr media impose no symmetry or phase-matching
constraints and, in principle, nearly any transparent medium can serve as a Kerr
medium. Nevertheless, specific requirements must be met to maximize gating
efficiency. First, the Kerr medium must possess a high nonlinear refractive index
no. Second, the medium thickness must be sufficient to accumulate a meaningful
nonlinear phase shift, yet not so large that group-velocity dispersion reduces the
gate-pulse intensity. Third, the gate-pulse intensity must be high but not excessive,
as overly intense pulses may induce self-phase modulation and generate spectral
broadening that overlaps with the probe or fluorescence signal, thereby degrading
the S/N ratio. Additionally, the Kerr medium must be transparent at both the
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fluorescence and gate wavelengths, and its damage threshold must exceed the applied

gate-pulse intensity.

In this dissertation, an OKG operating at a 1-GHz repetition rate with sub-picosecond
time resolution is demonstrated using bismuth-borosilicate (BBS) glass and thin
graphite films as Kerr media, following characterization of the setup using carbon
disulfide (CS;). Each Kerr medium was chosen for specific reasons. BBS glass
offers a relatively high ny value of approximately 1071® m?/W and a sub-picosecond
response time arising from bound-electron hyperpolarizability [51, 52]. Thin graphite
films, composed of several graphene layers, were selected because a single graphene
layer exhibits an exceptionally large ns, several orders of magnitude higher than in
bulk materials [53]. Moreover, their minimal thickness greatly reduces sensitivity
to spatial-overlap mismatch and group-velocity mismatch between pump and probe
beams. The OKG signals obtained in each experiment were generated using sub-
nanojoule gate-pulse energies—six orders of magnitude lower than the energies
typically required in conventional OKG implementations that rely on amplified laser
systems. To the best of the author’s knowledge, this work demonstrates the lowest
gate-pulse energies ever reported for achieving a measurable OKG signal, marking a

substantial reduction compared with conventional implementations.

A distinguishing feature of this work is that, unlike conventional OKG experi-
ments—which typically use moderate-power lasers followed by amplifiers that gener-
ate millijoule-level pulses at low repetition rates—here, the Kerr gate is driven by a
high-repetition-rate (1-GHz), moderate-power Ti:sa laser. Consequently, the peak
gate-pulse intensity is modest compared to that used in typical x*) experiments. To
compensate, the OKG is implemented under tightly focused illumination, guided
by a semi-analytical model developed in the Nano-Optics group for maximizing
Kerr-gate efficiency through careful optimization of pump and probe beam waists
[54]. Furthermore, the high repetition rate increases the risk of heat accumulation in
the Kerr medium, potentially leading to thermal lensing. To mitigate this, the gate
wavelength must be chosen to minimize both linear and nonlinear absorption, while
remaining sufficiently close to the probe wavelength to avoid excessive group-velocity
mismatch. This issue is significant for relatively thick Kerr media such as BBS glass,
but negligible for atomically thin media like graphene or thin graphite films. In this
work, the OKG experiments were primarily performed in a degenerate configura-
tion (same wavelength for pump and probe) and mostly in a counter-propagating

geometry.
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1.6 Dissertation outline

The objective of this dissertation, together with a brief state of the art of mod-
ern quantum emitters—i.e., hybrid quantum systems—and time-resolved ultrafast
fluorescence techniques, has been presented here. Chapter 2 introduces the basic
concepts related to fluorescence emission and the enhancement of fluorescence via
increasing the Purcell factor, particularly by means of optical nanoantennas. It
also presents common quantum emitters, such as QDs, color centers in diamond,
ultrafast fluorescent dyes, and hybrid quantum systems. Then, the essential com-
ponents of conventional confocal fluorescence microscopes, including the excitation
light source, imaging systems, spectrometer, etc., are discussed. Afterwards, a de-
tailed state-of-the-art overview of time-resolved ultrafast fluorescence techniques is

provided.

Chapter 3 is dedicated to the theoretical foundation of nonlinear optical sampling. It
begins with an introduction to nonlinear optics, then discusses third-order nonlinear
optical susceptibility processes, and subsequently examines the theoretical aspects of
various intensity-dependent refractive index phenomena, such as the optical Kerr
effect and self-phase modulation. Finally, it presents a semi-analytical model for
calculating optical Kerr gate efficiencies and self-phase modulation when they occur

under focused illumination in a nonlinear medium.

Chapter 4 provides the experimental details involved in constructing an OKG setup.
It begins with the necessary optical and electronic components, followed by the
importance of CSy, an explanation of its tensor nature, and the origin of its fast
and slow nonlinear responses. The experimental results and their analysis are then
presented. At the end, the results of a former M.Sc. project in the Nano-Optics group,
which attempted to achieve OKG at a 1-GHz repetition rate using a single-mode
fiber as a Kerr medium, are discussed, and several practical considerations for future

implementations are provided.

Chapter 5 focuses on bismuth oxide-containing glasses, such as BBS glass, as
Kerr media. After the introduction, the glass structure is described, and the sam-
ple preparation method is presented. The relevant third-order nonlinear optical
processes—such as two-photon absorption, self-phase modulation, and the Kerr

effect—are then discussed, followed by the experimental results and their analysis.

Chapter 6 is dedicated to graphene and thin graphite films. It begins with an
introduction to the unique properties of graphene, followed by its crystal and band
structure, the various stacking orders of graphene layers, and the Raman spectrum of
graphene. An overview of sample preparation techniques is then given, with emphasis

on the two widely used approaches: chemical vapor deposition and mechanical
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exfoliation. Afterwards, methods for identifying the number of graphene layers
in a sample—such as optical microscopy, Raman spectroscopy, and atomic force
microscopy—are discussed. The chapter then covers the thermal properties and
mechanisms of laser-induced damage in graphene, ending with our experimental
investigation of laser-induced damage at a 1-GHz repetition rate. Finally, a literature
review on self-phase modulation in graphene and optical Kerr experiments is provided,

along with our corresponding experimental results.

In Chapter 7, the results obtained throughout this dissertation are summarized and

discussed, followed by an outlook on future work.
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Chapter 2

Quantum emitters and ultrafast

fluorescence detection techniques

Studying fluorescence emission from fluorescent molecules and quantum emitters
requires understanding some of the underlying basic physical concepts, which are
presented in the first section. Physical properties of commonly studied quantum
emitters are discussed in the second section, as well as naturally ultrafast fluores-
cence dyes, and emission-rate-controlled quantum emitters coupled to plasmonic
nanostructures. The third section introduces the typically utilized experimental
setup for the characterization of various physical properties of quantum emitters,
enabling us to determine their spectra, fluorescence lifetimes, and the correlations
among their emitted photons. The experimental setups discussed in this section
are limited to room-temperature measurements; cryogenic and vacuum systems,
which suppress phonon effects on the fluorescence spectrum, are excluded. This is
because measurements at room temperature are more viable for real-life applications,
i.e., quantum-based technologies. The fourth section reviews the state-of-the-art of
ultrafast detection of fluorescence emission, discussing the pros and cons of each

presented technique.

2.1 Fundamentals of fluorescence and fluorescence

enhancement
Molecular systems vary in their configurations and in the chemical bonds that
connect their constituent atoms. Substances that have rigid conjugated m-electron

systems are often capable of emitting fluorescence. In conjugated m-electron systems,

the electrons are typically delocalized across several atoms, thereby reducing the
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energy gaps between molecular orbitals and increasing stability, which allows efficient
absorption in the visible and UV. Furthermore, the rigidity of their chemical structure

often favors radiative pathways for dissipating the absorbed energy.

The principles of energy absorption and subsequent light emission are also central to
a wider class of systems known as quantum emitters. These nanoscale or atomic-
scale systems, which include colloidal quantum dots (QDs), color centers in solids
(like the nitrogen-vacancy (NV) center in diamond), and localized excitons in 2D
materials (such as hexagonal boron nitride), exhibit quantized electronic energy
levels. This quantization enables highly efficient, bright fluorescence, often resulting
in single-photon emission—a key requirement for quantum technologies. Unlike the
m-electron system, the emission energy (color) in QDs is determined by their size
(quantum confinement), while in color centers, it is dictated by a point defect within

a crystal lattice.

2.1.1 Perrin-Jablonski diagram

The energy diagram describing the absorption and energy dissipation pathways
is referred to as Jablonski diagram, named after the Polish physicist Aleksander
Jablonski, who is well known for his contributions to fluorescence spectroscopy and
who developed this diagram to explain the fluorescence mechanism and kinetics
[55]. Less commonly, the diagram is referred to as the Perrin—Jablonski diagram,
acknowledging the significant contributions of the two French physicists Jean Perrin
and his son Francis Perrin.. Jean Perrin introduced resonant energy transfer between
molecules via dipole—dipole interactions [56]. His ideas were later developed by
Theodor Forster between two molecules, a donor and acceptor, so called Forster
Resonance Energy Transfer (FRET). Furthermore, he was the first to use molecular
energy diagrams to describe the absorption and emission of light, based on which he
illustrated the thermally-activated delayed fluorescence. Francis Perrin - in his PhD

dissertation [57] - developed the active sphere model for fluorescence quenching.

A typical Jablonski diagram is illustrated in Fig. 2.1, in which the energy levels are
classified according to their spin multiplicity, given by 25 + 1, where S is the total
spin of an energy level, and it is the sum of the electron quantum spin numbers my,
where my is the quantum spin number of a single electron that takes the values +%
or —%. Accordingly, each electronic state can either be a singlet, in which 25 + 1 is
1, when S = 0 ( one electron has mg = +%, the other one has my = —%); or a triplet
in which 25 + 1 is 3, occurring when S =1 (e.g. one electron spin my = —i—%, and the
other spin is mg = —i—%) The singlet electronic ground, first, second excited states

are depicted as Sy, Sp, Sz, respectively. The first triplet state is depicted as T, and
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each electronic excited state, S or T has vibrational energy states.
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Figure 2.1: Perrin-Jablonski diagram, showing radiative and non-radiative transitions
[58].

The fluorescent molecules reside typically at the lowest vibrational energy state of
the ground electronic singlet state Sy. When a photon is absorbed by a molecule, an
electron is promoted to one of the high vibrational energy states of the first excited
singlet state S7, or the second excited singlet state S;. The absorption from Sy — Sy,
or from Sy — S, occurs on a very fast timescale ~ 1071 s, due to the fact that
electrons are much faster to respond to electromagnetic (EM) radiation, relative to the
nucleus, which is assumed to be fixed in position, according to the Franck-Condon
principle. The energy absorbed by a photon can be dissipated through various
possible transitions. One such possible transition is internal conversion, in which the
electron can cross over between energy levels of the same spin multiplicity, e.g. singlet-
to-singlet, or triplet-to-triplet. Another possible transition is vibrational relaxation,
where the electron in the higher vibrational energy state undergoes non-radiative
decay to the lowest vibrational energy state of the excited electronic singlet state to
which it was excited by the absorbed photon. In non-radiative decay, the electron loses
its energy in the form of heat. At the lowest vibrational energy state of e.g., Sy, other
possibilities for further transitions emerge. For instance, the electron can continue
its non-radiative decay to one of the vibrational energy states of the ground singlet
electronic state Sy. Alternatively, the electron undergoes a radiative transition to
one of the vibrational energy states of Sy, whereas a photon at a longer wavelength is
emitted from the molecule. This process is called fluorescence. Instead of fluorescing,
the electron can undergo the so-called intersystem crossing, in which the electron
crosses over between electronic states of different spin multiplicities, e.g., S; — T}.
Theoretically speaking, the transition from 77 to Sy is spin-forbidden, nonetheless,

the radiative decay can still take place, which is called in this case phosphorescence.
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The time scale of this process is much longer than that of fluorescence, typically

ranging from microseconds to seconds (and in some systems up to minutes).

2.1.2 Characteristics of fluorescence emission

Fluorophores or fluorescent materials emit EM radiation typically at longer wave-
lengths than their absorption spectra, as illustrated in Fig. 2.1, and mentioned earlier.
That was first observed by Sir G. G. Stokes, who noticed that quinine solution emits
blue fluorescence and absorbs UV radiation from sunlight. This is why the shift
between the fluorophore’s absorption spectrum and its emission spectrum is named
after him. As shown in Fig. 2.2, the two spectra partially overlap, with the emission
spectrum shifted toward longer wavelengths. However, a region of overlap remains
that one should avoid upon selection of the excitation wavelength, otherwise, the
emitted photons would be re-absorbed by the fluorophores. The reason for Stokes
shift is that when the electron is promoted to one of the high vibrational energy
states of the singlet excited state, it dissipates part of its energy non-radiatively as
a heat. Such loss of energy leads to reduction of the emitted fluorescence photon,
thereby having longer wavelength. Moreover, when the electron reaches the lowest
vibrational energy level of e.g. Sy, it can undergo non-radiative transition to one of

Sp higher vibrational energy states, then loses its energy even further.
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Figure 2.2: Stokes shift between the absorption and emission spectrum [59].

Another aspect of the fluorescence emission spectrum is that it is independent of
the absorption spectrum. This is in accordance with Kasha’s rule [60], which states
that the fluorescence emission occurs from the lowest electronic energy singlet state,
namely, S;. That implies even when a high energy photon (shorter wavelength) is
absorbed, and excites the electron to one of the highest electronic singlet states S,
where n > 1, the electron will often relax non-radiatively till it reaches to S;. The
reason underlying this that the vibrational relaxation takes place over short timescale

10712 s, as opposed to fluorescence, which ranges between several hundreds of ps

20



to dozens of ns. Also, there is strong overlap among different vibrational energy
transitions, facilitating the fast transitions among them. Direct relaxation from

higher electronic singlet states, though, happens, but rarely.

For most fluorophores, the spectrum from Sy — S is a mirror image of the spectrum
from S7; — Sy, due to the similarity among the transitions occurring between one
singlet state of them to the other, and also to the similarity of the vibrational
energy levels each singlet state possesses. An example of the mirror-image rule of
absorption and emission spectrum of anthracene is provided in Fig. 2.3. Several
possible transitions from the lowest vibrational energy state in Sy to the highest
vibrational energy state in S; yield the absorption spectrum. After the electron
undergoes non-radiative transition to the lowest vibrational energy state in Si, the
electron can relax back to any vibrational energy state in Sy, thereby creating the
fluorescence spectrum. Since the energy gaps among vibrational energy states in
S, are similar to their counterparts in Sy, thus the spacing among the absorption
spectrum peaks, are similar to the spacing among the fluorescence spectrum peaks.
Based upon, Franck-Condon principle, the nuclei of the fluorophores are presumably
fixed in position, the electron transitions are vertical, meaning no displacement from
the nucleus during those transitions, as illustrated in Fig. 2.4. Accordingly, if a
transition from a certain vibrational energy state in Sy to another vibrational energy
state in 57 singlet state is likely to occur, determined by the Franck-Condon factor,

the reciprocal transition to Sy is most probable to happen.
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Figure 2.3: Mirror-image rule of absorption and fluorescence of Anthracene spectrum
[61].
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Figure 2.4: Vertical transitions following Franck-Condon principle [62].

2.1.3 Fluorescence lifetime and quantum yield

Steady-state fluorescence spectroscopy was, for many years, frequently employed to
study the properties of fluorophores. Thus, the scope was to study the absorption and
emission spectrum and the Stokes shift and the mirror-image between them. Later
on, there has been a growing interest to study fluorescence kinetics, in particular

fluorescence decay.

Basically when a fluorophore absorbs EM radiation, the electron gets excited from
the lowest vibrational energy state in Sy to one of the highest vibrational energy
states in, i.e., Sy, it rapidly decays some energy in the form of heat, over ~ 10712
s timescale to the lowest vibrational energy state at the electronic singlet excited
state 57, as described earlier. The average time the molecule stays in the excited
state before fluorescence emission is called fluorescence lifetime 7 [63]. This lifetime
determines the temporal window within which the fluorophore will interact with,
or diffuse into its environment [55]. Having a very long fluorescence lifetime is not
favorable for some applications, such as imaging. This is because the collected
fluorescence intensity will not be high enough, as the number of excitation-emission
cycles will not be large. The most distinct feature of fluorescence lifetime 7 is that it
is independent of the fluorophore concentration. Nevertheless, the local environment
surrounding the fluorescent molecules, e.g., pH, or temperature could affect their

fluorescence lifetimes.

In the simplest case, when the fluorophores are not interacting with each other -
in contrast to the case where, e.g., two dimers are interacting with each other to

form excimer, the relaxation of a fluorescent molecule residing at the excited state
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happens via spontaneous, mutually independent decay mechanisms, each of which is
characterized by a specific rate constant k. This is because fluorescence decay is not
the only mechanism responsible for the depopulation of the excited molecules present
at the first singlet electronic state S;. Often, other processes, such as non-radiative
decay and/or quenching are competing against fluorescence decay. Quenching is a
mechanism, often undesirable, by which the excited fluorescent molecule favorably
loses its energy via other relaxation pathways than fluorescence, thereby reducing
the emitted fluorescence intensity, and its lifetime. One example of quenching effect
is depicted in Fig. 2.5, in which the thioamide (quencher) decreases the fluorescence
signal collected from a fluorescein dye (fluorophore), commonly used in biomedical
imaging [64]. Because each decay mechanism is a spontaneous, mutually independent
process, each decay mechanism occurs at a different rate constant. The fluorescence
decay rate constant is called k¢, while the non-radiative decay rate constant is called
Ene. Quenching decay rate constant is called kq. Therefore, the total decay rate
constant k = k¢ + kyn, + kq. Fig. 2.6 depicts a simplified Perrin-Jablonski diagram, in
which the aforementioned decay constants are represented, including the unavoidable

quenching rate of the fluorophore via its environment.

Intensity
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Time (ns)

Figure 2.5: Effect of quenching of thioamide on a fluorophore, fluorescein dye [63].
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Figure 2.6: Simplified Perrin-Jablonski diagram showing various decay processes [64].

Without consideration of the process of quenching, the fluorescence decay process
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can be described by first-order kinetics. This is because the rate of fluorescence is
directly depends on a single reactant, that is the concentration of the fluorescent

molecules [A*] at the excited state, through this first-order rate equation:
Rate = k[A"], (2.1)

where k = k¢+ky,,. That implies the molecule at excited state has the same probability
to emit a photon, at any given instant of time. In other words, the probability of a
molecule emitting a photon is independent of time. This probability holds, given
the assumption that the different decay processes are spontaneous. In existence of a
quencher, the decay process is truly described by second-order kinetics [65], where

the rate equation becomes:
Rate = k[A™] + k,[A"][Q], (2.2)

where [()] is the concentration of the quencher. The kinetics is described now by
a second-order rate equation, as the rate of fluorescence decay depends on two
reactants, as opposed to one reactant in Eq. 2.1. In this case, it is assumed that the
concentration of each reactant is comparable to the other, which gives rise to the
rate of decay depending on both of them, thereby complicating the analysis of the
decay process. Nevertheless, if the quencher concentration [@)] is much higher, as
mostly the case, than the concentration of fluorescent molecules at the excited state
[A*], then one can assume that the rate constant k, is roughly constant. Therefore,
the kinetics of decay process can be approximately considered as a pseudo-first order,

which simplifies the analysis, so the rate equation becomes:
Rate = k'[A7], (2.3)

whereas k' = k¢ + ko, + K, where &/ = kq[Q]. In this case, the rate equation for

excited-state decay would be:

dN (t)
——> = —kN(t 2.4

~ (t) (24)
where N(t) is the number of excited fluorophores at time ¢, and k is the total decay
rate constant. The solution to this rate equation gives the exponential decay rate

function:
N(t) = Noe ™, (2.5)

where Nj is the initial number of excited fluorophores. Therefore, fluorescence
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intensity I(t) also follows exponential decay rate:
I(t) = Le "/, (2.6)

where 7 = 1/k. If fluorescence decay is the only depopulation mechanism at Sj, then
7 in Eq. 2.6 equals the radiative lifetime 7, hence the total decay rate constant k
will be reduced to the radiative decay rate constant k¢ It is noteworthy to mention
that the radiative lifetime is a unique parameter for each fluorophore, and it is
independent of the fluorophore concentration. Furthermore, it is very difficult to
determine 7¢ directly from the fluorescence intensity curve, due to the presence of

other competing mechanisms alongside fluorescence decay, as pointed out before.

Another important concept in fluorescence spectroscopy is the quantum yield ®y.
This is basically the ratio between the number of fluorescence photons emitted by a
fluorophore to the number which that fluorophore absorbed from the excitation EM
radiation. If all absorbed photons were converted into fluorescence, the quantum
yield ®¢ will be 1. On the other hand, if the fluorophore at the excited state relaxes
all its energy through other pathways than fluorescence, then ®; will be 0. Typically,
®; of fluorophores vary between 0 and 1. The quantum yield can be calculated via
the relevant decay rate constants of the decay mechanisms involved in the relaxation

process, such that ®; can be expressed as:

_ kf _ Ttotal
]{Zf + km« + ]{ZQ Tf

o, (2.7)

In this sense, we can see how the quantum yield is related to the fluorescence lifetime.
With rearrangement of Eq. 2.7, one can express the radiative lifetime in terms of

the total decay rate and the quantum yield, such that Eq. 2.7 become:

Ttotal
T = fp; : (2.8)

Note that the total decay rate Tioa1, as well as the quantum yield ¢ must be
experimentally measured in order to calculate the radiative lifetime 7¢. Usually a
mono-exponential decay function is adequate to represent the fluorescence decay
curve. Some complex cases necessitate usage of multiple-exponential decay functions
for more accurate fitting of the fluorescence intensity curve behavior. Commonly
utilized fluorescence lifetime measurements approaches will be presented in subsection
2.3.6. Also, a discussion of the state-of-the-art of ultrafast fluorescence detection

techniques will be provided in section 2.4.
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2.1.4 Second-order intensity correlation function

The quantum theory of photodetection presents a powerful tool for characterising
the statistical nature of various light sources, which is particularly effective for identi-
fying single-photon quantum emitters through the second-order intensity correlation

function, g® (1) [66], and it is defined as follows:

(EO@EO(t+7)ES(t + 7)ED(t))

g?(r) = i (2.9)

F(
EC) () E® (t)> <E(—)(t + 1) E®(t + T)> 7

which quantifies the correlation between the probability of detecting a photon at time
t and that of detecting another photon at a later time ¢ 4+ 7. The numerator of this
function is a joint detection probability of two photons at time ¢ and ¢ + 7, such that
it calculates the expectation-value of firstly annihilating photons £ (£) EH (¢ + 1)
at time ¢ and ¢ + 7, then creating photons E()(t + 7)E()(t) again to establish
measurable photon correlations. The brackets () indicate that the correlation function
is measured over an ensemble of many photons. The join detection probability is
normalized by the denominator consisting of the product of individual detection
probabilities <E(_)(t)E(+) (t)> <E(_)(t + 1) E®(t + T)> at t and later at ¢ + 7, which
in turn renders ¢ (7) dimensionless quantity for comparing various light sources.
The function g (7) can be expressed in a more compact form using the intensity

quantity such that,

A

(Tt +7))

g@(r) = (2.10)

whereas I(t) = EC) () E®)(¢).

The most crucial value of ¢® is when 7 = 0, which represents the probability of
simultaneously detecting two photons at the same time. For instance, if ¢®(0) = 1
this would indicate that the light source is coherent, e.g, lasers, and that its statistical
behavior can be expressed via Poissonian statistics, where the arrival times of photons
exhibit no correlation. On the other hand, if ¢®(0) = 2, it means the photons from
the light source possess chaotic arrival times, often called photon-bunching, because
photons arrive together in bunches. An example of such a light source is any thermal
light source, like blackbody radiation. The photon statistics in this case is expressed
by super-Poissonian statistics. Non-classical light sources exhibit correlation less
than one, ¢®?(0) < 1, in which case the statistical behavior is represented by sub-
Poissonian statistics and the photons’ arrival times show anti-bunching behavior.
Ideally, a single-photon source has ¢(®(0) = 0, nonetheless, due to other noise sources
it could be slightly higher. It is a convention in the single-photon source community

that a quantum emitter is considered a true single-photon source if g®(0) < 0.5.
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The aforementioned expression of ¢(® function used a classical notation of the
electric fields and intensity of photons. However, a quantum formulation can be used,
expressed directly in terms of annihilation and creation operators in ¢® function,

which reads
(at(t)af(t+ m)alt+7)a(t))

(at(t)a(t))” ’

where @ and a' are the annihilation and creation operators, respectively. Hanbury

g?(r) = (2.11)

Brown-Twiss (HBT) interferometers have been pivotal for measurement of ¢®(7) to
characterize light sources, particularly single-photon sources. This type of interferom-
etry was developed in 1954 by Hanbury Brown and Twiss for initially measuring the
angular diameter of radio stars [67]. Two years later, they adapted their technique
to measure correlations between photons in two coherent light beams [68], which is a
paradigm shift for the study of the nature light sources based on their correlation
statistics. The HBT interferometer consists of a 50/50 beam splitter (BS), two pho-
todetectors and a time-correlator to record the time-delay between detection events.
When a stream of photons impinge onto the BS, 50% of it would be reflected, while
the other 50% would be transmitted, and the two photodetectors (e.g., avalanche
photodiodes) lie at the output ports of the BS to detect the photons they receive.
Typically, a histogram of coincidence events (number of detected photon pairs) versus
time delay 7, showing how likely photons arrive together. For obtaining the ¢(®(7),
the coincidence counts C(7) vs. the delay are divided by the average counts at long

T, away from 7 = 0.

Provided the difference between continuous laser sources (CW) that gives stable
intensity over time, and the pulsed laser sources whose intensity is localized in time,
the measured g®(7) curve will be different, depending upon which laser source
is used for exciting the single quantum emitter. Whereas the CW lasers exhibit
constant correlation at longer 7, with an observed dip at 7 = 0, while with pulsed
lasers the g® curve will have peaks around arrival times that correspond to the laser
repetition rate, with ideally no peak at the location where 7 = 0. In practice, there
shall be a tiny peak at 7 = 0, as we pointed out before. An example illustrating the
difference between g® measured with CW and pulsed excitation is provided in Fig.
2.7 for a single InAs quantum dot embedded in GaAs [69].
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Figure 2.7: (a) Second order correlation function under pulsed excitation, (b) Second
order correlation function under CW excitation [69].

2.1.5 Purcell effect and optical nanoantennas

We remember from our previous discussion that fluorescence lifetime is the average
time, during which the excited fluorescent molecule stays at the first excited singlet
state S7 before decaying back to the ground singlet state Sy. And that when a fluo-
rophore emits photons, the radiative decay - spontaneous emission - is predominantly
the mechanism by which the molecule relaxes back to Sy. The spontaneous emission
rate, hence the natural lifetime of an emitter is, in fact, not an absolute number.
We mentioned earlier that the local environment in which the emitter is situated
can enhance or suppress the spontaneous emission rate. Thus, the natural lifetime
can be either shorter or longer, depending on the surrounding environment of the
fluorescence emitter. Placing a fluorescent emitter into a cavity is one of the effective

ways in order to control its spontaneous emission rate.

Let’s consider the fluorescent emitter, for simplicity, as a two-level system and placed
into a single-mode cavity of volume V4. Single-mode cavity means that there is only
one resonant cavity mode that is matched with the emission frequency of the emitter.
In the weak coupling regime, which we consider here, the two-level system emitter
can be treated using the perturbative approach, similar to the case in free space.

The spontaneous emission rate can be obtained via Fermi’s golden rule:
W = 25 |Mpg(w), (2.12)

where M, is the transition matrix element, and g(w) is the density of states. We
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can consider now that the single-mode cavity has an angular frequency w, with a
half-width Aw. , as shown in Fig. 2.8, determined by the quality factor @), where
Q = w./Aw. [70]. The quality factor @), as the name indicates, is a factor to
characterize the quality of a cavity, such that the higher the Q-factor, the longer
the photon time inside the cavity, and the better that cavity can store the energy.
Furthermore, the narrower the linewidth Aw,, the sharper is the single-mode of the

cavity.

g(w)
A

Figure 2.8: Density of states g(w), cavity mode w, and its linewidth Aw, [70].

For a single mode, we have the following condition, that is:

/ g(w) dw =1, (2.13)
0
which is satisfied when a normalized Lorentzian function for g(w) is used:

2 Aw?

= £ . 2.14
9() TAw, 4(w — we)? + Aw? (2.14)

When w = wy, where wy is the angular frequency of the atomic transition, and at
the exact resonance between the cavity mode and the atomic transition, Eq. 2.14

reduces to:

2 20

2.15
TAw.  Two ( )

g(wo) =

where the quality factor relation @) = w./Aw. was used to obtain g(w). The transition

matrix element of an emitter in free space is given by:

1 2 h
glu%zgz MW

‘/z 2 pr— pr—
1 .
2 vac 660‘/0

(2.16)

By substitution in Eq. 2.12, the spontaneous emission rate W for an emitter at free
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space would be:
W= 1 P’
1R 3mephcd

(2.17)

where 7R is the radiative lifetime.

By analogy to free space emission, one can define a transition matrix element M,

to be: )
2 Highw

M7, = 213,82, = 2.18
12 5 H12Cvac 5 260%’ ( )
here we define the normalized dipole orientation factor &, such that it is:
p-£|
¢ =12 (2.19)
Ip[|€]

With substitution of Eq. 2.14 at wg and Eq. 2.16 into Fermi’s golden rule, we get

the emission transition rate into cavity W as:

2Qu3 Aw?
Wcav — QILLIQ 2 We ) (220)
heoVo ™ 4(wo — we)? + Aw?
At this moment, Purcell factor F}, can be introduced, which is defined by:
o T/ cav B 7_}f%ree (2 21)
P = Wiree — 7—IC%EW' !
On substituting Eq. 2.17 and Eq. 2.20 into Eq. 2.21, we get:
3Q(\/n)3 Aw?

A2Vy 7 dwo — we)? + Aw?’

Note that ¢/w has been replaced by (\/n)/2m, where A is the wavelength in free-space,
and n is the refractive index of the medium in the cavity. If the dipole axis is fully
aligned with the electric field direction at the exact resonance, Eq. 2.22 is reduced
to popular Purcell factor expression:

3Q(\/n)?

Fp= —"+—"— 2.23
1 (2.23)

Purcell factor F}, can be used as a parameter to characterize the effect of a cavity on
spontaneous emission rate of an emitter, such that F}, greater than 1 indicates an
enhancement of emission, whilst F}, smaller than 1 indicates an inhibition of emission.
In view of Eq. 2.22 and Eq. 2.23, we can see that the enhancement of spontaneous
emission rate (i.e., radiative decay rate) dictates certain requirements to be attained.
For instance, the quality factor ) of the cavity should be high, additionally, the

cavity mode volume should be small. Moreover, the cavity mode should be as close
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as possible to the angular frequency atomic transition, and equally important to
ensure that the electric field direction is fully aligned with the dipole axis. When
the cavity mode frequency is at resonance with the atomic transition frequency,
the enhancement of spontaneous emission rate is caused by the relative increase of
the density of states at the cavity mode frequency into which the emitter releases
radiatively its energy. On the contrary, the inhibition is caused by the decrease of

the density of states to which the emitter can radiate.

Antennas are ubiquitous, as telecommunication towers, as miniaturized antennas
in our mobile phones, and on top of our buildings for radio and TV broadcasting.
The main function of antennas is to convert the free-propagating electromagnetic
radiation into localized energy and vice versa. Technically, it is a device consisting of
metal rods and wires that converts electric current into EM radiation for transmission
into free-space, or converting EM radiation into electric currents for receiving signals.
Antennas are commonly used in the radiofrequency (RF) or microwave frequency
range [71]. Besides transistors, antennas revolutionized our life, leading to the giant
leap humanity undertook to advance our world through effective communications.
The word “Antenna” stems from Italian language, and translates into “Aerial” in
English. The word antenna was first used by Guglielmo Marconi - the inventor of
radio - in the context of radio wave, when he was carrying out his first radio wireless
communication. About a decade later, the word has been incorporated into English,
and currently used to refer to transmission or reception of electromagnetic waves. A
classical example of an antenna is the Yagi-Uda antenna, as shown in Fig. 2.9 (a), is
often used for radio and TV broadcasting. Its essential function is to send and receive
radio and TV signals along a certain direction, wherein the signal is strengthened
due to the antenna structure. Yagi-Uda antenna consists of a driven dipole that
emits and receives signals, preceded by a bit longer metallic rod than the driven
dipole component called reflector to prevent the propagation of EM radiation in the
backward direction via destructive interference in that direction. On the contrary,
the driven dipole component is followed by a series of metallic rods a bit shorter than
the driven component called directors, which constructively interfere with the EM
signals in the forward direction, hence enhancing the radiation directionality into
the forward direction. Owing to the directionality of radiation propagating along

the antenna, the radiation has a unique pattern, indicated in Fig. 2.9 (b).
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Figure 2.9: (a) Yagi-Uda antenna, (b) Radiation pattern transmitted by Yagi-Uda
antenna [72].

Optical antenna is analogous to radiowave and microwave antenna but within the
optical regime. However, rather than converting the EM radiation into an electrical
current, it converts a freely propagating optical radiation into localized energy and
vice versa between two transducers, namely the transmitter and the receiver [73].
The typical size of the transducer is smaller than the radiation wavelength A and of
the order of A/100, i.e., an optical radiation at 500 nm, would have an antenna size
on ~ 5 nm, therefore optical antennas are also referred to as optical nanoantennas.
In fact, fabrication of optical nanoantennas were enabled by the development of
nanofabrication techniques, often by top-down approach, in particular electron-beam
lithography and focused ion beam milling. Common antenna structures in radio and
micro frequencies have equivalent counterparts in the optical regime. For example,
the optical Yagi-Uda antenna provided in Fig. 2.10 (a) was fabricated by electron-
beam lithography, and in Fig. 2.10 (b) a bow-tie antenna, fabricated by focused ion
beam milling is provided. Contrary to a classical antenna, given the nanoscale of the
optical antenna, the transmitter is often a quantum object, e.g., an atom, ion or a

quantum dot.

Figure 2.10: (a) Optical Yagi-Uda antenna fabricated by electron-beam lithography,
(b) optical bow-tie antenna fabricated by focused ion beam milling [73].

The antenna is commonly characterized by certain parameters, such as antenna effi-
ciency and directivity and antenna aperture. If we look at Fig. 2.11, the transmitter
and receiver are modelled as dipoles, and the antenna enhances the efficiency from
the transmitter to a receiver. This is achieved by increasing the radiated power P,.q

relative to the total power dissipated by heat and other channels Py [74]. The
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antenna efficiency €,,q reads:

P, rad

_ 2.24
Prad + Hoss ( )

€rad =

Antenna Radiation
D D —> 69 @b,
A N
P

Transmitter

Figure 2.11: Scheme of Yagi-Uda antenna for enhancing the signal. The transmitter
and receiver are modelled as dipoles [74].

To distinguish between the antenna and the transmitter, we can define the intrinsic

quantum yield of an emitter as

I 0d
= ra 2.25
Pr(é)xd P'O 7 ( )

intrinsic loss

Up

where the symbol 0 denotes the case when there is no antenna. Given Eq. 2.25, we

can now rewrite Eq. 2.24 so that it becomes

€rad = Prad/Pr%d
ra Prad/pr%d + Pantenna loss/Pr%d + [1 - 772]/771 ‘

(2.26)

From Eq. 2.25 and Eq. 2.26 we can see that if the quantum emitter has no intrinsic
losses, its intrinsic quantum yield 7; will be equal to 1, which implies that the existence
of the antenna will result in reducing the transmission efficiency. Nonetheless, if
n; # 1 like in most emitters, the antenna can boost the efficiency, featuring the
importance of using optical antennas for quantum-based devices. The radiated power
by an antenna has distribution into specific directions, and the parameter which
measures the ability of an antenna to emit radiation into certain direction is called
directivity D(0, ¢) defined as follows:

D(97¢) =

Pradp(& ), (2.27)

where p(0, ¢) is the angular power density. In the definition of directivity, the angular

power density is normalized by an isotropic antenna, in which the power transmitted
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is uniform in all directions. The efficiency of an antenna can be enhanced further
by concentrating the light into a certain direction, thereby increasing the emission
directivity. Combining the antenna efficiency €,q4 and the directivity D(0, ¢), the

gain G of an antenna will be G = &£,.4D.

The antenna has a distinct aspect, that is reciprocity. By virtue of that reciprocity,
the electric field E; of a dipole p; (transmitter) - affects the other dipole py (receiver)
and similarly the electric field Es of the dipole p, affects the dipole p;. In this
regard, the antenna which is good as a transmitter is also a good receiver, and vice

versa. One can write the electric fields and the dipole moments interchangeably
P1- EQ = P2 - El' (228)

For the case in which a two-level system quantum emitter, the reciprocity gives rise
to a relationship between the excitation rate I'e.. and the spontaneous emission rate

Frad
FeXC,O(
o o

exc,f

7¢) _ 1_‘rad D9(97 qb)
) ¢) F?ad Dg(@, gb) '

0
7 (2.29)
Another important parameter to consider about antennas is the antenna aperture.
It describes the effective area with which the incident radiation falls onto the
antenna’s dipole. For a two-level quantum emitter, the dipole’s ability to absorb
electromagnetic radiation is typically determined by its intrinsic absorption cross-
section oy = 3\?/(27)? which sets the maximum absorption limit in the absence of
an optical antenna. When an optical antenna exists, the antenna aperture is related
to the absorption cross-section of the dipole and that relationship can be represented

as
n, - EP

|np’E0|2’

(2.30)

0O = O0p

with n, the unit vector along the absorption emitter’s dipole axis, E is the electric
field at the detector position, og and Eq are the absorption cross-section and the
electric field without the antenna, respectively. Note that both oy and o rely upon
the direction of incidence of the electric field and the polarization direction n,. From
Eq. 2.30, we see that the absorption cross-section of a quantum emitter can be
significantly enhanced when placed in the vicinity of an optical antenna, provided
that the dipole polarization axis n, and the incident amplified electric field E are

well-aligned.

The role of an optical antenna is not solely limited to enhancing the absorption
of a quantum emitter via amplification of the incident electric field, improving the
directivity and increasing the absorption cross-section, etc. In fact, it can also

enhance the quantum emitter’s emission via increasing the spontaneous emission
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rate of its dipole by several orders of magnitudes. In this context, it is useful to
express the optical antenna parameters in terms of optical cavity parameters, e.g.,
Purcell factor, quality factor and mode volume. It was pointed out earlier, that the
main two relaxation mechanisms, through which a two-level quantum emitter can
dissipate its excited-state energy, namely radiative I[',,q and non-radiative I',, decays.
For simplicity, we shall set I',, = 0, thus the total decay rate I'yot = I'}aq. Using

Fermi’s Golden rule, the decay rate can be expressed [75] as

2
2
p— 27y e §(hw — fiw,). (2.31)

d-
h L 260 a'u (rO)

Here, it is assumed that the transition frequency w is in resonance with only one
mode ay,(rg), and the dipole vector d is parallel to the incident electric field. After
considering the optical density of states G(w), the mode volume V,, and the quality
factor @, Eq. 2.31 can be expressed as

24>
r o 24°Q

= = FT,, 2.32
ethH ( )

where F' denotes the Purcell factor. If we replace the Purcell factor F, with the
local density of states (LDOS) defined as p(rg,w) = g(w)|a(ry)[?, the spontaneous
emission rate would be

nd*w p(ro,w)

=T o, w) =

Ty. 2.33
€0 Po(ro, W) ° ( )

For metal nanoparticle antenna, the field electric field near the apex of the tip of the
antenna Ey;, reads
Eip = {Eaip + Eg & (1 — L)xEo, (2.34)

where £ denotes the so called lighting rod effect, Eg;p, is the near field due to the electric
dipole induced in the antenna, x is antenna susceptibility and L is a geometrical
factor related to the antenna shape. Since the radiative decay rate I'tag = 1.l'tot, the

change of spontaneous emission rate would be

To B
I'v | Eg

21
N

(2.35)

For better understanding of the optical properties of the antenna when coupled to a

quantum emitter, we can use the polarizability model with radiative corrections [75]

2mwab? wo
3L wy—w—il,/2’

(2.36)

o~
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here wy = wp\/% is the resonance frequency of the antenna, in which w, is the
plasma frequency and T, = v + 2k%ab’w, /9L is linewidth. Note that a geometrical
factor L was introduced, which is related to the aspect ratio AR = a/b of the antenna
shape. For example, for a sphere AR = 1, L = 1/3, while for a prolate spheroid
when AR > 1, L tends to 0.

The antenna efficiency can be calculated from Eq. 2.36,

1

v 9y&,LAR?’
L+ wp  2(ka)3

(2.37)

Ta =

where the term v/wy, represents the efficiency dependence on the material losses.

From @ = £ , after substitution by the antenna efficiency 7., the quality factor can

be defined as
9LAR?

Q = Ta 2(]6@)3

. (2.38)

For more direct comparison between optical antennas and nanoscale resonators, the
active volume V}, of the device, used in units of (A\/ny,)? must be included. For

instance, the antenna efficiency will be expressed as

1
RNV

wp 4m2 Vi

a (2.39)

It is clear from Eq. 2.39 that the antenna efficiency drops when the physical volume
Von decreases below 107 cubic wavelength, which is illustrated in Fig. 2.12, where
the circles represent molecules, optical antennas, and resonators, respectively. Each
colored circle of those optical antennas belongs to a different shape, i.e., nanospheroids
(green), nanorods (red) and nanorod pairs (blue). Besides, I', is heavily influenced

by 7/wy, which is indicative of the losses in the metal of the optical antenna.
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Figure 2.12: Comparison of the antenna efficiency of optical antennas versus molecules
and resonators as a function of V,,. The curves represent the antenna model: AR =1,
v/wy = 0.005 (black), AR = 10, v/wy, = 0.005 (blue), AR =1, v/wy, = 0.005 (red).
The circles refer to resonators, a molecule and optical antennas: nanospheroids
(green), nanorods (red), and nanorod pairs (blue)[75].

Another figure of merit that we express in terms of the physical volume V}, of the

optical antenna is the quality factor (), where

3 L

— . 2.40

Q=1
Let us remember that increasing Purcell factor demands having a high quality factor
@ and small volume V;,. As one can see in Eq. 2.40, the quality factor is inversely
proportional to the physical volume V. Fig. 2.13 shows the relationship between
Q and V,y,. It is evident from the figure also that shrinking V},;, below 10~ cubic
wavelength does not increase the quality factor of the optical antenna further, thereby

setting an upper-limit for the enhancement of spontaneous emission rate.
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Figure 2.13: The Q factor as a function of Vph in comparison to other physical
systems. The curves represent the antenna model: AR = 1, v/wy, = 0.005 (black),
AR =10, v/w, = 0.005 (blue), AR = 1, v/w, = 0.005 (red). The circles refer to
resonators, a molecule and optical antennas: nanospheroids (green), nanorods (red),
and nanorod pairs (blue)[75].

We can now calculate the enhancement of spontaneous emission rate by replacing

2
K = %; in Eq. 2.35 by it is equivalent definition
9 AR?)\?
K=|Zn——] (1-L)?2 2.41
(Smips) 0D 2.41)

which eventually results in the following expression

Iy 9 (1-L)*
0 ™ ph

The relationship between the enhancement of spontaneous emission rate % as a

function of the optical antenna physical volume Vjy, is depicted in Fig. 2.14. We see

that using optical antennas, a similar order of magnitude enhancement of spontaneous

emission rate as in optical resonators can be attained.
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Figure 2.14: Comparison between optical antennas and nanocavities, in terms of the
enhancement of the SE rate as a function of V},. The curves represent the antenna
model: AR = 1, v/wy, = 0.005 (black), AR = 10, v/w, = 0.005 (blue), AR = 1,
v/wy, = 0.005 (red). The circles refer to resonators, a molecule and optical antennas:
nanospheroids (green), nanorods (red), and nanorod pairs (blue)[75].

Mode volume V;,, can be expressed in terms of the quality factor ) and the enhance-

ment of spontaneous emission rate %, with the following relationship

3 [T\
Vin = 47262 (Fo> : (2.43)

Substituting Eq. 2.40 and Eq. 2.42 in the equation of V,,, we obtain

L
Vo= —Von, 2.44
(1—L)? ph (2.44)
which gives us a direct relationship between the mode volume of the optical antenna

and its physical volume.

Based on what has been discussed so far, one can see that optical antennas-i.e., metal
nanostructures such as Au or Ag-with appropriate geometrical shape and physical
volume can considerably enhance the spontaneous emission rate of a two-level system
quantum emitter. We recall that the faster an emitter is, the shorter the time it stays
in the excited state. For slow fluorescence emission from commonly used quantum
emitters, there are well-established approaches for their lifetime measurements, that
shall be discussed in subsection 2.3.6 of section 2.3. This is actually because their
long lifetimes corresponding to their slow emission are longer than the electronic
response time of the electronic detectors often utilized in fluorescence microscopy
and spectroscopy laboratories. Consequently, the instrument response function (IRF)
is fairly adequate for temporally resolving their fluorescence decay. The difficulty

arises when the fluorescence emission rate approaches the limit of IRF, which in turn
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leads to temporal distortion of the measured lifetime signal due to the low temporal
resolution enabled in that case by the IRF. Several techniques have been developed
in order to overcome such limitation, each of which offer some advantages and suffer

from some drawbacks (cf. Section 2.4).

2.2 Common quantum emitters

Fluorescent quantum emitters are at the core of quantum-based systems for both
fundamential research and applications. This is because they can be considered
as two-level atoms, which enables not only grasping deeper understanding of the
foundations of quantum mechanics, but also for their promising applications that can
harness the unique properties of quantum systems. Common types of fluorescence
quantum emitters can be man-made solid-state systems, such as color-centers in
diamond, or quantum dots; or natural systems, such as fluorescent dyes. Particular
interest is devoted to ultrafast fluorescence quantum emitters, especially single-photon
emitters, as they hold the promise to be the future of quantum-based applications,
i.e., quantum communication, quantum information processing, that often require
bright light sources at high repetition rate. This ultrafast emission can be achieved
by manipulating the surrounding environment of the quantum emitter, e.g., through

coupling to optical nanoantenna, forming a hybrid system with the quantum emitter.

2.2.1 Quantum dots

Quantum dots (QDs), initially named semiconductor nanocrystals (NC), are most
heavily studied semiconductors at the nanoscale. Most famous of those and widely
used in various applications are cadmium selenide (CdSe), cadmium sulfide (CdS),
indium phosphide (InP), lead sulfide and selenide (PbS) and (PbSe), in addition
to the perovskite CsPbBrs and CsPblz, notably utilized in solar cells. In the
1980s, Alexei Ekimov and Alexander Efros were investigating semiconductor-doped
glasses while developing theories to explain their properties in the formerly Soviet
Union, simultaneously but half a world away geographically, Louis Brus in the USA
was studying semiconductor particles in liquid colloids. This led to the onset of
quantum dots research and the associated theoretical studies for the interpretation
of their size-dependent properties [76]. Later in 2023, both Ekimov and Brus,
along with Bawendi were awarded nobel prize in Chemistry for their discovery
and developments of quantum dots [77]. Size-dependent absorption of quantum
dots and their luminescence spectra have been realized to be determined by the

spatial confinement of their carriers, namely electrons, holes and excitons in three

40



dimensions (3D), which results in dramatic modification of their energy spectra.
When the size of the quantum dot decreases, the lowest quantum confinement levels
of electrons and holes increases, and the bandgap of optical transitions is increased
[78, 79, 80, 81]. This behavior is distinct in comparison to their parental bulk
solids. Owing to their quantum confinement in 3D, semiconductor quantum dots
are considered having 0D, and because their electrons and holes exhibit discrete
atomic-like density of states, they can be considered as artificial atoms. Such unique
properties, in particular, strong absorption and narrow-band emission across the
visible and infrared wavelengths, allow the design of materials with tunable chemical
and physical properties [82]. The concept of quantum confinement and its effect on

the energy bandgap is illustrated in Fig. 2.15.
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Figure 2.15: Effect of quantum confinement on size-dependent properties of QDs
[82].

From Fig. 2.15, we see that as the QDs become smaller, namely experience more
quantum confinement, the effective bandgap E, increases, which leads to blue shift
of the absorption and emission spectrum. Such distinct behavior particularly occurs
when the spatial extent of the electronic wavefunction, determined by the QD
diameter denoted by D is smaller than the Bohr exciton diameter ag. A simple
quantum particle in a box model, developed by Louis Brus, predicts the size-dependent
contribution to the bulk energy gap [79], for a spherical QD with radius R, found

that it is proportional to 1/R?, and is expressed as:

h2r2

— 2.45
2mehR2 ? ( )

Eg(QD) = EgO +

where Ey is the bulk semiconductor bandgap energy, mey, = memy/(me + my) in
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which m, and my, are the effective mass of the electron and hole, respectively; R is
the radius of the spherical QD.

When an electron is excited across the wide bandgap, it experiences strong inter-
action with its corresponding hole in the valence band, which takes place owing
to Coulomb attraction and spin-exchange coupling that produce strongly confined
exciton (electron-hole pair). Multiple electron-hole pairs (multiexcitons) can be
created under intense excitation of QDs, which gives rise to enhanced many-body
phenomena. Typically, a single exciton is neutral in its charge state, this is because
an exciton consists of an electron, which is negatively charged, and a hole, which is
positively charged. Also, charged exciton states commonly occur in spectroscopic
studies or during the operation of QD-based devices. Charged exciton states are
formed by addition of an extra charge to the neutral exciton, and called T'rion, given
that it consists of three electric charge carriers. Based upon the type of this extra
charge, a trion can be a positive trion, if the excess charge is positive; or it can be a
negative trion, if the excess charge is negative. This modifies the neutral exciton’s
radiative decay and creates a non-radiative pathway, associated with the so-called
Auger process, in which the energy of an excited exciton is not emitted as a photon,
instead, that energy is imparted to the excess charge [83]. Auger recombination is a
non-radiative multicarrier Auger process, where the exciton decays by transferring
its energy to a third charge carrier, promoting this charge to higher energy level.
This excess charge quickly loses its energy non-radiatively. Such process sometimes
is called Auger decay, and it is a very efficient process in QDs and leads to ultrafast
dynamics from a few to hundreds of picoseconds, depending on the size of the QDs.
The high efficiency of the Auger decay process is attributed to the close proximity of
the charge carriers that leads to strong Coulomb interaction, besides the relaxation
of the momentum conservation. Note that the momentum conservation condition
is relaxed in QDs as a consequence of the quantum confinement, because when
material is confined in 3D this breaks already the crystal structure symmetry, hence
the momentum does not have well-defined quantum number. A scheme for different
trion’s energy diagrams and their Auger recombination processes is presented in Fig.
2.16.
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Figure 2.16: Non-radiative Auger recombination of negative trion (X ), positive
trion (X ™) and a biexciton (X~ X), respectively. Adapted from [84].

After excitation from the valence band, the non-radiative Auger recombination
process of a negative trion (X ) can be described by Coulomb scattering between
two electrons in the conduction band, as observed in Fig. 2.16, where the decay rate
of this process is k_1 4, hence Auger lifetime 7x- = 1/k_14. The same can be realized
for a positive trion (X*) but between two holes in the valence band, where the
decay rate of this process is k;14, and the associated Auger lifetime 7x+ = 1/k;14.
Auger recombination of bi-excitons can be perceived as a superposition between
two independent pathways of a negative trion X, and positive trion X*. More
specifically, given that a biexciton consists of two electrons and two holes, the
recombination process involves re-excitation of either another electron, or another
hole. The Auger decay rate of this process is koa = 2(k_14 + k114), and an Auger
lifetime 754 = 1/koa. The Auger lifetime of a biexciton is actually four times faster

than the lifetime of either a positive or a negative trion alone.

QDs show superior optoelectronic properties, such as their wide tunability, narrow
emission bandwidths, high brightness and high efficiency, which attracted much
attention for a plethora of applications, for example, photovoltaic cells [85], display
[86], biomedical imaging [87], quantum information technology [88], and many others.
Fig. 2.17 displays graphically multiple quantum-dots-based applications in various
fields.
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Figure 2.17: Graphical display of numerous quantum-based applications [82].

One particular application of QDs of interest for us, and aligned with the scope of
this dissertation is the usage of QDs as a single-photon source. Usually, fluorescence
quantum emitters are limited by their structure, whereby the fluorescence emission is
often well specified at a particular wavelength, with certain bandwidth. Nonetheless,
QDs can be fabricated in a controllable manner, such that their absorption and emis-
sion spectra are tuned, as mentioned previously, according to the desired application.
Moreover, their emission process can be initiated either by electrical excitation, or
via optical excitation. The former aspect, particularly, lured the scientific community
to investigate QDs for potential optoelectronic devices, where quantum dots-based
single-photon sources could be feasibly integrated and provide wide spectral coverage.
By analogy to electrical bits, when a single QD emits a photon, this is equivalent to
"On” state, and the QD represents ”1”, on the contrary, when no photon is emitted,
this is equivalent to "Of f” state, and the QD represents "0”. Under continuous
excitation of a single QD, a stream of photons will be emanating from the QD,
provided that its quantum yield is maximal. Nevertheless, single QDs can sometimes
exhibit blinking of their emitted fluorescence, sometimes also referred to as fluores-
cence intermittency, where for certain time intervals the single QD is at "On” state,
whilst at some other time intervals it is at "Of f” state. This phenomenon occurs
exclusively in single QDs and was first reported for CdSe QDs [89], as shown in Fig.
2.18, in which fluorescence photon counts from a single 0.2 nm radius nanocrystals
of CdSe, coated with 4 layers of ZnS were measured with 40 ms sampling interval,

and excitation intensity of ~ 520 W/cm?,
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Figure 2.18: Fluorescence intermittency of single CdSe nanocrystals [89].

Fluorescence intermittency is attributed primarily to two main mechanisms, one
is by surface-trap mediated non-radiative recombination, and second is by Auger
recombination. QDs acquire a large surface-to-volume ratio, and their surface could
have some defects, or dangling bonds, in which a charge carrier electron/hole might
be trapped. In this case, this charge carrier will recombine but its energy will be
dissipated as heat (non-radiative decay). In Auger recombination, as discussed above,
when an exciton is created upon excitation, after some time, the electron-hole pair
rather than recombining by emitting a fluorescence photon, the energy of the exciton
is imparted to a third charge, which later dissipates it non-radiatively. Therefore,
when a single QD is at the "On” state, the electron-hole pair loses its energy by
emitting fluorescence photons, whilst when it is at the "Of f” state, the energy is
dissipated non-radiatively [90]. Fluorescence blinking is unfavorable considering
a single QD used as a single-photon source, since this source will be unstable,
rendering it considerably inefficient, especially for some applications like quantum
communications. There are already some approaches that attempt to mitigate the
effect of blinking. For instance, through chemical routes by adding a shell to the core
structure of the QD, preventing the charge carriers from reaching the surface of the
QD [91]. An alternative approach, recently developed [92], to control fluorescence
blinking of CdSe/CdS in which ultrafast mid-Infrared (MIR) ~ 5.5 pm laser pulses
are employed to generate strong electric fields that stimulate (quantum) tunneling of
the excess charge, leaving only the exciton. The advantage of using MIR pulses with
moderate E-field strengths is that they enable stimulation of quantum tunneling of

the extra charge of the trion, without creating new excitons.

Single-photon sources from QDs have achieved rapid progress. For example, Bounouar
(2012), et al. [93] demonstrated a single-photon source at room temperature from an
epitaxially-grown ZnSe/CdSe QD positioned on a ZnSe nanowire, whereas they found
out that the biexciton is more appropriate transition for single-photon emission,
with intrinsically short radiative decay time of 300 ps, owing to the large non-
radiative decay of the excitons to the dark states. This SPS has the potential for
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GHz rate emission, which renders it potentially suitable for quantum information
and communications. A single-photon emission, nearly blink-free, from a colloidal
InP/ZnSe QDs was achieved by Chandrasekaran (2017) et al. [94], where the
QDs exhibited photostability at strong optical excitation. An investigation of an
ensemble of 25 QDs showed that the PL lifetime of those QDs are 22.5 ns on average.
Additionally, it has been proven that those QDs exhibit photon antibunching when
irradiated with a CW laser at 445 nm, as well as a picosecond at 10 MHz pulsed laser
also at 445 nm. Recently, colloidal perovskite QDs have emerged as promising SPSs
for quantum information applications. For example, a weakly confined hybrid organic-
inorganic perovskite (HOIP) QD was synthesized and used at room temperature.
In particular, this HOIP was an 11 nm FAPbBrs QDs that showed superior single-
photon emission with ¢®(0) < 0.07 £ 0.03 in the work of Wang et al. [95], with
nearly blink-free emission. For scalable photonics devices capable of emitting single
photons, electrically-driven single-photon sources from QDs have been pursued. For
example, in Lin et al. [96], a device for generating single photons was reported,
where isolated colloidal CdSe/CdS core/shell QDs (10 nm in diameter) were buried
in an insulating Poly(methyl methacrylate) (PMMA) layer, sandwiched between
an electron-transport layer and a polymeric hole-transport layer, see Fig. 2.19.
According to their claim, their device can generate single photons with near-optimal
antibunching at room temperature, with ¢®(0) < 0.05 without spectral filtering or

background correction.

c
x10%(a.u.) x10%(a.u.)

PL
. : 25
2
° 1.5
g 1

N WA O N ©

)

(]
-

(o2}
8
9?0

Intensity (a.u.)
Count rate (cps)

Q
R

600 650 700 —éOO -100 0 100 260 15 17 19 21 23 25 27
Wavelength (nm) Time delay (ns) Voltage (V)

Figure 2.19: (a) Schematic diagram of the device, (b) Electroluminescence driven at
2.4 eV of QDs, (c¢) Corresponding photoluminescence excited by CW laser at 450
nm. (d) Electroluminescence spectrum [blue curve] (driven at 2.8 V) and detector’s
noise counts [red]. (e) g (7) of QD driven at 2.6 V. (f) Average electroluminescence
counts of single QD driven at different voltages [96].

That work in particular represents significant achievement as the electrically-driven
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QD SPS operates at room temperature. Previous works with QDs as SPSs were
achieved at cryogenic temperatures [97, 98, 99, 100]. For a very recent coverage about
the current advances, challenges and future direction of single-photon generation
from QDs, we refer the reader to ref. [101].

2.2.2 Color centers in diamond

Natural diamond is a mineral extracted from underground mines and is well-known
in layman culture as a glamorous gemstone. Besides, it is favorably used as a cutting
tool, since diamond is the hardest material ever known. Under certain conditions,
synthetic diamonds can be fabricated and used for other purposes, too. Diamond
is essentially a carbon allotrope, and is a highly crystalline material. It has some
unique physical and chemical properties, e.g., optical transparency, high thermal
conductivity, high refractive index, and surface inertness at room temperature. The
crystal structure of diamond is formed as tetrahedral sp3-covalent bonding of carbon
atoms with four nearest neighbours in a cubic lattice, as shown in Fig. 2.20. This

structure allows for forming {111}, {110}, {100} facets in a single crystal.

Figure 2.20: Cubic lattice crystal structure of diamond [102].

Diamond is one of the wide-bandgap semiconductor materials with 5.5 eV bandgap
(corresponding to 225 nm deep-UV). It is optically transparent within the range
400-750 nm wavelengths. The coloration often observed with natural diamonds is

associated with the impurities (defects) in the diamond [102].

Color centers are defects/impurities embedded in diamond and are a promising
platform for quantum science and applications. In particular, they can be good
candidates for achieving on-demand single-photon sources at room temperature [103].
The origin of color centers in diamond stems from various resources, for example,

they can exist due to dislocations or stacking faults in the diamond crystal lattice,
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or point defects, i.e., intrinsic impurities, extrinsic dopants, or vacancies [104]. Due
to its unique physical and chemical properties, diamond is, in fact, an excellent host
for color centers. Consequently, there are around 500 color centers lying within the
spectral range between 170 up to 20000 nm, which cover wide spectral regions from
vacuum UV to mid-IR. Some examples of those color centers in diamond are H, He,
Ni, Co, N, Si, Li, B,.. just to name a few [105]. Those elements alone do not form
color centers in diamond. Instead, they are bound to adjacent vacancies existing in

the diamond crystal lattice.

The wide-bandgap of diamond allows accessible large energy ranges for discrete,
impurity-induced energy-levels to be formed into diamond’s bandgap. This en-
ables fluorescence emission from optically active impurities over a large spectral
range. Ideally, fluorescence emission is considered purely between electronic energy
states, where phonons, which are quantized crystal vibrations, do not contribute to
fluorescence emission, zero-phonon-line (ZPL). As a matter of fact, at cryogenic
temperatures, where the phonons are mostly suppressed, pure emission from ZPL can
be achieved. At room temperature, though, low-energy contributions from density of
states of phonons influences the fluorescence emission linewidth from the electronic
transitions. As a result, fluorescence emission from ZPL is not sharp, since the
phonon sidebands broaden the emission bandwidth, especially when the phonon
coupling with the impurity in diamond is strong. Most of the phonons in diamond
are high energy phonons due to the stiffness of its crystal lattice, and those are not
easily thermally populated. This implies that low-energy phonons play a minor role,
meaning sharp fluorescence at room temperature remains possible [106]. Measure-
ment of the electron-phonon coupling can be carried out with one of two interrelated
ways. One, by Debye-Waller factor (DW), which is defined as the integrated lumines-
cence intensity from ZPL, Izpy, divided by the integrated total luminescence of the
color center Iy, such that DW = Izpy, /Iioy. The Iio refers to the total integrated
luminescence intensity from ZPL and phonon sidebands, and DW factor informs how
much of fluorescence emission stays in ZPL, indicative of the purity of the optical
transition. Second, through Huang-Rhys factor (S), defined as Izpr,/Iior = exp(—S),
alternatively S = — In(DW). Evidently, the left-hand side represents the DW factor.
The S factor is, in fact, a measure of the coupling between the electronic transitions
and phonons. It informs about how much luminescence/fluorescence is spread into

phonon sidebands.

Among the plethora of color centers in diamond, two color centers in particular,
have been intriguing for detailed study and rapidly become the focus for tangible
solid-state quantum systems. Those are the nitrogen-vacancy (NV) color center and

silicon-vacancy (SiV) color centers. Nitrogen-vacancy (NV) was identified, for the
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first time, as a major impurity in Type I diamond by Kaiser et al. [107]. Diamond
crystals are commonly classified by Type I, which represent the majority of diamond
crystals (= 95% of diamonds), and Type II, which are rare, according to their
differences in infrared and ultraviolet transmission. The rare Type II diamond has
absorption bands between 3000 and 6000 nm only and a sharp absorption edge in
UV below 225 nm. In addition to acquiring similar absorption band of Type II,
Type I diamond crystals exhibit an additional absorption band between 6000 nm and
13000 nm, and a tail on the absorption edge, which vary from specimen to specimen.
Thirty-eight years later, single NV defect centers were observed for the first time
by Gruber et al. [108], at room temperature. The emission spectrum of single NV

centers is shown in Fig. 2.21.

800
_.700f
ﬂ L
% 600
© 5001
3 I
€ 400
8 I
$ 300r
3 I
o 200+
=]

i 100}

O A 1 L 1 1 L 1 L 1 1
550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 2.21: Fluorescence emission spectrum of individual NV centers [108].

The individual NV centers in diamond were excited at 514 nm, and fluorescence was
emitted from ZPL at 637 nm. The single NV defect centers exhibited photostability
and optical detection of magnetic resonance (ODMR) was feasible. In the year of
2000, two groups [109, 4] demonstrated single-photon sources at room temperature
from single NV centers in diamond. The photon antibunching nature of the individual
NV color centers was confirmed in both works via the measurement of second-order
correlation g function. The NV color center in diamond consists of a nitrogen
ion and one adjacent vacancy, see the inset of Fig. 2.22, and mostly known with
two charge states, negatively-charged nitrogen vacancy NV, and neutrally-charged

nitrogen vacancy NV, each of which has a distinct fluorescence spectrum, see Fig.
2.22 [110].
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Figure 2.22: Normalized PL spectra of single NV® center (blue) and single NV~
center(red). Location of ZPL of each charge state is marked with (x), NV" at 575
nm and NV~ at 637 nm, respectively [110].

The NV~ center has been employed for most of the single-photon source experiments
with a ZPL at 637 nm. It has been demonstrated that the charge state of single
NV~ centers temporarily changes to NV° with a ZPL at 575 nm, which is known as
photochromism [111].

Because NV centers have strong electron-phonon coupling, the emission band spans
roughly 100 nm, and only 4 % of emission is emitted at ZPL, the rest is spread
into phonon sideband [112], and this is considered disadvantageous for single-photon
sources. Nevertheless, NV color centers are still vital for quantum applications as
qubits due to their very long coherence time, as demonstrated here [113, 114]. The
lifetime of the NV center in bulk diamond is 11.6 ns, and can roughly be doubled in

nanodiamond [115] due to the modified local density of states.

Silicon vacancy (SiV) is another attractive color center in diamond, which holds
great promise for quantum-based applications. Unlike NV centers, the SiV color
center consists of a Si ion situated between two adjacent vacant carbon lattice sites,
see the inset of Fig. 2.23 (a). In total, 10 electrons are associated with this color
center, which has neutral charge SiVY. The SiV° can capture an extra electron, to
be associated eventually with 11 electrons, and become negatively charged SiV™
complex. This extra electron remains unpaired resulting in an effective spin of %
[116]. The SiV™ center emits its fluorescence at 737 nm, while SiV® has much weaker

fluorescence at 940 nm [117].
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Figure 2.23: (a) fluorescence spectrum of SiV™ at 4 K, and its atomic structure in
the inset, (b) energy-diagram with four fine structure transitions [116].

At cryogenic temperature, the ZPL of SiV™ splits into four fine-structure transitions,
labeled from A to D, due to the split of the ground and excited states, caused by
spin-orbit coupling. Note that the splitting in the excited state A, is 5 times the
splitting in the ground state A,, and that each of the four fine structure transitions
has different intensity, with C transition having the highest intensity. It is clearly
indicated in Fig. 2.23 (b) that this transition, in particular, occurs between the lower

branch of the ground state and the lower branch of the excited state.

At room temperature, SiV~ color center has low electron-phonon coupling with
the diamond lattice, so as a result more than 70% of the fluorescence emission is
concentrated in its narrow ZPL with 0.7 nm bandwidth, shown in Fig. 2.24, at 738
nm. In fact, the ZPL emission line can vary between 730-750 nm, affected by the
mechanical stress in the host matrix, i.e., nanodiamond, and the emitted fluorescence

is fully linearly polarized [118].
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Figure 2.24: Photoluminescence intensity of ZPL of SiV at 738 nm with phonon
sidebands at room temperature [119].
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An important figure of merit for single-photon sources is their photon count rates
upon saturation by excitation light. Fluorescence count rate, I, depends on the

excitation power P, as expressed by the following relationship:

P

=1 —— 2.46
P_I'Psat ( )

where the fitting parameters are I, which is the maximum obtainable count rate,
and P, is the saturation power, respectively. Achieving saturation at low excitation
power for a certain emitter indicates a very efficient excitation path [120]. Another
aspect quite related to the photon count rates, hence the single-photon source
brightness, is the fluorescence lifetime. The shorter the fluorescence lifetime, the
more photon counts one can get from the single-photon source. SiV™ color centers
exhibit short lifetime in comparison to NV centers, where SiV™ centers show ~
1.55 ns fluorescence lifetime at T= 0 K, while this value gets down to ~ 1 ns at
room temperature [121]. The lifetime of quantum emitters can be shortened so that
they exhibit ultrafast fluorescence emission, brighter single-photon source, as will be

discussed in subsection 2.2.4.

Despite diamond material contains intrinsically (as-grown) color centers embedded
into its crystalline structure, on-demand fabrication of specific color centers is also
possible using various fabrication techniques, most commonly used are high-pressure
high-temperature (HPHT) method, ion implantation, chemical vapor deposition
(CVD), and less commonly followed fabrication approaches but rapidly growing are
detonation and laser writing and activation of color centers. The HPHT technique
mimics in fact the natural synthesis process of diamond, by artificially exposing
a carbon-rich precursor to high pressure, up to 20 GPa and high temperature,
up to 3000 K, whereas the amorphous carbon precursor is turned into crystalline
nanodiamond [122], or single crystal diamond [123]. During the synthesis process,
a dopant precursor for the color center to be created, e.g., silane-functionalized
adamantane [124] for SiV creation, or from substitutional nitrogen atoms as N
defect contained in a nitrogen-rich carbon aerogel precursor [125], or doped via
infiltration of atmospheric air [126] present into the HPHT fabrication device, which
is so-called diamond anvil cell (DAC). Inside the DAC, a high pressure is exerted
on the carbon precursor and dopants, and high temperature is achieved via laser
heating. The HPHT technique cannot grow thin diamond membranes or finely control
the structure of diamond. Here, CVD technique comes into play, which enables
fabrication of high-quality diamond samples that can be spin-free [113]. Typically in
CVD method, a gaseous precursor like hydrogen Hy and carbon source, e.g., methane
CH, are mixed into a low-pressure reactor. A microwave or hot-filament creates a

plasma, which dissociates the gases into reactive species, and the diamond is created
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onto a substrate, such as single-crystal diamond wafer. For incorporating a color
center into the diamond, either a silicon-containing gas precursor such as silane
can be introduced during the diamond growth [127], or by using a quartz or silicon
substrate, which are sometimes used for growing the diamond. Alternatively, Si
ions can be incorporated via irradiation, often called ion implantation technique,
which is widely utilized for fabrication of color centers in diamond, in particular
NV and SiV centers. In this technique, the target diamond material is bombarded
by a focused beam of ions or electrons, creating vacancies by knocking out some
carbon atoms from their lattice sites in the diamond crystal. This procedure alone is
not sufficient for creation of active color centers, where the bombarded ions bond
with some vacancies in their vicinity. That’s why annealing at high temperatures,
e.g., ~ 900 °C is required for efficient color center formation [105]. It is crucial
for some quantum-based applications, in particular those of single-photon sources
to fabricate color centers in a controllable manner, so that scalability of quantum
devices could be attained. Precise fabrication of NV and SiV have been achieved via
ion implantation, as shown in Fig. 2.25 (a) for NV centers [128], and in Fig. 2.25 (b)
for SiV centers [129].
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Figure 2.25: Fluorescence image of NV implanted at 2 MeV [128], (b) Fluorescence
image of implanted matrix of SiV color centers [129].

For a comprehensive review about the fabrication techniques of color centers, the
reader is referred to the following articles: for CVD diamond fabrication [130], for
fabrication of single color centers in general [131], and for fabrication techniques of
SiV in particular [132].

2.2.3 Ultrafast fluorescent dyes

Ultrafast fluorescence emission is not exclusive to QDs or color centers in diamond.
Some dyes, either natural or synthetic exhibit ultrafast emission, as well, at picosecond

timescales. They are used for some applications, however, they also serve as a testbed
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for newly developed ultrafast time-resolved techniques. In turn, those new techniques
could serve for the fundamental study of those dyes, in order to grasp a better
understanding of them. For instance, Allura red AC is a synthetic dye approved to
be used as food colorant and in pharmaceutical products in the US, and also used as
a fluorescence probe of microviscosity [133]. In low-viscosity media, this dye has weak
fluorescence that is often negligible, or undetectable. Nonetheless, as the viscosity
of the medium increases, the quantum yield of Allura red AC dye increases, along
with the emission intensity and the lifetime. The emission wavelength of Allura red
AC dye is 590 nm [134]. Some studies have revealed that Allura red AC exhibits
molecular rotor behavior, which is why its fluorescence is sensitive to the viscosity
of the environment. A hallmark of molecular rotors is that the excited state can
undergo intramolecular twisting, which opens non-radiative decay pathways and
quenches fluorescence [135]. When Allura red AC is in low viscous fluid, e.g., water,
such twisting of the excited-state takes place readily quickly. As a result, Allura
red AC has ultrashort fluorescence lifetime ~ 12 ps , see Fig. 2.26 (a). On the
other hand, if it is in a high viscous fluid, like glycerol, the intramolecular twisting is

considerably hindered, leading to slower, yet picosecond, ultrafast emission ~ 231 ps,
see Fig. 2.26 (b).
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Figure 2.26: Fluorescence lifetime of Allura Red AC in (a) water and (b) in glycerol
[135).

[-carotene is another pigment but natural, and it is important for the photosynthesis
process. It plays the role of light-harvesting pigment in plants due to its large
oscillator strength in the visible range, and its efficient singlet energy transfer to
chlorophyll [136]. The fluorescence emission spectrum of S-carotene was reported and
its peak emission is at 513 nm. The fluorescence lifetime of [-carotene was measured
in different studies and under different conditions. One can notice a disparity among
the reported results, which can be attributed to using different solvents, measuring
under different temperatures, as well as carrying out the measurement via different
techniques. For example, it was found that the lifetime decay from S, to S; state

is 195 fs across all emission wavelengths [136], and the lifetime of S; state is 10 ps.
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By contrast, Bachilo and Gillbro reported S; state lifetimes of 10 ps at 293 K and
20 ps at 77 K, respectively [137]. Anderson et al. [138] found that based on the
number "N" of conjugated C = C bonds in the p-carotene, the lifetime of S; state
can vary, for example, they revealed that for mini-8-3-carotene (N = 8) the S; state
lifetime was 100 ps at 293 K and 280 ps at 77 K, and found it to be 60 ps at 293
K in toluene and 130 ps at 77 K in 3-methylpentane for mini-9-3-carotene (N = 9).
In stark contrast to measured S; lifetime values, Dalinger et al. [139] reported < 1ps
lifetime for S-carotene, measured by resonance-enhanced Raman spectroscopy and

transmittance studies.

Another dye known with its ultrafast fluorescence emission is the photoexcited hemi-
cyanine dye, trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide, com-
monly abbreviated 4-DASPI. The structure of 4-DASPI consists of an electron-
donating group, an electron-accepting group connected via a conjugated vinylene
bridge, which is illustrated in Fig. 2.27.

55A
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Figure 2.27: Molecular structure of 4-DASPI [140].

The peak of the absorption spectrum of 4-DASPI in water is 452 nm and its peak
emission spectrum is at 613 nm, and the fluorescence lifetime was found to be
11 ps [140]. The interaction of 4-DASPI with excitation light resembles to some
extent the interaction of the Allura Red AC dye. Upon photoexcitation, it can
happen that the 4-DASPI, the molecule can twist around a single bond leading to
ultrashort decay due to activation of non-radiative decay pathways. This behavior
also depends upon the viscosity of the solvent in which the 4-DASPI exists. Lyons
et al. [47], also measured fluorescence lifetime of 4-DASPI in water and recovered
from their developed technique - will be discussed in section 2.4.5 - to be 7.22 ps.
They attributed the difference between the 11 ps reported earlier in literature to the
7.22 ps they measured to differences in the temperature, pH, and chosen emission
wavelength. In the same work, the lifetime of 4-DASPI was measured in ethanol and
found to be 65 ps, which is in good agreement with the previously reported value of
62 ps in [141].
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2.2.4 Hybrid quantum systems

The pursuit of SPSs that are highly efficient, ultrabright with GHz emission rate, and
offer room temperature operation for quantum-based applications, has fueled strong
interest to overcome the challenges associated with single quantum emitters, such
as low quantum-yield and non-radiative energy pathways, which limit the efficiency
of current SPSs. To address those problems, coupling quantum emitters into a
cavity has been extensively studied. Proper selection of the cavity and tuning it
appropriately ensures an enhanced Purcell factor increases the photonic density of
states at the emitter frequency, thereby increasing the spontaneous emission rate
and source brightness. For example, the intrinsic radiative lifetime of CdSe/ZnS
core/shell single QDs is typically ~ 10 ns, which severely limits the maximum single-
photon counts from such SPS. In 2015, Hoang et al. [142], obtained an ultrafast
room temperature single-photon emission from single colloidal QDs via coupling to a
plasmonic nanocavity. Due to a 540-fold reduction of the emission lifetime, the single
QDs exhibit 10 ps lifetime, and a 1900-fold increase in the total emission intensity.
The structure of the hybrid system of the single QD and the plasmonic nanocavity
is shown in Fig. 2.28.
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Figure 2.28: Hybrid single QD /plasmonic cavity system. (a) Graphical representation
of the hybrid system, (b) Illustration of single colloidal CdSe/ZnS QD embedded
into the nanocavity, (¢) SEM image of single QDs and the nanocube, (d) Simulated
enhancement of spontaneous emission rate, (e) Scattering spectrum of Nanocube
(blue) and PL of single QD coupled to nanocube [142].

The nanocavity in their work consisted of a silver (Ag) nanocube, as seen in Fig. 2.28
(b), coated with 3 nm polymer adhesion layer surrounding its structure, a gold-film
also coated ith 3 nm polymer as spacer, and a 6 nm single CdSe/ZnS QD was placed
in between. In Fig. 2.28 (d), a simulation was carried out showing the concentrated
regions of E-fields, and as observed a single QD placed at highly concentrated E-field
shows Purcell enhancement £, ~ 2000-fold. The same research group has followed

similar approach, 2016, [143], where they coupled an Ag nanocube to PbS colloidal
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quantum dots, which resulted in 1100-fold increase in radiative decay rate, and

achieved a reduction of emission lifetime from milliseconds to nanoseconds.

Coupling of a single fluorescent quantum emitter to a plasmonic cavity can also
enhance the radiative emission of a bare core QD, enabling a high control of the
photophysics, while eliminating the need for chemical engineering of the QD structure
by adding a shell layer to its core. For instance, Flatae et al. [18], in 2019, coupled
a bare core CdTe QD, placed at the tip of an atomic force microscope (AFM) to
a gold (Au) nanocone. In their work, it was reported a Purcell enhancement of
emission rates of 1460-fold and 613-fold for excitons and bi-excitons, respectively.
Consequently, the radiative lifetime of excitons was reduced from 7x = 189.3 ns to
7x = 0.82 ns, and the radiative lifetime of biexcitons was reduced from 7xx = 172
ns to 7xx = 0.59 ns. The overall reduction of excited-state lifetime as a function of
the coupling strength between the single QD and the nanocone, and the change of

the QD’s emission spectrum is shown in Fig. 2.29.
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Figure 2.29: Fluorescence emission of single bare core CdTe QDs coupled to Au
nanocone. (a) Emission spectrum as function of coupling strength, (b) Normalized
intensity decay as a function of time, inset: fluorescence blinking before and after
coupling [18].

It is obvious from Fig. 2.29 (a), particularly the black curve that, besides the
emission of the CdTe QD, there is also trap-state emission, arising from delayed
emission from trapped electron-hole pairs, whenever the bare QD is not coupled to a
plasmonic cavity. The coupling strength between a single bare QD and a plasmonic
cavity is characterized in terms of and can be modified by the distance between
the QD and the Au nanocone, the polarization direction of the excitation laser and
dipole orientation of the QD. Since the localized surface plasmon-polariton resonance
is well-aligned with the QD emission, and the coupling strength is optimized, the
Purcell enhancement introduced leads to efficient radiative decay pathway for the
created electron-hole pairs, thereby increasing fluorescence emission at the emission
wavelength ~ 720 nm, while simultaneously suppresses the long-wavelength trap-state
emission, as indicated in Fig. 2.29 (a). Consequently, this gives rise to reduction

of the radiative decay time, as the coupling strength increases, as shown in Fig.
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2.29 (b). One can see in the inset of Fig. 2.29 (b) that, not only the fluorescence
lifetime of the single QD is reduced, but due to the efficient radiative decay caused
by the Purcell enhancement, the blinking has been drastically minimized, due to the

coupling to the plasmonic nanocavity.

Coupling QDs to microcavities can also enhance the brightness and speed of a single-
photon QD source. Tomm et al. [16] (2021), used an InGaAs QDs embedded in a
semiconductor heterostructure of n- and p-layers coupled to a tunable Fabry-Pérot
cavity to obtain on-demand single photons from the single QDs. The advantage of
their structure is that it allows electrical control of the charge state of the single QDs
via Coulomb blockade. Maintaining the charge state of the QDs is vital because it
prevents creation of any extra charge states, which could possibly decay throughout

non-radiative decay pathways.

Given that color centers in diamond offer a more stable platform for quantum
science studies and applications, such as high photon count rates, brightness and
high photostability, improving their fluorescence emission via coupling to micro- &
nano-cavities has been intriguing, especially at room temperature. For instance,
Kumar et al. [144] (2013), coupled a single NV center in nanodiamond to two
chemically-grown Ag nanowires. The coupling between the two systems was achieved
via an AFM tip, which attached these two systems together, depicted in Fig. 2.30.

Enhancement of spontaneous emission decay rate by a factor of 8.3 was reported.
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Figure 2.30: (a) Single NV center coupled to single Ag nanowire, (b) Single NV
center placed between two Ag nanowires [144].

Without coupling the single NV center to the Ag nanowires, the fluorescence lifetime
of this center in the nanodiamond was measured to be ~ 45.2 ns. When such a
single color center is coupled to one Ag nanowire its fluorescence decay reduces to ~
11.9 ns, while coupling the same emitter between two Ag nanowires, having a gap

between them, reduces the fluorescence decay curve even further to ~ 5.4 ns.

It was pointed out earlier that single NV color centers in diamond are not ideal SPSs,

one approach to overcome this limitation is by nanofabrication of diamond structures,
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e.g., optical cavities, or waveguides, which can enhance single-photons extraction
from the single NV therein. Processing of diamond samples inevitably degrades
the NV centers embedded in its crystalline structure. To preserve the quality of
diamond, Riedel et al. [145] (2017), used a thin diamond membrane, and designed
a tunable Fabry-Pérot cavity, made from one flat mirror and one curved mirror,
and the thin diamond membrane was coupled to the microcavity. In 2017, too, a
similar idea was implemented but for SiV in nanodiamond by Benedikter et al. [146],
where the tunable microcavity consists of a flat mirror, but the curved mirror was
deposited on a tip of fiber. Typically, the photon count rate from a quantum emitter
reaches maximally 10° counts per second (cts). However, ultrabright photon emission
(= 35x10° cts) from single NV centers in nanodiamond was reported in 2018, by
Bogdanov et al. [147], using Nanopatch antenna made out of silver, see Fig. 2.31,
which has a nanogap, and achieves a reduction of NV lifetime to sub-nanosecond

timescale at room temperature.

Figure 2.31: Structure of Nanopatch antenna, consisting of Ag substrate and Ag
cube, where the single NV center in nanodiamond is placed in the gap between the
cube and substrate [147].

The Purcell enhancement of SiV color centers embedded in diamond membranes,
coupled to plasmonic nanocavity has been theoretically studied in 2019 by Kam-
balathmana et al. [148], and a design of an optical nanoantenna composed of gold
nanocone coupled to SiV color centers in thin diamond membranes has been proposed.
For practical realization of such systems, appropriate fabrication techniques and the
optimized design parameters have been investigated for the gold nanocones used in
plasmonic antenna structure for the sake of enhancing the radiative decay rate of
single SiV color centers, see Kambalathmana et al. [36]. With an ensemble of SiV~
color centers implanted at 5 and 10 nm depths in ultrathin diamond membrane,
coupled to plasmonic gold nanocavity, see Fig. 2.32, has been reported, by Boyce et
al. [149] (2024), of a 135-fold enhancement of spontaneous emission rate and < 8 ps

fluorescence lifetime has been achieved.
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Figure 2.32: (a) Wedged diamond membrane implanted with SiV~ centers enclosed
by Au cavity, (b) Reduction of fluorescence lifetime for those SiV™ centers implanted
at 5 and 10 nm, respectively [149].

In their work, the diamond membrane was etched creating a wedge structure and was
implanted with SiV~ color centers, and the diamond wedge structure was enclosed
by a Au nanocavity consisting of Au nanodisk fabricated on top, and Au substrate
underneath. Although a control sample of such diamond implanted with SiV™ centers
for comparison with those enclosed by the Au nanocavity, the fluorescence lifetime
reduction proclaimed in their work cannot be decisively verified. One of the reasons
is that in reality an ensemble of SiV™ under a Au nanodisk cannot be implanted
at exactly the same depth, this would expose them to different values of E-field
intensity under the Au nanodisk, hence the lifetime reduction would be non-uniform.
Another reason is comparison between different SiV™ ensembles on the same diamond
membrane that vary in thickness, is not valid, given that each emitter experiences a
different surrounding. For proper comparison, firstly the quantum yield should be
taken into account upon comparing quantum emitters to ensure that the lifetime
reduction is caused by enhancement of spontaneous emission rate; secondly, a single
SiV~ color center embedded into the diamond membrane at certain depth with and
without the nanocavity, should be compared. The same research group has very
recently reported enhanced radiative decay rate, leading to ultrabright emission from

a single SiV™ with 362 Mcps at room temperature, see [150].

2.3 Fluorescence microscopy and spectroscopy

In the previous section we discussed various types of quantum emitters and how
they differ from each other. The gold standard for studying fluorescence emission is
the confocal fluorescence microscope. In the following subsections, we shall provide

details about each fundamental component of such a microscope.
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2.3.1 Scheme of confocal fluorescence microscope

A traditional confocal fluorescence microscope consists of various components, each
of which enables us to obtain specific information about the fluorescent emitters
under study. Generally, an imaging system e.g. camera is used to image the location
of fluorescent quantum emitters in the sample. An excitation laser source is essential
in order to excite them. This could be a pulsed or continuous wave (CW) laser.
In spite of referring to confocal fluorescence setups as microscopes, attaching a
spectrometer to them allows to perform spectral characterization of the fluorescence
source. Measurement of fluorescence lifetime requires the use of very sensitive
photodetectors down to a single-photon level. When two of such photodetectors are
used with a 50/50 beam splitter, one can form the so-called Hanbury Brown-Twiss
(HBT) interferometer, which reveals the second-order coherence properties of the
fluorescence source via the second-order intensity correlation function g(®, discussed
earlier. This is essential for distinguishing between a truly single-photon quantum
emitter and an ensemble. A general scheme of a traditional confocal microscope is
indicated in Fig. 2.33
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Figure 2.33: Standard confocal fluorescence microscope. M: Mirror, L: lens, Exc.:
Excitation, DM: Dichroic Mirror, EM.: Emission, and BP: Bandpass.

Typically in a confocal fluorescence microscope, and shown in Fig. 2.33, the laser
light is emitted from the laser source and reflected off a dichroic mirror (DM), then
reflected upward and focused tightly via an objective lens to excite the quantum
fluorescence emitter(s) of interest. The emitted fluorescence is generally emitted
uniformly in all directions, covering a 47 solid-angle. However, there are some
limitations when it comes to fluorescence collection. For instance, for high-index

samples (e.g., diamond), much of the emission is trapped by total internal reflection.
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Furthermore, the objective lens which collects fluorescence is limited by its inherent
ability, characterized by its numerical aperture NA = nsin # , where n is the refractive
index of the surrounding medium of the objective lens, and @ is the half the solid-angle

of the collection cone.

Selection of an objective lens with a high collection angle # - high NA - ensures
better collection of the emitted fluorescence. Also, increasing the refractive index of
the surrounding medium helps to maximize the collection of fluorescence emitted
from the sample. Usually when the medium interfacing the objective lens surface
and the sample is air, this objective lens is suitable for collecting fluorescence
from ensembles of quantum emitters. For ensembles of fluorescence emitters, an
objective lens of, e.g., 63x magnification and 0.75 NA is sufficient for fluorescence
collection. Nonetheless, such objective lenses are not adequate for single-photon
emitter fluorescence detection. Instead, oil-immersion objective lenses are preferable,
as oil has a higher refractive index than air. Such objective lenses have larger
magnification and > 1 NA. Collected fluorescence is then reflected by a mirror and
transmitted through the dichroic mirror (long-pass filter, cutoff frequency 650 nm,
AHF Analysen Technik AG) while blocking most of the back reflected excitation
laser. In this regard, the reflection and transmission wavelength range of the DM
should be carefully chosen, so that the reflection of the incident excitation laser onto
the sample and the transmission of the emitted fluorescence are maximized. Since
the DM cannot completely block the back reflected excitation laser, additional filters

to eliminate the residual laser light are often used.

After the DM comes another essential part, which is the confocal pinhole. This part
is not merely a pinhole, but consists of one lens which focuses fluorescence light into a
tiny spot at which the confocal pinhole is placed, and another lens after the confocal
pinhole in order to collimate the fluorescence light beam. The name of confocal
fluorescence microscopes stems from the fact that such types of microscopes have two
focal points; one onto the sample at the location of the emitter(s) of interest, and
another one at the pinhole position, hence the name “confocal” for the fluorescence
microscope. In fact, the confocal pinhole is a vital part of the fluorescence microscope,
in particular when single-photon quantum fluorescence emitters are studied. When
the excitation laser is focused onto a particular focal plane at which the quantum
emitters of interest are located, not only the fluorescence of those is emitters is
collected, but also fluorescence signal from neighbour ensembles located at different
planes of the sample will be collected as well, which in turn will blur the information
gathered from the target quantum emitters, i.e., their image will look blurry on the
camera, due to the background noise. The role that the confocal pinhole plays here

is that it permits collection of fluorescence signals from the target focal plane, whilst
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blocking the fluorescence signal emanated from other planes of the sample. Hence, it

enhances the signal-to-noise ratio.

For collimating the fluorescence beam after the confocal pinhole part, it should be
considered that the two lenses be placed far apart at a distance equal to the sum
of their focal distances. Moreover, it is recommended that the pinhole size to be
roughly 30% larger than its diffraction-limited spot size, which can be calculated
from the relationship:

Af

=2 (2.47)

where )\ is the wavelength of fluorescence light, f is the focal lens of the focusing lens,
and r is the beam radius. Our fluorescence microscope was initially characterized
via laser light from an optical parametric oscillator (OPO) emitting at 650 nm of
a beam of 0.35 mm radius, focused by the first confocal lens, whose focal length is
25 mm has a diffraction-limited spot (diameter) of 46.42 pum, according to Eq. 2.47.
Considering the 30 % extra diameter, this means that out confocal pinhole should
be ideally 60.35 pm. Such precise pinhole diameter cannot be matched exactly with
existing commercially available pinholes. Thus, in our case one should either use a

50 pm or 75 pm.

Fluorescence light can be ultimately directed toward the remaining part of the
setup by means of a reflecting mirror. Along the reflection path, some flippable
mirrors will be used, and each one of these then direct the fluorescence toward the
imaging system, spectrometer, as seen in Fig. 2.33. When both mirrors are unflipped,
fluorescence light will propagate through a straight line and would be split via a
50/50 beam splitter, followed by a focusing lens along each optical path in order
to focus the collected fluorescence onto the sensor area of the photodetectors for

lifetime measurements and the g(® correlation function.

2.3.2 Excitation light source

For exciting the fluorescent quantum emitters from the ground state to the excited
state, a monochromatic light source with photon energy matching the energy dif-
ference between the two states must be used. Generally, laser sources due to their
coherence are better for excitation than incoherent light sources. CW lasers [151, 152,
129, 109] and pulsed lasers [153, 154, 155, 16, 156, 157], and sometimes both [158,
159, 160, 161] have been used to excite various quantum emitters, such as quantum
dots and different color centers in diamond. In principle, both types of lasers give
the same kind of information, though, the g function looks different when CW

laser is used in excitation in contrast to the one obtained via pulsed laser excitation,
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as mentioned earlier in subsection 2.1.5. For the measurement of a single-photon
quantum emitter, the type of laser utilized for excitation is not significant, since in
either case, we care about the g(® value at zero. The common issue that is often
encountered with fluorescent quantum emitters of low photostability, irrespective
of which type of laser excitation is used, is the photobleaching. For that, quantum
emitters should be excited at low-to-moderate laser energy. However, pulsed laser
sources can lead to faster photobleaching for single QDs than CW laser [162]. A
significant difference between usage of CW or pulsed laser for excitation lies in
the fluorescence lifetime measurement technique being utilized. For instance, it is
possible to gain information about the lifetime, when CW laser is used for excitation
via frequency domain (e.g. phasor diagrams) measurement. However, that is not the
case when the lifetime is measured via the temporal domain measurement, such as
time-correlated single-photon counting (TCSPC) technique, which requires pulsed
excitation of the sample. Brief discussion about phasor diagrams and further details
about TCSPC measurement technique will be provided in subsection 2.3.6. In this

work, we adopt the TCSPC technique, hence we use a pulsed laser source.

For this work we use a tunable Titanium:sapphire (Ti:sa) laser (Taccor Tune 10 -
Novanta) with 1 GHz repetition rate laser, output power > 1.8 W (~ 2 W) at 800
nm, pulse duration < 80 fs and wavelength range 730-910 nm. Since the emitted
laser is in the infrared (IR) range, part of its energy is split to pump a tunable fs
optical parametric oscillator (OPQO) capable of synchronized operation at 1 GHz
repetition rate (APE GmbH). The OPO has two outputs, idler with a wavelength
range 1750-4000 nm, which is optionally blocked and signal with a wavelength range
505-740 nm. Initially, the OPO signal in the visible range at 650-670 nm was used
for excitation of our samples, and also as a probe for the optical Kerr gate (OKG).
Because it was noticed that the chosen wavelength of the OPO was drifting, and
because of high pump power portion required to run the OPO split from Ti:sa laser,
which could be otherwise used to increase the gate (pump) beam for the OKG,
the OPO is no longer used. Instead, we rely fully on Ti:sa (Taccor Tune 10) to
perform all experiments presented in this dissertation. Further details about OKS
experiments will be discussed in Chapter 4. Now, the output full power of the Ti:sa
IR laser will be split by a 90/10 beam splitter into two parts. The major part - 90
% of the laser power (~ 1800 mW) - will be used as a gate (pump) beam for the
OKS experiment, while the remaining 10 % ( 200 mW) will be exploited initially as
a probe for the same experiment and later as an excitation source for the quantum
fluorescence emitters. In the latter case, the emitted fluorescence will be the probe
beam in the OKS.
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2.3.3 Imaging system

For measuring any physical property of an ensemble of fluorescence quantum emitters,
or a specific single emitter, the first step is to image the emitter(s) to determine
their locations. Scientific cameras are often used to achieve this goal. In particu-
lar; two semiconductor technologies, i.e., the scientific complementary metal-oxide-
semiconductor (sSCMOS) camera, or sometimes electron-multiplying coupled-charged

detector (EMCCD) cameras are commonly utilized in fluorescence microscopes.

In fact, scientific cameras have greatly advanced fluorescence microscopy, which
consequently gave rise to pushing the frontier of imaging of biological samples, as
well as fluorescence quantum emitters. This is due to the advantages such kinds of
cameras can offer. For instance, they provide high sensitivity as they are designed to
capture low light signals, which is beneficial for detecting materials of low quantum
yield, as well as capturing images of single fluorescence quantum emitters, and that is
helpful for quantum science and quantum-based applications. In this regard, EMCCD
cameras are capable of providing higher sensitivity than sCMOS cameras, and that
allows single fluorescence quantum emitters in a relatively feasible manner than
sCMOS cameras. Another aspect provided by scientific cameras, equally important
to the high sensitivity is the high resolution. At high resolution, images of small
biological cells, or single emitters can be clearly captured, within the diffraction limit
of the fluorescence microscope. In addition to those advantages, scientific cameras
are supplied by cooling systems to reduce the thermal noise of the camera’s sensor,

and also software for data acquisition and analysis.

Regardless of the designed signal readout architecture of the scientific camera sensor
employed for a certain application, the underlying physical concept governing the
photodetection process is the same, that is the photoelectric effect. So, depending
upon the incident photon energy, and the work function of the sensor’s material, the
incident photons on a certain pixel impart their energy to electrons, providing them
with an adequate kinetic energy. Subsequently, those photoelectrons are collected
from each pixel according to the designed signal readout architecture by which we
can image the region of interest of the sample. Both sCMOS and CCD camera

sensors differ essentially in the signal readout architecture.

For imaging of fluorescence quantum emitters presented in this work, we use an air-
cooled sCMOS camera (Andor Zyla 4.2). The model Zyla 4.2 uses a front illuminated
sCMOS sensor type, with a 13 x 13 mm sensor size and the number of active pixels
(W x H) is 2048 x 2048 (4.2 Megapixel). Each pixel is 6.5 x 6.5 pum, and has a well
depth (e~) 30000. The rate of pixel readout varies based on the speed of reading the
signal, e.g., the slow read has 216 MHz pixel readout rate, while the fast read has 540

65



MHz rate. The pixel readout rate affects the read noise (e~) median, for example, at
216 MHz (slow read) the read noise median [rms] is 0.90 but at 540 MHz (fast read),
the read noise (e¢~) median [rms] is 1.1. The overall maximum quantum efficiency of
the Zyla 4.2 model is 82 %, and the dark count rate, which is the number of electrons

per pixel per second at minimum temperature, is 0.10 for air-cooled cameras.

Some examples of images of fluorescence emitters from the characterization of our
home-built confocal fluorescence microscope are provided in Fig. 2.34, in which the
sCMOS camera was characterized by capturing images of individual CdTe quantum
dots (PlasmaChem GmbH), shown in Fig. 2.34 (a), and ensembles of SiV color

centers in diamond, shown in Fig. 2.34 (b)

Figure 2.34: Imaging of fluorescence emitters. (a) Ensemble of CdTe quantum dots,
(b) Single CdTe quantum dot, (c) Ensemble of SiV color centers in diamond

2.3.4 Spectral characterization

Each type of fluorescence quantum emitter has a characteristic emission spectrum
that acts as its optical fingerprint. We mentioned earlier in subsection 2.2.2, that
the charge state of color centers in diamond, e.g., NV centers, results in having a
distinct spectrum for the same type of color centers, whereby one can distinguish

two charge states via spectral characterization.

For studying the spectral properties of fluorescence quantum emitters, typically a
spectrometer is attached to the confocal fluorescence microscope. Since the emitted
fluorescence at the ZPL is often small, some residual excitation laser and other
background radiation can obscure the signal. Thus, it is important to select the
appropriate set of filters, i.e., long-pass filter and bandpass filter to improve the

signal-to-noise ratio (SNR) of the fluorescence signal of interest.

In this work, we used in most of the measurements a portable high-sensitive spec-
trometer (Ocean-Optics - Model: QE Pro), provided with a TE cooled CCD detector.
The Model QE Pro works in the Vis-IR spectral range, in particular within the
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wavelength range ~ 586-965 nm, and its optical resolution (FWHM) ~ 1.2 nm. It also
has signal-to-noise ratio (single scan) of 1000:1, and a dynamic range 85000:1 (single
scan). Moreover, its integration time ranges between 8 ms up to 60 minutes. With
such characteristics, it was quite suitable for most of the measurements performed
here. However, for experiments that require higher spectral resolution and higher
sensitivity such as self-phase modulation (SPM) experiments, another spectrometer
was utilized, which was Andor spectrograph - model: Shamrock 500i-D2. This is
an imaging spectrometer based upon Czerny-Turner optical design, and acquires
a high resolution down to 0.03 nm. The model we use is Shamrock-500i and such
optical design can offer excellent optical performance, however, to ensure the best
performance the appropriate grating groove density (number of lines per mm - 1/mm)
should be selected for an aberration-free operation. Another important consideration
related to the grating is the grating efficiency. It describes the ability of the diffraction
grating to disperse the detected wavelength range. The QE Pro spectrometer was
used to characterize the emission spectrum of the CdTe quantum dots, see Fig. 2.35
(a), whose image was presented in Fig. 2.34 (a), and for the characterization of the
SiV center in diamond, see Fig. 2.35 (b), where the SiV spectrum was filtered via a

long-pass and bandpass filters.
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Figure 2.35: Spectral characterization of quantum emitters. (a) Spectrum of an
ensemble of CdTe quantum dots, (b) Spectrum of an ensemble of SiV color centers
in diamond (black), and fitting of its ZPL linewidth (red)

2.3.5 Photodetectors

Photodetectors are a vital component for any fluorescence microscope. Without
them, the average excited-state lifetime of a fluorescence emitter cannot be measured,
as shall be explained in the next subsection. Furthermore, the g® function by which
we can determine the nature of the fluorescence light source, whether it is a single

emitter or an ensemble, cannot be unveiled.
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The sensors of the photodetectors used for the measurement of fluorescence lifetime
and g® function are sensitive down to a single-photon level. This is why they are
called single-photon detectors (SPDs). The underlying physical concept by which
a photon is detected is again the photoelectric effect, where the target photon to
detect is converted into a single electron. Though, this photoelectron is not sufficient
for the electronic circuit of the photodetector’s sensor to feasibly read it out. Thus,
a multiplication process for the photo-generated electrons is strictly needed for

single-photon detection.

It is crucial to mention that the type of single-photon detectors (SPDs) frequently
used in confocal fluorescence microscopes are not photon-number resolved (PNR)
detectors. Meaning, they are not capable of counting the number of individual
single-photons incident on them. Such photon detectors work fundamentally with a
binary system, whereas a click refers to a detection event of a single or more photons
incident onto the detector’s sensor, while no click indicates no photons are being
detected. Resolving the number of incident photons is required for some applications
such as quantum metrology, quantum computing and photon statistics. For that
purpose, some photon-number resolved detectors, e.g., transition-edge sensors (TES),
visible light photon counters (VLPCs), and arrays of single-photon detectors (pseudo-
PNR vial spatial or temporal multiplexing) are used. In general, PNR detectors
are complex and work at slow speed, and often operate at cryogenic temperatures.
Further details about those detectors can be found in [163, 164, 165].

The spectral range of the operation of an SPD and its corresponding detection
sensitivity is dictated by its sensor’s material, which determines whether or not a
certain SPD is suitable for a certain application [166]. A single-photon detector is
considered ideal if it has the following characteristics [167]: The detection efficiency
is 100%. It is the probability that the incident photon onto the sensor is detected.
The dark count rate (DCR) is zero. Dark count rate refers to the detected e~ counts
per second in absence of incident photons. Such e~ signals arise due to thermal
excitation. The dead time is zero. It is the time during which the SPD cannot
process any incident photons. Basically, when a photon impinges on a photodetector,
this photon is being processed further until its corresponding signal is being read out.
For some time, which is the dead time, any other photon that hits the detector’s
sensor is not read out. Once that dead time has elapsed, the photodetector will
be ready to receive another photon. Another aspect of the ideal SPD is that its
time jitter is zero. By time jitter we mean, the variation of the time interval At
between the moment at which a detector absorbs a photon and the moment at which
that photodetector generates an output electric pulse corresponding to the absorbed

photon. It is a crucial parameter for timing measurement, as large time jitters can
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blur the timing information corresponding to the lifetime decay, an effect that has

particular influence in the case of ultrafast fluorescence emission.

In practice, there is no such a thing as an ideal detector, or ideal detection parameters.
As a matter of fact, the aforementioned parameters vary considerably depending
upon the type of used detector and the materials it is made from. Some types of
photodetectors exhibit superior performance in some aspects than the others. The
most common single-photon detectors that have been used in the scientific community
are photomultiplier tube (PMT), single-photon avalanche photodiode (SPAD), and

superconducting nanowire single-photon detector (SNSPD).

Historically, one of the first used photodetectors was photomultiplier tubes (PMT),
where it was initially employed in scintillation counters for radiation detection [168],
then later on it had been applied as photon detectors [169]. PMTs are devices for
obtaining large electrical signals from few individual photons [170], and they offer
large active areas (diameter > 10 mm, and wide spectral range 115-1700 nm [166]. A
basic PMT consists of a vacuum tube with a photocathode, which absorbs light and
converts it into primary electrons. As we know from photoelectric effect, the energy of
the incident photons onto the photocathode materials must exceed the work function
corresponding to the photocathode material, in order to liberate electrons. Those
primary photoelectrons subsequently strike a series of electrodes called dynodes,
each of which is biased at a larger voltage than the previous electrode (dynode)
generating a cascade of secondary electrons, whose electrical signal is proportional
to the incident light photons. This is basically the mechanism by which the initial
low signal is multiplied. The entire photo multiplication process is illustrated in Fig.
2.36.
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Figure 2.36: Scheme of photomultiplier tube [171].

PMTs are very sensitive to low-light, down to single-photon level, and have fast
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response time ~ ns, low dark counts at ambient temperature, in addition to wide
dynamic range [171]. However, it is often bulk, fragile, expensive and requires high
voltage up to few kilovolts for operation. PMTs having GaAsP photocathodes suffer
from low quantum efficiency 40% at 500 nm. PMT with as low as 100 Hz dark
counts, and as high as 10 MHz are commercially available, with a time jitter of 300
ps (FWHM). Beside PMTs working in the visible wavelengths, there exist PMTs at
telecommunication wavelengths, e.g., by cooling InP/InGaAs photocathode up to
200 K. Unlike their modest performance in the visible range, such PMTs perform
poorly at 1550 nm with detection efficiency of 2%, dark count 200 kHz, and a time
jitter of 300 ps (FWHM).

Superconducting nanowire single-photon detector (SNSPD) is another type of single-
photon detectors, which rapidly emerged due to their high detection efficiency ranging
from UV to IR, i.e., > 90% at telecom wavelength 1550 nm [172], low dark counts
10~* Hz [173], small timing jitter < 3 ps [40], very fast reset time [174] down to a
few hundred ps and excellent time resolution, i.e., IRF 4.4 ps [41]. Due to those
unique properties, SNSPDs have found their way through various applications, such
as quantum-based applications, e.g., quantum information [175], light detection and
ranging (LIDAR) [176], mass spectrometry [177], and diffuse correlation spectroscopy
[178]. Commonly used materials as SNSPDs are nitride-based materials, e.g., niobium
nitride (NbN), niobium titanium nitride (NbTiN); silicon-based materials, such as
tungsten silicide (WSi) and molybdenum silicide (MoSi); or rare-earth cuprate oxides
like YBayCu3zOgy, (YBCO) and BisSraCasCuzOy9 (BSCCO). For a comparative
study of different superconducting materials and their applications for single-photon
nanowire detectors, the reader is referred to Ref. [179]. In addition, for a compre-
hensive overview about the physics, evolution and state-of-the-art and challenges of
SNSPDs, we refer to the following review articles Refs. [180, 181, 182].

The structure of an SNSPD encompasses a nanowire patterned onto a thin film
with nano dimensions. This nanowire is cooled via a cryocooler below a critical
temperature T, thus enabling a superconducting state, and biased with a current I},
which flows without resistance due to the superconductivity. The bias current Iy, is
carefully set slightly below the critical current I., above which the superconductivity
state is lost. At the edges of the thin film, the nanowire is connected to an electronic

circuit so that the induced voltage signal when a photon arrives is measured.

The photon detection mechanism of SNSPDs, in particular for moderate to high
energy photons is explained by the hotspot model [183]. Basically, when a photon
impinges onto a certain location of the nanowire, the energy of that photon creates
a hotspot, which raises the local temperature at that location beyond the critical

temperature T, hence the superconductivity state is lost. As the energy deposited
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by the photon breaks some Cooper pairs, in this case the electrons flowing locally
along the nanowire will experience resistance, leading to a voltage signal, which
can be detected by the attached electronic circuitry after being amplified. Given
that the superconducting nanowire is cooled, after some time “reset time” the
superconductivity state will be retrieved again. Despite a single-photon at 1.5
pm has an energy of 0.83 eV, which is very small, this is sufficient to break the
superconductivity state locally where the photon hits the nanowire, thus inducing
a measurable voltage signal [184]. In Fig. 2.37, an entire SNSPD system is shown
(a), where the major part of the detector is the cryocooler while on top the thin
film (the enlarged view) attached to the circuit is placed (b), and an SEM image of
that nanowire is shown (c) that has a meander structure to increase the sensor area,
which in turn enhances the nanowire detection’s sensitivity, and in (d) the operating

principle is illustrated.

{b} Enlarged view {c} SEM image
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Figure 2.37: Superconducting nanowire single-photon detection system [184].

Although SNSPDs exhibit superior performance in terms of the above-mentioned
metrics, they are bulky systems, which necessitates usage of costly cryocoolers for
operation down to few kelvins. Furthermore, their detection efficiency drops in the
near-IR to < 50%, particularly below 1000 nm. However, SNSPDs are still under
development and find new pathways toward further applications, for example, for
tissue imaging using fluorescent dye indocyanine green (ICG), where the SNSPD
was integrated into a confocal fluorescence microscope forming a portable system,

with the aim to enable deep tissue imaging with safe laser power range [185].

Semiconductor-based photodetectors are another type of single-photon detectors often
called single-photon avalanche diodes (SPADs) and utilized in various applications,

particularly in fluorescence detection and single-molecule spectroscopy. Unlike other
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photodetectors, they are compact, enabling their integration into table-top setups,
or commercial devices; they work at less power consumption, and they possess more
ruggedness, meaning that they are less vulnerable to mechanical shocks, magnetic
fields and environmental conditions. These altogether ensure operational durability
for such kinds of detectors. More importantly, they operate under ambient conditions,
which eliminate the need for either vacuum systems or cryocoolers as opposed to
PMTs and SNSPDs, respectively. The semiconductor materials often used for SPADs
are silicon (Si) and InGaAs/InP (~ 1.0-1.70 pum).

A SPAD essentially consists of a p-n junction diode, which is reverse-biased at a
voltage V, above the breakdown voltage Vgp, and this corresponds to the “OFF”
state in which no current flows. The electric field in the depletion region of the p-n
junction is high, nonetheless, there are no free carriers. This mode of operation is
analogous to gas counters for ionizing radiation, that is why this mode of operation is
sometimes called “Geiger mode”. When a single-photon is absorbed in the depletion
region of the p-n junction, it creates a single electron-hole pair via photoelectric effect,
as referred to earlier, and this single charge carrier is accelerated due to the strong field
in this region, and gain adequate kinetic energy to trigger an avalanche of secondary
charge carriers via impact ionization, which is a self-sustaining multiplication process.
This process allows detection of weak signals. In spite of the exponential growth
of the current due to the generated avalanche of charge carriers, the space-charge
effect limits that current to a constant level, which is proportional to the excess bias
voltage Vg = V, — Vgp. Upon certain value of avalanche current 1 mA, the diode
turns into an “ON” state [66]. This avalanche process does not remain indefinitely
and it is quenched by an external voltage (quenching circuit) that sets the voltage
VE to below Vgp, or & Vgp, then after some time it sets the voltage to above Vgp.
In other words, the circuit is reset to the original “OFF” state, thus ready to receive
another single-photon. A simple diagram of the I-V curve of the SPAD operation
depicting the reset process is in Fig. 2.38. It is vital to elaborate that since reception
of the single-photon till the circuit of the p-n junction is reset, the SPAD will not be

able to detect another photon, which is why this time is referred to as dead time.
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Figure 2.38: I-V curve of quenching and reset of SPAD p-n junction [66].

It is worth pointing out a distinct difference between the three types of diodes,
namely the photodiode (PD), avalanche photodiode(APD) and the single-photon
avalanche diode (SPAD) in terms of the voltage range selected for their operation.
This difference is pictorially clarified in Fig. 2.39 [186]. As can be seen in the I-V
curve, the three diodes operate commonly in the reverse bias voltage region, however,
the PD operates at a smooth current output when a signal is detected. On the
contrary, the APD current increases more sharply than in PD as the reverse bias
voltage goes toward the breakdown voltage Vpp. Although the APD operation
principle relies also on avalanche generation of charge carriers, the real distinction
between APDs and SPADs appears in the Geiger mode, namely when the detector is
set at a voltage above the Vgp. The current rises sharply in that particular region
of the I-V curve. As a matter of fact, this is necessary for detection of very weak
signals such as single-photons, in the sense that an adequate high electrical signal is

generated when a single-photon is absorbed.

1

Geiger made reverse bias forward bias

v

Figure 2.39: I-V curve showing the difference between PD, APD and SPAD [186].

One might have noticed the discrepancy between the I-V curve in Fig. 2.38 and
Fig. 2.39, in terms of the location of the reverse bias voltage region. Given that
each of them is taken from a different reference, each figure is suitable to clarify a
certain concept. For instance, Fig. 2.38 is suitable to show clearly the concept of

resetting the detector circuit after which the detector is ready for a new detection
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event. Nevertheless, Fig. 2.38 mistakenly shows the voltage region of operation
in the forward bias region, although a SPAD operates actually in the reverse bias
region, which is typically located at the left-side of the I-V curve. On the contrary,
Fig. 2.39 shows rightfully that the photodiodes generally and SPADs particularly

work at voltages in the reverse bias region, which is at the left-side of the I-V curve.

High DCR is one of the fundamental noise sources that can reduce the S/N ratio of
the photon detection process. Another source of noise is the so-called “Afterpulsing”.
This effect occurs by deep energy levels with the bandgap of the semiconductor
material of the sensor, i.e., from defects/impurities, which trap few charge carriers
for some time, then release them when the detector is reset and ready for a new

avalanche detection event.

Time jitter is another parameter that has an influence on the accuracy of the time
measurement process. It is the uncertainty between the arrival time of photons, and
the output electric pulses of the SPAD, typically defined by the FWHM of the timing
diagram of the SPAD connected to the time-correlator. Ideally, if the time jitter
is zero, when photons hit the detector, after a certain time, those photons would
generate charge carriers at the same time and be detected as an output voltage
pulse. In reality, though, the avalanche process is in fact probabilistic, which in turn
leads to statistical fluctuations between the actual arrival time of the photons to
the detector, and the release of an output electric pulses. Moreover, the electronic
circuit of the detector introduces some uncertainty in the time measurement, thus

contributing to the time jitter.

Throughout this work, two identical Si-SPADs were purchased from Micro Photon
devices (MPD), with the ultimate aim to use them for fluorescence photon detection
and g function measurement to identify single-photon quantum emitters. Besides,
they were fundamentally utilized to detect the Kerr-rotated signal from the probe
laser beam, as will be explained in chapter 4, in optical Kerr gate experiments. Such
SPADs offer maximally up to 50% photon detection efficiency at 550 nm, and slightly
lower than 30% photon detection efficiency at the SiV emission at 738 nm.

In spite of the DCR of the two SPADs (few tenths of cts) we use in this work
from MPD can have DCR down to 1 ¢/s, according to the company’s specifications,
they have practically few dozens of counts per second (c¢/s) [39]. Further, the time
resolution of such SPADs is < 50 ps.
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2.3.6 Fluorescence lifetime measurement systems

Determination of fluorescence lifetime of a quantum emitter cannot be determined
solely by a photon detector. The reason for that is that photon detectors are only
capable of detecting photons, yet they cannot count how many photons are incident
onto them. Here, the need for a photon counting system arises in order to be able
to measure the fluorescence lifetime. There are two commonly used approaches for
the determination of the lifetime, one that relies on the frequency-domain, while the

other one is on the time-domain.

In the frequency-domain the main technique is called the phasor approach, whose
potential and importance has not initially been well perceived, yet is gaining more
recognition recently for its vitality, in particular in biological applications, more
specifically for the application of fluorescence lifetime imaging (FLIM). In phasor
approach, the excitation laser source is modulated at a certain frequency, hence the
emission is also modulated at the same frequency. Though, since the fluorescence
emission is delayed in time with respect to the excitation process, there will be
a phase shift between the excitation and the emission curves, from which we can

determine the fluorescence lifetime.

The fundamental technique in the time-domain approach is the time correlated
single-photon counting (TCSPC) technique, sometimes called time-tagging, and it is
a powerful technique for fluorescence decay measurements being sensitive for low-light
signals at picosecond time scale and highly precise for time-tagging of the electronic
signals, commonly used in various applications. TCSPC technique is based upon
designating a timestamp (thus the name time-tagging) for the arrival of photons from
both the excitation laser and fluorescence photons detected via photon detectors.
Then, by calculating the time difference At between the exciting photon and the
detected fluorescence photon, and statistically repeating this process for multiple
times, a histogram can be constructed, thereby a fit for the fluorescence decay curve
can be performed. The feasibility of this technique stems from modern advances
in laser and timing electronics. For instance, pulsed laser sources are capable of
emitting a train of pulses at high repetition rates. This enables such a statistical
process to be attained with a large statistical ensemble of counts. Furthermore, the
advancement of the current electronics allows for a precise tagging of the arrival of

photons in time.

The technique is used via a compact electronic module named time-correlated single
photon counter (TCSPC). It has been an effective tool to measure low-light signals
in various fields such as life science, material science, quantum optics and metrology.

In particular, it plays a crucial role in various applications, some examples are time-
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resolved fluorescence, single molecule detection, Forster resonance energy transfer
(FRET), and fluorescence lifetime imaging (FLIM).

TCSPC is based generally upon detection of arrival times from periodic light sources
used in exciting the quantum emitter of interest, detection of the arrival times of
single-photons emitted, and reconstruction of the decay signal from the individual
time measurements [187, 188]. It relies on the high-repetition rate (e.g. 80 MHz) of
the light source used for excitation, and that the signal is low enough at the detector
such that the probability that it would detect more than one photon per signal at the
detector is negligible [23]. The process of fluorescence detection is stochastic, in the
sense that not every exciting pulse for a quantum emitter yields a fluorescence photon
at the detector. The excitation light source emits a train of pulses regulated by a
constant separation in time, which is inverse of its repetition rate. When the exciting
laser pulse is emitted from the laser source, an equivalent radio-frequency (RF) is
emanated from it and sent to the TCSPC module, and considered as a ‘start’ click,
in other words, a time tag is assigned for the onset of excitation moment. Similarly,
if a fluorescence photon is being detected by a photon detector, i.e., SPAD, a signal
will be also sent to the TCSPC and considered as a ‘stop’ click. The difference in
time between these two clicks, At, is calculated. For every exciting pulse this process
is repeated over and over again until a histogram is built up forming the trend of
the fluorescence decay. The entire process and the distribution of photons after time
t from the excitation laser is illustrated in Fig. 2.40. The produced histogram can
be subsequently fitted commonly with an exponential decay function, from which

the lifetime of a fluorescence emitter 7 can be extracted.
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Figure 2.40:
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Scheme for illustration of TCSPC operation principle [23].

Analog signal recording techniques are evidently limited by the detector bandwidth.

Thus, the width of the instrument response function (IRF) cannot be shorter than

the single-photon response. TCSPCs offer extremely high time resolution, much

better than photon detectors, this is due to their ability to accurately record the

exact arrival time of a pulse signal, not its pulse width. The IRF in TCSPCs is

typically characterized by the r.m.s error (standard deviation), or the FWHM of

the time distribution, and is limited in this regard to the transit time spread (TTS),

which is the time charge carriers take to travel through the detector, and this time

can be 10 times narrower than a single-photon response of a detector. Fig. 2.41
shows how the IRF of a TCSPC is affected by the TTS in response to infinitely short

light pulses.
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Figure 2.41: Single-photon response of a detector and the IRF of a TCSPC to
infinitely short light pulses [23].
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In addition to the effect of T'T'S, another source of timing error is the time jitter
introduced by the electronic components of the TCSPC and is caused by the finite
rise/fall time of the electric signals, where the amplitude noise emanated from thermal
noise or interference is transformed into corresponding time error (phase noise). The
total IRF of a TCSPC strongly depends on the relative magnitude of its individual

sources of time uncertainties, and can be obtained by the following geometric sum

[189]:
€IRF total — 1/ Z 6gomponent' (248)

In this work, the commercial brand PicoHarp 300 TCSPC module (PicoQuant) was
used. PicoHarp 300 has two identical synchronized but input independent channels,
and possesses 65536 histogram time bins, with a minimum of 4 ps bin width, which
defines the maximum obtainable time resolution that can be achieved using this
TCSPC device. It can count up to 10 million counts per second. The acquisition

time of this module ranges between 1 ms to 100 hours, and it has < 95 ns dead time.

For proper detection of fluorescence photons, it is significant to emphasize the
importance of maintaining the number of detected fluorescence photons per excitation
cycle does not exceed 1, the reason for that is when more than one fluorescence
photon is emitted, the early photon will be detected while the later photons would
not be registered during the detector’s dead time. Over multiple cycles, the early
arriving fluorescence photons will be over-represented, and this effect is the pile-up.
On the contrary, the late arriving photons would be under-represented, which will
artificially shorten the fluorescence decay curve upon high photons emission [190],
indicated in Fig. 2.42.
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Figure 2.42: Tllustration of pile-up effect and its impact on lifetime measurement
[190].

The pile-up effect is not significant when the fluorescent source is a single-photon
quantum emitter, as they exhibit inherently photon antibunching, meaning that by

default no more than one photon is emitted per excitation cycle. The significance
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of the pile-up effect manifests itself with fluorescence ensembles. In this case, high
excitation increases the probability of having more than detected fluorescence photons
at once. The recommended photon count rates at the detector for maintaining single-

photon statistics is 1-5% of the excitation rate.

2.4 Ultrafast fluorescence detection

Rapid progress in electronics has led to incredibly fast electronics circuits that are
used in numerous applications on a daily basis. Yet, those fast electronics are slow
compared to the timescale of ultrafast fluorescence emission, usually a few tens of
picoseconds or a few hundred of femtoseconds. Thus, they lack the sufficient temporal
resolution to resolve the dynamics of quantum emitters. Several optical-based tech-
niques have been developed to overcome this hurdle. Some of them rely on nonlinear
materials using second-order and third-order nonlinear optical processes. Other
techniques avoid nonlinear materials and instead exploit the statistical properties
of fluorescence from quantum emitters (bunching or antibunching) to reveal their
ultrafast emission. Some others exploit innovative concepts to magnify the ultrashort

signal in time, so that it becomes measurable.

2.4.1 Streak camera

The era of high-speed photography of ultrafast transient phenomena, especially for
studying ultrafast natural processes and new light sources, began with the invention
of a mechanical version of the streak camera (streak records), wherein a simple drum
camera with a photographic film was rotated at a certain speed, for imaging fast
event and was capable of resolving two events separated by 107 s in time [191].
After further developments, a faster streak camera system was developed in 1949,
using photoelectronics [192], and was capable of resolving time events down to 10-100
ps. This camera was used to characterize ultrafast pulses from mode-locked lasers
[193]. Ever since streak cameras have been used as a tool for resolving ultrafast
events in different applications across different spectral regions, e.g., sub-ps X-ray
emission from laser-induced plasma [194], study beam dynamics from accelerator
[195], spectral evolution of fluorescence [196], and study of ultrafast solvent dynamics
[197]. The concept of streak cameras has been pushed to its frontiers by breaking

the time resolution down to attosecond timescale [198, 199].

A streak camera is an ultrafast optical detector designed for capturing extremely
short time events. It offers 2D information, i.e., light intensity vs. time vs. position,

or it can be vs. wavelength. The operation principle is as follows: light is passed
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through a slit and focused onto a photocathode inside the streak tube. Then, the
photocathode converts the incident light into electrons, directly proportional to its
intensity. High speed sweep electrodes accelerate and deflect the photoelectrons,
which then strike a phosphor screen, converting them back to light, which represents
temporal and spatial light intensity variations. Earlier optical pulses arriving at the
phosphor screen are displayed at the top corner, while later pulses are displayed below.
The key advantages of a streak camera are the capability to perform simultaneous
measurements of light intensity on spatial (or wavelength) and temporal axes, it has
a superb temporal resolution, down to sub-ps, in addition to having a wide dynamic
range from detecting a single event up to high-repetition phenomena (e.g. GHz).
Further, it covers a broad spectral detection range, from X-rays to near IR [200].
Streak cameras also possess ultra-high sensitivity, down to a single photoelectron,
and a real-time readout system, for image processing without any delay because of

film processing.

One of the major applications in which streak cameras play a pivotal role is fluores-
cence spectroscopy and microscopy. In this application, fluorescence emission from a
target specimen is collected and sent to the streak camera, which works according to
the operation principle elaborated earlier. Spectral information can as well be gath-
ered about the specimen, if a grating is used for dispersing the emitted fluorescence.
This fluorescence measurement system provides a 2D image that contains spatial,
spectral and temporal information. A schematic representation of a typical setup to
study fluorescence emission, showcasing the various components involved in a streak

camera is presented in Fig. 2.43.
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Figure 2.43: Scheme of a setup for studying fluorescence emission, showcasing the
different elements of a typical streak camera [201].

Biomedical applications, such as probing protein targeting and mutations in a specific
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protein sequence, are not obtainable with conventional intensity-based fluorescence
lifetime microscopy (FLIM). Combining fluorescence lifetime microscopes with a
streak camera, so-called streakFLIM, can circumvent this barrier that ultimately
enables probing of fluorescence dynamics, as demonstrated by Krishnan et al. [42].
Measurement of single quantum emitters, i.e., GaAs QDs has been demonstrated by
Hours et al. [21] (2005), where the radiative lifetime of an exciton, as short as 100 ps
was measured via a streak camera with 20 ps temporal resolution. Streak cameras
have been proven to be a powerful tool for feeble signal measurements, even at
single-photon level. For example, single-photons from a parametric down-conversion
photon source in the telecom wavelength range have been measured by a streak
camera, as reported by Allgaier et al. [202] (2018). Typically, streak cameras have
low signal-to-noise ratio in the IR regime, which hinders efficient photodetection at
this regime. To overcome this challenge, they utilized up-conversion technique in a
periodically-poled Lithium niobate waveguide, to convert the telecom single-photons
into visible regime, which can be harnessed with commercially available streak
cameras with maximum detection efficiency. For extensive reviews of fluorescence

measurements by a streak camera, Ref. [201] and Ref. [203] are good references.

In spite of the key advantages that streak cameras have, they also have some
drawbacks letting them not always be an ideal choice for ultrashort light phenomena.
For example, streak cameras are sophisticated large-sized devices with different
photoelectronic components for resolving ultrafast time events, and they are sensitive
to environmental factors such as temperature and vibration. This demands frequent
calibration for reliable measurements. In addition, the cost of a streak camera is
very high, in the range of a few hundred thousand dollars, which is not an affordable
budget. Technically, the space-charge effect of the photoelectrons poses considerable
challenge for ultrashort time resolution, in particular on sub-ps time scale, despite
the efforts to overcome this obstacle [204]. Moreover, the high speed sweep electrodes
have a trigger jitter upon sweep initiation, which makes streak cameras difficult to
synchronize them with e.g., GHz repetition rate lasers. Although streak cameras have
overall high-sensitivity, this is not the case over wide spectral range, as we pointed
out, where their signal-to-noise ratio is not sufficiently high in the IR regime. Given
their ability to acquire 2D images with spatial, temporal or wavelength information,
the large data volume also poses storage and processing challenges. This issue besides
the slow readout system of the camera make them not ideal choice for GHz repetition

detection events.
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2.4.2 Femtosecond fluorescence measurement by two-photon

interference

This is a technique developed for measuring fluorescence emitted on ultrafast
timescales, i.e., fs, which employs two-photon interference. It is established based
on the principle of intensity interference, akin to two-photon correlation technique
developed by Hanbury Brown-Twiss [67, 68], explained earlier in section 2.1.5, aiming
at overcoming the limitation associated with the time resolution, often determined
by the detector response time. This is actually attained by merging a Mach-Zehnder
interferometer with the two-photon correlation technique. That combination demon-
strated the ability to measure the coherence time of light [205], as well as the beat
frequency between light beams of different frequencies [206]. The idea was extended
by Miyamoto et al. [207] to measure the temporal variation of the field intensity,
and successfully measured the ultrafast pulse widths and the coherence time from
a coherent light source, a mode-locked dye laser in that case. As known, unlike
lasers that are coherent light sources, fluorescence emitters are incoherent sources.
Meaning that each fluorescence emission has a random phase in comparison to other

emissions from the same sample.

The application of the aforementioned technique has been extended further by
Baba et al. [43] from the same research group to include incoherent light sources,
e.g., fluorescence emission. Further, this technique has been applied so that it can
separately measure the coherence time and the ultrafast fluorescence pulse widths
(envelope widths), which are otherwise superimposed together. The bottleneck of
the original two-photon intensity interference in terms of the slow response time
of the photodetectors is overcome by employing a scheme in which the two-photon
interference is measured by two-photon detectors at the output ports of the two
arms of the Mach-Zehnder interferometer, which can be delayed in time using, e.g.,
a delay line, as shown in Fig. 2.44. In such a scheme, the time resolution of the
coincidence photon detection is merely limited by the minimal possible displacement

of the delay line and the accuracy of the positions.
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Figure 2.44: Scheme for separately measuring the coherence time and the pulse
envelope of ultrafast fluorescence pulses, combining two-photon intensity detection
with a Mach-Zehnder interferometer. As seen the emitted fluorescence is split via
BS; and has fixed time delay Tg in one arm, and controllable time delay ¢ 67 in the
other arm [43].
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The key idea to separate the coherence time 7, from the pulse envelope width 7, of two
incoherent fluorescence pulses is to introduce a fixed delay of one pulse repetition T
in time between the two arms of the Mach-Zehnder interferometer to measure solely
the pulse envelope 7,; or to introduce a fixed time delay Tq electronically between
the two detectors to measure only the coherence time 7.. In the case of delaying
the two adjoining fluorescence pulses between the two arms of the interferometer,
what is being measured is the coincidence photon counts between the two detectors
as a function of a variable delay ¢ 7 between the two arms of the interferometer.
The fixed time delay T plays the role of destroying the phase coherence between
the fluorescence pulses in each arm, and the two detectors measure the coincidence
counts of two different pulses, however the intensity correlation does not vanish,
which enables measuring only 77, but the coherence dip 7, has already vanished. By
allowing equal time arrival between the two arms but introducing an electronic offset
Ty between the two photodetectors, the measurement is carried out using the same
fluorescence burst but the photodetectors measures delayed version, in which case the
envelope profile is wiped out but the indistinguishability between the two coincident
photons causes a dip that belongs only to the coherence dip, which allows measuring
its time width 7, separately. This method has been successfully applied to measure
the ultrafast fluorescence emission from a dye solution of Nile blue dissolved in a
neat N-dimethylaniline (DMA). Based on the measurements, the deconvolved i,
from the autocorrelation curve, shown in Fig. 2.45, was found to be 90 fs, which

is close to the 100 fs decay time, reported in [208] of the same dye solution. The
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coherence time 7. was obtained by extending the delay cable between BSy and the

TAC for introducing a pulse repetition delay Ty and found it to be 370 fs.
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Figure 2.45: Normalized coincidence counts of ultrafast fluorescence pulse (dots) as
a function of the delay 67, and the calculated curve (line). The dip represents the
autocorrelation function of the fluorescence envelope, separated from the coherence
dip [43].

This technique offers significant advantages such as the lack of need to use nonlinear
crystals, which enable the application of it for some spectral regions where there are
no nonlinear crystals covering their spectral range. Moreover, the technique does not
require high power lasers, and it can detect relatively weak signals like fluorescence
emission. Also, the temporal resolution offered by this technique is limited by the
minimal movement increment of the linear translation stage. However, the technique
suffers from some critical disadvantages. For instance, for very weak signals, e.g.,
fluorescence of a small ensemble of quantum emitters, the data acquisition becomes a
hurdle, whereas a very long time of integration is needed, in order to get recognizable
coherence or pulse envelope dips [44]. This demonstrates the inability of this
technique to be applied for ultrafast single-photon emitters. Further, the technique
is very sensitive to dark counts, which severely affects very weak fluorescence signals.
Another major drawback is that, as we have seen, the recovery of the ultrafast
fluorescence pulse width (fluorescence lifetime) is obtained from its autocorrelation
curve. This requires the solution of an ill-posed problem [209], because of the lack
of uniqueness of the solution, that is the fluorescence lifetime in this case. In other
words, different fluorescence lifetime decay curves can give the same autocorrelation

curves, which imposes a challenge on the recovery of the actual fluorescence lifetime.
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2.4.3 Double-pulse excitation photon anti-bunching for

single-molecules

Here is another technique, for resolving the ultrafast fluorescence emission devised
specifically for single-photon emitters, which relies on femtosecond double-excitation
(FeDEx) for interrogating photon correlations, where the degree of photon anti-
bunching is measured as a function of the time delay between the two excitation
pulses. This technique was introduced by the group of John Lupton [45] with the aim
to measure ultrafast fluorescence from single-photon emitters, while circumventing
other techniques shortcomings. The core idea of FeDEx technique utilizes the photon
statistics of single-photon quantum emitters, that is the photon antibunching, which
those emitters exhibit. When a laser pulse excites a fluorescent sample, containing
single quantum emitters, given that a single emitter can be considered as a two-level
system, the single emitter undergoes a transition from the ground to excited state.
After some time, it will relax back to the ground state, emitting a fluorescence photon,
which will go through a 50/50 beam splitter of a HBT setup, and reach one of the
photodetectors. When the single emitter is still at the excited state, if another laser
pulse comes, whose delay in time At with respect to the first pulse is much less than
the fluorescence lifetime 7p;, (At < 7p1,), that single-photon emitter will not emit
any photons. The single-photon quantum emitter can undergo another excitation
and emission cycle, provided that the time delay between the two excitation pulses
At > 7p,. At time delay At = 0 between the two photodetectors, the HBT will
receive one photon at only one of the photodetectors. This means the number of
coincidence detection counts at the center of the histogram N, will be zero. On the
other hand, when At # 0, the number of coincidence detection counts at lateral
sides of the histogram N; will be much higher. The operation principle of FeDEx is
illustrated in Fig. 2.46.
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Figure 2.46: FeDEx technique for probing ultrafast dynamics of single-photon
emissions. (a) Double excitation pulses separated in time less than fluorescence
lifetime, and corresponding photon statistics (upper right), (b) Double pulses are
separated in time more than fluorescence lifetime, with the effect on photon statistics
(lower right) [45].

In FeDEx technique, the photon coincidence ratio as a function of the delay between
the two excitation pulses is defined as CR(At) =1 — N./N,. Clearly, CR(At) =1
when At < 7p, as N, = 0, while it is equal to 0.5, when At > 7pp, because two
photons will be excited due to the double-pulse excitation, where the 50/50 BS will
typically send one photon at each photodetector. Technically, for implementing
FeDEx technique, a fs laser at high repetition rate, i.e., 80 MHz is used for excitation
and it is split into two train of pulses, where a linear translation stage is used
to control the delay between the two consecutive pulses in time At. In spite of
the stochastic emission of fluorescence photons, the excitation-emission cycles are
initiated periodically at the repetition rate of the laser. For example, if an 80 MHz
laser is used, each two consecutive pulses will be separated by a 12.5 ns in time. In
turn, the lateral side peaks of the histogram will appear around =+ n (12.5 ns), where
n = 1,2,3...etc. In Fig. 2.46, one can see that indeed the locations of N appear at
multiples of 12.5 ns.

In order to extract the fluorescence lifetime of the single-photon emitter or single
molecule of interest, one counts the number of coincidence photon pairs (occurrence)
from the CR curve at At = 0, for each time delay between the double excitation
pulses At. The histogram of occurrence versus CR is then fitted to a Gaussian curve.
This histogram is typically constructed from excitation by many laser pulses of a
single molecule, and in this particular case from 100 single molecules to find any
trend of the fluorescence lifetime. The single molecules’ histograms, indicated in Fig.
2.47 (a) are from a phenyl-substituted ladder-type poly(para-phenylene) (PhLPPP),
dispersed in a PMMA matrix, and deposited on a glass slide. The exponential decay

curve of fluorescence lifetime can be constructed from the maximum of each Gaussian
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curve fitting, each of which corresponds to a CR at a particular delay time At.
From that data, a single-exponential decay curve can be used to fit the data for the
lifetime determination, as shown in Fig. 2.47 (b). Alternatively, it is possible to
logarithmically plot the data, in order to extract the fluorescence lifetime, from a
straight line, illustrated in Fig. 2.47 (C). From the single-exponential decay curve in
Fig. 2.47 (b), the conjugated polymer PhLPPP has a lifetime of 405 + 8 ps. The
photon coincidence ratio CR(00), which is the CR value at very large time delay At
between the double-excitation pulses is subtracted to remove any background from

the photon coincidence counts.
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Figure 2.47: Fluorescence decay curve of conjugated polymer PhLPPP. (a) Histogram
of number of photon pair coincidence at different delay time t (grey) and Gaussian
function for each distribution (red), (b) Gaussian center position for each t (black),
single-exponential curve fit (red), (c) Logarithmic plot of the data in (b) [45].

In addition to implementing the FeDEx technique on the conjugated polymer PhLPP,
the technique was also successfully applied to measure the energy transfer time
between donor-acceptor couples of a single dye-end-capped m-conjugated oligomer
that transferred energy to the dye, where by virtue of this technique, the energy
transfer measured time was 13.2 + 2 ps. Furthermore, the same technique was utilized
to measure radiative emission enhancement due to an increase in Purcell factor of a
single Cy7 dye molecule, placed between two gold nanoparticles of 100 nm diameter.
FeDEx technique was able to temporally resolve a fluorescence lifetime down to 19
ps from such a hybrid system, which significantly demonstrates the capability of
resolving ultrafast time events at sub-ps timescale. It has been also used to study
the nanoscale exciton diffusion and annihilation dynamics in multichromophoric

nanoparticles, such as QD aggregates and conjugated polymers [210].
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We have seen that FeDEx technique is based on a clever approach which employs
the photon statistics associated with single molecules or single quantum emitters
to infer their ultrafast emission dynamics. Moreover, it neither requires a nonlinear
medium, nor very intense laser beams, and it is actually limited by the laser pulse
duration used for exciting the single molecule of interest. However, the technique
is restricted to only single emitters, owing to their photon antibunching behavior,

which does not extend its usage beyond single emitters, i.e., ensembles.

2.4.4 Photon counting by time magnification

Time magnification, sometimes referred to as time lens, is an unconventional technique
for photon counting. As known, the ultrashort lifetime of, for example, fluorescence
cannot be resolved by either a SPAD or TCSPC, because the response time of
the electronics used in those devices are slowly responding. The concept of time
magnification is that the ultrashort lifetime of the signal under test (SUT) is stretched,
or magnified in time, by applying a temporal phase modulation, so that a conventional
photodetector would be capable of resolving it. The time lens in this regard is
analogous to spatial lenses, which divert the light rays in the spatial domain, and it
is achieved via a low-noise high-efficiency parametric time lens. Fig. 2.48 presents a

depiction of the concept of time lens and how it works in conjunction with TCSPC
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Figure 2.48: Scheme for illustrating the concept of time lens with timing electrons
[46].

The time lens is essentially based on a parametric nonlinear optical process, so-called
four-wave mixing Bragg scattering (FWM-BS). In FWM-BS, two swept strong pump
beams co-propagate down a highly nonlinear fiber and create modulated refractive
index gradient (moving grating). Along the two strong pump beams, a signal beam,
which is in this case is the SUT interacts with the moving grating via FWM process,
and energy is transferred to the SUT converting it into a magnified idler. The FWM
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process is a phase-matched process, such that

Wi = Wy + Wpa — Wp1 (2.49)

ki = ky + Ky — ki (2.50)

where i denotes idler, s is signal, p; & po denote pump 1 and pump 2, respectively,

and can achieve > 90% conversion efficiency [211, 212].

Li et al. [46] applied the time lens technique via a spool of 30 m highly nonlinear fiber
(HNLF), and two pump lasers. One was a swept pump laser generated by chirping
of 100 MHz mode-locked Erbium (Er)-doped fiber through a 680 m of single-mode
fiber, so that it introduces dispersion of -15.12 ps?, then subsequently filtered by 14
nm bandpass filter to get the pump laser at 1540 nm, then amplified via an Er-doped
fiber amplifier. This swept pump laser was stretched to 165 ps, which defines the
time lens aperture. Second laser was a quasi-CW laser generated from a tunable
laser source and emits at 1558 nm, and was modulated by an amplitude modulator
synchronized with the swept pump into 360 ps pulses, which were then amplified.
These two lasers create the moving grating, which interacts with the SUT. The SUT
in their work was a sub-picosecond pulse with 5 nm bandwidth at 1255 nm, obtained
through supercontinuum generation, and synchronized with the two pump lasers. It
propagated through a 200 m of dispersion compensating fiber (DCF'), which provided

an input with dispersion 15 ps?.

Their work demonstrated a temporal magnification ratio (M) of 130 of the SUT, and
97 % photon conversion efficiency, and a detection sensitivity of 0.03 photons/pulse,
limited only by spontaneous Raman scattering noise. In order to achieve such high
photon conversion efficiency, the swept pump (P;) and the quasi-CW pump (P,)
were adjusted such that P, = P, and in the HLNF (P, + P,) - v - L = m, where is
the nonlinear coefficient of the HLNF = 24 W—! Km™!. The signal at 1255 nm was
converted to an idler at 1244 nm, which was then filtered and propagated through
two DCF modules that provide 1958 ps? overall dispersion. Following the temporal
magnification of the idler, a SPAD at a gated-mode with 5 ns gate-on time and
TCSPC were used for the characterization of this SUT (output idler), a scheme of
their setup is provided in Fig. 2.49.
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Figure 2.49: Scheme of time-magnified SUT with SPAD and TCSPC (TM-TCSPC)
[46].

In order to determine the actual temporal resolution of the TM-TCSPC system,
namely, the intrinsic IRF, four input SUT at 790 fs, 920 fs, 1040 fs, 1170 fs were
generated, and measured via background-free second-harmonic generation (SHG)
intensity autocorrelator (AC), respectively. The FWHM of any of the four pulses is
denoted as W ¢, and considered the ground truth for the four pulses measurement.
Afterwards, those signals were propagated through the TM-TCSPC system, which
temporally magnified them. For getting the pulse widths, the resulting output
idler for each pulse needs to be demagnified by the temporal magnification ratio,
then deconvolved by the IRF of the system. The demagnified FWHM of TM-
TCSPC signals Wrytcspc were obtained, and the intrinsic IRF of the system can
be determined from IRF = (W2 rospe — WKC)%, assuming Gaussian shape for the
pulse widths and the IRF. The dispersive fibers used in their work introduced some
distortion in the TM-TCSPC histogram, which were corrected by fitting the four
pulses and minimizing the r.m.s error, and the intrinsic IRF of the system was found
to be 550 fs.

2.4.5 Fluorescence lifetime Hong-Ou-Mandel sensing

This is a recently developed technique which relies mainly on Hong-Ou-Mandel (HOM)
interferometry. Hong-Ou-Mandel interferometers use a two-photon interference effect
for measuring coincidence count rate changes when the photons in one arm of the
interferometer are delayed in time relative to the other arm. When two photons
meet at the input port of a beam splitter and they are indistinguishable, due to
quantum interference they will go through the same output port to one of the
detectors, coincidence count rate measured by g® as a function of the relative delay
between the two photons will consequently drop when the temporal delay is zero, a
characteristic of HOM interferometers, known as HOM dip. In fact, the two-photon
interference effect can occur between two independent light sources [213], and this

effect can effectively even take place with incoherent light sources [214].
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The approach developed by Lyons et al. [47] being discussed here employs this
concept, called fluorescence lifetime Hong-Ou-Mandel (FL-HOM) where a reference
signal which is in this case an attenuated laser pulse interferes with a fluorescence
photon at the same wavelength. With random arrival times of fluorescence photons,
and as the reference signal is delayed in time relative to the fluorescence signal,
the g® function will have the shape of an exponential decay, associated with the
fluorescence emission from which the fluorescence lifetime can be estimated. The
technique enables detection of ultrafast fluorescence signals and can work at low-

photon numbers, without a need for any nonlinear medium or high intensity lasers.
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Figure 2.50: Experimental setup of FL-HOM. The top right corner illustrates the
g@(7) from which fluorescence lifetime can be estimated [47].

Technically, the setup consists of a Mach-Zehnder interferometer using two outputs
from the same pulsed laser source. One output is called excitation pulse (EP), which
is used to excite the fluorescence emitter after being frequency-doubled to obtain a
suitable wavelength for excitation of the sample. Fluorescence emitted by the sample
is spectrally filtered from excitation pulse residual, and sent to a 50/50 BS through
a single-mode fiber for spatial filtration. The second output labeled as reference
pulse (RP) is tuned to the fluorescence emission, and synchronized with the EP, and
spectrally filtered around fluorescence wavelength, and sent to the 50/50 BS through
a single-mode fiber connected to a fiber coupler mounted on a translation stage to
control the relative delay between the two light sources, as shown in Fig. 2.50. The
two output ports of the 50/50 BS are connected via a pair of single-mode fibers to a
pair of SPAD for photon detection, which are connected to a TCSPC unit.

The fluorescence intensity profile is basically a convolution between the temporal

intensity profile of the excitation pulse I (t) and the fluorescence lifetime Fy(t), give
Iep(t) = Lx(t) x Fu(t), (2.51)

where Fy(t) = Ae™*/" is the single-exponential decay of fluorescence emitted by
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the sample, with A is the amplitude and g is the decay constant. Evidently, this
convolution integral reveals the fluorescence lifetime Fy(¢), when I«(t) is temporally
short adequately with respect to the fluorescence lifetime being measured, so that
Iyp(t) >~ Fy(t). It is possible from the general form of the second-order intensity
correlation function, discussed earlier in section 2.1.5 to calculate the normalized
number of coincident photon pair events as a function of the optical delay between

the two arms of the interferometer, controlled by the translation stage, which reads

C(1) ~ 1 —4Cy(c)e ™", (2.52)

where o is the temporal duration of the reference laser pulse, Cy is a constant that
indicates the interference visibility between the two light sources, depending upon

their amplitude, duration, and transmission and reflection constants of the BS.

To demonstrate its capability, the technique has been used to measure the fluorescence
decay from three different samples, which are 4-DASPI dye, Allura Red dye that
were discussed before in section 2.2.3, and Pinacyanol lTodide. From the measurement
analysis the following fluorescence lifetimes were retrieved; 6.23 ps for 4-DASPI, 1.60

ps for Allura Red, and 3.66 ps for Pinacyanol Iodide, as shown in Fig. 2.51 below.
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Figure 2.51: Lifetime estimation of different samples. Logarithm of the normalized
coincidence counts (inverted) [47].

Although the FL-HOM technique is, fundamentally, limited by the reference pulse
width, o, the temporal resolution measurement is influenced by the spectral filter
bandwidth used in the measurement. The wider the bandwidth of the spectral filter,
the higher the temporal resolution and undesirably the lower the interference visibility
between the RP and fluorescence signal. For optimal interferometric visibility, it
has been found out that the reference pulse duration should be about 70% of the
fluorescence lifetime. Similar to the previously presented ultrafast emission techniques,

FL-HOM does not rely on nonlinear media, which often demand high power lasers.
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However, the challenge with this technique, in addition to the aforementioned
difficulty, is that it requires an interferometric precision to align the reference pulse
and the faint fluorescence signal of interest. Such a task is typically difficult to
achieve with moderately intense light sources, and it would be even more difficult to
achieve, particularly for single-photons that would be partially lost when they are

coupled to single-mode fibers.

2.4.6 Frequency up-conversion

Frequency up-conversion is one of the two widely applied fundamental nonlinear
optical sampling techniques for time-resolving the ultrafast fluorescence emission.
In this technique, the weak fluorescence signal is sampled via a strong pump beam
(sometimes also called Gate beam) in a birefringent nonlinear medium, such as
barium borate (BBO) or potassium dihydrogen phosphate (KDP) nonlinear crystals.
The nonlinear sampling process occurs because the strong pump beam at wq is mixed
with the weak fluorescence wy signal into the nonlinear crystal, and the detected
signal is the sum of both input frequencies, that is why the detection is often referred
to as background-free, as the output has different frequency than the frequency of
the two input signals, which are dumped or filtered after the nonlinear crystals. In
nonlinear optics jargon, this process is called sum-frequency generation (SFG), and
it is a second-order nonlinear optical process x?. Thus, SFG is a more sensitive
process than the third-order nonlinear processes x), thereby it requires less intensity

of the pump beam Ig.

One strictly necessary requirement to satisfy in SFG is the phase-matching condition,
such that:

Wsra = wWg + Wi, (253)

ksra = ke + iy (2.54)

This can be attained by changing the crystal’s angle 6, or by changing the frequency
of the gate beam wq. It is also possible to satisfy phase matching conditions via
changing the temperature of the nonlinear crystal [215]. Notably, in this process, the
fluorescence of the frequency signal wy is up-converted by the gate beam frequency
wq, hence this technique is given the name frequency up-conversion. A scheme of

sum-frequency generation into a nonlinear crystal is presented in Fig. 2.52.

93



Gating Pulse (o) Crystal (LiNbO3) Detector

Lens Signal (e)
| We

/

GFiIler

| 2_/_’4\ o 4@*

©
| e I w +we |
‘,:.)UJL = /é\ . @

Luminescence (o)

Figure 2.52: Scheme of sum-frequency between the gate pulse and fluorescence signal
in a nonlinear crystal. Adapted from [215].

For sampling the ultrafast fluorescence signal, the gate beam is scanned at variable
time delay with respect to the fluorescence signal, and the intensity of the sum-
frequency generated signal Ispg at any given delay 7 is directly proportional to the
cross-correlation between the two input beams, namely the gate and the fluorescence,

and is given by the following relationship:

Lo (7) ~ / L) (t — 1) dt. (2.55)
The above relationship holds under the assumption of a small fluorescence depletion,
i.e., < 10% conversion efficiency [216]. The essence of this sampling scheme and its

corresponding fluorescence energy diagram is illustrated in Fig. 2.53.
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Figure 2.53: Nonlinear sampling of fluorescence signals via SFG and the corresponding
energy diagram [217].

The conversion efficiency of SFG nonlinear optical process, which is the ratio between
the power of the up-converted signal and the power of input signal is governed by
the following relation [218]:

P3 237T2dgHL2P2

= == 7 2 ginc? (|Ak| L/2 2.56
P1 eocnanng)\%Asmc (‘ | / )7 ( )
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where Pj is power of up-converted signal (SFG signal), P; is the power of input wave
signal, which is in this case the fluorescence signal, and P, is the power of gate signal,
respectively. All power values have the unit of Watt [W]. The effective nonlinearity
of the crystal in the direction of phase matching is denoted by deg m/V, L is crystal
length in m, €y = 8.854 x 107!2 F/m is the vacuum permittivity, ¢ = 3x10® m/s; n;
is the refractive indices of fluorescence, gate and up-converted signal, respectively.
The wavelength of up-converted signal is expressed by A3 [m], and A = 7w3 is the
cross-sectional area in m? of the laser beam with a beam radius wy. In Eq. 2.55,
all the units follow the SI system, and the plane-wave fixed field approximation is
adopted, which signifies that several restricting factors can be neglected, such as
diffraction, anisotropy and group-velocity mismatch, etc. From that equation, one
can see that the conversion efficiency can be increased, either by increasing the power

of the gate beam P,, or by increasing the nonlinear crystal length L.

SFG is a parametric process, meaning that the population of electrons at the ground-
state do not move to a real excited-state, and the entire process occurs solely up to
virtual energy levels. This gives an advantage in terms of the time resolution of the
frequency up-conversion technique, as it would be only limited by the gate’s pulse
width. On the other hand, the necessity to satisfy phase matching condition poses
considerable challenge for this technique, as it is often achieved over narrow spectral
range. If the fluorescence quantum emitter has a broad fluorescence emission, either
the nonlinear crystal must be tuned to maintain phase matching condition, or the
gate laser beam be tuned in order to scan the full spectral range of the fluorescence
emission, while keeping the wspg fixed at which the phase matching condition is met.
Nevertheless, increasing the Y nonlinear crystal length will limit the acceptance
bandwidth of weak input signal. Broad phase matching condition can be attained
when a thin nonlinear crystal is used, although to compensate for the reduction of
the thickness of the nonlinear crystal, higher input power of the strong input signal

will be needed for efficient conversion efficiency.

Upconversion of broad fluorescence bandwidth of 7200 cm™ (=~ 1389 nm) from a
laser dye Coumarin 153 in acetonitrile, and 4-dimethylamino-4’-cyanostilbene (DCS)
in acetonitrile was achieved by using a thin KDP nonlinear crystal (100 ym) and
with 100 fs time resolution, without readjustment of the optical elements of the setup
[219]. Given the thin thickness of the KDP used in this work, the strong input laser
was amplified to adequately high power to obtain good conversion efficiency. Rong
et al. [220] demonstrated the detection of fluorescence at single-photon level from
SiV color center in diamond at 738 nm by upconverting its frequency to 436 nm in a
periodically-poled lithium niobate (PPLN) crystal using sum-frequency generation

between the fluorescence emitted at 738 nm and a short (11 ps) pump laser at 1064
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nm, with the aim to avoid the time jitter introduced by the APD and TCSPC often
used in fluorescence detection. The extracted lifetime of the measured fluorescence

was 0.755 ns, which is comparable to the time-jitter from the single-photon detectors.

Some quantum optics applications such as quantum cryptography and quantum
communications cannot take full advantage of the low-loss at the telecom wavelength
1550 nm in optical fibers. Single-photon counters often utilized at this wavelength
are InGaAs, and they are not fairly efficient, due to their high DCR. To overcome
their limitation, sum-frequency generation offers frequency upconversion down to
single-photon level at 1550 nm to visible wavelengths, which can be more efficiently
detected via Si APDs [48, 221, 222, 49]. For example, M. Albota et al. [48] showed
that frequency upconversion of single-photons at 1550 nm to the visible range at 631
nm can be achieved by sum-frequency generation of light at 1550 nm with a pump
laser beam at 1064 nm in a PPLN crystal. The power emitted at 1064 nm from
the Nd:YAG laser was 400 mW and was not sufficient to obtain good conversion
efficiency of the 1550 nm signal. To overcome this limitation, this laser power was
circulated in a resonant pump cavity, which raised the input power to 21.6 W. This

enabled the conversion efficiency to reach 90 %.

Imaging in mid-IR (e.g. 2-5 pum) wavelength range has attracted interest due to wide-
ranging applications, such as cosmic exploration, defect inspection, remote sensing,
and medical diagnosis. The camera imagers usually used in mid-IR wavelengths range
from narrow bandgap semiconductors, e.g., HgCdTe and InSb. These imagers require
an expensive fabrication process based on epitaxial growth methods and cryogenic
operation. Significant progress has been achieved for room temperature operation
of photodetectors that work in mid-IR range, rather than the conventional sensors,
which also possess high DCR. Frequency upconversion has been an alternative, by
mid-IR photons can be upconverted to visible frequencies that can be efficiently
detected via Si-based photodetectors, as they have superior performance relative to
the conventional mid-IR sensors. For example, a wide-field mid-IR single-photon
conversion imaging has been recently realized at high-frame-rate and 3D-imaging
[223].

The high temporal-resolution (sub-ps) of the frequency upconversion technique,
limited by the laser pulse width, has sparked an interest to utilize this technique
to study the ultrafast dynamics of biological systems, such as tryptophan, proteins,
peptides and nucleic acids, and their interaction with their surrounding environment.
Tryptophan, for example, is a pivotal amino acid and its biological significance lies as
it is one of the building blocks of proteins. Moreover, it is a precursor for some key
molecules such serotonin and melatonin. It often exhibits complex fluorescence decay,

i.e., bi-exponential lifetimes, and such behavior arises from microheterogeneity in local
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environment and interactions, like charge transfer, solvent relaxation and quenching
[224]. For more information about the application of frequency upconversion for
study of ultrafast fluorescence emission in biophysics, the reader is referred to refs.
[225] and [226].

As we have seen, despite its high temporal resolution, and its need for less intense laser,
compared to the so-called optical Kerr gate, as will be discussed in the subsequent
subsection; frequency upconversion technique is cumbersome as it requires fulfilling
the phase matching condition, which would be difficult to apply with broad spectral
fluorescence signal, especially for ultrashort signals, since as we know the shorter a
signal in time, the wider it is in the frequency domain. Moreover, it dictates buying

expensive nonlinear crystals, and exposing them to highly intense laser fields.

2.4.7 Optical Kerr gate

Optical Kerr gate (OKG), also called optical Kerr gate (OKS) is another technique
that belongs to nonlinear optical sampling techniques, and it is based on optical Kerr
effect, named after the Scottish physicist John Kerr. Optical Kerr effect describes
the modification of the refractive index of a medium due to the high intensity of an

optical field I(t), i.e., laser, as indicated in the equation below.

n(I) =ng+ nal(t). (2.57)

When a weak laser beam propagates through a medium, it experiences the traditional
linear refractive index ng. But if the laser beam intensity is high, the medium in
which this intense beam is propagating will experience a modification of the linear
refractive index ng, thus another term consisting of the so-called nonlinear refractive
index no and the laser intensity has to be added, as seen in Eq. 2.57. In other words,
the total refractive index experienced by the medium will be a function of the laser
intensity. Optical Kerr effect will be explained in more detail in section 3.3.2 of
Chapter 3.

Optical Kerr gates consist of a nonlinear medium situated between two crossed
polarizers. This nonlinear medium is sometimes also referred to as Kerr medium.
In principle, most materials can be Kerr media, and it can be solid, liquid or gas.
Typically, the Kerr medium must be isotropic, meaning the linear refractive index
ng is uniform across all directions in the medium. When a linearly polarized intense
laser beam, often called gate or pump beam impinges onto this nonlinear medium, it
induces birefringence. Another weaker laser beam passing through the same medium

but with different polarization direction can probe such induced birefringence. Such
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a weak beam is often called a probe beam. Normally, the probe beam passes through
the first polarizer, and the Kerr medium, since the Kerr medium must be chosen to
be transparent for the pump and probe wavelengths propagating through it. However,
the second polarizer (also called analyzer), which is set at 90° with respect to the
first polarizer will block the passage of the probe beam, thereby hindering it from
reaching the detector. The birefringence occurs since the nonlinear medium (Kerr
medium) along the polarization direction of the intense laser beam experiences a
different refractive index than the refractive index ng experienced in other directions.
Thus, when a linearly polarized probe beam propagates along the Kerr medium at
a polarization angle 6, relative to the pump polarization, its projection onto the
pump beam will experience ny + nol, while its projection onto the perpendicular
direction will experience ng. This creates a difference in refractive index An, where
An = nyl, which will eventually lead to a phase shift Ap. As a result the probe
beam polarization will be slightly rotated. The operation principle of an optical Kerr

gate resembles to some extent the half-wave plate.

The influence of an intense laser beam on a weaker beam is often called cross-phase
modulation, which is described in more detail in section 3.3.4 of the next chapter,
and it is considered one of the third-order x® nonlinear optical processes. This
provides a major advantage because the phase matching condition does not need
to be fulfilled. Besides, optical Kerr gates can achieve high temporal resolution as
it is solely governed by the materials response time. When an electric field (from
the intense laser beam) is applied on a Kerr medium, the electron cloud responds
nonlinearly to the applied electric field, which is called electron hyperpolarizability,
and is often a very fast response like in most solids. In some other materials, e.g.,
liquids, besides the electron cloud response, the nucleus also contributes to the
materials response time. This often arises from the molecular reorientation, and leads
usually to slower response since the nucleus is much heavier than its surrounding
electrons. Thus, depending on the Kerr medium, sub-picosecond temporal resolution
could be attained. The disadvantage of optical Kerr gate technique, though, is that
it requires highly intense laser beams, usually obtained via laser amplifiers at low

(3

repetition rates, because x® nonlinear optical processes are less sensitive than their

x? counterparts.

In a standard experimental setup of an optical Kerr gate, the pump beam is sent
through Kerr medium to induce a birefringence, and variable time delay A7 is
introduced to the probe beam. As the probe beam propagates along the Z-axis
in the medium, it accumulates the induced nonlinear phase shift Ag. In order
to maximize the transmitted probe signal, the two beams must be spatially and

temporally overlapped in the Kerr medium.
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In addition to achieving spatial and temporal overlap between the pump and probe,
the angle of polarization between the pump and probe must be 45° to maximize the
transmitted probe signal for a given nonlinear medium. There are other parameters
that help to maximize the induced nonlinear phase shift, hence the transmitted
probe beam signal. For instance, the intensity of the gate beam Ig, should be very
high, also the Kerr medium should be carefully chosen such that it possesses the
highest possible ny value. Furthermore, on one hand, increasing the thickness of the
Kerr medium L ensures increasing Ay; on the other hand, though, after a certain
thickness, the group velocity dispersion (GVD) will begin to play a role and will
reduce the gate intensity. Therefore, increasing the Kerr medium thickness should
be reasonably done, unless the medium is engineered to have zero-dispersion at the
gate beam wavelength, like in the case of photonic crystal fibers (PCFs). A scheme
of an optical Kerr gate is illustrated in Fig. 2.54.
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Figure 2.54: Optical Kerr gate.

Since inducing cross-phase modulation requires powerful optical fields, implementing
optical Kerr gate was only possible after the invention of lasers in 1960 [227]. The
first implementation of an optical Kerr gate was achieved by Duguay and Hansen in
1969 [228]. In their work, a green laser at 530 nm generated via second harmonic
generation in a 2 cm KDP crystal was the probe, while the gate beam was an IR
laser at 1060 nm. Two liquids were used as Kerr media, one was carbon disulfide
(CS2), whose response time was ~ 1.8 ps, and the second was nitrobenzene, which
has a 32 ps response time. A few years later, Sala and Richardson [229] analysed
the theoretical aspects of optical Kerr effect induced by ultrashort laser pulses in
conjunction with optical Kerr gates. With the onset of femtosecond lasers [230], a
direct measurement of sub-picosecond birefringent response in CS, became possible
[231, 232]. The availability of laser sources enables the study of Kerr effect and
optical Kerr gates in various media, such as liquids [233], organic materials [234],
optical fibers [235], bulky solids [236], e.g., glasses [237, 238], and 2D materials [239,
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240].

Due to the high temporal resolution, the lack of necessity to achieve phase-matching
condition, and the feasibility of its implementation, OKS technique has attracted
much interest for wide applications, such as optical gating in spectroscopy [241, 50,
242, 243, 244], microscopy [245, 246|, imaging of 2D objects [247], 3D imaging [248],
or through turbid medium [249], and all-optical ultrafast switches [250], just to name
a few. For example in [245], a wide-field Kerr-gate based microscope was developed
capable of collecting diffraction-limited 2D fluorescence images with sub-100 fs time
resolution. The gate pulse, in their work, was at 790 nm, with relatively high
energy of 40 uJ, low repetition rate of 1.25 kHz, and 60 fs pulse duration. The
Kerr medium was 0.5 mm of fused silica, and the microscope was tested by firstly
studying the ultrafast emission from a cluster of gold nanoparticles, and secondly,
4-dimethylamino-nitrostilbene (DNS) dissolved in tetrahydrofuran (THF) in a 1
mm fused silica cuvette. Later, this microscope was utilized to study the ultrafast
carrier dynamics in a single CdSSe nanowire at different excitation fluences [251].
In [246] another version of the Kerr-gate microscope capable of resolving ultrafast
fluorescence in the UV region was developed. In our work here, the aim has been to
develop a Kerr-gate microscope capable of studying ultrafast fluorescence emission
with sub-ps time resolution, low-energy gate laser at high repetition rate. Optical
Kerr gates have shown importance for some ultrafast quantum optics applications.
For example, recently, using an optical Kerr gate, an ultrafast measurement of a
heralded single-photon wave packet at sub-ps time resolution from an entangled
single-photon source was performed, where the Kerr medium was a 28 cm PCF

placed inside a Sagnac interferometer [252].
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Chapter 3

Nonlinear optical sampling via

optical Kerr gate

In this chapter we introduce the basic concepts that belong to nonlinear optics, with
emphasis on those of particular relevance to our work. We begin the first section,
with a brief introduction of nonlinear optics. Then, a brief introduction about
third-order x® nonlinear optical processes will be presented. In the next section,
we focus particularly on intensity-dependent refractive index physical phenomena,
such as optical Kerr effect, two-photon absorption, etc. The last section presents
a semi-analytical model that demonstrates the possibility of ultrafast detection of
single-photon emitters at high repetition rates, under the tight focusing of the laser

spot sizes of the gate and probe beams.

3.1 Introduction to nonlinear optics

The nonlinear optical sampling technique we are trying to demonstrate in this work,
namely optical Kerr gate (OKG) for gating ultrafast fluorescence signals, sometimes
called optical Kerr shutter (OKS) relies essentially on the so-called optical Kerr effect
(OKE). OKE is a nonlinear, intensity-dependent change in the refractive index, n,
of a material in response to an applied electric field. OKE arises from a third-order
nonlinear optical process x®. Unlike second-order y? processes, which require a
noncentrosymmetric medium to occur, third-order x® are not bound by inversion
symmetry and occur in centrosymmetric and noncentrosymmetric media provided

the field is sufficiently intense.

In linear optics, the induced polarization f’(t) (defined as the dipole moment per

unit volume), of a material depends on the strength of the electric field E(t), often

101



described by
P(t) = eoxVE(), (3.1)

where the proportionality constant ) is the linear susceptibility, and € is the free
space permittivity. For description of nonlinear optical responses of a medium, Eq.
3.1 must be generalized, such that the induced polarization P(t) is expressed as a

Taylor-series expanded to be

P(t) = e [XVE(®) + XPEA(t) + XVE(t) + - -]

. R ~ (3.2)
=PY®) + PR +POH) + .- .

where x(® and x® are the second-order and third-order nonlinear optical suscepti-
bility, as mentioned earlier, and both E(t) and P(t) are considered scalar quantities,
so far, for simplicity [253]. In reality, E() and P(t) are vector quantities, and in this
case Y1, x® and x® are second-, third-, fourth-ranking tensors, respectively. We
also assume that the medium responds instantaneously to the applied electric field,
and that the medium is lossless and dispersionless. In our treatment of optical Kerr
shutter under tight focusing, we took dispersion into account, as will be explained in
section 3.4. From, Eq. 3.2 we can see that, the second-order nonlinear optical polar-
ization is P (t) = 5oy E(t)?, and the third-order nonlinear optical polarization is
PO(t) = eoxPE(1)®.

3.2 Third-order nonlinear optical susceptibility

processes

There are various nonlinear optical phenomena, wherein the material responds to the
cube (third power) of the applied electric field. These processes typically demand
higher intensity to occur more than their counterparts of second-order nonlinear y (%
processes. Some examples of such third-order nonlinear optical y® processes include
third-harmonic generation (THG), optical Kerr effect (OKE), self- and cross-phase
modulation (SPM & XPM), four-wave mixing (FWM), nonlinear absorption.

Third-harmonic generation is a nonlinear optical process, in which three photons
with frequency w are annihilated and one photon at 3w is created. This process
enables the conversion of an electromagnetic field at a certain frequency to a higher
frequency. Such a process can be helpful, for example, to access some spectral regions
beyond the emission spectrum of a laser crystal. The optical Kerr effect represents a
modification of the refractive index An of a certain medium’s refractive index ny,

often called Kerr medium, in response to an intense light beam, i.e., ultrashort laser,
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propagating through that medium, such that n(l) = ng+ An, where An = nol. This
effect has been employed in numerous applications, such as Kerr-lens for mode-locked
laser pulses [254, 255, 256], optical light switching [250, 257, 258, 259], fluorescence
spectroscopy (241, 243, 244] and microscopy [245, 246|, and most recently OKE
has extended to new applications, such as biomedical applications [260, 261], even
has been used as an underlying mechanism for high-harmonic generation [262] and
attosecond pulses [263]. Self-phase modulation (SPM) is another important nonlinear
optical phenomenon. It occurs when a laser beam modifies its own phase through
the intensity-dependent refractive index. It is considered a self-action phenomenon,
because it involves a single beam affecting, or acting upon itself. SPM is the basis
of another important phenomenon: supercontinuum generation, during which the
spectral band of an ultrafast intense laser beam expands drastically yielding a very
broad, even beyond an octave spectral band, covering several spectral regions at
once [264, 265]. A counterpart of self-phase modulation is the so-called cross-phase
modulation (XPM), which unlike self-phase modulation, involves two beams where
one strong laser beam - often called pump beam (sometimes is called gate beam)
- affects the phase of another weak laser beam, often called the probe beam. As
a matter of fact, this process is the underlying operation principle of optical Kerr
shutters, which typically does not allow the probe beam to pass through it, unless
the pump beam rotates the polarization of the probe beam via inducing a nonlinear
phase change of it [266]. Four-wave mixing (FWM) is a nonlinear optical process
that involves three input beams, and one output beam. Besides the demand for high
optical intensities, it does require achieving phase-matching. Nonlinear absorption
is another y® process, where under high laser intensity, two or more photons are
absorbed at certain w, promoting an electron to a real energy level, in contrast to,
i.e., THG whereby three photons reach a virtual energy state. Nonlinear absorption
also includes the so-called saturable absorption. In this case, the ability of a material
to absorb energy is reduced under the high intensity laser irradiation. This has been

mainly useful for saturable absorbers, for Q-switching or mode-locked lasers.

It is helpful to express the total polarization induced in a medium as a sum of a

linear (P (t)) contribution and a nonlinear contribution (Pyp(t)) :
Pror(t) = Pr(t) + Pur(1), (3.3)

where the nonlinear part (Pyy(t)) in the case of third-order nonlinear optical processes
represents the third-order polarization P (t). Eq. 3.2, mentioned earlier, neither
takes into account the medium absorption, nor its dispersion. Assuming material

homogeneity, invariance by time translation and causality principle, the general
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expression of linear polarization [267], will be

P.(t) = PV (1) _50/ R (t — 1) E;(ty)dty )

= 50Rij ( ) & Ej(t)v

where the last expression is a convolution product, which when converted into

frequency-domain will yield the following simple product

P;(w) = SOXS‘)(_wout; w)E;(w), (3.5)

where XS)(—wout; w) = [T Rl(; )(tl) exp(iwty)dt; is the first-order susceptibility of a

material, that is a second-rank tensor. In the linear case, wy,; = w. To express higher-
order processes, that encompass all nonlinear optical processes, whose polarization
is referred to as Py, (t); the formula of Eq. 3.4 can be scaled to express quadratic,

cubic, or even higher-order polarizations, which will be

i —80/ / / R,ij. 77 tl, t27...,t_tn)x (36)

E;(t1) - Ex(te) ... E,(t,)dt1dt, ... dt,
where RZJ k.. 1s the total response function of the material that takes time response
into account. Whereas in the generalized form of Eq. 3.6, the nonlinear susceptibility
is a complex quantity that relates the complex amplitude and the applied electric
field. The nth-order susceptibility ¥ can be obtained by Fourier transforming the

response function of the material, Eq. 3.6, into frequency-domain

(n) . (n)
Xz ( Wouty W1, W2, ..., W / /RZ tlatZa"'7tn)
g1 g1 (3.7)
X expli(wity + wats + - - - + wyty)|dtrdts . . . dt,,
where Rw . is an (n + 1)-rank tensor denoted as the nth-order response function of

the material.

The third-order polarization expression can be rewritten by expressing the response

function and the electric fields with their respective Fourier transforms as

Pt kaz —wg; Wi, wa, ws) X Ej(w)Eg(ws) By (ws)

(3.8)

X exp[—i(w; + wa + ws)t]dw;dwedws,

where x® is the 3rd-order susceptibility defined as the Fourier transform of the
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response function of the material

+o00
ngl)cl(_wlla w17w27w3) = /// Rz(?l)vl(tb t27 tc})
/), (3.9)

X exp[i(w1t1 + wth -+ W3t3>]dt1dt2dt3.

From which we can see that the nonlinear response is time dependent and a function
of different wavelengths. Because different nonlinear terms of the tensors can be
involved, it is vital to carefully select the laser wavelength, as well as its pulse

duration, which both have strong influence on the nonlinear response of the material.

The x® susceptibility described in Eq. 3.9 expresses four-wave mixing (three
excitation wavelengths and one response) and it is a fourth-rank tensor of 3x3x3x3

with 81 terms, and the third-order polarization can be written in frequency-space as
Pi(ws) = €0 3 3 Xijua (i w1, w2, w3) By (w1) i) By (w3) (3.10)
P jkl

where i, j, k, [ refer to the Cartesian components of the electric fields.

3.3 Intensity-dependent refractive index

The description of refractive index of a nonlinear medium, when an intense optical

field is propagating through, is
n = ng + ng(E?), (3.11)

where ngq is the linear refractive index, often experienced when a weak optical field
propagates through the medium, ns is the nonlinear refractive index defined with a
bar to avoid confusion with another defined ny, and (E?) is the time average of the
complex electric field squared. If the optical field is defined as E(t) = F(w)e ! 4-c.c.,
where c.c. signifies the complex conjugate of the electric field, the time average will
be

(E(t)*) = 2B(w)E(w)" = 2|E(w)/*, (3.12)

We find that
n = ng + 2ny| E(w)|? (3.13)

105



3.3.1 Tensor nature of third-order susceptibility

A full description of the fourth-rank tensor of the third-order susceptibility )(S?,)d

requires 81 individual elements. These 81 individual elements can be all indepen-
dent and nonzero for crystalline solids with low symmetry. This large number
of independent elements can be dramatically reduced for materials having higher
degree of spatial symmetry. For instance, isotropic materials have only three in-
dependent elements. Materials like glasses, liquids, and vapor are often isotropic
materials. Considering the general case wherein the applied frequencies of the
electric fields are arbitrary, the third-order susceptibility can be represented as
Xijkl = Xﬁ,@ (wg = w3 + wy +wy), and it means that three input electric fields are inci-
dent into a material, each of which has different frequency, and result in observation
of the third-order nonlinear optical phenomena of interest, such that the polarization
leads to an oscillation at the frequency w,. When the medium is isotropic, this implies
that the medium has spatial symmetry, meaning if the polarization occurs along a
certain axis of the cartesian coordinate, when the coordinate system is rotated, this
polarization must be the same after the coordinate rotation. In fact, this symmetry
of the isotropic material imposes strong restrictions on which elements of Xg’,)d can
be nonzero. Consequently, this isotropy of the nonlinear medium leads to a drastic
reduction of the number of x©® tensor elements from 81 down to 21 elements, which

are as follows:

X1111 = X2222 = X(3333; (3.14)
X1122 = X1133 = X2211 = X2233 = X3311 = X3322; (3.15)
X1212 = X1313 = X2323 = X2121 = X3131 = X3232; (3.16)
X1221 = X1331 = X2112 = X2332 = X3113 = X3223- (3.17)

Note that these 21 nonzero elements follow an even-index rule, whereas the indexes 1,
2, 3 must appear an even number of times, otherwise, this will violate the symmetry
conditions dictated by the isotropy of the medium. If an index appears an odd
number of times, e.g., Xi202, this would mean that the medium responds in 2
direction to an electric field applied to a Z direction, which is an unrealistic choice
in an isotropic medium, as there is no reason for the response to favor +2; direction,
rather than —Z;. Hence, such a response would vanish if the index appears in an

odd-number.

The 21 elements stated in Equs. 3.14 of the x® tensor are not, actually, independent.
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They are related to one another via the equation

X1111 = X1122 T X1212 + X1221- (3.18)

The outcome of Eq. 3.18 arises as a consequence of rotational invariance (due to
isotropy) of the coordinate system. This means the predicted nonlinear polarization
should remain the same, even if the coordinate system is rotated by a certain degree.
Eq. 3.18 represents a particular result from a coordinate system rotation of 45°
around the Z3 axis, and in such a case the nonlinear polarization can be expressed in

terms of Z; and 7y axes.

3.3.2 Optical Kerr effect

The optical Kerr effect is an analogy to the traditional electro-optic Kerr effect that
was discovered by the Scottish scientist John Kerr [268, 269]. The electro-optic (EO)
Kerr effect relates electricity and light, such that a material changes its refractive
index in response to a static applied electric field, often called DC Kerr effect [270].
The EO Kerr effect differs from Pockels effect in that the change in refractive index
scales quadratically to the static applied electric field strength in the EO Kerr effect,
whilst in Pockel effect the change in refractive index scales linearly with the applied
electric field strength. In 1956 [271], Buckingham introduced an AC Kerr effect,
which is now known as Optical Kerr Effect (OKE). The OKE in materials stems
from fluctuations from the electronic cloud (hyperpolarizability), and from various

molecular motions.

The refractive index change can be described either by Eq. 3.11 or Eq. 3.13, which
expresses the optical Kerr effect. In the simplest case, when a linearly polarized single
beam interacts with a nonlinear medium, the nonlinear polarization that influence

the propagation of this beam at frequency w will be
P (w) = 3eox® (—w; w, w, —w)|[E(w)[*E(w). (3.19)
Then the total polarization of the material will be expressed as

PTOT(w) = eoxVE(w) + 350X | E(w) P E(w) = eoxen B(w), (3.20)

The effective susceptibility introduced here is

Xett = X + 3xO|E(w) . (3.21)
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Generally the refractive index of a material is related to the susceptibility in this

form,
n® =1+ Xefr- (3.22)

The relationship between the nonlinear refractive index ny and the third-order
nonlinear susceptibility x® can be found by substituting n, from Eq. 3.13 in Eq.
3.22, and x.qx from Eq. 3.21, such that

2
[n0 + 272 E()?]” =1+ x + 3@ E(w) . (3.23)

When the left-hand side of Eq. 3.23 is equated with the right-hand side of the same
equation, it gives n3 + 4ngng|E(w)|? = (1 4+ xY) + [3x®|E(w)|?], where the term
4ny| E(w)|* has been neglected, being very small. Comparing the linear and nonlinear

parts on both sides together, gives the following relationships

ng = (14 xW)¥2, (3.24)
and )
_ 3x
— ] 3.25
no Ang ( )

Throughout the above discussion, a single beam was used to measure the refractive
index change, as schematically depicted in Fig. 3.1 (a). Alternatively, two separate
beams can be used to measure the intensity-dependent refractive index, as illustrated
in Fig. 3.1 (b). In this case, a strong beam of amplitude F(w) causes a refractive index
modification experienced by a weak probe beam F(w’). The nonlinear polarization

of the probe beam will be

PN (W) = 65ox® (W = W' + w — w)|E(w)[2E(W). (3.26)

Note the degeneracy factor, 6, in Eq. 3.26 is double the degeneracy factor, 3, in Eq.
3.19 that corresponds to a single beam case. As long as the two beams are physically
distinguishable, for instance, by propagation in different directions, in Fig. 3.1 (b),
the degeneracy factor, 6, will remain the same, even when both of them have the

same frequency, namely w’' = w.
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Figure 3.1: Single and two beams for measuring the intensity-dependent refractive
index. (a) a strong beam affects its own propagation (SPM), (b) a strong beam
affects the propagation of a weaker beam (XPM) [253].

The probe beam experiences a change in refractive index of the medium it propagates

through, that is given by

n = ng + 205" | E(w)/[? (3.27)

_ (3)
where nécross) = 32XT0

Clearly, the nonlinear coefficient 75" that describes the cross-coupling when a

strong beam is affecting a weak probe beam is double the nonlinear coefficient of the
single strong beam, expressed in Eq. 3.25. From that we conclude, a strong beam of
a frequency w can affect the phase of a weak beam as twice as it can affect its own

phase.

Although 75 is helpful for the understanding of the nonlinear optical phenomena, the
description of the intensity-dependent refractive index, n, by the alternative quantity

ng is more convenient, such that
n=ng+ nal, (3.28)
where [ is the time-averaged intensity of the optical field, that is given by

I = 2njeoc| E(w))?. (3.29)

With this convenient expression the refractive index is defined in terms of its real and
imaginary parts as n = n’ + in”, and likewise for ng and n,. As the total refractive
index is the same, irrespective of which way is found more convenient to describe

the nonlinear contributions, one can see through a comparison between Equs. 3.13
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and 3.29 that
27| B(w)[* = nol, (3.30)

therefore ny and ny are related by

Ny

Nog =

3.31
nheoc’ (3:31)
where Eq. 3.29 is substituted in Eq. 3.30. If the expression of n, in Eq. 3.25 is
substituted in Eq. 3.31, one can find that n, is related to x©® by

3
ng = ———x®. (3.32)

dngngegc

3.3.3 Self-phase modulation

Self-phase modulation (SPM) occurs when an optical pulse experiences a time-
dependent phase shift as it propagates through a medium with an intensity-dependent
refractive index. This phase modulation leads to a characteristic spectral broadening
of the pulse. It was first observed by Shimizu, in 1967 [272] and used to interpret the
frequency broadening often observed in liquids by a self-focusing Q)-switched laser.
Shortly after that, it was demonstrated by Alfano and Shapiro [273] that this spectral
broadening, due to SPM, occurs in almost any transparent medium using a short light
laser that can extend over 100,000 cm™![274]. This represents the first observation
of what has been later called, supercontinuum generation. Pure observation of SPM
demands maintaining a constant laser beam cross-section during the propagation
through the nonlinear medium. This unfortunately cannot be achieved easily in
most media, when the self-focusing of the intense laser beam is significant. However,
this requirement can be fulfilled in optical fibers and waveguide, as self-focusing is
negligible. For comprehensive understanding about the SPM and supercontinuum
generation, Ref. [275], is an excellent reference. The origin of this phenomenon can
be understood by considering an optical pulse field propagating through a nonlinear

medium, which is expressed as

E(z,t) = A(z, t)elkor=«ot) ¢ . (3.33)
that has a total refractive index given by

where I(t) = 2ngec| A(2,t)|2. So far, it has been assumed that the medium responds

instantaneously to the pulse intensity, and that the optical pulse propagates through
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a small thickness medium, such that it does not experience reshaping or dispersion.
Such assumptions allow us to consider solely the phase change undergone by the
laser pulse intensity, where this phase change of the transmitted optical pulse [253]
will be

onL(t) = —nol (t)woL/c. (3.35)

This time-varying phase of the wave leads to a modification of the transmitted pulse
spectrum, which will be typically broader than the incident optical pulse spectrum.
There are some cases in which the transmitted spectrum will experience spectral
narrowing rather than spectral broadening. The modification of the transmitted

optical pulse can be determined from the calculation of its energy spectrum

oo ) ) ) 2
swz‘ | Aerimionogitgy) (3.36)

— 00

For harnessing the idea of the spectral modification of an input optical pulse propa-
gating through a medium, it is necessary to introduce the concept of instantaneous

frequency of a pulse w(t), which is defined by
w(t) = wo + dw(t), (3.37)

where y
&u(t) = — %(ﬁNL (t) .

is the variation of the instantaneous frequency. This definition holds, given that the

amplitude A(t) is slowly varying compared to the optical period of the laser pulse.

Assuming that the intensity of the optical pulse has a Gaussian distribution in time,

as depicted in Fig. 3.2
t2
I(t) = Ipexp (—41n 27_2> : (3.38)

where 7 is the temporal width of the optical pulse (FWHM), the nonlinear phase
shift will then be given by

L t2
oni(t) = _Ibh Iyexp (—4111 22> , (3.39)
c T

and accordingly the change in the instantaneous frequency, depicted in Fig. 3.2 (b)

will be
8In2 L
Suo(ty = 32wl <_

cr?

41n 22
- ) . (3.40)

T2
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Figure 3.2: (a) Temporal intensity profile of a Gaussian pulse. (b) Change of the
instantaneous frequency of a Gaussian pulse. (¢) Example of a SPM with a peak
nonlinear phase shift A¢(™®) of about 67 [276].

It is evident from Fig. 3.2 (b) that the leading edge of the optical pulse shown
in Fig. 3.2 (a) is shifted toward lower frequencies, while the trailing edge of that
pulse is shifted toward higher frequencies, provided that the material possesses a
positive nonlinear refractive index, ny > 0. The power spectrum shown in Fig. 3.2
(c) provides an example of a strong SPM having a peak of nonlinear phase shift
A¢™®) of about 67 for an initially unchirped pulse. The characteristic oscillations
observed can be understood considering the instantaneous frequency picture [276].
If we look at Fig. 3.2 (b), there are two points ¢; and ¢, on the time axis ¢ that
contribute to any specific point of the instantaneous frequency change dw. The
exception of this occur at dw = 0, where three points on the time axis contribute to
this particular case. The amplitude of the power spectrum (Fig. 3.2 (c¢)) depends
on the interference between these time contributions and their relative phase with

maz) — Im

respect to each other. If, for example, a peak nonlinear phase shift Ag!
is considered, with m an integer, the power spectrum will show a peak at dw = 0,
because the three time contributions, at ¢ = 0 (center), and both leading and trailing
wings are in phase together, with a 2ms phase difference. As we move toward the
left-hand side of Fig. 3.2 (b) where the dw is increased, their associated time points
t1 and ty will move closer, hence their corresponding phase difference A¢(t)) - Ag(t})
will be reduced. When this phase difference is decreased by 7, a local minima will
appear in the power spectrum. If the phase difference decreases with a total 27, a
second peak will occur, and so on. This process continues until the frequency reaches
an extremum, where the phase difference is zero and the power spectrum exhibits a

peak. Accordingly, the locations of peaks and minima on the power spectrum can be
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represented through the following relationship

¢max + 1
¢max
™

number of peaks ~
(3.41)

number of minima ~

In the last section, it will be explained how Eq. 3.35 can be modified to express the
situation in which the optical pulse is tightly focused.

3.3.4 Cross-phase modulation

Cross-phase modulation (XPM) is analogous to SPM but with a significant difference,
that is the strong pump (gate) beam modulates the phase of another beam, i.e.,
the probe, often much weaker than the pump. Basically, when a linearly polarized
pump beam propagates through an isotropic medium, due to Kerr effect this beam
induces a time-varying birefringence, where along its polarization axis the medium
acquires slightly higher or lower total refractive index n(/) - expressed in Eq. 3.34 -
depending upon the sign of the ny of that medium. The linearly polarized probe beam
propagating through the same medium will experience a difference in refractive index
between its polarization direction and a projection from the pump beam. This leads
to a phase shift Ap(t), or retardation in its phase, and eventually its polarization
will be rotated. It is important to draw attention to the fact, both SPM and XPM
can concurrently take place in a nonlinear medium. In this situation, the strong
pump modifies its own phase, while simultaneously modifies the phase of the probe
beam. The process of XPM is the essence of optical Kerr shutters. This induced
phase change for a weak probe beam by a much stronger pump beam [277], owing to

XPM can be expressed as
2L
Ap(t) = TAn( ) (3.42)
where L is the interaction length in the medium, A probe beam wavelength, An(t)
is a time-dependent Kerr index change under the influence of a linearly polarized

strong pump.

In OKG the nonlinear medium is placed between two crossed polarizers, and the
probe beam is often delayed with respect to the pump, and the transmitted Kerr

signal in a practical experiment will be given by

7= [ et — ) sin’ (;A@(t)> dt, (3.43)

—4In2(t/1p)?

where Ipone(t) = Lo probe€ . This equation implies that the polarization

angle 6 between the pump and probe pulses is 45°. For different polarization angles,

113



Eq. 3.43 must be modified to include the term sin?(26), which evidently gives the
value 1 at 6 = 45°.

Similar to the effect of SPM, the XPM caused to the probe beam by the pump beam
leads to a spectral broadening of the probe’s spectrum. Depending upon how strong
the pump beam is, such spectral broadening can be increased or decreased. Albeit,
the strong pump beam will be associated with other adverse effects such as SPM,
or stimulated Raman scattering. Such adverse effects represent no harm for the
detection of signals of interest, provided that the signal is well-filtered spectrally
before reaching the single-photon detectors. Nevertheless, they are totally undesirable
when they overlap with the spectral bandwidth region of the detected probe beam,

particularly when the probe signal is feeble, like from single-photon sources.

3.3.5 Two-photon absorption

This is a nonlinear optical process wherein an atom undergoes a transition from the
ground state to the excited state after absorption of two simultaneous photons. Unlike
linear absorption, this process demands a strong laser intensity to be undergone.
The absorption cross-section describing this process increases linearly with the laser

intensity according to the relationship
o=oc?1, (3.44)

where 0 is a coefficient that describes the strength of the two-photon absorption
process [253]. In linear optics, the linear absorption cross-section ¢ is constant,
namely it does not rely on the intensity of the laser used for the linear absorption.
The atomic transition rate R is generally related to the absorption cross-section
through the relationship R = oI /hw.

For the case of two-photon absorption process, atomic transition rate would be

o@ 12
hw '

R = (3.45)
whereas R scales quadratically with the laser intensity as seen in this relationship.
The study of the two-photon absorption process was enabled by the invention of the
ruby laser in 1960. Because shortly after that, the first experimental investigation
of it was carried out by Kaiser and Garret [278] in 1961, where they studied the
emitted blue fluorescent light around 425 nm upon the irradiation of CaF, : Eu*"
crystals with a red light at 694.3 nm obtained from a ruby laser source. The two-

photon absorption has proven to be an effective spectroscopic tool, especially for
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the determination of some energy levels positions that are not directly linked to the

atomic ground state via a one photon transition.

Provided that optical Kerr effect experiments demand high intense lasers for the
pump beam, the two-photon absorption process should be taken into account for
any given Kerr medium, whose energy levels difference between its ground and
excited state could be matched by simultaneous absorption of two, or sometimes even
more photons at a particular wavelength selected for the pump (gate) beam. This
requirement can be relaxed whenever a low repetition rate laser is employed in an
optical Kerr gate experiment. However, with high repetition rate lasers, two-photon
absorption can be an additional heat source for the Kerr material, in addition to the
linear absorption of that material. Therefore, heat can be accumulated in the Kerr
medium, giving rise to a formation of a thermal lens that can counteract the optical
Kerr effect, if the thermo-optic coefficient dn/dt of the Kerr medium is negative,
hence reducing the gating efficiency, or even worse, eliminating it. In case of large
heat accumulation in a Kerr medium, a thermal management strategy should be

followed, e.g., cooling the Kerr medium, in order to mitigate the heat effect.

3.4 Optical Kerr effect and self-phase modulation

under focusing

Third-order nonlinear optical processes characterized by x®) generally demand very
high intense laser beams for achieving reasonable detection with modest S/N ratio.
Even if this requirement is fulfilled, the detected signals are feeble. For example,
OKE induced by the strong pump beam, yields very small nonlinear phase shifts
for the probe beam. This very small shift leads to a small polarization rotation
of the probe beam’s polarization in an OKG. Such very high intense laser pulses
are obtained via amplifying the output pulses of a solid-state laser. Due to the
limitation of current laser amplifiers to handle high repetition rate lasers, even though
the solid-state laser cavity produces a train of pulses at high repetition rates, the
amplifier will reduce that rate. Thus, single-photon sources at high emission rates
set stringent condition for efficient operation. On one hand, current solid-state lasers
that can produce high repetition rates, i.e., 1 GHz, suffer from low average power,
so their peak intensity is barely sufficient for OKG operation. On the other hand,
tackling the limited laser pulse intensity by using laser amplifiers would give rise to
insufficient emission rates from those single-photon sources; first being excited at
low-repetition rate, and second, being inherently limited by their low quantum yields.

Coming around this bottleneck is possible, by avoiding the usage of laser amplifiers,
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which will enable making use of the solid-state laser high repetition rate, provided
that the emitted laser pulses are tightly focused. In this case, tight focusing of the

laser pulses would help to increase the peak intensity of these pulses, to some extent.

Here, a semi-analytical theoretical model is introduced, originally published by
Fattah et al. [54], that investigates the possible detection of ultrafast single-photon
sources at 1 GHz repetition rate. In a standard OKG setup, such tight focusing
is enabled by the appropriate lenses for both the gate beam and the probe beam.
The model developed assumes that both beams are degenerate (same wavelength)
and co-propagating in an isotropic Kerr medium. When these two laser beams are
spatially and temporally overlapped into the Kerr medium, as we know, under the
high intensity of the pump (gate) beam, a birefringence will be induced that will
ultimately result in the probe beam polarization rotation, hence leaking through the
second polarizer, which otherwise would not allow such beam to pass. Considering
the gate intensity propagating through a Kerr medium of thickness, L, in a cylindrical
coordinates r, z, and taking dispersion into account, the gate intensity profile will

be given by

I(r, 2) = I(2) exp [-2( i )2 , (3.46)

wo(2)

where wy(z) = woy/1+ (2/2r0)%, 2r0o = mnwj/\ is the Rayleigh range, wy is the

beam waist, and n is the linear index of refraction.
This intensity profile will at » = 0 take the form

1

I(2) = ]Oldisp(z)m’

(3.47)

where [) = QWS/QTOwg is the pulse peak intensity, and Igsp(2) VA 20 1 L)

expresses how the gate intensity evolves due to the material dispersion, F is the
pulse energy, 7y is the pulse duration, and ¢ is the group velocity dispersion (GV D)

of the nonlinear crystal.

The nonlinear phase shift of the probe beam induced by the gate beam intensity is
given by the following relationship:

dp = (27?)\7@) I,(2)dz, (3.48)

where nsy is the nonlinear index of refraction of the Kerr medium, and X is the
wavelength of the probe pulse in the medium. The infinitesimal phase shift must
be numerically integrated to obtain the phase shift Ap(0, L) on the optical axis

accumulated by the probe beam, when it travels through the nonlinear crystal in the
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presence of the gate pulse.

Note that an analytical solution of the accumulated phase shift is not feasible, owing
to the inclusion of the dispersion into I,(z), that is the reason it must be numerically
integrated. Also, the Kerr efficiency will be eventually scaled with z as the two
beams propagate through the nonlinear medium, as the intensity of these two beams
changes as a function of z. The transmitted light through the OKG, along the optical

axis is related to the accumulated phase shift accumulated by the formula:

T(0, L) = sin? [AM;’L)] : (3.49)

To see how material dispersion affects the gate beam intensity, and in turn the
induced nonlinear phase shift, Fig. 3.3 shows the difference in the phase shift in case
dispersion is taken into account. This is, in fact, crucial for the proper selection of the
thickness of the nonlinear medium (Kerr medium). The Kerr medium thickness, L, is
considered for the ideal case, in which both the pump and probe beams are collinear,
and assuming that absorption of Kerr medium of the degenerate wavelengths is

negligible.

With disp.
No disp.

Phase shift ()

0 2 4 6 8 10
Crystal thickness (mm)

Figure 3.3: Induced phase shift for the probe beam as a function of the nonlinear
thickness, with/without considering dispersion. Parameters: A = 800 nm, w, =
10 um, E =4 nJ, 7o = 80 fs, n = 2.45, ny = 1.6 x 107 m?/W, ¢ = 1057.19
fs? /mm.[54].

For calculating the gate efficiency of the OKG, assuming that the photon pulse and
the gate pulse has Gaussian profile, under the tight focusing by the used lenses in
the OKG, one must consider that each ray of the probe beam experiences a different

phase shift. Therefore, the ray trajectory of the probe beam besides the distance z
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affects the intensity, whereas the ray trajectory will be defined by

r(z) =ro\/1+ (2/2r)?, (3.50)

where rq is the distance from the optical axis at the beam waist. Accordingly, the
induced phase shift will be defined by

Ap(ro, L) = Ap(0, L) exp l—z <r°ﬂ , (3.51)

where the phase shift Ap(0, L) is given by

47T’I’L2 ZR,0 I()

Ap(0,L) = arctan ( L ) : (3.52)
22R0

where zg ( is the Rayleigh range of the gate beam, and in this equation the effect of

dispersion has been neglected to avoid computational complexity. Considering the

above equations, now the transmittance of the ray trajectory rg through the OKG

can be calculated by the following relationship

(3.53)

T(ry, L) = sin® [WO’L)] .

2

The transmittance of a ray trajectory T'(rg, L) in Eq. 3.53 assumes already that
the polarization angle, 6, between the pump and the probe beam is 45°. Hence,
sin?(26) = sin?(2 x 45°) = 1. If that is not the case, the polarization angle, #, must

be taken into account.

For calculating the transmittance experienced by the whole probe beam, the trans-

mittance of all ray trajectories must be averaged, which is defined by

T L —2r2 /w?) rod
T(UJO,'U)l, L) _ fO (O:Ou )eXp (2 7”20/’(,01) TodTo
Jo< exp (=21 /wi) rodro

(3.54)

where the transmittance of the OKG is a function of the gate beam waist, wy, the
probe beam waist, wq, as well as the Kerr medium thickness, L. The transmittance
(gate efficiency), defined in Eq. 3.54, as a function of the pump and probe beam

diameters for different values of Kerr medium thicknesses, L, is shown in Fig. 3.4.
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Figure 3.4: Gate efficiency (transmittance of the probe beam) as a function of the
pump and probe beam diameters at different thicknesses L. (a) L=1 mm, (b) L=2
mm, (¢) L=3 mm, (d) L=5 mm. Parameters: A = 800 nm, wy = 10 um, E = 4 nJ,
70 = 80 fs, n = 2.45, ny = 1.6 x 107*® m2/W, ¢ = 1057.19 fs*/mm.[54].

It is vital to clarify the difference between the transmittance, as defined in Eq. 3.54,
and the transmittance defined in Eq. 3.43. The transmittance of Eq. 3.54 calculates
the accumulated nonlinear phase shift experienced by the probe beam, as the latter
propagates through a Kerr medium of thickness, L. Eq. 3.54 also considers the
beam diameters of the pump and the probe beams. It is quite helpful in the case of
operating an OKG under tight focusing of the two beams. Nonetheless, in real OKG
experiments the probe beam accumulates the nonlinear phase shift, while the probe
beam pulse is delayed relative to the pump beam pulse in time by Ar. Here, comes
the role of Eq. 3.43 into play, which integrates the transmitted signal as a function

of the time delay, A7, between the two pulses.

The temporal resolution of an OKG, which determines the instrument response
function (IRF), is limited, in principle, by the gate pulse width. Certainly, this
assumes that the material responds instantaneously to the external electric field
applied on it. With this assumption, where the gate pulse width is the main
determinant of the IRF, the gate pulse temporal profile is defined according to the
following relationship for Gaussian pulses

I, (t) = Iyexp [—41n 2(75—150)2] : (3.55)

7

where 7y is given by the average of the pulse duration before and after the Kerr

medium, and the pump peak intensity, [y, is considered constant, and corresponds to
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the transmittance defined in Eq. 3.54. A plot of the temporal profiles of transmittance
as a function of time for different thicknesses of the Kerr medium is shown in Fig.

3.5.
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Figure 3.5: Temporal profiles of the transmittance as a function of time for different
Kerr medium thickness. Parameters: A = 800 nm, wg = 10 pgm, £ = 4 nJ, 79 = 80
fs, n = 2.45, ny = 1.6 x 107 m?/W, ¢ = 1057.19 fs* /mm.[54].

Note from Fig. 3.5 that the thicker a Kerr medium is, the lower the temporal
resolution becomes (broader transmittance curve). When dispersion effect is taken
into consideration, with thicker Kerr media, the loss of temporal resolution becomes
more severe. It is important to emphasize that the instantaneous response is caused
by the bound electrons (hyperpolarizability), as referred to previously. As a matter
of fact, in reality the IRF of an OKG is determined by the nonlinear response time,
which can be longer than the gate pulse duration. A clear example is CSy, whose
nonlinear response time is within the range 1.6-2 ps, due to the nuclear contribution
in addition to the hyperpolarizability of bound electrons. Later, a numerical error
was found out concerning the results of Fig. 3.4 (d). This numerical error emerges
from the algorithm Matlab uses, for calculating integrals involving infinity in one
of the integral’s limits. As seen in Eq. 3.54, for obtaining the OKG transmittance,
one has to integrate the numerator from 0 to co. The denominator was analytically
calculated, hence it was not an issue. To avoid this numerical error, a new code has
been written in Python, and linked to a C script, which independently computes
the integral, and sets the border for this integral, in order to prevent this issue from
occurring again. Accordingly, the value of the maximum obtainable OKG efficiency,
and its associated optimal pump and probe beam diameters has been corrected. For
example, for a thickness L = 5 mm, and using the same parameters shown in Fig.
3.4, the maximum OKG efficiency would be ~ 30%, and its associated pump beam

diameter is ~ 36 pum, and the probe beam diameter is ~ 31 pum, as illustrated in
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Fig. 3.6. This is a huge difference in OKG efficiency, given that the earlier OKG
efficiency shown in Fig. 3.4 (d) was ~ 83%.
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Figure 3.6: Corrected OKG efficiency and pump and probe diameters, for a Kerr
medium with L = 5 mm, shown in Fig. 3.4 (d), using the same parameters.

So far, the tight focusing of the pump and probe beams and its influence on OKG
efficiency, has been considered. That leads to taking into account the phase change
experienced by each ray trajectory, and averaging their phase change. Since OKG
efficiency stems from the induced nonlinear phase, due to the XPM because of the
gate beam, a similar approach can be followed with SPM under tight focusing of
the gate beam. The definition of the instantaneous phase introduced above, did not
consider the gate pulse intensity variation I4(t). When it is included the infinitesimal

on-axis nonlinear phase change will take the form

B 27N I(t)
do = — ( i ) e (3.56)

By integration the Eq. 3.56, the value of of on-axis nonlinear phase change will

(0, L,t) = — <47mzzm)> I,(t) arctan < L ) . (3.57)

g 2R,0

become

With considering the different phase shift ¢(0, L, t) experienced by each ray trajectory
at rg, one finds
6(ro, L, t) = 6(0, L, 1) exp (23 /w?) (3.58)

and the average phase shift ¢(L,t) of all rays will give the following expression

_ B JoC exp(—2r2 Jwd) exp(—2r¢ Jwd)rodrg
¢(L7 t) - ¢(07 L, t) fooo exp(—2r§/w§)rodro

(3.59)
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Performing the integration of Eq. 3.59 yields ¢(L,t) = ¢(0, L, t)/2, from which we
see that the average of all rays is half of the on-axis value. With excluding the GVD,
the average phase ¢(L,t) will be expressed with the following relationship

— 2 L t—tg)?
o(L,t) = _ZTM2ERO orctan < ) Iyexp [—4111 2(20>] , (3.60)
>‘p QZR,O TH

where Zg o represents the focusing strength, which the above equation depends on.
Given this equation, the spectrum of the transmitted gate pulse through a nonlinear
medium of thickness L, represented in Eq. 3.36, after the tight focusing consideration

will be given by

S(w) = ‘ / * A(t) exp(—iwot — i(L. 1)) explist)dt] . (3.61)

—00

whereas wy is the pulse carrier frequency, and ¢(L,t) is the nonlinear phase as a
function of time, as specified by Eq. 3.36. The above-mentioned results have been

published in Ref. [279].
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Chapter 4

Experimental realization of optical

Kerr gate

4.1 Experimental setup configuration

4.1.1 Ti:sapphire (Ti:sa) GHz repetition rate laser

The laser used in the optical Kerr gate experiments, as pump (gate) and probe is
a tunable solid-state Ti:sa laser (Taccor Tune, Novanta), with an average output
power 1800 mW. The tunability range is between 740-910 nm, with an emission peak
at 800 nm and a pulse width < 80 fs at the laser output. This laser has a uniquely
high repetition rate, 1 GHz, meaning that each pulse is temporally separated from
the consecutive pulse in the pulse train by 1 ns. This actually dictates that the
laser must be used for fast processes, such as ultrafast fluorescence emission below
1 ns, or be it a relaxation time from a Kerr medium. Otherwise, the interaction
of one particular pulse in the pulse train would be affected by its adjacent pulses
in time, which will distort the temporal information, concerning the process under
investigation. Besides its main cavity, the laser has a control unit (ULC-16), and a
thermoelectric chiller (Tcube edge, Solid State Cooling Systems, USA) for cooling,
which is connected via long tubes for exchanging the cooling liquid (e.g. coolant
concentrate G4, GLYSANTIN). It is crucial to operate and maintain such a laser at
the appropriate temperatures, or else it would fail to operate. Moreover, the control
unit has three inherent fans for cooling it down, and is covered with a sheet of pores
to prevent dust particles from getting into the control unit. In most of the optical
Kerr gate experiments presented here, the Taccor laser was both the pump (gate)
beam, and the probe, implying that both pump and probe beams of the optical Kerr

gate are degenerate.
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4.1.2 Polarizers

Optical Kerr gate experiments typically require two polarizers, where the first
polarizer (Py) allows laser light (or fluorescence signal in the future) with polarization
parallel to the polarizer’s axis to get into the OKG; the second polarizer (P3) is often
called analyzer. The analyzer must be crossed with respect to the first polarizer,
namely rotated at 90°. For that two 1”-diameter economy film polarizers (LPNIRB100,
Thorlabs) were used, with 600-1100 nm operating wavelength range, and anti-
reflection (AR) coating range 650-1050 nm. Both the transmission wavelength range
and the AR coating range should be appropriately selected to ensure maximum

transmission for the pump and probe beam.

Another crucial factor in the polarizer type selection is the extinction ratio (ER)
of the polarizers, which is defined as the ratio between the maximum to minimum
transmission of a linearly polarized input light. The maximum transmission is
obtained when the polarization axis of both polarizers are parallel, and the minimum
transmission is obtained when their polarization axes are perpendicular to one
another. According to the specifications of LPNIRE100-B film polarizers, the ER is
> 1000:1 (600-950 nm), and > 400:1 (600-1100 nm). Traditionally, Glan-Taylor, or
Glan-Thomson polarizers are preferred in OKG experiments, as they offer quite high
ER, i.e., 100,000:1. Such polarizers are made of calcite crystals, which are delicate
and should be treated with appropriate care, especially in terms of temperature
variations. Both the transmittance and the ER of our film polarizers were measured
to verify their match with their specifications. These measurements were carried out
where the light source was our Taccor fs at 820 nm. Furthermore, the two polarizers
were tested individually for transmittance and together for the ER value; outside
the Kerr setup and within the Kerr setup. The transmittance measurement of each
polarizer outside Kerr setup shows that both have identical transmittance of ~ 88%,
which is nearly 4% higher than Thorlabs specifications value, as shown in Fig. 4.1.
Nonetheless, the ER values obtained differ notably from what stated by the specs
sheet, as indicated in Fig. 4.2. Whereas the ER of P; and P, together exhibit more
than double the value reported by Thorlabs specs.
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Figure 4.1: Transmittance of the two polarizers (P; & P3) measured individually
(outside the optical Kerr setup) with Taccor fs laser at 820 nm, and compared to
Thorlabs transmittance value.
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Figure 4.2: Extinction ratio (ER) value of Py & P, together, measured at 820 nm of
Taccor fs laser (outside the optical Kerr setup), showing more than double the ER
value reported by Thorlabs.

Another measurement of the two polarizers was performed using also Taccor fs
laser but at 810 nm and within the optical Kerr setup shows absurdly different ER
value, around two orders of magnitude lower than the measured value with Taccor
laser at 820 nm, as indicated in Fig. 4.3. Although it is expected that measuring
at a different wavelength would lead to different transmittance and ER value, the
expected difference in measurements is huge, compared to just a 10 nm change in

the fs laser wavelength from 820 to 810 nm.
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Figure 4.3: Transmittance and ER measurement of P; and P, polarizers together
(within the optical Kerr setup), where Taccor fs laser at 810 nm was the light source.

Another investigation of both transmittance and ER value outside the optical Kerr
setup using another fs laser (Toptica FemtoFiber pro) at particularly 650, 660 and
670 nm shows another inconsistency. For instance, the transmittance of P; and Py
individually at 650 nm was approximately higher than Thorlabs value by 2 - 2.5%,
which is a reasonable difference, as shown in Fig. 4.4. However, Thorlabs value was
higher by ~ 5% than P; and P, actual transmittance at 660 nm, ~ 4% higher than

the actual transmittance at 670 nm.
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Figure 4.4: Transmittance measurement using Toptica fs laser at 650, 660, 670 nm,
respectively. This measurement was performed outside the optical Kerr setup.

The ER values of P; and P5 together at the three fs laser wavelengths were completely
lower than Thorlabs reported value in their specifications. For example, at 650 nm,

the experimentally measured ER value by our Toptica fs laser is ~ 1300, while
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Thorlabs reported value is ~ 2375, which is around 82% higher than our measured
value, as presented in Fig. 4.5. This difference increases even more at 660 nm, and
becomes drastically huge at 670 nm, about 200 % for Thorlabs value, as compared

to our values.
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Figure 4.5: ER values of P; & P, together measured using Toptica fs laser at 650,
660, 670 nm, respectively. These measurements were performed outside the optical
Kerr setup, and show an increasing difference in the ER in favor of Thorlabs reported
values.

The discrepancy observed between our measured data and Thorlabs reported values
can be understood considering that their ER data are theoretically obtained, not
experimentally measured. Furthermore, the ER measurements shown above were
taken by fs lasers, and as we know, such short laser pulses in time, are wide in terms
of their spectral width. In turn, the laser pulse contains multiple frequencies, which
ultimately gives an ER value that is an average of them. Despite the discrepancy in
these different measurements, either in transmittance or in ER values, the performance
of both P; and Py when Pj is crossed with respect to P; in an actual optical Kerr
setup was reasonable, with about 0.1% leakage of the probe beam. Nonetheless, it is
still highly recommended to use a pair of polarizers with higher extinction ratio, in

particular for an application, such as optical Kerr gating of single-photon sources.

During OKG experiments, it was observed that rotating either the first polarizer
(P1) or the second polarizer (P5) leads inevitably to a deviation of the probe beam
path. For example, when P, used in our experiment was rotated at different angles,
the probe beam was deviated accordingly, as clarified in Fig. 4.6. Note that both the
distance and its direction vary from the original beam spot along with the change of
the rotation angles. Similar behavior was observed when P; was rotated. Rotating P
should supposedly change only the polarization angle between the pump and probe

beams, without introducing deviation in the probe optical path. This deviation is
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undesirable, and can give rise to misleading results. Provided that the sensor area
of the SPAD is very small, any small deviation of the probe beam typically aligned
to hit the sensor’s center, will lead to detecting a lower signal, as the probe beam
moves far away from the sensor area. In this case, changing the polarization angle
between the pump and probe from the 45°, corresponding to maximum OKG signal
can be misinterpreted as the OKG signal decreases essentially, due to the probe

beam deviation.

Figure 4.6: Deviation of the probe beam direction when P, is rotated. The first
photo to the left-side was before Py rotation, showing the original spot location, the
middle and the right-side photo show the change in the direction and distance from
the original location after P, was rotated.

4.1.3 Detection scheme using photon counting

The detection of the OKG signal of the probe beam was attained by employing the
HBT interferometer configuration, where the 50/50 beam splitter splits the probe
beam into two parts, each of which is detected via one SPAD, connected to a TCSPC
for photon counting. The first SPAD along the main probe beam path is connected
to Chg of the TCSPC, while the second SPAD located perpendicular to the direction
of the main probe beam is connected to Ch;. In principle, one SPAD detector is
sufficient for the detection of an OKG signal. Nevertheless, due to the expected
small OKG signal, two SPADs were used where their OKG signals can be added
together. It serves as further verification about the results. To readout the TCSPC
counts obtained at each delay step A, for plotting the measured OKG signals, a
LabVIEW program was written for interfacing the TCSPC device with the linear

translation stage.

4.1.4 Linear translation stage

In order to delay the pump (gate) beam pulses in time relative to the probe beam for
resolving its signal, a high precision linear translation (M414.3DG, Physik Instrumente
(PI) GmbH) stage was utilized. The M414.3DG linear stage has one active axis,
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driven by a DC gearhead motor and has a 300 mm travel range. The minimum
incremental motion is 0.1 pm, and it corresponds to 0.66 fs in time that represents
the maximum temporal resolution of any pump-probe-based experiment. This comes
from the speed of light, ¢, relationship to distance, d, and time ¢, where ¢t = 2d/c. The
factor 2 is sometimes overlooked in the pump-probe spectroscopy and nonlinear optics
community, leading to erroneously considering the maximum temporal resolution to
be 0.33 fs. The motion of the linear translation stage is controlled via a control unit
Mercury servo controller C-863.12, Physik Instrumente (PI) GmbH. The Mercury
servo controller is connected to a PC via USB cable and administered by a commercial
software PIMikroMove ver. 2.31.2.0.

For determination of the distance range that corresponds to the temporal overlap
between the pump and probe pulses, before placing any Kerr medium, the pump
beam was initially spatially overlapped with the probe beam on a thin glass coverslip
at the Kerr medium location, and both beams were detected using a photodiode
(TDA 200 trigger diode assembly, PicoQuant), which was connected to a 1.5 GHz
oscilloscope (LeCroy 9362, Teledyne LeCroy) that can handle 10 Giga samples per
second to readout the output voltage signal. The pump pulses were delayed using
the linear translation stage, over a long range, i.e., 1-295 mm (out of the 300 mm
maximum travel range) to find the range of temporal overlap. The detection of either
the pump or the probe beam independently showed that the photodiode can resolve
well the 1 GHz repetition rate of the Taccor laser, showing as expected, that the
temporal separation between each two consecutive pulses is, indeed, 1 ns. To acquire
the data in an automated fashion, both the delay line and the oscilloscope were
synchronized and interfaced via another LabVIEW program, written specifically for
this purpose. Both pump and probe pulses were detected using a single photodiode
detector, which was connected only to one channel on the oscilloscope panel. Moving
the delay line for distances corresponding to a few femtoseconds between the pump
and probe pulses are below the time resolution of the oscilloscope, since typically the
electronic response time is slow, which hinders it from resolving such a very short
time. For the aforementioned reasons, the temporal overlap manifests itself in the
form of constructive interference with maximal amplitude, when the pump and probe
pulses are fully overlapped in time; and minimal amplitude, when they are far apart.
The details about the determination of the pump and probe pulses can be found in
Appendix A.

Ultimately, the OKG setup composed of the above-mentioned components like the
one shown previously schematically in Fig. 2.54 is aimed to be incorporated into
a conventional confocal fluorescence microscope, similar to the one depicted in Fig.

2.33, where the final optical setup after this incorporation will be as presented in
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Fig. 4.7 below.
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Figure 4.7: Scheme of a confocal fluorescence microscope after incorporating an OKG
into it.

4.2 Characterization of optical Kerr gate with

carbon disulfide

4.2.1 Introduction

Ensuring a proper performance of an optical Kerr gate experiment after building up
the OKG setup necessitates characterizing it with a standard Kerr medium. For this
purpose, carbon disulfide has been chosen for the OKG characterization. Carbon
disulfide is an inorganic molecule, whose chemical formula is CS, and its molecular
weight is 76.141 [280]. The chemical structure consists of a carbon atom that is
covalently bonded with two sulfur atoms, namely S=C=S. The CS, molecule is non-
polar, thus it has no permanent dipole moment. It has been extensively studied [277,
281, 282, 283, 284, 285] and it was one of the very first materials, whose nonlinear
optical properties were investigated by the so-called z-scan technique, demonstrating
its powerfulness for extracting the values of nonlinear refractive index, no, nonlinear
absorption, 3, and thermal nonlinearity [286, 287]. Since then, it has been often
used as a standard reference material for the characterization of Z-scan technique
setups [234, 288, 289, 290], as well as the characterization of optical Kerr gates [291,
292, 52, 50, 248]. The reason for using a neat liquid of CS; as standard material is
mainly because it has a large nonlinear refractive index ns in comparison to other

liquids. Typically, the intensity dependent refractive index change of a medium, An
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is described by nol, where I is the intensity of the laser illuminating the CSy sample.
The ny value is often considered constant, only when the bound electrons of a Kerr
medium contribute to the nonlinear response, which responds almost instantaneously.
As a matter of fact, this is not the case with a material, such as CS,, because the
nuclei contribute to the nonlinear response. Given that those nuclei are heavier in
mass relative to electrons, their response is slow. Thus, the contribution of the nuclear
motion to ny will be different, depending upon the experimental parameters, e.g.,
excitation wavelength A and pulse duration 7, and the applied field polarization. Over
decades of research to understand and characterize the nonlinear optical properties
of CS,, still until nowadays the research effort continues to unravel the mysteries of
this material. For example, the ny of CSy has positive sign, when studied over a wide
range of wavelengths, however, Kim et al. [293] revealed that the positive sign of ns
exhibited by CS, is only valid over a wavelength range between 600 nm and 1100
nm, which is dictated by the dominance of the third-order self-focusing, due to Kerr
effect. At shorter wavelengths, e.g. 500 nm, though, the CS, acquires a negative
sign of ny value, as the fifth-order nonlinearity begins to play a role at shorter
wavelengths. Whereas it competes against the third-order nonlinearity, and can even
dominate it when the intensity is high sufficiently, because the fifth-order nonlinearity
is accompanied by a self-defocusing, which eventually leads to the negative no value.
In fact, using short wavelength lasers for the characterization of ny of CS, is not
the only cause for obtaining a negative nsy value, thermo-optic nonlinear effects, i.e.,
thermal lens effect can reverse the sign of ns, even if the laser wavelengths range is
between 600 and 1100 nm, provided that the repetition rate of the utilized laser is
high [294].

In the following subsections, a discussion about the tensorial nature of the CS,
response function will be provided. Then, because the response time of CS, in the
liquid phase can be widely classified into fast and slow response times, an elaboration
of the physical origin of each response time will be presented. Lately, the experimental

results regarding the use of CS, to characterize our OKG will be provided.

4.2.2 Tensor nature of material response function

In considering a light field interacting with a nonlinear medium like CS,, that light
field is often assumed to be linearly polarized. The third-order response function of
a nonlinear medium exhibits a strong dependence on the light polarization, owing to
being a fourth-rank tensor. Likewise is the magnitude of the nonlinear refraction.
However, the rise and decay times of a nonlinear medium are independent of the

light field polarization.
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In view of the tensor nature of third-order nonlinear optical processes, and because of
the isotropy of CS, as a nonlinear medium, one can understand that the third-order

0

material response tensor ;3 can be reduced from 81 elements down to solely four

elements, which are Rﬁ)u, Rﬁ)m, Rg)u and Rg)zl, where 1,2 = x,y. When the
light field illuminates a CS, sample, the bound electrons follow the electric field
vector almost instantaneously. This actually occurs as a consequence of the medium
isotropy, whereas the bound electrons will not have a favorite response direction, and
to achieve the least work, they follow the electric field along its oscillation direction.
In fact, the instantaneous work is dW = F' ds and the force F' depends only on
the distance to the nuclei, not on any angle; which explains how bound electrons
minimize their work by following the electric field oscillation direction. We can

conclude further from this discussion and Eq. 3.14 in chapter 3, that
Rﬁ)n = Rﬁ)m + R%)n + R%)m (4.1)

which implies that Rﬁ)ll can be represented as a sum of three independent tensor
components of the third-order response function, which are located at the right-
hand side. These elements of the tensor can be even reduced further, if only
the nonlinear refraction (Kerr nonlinearity) is considered. That is because the
polarization frequency is equal to the oscillation frequency of the external electric
field, and in this particular case not all tensor permutations are distinct, and in
fact some elements of the tensor will be equal. According to the so-called intrinsic
permutation symmetry, the response time of the material does not depend on the
polarization of the external light field, so, R@lgEzElEg = Rﬁ)nElEgE; , Where
Rg)u and Rﬁ)zz can be considered as one parameter. Thus, in the restricted case of

nonlinear refraction, only two independent tensorial components remain.

4.2.3 Origin of fast and slow responses

The atoms and molecules of CS, material undergo various types of motions when an
intense electric field is applied to them. Such motions include electronic, rotation,
vibration, rocking, collision, liberation, molecular redistribution and translation
(diffusion). These motions occur on local and non-local spatial range [295], which

are schematically depicted in Fig. 4.8.
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Figure 4.8: Scheme of CSy molecule exhibiting different kinds of motions. Adapted
from [295].
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Each type of motion exhibited by CSy atoms and molecules has a relaxation time
associated with it. For instance, the electron cloud distortion, sometimes called
electron hyperpolarizability, has the fastest relaxation ever, 10717 s. The molecular
redistribution is four orders of magnitude slower than the electron cloud distor-
tion, 1071% s. Both the molecular liberation and molecular vibration have similar
relaxation time, that is 107!3 s. The previous electronic and molecular motions are
considered ultrafast and fast response times. Molecular reorientation is considered
a slow relaxation mechanism, where its relaxation time is in the range of 10710 -
10712 s. There are other relaxation mechanisms, which are even slower, such as
electrorestriction (107 s) and thermal change (1078-1 s) [296, 233].

According to the definition of the Kerr effect, discussed in chapter 3, the relationship

between the external applied electric field £ and the index of refraction is
n = ng + ny B*(t), (4.2)

where n is the resultant local refractive index that arises from adding the linear
refractive index ng, and the change of the refractive index An = ny E%(t) as a result
of the Kerr effect when an external electric field is applied, which consists of the
nonlinear refractive index ns, multiplied by the optical pulse envelope as a function
of time. Because the nonlinear index change is proportional to the pump beam
intensity, the index change is expressed as An(t) = nal(t). The nonlinear refractive
index no can be expressed as a summation of different nonlinear refractive indexes,

each of which relates to independent relaxation mechanisms associated with different
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kinetics and have different relaxation times 7

ny = Y na(electronic) + ny(molecular). (4.3)

Accordingly, the change of the temporal Kerr index can be expressed as a summation
of independent relaxation mechanisms, and this change will be aligned along the
electric field direction and will be affected by various mechanisms taking place, owing

to the coherent oscillations of the molecules.

T electionic —00 (44)
Ipump(TD)e_(t_TD)/deTD + ...

molecular J —00

An(t) = {

L [n2

T

where 1 is the time delay between the pump and probe pulses, 7, is the electronic
response time and m is the molecular reorientation relaxation time, which corresponds

to molecular orientation, redistribution, collisions, liberation and vibrations; and

Tpump (1) = IO,pumpei4ln2(t/Tp)2- (4.5)

The transmitted Kerr signal of the probe beam as a function of the time delay
between the pump and probe pulses of CS, in liquid phase is presented in Fig.
4.9 (blue curve), where this signal is decomposed into its constituents underlying
signals corresponding to the electronic (ultrafast), molecular (fast), and translation

or rotation (slow) responses [295].
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Figure 4.9: Transmitted Kerr signal (Probe) as a function of time delay (ps) of liquid
CSs and its decomposed time responses. The main exponential decay (blue-f), small
bump (blue-a) give rise to ultrafast electronic response (dashed red-c), fast molecular

response (dashed orange-d), and slow translation or rotational molecular response
(dashed black-e) [295]

When the main exponentially decaying OKG signal, curve (f), is decomposed into its
elemental components, we find that the electron cloud distortion shows an ultrafast
response time Tyratass = D0 as (curve c¢). This happens because electrons are very
light particles, as compared to the nuclei, whose movement can be very fast following
the rapid oscillations of the applied electric field. The small bump (b) in the
blue curve (f) represents various fast molecular mechanisms such as redistribution,
rotation, spin, liberation, and vibration, which are shown in curve (d), that has a
relaxation time 7g,g = 500 fs. Such mechanisms contribute also to the intermolecular
interactions, because often liquid samples have a large number of molecules, leading
to collisions and formation of self-assembled cages arising from the intermolecular
forces. The Tgg measured in the work of Ref. [295] is on the same order of a
previously performed study to measure the same relaxation time [297]. Diffusive
rotational and reorientational processes, curve (e), have a slow response time Tyoy =
1.5 ps, which is consistent with previous values reported in literature [230, 298]. The
response time of CS, in gaseous phase, i.e., vapor is much faster than its counterpart
of liquid CS,. The viscosity of the material plays a central role in this difference in
the sense that, CS, in the liquid phase is much more affected by the intermolecular
forces from neighboring molecules. On the contrary, CS, vapor has fewer molecules,

hence lower interactions with other molecules, whereas its viscosity originates from
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the intramolecular forces undergoing ultrafast processes from the neighboring air
molecules surrounding each CSy molecule. This leads also to obtaining considerably
lower Kerr signal, because the ny value depends directly on the number of molecules
N in the OKE, where ny o< Nx®). This difference of the Kerr response time between
the CS, phases, liquid and vapor is clearly shown in Fig. 4.10.
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Figure 4.10: Difference of Kerr response time between CS, in liquid and gaseous
phase [295].

4.2.4 Experimental Results

After building up the optical Kerr gate (shutter) by placing two crossed polarizers
and the photodetectors (SPADs), liquid CS, was selected for the characterization,
as it has higher ny ~ 10719-107!® m? /W than other liquids, and some solids as
well. Further, it has a well-known temporal response, which is roughly 1.6-2 ps,
as mentioned before. The CS, liquid (Sigma Aldrich) was placed into a 5 mm
cuvette, made of quartz glass (Thermo Fisher Scientific), which is transparent in
the wavelength range used in the experiments. This cuvette was covered with a
lid, however, it turned out that having the lid alone does not ensure keeping the
liquid for a long time in the curvette, since the CS, is volatile. That is why a
small piece of a scotch tap was used for stronger sealing. A home-built holder was
created to hold the cuvette with the CS, it contains. It was important to verify
that the pump or the probe beam wavelength are transparent through both the
cuvette and the CSs liquid. Also, it was important to investigate the possibility

of having autofluorescence induced by the wavelength of either the pump or the
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probe. Due to the initial plan to use the pump beam at A\,ymp = 820 nm, and the
optical parametric oscillator (OPO) as probe at Apohe = 650-670 nm, the linear
transmission and autofluorescence were investigated at these two wavelengths. This
initial plan for the OKG was made such that the probe beam from the OPO can be
spectrally filtered to achieve signal detection at high S/N ratio. Nonetheless, because
of the drift in the OPO wavelength over time, and to afford more laser power for
the pump beam, the OPO has not been used anymore. Instead, the output of the
Taccor fs laser was split via a 90/10 BS, such that 90 % goes to the OKG, passing
by the delay line, and acts as the pump (gate) beam, while the remaining 10% is
used as a probe. Both the quartz glass cuvette and the CSy liquid showed > 90%
transmission, after considering the scattered light outside the powermeter sensor
area. For detecting any autofluorescence, a high resolution spectrometer was used
over the wavelength range 383-900 nm to check it but no autofluorescence signal
was detected. With the new experimental configuration, both the pump and probe
beams are degenerate, namely they possess the same wavelength. This wavelength
remained 820 nm, as it ensures high reflectance (=~ 96.57% for p-polarized light and
~ 99.60% for s-polarized light) for the short-pass dichroic mirror (DMSP, cutoff 805
nm). It has also been the plan to operate the OKG where the pump and probe beams
are counter-propagating with respect to each other. The purpose of this scheme,
which is not often followed in standard optical Kerr gate experiments, was to protect
the very sensitive photodetectors (SPADs) from damage, due to the high intensity
of the pump beam, and to also avoid saturating these detectors under the high
intensity. Unfortunately, both the frequency (wavelength) degeneracy, as well as the
counter-propagation of the two beams set an enormous challenge for the detection of
the OKG signal, as will be elaborated later.

Before beginning the actual characterization of the OKG setup with CS,, it was
important to ensure spatial overlap between the pump and probe beam spots at the
center of the cuvette filled with CSs liquid, and to find the location that corresponds
to the maximum temporal overlap. For attaining the spatial overlap, the cuvette was
replaced with a thin glass coverslip at the focal plane of both the pump and probe
beams. A lens with focus at 100 mm was selected for tight focusing of the probe
beam, while another lens with focus at 50 mm was chosen for the pump beam. Since
the lens focusing the pump beam would yield tighter focus than the probe beam,
the beam spot size was controlled via a moveable lens situated in between a couple
of lenses, set before the 50 mm focusing lens. After careful alignment between the
pump and probe spots, each spot size for each beam was measured and controlled,
such that the probe beam spot size was ~ 20 ym, and the pump (gate) beam was ~
30 pm. It is highly recommended in OKG experiments to have a larger beam spot

size for the pump than the probe, in order to account for any subtle misalignment
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between the two beams. For the temporal overlap, the aforementioned method in
subsection 4.1.2 was followed, and the position on the delay line that corresponds to
the maximum overlap was determined. However, it is vital to consider that since
placing any Kerr medium, after removing the thin glass coverslip will change the
optical path for the two overlapped pulses; the delay line should be scanned at a
lower distance from the original temporal overlap position. This is because CSy has
a linear refractive index, ng &~ 1.61, and the cuvette filled with CS, has a thickness of
5 mm, this will lead to slower propagation into the CS,. In addition to the previous
alignments and checks, the gate beam average power was measured, and owing to
power losses as the gate beam propagates through various optical components, and
the delay line power loss, from the 1.8-2.0 W output of the Taccor fs laser, only ~ 1
W is obtained before the Kerr medium. Provided that the laser has 1 GHz repetition
rate, this gives an average pump pulse of 1 nJ. Assuming the Fourier-transform
limited pulse width at the laser output is 80 fs, the laser pulse width is estimated to
be ~ 100 fs at the optical Kerr gate. Using an autocorrelator device (APE GmbH),
it was estimated that a laser pulse width can be increased by ~ 3-4 fs, after passing
through a ~ 3 mm lens. From the formalism presented in chapter 3, the pulse peak
intensity can be calculated as Iy = 2vIn2E /73D rgw2, where E is the average pulse

energy, 7y laser pulse width, wy is the beam waist, which gives

Ip=2VIn2 x (1 x 107%)/7®/? % (100 x 107%) x (15 x 107°)? »

~ 1.33 x 10W/m? ~ 1.33 x 10°W /cm?. (46)

In spite of this such pulse peak intensity (~ 1.33 GW /cm?), that can be considered
relatively high for linear optics applications, it is considered somewhat weak, or at
best modest pulse peak intensity, for a x*) nonlinear optical process like optical
Kerr gate. Usually, standard OKG experiments use amplified laser pulses, whose
peak intensity can reach up to TW/cm?. To make sure that this peak intensity does
not exhibit SPM, the same OKG setup was used, by just blocking the probe beam,
and measuring the gate beam laser before and after CS,. Here, the gate beam does
not pass through the two polarizers, too, thus they are not involved in this kind of
measurement. The gate beam diameter is ~ 30 pum, and its pulse peak intensity I
is ~ 1.33 GW/cm? as calculated above. The SPM measurement is in an excellent
agreement with the simulation of SPM under focusing for CS,, considering ng ~
107" m?/W, as seen in Fig. 4.11 (a), and indicates that Taccor laser intensity does
not lead to a change of its spectral width. This result is in excellent agreement with

a simulation for CSy using Equ. 3.61 in chapter 3, presented in Fig. 4.11 (b).
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Figure 4.11: SPM of CS; liquid. (a) Experimental measurement, (b) Simulation
using gate laser at wavelength 820 nm, pulse duration ~ 100 fs, beam spot diameter
30 pm, and pulse peak intensity ~ 1.33 GW /cm?, ny = 1.61, pulse energy 1 nJ, n,
= 3.5x107" m?/W, for a thickness of 5 mm.

The actual optical Kerr experiment begins with placing the 5 mm thick CS, cuvette
between the two cross-polarizers, such that the focal planes corresponding to both
pump and probe beams are located at the middle of the cuvette. In contrast to
standard OKG experiments, in our experimental configuration, the pump beam
pulses are the ones, which are delayed at steps of A7 relative to the probe beam

pulses. Therefore, Eq. 3.43 in chapter 3 must be modified to be as follows:
oo 1
T(r) = / Lyrapel(1) sin? <2A<p(t - T)> sin?(20)dt, (4.7)

where the effect of the polarization angle # between the pump and probe beams was
included, and was ensured in our experiment to be 45°, in order to maximize the
collected Kerr signal. After an initial scan of pump beam pulses using the delay
line to find their new temporal overlap location with the probe beam pulses, the
delay line was scanned for 2 mm distance, in order to collect the Kerr-rotated signal.
It was noticed that scanning at large temporal steps yields a different Kerr signal
time trace. For example, when the temporal stepsize was 200 fs, the Kerr signal
time trace appeared awkwardly inverted, as shown in Fig. 4.12, as opposed to the

well-known standard Kerr signal time trace.
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Figure 4.12: Kerr signal time trace obtained at temporal stepsize 200 fs, with
integration time of 20 s.

Reducing the temporal stepsize to 100 fs helped to resolve more details in the Kerr
signal time trace, yet it is still vague, such that no information about the CS, can
be extracted, see Fig. 4.13.
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Figure 4.13: Kerr signal time trace obtained at temporal stepsize 100 fs, with
integration time of 20 s.

Reducing the temporal stepsize even further, down to 25 fs, presented in Fig. 4.14,
maintained the vagueness of the time trace, nonetheless the Kerr time trace at 25 fs
begins to reveal a temporal profile that shows more details, yet not fairly good to

gain knowledge about the CS, response time.
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Figure 4.14: Kerr signal time trace obtained at temporal stepsize 25 fs, with integra-
tion time of 20 s

In order to extract information about the nonlinear response time of CS,, the Kerr
time trace needs to be fully resolved. Thus, as the minimum temporal stepsize
(maximum temporal resolution) enabled by the linear translation stage is 0.66 fs,
this stepsize was used to completely resolve any fine details belonging to the Kerr
signal time trace, as illustrated in Fig. 4.15, in which the integration time had to be

reduced to 1 s, since scanning at such a very small stepsize takes a large amount of
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Figure 4.15: Kerr signal time trace obtained at temporal stepsize 0.66 fs, with
integration time of 1 s, the inset is a zoom-in on the rectangle (red), showing the
fast oscillation with temporal cycle of ~ 2.73 fs.

If we zoom-in on the fringes of Fig. 4.15, located at the center of it, we see that

it shows a fast oscillation, with a temporal cycle of ~ 2.73 fs. This temporal cycle
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corresponds to the wavelength 820 nm used in this experiment, where the temporal
cycle t = A/c. This tells us that the fringes seen in Fig. 4.15 are interference fringes
that occur, because of the interference between the two beams (pump & probe), which
are degenerate in frequency/wavelength. Similar interference fringes were observed
in an OKG experiment with CSy as Kerr medium [299]. Looking back at Figs. 4.12,
4.13, and 4.14, one can understand that the awkward times traces obtained in these
figures were undersampling the fast oscillation that resulted from the interference
between the pump and probe beams, as they are propagating across each other.
Since CS, is a nonlinear medium, such interference between the pump and probe
beams might lead to a transient grating, which can scatter both beams, so-called
laser-induced transient grating (LITG). This might interpret another interesting
observation that at some parts, especially at the tails of the Kerr signal time trace,
the oscillation temporal period can be as low as ~ 1.32 fs (corresponds to ~ 396
nm), or becomes as high as ~ 6 fs (corresponds to ~ 1800 nm). One can think,
alternatively, that the chirp experienced by each beam could lead to some variation.
However, given that each beam passes through few optical elements such that having
a chirp will be unavoidable, the small chirp acquired by each beam does not still be
adequate to give rise to such oscillation cycle variations. Another possibility could be
the degree of accuracy and/or unidirectional repeatability of the delay line stepsize,
that contributes to temporal cycle variations. An initial investigation of the delay
line accuracy, showed that the average accuracy offset tested for 10 positions is ~
21 nm, with 279 nm difference between the minimum and maximum offset. Also,
it was found that the average offset of unidirectional stepsize repeatability for 5
positions is ~ 135 nm, with a maximum offset of 140 nm. A distinction between
the effect of the delay line accuracy /unidirectional step repeatability fluctuation is
possible, if a spectral analysis of the transmitted probe signal is carried out, i.e., via

a spectrometer.

Before starting the analysis of the Kerr medium nonlinear response time, it is
important that the temporal profile of OKG is extracted from the Kerr signal time
trace. For this purpose, the fast oscillation must be removed. The strategy to do this
is by firstly applying Fourier transform to the Kerr signal time trace, for converting
them from the time-domain to the frequency-domain. Then, a low-pass filter is
applied to the data, so that the slow component is extracted. By applying an inverse
Fourier transform, the filtered envelope in time-domain can be obtained. In our case,
an asymmetric Heaviside function must be applied, in the frequency-domain, on one
side only of the two-sides of the frequency spectrum, starting from 0 Hz, so that it
effectively works. This method enables, not only to get rid of the baseline, seen in all
time traces, but also enables to extract the Kerr signal envelope (temporal profile),

which can be further analyzed. The envelope of Kerr signal time trace of Fig. 4.15 is
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presented in Fig. 4.16, along with the fitting of its nonlinear response components.
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Figure 4.16: Temporal profile (envelope) of the Kerr signal trace of Fig. 4.15, with its
fitting parameters of FWHM = 172 + 2 fs (red dashed curve) for the cross-correlation,
and with 7 = 227 £ 22 fs for the fast molecular response (orange dashed curve).

As presented earlier in Eq. 4.3, the nonlinear response of CSs has mainly two
components, electronic, which is an ultrafast time response; and molecular, which is
either fast and/or slow, depending on the substance phase (liquid or vapor) and its
associated molecular relaxation mechanism. The transmitted Kerr signal measured

by the photodetector, expressed in terms of response function is given by

measured /dt robe ROKE * ]pump( T))]2 3 (48)

where Iump(t — 7)) is the pump intensity envelope, delayed by 7, Ipone(t) is the
probe intensity envelope (fixed in time), Rokg(t — t') is the response function of the
Kerr medium. When the convolution (Rokg * Ipump)(t — 7) is expanded, Eq. 4.8 will

become

2

- / B (1)[2dt o / At Zrope(t) { / dt' Rogs(t — 7 — ) Tpum ()] . (4.9)

If only bound electrons (hyperpolarizability) respond to the external applied electric
field, and nonlinear response is instantaneous, such that Rokg o 0(t), then the

convolution simplifies to Rokg * Lpump(t — 7) = Ipump(t — 7), thus the signal becomes

Selectronlc / [probe pump ( )]th (4 1 O)

If the temporal intensity profile of the pump and probe beams has the same shape,

e.g., Gaussian, like our case, then this integral is the cross-correlation between the
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probe and squared pump pulses, namely Sejectronic(7) X (Lprobe * Igump)(T). Due to
the contribution of molecules like in CSs, the total nonlinear response of the Kerr

medium will be expressed as

ROKE(t) = Relec(t) + Rmol,fast (t) + Rmol,slow(t)a (411)

where Reec(t) = A.0(t) is the instantaneous response of the electrons, Rl fast () =
Are /T H(t) is the fast molecular response (~ 100-600 fs), and Ruolslow(t) =
Age” /™ H(t) is the slow molecular response (~ 1-2 ps). Let’s keep in mind that in
reality the exponential decays associated with the fast and slow nonlinear responses
are convolved with the Gaussian function arising from the cross-correlation between
the pump and probe beams. Thus, each one of them will be mathematically expressed

as an ExGaussian function. For example, the fast molecular response will be given

by
o t—tg t—to—o?/7y
t) oc A — - l+erf| —————+ 4.12
Sfast( ) X Ay eXp <27_]% T ) l +er ( \/50_ ) ( )

while the slow response will be given by

o t—tg t—ty—o?/7,
A — — 1 fl ———— 4.1
Selow(t) < As exp (27_2 - > [ +er ( oo : (4.13)

where A¢, 11, As, T, are the amplitudes and the relaxation time constants of the

fast and slow components, respectively. And, ¢y is the temporal offset of each
response, o is the Gaussian width obtained from the Gaussian function used for
fitting of the cross-correlation between the pump and probe beams. At the end, the
total molecular nonlinear response will be expressed by a summation of these two

ExGaussian functions, as seen in Fig. 4.9

According to the presented equations, and given that our Kerr medium here is a
liquid CS,, the data points of our temporal profiles should be ideally fitted with
the above-mentioned three functions; Gaussian for the cross-correlation, and two
ExGaussian functions, one for the fast molecular relaxation, while another for the
slow molecular relaxation. However, the decay tail associated with the slow molecular
relaxation of liquid CSs had a significantly small amplitude, overlapped with noise,
which turned their fitting cumbersome. Alternatively, fitting with weighted nonlinear
least square was tried out, and it could not resolve, though, the slow relaxation
contribution to the nonlinear response. This manifested itself in the form of obtaining
a large uncertainty in the slow relaxation decay constant. This might be caused as
a consequence of our relatively small gate peak pulse intensity (~ 1.33 GW /cm?),
which was not sufficient to induce detectable diffusive orientational motions; while it

was enough for provoking local molecular redistributions and/or density fluctuations,
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which manifest itself in the fast molecular nonlinear response on the scale of ~ 100-600
fs, as mentioned in Ref. [295]. Therefore, in the following data analysis, our temporal
profiles are fitted with a Gaussian function for the cross-correlation part, while an
ExGaussian function for the fast molecular response. So, the cross-correlation part
in Fig. 4.16 was fitted with a Gaussian function (red curve), which shows that its
FWHM = 172 + 2 fs that represents the electronic response. With an estimated gate
and probe width of ~ 90-100 fs, this result is reasonable. The exponential molecular
response modified by the Gaussian function (orange curve), was fitted with the
ExGaussian, which give an exponential decay constant 7 = 227 + 22 fs. As discussed
earlier, and as elaborated in Ref. [295], the molecular nonlinear response can be
classified into two types: fast which occurs within the time range ~ 100-600 fs, due
to local translational anisotropy, caused by molecular redistribution or microscopic
collision or density fluctuations; slow taking place within ~ 1.2-1.7 ps, due to diffusive
orientational motions. The slow molecular response does not occur in CS, vapor,
but it does in CSy liquid. The result shown in Fig. 4.17 that has an exponential
time decay 7 = 227 + 22 fs lies within the time range of the fast molecular responses.
Another measurement taken with 0.66 fs temporal stepsize, and with 1 s integration
time, but scanned over longer range, showed that the cross-correlation FWHM =
106 + 2 fs the exponential decay time 7 = 272 £ 13 fs, which also lies within the

range associated with molecular fast response, shown in Fig. 4.17.
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Figure 4.17: Temporal profile (envelope) of a Kerr signal trace (0.66 fs temporal
stepsize), with its fitting parameters of FWHM ~ 106 + 2 fs (red dashed curve)
for the cross-correlation, and with 7 = 272 + 13 fs for the fast molecular response
(orange dashed curve).

Other measurements were taken to verify the results, but at larger temporal stepsizes
and longer integration times, presented in Fig. 4.18. In Fig. 4.18 (a), the temporal

profile of Kerr signal was taken with 25 fs temporal stepsize and 20 s integration time.
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The cross-correlation FHWM ~ 130 + 9 fs, while the exponential decay constant
7 = 213 £+ 120 fs. This huge uncertainty arises because of the dominance of noise,
as lock-in amplifier was not used. In Fig. 4.18 (b), the temporal profile was taken
at finer temporal stepsize of 5 fs, but with 15 s integration time shows that the
cross-correlation FWHM ~ 129 + 7 fs, and the exponential decay constant 7 = 131
=+ 26 fs. This result has somewhat reasonable uncertainty, probably because of the

larger number of points, the temporal profile has, as compared to 4.18 (a).
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Figure 4.18: Temporal profile of Kerr-rotated signal with (a) 25 fs temporal stepsize
and 20 s integration time (FWHM ~ 130 + 9 fs, 7 = 213 £ 120 fs); (b) 5 fs temporal
stepsize and 15 s integration time (FWHM ~ 129 + 7 fs, 7 = 131 + 26 fs).

The Kerr-rotated probe signal is very small, hence its detection and collection can
be sometimes cumbersome. One of the technical challenges faced to collect the
Kerr signals, was that the Kerr signal time trace was prone to deformation, due to
any kind of instabilities of the optical setup. For example, when the transmitted
Kerr-rotated probe beam was split via the 50/50 beam splitter placed before the two
photodetectors, one detector can collect a good signal time trace, while the other
one collects a deformed trace, even though they are derived from the same probe
beam. An example of such a thing is provided in Fig. 4.19, in which the Kerr signal
time trace, whose filtered temporal profile is shown in Fig. 4.18 appears clearly and
symmetric when detected with a photodetector, connected to Chg on the TCSPC,
while it looks distorted (despite collecting more signal) when it was simultaneously
collected via the photodetector, connected to Ch; on the TCSPC. The potential
reason could be that each photodetector has its own lens, in order to focus the
beam signal onto the small active area of the detector. Since each lens is aligned
differently to maximize the number of counts readout by the TCSPC, if the probe
beam deviates slightly from the optical axis, the spherical surface of the detector’s
focusing lens can increase this deviation even further. Another reason could be that
one photodetector suffers from electrical noise, which distorts the Kerr signal time

trace, hence its temporal profile. Careful investigation of this issue will be needed.
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Figure 4.19: Difference between the same Kerr signal time trace (Fig. 4.18 (b))
collected simultaneously by two different photodetectors, one connected to Chg of
the TCSPC (a), and another connected to Ch; of the TCSPC (b).

Another technical difficulty associated with the detection of time traces of Kerr signals
relates to the fluctuation of the Taccor laser wavelength, and the aforementioned
fluctuation of the repeatability of the linear stage (delay line) stepsize. These two
sources of fluctuations can affect the detected time trace, where one can clearly see
that, when the Kerr time trace is undersampled. For example, Fig. 4.20 shows four
different time traces of the same Kerr signal, which were obtained by scanning the
pump beam across the probe beam over a delay line distance of 2 mm, with the
same integration time of 10 s, and the same temporal stepsize of 200 fs; yet, each
trace looks fundamentally different from others. This happens because of any small

wavelength deviation, and/or fluctuation in the stepsize repeatability.
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Figure 4.20: Variations of four time traces of the same Kerr signal, obtained with 10
s integration time, with 200 fs temporal timesteps, due to small deviation of the laser
wavelength, and/or fluctuation of the delay line accuracy, or stepsize repeatability.

4.3 Otical Kerr gate with single-mode fiber

4.3.1 Introduction

Optical fibers consist generally of a core made of glass with linear refractive index, nq,
surrounded by a cladding layer with linear refractive index, n., slightly lower than
the core’s index. Such type of optical fibers is often referred to as step-index fiber,
in order to distinguish it from another type of optical fibers, so-called graded-index
fiber. In graded-index fibers, the refractive index decreases gradually along the
radial direction from the center toward the core boundary [300]. There are two main
parameters by which optical fibers are characterized. The first parameter is the
relative core-cladding index difference A = n; — n./ny, and the second parameter
is so-called V-number, defined as V' = koa(n? — n?)"/2, where ko = 27/, a is the
core radius, and A is the wavelength of light. The V-number indicates the number of
modes that an optical fiber can support, and step-index fibers especially designed with
V' < 2.405, are considered single-mode fibers (SMF). The distinct difference between
single-mode and multi-mode fibers is that the core radius of multi-mode fibers is

relatively large ~ 25 um, as compared to single-mode fibers, whose core radius needs
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to be < 5 um, when A = 0.003. This particular feature of single-mode fibers is quite
beneficial for nonlinear optical applications, i.e., third-order x® nonlinear optical
processes, as high laser intensity can be attained using moderate laser powers. This
enables the usage of single-mode fibers in a wide range of applications that involve
optical Kerr effect, where optical Kerr gates, with single-mode fibers as Kerr media
can be utilized. For example, optical Kerr gates can be used for ultrafast all-optical
switches in telecommunication using quantum networks, for routing photons at high
speed [301], for optical switching of heralded single-photon sources [250], or for
quantum information processing [302, 303]. Optical Kerr switching has been also
used for carving out configurable ultrafast sub-picosecond pulses from continuous

wave lasers [304].

Single-mode fibers are made from fused silica that has low nonlinear refractive
index ny on the order of ~ 1072° m? /W, which is as such not adequate for clear
observation of nonlinear optical effects, in particular, third-order nonlinear optical
3 effects, unless high intensity lasers are used. Nonetheless, as mentioned before,
their small core radius allows for achieving high intensity utilizing modest laser power.
Furthermore, optical fibers have the advantage that they can acquire very large
lengths, which is not possible to achieve with typical bulky Kerr media thicknesses.
However, increasing the length of an optical fiber comes with the cost of dispersion,
which lowers the peak intensity of a pump laser beam, hence reducing its ability to

induce nonlinear effects.

Here, the results of a master thesis project are presented, in which an optical Kerr
gate was constructed with a commercial single-mode fiber as a Kerr medium, and a
fs laser pulses at 1 GHz repetition rate as the pump (gate), while the probe was a
CW laser. The aim of that project was to demonstrate the ability to obtain optical
Kerr signals at 1 GHz repetition rate and sub-picosecond temporal resolution, so that
when satisfactory results are obtained, single-mode fibers can be employed as the
main Kerr medium for gating ultrafast fluorescence signals. For more details about
this project, the reader is referred to the original master’s thesis in Ref. [305]. Since
there have been significant improvements to be achieved, section 4.3.4 is entirely
dedicated to proposing some procedures that should be taken into account, in order
to obtain highly transmitted Kerr signals of the probe beam that are consistent with

the theoretical expectations.

4.3.2 Setup configuration

The optical Kerr gate consists of a Kerr medium, which is a commercial 10-12 cm
single-mode fiber (SM600, 633-780 nm, Thorlabs) placed in between two crossed
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linear polarizers. The length of the SMF was chosen to be below the dispersion
length Lp to avoid dispersion of the pump beam. This Lp was calculated given the
parameters of the experiment and found to be 25 cm [305]. The pump beam was
derived from the 1 GHz repetition rate Taccor Tune fs laser at 750 nm, with a pulse
width of roughly 100 fs. The CW laser was a PicoQuant diode laser (PDL-800D) at
656.64 nm, and its output power was drastically reduced, such that only 1.7 mW
power was measured at the SMF output. Initially, it was planned to use a photodiode
detector connected to an oscilloscope for measuring the transmitted Kerr signals
of the probe (CW laser), but the signal was very weak, such that the photodiode
detector could not detect the transmitted probe signal. Instead, a spectrometer was
utilized for the detection of the transmitted Kerr signal. Similar to the experiment
that used CSy as a Kerr medium for the characterization of the OKG, the pump
and probe beams were counter-propagating, so that the detector is not saturated or
damaged, because of the high power of the pump beam. It is important to point
out that each type of detection scheme measures the transmitted Kerr signal of the
probe differently. For instance, the detection of the Kerr-rotated probe signals via a
photodiode detector provides information about the Kerr signal in the time-domain.
As the probe beam is initially a CW laser, and the two crossed polarized will have
some leakage - even without the presence of the pump beam - it is expected to
see a small flat noisy line on the oscilloscope display. Since both the leakage and
the transmitted Kerr signal were below the detection sensitivity threshold of the
photodiode detector, this scheme of detection did not work out. The second approach,
in which a spectrometer was used, relies on the fact that the Kerr rotation, induced
due to the high intensity of the pump pulse will lead to a spectral broadening of
the spectrum of the probe beam - CW laser in this case. Given that the spectrum
used for detection was highly sensitive (QE Pro, Ocean Optics), it was possible to
detect the transmitted Kerr-rotated in the frequency-domain following this detection
scheme, where a bandpass filter was placed in front of the spectrometer to allow only
the CW probe laser to be detected. A scheme of the experimental configuration of

this setup is provided in Fig. 4.21.
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Figure 4.21: A scheme of an OKG using single-mode fiber, where the probe is a CW
laser, and the pump is fs laser [305].

4.3.3 Experimental results and discussion

It is always crucial before measurement of transmitted Kerr signal in any OKG
experiment that aims ultimately at detecting very weak signals, such as fluorescence
to measure initially the self-phase modulation. This is because the high intensity of
the pump beam can experience self-spectral-broadening that could partially overlap
with the spectral profile of the probe beam - fluorescence emission in this case -
thereby reducing the detection S/N ratio, or in the worst case scenario to obscure
the probe signal completely. That is why the results concerning SPM are firstly

introduced, following that the Kerr-rotated probe signals are presented.

To investigate the SPM, owing to the high intensity of the pump beam, the CW
laser was blocked, and only the pump beam was allowed to propagate down the
SMF at 11, 65, 150, 250 mW, respectively. These power values were measured at
the output of the SMF, where the coupling efficiency between the input and output
pump powers were nearly 50%. The results of SPM are shown in Fig. 4.22. As
seen in the figure, the pump laser spectrum was independently measured - before
coupling it into the SMF - and fitted with Gaussian function to determine its initial
FWHM, which was found to be 13.46 nm. Then, the laser was coupled into the SMF
at powers formerly mentioned (indicated in the inset of Fig. 4.22 as well) and their

spectra were measured and fitted in a similar manner.

151



—— Laser(before coupling)
— 11 mW
1.0+ = ——65mwW
- — 150 mW
—— 250 mW
-~ Laser (Gaussian Fit)
11 mW (Gaussian Fit)
— 65 mW (Gaussian Fit)
——— 150 mW (Gaussian Fit)
250 mW (Gaussian Fit)

0.84

m
o
o

1

Intensity (mW)
o
&
1

0.24

Wavelength (nm)

Figure 4.22: SPM of normalized spectral profiles of the pump laser, at different laser
powers, fitted with Gaussian function [305].

The FWHM values obtained from the fitting were 13.58, 13.89, 14.72, 14.90 nm,
corresponding to pump laser power of 11, 65, 150, 250 mW, respectively. This
result shows a consistent trend, where the FWHM of the laser spectral profile was

increasing, as a result of the increase of the laser power, as anticipated.

Following the characterization of the SPM of the pump laser into the SMF, the probe
beam (CW laser) was unblocked, where its spectral profile was initially obtained
while the pump laser was blocked. Then, both beams were allowed to propagate in
a counter-direction, as indicated before, for the OKG measurements. Here the set
of pump laser powers were 25, 100, 180, 250 mW, respectively. Again, the coupling
efficiency achieved was nearly 50%. The OKG results are shown in Fig. 4.23.
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Figure 4.23: Spectral profiles of the transmitted probe signal at the output of SMF
at different pump powers [305].

Without the presence of the intense pump beam, the CW laser will be transmitted
through the SMF, and only a small portion of it will be leaking through the second

polarizer (often called analyzer), as the two crossed polarizers are not perfect. When
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the pump beam is allowed to propagate down the SMF, due to Kerr rotation of
the probe beam, it is anticipated that the leaked CW laser signal going through
the analyzer will be increased, thus both the amplitude and spectral width of the
spectrum will be higher, where this increase is directly proportional to the pump
beam power. Nonetheless, it is evident from Fig. 4.23, that the data do not follow
the expected trend. For example, the CW spectral profile measured at 100 mW pump
laser power has similar amplitude and spectral width of the CW laser spectrum
without the pump beam. Further, the spectrum of the CW probe laser detected at
the presence of 25 mW pump laser power has smaller amplitude and bandwidth than
the CW laser spectrum without coupling the pump laser. However, the spectra of
the probe taken at 180 mW and 250 mW follow the anticipated trend, whereas their
amplitude and spectral width increase with the increase of the pump laser powers.
This obviously indicates that there are other physical mechanisms that play a role,

leading to different output signals from expected.

Here, the absurd finding will be discussed, while in the next subsection some further
improvements would be proposed for attaining more consistent results in the future.
First of all, it is well-known that silica from which the SMF is made exhibits
ultrafast Kerr response at sub-ps time scale. This is because only electron cloud
distortion is the main respondent to the oscillation caused by the electric field of the
fs laser. This indicates that the data collection must be adequately fast to harness
the fast signal, especially in the case where the probe beam is CW laser. In fact,
in traditional OKG experiments, in which pulsed laser sources are used as pump
and probe, this is not a critical issue, since the OKG signal is collected when both
pulses are temporally overlapped. In contrast, when the probe beam is a CW laser,
similar to this experiment discussed here, the probe beam can detect other nonlinear
effects that occur on relatively longer time scales, e.g., thermal lensing due to heat
accumulation. Although thermal lensing effects in optical fibers are neither rarely
reported, nor fully understood [306], it is still possible that the 1 GHz repetition rate
laser used as a pump helps in accumulating heat into the SMF, which in turn creates
a thermal lens. Typically, thermal lens acts as a self-defocusing lens that drastically

reduces the intensity of the pump, giving rise to inconsistent results.

4.3.4 Practical considerations for enhanced Kerr signal

Over the course of this experiment, there had been other issues besides the potential
effect of long response time effects, e.g., thermal nonlinearity caused by heat accumu-
lation. Addressing those issues is of paramount importance for attaining consistent

OKG signals. For example, the pump (gate) beam coupling efficiency in the SMF
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was roughly 50%, this does not enable investigating OKE and polarization rotation of
the probe beam effectively, as the detection of a reasonably transmitted Kerr signal
demands using as high as possible intense pump laser beams. Therefore, increasing
the coupling efficiency for the pump (gate) beam can in principle enable obtaining
higher transmitted probe signals. It was noticed throughout this experiment, that
the pump beam profile at the output of the SMF was not Gaussian, and it was
rather like a stretched oval. For optimal detection of Kerr-rotated probe signals,
both the pump and probe beam must be spatially overlapped. This can be achieved
if both beams share a similar spatial intensity profile, e.g., Gaussian profile, that are
well-overlapped into the SMF. Thus, adjusting the pump beam spatial profile, as
well as checking out the spatial overlap can result in better detection of probe signals.
The relatively small coupling efficiency also influenced the CW probe laser power
getting into the SMF. As previously mentioned, the CW probe power measured at
the fiber output was 1.7 mW, which is relatively small power. As known, the OKG
efficiency is determined as the ratio between the Kerr-rotated probe power and the
input probe power. This implies that increasing the input probe power should lead
to increasing the output power, detected due to the Kerr effect. Considering that the
CW laser used as a probe was unpolarized before going through the first polarizer,
almost 50% of its power was already lost after passing through that polarizer. Hence,
it is also possible in this experiment to increase the input CW laser power, without
even enhancing the coupling efficiency into the SMF via replacing the probe with
another linearly polarized CW laser, which would not experience the same power
loss, as a result of passing through the first polarizer. Needless to say, that the input
probe power must be reasonably increased and must be kept sufficiently smaller than
the pump power, otherwise, the probe beam can induce undesirable nonlinear effects
on its own, which must be absolutely avoided. Another issue in this experiment
was the small extinction ratio of the two polarizers. As well-known, the two crossed
polarizers in any OKG experiment are playing an essential role, for detecting OKG
probe signals, with high S/N ratio. This is the case, when the two polarizers possess a
very high extinction ratio, which was not fully achieved, where the extinction ratio of
the two crossed polarizers was relatively small. Replacing the two crossed polarizers,
with a pair of polarizers having much higher extinction ratio, e.g., Glan-Taylor, or
Glan-Thomson polarizers, will definitely lead to enhanced S/N ratio. Provided that
the silica of the SMF has ultrafast response time, and that other nonlinear effects,
i.e., thermal nonlinearity occur over longer time scales; it is vital to ensure that
the OKG signal is rapidly harnessed, in order to avoid the influence from other
competing effects. This, in principle, can be attained via lock-in amplifier detection,
which also effectively serves for dramatically reducing the noise during detection,

hence enhancing the S/N ratio. Unfortunately, lock-in amplifiers were not involved
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in this experiment, which if it were included, would have enabled the detection of
Kerr-rotated signals with unambiguous, conclusive results. For example, the usage
of lock-in amplifier detection technique was instrumental in the work of Ref. [307] to
unambiguously discriminate between the SPM caused by the pump intensity, the
cross-phase modulation (OKG probe signal), background signal, and CW probe beam
signal leakthrough - owing to imperfect polarizers. The latter was a fundamental
issue, whereas their SMF experienced fluctuations of the leakthrough probe signals,
which was attributed to a varying strain occurring in the SMF, caused by air currents

and other vibrations in the vicinity of the fiber.

We have seen that achieving reasonable optical Kerr signals requires high-quality
polarizers with very high extinction ratios. Characterization of the home-built OKG
setup using a standard medium such as CS, revealed both the capabilities and the
limitations of the system. Although CS, is a liquid and typically exhibits a slow
decay tail in the temporal Kerr response in standard OKG experiments, the results

presented above show that CS, behaved as if it were a vapor—despite not being one.

One possible explanation is that the slow component is buried under noise originating
from electronic noise in the SPADs and TCSPC modules, stray light reaching the
detector, and leakage of the probe beam due to insufficient extinction ratio. Therefore,
polarizers with a higher extinction ratio must be used to minimize probe-beam leakage,
and a lock-in amplifier should be employed to greatly suppress other types of noise.
This could enhance the visibility of the slow decay tail, and provides even better

visibility of the fas molecular response.

Another explanation is related to the small pulse-peak intensity used to induce the
Kerr effect. Because the electrons in CS, are light, even modest peak intensities
are sufficient to drive electronic oscillations, contributing to the nonlinear response.
However, nuclei are much heavier, and it is possible that the gate-pulse peak intensity
used here was insufficient to trigger the slower diffusive orientational motions that
normally appear as slow Kerr components. It is worth noting that standard OKG
experiments typically use much higher pulse-peak intensities. In this regard, the
results presented here may be of interest, as they suggest that liquid CSs under weak

or modest peak intensities may mimic the Kerr response of its vapor phase.

For conclusive verification, a similar OKG experiment could be performed using an-
other femtosecond laser capable of much higher pulse-peak intensities, which can then
be gradually reduced to values comparable to those used in this work. Conducting
this experiment at a different repetition rate and/or wavelength poses no limitation,
as the primary focus is on the effect of pulse-peak intensity on the Kerr-response
dynamics. The anticipated outcome would be that at sufficiently high intensities,

liquid CS, will exhibit the well-known three nonlinear components—ultrafast elec-
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tronic, fast molecular, and slow molecular responses—as reported in the literature.
As the peak intensity is reduced toward the level of the Taccor fs laser used here,
the slow component should disappear, leaving only the ultrafast electronic and fast

molecular responses, provided that our interpretation is correct.

For the OKG experiment performed in a single-mode fiber using a CW laser, we
recommend increasing the coupling efficiency of the laser into the fiber and using
a linearly polarized probe beam together with polarizers of higher extinction ratio.
Additionally, the use of a lock-in amplifier is strongly advised to enable unambiguous
detection of the OKG signal.
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Chapter 5

Bismuth oxide-containing glass as a

Kerr medium

5.1 Introduction

Many photonic innovations rely on nonlinear optical properties, especially for infor-
mation technology. Significant research has focused on the nonlinear optical behavior
of glasses, with an aim to harness their capability and potential of applications.
The main driving force behind this interest has been the development of pulsed
lasers and optical fibers. Materials with high third-order polarization can be used
for applications such as supercontinuum generation and all-optical switches, and so
on. The goal in those applications is to attain high nonlinearity with fast response.
In contrast to crystals that are responsible for achieving second-order nonlinear
effects, e.g. SHG, THG and so forth, glasses are amorphous materials which lack
long-range order and therefore exhibit inversion symmetry on average, which for-
bids second-order nonlinear processes. With the advent of high-power lasers, the
nonlinear optical properties of glass have caught even more interest, because of the
interesting nonlinear optical phenomena that require high intense laser power. For
instance, the Kerr effect (third-order nonlinearity) is responsible for the phenomenon
of self-focusing, due to the formation of a light-induced lens, which can eventually,
in extreme cases, lead to the destruction of the optical component it is propagating
through. Moreover, such an effect can result in distortion of the wavefront of the
laser beam [308]. Starting from the last decade in the twentieth century, there has
been an ever increasing interest in three particular types of optical glasses; these
are oxide glasses, chalcogenide glasses and halide glasses [267]. Particular interest
has been devoted to the oxide and chalcogenide glass families, owing to their optical

transparency in the near-infrared [309, 310], and high optical nonlinearity [311, 312,
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313, 314]. Oxide-containing glass, in particular bismuth-borosilicate glass (BBS)
was chosen as the Kerr medium for the optical Kerr gate experiments. This is due
to its high nonlinear refraction index ns, relative feasibility of fabrication, as well
as its transparency in the visible and near-IR wavelength range, which suits the
emission wavelengths from our light sources. Additionally, unlike liquid CS,, BBS
glass enables obtaining an instrument response function at sub-ps timescale. This
is because only bound electrons are the ones that respond to an external applied

electric field of the laser beam.

In the following section, the glass structure will be presented and the sample prepara-
tion recipe will be introduced. Afterwards, section 5.3, will be devoted to discussing
the third-order nonlinearity of glass in general, with special emphasis on two-photon
absorption, self-phase modulation and Kerr effect in BBS glass, respectively. In the
same section, the results of the carried out measurements related to those nonlinear

optical phenomena will be presented and discussed.

5.2 Glass structure and sample preparation

The fundamental constituents of the bismuth borate glass family are composed of
bismuth oxide (BizO3) and boric oxide (B2O3). Boric oxide, B2Og3, in particular, is
one of the vital glass formers, where a melt with a high composition of BoO3 has
high viscosity and tendency to form glass [315]. It also exhibits interesting linear
and nonlinear optical properties in its crystalline form. The structural units that the
boron atom forms are usually [BO3]*>~ and [BO4J°~ by coordinating with three or
four oxygen atoms, respectively. These two structural units can also be combined to
form different B, O, structural groups. In amorphous environments, i.e., glass, the
calculations show that the anionic group [BiO4]°~ is thought to strongly influence
the linear refractive index. Addition of BoO3 to the bismuth oxide Bi,O3 enables the
tunability of the optical properties of glass over a wide spectral range, depending
upon the composition of these two components. It was shown that the content of
Bi;O3 in bismuth borate glass strongly affects the linear refractive index and the UV
absorption edge. As the bismuth oxide content increases, the absorption edge shifts
to longer wavelength, and the linear refractive index increases. The bismuth-borate
glasses are often prepared by melting the glass raw ingredients into a crucible made
of platinum (Pt), or aluminum oxide (AlyO3) at elevated temperatures. Afterwards,
the melt is poured onto a plate, then annealed for some time before polishing to get
the desired thickness. For instance, Sugimoto et al. [51], prepared bismuth-borate
glass by mixing the Bi;O3 and B,O3 with other ingredients, such as SiOg, TiOo,
Li;CO3, NayCO3, CeOq, and BaCOj3. Generally, the extra additives serve certain
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purposes, i.e., enhance the thermal stability or increase the mechanical durability,
or as network modifier for the glass. For example, CeO, is specifically added to the
bismuth-borate glass in order to suppress the precipitation of Bi metal under melting.
The mixture of the raw ingredients is generally melted in a crucible, and placed in
a furnace in air at elevated temperature for a certain duration. The melt is then
poured onto plates for annealing, and subsequently cut at the desired thickness, and

polished for obtaining smooth surface.

The bismuth-borosilicate glass prepared for our optical Kerr gate experiments is
a ternary system composed essentially of BisO3-B203-SiOy (BBS), in addition to
CeOs for the aforementioned purpose of using CeO, component. For our optical
Kerr gate experiments, two BBS glass samples were prepared with the following
composition: BiO3 (60 mol.%), B2O3 (20 mol.%), SiOz (20 mol.%), but we did not
add CeO, to our composition. The mol.% denotes the number of moles percentages
relative to other ingredients’ moles. This composition was based on a study about the
third-order nonlinear optical properties of BBS samples reported in Ref. [52]. Besides
the exclusion of CeQOs, the glass formation conditions were deliberately altered as
opposed to those of Ref. [52] to minimize coloration of glass. Our raw ingredients
were melted in an Al,O3 crucible at 950 °C for 20 mins. Then, the melt was poured
into a graphite mold at room temperature, before annealing it at 395 °C for 1 hr
and cooled slowly down to room temperature at a rate of ~ 1 °C/min. Afterwards,
each glass sample of the two was cut to have a 3 mm thickness, and polished to 1
pm. Fig. 5.1 shows an image of one of the two BBS glass specimens, mounted into a

lens holder.

Figure 5.1: Image of a 3 mm thick BBS glass specimen.

In spite of the external polishing of the BBS glass specimens, one can note in Fig.
5.1 though, that the glass is not internally uniformly cooled down. This, in fact,
introduces considerable thickness variations across the specimen area. In turn, such

variations influence the light transmission percentage, as well as the nonlinear optical
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signal amplitude, which are both thickness-dependent quantities.

Bismuth-containing glasses are transparent in the near-IR spectral region, with
roughly 80% transmission in this spectral range. However, this transmission dras-
tically drops below 500 nm, as indicated in Fig. 5.2. The glass composition, in
particular, the Bi content in the glass specimen plays a significant role, because
the less Bi the glass sample contains, the more its transmission spectrum is shifted

toward the UV spectral region, and less polarizability it acquires.
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Figure 5.2: Transmission spectrum of BBS glass of different Bi compositions. BI-3
has the least Bi composition, and BI-7 has the highest Bi compositions [52].

To check the linear absorption and transmission of our BBS samples, we measured the
absorbance of one of the identical two glass specimens, using a commercial UV-Vis-IR
spectrophotometer (Perkin Elmer Inc.), that has different lamps as light source able
for covering a spectral range from A = 320-2500 nm. Then, the absorbance data

were converted into transmission measurements, shown in Fig. 5.3.
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Figure 5.3: Transmission ratio of BBS glass specimen measured via a commercial
spectrophotometer, from 350 nm to 2500 nm.
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As we can see, within the wavelength range of interest for the OKG experiment,
namely 760-820 nm, the transmission ratio is ~ 69-70%. Further measurements were
done using a CW laser (PicoQuant) at 656 nm, and a pulsed laser (Taccor tune,
Novanta) at 820 nm showed that the transmission ratio is 76-78% at 656 nm, and
75-77% at 820 nm. This implies that the BBS glass absorbs roughly 22-24% of the
incident light at 656 nm, while it absorbs nearly 23-25% of the incident light at 820
nm. In comparison to graphene, whose single-layer has an absorption of ~ 2.3%,
the absorption ratio of BBS glass is approximately similar to 10 layers of graphene

sample.

5.3 Third-order nonlinearity in glass

The physical quantity that expresses third-order nonlinear optical processes is the
third-order nonlinear optical susceptibility x®. Estimating this quantity for a
certain material, e.g., glass enables proper assessment of that material, in order to
determine its suitability for a particular application. Third harmonic generation
(THG) measurements have been used to estimate the value of x®. For example,
in the work presented in Ref. [52] a 6 ns pump laser at 1900 nm wavelength with
near 50 MW /cm? peak power density was used for THG measurements, and used

the following formula to estimate the y©®) value,

n+ 1N (L NP g e
W= (B () et 61

N + 1 [3w,s
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where [, is the coherence length over which both w and 3w are in phase with each
other, when they are propagating through the bismuth-containing glass, [, is the
coherence length for fused silica. Both I3, and I3, ¢ are the measured peak intensity
of bismuth-containing glass, and fused silica, respectively. The values of n is for
Bi-glass while ny is for fused silica (ns = 1.46 at 633 nm), and x(® is the third-order
susceptibility of fused silica. Substituting the corresponding values in the above
formula, gives ¥ = 9.3 x 10712 esu (1.30 x107"m?/V?) for the Bi-glass. Reported
x® values of oxide glass was 3.7 x 1072 esu (5.18 x 1072°m?/V?) [316] and 1.4 x
107" esu (1.96 x 107" m?/V?) for chalcogenide glass [317].

To understand the origin of the high third-order nonlinear optical susceptibility (%)
and its associated third-order polarization, it is important to consider the molar

refractions of materials, described by Lorenz-Lorentz equation:

n?—1\ M 4n
——— | — = —Nxa=|R 2
<n2 2) P 3 AQ [ ]> (5 )

where [R] is the molar refraction of cm?®/mole unit, n refractive index, p is the density,
M is the molecular weight, N, is Avogadro’s constant, and « is the polarizability of a
molecule. The molar refraction is the measure of the total polarizability of a mole of
a substance. For a single molecule, akin to single dielectric, the molar refractivity R
is proportional to the polarizability of that single molecule. Real materials, though,
are affected by nearby molecules. This is because the induced dipole moment of one
molecule affects the field felt by other neighbouring molecules, and here comes the
density of molecules into play [318, 319]. Since the third-order polarization depends
on the polarizability « of a molecule, larger polarizability leads to larger [R], hence
larger third-order nonlinear optical susceptibility x® of a molecule. The number
of molecules in the unit volume, i.e., the molar concentration must be taken into
account for bulk materials, because third-order nonlinear optical properties depend

on it. The molar concentration of materials is given by

where M, is the molar concentration. According to this relationship and Lorenz-
Lorentz equation, the third optical nonlinearity depends on the product of [R] and
M.. Usually BiyOs-containing glasses have larger [R] than chalcogenide glass and
SiOs glass. Although the average molecular weight of Bi;O3 glasses are larger, hence
M, are smaller, the product of [R]M, is still bigger in BiyOz-containing glasses,
because of large [R] values, which is why they have higher nonlinearity than both

chalcogenide and SiO, glasses.
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5.3.1 Two-photon absorption of bismuth-borosilicate glass

Linear absorption can take place, whenever the light frequency used for excitation
is at- or near-resonance with real excited states. In a transparent spectral region
far from resonance, two photons can be simultaneously absorbed if high photon
density is available, a condition often fulfilled at the focal volume of the laser beam.
For consideration of nonlinear optical absorption like two-photon absorption (TPA),
the imaginary part of the x® will be included. Hasegawa et al. [320] used Z-
scan technique for measuring the nonlinear two-photon absorption coefficient for
a bismuth-containing glass (Bi;O3 65.5 mol.%), and reported a value of § = 0.8
cm/GW at 769 nm. Also, Zhang et al. [321] used the same technique for a ternary
system of high content Bi;O3, encompassing BisO3-B203-WO3 (BBW) and reported
a range of f = 0.254-0.345 cm/GW for a series of BBW samples of different WO3
compositions. The higher value of g corresponds to a higher content of WOj3, while

the lower value is for the lowest WOj3 content in the glass samples.

There are mainly a couple of reasons of why TPA is important to consider, one,
because the high intensity of the laser becomes less effective when this intensity
leads to nonlinear absorption, which reduces the intensity required for inducing a
modification of refractive index, An, where An = nsl as pointed out in chapter 3.
Second, nonlinear absorption, e.g., two-photon absorption besides linear absorption of
a material (i.e., glass) can be a considerable issue, when high repetition rate lasers are
used. This is because, even with small absorption coefficients (linear and nonlinear),
heat can be readily accumulated into the medium, resulting in the so-called thermal
lensing effect. In this case, the accumulated heat will act as a negative lens (diverging
lens), opposing, or sometimes canceling the intensity-dependent self-focusing, caused
by Kerr effect, as well as the focusing of the laser intensity into the focal volume.
This poses a limitation for any intensity-dependent nonlinear optical phenomena,
e.g., optical Kerr gate, often used in applications like optical switching. Given that
the fs laser (Taccor Tune, 1 GHz repetition rate) used in this dissertation’s work
has more than one order of magnitude repetition rate higher than most of other

commercial solid-state lasers, it is pivotal to investigate the existence of TPA.

The investigation of possible existence of TPA in any nonlinear medium is typically
performed by measuring the TPA directly at the wavelength of interest. There are
few techniques that measure TPA, usually in tandem with the ability to also measure
n2 of that material. The most common technique often used for such characterization
is Z-scan technique. In our case, direct measurement of ny, TPA characterized by
B, or both was not possible, for the following reasons: First, applying the Z-scan

technique necessitates building a new setup, and there is no adequate space on the
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optical table for it; Second, Z-scan technique needs a higher intense laser beam, much
higher than we can obtain from the Taccor fs laser. Alternatively, the investigation
of possible existence of TPA would be limited to only estimating whether or not, it
is possible for TPA to exist. This can be done by estimating the optical bandgap of
the Kerr medium, which in this case is the BBS glass, and checking if this bandgap
matches half of the wavelength of the laser used, hence double its photon energy.
In other words, through the determination of optical bandgap of the BBS glass,
one can infer if two photons of the laser can excite the electrons from the ground
state to the excited state, provided that this bandgap matches the energy of these
two photons. Tauc plot is a standard method, by which the optical bandgaps of
amorphous materials can be estimated. It was developed by Jan Tauc [322, 323], it is
based on measuring the linear light absorption, or transmission and from the data to
get a curve, whose X-axis is the photon energy hv in eV, while its Y-axis is (ahv)",
where n = 2 for optically allowed direct bandgap, while n = % for optically allowed
indirect bandgap, which suits our case. From this curve, the optical bandgap can be
estimated via linear fitting of the leading edge of this absorption curve, named after
Tauc, and from the interception of the straight line fitting with the X-axis, one can
determine the optical bandgap of a certain material. This method has been applied
to several materials, including glasses for the same goal. For example, Gao et al.
[324] used the Tauc plot method to determine the optical bandgap of BBS glass
samples, each of which has different Bi;O3 content into each sample, as illustrated
in Fig. 5.4.
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Figure 5.4: Optical bandgap E, values of four samples, with different Bi content: (a)
60Bi, (b) 55Bi, (c¢) 50Bi, 45Bi samples [324].
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One can note from Fig. 5.4, that increasing the Bi;O3 content into a BBS glass
sample leads to decreasing the value of its optical bandgap F,. Following the same
method with our BBS glass samples, the measured light absorbance data have been
converted into transmittance data via the relationship A = —log(7T), where A is
the absorbance and T is the transmittance. Then from the transmittance data the
absorption coefficient « as a function of the photon energy, F, is obtained by using
the Bouguer-Lambert-Beer absorption law «a(E) = +1/dIn(1/T'), where d is the
glass thickness [325]. Afterwards, a Tauc plot of the data has been constructed, as
seen in Fig. 5.5. Note that between approximately 3.09 eV and 3.54 eV, there is
a dip in the Tauc plot, which corresponds to the wavelength range 350-400 nm. If
we plot this section from the transmission curve, presented in Fig. 5.5, within that
spectral range, we shall find that there is a small peak in this spectral range. This
dip arises from this transmittance peak, whereas this small peak is amplified because
of the logarithmic equation of a(FE'), which manifests itself eventually in a large dip
within its corresponding photon energy range. Fitting the leading edge of the Tauc
plot, with a straight line that intercepts the photon energy axis, as indicated in Fig.
5.6, shows that the optical bandgap of our BBS sample is E, = 2.93 eV, which is
slightly lower than the reported E, = 3.02 €V in Fig. 5.4, in the work of Ref. [324],

whose sample contains 60 mol.% of BiyO3 like ours.
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Figure 5.5: Tauc plot of BBS glass sample. The dip observed between 3.09 eV (400
nm) and 3.54 eV (350 nm) is an amplified and reversed transmission peak within this
wavelength range, see the inset, as a result of the logarithmic absorption law (ag).
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Figure 5.6: Linear fitting of the Tauc plot of the BBS glass sample that contains
60 mol.% BiyO3. This linear fit interception point with X-axis shows that our BBS
glass has £, = 2.93 eV.

Since most of the optical Kerr gate measurements—where the pump (gate) and probe
beams were counter-propagating—were performed at A = 820 nm, with a spectral
bandwidth of 15 nm, the effective operating wavelength range was approximately
812.5-827.5 nm. As discussed earlier in Chapter 4, this wavelength was chosen
because the dichroic mirror exhibits high reflectivity in this range. For two-photon
absorption (TPA) to occur, two photons within 812.5-827.5 nm must be absorbed
simultaneously. This corresponds to an effective wavelength range of 406.25-413.75

nm (half the operational wavelength range).

Although the measured optical bandgap of our BBS glass specimen is F, = 2.93 eV,
corresponding to A\, = 422.86 nm-—which lies outside the 406.25-413.75 nm range
required for TPA—one cannot entirely rule out the possibility of TPA. There are

two main reasons for this.

First, in an ideal glass the intrinsic bandgap is typically at much higher energies
(deep UV), but real glasses always contain trace impurities at the ppm level. These
impurities introduce strong charge-transfer absorption bands at significantly lower
energies (visible or near-IR), thereby shifting the apparent absorption edge [326].
As a result, a Tauc plot often reflects impurity-induced absorption, not the true
intrinsic bandgap of the glass. This makes the experimentally extracted A\, potentially

underestimated.

Second, uncertainties in the Bi;O3 content (nominally 60%) and errors in the mea-
sured absorbance spectrum were not included, both of which could shift the apparent

bandgap. For instance, the BBS glass reported in Ref. [324], which contains the same
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BiyO3 percentage as our sample, exhibits a slightly larger bandgap of E, = 3.02 eV
(corresponding to Ay = 410.54 nm). This value already lies within the 406.25-413.75

nm range where TPA would be possible.

Therefore, small fluctuations in BiysO3 concentration or measurement uncertainties
from the commercial spectrometer used for absorbance characterization can easily
shift A\, into the 406.25-413.75 nm window. For these reasons, the occurrence of

TPA in our BBS glass sample cannot be completely excluded.

5.3.2 Self-phase modulation of bismuth-borosilicate glass

Self-phase modulation is one of the intensity-dependent refractive index phenomena
and responsible for the spectral broadening of a high intense laser beam, as discussed
earlier in chapter 3. It typically requires high-peak-power lasers to be noticeable,
and is usually observed in glass in the form of an optical fiber [320], where optical
fibers can provide the adequate length for scaling-up the effect. Investigating SPM
is of paramount importance for the application of optical Kerr gates for ultrafast
single-photon emitters detection. It is well-known that single photons carry feeble
amounts of energy, which render their detection very challenging. For example, a
single-photon at 738 nm (SiV fluorescence emission line) carries ~ 0.27 attojoules.
The nonlinear phase shift in optical Kerr gates is induced by a very high intensity
pump (gate) laser beam, which often has a different wavelength from the one that
belongs to the single-photons. Even if the pump (gate) beam propagates at slightly
different angle than the probe beam in the Kerr medium, there will be significant light
residual at the pump beam wavelength that gets into the optical path of the probe
beam, thus spectral filtrating will be required for the detection of the fluorescence
single-photon signal. Regardless of how perfect a spectral filter is, and how far the
pump wavelength is selected from the single-photons wavelength, SPM when it is
strong can lead to spectral broadening of the pump (gate) wavelength, in spectral
regions overlapping with the fluorescence wavelength. That is why in designing a
confocal fluorescence microscope that incorporates an optical Kerr gate into it, it is
crucial to characterize the potential SPM to avoid unwanted noise that can likely
obscure the fluorescence signal of interest. As presented in chapter 3, a formulation
of SPM under focusing has been developed, which enables us to simulate the effect.

Moreover, SPM has been investigated in BBS glass experimentally.

The experimental procedure to measure SPM is rather simple, and to do so the
Taccor fs laser spectrum was measured without initially the BBS glass at 820 nm.
Then, the BBS glass was placed in the optical path of the fs laser, and then the

laser spectrum was measured again for comparison. The laser beam used for SPM
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measurements is the gate beam, which has a peak pulse intensity of &~ 1.33 GW /cm?,
and 30 ym beam diameter, similar to the gate beam parameters presented before
for CS,. For reliable data and to account for the fs laser fluctuations, each set of
spectra was measured 10 times with and without the BBS glass, where the data
corresponding to the case of with/without BBS glass were averaged for comparison.
Needless to say, such gate peak pulse intensity is capable of saturating, or even worse,
damaging the spectrometer. Therefore, a neutral density filter, along with a spectral
filter must be placed in front of the fiber collimator that collects the signal and sends
it to the spectrometer. As seen in Fig. 5.7, the measured spectra of Taccor laser
after placing the BBS glass exhibits a subtle spectral broadening, due to SPM. The
FWHM of the laser spectrum after passing through the BBS glass is 13.3 4+ 0.05 nm,
while the FWHM of the laser spectrum alone is 13.1 £+ 0.03 nm.

10 a) A —— Laser Spect. w/o BBS 1.0 b) — Initial Spect. BBS
Y — Laser Spect. w/. BBS —— SPM spect.
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Figure 5.7: SPM of BBS glass. (a) Experimental measurement, (b) Simulation using
gate laser at wavelength 820 nm, pulse duration ~ 100 fs, beam spot diameter 30
pm, and pulse peak intensity ~ 1.33 GW /cm?, ng = 2.45, pulse energy 1 nJ, ny =
1.6 x 107! m?/W, for a thickness of 3 mm.

5.3.3 Kerr effect in glass

The optical Kerr effect has been studied extensively in glass. The nonlinear refractive
index change stems from different phenomena, each of which has its origin, as well
as its time response. These phenomena can be of thermal, electrostrictive, nuclear,

and electronic origin,

Ny = nglectronic + nr21uc1ear + nglectrostrictive + nghermal. (54)

The origin of electronic and nuclear response comes from the oscillation of the
electron cloud, or vibration of the nucleus. Both can contribute simultaneously, or
separately. In more detail, the electronic response results from the spontaneous
nonlinear distortion of the distribution of electrons around the nucleus. The nuclear

response is often slower, and is caused by optical-field-induced nuclear motion [327].
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Hellwarth et al. [328] estimated that the nuclear contribution to the total nonlinear
response of a fused quartz is approximately 19-24 %. Despite Raman spectra of most
glasses indicating large nuclear polarizabilities, there has been no conclusive evidence
for a nuclear contribution in glass. However, Kang et al. [329] showed that only
some glasses, e.g., sulfide-containing or heavy-metal oxide glasses have significant
nuclear contribution up to 36 % of the total nonlinear response. Speaking about the
time response of each contribution, the pure electronic cloud distortion contribution,
far from resonance, is the fastest, with characteristic time below 1 fs. The nuclear
contribution to x®) arises from the redistribution of the position of nuclei within the
excitation period. This redistribution is much slower than the electronic response,
it is on the order of a few hundred femtoseconds to a few picoseconds. As a result,
the nuclear time response will be considerably correlated to the laser pulse duration.
The electrostrictive contribution is related to the material density change when it
experiences an electric field, and its time response is often of the order of tens of
nanoseconds, like acoustic waves in materials. The thermal response arises owing
to the electric field absorption by the material, and dissipating it in the form of
heat. Among other contributions, this can be considered the slowest in terms of time

response, and it is of the order of tens of microseconds.

The nonlinear optical properties of BBS glass using a degenerate optical Kerr gate
of a 30 fs laser at 800 nm and 1 kHz repetition rate was studied by Lin et al. [330],
and the nonlinear refractive index was estimated to be ny = 1.6 x 107'* cm?/W.
Moreover, nonlinear response time of BBS glass was measured and found to be <
90 fs, significantly shorter than CS,. The work reported in Ref. [52] conducted
an investigation of BBS glass, using degenerate four-wave mixing (DFWM) with a
200 fs laser at 810 nm and 200 kHz repetition rate, and found that the ultrafast
response time is < 200 fs. This result is in excellent agreement with an earlier
work from the same research group [51]. This research group also constructed an
optical Kerr gate [259] with BBS glass as the Kerr medium, for demonstrating optical
switching using a 1.5 THz gate beam. The response time of the OKG switching
was reported to be < 150 fs. BBS glass as Kerr medium was used in an optical
Kerr gate (nondegenerate) in the work of Tan et al. [242] for gating the spectra
from a chirped supercontinuum generated beam from a sapphire plate. The ultrafast
response time of BBS glass, reported as < 85 fs, showed that it offers better time
resolution than CS,. Although the optical Kerr gate (also called optical Kerr shutter)
arises fundamentally from a photoinduced birefringence in the Kerr medium, in
degenerate optical Kerr gate experiments, it is possible that a self-diffraction of
the pump (gate) and the probe beams. This self-diffraction takes place, due to the
formation of the so-called laser-induced transient grating (LITG), which was briefly

discussed in chapter 4, and originally stems also from third-order susceptibility x(®.
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This effect is maximum, when both pump and probe beams have similar polarization,
at @ = 0°, or 180°. This typically occurs as a result of a superposition of two coherent
pulses of equal wavelength that yield spatially modulated distribution of energy
density. The self-diffraction begins to be critical, when the laser pulse duration is
comparable to the response time of the nonlinear medium (Kerr medium), in such
a case an exchange of energy between the two beams can happen. It is important
to emphasize that the temporal behavior of self-diffraction due to LITG depends
solely on the correlation time of the two interfering laser pulses. Meaning, it does
not indicate the nonlinear response time of the Kerr medium. In optical Kerr gate
experiments on fs timescale, it is crucial to separate photoinduced birefringence and
self-diffraction to figure out the time response of the nonlinear medium. Yan et al.
[331] identified the pump power and polarization angle dependence of the signal
intensity, i.e., Kerr-rotated signal after the analyzer, in both CSy; and BBS glass,
however the findings concerning BBS glass shall only be here discussed, as it is our
scope in this chapter. Because of the ultrafast response time due to the electronic
cloud distortion, the time response of BBS glass can be shorter than and limited by
the laser pulse width, which is usually in fs timescale. Therefore, it is absolutely not
possible to separate the OKG signal from the self-diffraction one, as indicated in Fig.
5.8.
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Figure 5.8: Temporal behavior of OKG and self-diffraction signals [331].

The comparable FWHM (estimated to be < 100fs) led to the investigation of the OKG
signal dependence on the pump power at different polarization angles. Over a range
of pump powers 0.4-5.5 mW, and polarization angles of 20°, 45°, 70°, respectively,

the investigation was carried out, shown in Fig. 5.9.
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Figure 5.9: Dependence of OKG signals on pump power in BBS glass at different
polarization angles [331].

The solid line in Fig. 5.9 is the fitting of OKG data, according to the theoretical
equations of OKG, discussed in chapter 3. As seen, the OKG data at 70° (triangles)
are well-fitted when the pump power is 2 mW, however, at higher pump powers,
the curve begins to deviate from the theoretically anticipated behavior. To further
confirm that the deviation of OKG signals data are attributed to self-diffraction, the
dependence of OKG signals on the polarization angles between the pump and probe
was investigated at 1 mW pump power, for avoiding the influence of self-diffraction,

and similar dependence was studied at higher pump power, as shown in Fig. 5.10.
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Figure 5.10: OKG signal and self-diffraction dependence on the polarization angle
between the pump and probe [331].

As expected the photoinduced birefringence and self-diffraction are both distinct,
and depend differently on the polarization angle between the pump and probe. For
instance, the locations of peaks and troughs corresponding to self-diffraction occur at
nm (n=0,1,2,..) and 7/2 + nw (n = 0,1,2,..), respectively. The OKG signals exhibit
different dependency, whereas the maximum values appear at 7/4 4+ nw/2 (n =

0,1,2,..), while the minimum values appear at 7/2+nm/2 (n = 0,1,2,..). Furthermore,
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it is clearly shown in Fig. 5.10, that at lower polarization angles than 45°, the
self-diffraction signal increases, as opposed to the decreasing OKG signal. Thus, for
clear separation between these two signals, it is highly recommended to use relatively

low average pump power during femtosecond OKG experiments.

In the following, we present our experimental results obtained with BBS glass as
the Kerr medium in a degenerate optical Kerr gate configuration, using the 1-GHz
femtosecond laser simultaneously as the gate and probe beam. The measurements

were carried out in both counter-propagating and co-propagating geometries.

Similar to the former OKG experiment with CS,, discussed in the previous chapter,
which were performed in order to characterize the OKG setup, the pump and
probe beams were counter-propagating one another, in order to avoid damaging, or
saturating the very sensitive photodetectors (SPADs). The previous experimental
parameters, such as the probe and gate beam spot sizes, as well as the gate beam
pulse peak intensity were also used for the OKG experiment with the 3 mm thick
BBS glass specimen. Also, the polarization angle between the pump and probe was
set at 45°, but here by setting a half-wave (A/2) plate in the gate beam path at
22.5°, as a \/2 plate rotates the polarization by 26, when the plate is rotated by 6.
The OKG signal was recorded by measuring the Kerr-rotated probe signal after the
second polarizer (analyzer) as a function of the delay A7 created by delaying the
pump beam relative to the probe beam. The linear translation stage was delayed for
a total distance corresponding to 1.44 x 107'2 s (~ 1.44 ps) at the highest possible
temporal resolution, namely at 0.66 fs, as used before with CS,. The time trace of
this signal is shown in Fig. 5.11, in which the x-axis is the time delay, and its y-axis
is the number of counts per second, as the signal of this time trace was integrated

for only 1 s.
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Figure 5.11: Time trace of OKG signal as a function of the time delay A7 at 0.66 fs
temporal resolution between the pump and probe beams, with 1 s integration time.

Note that the Kerr signal time trace in Fig. 5.11 has a base line around 1.15 x 107
counts, and the pump and probe beams interfere with each other, which leads to the
LITG effect discussed in chapter 4. Since the degenerate pump and probe beams
wavelength is 820 nm, the temporal cycle duration is ~ 2.73 fs, similar to the time
trace obtained by CSy sample. This temporal cycle duration varies approximately
between 2.0 (corresponds to 759 nm) - 2.54 fs (corresponds to 600 nm), for the
reasons explained for CSy in the previous chapter. The envelope of this signal was
obtained by filtering out the fast oscillating part. Following the approach explained
in chapter 4 for extracting the temporal profile (envelope) from the time trace, the
envelope was fitted with a Gaussian function, whose FWHM = 175 + 1 fs, which is
illustrated in Fig. 5.12.
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Figure 5.12: Temporal profile of OKG signal of the time trace, fitted with a Gaussian
function, whose FWHM =~ 175 + 1 fs.

The extracted temporal profile shown in Fig. 5.12 is a convolution of a cross-
correlation between the gate and probe beams, and the nonlinear response time of
the BBS glass. This implies that the nonlinear response time of the BBS glass <
175 fs. A precise determination of the actual nonlinear response time would require
measurement of the cross-correlation between the pump and probe beams, and
deconvolving the temporal profile of the OKG signal via the cross-correlation value.
Scanning the time delay between the pump and probe beams in a nonlinear medium
at 0.66 fs temporal resolution is time consuming, especially if an optical Kerr gate
would be incorporated into a confocal fluorescence microscope, other measurements
at lower temporal resolutions (i.e., 10 fs) have been carried out. For example, the
OKG signal was measured at 10 fs temporal stepsize, rather than 0.66 fs, and the
obtained time trace of that signal is shown in Fig. 5.13, where the polarization angle

is still 45° and the integration time is 1 s.
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Figure 5.13: Time trace of OKG signal as a function of the time delay A7 at 10 fs
temporal resolution between the pump and probe beams, with 1 s integration time.

It is clear from Fig. 5.13 that with 10 fs temporal step the obtained time trace does
not capture all the temporal fine details, in particular the very rapid oscillations,
which can only be revealed at 0.66 fs temporal stepsizes. However, this time trace is
advantageous, as it is quicker in data acquisition, which is helpful in real applications.
The temporal profile was also extracted, presented in Fig. 5.14, and fitted with
Gaussian function, whose FWHM =~ 271 + 8 fs. Given that scanning the pump beam
relative to the probe over the same total duration but at larger time stepsizes, such
as 10 fs, as shown in Fig. 5.13 yields a smaller number of data points, the Gaussian
fitting becomes not perfect. In particular, a single Gaussian function is used in
the fitting procedure. That difficulty to use a single Gaussian function for fitting
interprets why the single Gaussian function shows asymmetry, where it deviates from
a major part of the trailing edge of the temporal profile. Despite this asymmetry,

the nonlinear response time can still be estimated to be in fs time scale.
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Figure 5.14: Temporal profile of OKG signal of the time trace in Fig. 5.13, fitted
with a Gaussian function, whose FWHM =~ 271 + 8 fs.

For comparison between the nonlinear optical Kerr signal obtained with the BBS
glass (ny = 1.6 x 107'% m?/W), and the liquid that has one order of magnitude less
nonlinear refractive index (ny = 3.1 x 1071 m? /W), two temporal profiles associated
with Kerr signal time traces, one of CS, and another of BBS were compared to
each other. The experimental parameters, such as integration time of 1 s, scanning
temporal stepsize of 0.66 fs, and probe and gate beam spot sizes, as well as CSyprobe
and gate laser power, were maintained. The result of the optical Kerr signals is

provided in Fig. 5.15.
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Figure 5.15: Comparison between optical Kerr signal temporal profiles of BBS glass
(ng = 1.6 x 107 m?/W), and liquid CSy (ny = 3.1 x 107" m?/W), under similar
experimental conditions.

The comparison presented in Fig. 5.15 shows that the optical Kerr signal obtained
with the BBS glass specimen is much stronger than the one obtained with liquid CS,.
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For better visibility of CSy Kerr signal, this signal was increased by 100x, which
renders this signal comparative to the one obtained with the BBS glass, as seen in

Fig. 5.16.
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Figure 5.16: Comparison between optical Kerr signal temporal profiles of BBS glass,
and liquid CS,, in which the Kerr signal of liquid CSs is increased by 100x for better
visibility.

The result shown in Fig. 5.16 coincides with the theoretical prediction of the Kerr
signal. We see from Eq. 3.48 in chapter 3, that the induced nonlinear phase shift
of the probe, due to the high intensity of the gate beam, scales linearly with ns
value. However, Eq. 3.49 indicates that the transmitted signal scales quadratically
with ns value. Given that the ny of liquid CSs is 10 times smaller than the ny of
BBS glass, the expected Kerr signal of CSy should be 100 times less than the one
obtained with BBS glass. That is why increasing the CSy Kerr signal 100x for
better visibility, yields a comparatively similar Kerr signal to BBS glass, in terms of
the signal amplitude. This despite the thickness difference, where BBS signal was
obtained by 3 mm material, while the one of CSy was 5 mm, which apparently is
not the dominant factor in increasing the induced nonlinear phase shift. The gating
efficiency of the 3-mm-thick BBS glass specimen has been estimated to be ~ 3%
based on measurements using a 656 nm CW probe and an 820 nm femtosecond gate
beam in a degenerate counter-propagating geometry at < 1 nJ gate-pulse energy ( <
1.33 GW/cm? peak intensity), see the results of Appendix B.

In order to investigate how the optical Kerr signal of BBS glass changes with the
polarization angle between the pump and probe beams, the \/2 plate was rotated
at angles that cover the range between 0° - 360°, with 20° intervals, and the Kerr
signal time trace associated with each polarization angle was obtained, from which
the Kerr signal time traces at # = 40°, 90°, 120° and 130° are presented in Fig. 5.17,

respectively.
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Figure 5.17: Variation of Kerr signal time traces of BBS as the polarization angle
between the pump and probe beams changes, for (a) § = 40°, (b) 90°, (c) 120° and
(d) 130°, respectively.

Although changing the polarization angle 6 between the gate and probe beam
should result in a change of the Kerr signal time trace amplitude, while preserving
the temporal profile, it is evident from the time traces shown in Fig, 5.17, that
the change of polarization angle affects the temporal profile of Kerr signal time
trace, such that the temporal profile contains beats-like structure. These beats-like
structures could be arising from a gate beam ellipticity introduced by the short-pass
dichroic mirror, which reflects its off toward the Kerr medium. As the A\/2 plate
changes the polarization angle of the gate beam, this might affect the degree of
ellipticity introduced by the dichroic mirror. This ellipticity results in having two
polarization vectors instead of one, where each vector oscillates along a different axis
and has a different amplitude. These two distinct vectors interact with the probe
beam differently, which is what creates the observed beats-like structures. Another
remark about Fig. 5.17 is that, at 6 = 90° there is a detectable Kerr signal. Given
the sin?(26) dependence of the transmitted Kerr signal, if the polarization angle
0 between the gate and probe is 90°, the Kerr signal will vanish, which is not the
case here apparently. This is also attributed to the ellipticity introduced by the
short-pass dichroic mirror, but to the probe beam after its polarization vector is
being rotated, due to Kerr effect. Without this ellipticity, the linearly polarized
probe beam would have been blocked by the analyzer (2nd polarizer), if § = 90°.
But with such introduced ellipticity, still one of the polarization vectors would pass

through the analyzer.
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From the analysis transmitted Kerr time traces across different polarization angles
between the pump and probe, it is clear that the experimental data deviates from

the theoretical expected locations, as seen in Fig. 5.18.
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Figure 5.18: Normalized experimental signal as a function of the polarization angle
0 (black dots), showing a maximum value at 60°. The theoretical expected maxima
locations (dashed blue lines) must appear at 45°, 135°, .., etc.

One remarks also that the maximum transmitted Kerr signal appears at ~ 60°,
which deviates by ~ 15° from the expected maxima at 45°, indicated by the dashed
blue line. Further, the transmitted Kerr signal is relatively high at both 0° and 360°,
which is unexpected from a standard OKG experiment. Again, this might be caused
by the ellipticity of one of the beams, or both, especially the gate beam is reflected
off by several mirrors, involving the short-pass dichroic mirror. The probe beam also
is transmitted through it. In conclusion, an experimental investigation, as well as

theoretical modeling will be needed for unveiling the reason for such deviation.

In addition to the potential role of the ellipticity, such a large phase offset could be
caused by another effect, i.e., thermal lens effect. Although according to the previous
calculation presented earlier of the BBS glass bandgap, the thermal lensing effect
was ruled out. However, if there are uncertainties in the experimental parameters
that were not taken into account, the thermal lensing effect can be a possible case for
the observed phase offset. Another possibility which has been investigated was that
the BBS glass might be introducing some degree of depolarization, which ultimately
shifts the phase of the experimental time traces, and their associated temporal
profiles. To investigate this possibility, the A/2 waveplate was placed in the probe
beam (A = 760 nm) path, and initially the BBS glass specimen was removed, then
the \/2 waveplate was rotated at angles covering the range 0°-360°, with intervals
of 30°, and the probe beam counts were recorded by one of the photodetectors (5

times for each polarization angle #). Then, the BBS glass specimen was placed into
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its position, while the \/2 waveplate was placed after it before the analyzer, and the
same measurements were taken again, for the same number of measurements per
angle. A comparison between the probe beam counts, with and without the BBS

glass is shown in Fig. 5.19.
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Figure 5.19: Depolarization measurement of the probe beam (A = 760 nm),
with/without BBS glass, over angles range from 0° to 360°, with 30° intervals.

As evidently illustrated in Fig. 5.19, the BBS glass does not introduce any depolar-
ization or phase offset on its own to the probe beam signal, aside from data point
located at 150°. It is worth mentioning that the experimental data shown above,
were taken with a different experimental configuration, where the short-pass dichroic
mirror was removed. Provided that BBS glass is not the cause for the phase offset,
and that the gate beam was blocked during those measurements, unblocking the
gate beam might be likely inducing thermal lensing. Whereas the heat emanating
from depositing the gate pulses’ energy accumulates much faster than other lasers,
because Taccor fs laser have 10 times higher pulse repetition rate. It is vital to
remember that the concern about thermal lensing effect relates particularly to A
= 820 nm, which when its spectral bandwidth is considered, might lie within the
optical bandgap of BBS glass, that contains ~ 60 Bi mol. %, as seen in Fig. 5.4. One
might think that to completely rule out the possibility that BBS glass is responsible
for the phase offset, the depolarization measurement should have been carried out at
A = 820 nm, rather than at A = 760 nm. Nonetheless, measuring the depolarization
at A = 820 nm, would not have changed the result obtained at A = 760 nm. In other

words, both of them will have the same outcome.

So far, all measurements presented and discussed above were carried out, while the
pump and probe beams propagate in opposite directions, with respect to each other.
This was intended, as mentioned before, in order to avoid saturation or damaging of

the photodetectors. However, there is a caveat with such an experimental scheme.
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That is, even though the gate beam temporal overlap is precisely controlled via
the delay line, as the two pulses, pump and probe, are counter-propagating, their
overlap time will definitely be minimal. Therefore, with such minimal overlap time,
between the two pulses, the optical Kerr gate signals will be very small. Thus, the
experimental setup was later on reconfigured, in such a way that both the pump
and probe beams co-propagate, similar to standard OKG experimental configuration.
Also, in this new configuration, the short-pass dichroic mirror was removed, which
might have introduced earlier, some degree of ellipticity, to the gate beam before it
induces birefringence, and the probe beam after being Kerr-rotated. Another critical
reason for removing that dichroic mirror, was that despite its high reflectance (~ 96 -
100 %) of the pump beam, which is highly desired for maximizing Kerr effect, it was
detrimental, as it was reflecting the Kerr-rotated probe beam, at similar reflectance.
This means that only < 1-4 % of the Kerr-rotated probe beam signal was reaching the
photodetector. This was a consequence of conducting a degenerate OKG experiment.
Also, the wavelength degeneracy dictates a stringent constraint in terms of angle
turnability, between the pump and probe beam. Ideally, the spatial angle between
the two beams must be 0 to ensure maximum spatial overlap, thereby maximizing
the transmitted Kerr signals. In practice, there will be a small angle between the two
beams. This small spatial angle is acceptable, in case of conducting non-degenerate
OKG experiment, whereas the gate beam wavelength can be spectrally filtered.
Nevertheless, in degenerate OKG experiments, like ours here, at small spatial angles,
the high intensity of the gate beam will bury the Kerr-rotated probe beam signal.
Therefore, the gate beam must be at a large angle, so that it can be dumped, or
blocked. The spatial angle between the pump and probe beams is ~ 29°, which is a
quite large angle, considering that in standard non-degenerate OKG experiments,
the spatial angle does not exceed 3°. Unfortunately, at such a large spatial angle,
the optical Kerr signal is drastically reduced, owing to the reduction of the spatial
overlap between the pump and probe beam. As a result, the anticipated Kerr signal
enhancement, because of the increase of the temporal overlap duration, might not
become evident, being partially eliminated, or reduced by the effect of the large

spatial angle.

After realigning the pump and probe beams and adjusting their corresponding
spot sizes to similar values as previously, and finding the location of the delay
line that achieves temporal overlap, the OKG experiment was carried out with the
co-propagating scheme. The gate beam power was measured before running the
experiment, and it was 902 mW, and the wavelength of the gate beam (hence of the
probe beam, due to the degeneracy) was set at 780 nm. This is because as we know
from Eq. 3.48 in chapter 3, the induced nonlinear phase shift increases when the

probe wavelength decreases. The scanning temporal stepsize was 0.66 fs, and each

182



data point of the signal was integrated for 1 s. In spite of the large angle of the gate
beam, which is ultimately blocked, interference between the gate and probe beams
were observed. In fact, imaging of the BBS glass focal plane showed that indeed
part of the gate beam was scattered into the BBS glass specimen. This actually
poses two challenges, first, the scattered gate light spots were more intense than
the probe beam signal itself; second, that scattered light introduced an asymmetric
interference pattern. The former, in fact, obscures the Kerr-rotated signal, and makes
detecting it cumbersome. The latter yields distorted time traces, hence distorted
temporal profiles, from which one can not reliably obtain the nonlinear response
time. More interestingly and counter-intuitively, it was observed that the time traces
acquired simultaneously by two identical photodetectors (SPADs) showed different
time traces, each of which is affected differently by interference between the gate and
probe beams, as presented in Fig. 5.20 (a) & (b) of the time traces, and Fig. 5.20
(¢) & (d) of their corresponding temporal profiles.
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Figure 5.20: Contrast of transmitted signal time trace (A = 780 nm - co-propagating
beams), detected by two identical detectors, (a) Time trace of transmitted signal
detected by SPAD connected to Chg of the TCSPC, (b) Time trace of the same
transmitted signal detected by SPAD connected to Ch; of the TCSPC, (c¢) Extracted
temporal profile from (a) time trace, (d) Extracted temporal profile from (b) time
trace.

Similar measurements taken at longer wavelengths (800 and 840 nm), with the same
temporal stepsize and integration time, showed similar discrepancy between the two
identical photodetectors. Unlike the discrepancy of collected Kerr signals of liquid
CSs, presented in Fig. 4.19 in chapter 4, which were attributed to slightly different

probe beam alignment to each detector; the probe misalignment can not interpret
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how two identical detectors record different time traces/temporal profiles. This issue

necessitates careful investigation, so that the root cause is identified.

Since the thickness of the BBS glass is non-uniform, as seen from Fig. 5.1, taking
optical Kerr measurements at different positions across the glass specimen, exhibited
different time traces. This is not only due to thickness variations, which will
unexpectedly vary the transmitted signals, but also because of the variations of gate
beam scattering, which distorts the time traces, as well as their temporal profiles.
In order to mitigate the gate beam scattering, different locations were investigated
via imaging by the camera to find the locations of the BBS glass that has the least
scattering. Furthermore, different irises were utilized to minimize the scattered gate
beam signals. Even more, the scattered gate beam signals were recorded separately,
and subtracted from transmitted time traces. With such improvements, better signals
were obtained, hence their temporal profiles were extracted. For example, at A\ =
780 nm, temporal stepsizes of 10 fs, and integration time of 3 s, a time trace was
obtained, where the polarization angle between the pump and probe beams were 45°,

as shown in Fig. 5.21.
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Figure 5.21: (a) Time trace of transmitted signal of co-propagating pump and probe
beams, after subtracting scattered gate beam background at A = 780 nm, 10 fs
temporal stepsize, 3 s integration time, with polarization angle 45°; (b) Temporal
profile of the time trace of the transmitted signal.

Fitting the temporal profile of Fig. 5.21 (b), provided in Fig. 5.22 shows that
the transmitted signal FWHM = 138 + 8 fs, a value that is comparable with
FWHM range, obtained from the OKG experiment, in which the two beams were

counter-propagating.
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Figure 5.22: Fit of the temporal profile (at A\ = 780 nm), presented in Fig. 5.21 (b),
that has a FWHM =~ 138 + 8 fs.

For further investigation of the measured transmitted signals, firstly the probe beam
wavelength was reduced further to be 760 nm, so that a relatively higher Kerr signal
can be obtained, secondly a polarization analysis was made. This was performed by
rotating the \/2 plate, placed in the gate beam optical path, at angles that cover the
range from 0° - 200°, with 25 intervals. Since several time traces of the transmitted
signals were clearly affected by gate beam scattering background, picking up the peak
signals of their associated temporal profiles for polarization angle analysis was not
feasible. However, in Fig. 5.23, four traces are provided, owing to their significance
to our analysis. Each of the four time traces was taken at A = 760 nm (795 mW
average gate beam power), with 10 fs temporal timesteps and each data point was

integrated for 1 s.
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Figure 5.23: Transmitted signal time traces (co-propagating pump and probe beams)
at polarization angles (a) 0°, (b) 45°, (c) 75°, (d) 90°, respectively.
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Similar to the analysis of the transmitted time traces performed for counter-
propagating beams, another analysis was done for the case of co-propagating beams,
as a function of the polarization angle. Out of various time traces obtained at different
angles, let’s consider the four time traces, shown in Fig. 5.23. At the polarization
angle 0°, self-diffraction exhibits typically a maxima, at that particular angle. Having
merely a background, that can be fitted with a straight line at 2.073 x 107 counts
strongly indicate that the previous time traces of the transmitted signals do not cor-
respond to self-diffraction, and belong to optical Kerr expected behavior. This result
is in stark contrast to polarization analysis conducted for the counter-propagating
beams, whereas at the same polarization angle, the transmitted signal was quite high.
Note that in the configuration of co-propagation of the pump and probe beams, some
changes were made, such as removing the short-pass dichroic mirror. On the other
hand, at 6 = 45°, the time trace acquires somewhat symmetric temporal profile,
whose peak reaches close to 2.11 x 107 counts. Surprisingly though, the time trace
is showing maximum signal at 6 = 75°. This result also contradicts both optical
Kerr effect, whose maxima appears at either 45° or 135°, and self-diffraction, whose
maxima appears either at 0° or 180°. These mysterious results continues with 6§ =
90°, shown in Fig. 5.23 (d), that exhibits even higher signal than the one recorded at
0 = 45°. Whether self-diffraction phenomenon is taking place, or optical Kerr effect,
the transmitted signal must vanish, at that particular polarization angle, which
is apparently not the case. Since this new experimental setup configuration does
not involve the short-pass dichroic mirror, which was introducing some ellipticity,
allowing possibly some signals to reach the detector, when 6 = 90°, then it can not
interpret the detection of high signal, which supposedly must be vanished. On the
other hand, because the wavelength of the gate beam (hence the probe beam) is at
A = 760 nm, whose half its wavelength when considering its spectral bandwidth is
far from the BBS glass optical bandgap, the possibility of thermal lensing effect to
cause such ambiguity in the results, should be ruled out. For final check, whether
the detected transmitted signal belongs to optical Kerr effect or not, the transmitted
signal traces were recorded, one time without the analyzer (P3), and another time
with it. For this purpose, the \/2 waveplate was reset at 22.5°, so that it rotates the
polarization by 45°, and the pump beam was scanned at 10 fs temporal stepsizes,
and the integration time was 5 s. At first, the second polarizer remained in the
optical setup, crossed with respect to the first polarizers, and the transmitted signal
was recorded, as illustrated in Fig. 5.24 (a). Afterwards, the second polarizer was
removed, and the transmitted signal was recorded again, as shown in Fig. 5.24 (b).
In both cases, the gate beam scattered light signal was separately recorded and later

subtracted to mitigate its effect on the recorded time traces.

186



Counts (x10%)

1 -
0.0 0.5 2.0 25 0.0 0.5 2.0 25

10 Ls 10 15
Time Delay [ps] Time Delay [ps]

Figure 5.24: Transmitted signal (gate beam background subtracted) (a) With Ps,
where the signal is centered around 2.143 x 107'? s, (b) Without Py, where the
signal is centered around 1.523 x 10712 s.

In both cases of Fig. 5.24 (a) with Py involved in the measurements, and (b) without
P, time axis was intentionally not centered, so that the difference between the
two cases is clarified. We can clearly see that, when the analyzer is removed, some
interference-like signal appear, centered around 1.523 x 107!? s, while with the
analyzer involved in the measurement like any standard OKG experiment, there is a
signal that appears at different location, specifically at 2.143 x 10712 s, with ~ 620
fs shift. Unfortunately, such a distinction between these two cases could not have
been reproduced, when the experiment was repeated over and over again. This is
because the scattered gate beam signals heavily influence the transmitted signals,
and manifests itself in peaks that can appear at random locations, whether the
second polarizer is used, or not. The same scattering gate beam signals sometimes
disappear, or appear with various magnitudes, or at different locations in the time
trace, depending upon at which position of the BBS glass specimen it passes through.
An example of that is provided in Fig. 5.25, which was taken with similar conditions

(wavelength, integration time, and temporal stepsize), to those in Fig. 5.24.
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Figure 5.25: Transmitted signal (gate beam background subtracted) (a) With Py,
where the signal is centered around 2.133 x 107'? s, (b) Without Py, where the
signal is centered around 9.6 x 1071 s.
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Although the repetitive appearance of a signal centered at the same location, when
the analyzer is used is a good indication that the signal belongs to optical Kerr effect,
it is still yet difficult to handle the gate beam scattered signals, which appear at
different locations, and/or different magnitudes. Apparently, the efforts for getting
rid of the influence of the gate beam signals on the transmitted time traces, such as
subtracting the gate beam scattered signals, or usage of irises, or selecting an optimal
position on the BBS glass specimen, were not sufficiently effective. This issue will
even represent a greater challenge for measuring optical Kerr signal time traces, as
looking for an optimal position on a certain graphene flake would be limited by its

small physical dimensions.

Based on the results described above, we conclude that while counter-propagating
OKG measurements can be performed in a reproducible manner, they inherently
offer only a very limited temporal overlap between the pump and probe beams.
The pronounced phase offsets observed in the fitted traces—deviating from the
expected peak positions—are most likely due to ellipticity in both the gate and
probe beams. For co-propagating, degenerate OKG experiments, a lock-in amplifier
becomes indispensable for effectively suppressing scattered light from the gate beam,
which otherwise dominates the transmitted traces and compromises their temporal
fidelity. We therefore recommend conducting these OKG experiments with non-
degenerate pump and probe beams using the OPO. In that configuration, nitrogen
must be flushed into the OPO cavity to stabilize the output wavelength. Regardless
of the configuration, the use of a lock-in amplifier remains strongly advisable to

reduce noise and background contributions.
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Chapter 6

Graphene and thin graphite films

as a Kerr medium

6.1 Introduction to properties of graphene

Carbon is a fundamental element of life, all of organic molecules contain carbon atoms.
In its crystalline form, carbon comes in different allotropes, one is diamond (discussed
earlier); the other addressed here is graphene. Graphene is a two-dimensional sheet
of carbon atoms arranged in a honeycomb lattice. A single layer is called monolayer
graphene; stacking many layers forms bulk graphite. The terminology of “graphene”
was coined by the international committee for characterization and terminology of
carbon and graphite [332]. The first successful isolation of single-layer of graphene
was achieved by Andre Geim and Konstantin Novoselov [333] in 2004, and since then
a tremendous interest has been sparked, owing to the unique properties of graphene.
It was believed for a long time that isolation of single-layer from the bulky graphite is
not possible, according to the common wisdom of the solid-state physics community.
This belief originated from a 1930s theoretical argument by Landau and Peierls that
truly 2D atomic crystals cannot exist at any finite temperature [334, 335, 336, 337].
According to their theory, low-dimensional materials, i.e., 2D atomic crystals, have
thermal fluctuations at any finite temperature and this causes displacement of atoms,
comparable to the interatomic distances. As a consequence, the atoms will not be
able to maintain their original positions in the crystal lattice, and they can either
be decomposed, or segregate [338]. The success attained with isolating a monolayer
from graphite by micromechanical cleavage technique encouraged researchers to
use the same technique for obtaining 2D atomic crystals from other bulky layered
materials, e.g., boron nitride, and several dichalcogenides, etc [339]. These 2D atomic

crystals are thermodynamically stable and, in fact, exhibit high crystalline quality.
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A monolayer of graphene has a unique structure that gives rise to numerous physical
phenomena and applications, such as anomalous quantum Hall effect, Klein tunneling
and field-effect transistors (FETS) [340]. The low-dimensionality of graphene, its
structural symmetry and the zero-gap it has between the conduction and valence
band impart graphene its remarkable optical, electronic, mechanical and thermal
properties, such as high mechanical strength [341], superior electrical and thermal
conductivities [342, 343]. Unlike traditional semiconductors, the band structure
in K-space and the zero-gap point, often described as Dirac point, results in a
linear energy-momentum dispersion relationship between the charge carriers. One
consequence of that is, around the Dirac point, the behavior of electrons cannot be
described by the famous Schrodinger equation. Instead, the appropriate equation in
this case is the relativistic Dirac equation since the electrons in this case behave like
massless Dirac fermions. If graphene is neutral (not doped), the chemical potential
crosses exactly at the Dirac point. The low-energy excitation in graphene is valid
solely around Dirac point, which mimics quantum electrodynamics for massless Dirac
fermions, with one exception, that is Dirac fermions in graphene move with a speed
vr (=~ 10° m/s) that is 300 times slower than the speed of light ¢ [342]. In fact,
in this regard graphene establishes a bridge for studying the quantum relativistic
physical phenomena between condensed matter physics and quantum electrodynamics.
Another interesting aspect, albeit counterintuitive, of Dirac fermions in graphene is
that they exhibit a relativistic trembling motion ‘ Zitterbewegung’, by which graphene
has a minimum conductivity on the order of quantum conductance e*/h, when it

has zero doping [344].

In this chapter, we shall discuss in the first section the crystal structure of graphene,
and energy-momentum relationship diagram, as well as the different stacking orders
of graphene layers and the Raman spectrum of graphene, which distinguishes single-
layer graphene from bilayer graphene and graphite. Then, we go through the
various approaches for fabricating graphene, where we focus particularly on the most
commonly used techniques for fabricating graphene samples, which are chemical
vapor deposition (CVD) and mechanical exfoliation (ME). In the third section, the
different methods for determining the number of layers a graphene flake has will be
explained. Related to that, the results of using optical microscopy will be presented.
Following that section, the thermal transport of graphene layers will be discussed,
besides the thermal damage mechanisms induced by intense laser irradiation. Also
in this section, we shall show the results of an experiment carried out to study
the damage induced by our femtosecond high repetition rate laser. Last but not
least, we shall elaborate the nonlinear optical properties of graphene, with particular
emphasis on self-phase modulation and optical Kerr effect and our measurements to

investigate these two physical phenomena, as those are most relevant to the scope of
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our research, hence the scope of this dissertation.

6.2 Structure of graphene

6.2.1 Crystal structure

Graphene is a single atomic layer arranged in a honeycomb lattice that can be viewed
as a building block of other dimensionality of carbon atoms. For example, when a
sheet of graphene is wrapped up, it creates fullerenes (0D), rolling it produces 1D
carbon nanotubes. On the contrary, if many of them are stacked on top of each
other, it forms the 3D graphite, as illustrated in Fig. 6.1 [340].

Figure 6.1: Various dimensionality of carbon atoms, represented by 2D graphene as
a building block [340].

Graphene is sp? hybridized in its hexagonal lattice, and every unit cell in that lattice
has a basis of two carbon atoms, as depicted in Fig. 6.2. Each carbon atom has
four valence electrons, three of those electrons form covalent tight bonds, which is
o-bond, with its three neighbor atoms, which are located in-plane of the graphene
layer, and they do not take part in the electrical conduction of graphene. However,
they are responsible for the high thermal conductivity of graphene [345], and its
enormous mechanical stiffness [341]. The interatomic distance between each carbon
atom and its nearest neighbor is about a ~ 1.42 A[346]. The o-bond electrons are
hybridized, whereas the orbital of 2s is mixed with the two orbitals p, and p,. The
fourth electron forms the m-bond, where the m-electrons may move freely between
the positive ions of the lattice, and they occupy the p, orbital that is not hybridized,
and oriented along Z-direction, namely out of the plane. The m-bonds form the =

and 7* bands, presented in Fig. 6.3, that shows the energy dispersion E(K) along
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the high symmetry direction of the triangle I' M K, which are responsible for most
of the interesting properties of graphene [347].

The lattice vectors of graphene can be written as [342]

ar = (3, V3), a, = 1G] —V/3), (6.1)

where a is the interatomic distance 1.42 A. The reciprocal-lattice vectors are given
by
2T 2
b, = 3—a(1,\/§), by = 3 (1, —V3). (6.2)

a

ol |

b,

Figure 6.2: Hexagonal lattice and its corresponding Brillouin zone. (a) Lattice
structure of graphene, a; & ay are lattice unit vectors and ¢;, i=1,2,3 are the nearest-
neighbor vectors, (b) Brillouin zone, b; & by are reciprocal lattice unit vectors in the
x-y plane, and K & K’ are locations of Dirac cones [342].

T+ E

e

K I M K

Figure 6.3: Energy dispersion E(K) of 7 - 7* bands along high symmetry points I
M K [347].

In the reciprocal lattice, the hexagonal structure represents the Brillouin zone (BZ).

The two most significant points in that zone are the K and K’ points, where Dirac
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points are located at the corner of the BZ. The momentum space positions of K and

K’ are given by
2m 2m

K — (?;33%&) K = (3@,_3@). (6.3)

The three nearest-neighbors vectors in real space are given by

8 = %(1, V3) 8 = 3(1, —V3) 85 = —a(1,0). (6.4)

6.2.2 Band structure

The electronic band structure of graphene can be well-described by tight-binding ap-
proximation for m-electrons, whereby the Hamiltonian which considers that electrons

can hop to the nearest-neighbor or the next nearest-neighbor is given by

H=—tY (albe;+He) =t > (al,a0;+0b}b,;+He), (65)

(i,4),0 ((@.3)),0

where a; (a;(,) annihilates (creates) an electron with spin o (o =7,]) on site R; on
sublattice A (an equivalent definition is used for sublattice B), t (x 2.8eV) is the
nearest-neighbor hopping energy (hopping between different sublattices), and ¢’ is
the next nearest-neighbor hopping energy (hopping in the same sublattice).

From that Hamiltonian, Wallace [348] derived the energy bands, which are expressed

as

Ee(k) = £4/3+ f(l) — £ f(k), (6.6)

f(k) = 2cos(V/3k,a) + 4 cos <\fkya> cos (;kxa> , (6.7)
where the plus sign is designated for the upper band 7*, while the negative sign is
designated for the lower band 7. This expression shows that the energy spectrum as
a function of the momentum for an electron-hole pair is symmetric around £ = 0,
provided that t' = 0, since for every positive £, (K) there is E_(K) = —FE,(K)
corresponding to it. This symmetry is broken when ' # 0, in turn the two bands =
& 7 become asymmetric. The full band structure of graphene based on Eq. 6.6 is
depicted in Fig. 6.4, and in the inset a zoom-in of the band structure around Dirac
points at K and K’ is shown. It might not be adequately clear in the figure that
graphene possesses six pairs of Dirac cones, where at each meeting point between

the pair of two cones, there is zero-bandgap.
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Figure 6.4: 3D representation of electronic dispersion in the honeycomb lattice. (Left)
energy spectrum (in units of t) for finite values of ¢t and ¢, with ¢ = 2.7 eV and
t' = —0.2t. (Right) Close-up on the energy band of one pair of Dirac cones [342].

The dispersion close to Dirac points can be obtained by expanding the full band
structure expressed by Eq. 6.6 around the crystal momentum wavevectors of Dirac
points K and K’ given in Eq. 6.3 in the BZ, as k = K + q, where the momentum
q = k — K measured relative to the Dirac point, assuming |q| < |K|, whereby we

can use Taylor expansion of E(k) around K, as follows:

Ey(k) = Er(K+q)~ E(K)+q- ViB(k)[k=x + . .- (6.8)

Given that E(K) = 0 at Dirac points where the conduction and valence bands meet,

the first order expansion becomes

Ei(K+a)~q- ViB(k)|k=x (6.9)

If we denote vp = Vi E(k)|k=k, then E+(q) ~ +q-vp+0[q/K?], where Olq/K?] is a
second-order correction term of the approximation, and vy = 3ta/2 with vy ~ 1 x 10°

m/s.

This tells us that near Dirac points where low-energy excitations occur, the energy
spectrum is linear but deviates from linearity as we move farther than Dirac points.
This is why electrons near K and K’ points behave similarly to relativistic massless
Dirac fermions, in spite of the fact that they are not moving at relativistic speeds.
This behavior presents a striking difference between the behavior of electrons in
graphene near Dirac points, and Schrodinger electrons in any conventional material.
Usually with parabolic energy-momentum dispersion, there is a quadratic relationship
between energy and momentum, where €(q) = ¢*/2m, in which m is the electron
mass. In this case, the velocity of electrons is v = dE/dq = ¢/m = /2E/m, and
it depends on the energy, meaning the higher the energy, the faster the electron

speed. On the contrary, the linear dispersion relationship F = +wvp|q| between
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energy and momentum results in a constant velocity, irrespective of how much energy

the electron acquires, as we see from v = dE/dq = top.

6.2.3 Stacking order of graphene layers

Graphene is strictly defined as a monolayer of 2D crystalline structure, which is
zero-gap semiconductor, with a linear Dirac-like spectrum around the Fermi energy,
while graphite behaves like a semimetal with a band overlap of about 41 meV.
Nonetheless, stacking additional layer of graphene to such single-layer will alter its
electronic properties, where it was studied theoretically using tight-binding model
that a bilayer of graphene possesses a parabolic energy spectrum like graphite [349]
with an extremely small band overlap of 0.16 meV. The electronic structure will
keep evolving with further addition of monolayers up to 10 layers, leading to a
semimetallic behavior. Another fascinating aspect of stacking two layers of graphene
(bilayer), yet extraordinary aspect, is that stacking two layers of graphene at a slight
offset called the “magic angle” can paradoxically change the electronic properties of
graphene from an insulator to a superconductor [350]. Such a strange phenomenon
was quite alluring to researchers to investigate it with tremendous hope and ambition
to elicit robust superconductivity at high-temperature one day. Since its discovery,
thousands of extensive studies have been carried out in order to understand the cause
underpinning the peculiar behavior of twisted graphene layers. For an update about

the current progress, and yet open questions, Ref. [351] provides a decent overview.

Two layers of graphene or more are attached together via interlayer coupling through
van der Waals force, which is an intramolecular weak force. Three common stacking
orders of graphene sheets often exist, those are a simple hexagonal (AAA), hexagonal
(ABAB) usually so-called Bernal stacking, and rhombohedral (ABC). The ABA
Bernal stacking and the ABC rhombohedral stacking are schematically depicted in
Fig. 6.5, for a trilayer graphene.

-
A A
AL \.)-_—))_,) Cc F’/F){__)

Bernal stacking (ABA)  Rhombohedral stacking (ABC)

Figure 6.5: Left: ABA Bernal stacking order, Right: ABC rhombohedral stacking
order [352].
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Noticeably, in ABA Bernal stacking, the third layer of graphene has the same
projections on the basal X-Y plane as the first layer, and the interlayer spacing
between two layers is 3.35 A. In the ABC rhombohedral stacking the third layer is
shifted relative to the second and first layer. The fourth layer, though, has the same
projection on the basal X-Y plane as the first layer, and the interlayer distance is
3.37 A[352]. In AA stacking order, the second layer of graphene lies directly on top
of the first layer, namely it has the exact projection on the basal X-Y plane. On the
other hand, disordered graphite, so-called turbostratic graphite, does not exhibit
any preferred stacking order. The ABA Bernal stacking order is the most frequently
noticed in few-layer graphene (FLG) and graphite, being thermodynamically stable
and energy preferable. ABC rhombohedral stacking order has been observed in
multilayer graphene epitaxially-grown on silicon-terminated SiC substrate. Moreover,

this stacking order is adopted by FLG grown via chemical vapor deposition (CVD).

The stacking order of graphene layers not only alters its electronic properties, but
it can also change its optical properties. For example, although a monolayer of
graphene is centrosymmetric, which prohibits second-harmonic generation (SHG)
in a single-layer of graphene, Shan et al. [353] have observed a strong optical SHG
in a Bernal stacked noncentrosymmetric trilayer of graphene, which vanishes in a
rhombohedral stacked trilayer. For identification of the stacking orders of graphene
layers, Raman spectroscopy has been an effective tool to distinguish them and for
counting the number of graphene layers, as well [354], up to some extent, as we shall
see. Furthermore, imaging Raman spectrum of graphene has unveiled that different
domains on the same graphene sample can possess different stacking orders, which
otherwise cannot be recognized by imaging via optical microscopy, as illustrated in

Fig. 6.6, for a trilayer graphene prepared by mechanical exfoliation [355].

Figure 6.6: Imaging of mechanically exfoliated trilayer graphene. (Left) Optical
imaging of the sample, (Right) Spatial Raman imaging of the same sample showing
domains of Bernal stacking order, ABA, and other with rhombohedral stacking order
ABC [355].

Controlling of the stacking order of graphene layers, owing to its importance, has
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been pursued by various methods. For instance, Li et al. [356] investigated how
electric fields and carrier doping can globally (across the entire sample) and reversibly
control the stacking order in FLG, particularly between ABA and ABC arrangements.
In their work, the FLG was encapsulated between hexagonal boron nitride (hBN) and
electrically-gated to control the doping level (carrier density). Doping can shift the
Fermi level, altering energy balance between the ABA and ABC arrangements, and
leading to phase change, since those arrangements acquire different work functions
(~ 10-20 meV). Also, a displacement electric field (D-field) was used to open a
bandgap in an ABC stacked graphene, whereas at high D-fields, the rhombedral ABC
stacking order becomes energetically favorable. This is a remarkable transition, given
that in other situations the ABC arrangement would be rare to occur due to being
thermodynamically unstable. Another approach for controlling the stacking order in
thin graphite films has been developed by Yang et al. [357], where they modified
the van der Waals assembly process by encapsulating the graphite crystals with
hBN, and used polydimethylsiloxane (PDMS) coated with polymethyl methacrylate
(PMMA) in the transfer process. Interestingly, they found out when the hBN
encapsulation is introduced parallel to the graphite zigzag edge, that will preserve
the ABC arrangement, while if it is introduced along the armchair direction, it
transforms the stacking to ABA. Recently, a new method for precise control of the
layer thickness and the stacking sequence has been demonstrated by Nguyen et al.
[358] using CVD and a Cu-Si alloy substrate at a wafer scale. In this technique, a
Cu-Si surface alloy is firstly created, then a low-concentration CH, gas is secondly
introduced, which reacts to Si, forming a SiC. Afterwards, by raising the temperature
to 1075°C, the Si is sublimated, leaving the C atoms behind that are assembled to
form graphene. The key factor to control for obtaining a specific number of layers
and a stacking order is the concentration of CH, gas. For instance, the following
CH,4 concentrations were used to achieve mono-, bi-, tri- and tetralayer graphene
were 0.01%, 0.03%, 0.06% and 0.1%, respectively. Subsequent characterization of
some grown graphene samples (bilayers and trilayers) has astonishingly shown 100%
AB and ABA stacking order without a single sample deviation of that order, while
graphene samples of tetralayers have exhibited 80% ABCA order, and 20% ABAB
sequence. For a highlight of current efforts and prospect of stacking order engineering
of 2D materials, the reader is referred to Ref. [359].

6.2.4 Raman spectrum of graphene

Raman spectroscopy has been a versatile tool in characterization and studying of
various properties of graphene [360]. It has been used for counting the number

of graphene layers [361], as we shall discuss in subsection 6.4, probing the electric
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field effect (EFE) on tuning the electron-phonon coupling of graphene [362], and
identifications of charged impurities [363]. Further, it has been used for temperature
sensing based on the change of Raman spectrum [364], as well as, measuring the
thermal conductivity of graphene [365]. Additionally, the study of structural disorder
[366, 367] and variation of stacking order domains of multilayered graphene [355,
357, 368, 369].

Phonon dispersion is the key to understanding graphene’s Raman modes. Raman
modes are basically vibrational modes (phonons) of the carbon atoms of graphene
in the hexagonal lattice. The number of allowed vibrational states is 3 N, where N
is the number of atoms in a unit cell. Because graphene has two atoms in its unit
cell, this means that it possesses 3x(2) = 6 vibrational modes, 3 of which acoustical
(A) phonons and the other 3 are optical (O) phonons. Two acoustical (A) phonons,
and two optical (O) phonons are in-plane (i) of graphene lattice. The remaining
two phonons are located out-of-plane (0). The direction of vibrational modes of the
zone-center mode is specified relative to the carbon-carbon (C-C) bond direction, to
be either longitudinal (L) or transverse (T) [370]. Therefore, along high symmetry
directions I'M and I'K, six phonon dispersion curves are assigned for iL.O, iTO, oTO,
iLA, iTA and oTA in a descending order, as shown in Fig. 6.7.
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Figure 6.7: Phonon dispersion of graphene. High symmetry points I, K, M are
represented along the x-axis. Significant Raman bands are highlighted in red [370].

Out of the six phonon dispersion curves, iLO and iTO are mainly responsible for the
known Raman bands, and their associated phonon energies are highly dispersive at
I' and K points. At the zone-center mode I', a monolayer of graphene has the point
group Dgp, and this point group changes for N-layer graphene, for example, when

the number of graphene layers N is even the point group becomes D34, and if N is
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odd, then the point group becomes Dg;,. For an infinite number of graphene layers,
which represents graphite, the point group will be similar to graphene monolayer,
namely Dgy, [354]. In the framework of group theory [371, 372], the point group Dgy,
at I' point of a monolayer of graphene has the following corresponding irreducible
representations Egg, Bag, Ag, and Ey,, that describe the phonon modes of graphene.
Not all those phonon modes are Raman active, whereas some of them are IR active
modes [360]. The irreducible representation E,,, in particular, belongs to the only
Raman active modes, that are iLO and iTO. Although graphite has the same point
group Dgp,, the total number of vibrational (phonon) modes is larger (3x(4) = 12
modes), since the unit cell contains four atoms unlike graphene, which has only two
atoms per unit cell. Accordingly, this point group of graphite has different irreducible
representations at zone-center I' in the BZ, such that I' o)y = 2Ey, + E1y, + 2By + Agy,
while I" g, = Ao, + E1,, [373, 374]. A scheme for the phonon modes for both graphene
and graphite along with their irreducible representations, as well as their vibration

directions, in-plane and out-of-plane is presented in Fig. 6.8.
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Figure 6.8: Vibrational modes of graphene (left) and graphite (right) at the zone-
center T [375].
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A flake of pristine graphene typically acquires primary Raman bands, such as G,
2D(G’) and 2D’, shown in Fig. 6.9 (a). If the graphene flake is damaged, either
through the fabrication process or post-fabrication, some additional Raman bands
will appear, such as D, D', D+D’| as illustrated in Fig. 6.9 (b). The presence of those
extra bands, particularly D peak, could be used as an indication, for instance, of

defect-induced femtosecond laser irradiation, as we shall discuss in subsection 6.5.3.
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Figure 6.9: Raman spectrum of graphene. (a) Raman spectrum of pristine graphene
flake, (b) Raman spectrum of damaged graphene [370].

One of the most important Raman modes is the G band, which is associated with
the doubly resonant (iTO and iLLO) phonon modes at the center of the first Brillouin
zone. The G band appears at ~ 1582 cm™! and it is the only band coming from the
first-order Raman scattering process in graphene. The G band has a sharp peak and
appears also in graphite, and it corresponds to the irreducible representation of E,
[370, 353]. Further, it dominates all disordered sp? carbons along with D band, and
involves the in-plane bond-stretching motion of a couple of C atoms in sp? atoms
[376], as shown in Fig. 6.10 (a). The responsible mechanism for the G band begins
with a resonant excitation from an incident photon to a virtual electron-hole pair
in graphene, as depicted in Fig. 6.11 (a). Then, one of the zone-center I phonons,
iTO or iLO, scatter the electron or the hole, and eventually the electron-hole pair
will recombine, emitting a radiation at red-shifted wavelength, such that that shift
depends on the amount of energy given to the phonons. Clearly, the phonons at
I' point have very little momentum, as we can see from Fig. 6.7. In spite of its
distinct presence in graphene and graphite, the Raman peak corresponding to the G
band is not the strongest in the entire Raman spectrum. In fact, the strongest peak
corresponds to the 2D band of graphene, as evidently observed in Fig. 6.9. The 2D
band, formerly called G’ band, appears at 2700 cm ™!, and takes place as result of a
second-order Raman scattering process from an in-plane breathing-like motion of
carbon atoms forming the graphene ring, see Fig. 6.10 (b); and belongs to the totally
symmetric irreducible group A} at K or K’ point. The doubly-resonant process of
the 2D band formation commences with a creation of an electron-hole pair by an
incident photon, similar to the G band, but here near the K point and the electron
is inelastically scattered by an iTO phonon to the K’ point. This electron must be
scattered back to the K point before recombination with a hole, in order to conserve
the energy and momentum, which is achieved by another iTO phonon. A similar
process can occur to a hole, which is why this process is called doubly-resonant (DR)
process, illustrated in Fig. 6.11 (b), because the incident or scattered photon, or

the first or second phonons are in resonance with the electronic levels of graphene.
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Shown also in Fig. 6.11 (b) is an alternative process, called triple resonance (TR), in
which both carriers (an electron & a hole) are scattered by iTO phonons from near

K to near K’ and recombine by emitting a photon.

(a) G Band (b) Dand 2D Band
iTOatI’ iLOatI iTOatK
Q=) 0 .

Figure 6.10: Scheme of Raman vibrational modes in graphene. (a) Vibrations of iTO
and iLO corresponding to G band at I" point, (b) Vibrations of iTO corresponding
to D & 2D at K point [370].

(b) 2D Band
Double Resonance

Figure 6.11: Diagram of formation mechanisms of different Raman bands in graphene.
(a) First-order Raman scattering process for formation of G band, (b) Doubly-resonant
interaction leading to 2D band, (c¢) Disorder-induced formation of Raman D band
[370].

Another significant Raman band, albeit not a primary band, is the disorder-induced
D band, which appears at ~ 1350 cm™! at laser excitation energy 2.41 ¢V (514 nm).
This process also requires an iTO phonon, see Fig. 6.11 (C), however it involves
a disorder to conserve the momentum, whereas the electron is scattered to the K’
point via an iTO phonon, then it is scattered back to K point by a defect. Since
only one phonon is involved in the scattering process, the energy shift of the D
band is only half the 2D band. The disorder needed for momentum conservation
can emerge from any violation of the symmetry of the graphene lattice, for example,
from a vacancy, grain boundaries, sp? sites, or a flake’s edge. The Raman bands

can be dispersive based upon where in the Brillouin zone the scattering happens.
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Raman scattering processes, for instance, occurring at the zone-center I' are not
dispersive, meaning the G band energy does not change depending on the energy of
the incident photon, depicted in Fig. 6.12 (a). This is actually not the case with
Raman scattering processes, occurring at K point, like the DR process responsible
for the 2D band, shown in Fig. 6.12 (b) and the scattering process leading to the D
band, in which case an increase of the incident photons necessitates phonons farther

away from the K point for momentum conservation.
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Figure 6.12: Illustration of dispersion of Raman bands at two different excitation
energies. (a) For the G band, which is not dispersive based on incident photons
[notice red arrows pointed downward], (b) Dispersion of the 2D band [370].

In our work, several samples have been fabricated via mechanical exfoliation technique,
which will be discussed in the following section. Typically, the prepared samples
contain graphite and thin graphite films, that represent the majority of created flakes,
besides graphene, which is a minority onto the substrate. Raman spectroscopy has
been used for characterizing those samples, using a PicoQuant CW laser at 656.64
nm. Given that the G band appears at 1587 cm™!, 2D band arises at 2675 cm ™!, and
D band shows up at 1350 cm™!; with the wavelength of the CW laser, we expect those
peaks to appear at the following wavelengths 733.03 nm (G peak), 769.56/797.51 nm
for monolayer/graphite (2D peak), and 720.52 nm, respectively. Raman signals are
usually very small, moreover, the laser used to characterize Raman spectra will often
excite any fluorescent object, i.e., residual of organic molecules at the substrate, and
the emitted fluorescence signal is much stronger than Raman, such that it buries
most of the Raman peaks. The background created by fluorescence spectrum could
be significantly reduced if a confocal pinhole is used to localize the area from which
the Raman signal is collected. However, this will not ensure complete elimination of
the fluorescence background. Therefore, it needs to be mathematically corrected. In
our case, we used the method of asymmetric least squares (ALS) [377], for correcting

the baseline of fluorescence.

The Raman spectrum of graphite and graphene in the sample is shown in Fig. 6.13.

An image taken by a commercial Zeiss optical microscope of graphite is presented in
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Fig. 6.13 (a), and its associated Raman spectrum showing the primary bands, namely
G and 2D, in Fig. 6.13 (b). Notice the appearance also of the disorder-induced D
band, indicating that the graphite has a defect, not detectable by a simple micrograph.
On the same sample, Fig. 6.13 (c) shows a large graphene flake, consisting of 10 - 11
layers, and in Fig. 6.13 (d), its corresponding Raman spectrum is shown. Apparently,
this graphene flake was defect-free, as there is no sign of D band (D peak) in its

Raman spectrum.
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Figure 6.13: Raman spectrum of graphite and graphene. (a) Micrograph of graphite,
marked with plus sign (red), (b) its corresponding baseline-corrected Raman spectrum,
with 5 s integration time, (¢) Micrograph of large graphene, marked with plus sign
(red), (d) Graphene’s baseline-corrected Raman spectrum, with 1 s integration time.

6.3 Sample preparation

6.3.1 Overview

Graphene has been called the wonder material, owing to its unique physical, thermal,
mechanical, optical properties. With the inception of the 2D materials era, propelled
by the seminal work of Geim and Novoselov [333], various fabrication techniques for
graphene and other 2D lattice crystallines have emerged, each of which has its pros
and cons. These techniques can be broadly categorized into two approaches, one
is top-down approach, wherein a bulk graphite is segmented into graphene layers;
while the other approach is bottom-up approach, where graphene is built-up from a
carbon-containing precursor. Generally, each technique varies in terms of scalability,

quality of the fabricated flakes, cost, as well as the environmental impact.

The first and simplest top-down approach for fabrication of graphene samples was
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introduced by Geim and Novoselov in 2004 [333, 339, 340] as we mentioned before.
The technique utilizes merely a scotch-tape to peel graphene layers off a bulk graphite
mesa, several times until a monolayer of graphene is isolated. It is technically referred
to as mechanical exfoliation (ME), or micromechanical cleavage, and it produces
small flakes of graphene at a lab scale. For industrial applications, much larger flake
areas are required, which cannot be fabricated via mechanical exfoliation. Besides
its simplicity, the advantage of mechanical exfoliation technique is that it produces
high quality graphene flakes (pristine graphene), as it does not require chemicals
or thermal treatments during fabrication. This also renders it an environmentally-
friendly technique, for the same reason. Further details about ME fabrication
technique will be provided in subsection 6.3.3. Liquid-phase exfoliation (LPE) is
another top-down method for producing graphene that helps to scale-up graphene
production [378]. In this method, a graphite powder is dispersed into a solvent, then
an energy is applied via ultrasonication to peel graphene layers off. The product
is a colloidal suspension, which can be later centrifuged [379], in order to separate
single layers of graphene. Although it offers high-yield of graphene flakes, some
graphene flakes might have small lateral size, due to being fractured when the rate of
interaction between the solvent and graphite is increased, an issue encountered with
the same fabrication technique for other 2D materials [380]. Also, a large portion
of produced graphene flakes contain multilayers, or few layers. Chemical reduction
of graphene oxide (GO) is another route toward mass-production of graphene [381],
which belongs to the family of top-down approaches. The process begins firstly
with oxidizing graphite by strong oxidants, i.e., sulfuric acid or nitric acid, then
the created GO is exfoliated in liquid, e.g., water, to produce single sheets of GO.
Afterwards, the GO sheets are reduced to remove their oxygen via a chemical agent,
or thermal annealing. This method enables cost-effective fabrication of graphene at
large scale. However, graphene obtained by GO reduction suffers from low-quality,

as opposed to the very high quality often attained with mechanical exfoliation.

Chemical vapor deposition (CVD) is one of the most commonly used techniques for
fabrication of graphene. It is a bottom-up approach that allows synthesis of graphene,
particularly single-layer and few-layer graphene at large scale [382]. In this technique,
a carbon-containing gas is decomposed at high temperature in presence of a surface
catalyst to form graphene. This method truly overcomes the scalability challenge for
industrial applications of graphene. Furthermore, graphene layers grown via CVD
have uniform, high quality graphene at large areas. Despite these advantages, the
quality of CVD graphene is not as high as those fabricated by mechanical exfoliation.
Moreover, it requires operation in vacuum chambers and elevated temperatures, which
in turn leads to high cost of maintenance, in addition to large energy consumption.

CVD grown graphene layers must be transferred from their native substrate, usually
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a metal foil, to another substrate that will host graphene for its intended application.
The transfer process as such could induce defects into the crystalline lattice of
graphene, which would lower its functionality [383]. Epitaxially grown graphene [384]
using silicon carbide (SiC) substrates is another fabrication technique, and it offers
very high crystalline quality at industrial scale [385]. In this method, a wafer of SiC
crystal is decomposed at very high temperature (~ 1300-1600°C), where Si atoms
are sublimated away, leaving the C atoms to be re-organized into graphene. Besides,
its major advantage of its wafer-scale mass production, it does not require transfer
of graphene layers. Nevertheless, it is extremely costly, because SiC wafers are very
expensive, plus the need for operation in vacuum at highly elevated temperatures.

The following subsection will give more details about the CVD fabrication process.

6.3.2 Chemical vapor deposition

CVD is a fundamental bottom-up approach that enables wafer-scale fabrication
of graphene samples [382]. The CVD technology has rapidly developed and been
extended to carbon nanotubes [386], transition metal dichalcogenide (TMD) [387],
and heterostructures [388]. In the CVD method, an elevated temperature (~ 1000°C)
is required to decompose a hydrocarbon gas into carbon and hydrogen. On a catalytic
substrate, the carbon atoms are rearranging themselves into graphene layers. A
thermal CVD is an equipment commonly used in laboratory environments, which
necessitates a furnace for controlling thermal energy, temperature controller, vacuum
pump, pressure gauge regulator, reaction chamber, and gas flow regulator to control
the gas flow rates. The catalytic substrate is often a metal, whose choice is critical as
it impacts the solubility of carbon, leading to variations in the number of produced
graphene layers [389]. For example, multi-layer graphene is synthesised onto a nickel
(Ni) substrate, which has high carbon solubility. It was found that a ~ 300-nm-thick
Ni layer on silicon wafer yields large-scale graphene with high mechanical stability
[390]. Copper (Cu), which is another commonly used metal as substrate, has low
carbon solubility that promotes single-layer graphene production. Whereas a large-
area synthesis of predominantly single-layer graphene films onto 25 pum thick Cu foils
were demonstrated [391]. If graphene is CVD synthesized onto Ni, as an example,
a polycrystalline Ni films are initially electrochemically polished (for cleaning and
smoothing the surface), then annealed in Ar/H, atmosphere at 900-1000°C to increase
the grain size and reduce the nucleation sites, and then exposed to a gas mixture of
hydrogen (Hs) and methane (CHy). A solid solution of carbon atoms dissolved into
Ni films after the hydrocarbon is decomposed in this step. Then, samples are cooled
down in Ar gas [392]. Graphene films are formed during the cooling down process,

where the carbon atoms diffuse out from the Ni-C solid solution and precipitate onto

205



the Ni surface, as pictorially depicted in Fig. 6.14.
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Figure 6.14: Pictorial depiction of CVD growth of graphene onto Ni substrate [392].

The Ni film, in particular Ni(111) plays crucial role in the CVD synthesis as a
substrate for graphene growth, due to the similarity of its lattice structure to densely
packed hexagonal structure, and the match of lattice constants with graphene. As
during the fabrication process, the carbon atoms precipitate and segregate on Ni
surface, the segregation behavior will be changed according to the cooling rate, and
that has an influence on the thickness and quality of the produced graphene layers.
High quality crystalline structure and well-controlled film thicknesses are attained
at medium cooling rates [393]. CVD synthesis of graphene without catalytic metal
substrate, the so-called non-catalytic CVD process, in which graphene is grown onto
a dielectric substrates (e.g., silicon dioxide SiOj) is also possible [394], and highly
desired for electronics and optoelectronics [395, 396]. In practice, growing graphene
on dielectric substrates suffers from the issue of inhomogeneity and/or low quality
of fabricated graphene layers. However, suppressing the secondary nucleation of
graphene (those unwanted graphene nuclei formed after the initial graphene islands
formation) can lead to ultrauniform graphene monolayer on dielectric substrates

397].

6.3.3 Mechanical exfoliation

It is one of the widely applied top-down approaches for obtaining single-layers of
graphene (SLG) or few-layers graphene (FLG), especially in a research laboratory.
The fabrication process begins fundamentally with a graphite mesa, usually obtained
either from natural graphite, or from synthetic graphite such as a highly oriented
pyrolytic graphite (HOPG). Natural graphite is a mineral extracted from geologic
deposits, and it is a pure form of carbon that has normally black crystalline flakes.
It has vital properties, like, chemical inertness, thermal stability, and high electrical
conductivity. Usually natural graphite is classified according to the crystallinity,
grain-size, morphology of its ore, e.g., amorphous graphite (microcrystalline), and
crystalline (flakes) [398]. HOPG graphite is a man-made graphite, highly-pure and
ordered, covalently-bonded within its layers, and bonded via van der Waals between
its graphene sheets due to imperfections in its production. Such type of graphite does

not exist in its own in nature, and prepared by similar process to pyrolitic carbon,
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which is made by pyrolysis of hydrocarbon (e.g., methane) at elevated temperature,
but here for HOPG, during the recrystallization, high tensile stress and pressure are
applied along the basal-plane direction to align the crystallites into highly ordered
layers [399]. Due to its high conductivity, HOPG is considered as metal, with a shiny
glare, as shown in Fig. 6.15. Graphene can also be prepared from the so-called Kish
graphite (KG), which is extracted from industrial waste (steel waste) of blast furnace

area dust particles, using an effective purification process [400].

Figure 6.15: Two stacks of HOPG graphite mesa, small (left) and large (right).

Graphene is obtained by peeling off a bulk graphite (similar to the one shown in
Fig. 6.15) layer by layer. Overcoming the van der Waals attraction forces adhering
the graphite layers requires a mechanical resistance, which is attained by exfoliating
graphene by one of two routes, i.e., by applying normal force or lateral force. It is
normally possible to obtain graphene by exerting normal force by micromechanical
cleavage using a scotch-tape [339, 340]. Exploiting the graphite self-lubricating ability,
one can exert lateral force in the lateral direction of graphite, as pictorially depicted
in Fig. 6.16. Shown in the same figure also another route for graphene preparation,
through force generated during mechanical exfoliation, which leads to fragmentation.
This route is like a double-edge sword, where on one hand, it allows easier exfoliation
as the graphite is fragmented. On the other hand, graphene produced through this
route has small lateral size, not favorable for applications on demand for large-size
flakes [401].
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Figure 6.16: Two routes for exfoliating graphene from bulk graphite, along with the
fragmentation auxiliary route [401].
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For using graphene and thin graphite films as optical Kerr media, we aim for obtaining
adequately large flakes, with minimal defects. The reason for that is the laser spot
size of pump (gate) beam, even when it is tightly focused is in the range of a few
pm. If the flake size is small, the heat dumped into graphene/thin graphite film can
readily induce thermal damage, as this heat will not be efficiently dissipated being
restricted by the small flake size. If the flake size is large, this ensures reasonable
heat dissipation during optical Kerr shutter experiments. Because of this reason,
we follow the approach devised by Huag et al. [402] (2015) in which the traditional
mechanical exfoliation technique was modified for achieving large-area and high
quality graphene. A fundamental difference in our work is that, unlike the paper, we
prepare our graphene samples directly onto glass substrates. Additionally, during
the preparation of graphene samples, we adapted the technique to suit our available

equipment, and achieve more fabrication feasibility.

The preparation steps we carried out began with cleaning the glass substrates with
distilled water and isopropanol by rinsing them into a beaker for 10 mins inside
an ultrasonic cleaner. After that an UV Ozone cleaner is used for cleaning each
side of the glass substrates for 10 mins. The purpose of this step is to destroy any
organic molecules remaining on the glass surface. To ensure sufficient cleaning, one
can clean the glass substrate for prolonged times in both steps. Once the clean
glass substrates are taken out of the UV Ozone cleaner, the exfoliation steps should
promptly start to avoid any deposition of any potential pollutants in the lab. It is
highly recommended, whenever possible, to prepare graphene samples inside a clean
room to avert any contamination. In the mechanical exfoliation step, we use a 19
mm X 33 m scotch magic tape from 3M company. For successful large-area graphene
flake production, the type of the scotch tape, as well as, the glass substrate must
be carefully chosen. Out of experience, the best glass substrate that ensures good

adhesion to graphene is the one obtained from Menzel Glaser company, with 1 mm
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thickness. Throughout our work, we tried other glass substrates, but due to their
weak adhesion, no graphene/thin graphite films were attached to them. Processing
that kind of glass with O, plasma was not absolutely effective to overcome the weak
adhesivity. After a sufficiently long piece of scotch-tape was cut by a scissor, the
first part of the scotch tape should be applied to the surface of the graphite mesa
to pick up a relatively thin sheet of graphite. Then, the scotch tape should be
peeled a few times to reduce its thickness, and eventually be pressed against the
glass substrate and remain there until the fabrication process is over. It is highly
preferable to cut a small piece of scotch tape initially, and exfoliate the upper surface
of the graphite mesa, before proceeding with the actual mechanical exfoliation, to
avoid using potentially contaminated graphite layers. According to the fragmentation
issue we discussed before [401], and the recommendation of the paper [402] we
follow, peeling graphene layers from graphite on the scotch tape roughly four times
is reasonable for getting graphene flakes with large-area. Further exfoliation will
give rise to smaller graphene flakes that are not needed in our application. Once the
samples are ready, we heat a laboratory heater at ~ 100 °C and we place our glass
substrates containing graphene covered with their scotch tapes for 2 mins. At the
end, we take them out and let them cool down to room temperature, and remove the
scotch tape by pulling it off quickly from the glass substrate. This sample annealing
is performed to remove gas molecules trapped at the interface between the glass
substrate and lower surface of graphene flakes. Therefore, the heating increases the
pressure of those gas molecules, ejecting them through the edges of graphene flakes.
When the sample is cooled down, the pressure on the upper surface of graphene will
press it down, which leads to good adhesion between the flake and the substrate with
large-yield. Here, our graphene samples are ready for subsequent characterizations.

Some examples of our samples we prepared following this approach are shown in Fig.
6.17.
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Figure 6.17: Two different samples prepared using mechanical exfoliation technique.
(a) Photograph of the two samples, (b) Optical micrographs showcasing graphite,
thin graphite films, and graphene contained in those samples.

We see in Fig. 6.17 (a) that this approach is successful for producing large-area
flakes, especially for graphite, which is readily seen in the photograph with the naked
eye. An optical micrograph taken with Zeiss optical microscope with 20x, 0.25 NA
objective lens, showing various thicknesses, are shown in Fig. 6.17 (b), whereas the
dark black flakes and strips represent graphite residuals, and thin graphite films,
which have greyish color, plus very thin layers that correspond to FLG. Traditionally,
for fabrication of graphene electronic devices, either the SLG/FLG layers of interest
are transferred to another substrate, or thick graphite flakes are lifted off by, e.g.,
ultrasonication in isopropanol. In our case, this is an arbitrary choice, which we
did not make, since we designed a simple optical microscope into our optical Kerr

shutter to target the layers of interest, as we shall explain in section 6.5 and 6.6.

6.4 Identification of number of layers

6.4.1 Optical microscopy

The opacity of a suspended monolayer of graphene is only defined by its fine-
structure constant, o = e?/he ~ 1/137, where c is the speed of light. This parameter
describes the coupling between the relativistic electrons of graphene and light, which
associates with quantum electrodynamics, not material science. Such an astonishing
aspect arises as a consequence of graphene’s unique electronic properties [403]. The
absorption of this one atom thick layer is wa = 2.3% from the incident white light,
which is a universal constant. Optical properties of thin films are described in terms
of optical conductivity G. The optical conductivity has a universal constant value

Gy = €?/4n, in case the photon energy E is much larger than both temperature and
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Fermi level Er. The implication in this case is that absorption (P), transmittance
(T') and reflectance (R) can be both expressed in terms of universal constant values.
Kuzmenko et al. [404] found out that T'= (14 27G/c)™? = (14 0.57a) % ~ 1 — 7a,
from which we get R = 1/4n?a*T, for normal light incidence. Both T and R are
measurable quantities, unlike the optical conductivity GG. Using a white light source,
the transmittance of different graphene layers have been measured across the visible

range, as shown in Fig. 6.18.

P ‘ 100
_ ® . L white light ideal -
3100 o We _ Dirac fermions | Z¢° _
= | Y S / fic =T
o & y
s} ol ) /
% 2.3 Aa\ 8 98 e sin o VYoi o sios
ES S 55%60% " °
g 98 il ; £ e number of layers
g e ‘ B bilayer IS 100 y
= 2 theory: 1.2 8 4.5
= : . © raphene "
= air = gp- 9P 3 9% .
S 9 £ g it
= k=) ~ ool
- "
B a -
94 [ \ I
0 25 50 400 500 600 700

distance (um)

wavelength A (nm)

Figure 6.18: Optical vision and transmittance of graphene. (a) Optical vision
of monolayer and bilayer graphene, (b) Light transmittance across visible range
for monolayer (open circles), ideal behavior of Dirac fermions (red line), expected
theoretical behavior (green line). In the inset, reduction of transmission % per
graphene layer (black squares) [403].

The light transmittance was measured along a monolayer and bilayer of graphene,
Fig. 6.18 (a), and found that the absorption ratio of the monolayer is indeed 2.3%,
where transmittance drops with the same ratio from monolayer graphene to bilayer.
For a monolayer such absorption was almost constant, see Fig. 6.18 (b) with excellent
agreement with theoretical prediction. Needless to say, the transmittance of light
decreases as the number of graphene layers increases, as shown in the inset of Fig.
6.18 (b). Optical microscopy has been proven to be a viable tool for visual detection of
graphene layers. It evidently overcome the shortcomings of other types of microscopes,
i.e., scanning-tunneling, electron and atomic force microscopes (AFM), which are
not hindered by their atomic resolution to search and find graphene flakes in large
substrates, in addition to being slow, and not able to provide clear signatures to
distinguish mononlayer from thick graphite on the sample. Despite its faint visibility,
graphene can be seen via an optical microscope, as its opacity (2.3% absorption per
layer), which is enough to allow interference between the incident light and that
reflected off, e.g., Si substrates through its upper layer of SiO,, with a reasonable
contrast. Blake et al. [405], used a Fresnel’s law based model to quantify the reflected
intensity of graphene layers onto SiO,/Si substrate, hence calculate the contrast;

which is defined as the relative intensity of reflected light from graphene and the
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substrate, normalized by substrate reflected intensity,

C— Icraphene — Lo (6.10)

Iy
whereas their system was modelled sequentially as air/graphene/SiOy/Si. It was
found out that the oxidized Si layer (SiO,) thickness on top of Si substrate, along
with the wavelength of the monochromatic illumination used are crucial factors for
maximizing graphene’s visibility. The optimal thickness of SiO, was reported to be
anywhere between 90 and 280 nm, and the green illumination is appropriate given

our eyes sensitivity.

For counting the layers of our graphene samples, we used a somewhat similar model
developed by Gaskell et al. [406], but we adapted it for optical transmission, rather
than optical reflection. This model allows finding the location and counting of
graphene layers on bulk transparent substrates, e.g., soda-lime glass. The model
employed in Ref. [405] differs from the one used in Ref. [406] in that the former
assumes a certain thickness of graphene monolayer (0.34 nm), and uses a complex
refractive index of bulk graphite ny = 2.6 — 1.3i, while the latter treats graphene
as infinitesimally thin conducting sheet, with universal optical conductance G =
me?/4h, where m is the number of graphene layers. Using a commercial Zeiss optical
microscope, with the configuration shown in Fig. 6.19, namely glass/graphene/air,
where the refractive index of air ny = 1, and the refractive index of the fused glass
substrate n; = 1.4571 at A = 630 nm filtered from a white light source and incident

at normal angle. From the model, the transmittance coefficient is

2 0;
t, = 11 €08 , (6.11)
ny cos B; + ny cos By + mmwa

where m is the number of graphene layers, « is the fine structure constant 1/137,
0; and 6, are incidence and transmittance angles, equal to 0 (normal incidence),
respectively. The transmission 7T is obtained from the following relationship, which
reads
o 2
T, = —|t,|% (6.12)
ny
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Figure 6.19: Configuration of an optical microscope for counting graphene layers
onto fused glass substrates.

From Eq. 6.11, we see that the only quantity that changes is m, depending upon
the number of graphene layers, given that other quantities are constant. Thus, only
|ts|* will be changed in Eq. 6.12. The transmitted light intensity ratio through
the glass substrate Iy, is determined from T, when m = 0. Accordingly, Iy, is
roughly 0.965 (~ 96.5 %) of the incident intensity I,. Likewise, the value of T} for a
particular number of graphene layers (m) can be calculated, then the contrast ratio

of transmitted light is achieved as follows

I T Isu
C==2_2% 5100 (6.13)

sub

A theoretical calculation of the contrast ratio between the glass substrate and a
monolayer, bilayer, trilayer, four-layer, five layer of graphene showed that it is 1.86%,
3.62%, 5.28%, 7.04%, and 8.60%, respectively. This calculation was carried out
assuming a light illumination at 630 nm was used. In practice, for finding the number
of graphene layers, an image analysis software (i.e. ImagJ) could be used, where a
certain area of the substrate is determined by a frame, from which we determine the
transmitted light intensity I, passing through it. Then, we move this frame to the
graphene layer of interest, and get the intensity of transmitted light I,,. Subsequently,
the contrast ratio is calculated according to the relationship of Eq. 6.13. One can
find the number of layers by comparing the experimental C-value to another one

calculated theoretically corresponding to the specific number of graphene layers, m.

Using optical microscopy, the distinction of different graphene layers was possible.
For example, in Fig. 6.20, we show a micrograph in which a monolayer of graphene
was identified, albeit barely visible, as well as a bilayer of graphene. In fact, after

roughly 10 layers of graphene, the flake cannot be considered graphene with its
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unique properties anymore, and it would be rather considered as thin graphite films.
Thin graphite films have demonstrated reasonable optical Kerr signal, as we shall

discuss in section 6.6.

Bilayer

Monolayer

Figure 6.20: Optical micrograph presenting a monolayer (barely seen) and a bilayer
of graphene illuminated by a white light.

The same methodology has been utilized in other samples, having different numbers
of layers, few of them were graphene, while the rest were thin graphite films, see Fig.
6.21.
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Figure 6.21: Optical micrographs of different graphene and thin graphite films under
illumination of light at 630 nm, each of which has a different number of layers. The
regions of measurements are marked with a plus sign (red). (a) 3 layers of graphene,

(b) 7-8 layers of graphene, (c¢) Thin graphite film of 13 layers, (d) Thin-graphite film
of 17-18 layers, and (e) Thin graphite film of 23-24 layers.

The white light of the microscope was filtered to be at 630 nm for illuminating the
samples. The experimentally determined contrast ratio (C-value) of Fig. 6.21 (a)
was found to be 4%, and the theoretically calculated C-value (5%) shows that it
is a trilayer of graphene. The region selected in Fig. 6.21 (b) has an experimental
C-value of 12.5%, while the theoretical C-values are 11.7% and 13.2%, indicating
that this flake has 7-8 layers of graphene. Apparently, the region selected in Fig.
6.21 (c) is a thin graphite film, where the experimental C-value is 20 %, and the
theoretical C-value is 20.2%, which corresponds to 13 layers. Similarly, Fig. 6.21 (d)
is a thin graphite film, with experimental C-value of 26% but the theoretical C-values
are 25.2% and 26.4%, indicating that this thin graphite film has 17-18 layers. The
thin graphite film of Fig. 6.21 (e) has an experimental C-value of 32.35%, while the
theoretical C-values are 32-33%, meaning this film has 23-24 layers.

It is important to emphasize that this technique is highly reliable, given that sufficient
contrast is obtained between the substrate and graphene layers. In the work of
Ref. [406], the technique was able to count up 9 layers of graphene in the optical
reflection microscopy. For thicker flakes (thin graphite films), they avoided modelling
graphene layers as infinitesimally thin layers. Instead, they modelled those flakes

using a complex refractive index, ng, similar to the approach followed in Ref. [405].
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6.4.2 Raman spectrum of graphene layers

Raman microscopy has proven to be a powerful tool to distinguish SLG and FLG
samples. It is based on the distinct Raman spectrum exhibited by graphene flakes.
Although the initial imaging and recognition of a SLG in the early work of Geim and
Novoselov [333] in 2004 was carried out via optical microscopy and AFM, a technique
for precise determination of graphene’s number of layers was lacking. In 2006, Ferrari
et al. [407] used Raman spectrum as a tool to specify the number of graphene layers.
Their graphene samples were prepared onto SiOj/Si substrate via micromechanical
cleavage technique, and they contained single, bi-, multi-layers of graphene; some
of them were suspended (freely standing), while some others were supported onto
substrates. Using a commercial Raman spectrometer, a clear distinction between

graphene and graphite can be attained, see Fig. 6.22.
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Figure 6.22: Raman spectrum of graphite (top) and graphene (bottom), measured
with Raman spectrometer at 514 nm [407]. The 2D peak is rescaled for both to give
the same height.

We see in Fig. 6.22 that both graphite and graphene have the well-known G and
2D peaks, appearing at ~ 1580 cm~! and ~ 2700 cm ™!, respectively. It can also
be seen the absence of the disorder-induced D peak, implying that those samples
did not contain any defects, at least within the detection sensitivity of the used
Raman spectrometer. Notably, the 2D peak in graphene is higher than its G peak,
approximately four times, which is not the case in bulk graphite. One can also observe
that the 2D peak in bulk graphite consists of two peaks, 2D; and 2D, roughly 1/4
and 1/2 the height of the G peak. The distinction of a SLG and a large number of
graphene layers is identified through the evolution of the Raman spectrum, as the
number of layers is increased, see Fig. 6.23, recorded at two excitation wavelengths
514 nm (Fig. 6.23 (a)) and 633 nm (Fig. 6.23 (b)), and notice the changes of the
2D peak. For example, a bilayer of graphene exhibits a much broader 2D peak and
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an upshift of its frequency, compared to a SLG. This peak is actually an overlap
of four different peaks, 2D, 2D14, 2D24 and 2Dsyp, each of them having different
amplitudes, as shown in Fig. 6.23 (c), with 2D;4 and 2Dy4 having relatively higher
intensity than the other two peaks.
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Figure 6.23: Evolution of 2D peak with the increase of the number of graphene layers.
(a) Raman spectrum of 2D peak for 1, 2, 5, 10 layers, graphite, respectively excited
at 514 nm, (b) The same spectrum excited at 633 nm, (c) Four peaks underlying the
2D peaks, at 514 nm (top), at 633 nm (bottom) [407].

The four Raman 2D peaks of bilayer graphene constituting the main 2D peak
originate from four doubly resonant (DR) Raman scattering processes, as a result of
the modification of the electronic dispersion curve due to stacking a second layer of
graphene on top of the monolayer. Although the conduction and valence bands of
the bilayer graphene remains with zero-gap, the electronic bands 1 (corresponds to
1%¢ layer) and 2 (corresponds to the 2" layer) bend around the points K and K’ [408].
Stacking a third layer of graphene will lead to six DR Raman scattering processes

[354].

The measurements of Raman spectrum conducted at the center of graphite and
graphene samples did not exhibit D peak, as we point out before. Nonetheless, as
this peak arises as a result of any kind of disorder, i.e., by breaking the translation
symmetry of the carbon crystalline, it is possible to detect a D peak at the edge of
each sample. Fig. 6.24 shows two D peaks, one associated with graphite, measured
at its edge, another associated with a SLG measured also at its edge. In addition to
the clear distinction between a SLG and graphite in terms of the intensity of both
G and 2D peaks, the D peak shown in Fig. 6.24 provides another clear distinction
between them. Notably, the D peak associated with SLG is a single sharp peak,
while the same peak is much broader and upshifted in frequency, as well as composed

of two peaks, D; and Ds.
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Figure 6.24: Spectrum of Raman D peak measured at the flake’s edge at 514 nm
illustrating the difference between a SLG (bottom) and graphite (top) [407].

To conclude, Raman spectroscopy has demonstrated that it can uniquely distinguish
between a SLG and a bulk graphite. Moreover, for up to five layers of graphene, as
noticed from Figs. 6.24 (a) and (b), it shows clear distinction in its Raman spectrum.
Unfortunately, beyond five layers, the Raman spectrum does not exhibit any clear
change that can enable counting a large number of layers, which poses a limitation
on this technique. Throughout our work, we did not use Raman spectroscopy for
counting graphene’s layer of our samples. Instead, we employed Raman spectroscopy
to study the induced damage, due to exposure of our fs laser, as we shall explain in

the next section.

6.4.3 Atomic force microscopy

Atomic force microscopes (AFMs) have been an indispensable tool for characteriza-
tion of thin film qualities, such as morphology, surface roughness, and uniformity.
Although AFM is fundamentally used for characterization of those properties, it can
also serve for thickness measurements, through determination of height profiles of
graphene or other 2D crystals. The number of graphene layers, IV, is often estimated
by measuring the height of the sample, and dividing it by the interlayer distance, 0.34
nm. For SLG the height estimation via AFM relies quite strongly on the substrate
onto which the SLG is deposited [409]. For example, the height of a SLG on SiO,
substrate is ~ 1 nm [333], while on mica it has a height of ~ 0.4 nm [410]. Such
discrepancy of the results concerning the SLG thickness implies that AFM is not a
reliable tool for SLG. The discrepancy can be attributed to variation in interactions
between the substrate and graphene, and also between the AFM probe and graphene,
whereas those interactions rely on the substrate surface energy, graphene structure

and sample preparation [411]. For example, water or small organic adlayers between
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graphene and mica substrate has been observed when graphene is fabricated in a
highly humid environment [412, 413].

The operating principle of an AFM works by measuring the force between a tip
and the sample to reconstruct surface topology. It consists of a cantilever made of
silicon (Si) or silicon nitride (SiN) with a sharp tip of a nanometer-sized radius used
to scan the sample. When this sharp tip approaches the surface of the specimen,
the force between the surface of the specimen and the tip deflects the cantilever
according to Hooke’s law. This deflection is monitored via a laser spot, reflected
off the cantilever’s surface and detected by a position-sensitive photodiode detector,

as schematically shown in Fig. 6.25 [414]. Usually the specimen is moved via a

) : Laser Diode

Cantilever Spring

piezoelectric scanner at angstrom scale.

(\

Paosition-sensitive
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Figure 6.25: Scheme showing the components of a typical AFM and its operating
principle [414].

There are commonly three operation modes of AFMs: contact mode, non-contact
mode and tapping mode. In contact mode, the tip (probe) of the cantilever touches
the surface of the sample. This leads to scratches of the graphene surface, which is
why it is regarded as a destructive mode. On the contrary, the tip in non-contact
mode scans the surface of the sample at a distance, 1 or 2 nm away from it. The main
interaction in this mode is attraction between the tip and the surface of the sample.
This requires usage of a fast feedback system to avoid crushing the AFM tip into the
sample surface. The most frequently used mode is the tapping mode, in which the
cantilever oscillates at a characteristic resonant frequency, whose amplitude is a few
hundred nanometers. Despite being highly favored for graphene samples investigation,
resolving the substrate-graphene height is challenging with AFM tapping mode. This
is because of the strong differences in the tip attraction/repulsion forces between the
insulating substrate and the semi-metallic graphene. Actually, this makes it difficult
to differentiate between a substrate and the first graphene layer. Theoretically, one

can expect a gradual increase of 0.34 nm, as graphene increases by one layer at a
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time. Due to the reasons we discussed in case of mica and SiO, substrates, e.g.,
water /organic molecules underneath graphene, the determination of actual surface
height is quite difficult. For an example of an attempt to use AFM in the tapping
mode, shown in Fig. 6.26, which shows variation of the number of graphene layers of

two samples, prepared via mechanical exfoliation from a HOPG graphite [414].

Figure 6.26: Phase image of two graphene samples (in (a) and (b)) deposited onto
SiO, substrate. The blue lines are cross-sectional profiles across different graphene

layers. The inset is the height profile of each sample along the blue line in nm units
[414].

Similar to Raman spectroscopy, we did not use AFM to measure the height profile of
our graphene and thin graphite film samples. The AFM, though, will be used later
for investigating the relationship between the optical Kerr signal strength and the

number of graphene layers, particularly for thick flakes (thin graphite films).

6.5 Thermal transport and laser damage of

Graphene

6.5.1 Overview of graphene’s thermal properties

Thermal properties of graphene are derived from the interesting characteristic of
graphite, where there is a clear distinction between bonding characters within and
between its planes of carbon atoms. Within a single-sheet of graphite (in-plane), the
carbon atoms form hybridized sp? orbitals, connecting the carbon atoms together
with a covalent bond, leading to stable hexagonal aromatic rings. In contrast, the
separate single sheets of graphite are held together with a weak interatomic van der
Waals force, giving rise to an anisotropy of its thermal properties. This anisotropy
manifests itself in the difference of an ab initio calculated bond energies, more than
two orders of magnitude, ranging from 50 meV for interplanar bond to 5.9 eV for an

intraplanar bond [415]. Besides the low mass of carbon atoms, the thermal anisotropy
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gives graphene and its related materials their unique thermal properties.

Understanding the unique thermal properties of graphene requires careful inspection
of its phonon dispersion modes. As we mentioned in subsection 6.2.4, there are
three optical (O) phonon modes, and three acoustic (A) phonon modes, and that
the dispersion of those phonons is described by relationship between the phonon
energy (E) (or frequency w) and the phonon wavevector g. The atomic displacements
along the wave propagation direction correspond to longitudinal (L) modes, while
the in-plane displacements perpendicular to the propagation direction correspond
to transverse (T) modes. In 2D materials like graphene, there are also out-of-plane
atomic displacements, known as flexural (Z) phonons. These out-of-plane phonons

can also be optical or acoustic phonons [416], see their dispersion curves in Fig. 6.27.
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Figure 6.27: Phonon dispersion curves along the high symmetry points I'-M, for
longitudinal (L), Transverse (T), Flexural (Z) phonons modes [416].

We notice from Fig. 6.27, that near point I' (zone-center in BZ) where ¢ is low, both
the transverse acoustic (TA) and longitudinal acoustic (LA) have linear dispersions
of wra =~ vraq and wpa & vpaq, respectively. Whereas the group velocities vpy &~
13.6 km/s and vpa =~ 21.3 km/s are 4-6 times higher than those in silicon [417] or
germanium [418], which is due to the strong sp* in-plane bonds. In contrast, the
flexural acoustic (ZA) phonons have approximately quadratic dispersion, wzs = ag?,
where a &~ 6.2 x 1077 m?/s. The unusual thermal properties of graphene occur owing

to the presence and modifications of ZA modes.

The specific heat of a material defined as C' = dU/dT represents the change in
energy density U, when the absolute temperature 7' changes by 1 K. It determines
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the thermal energy stored within a body, as well as, how quickly it cools or heats,
through the thermal time constant 7 ~ RC'V, where R is the thermal resistance
of heat dissipation, and the volume of the body V. The thermal time constant for
a nanoscale object like SLG, or carbon nanotube is ~ 100 ps [419], and nearly
1 ps for phonon modes relaxation [420]. The specific heat of a material such as
graphite or graphene is stored in the lattice vibrations (phonons) and free conducting
electrons, C'= C,, + Cq. In graphene, the heat storage is dominated essentially
by phonons at any temperature > 1 K, which is different from bulk graphite [421],
and the specific heat increases with temperature, as shown in Fig. 6.28. We notice
in this figure the classical behavior of solids, where at very high temperatures, the
specific heat is nearly constant, due to the excitation of all atomic degrees of freedom
(translational and vibrational degrees). For graphite, the C, ~ 0.7 J g 'K ! reaches
1/3 of the upper value at room temperature. For an isolated single graphene sheet,
similar behavior is expected at room temperature, when all flexural ZA phonons are
thermally excited. Nevertheless, the dispersion of ZA phonons of graphene can be
altered or suppressed when it is in contact with a substrate (supported graphene)
[422], and if it is intercalated [423, 424].
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Figure 6.28: Specific heat curves of graphite, diamond and graphene as a function
of temperature. The inset shows that specific heat is mostly higher in an isolated
single graphene sheet, and dominated by phonons above ~ 1 K[416].

The specific heat at low temperatures (7' < O p, where Op is Debye temperature)
scales as Cpp ~ T4 for a phonon dispersion of w ~ ¢" in d dimensions, which is
why the C,, contains significant information about dimensionality of the system,
along with its phonon dispersion [425]. Given that an isolated graphene sheet is a
2D material, thus d = 2, and the out-of-plane ZA phonons have quadratic dispersion,
hence o = 2, the behavior of Cpj, should be linear at very low temperatures, oc T,

when ZA phonons dominate, followed by a quadratic behavior, oc T2, because of
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the linear phonon modes, LA and TA, as indicated in the inset of Fig. 6.28. This
behavior is in contrast to graphite, whose specific heat rises oc 7% (d = 3, a = 1) at
very low temperatures (< 10 K), owing to the weak interlayer coupling. This behavior
changes at intermediate temperatures (10-100 K), whereas Cj, oc T2, because of the

in-plane linear phonons.

6.5.2 Thermal conductivity of graphene

The thermal conductivity of a material k is the proportionality constant between the
heat flux per unit area Q” (W/m?), and the temperature gradient VT, Q" = —xVT,
where the negative sign signifies that the heat flows from high temperature region to
low temperature region. The specific heat and thermal conductivity can be related
by this relationship k = Y~ C,\, where v is the average phonon group velocity, and A
is the mean free path, respectively. This expression is valid under diffusive transport
conditions, when the sample dimensions is much greater than the mean free path
(L > A). The anticipation of superior thermal properties of graphene has driven
tremendous effort for theoretical and experimental research to calculate and measure
the thermal conductivity of graphene. For example, an ab initio based calculation has
found that the thermal conductivity x of a suspended single graphene sheet is in the
range ~ 2000-5000 W/mK at room-temperature, which depends on flake width, defect
concentration, and roughness of graphene edges [426]. This theoretical value is in
good agreement with the experimentally measured value of the thermal conductivity
of a suspended graphene sheet at room temperature [345]. Such superior thermal
conductivity is attributed to the long phonon mean free path that the graphene has,
where these phonons are only limited, or scattered by graphene edges. Interestingly,
and in contrast to bulk materials at room temperature (300 K), a suspended single
graphene sheet exhibits an increasing, logarithmically-divergent thermal conductivity
with the sample length, even for those samples with lengths greater than the average

mean free path of phonons [427].

Furthermore, graphene layers exhibit a change of the thermal conductivity at room
temperature from ~ 2800 to 1300 Wm "K', when the number of graphene layers
increases from 2 to 4 layers [428]. This dimensional crossover of thermal conductivity
is due to interlayer coupling of the low-energy phonons, and changes of Umklapp
scattering. This fascinating result elucidates how the heat conduction evolves from
low-dimensional materials, like single graphene sheets, to the 3D bulk material
properties, as the number of graphene layers increases. In contrast, a molecular
dynamics (MD) simulation in combination of phonon spectral analysis showed that

the thermal conductivity of a supported SLG exceeds rapidly, reaching nearly 90 %
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of bulk graphite thermal conductivity (Kgraphite = 962 Wm'K™!) at 6 layers only,
and saturates at a thickness of 13.4 nm (40 layers), see Fig. 6.29. Furthermore,
SLG exhibits insensitivity of to the length-scaling of the flake width, unlike what
normally a free standing SLG shows [429]. The reduction of of a supported SLG has
been experimentally confirmed, where x is 600 Wm 'K ™! near room temperature
[430]. Such reduction of k for a supported SLG is attributed to graphene-substrate
interaction, whereas it blue-shifts the ZA phonons frequencies and broadens their
spectral peaks, thereby shortening their lifetimes. The interaction with the substrate
is strongly experienced with the first supported graphene layer. Additional graphene
layers experience weaker damping from the substrate being shielded by the first layer.
Also, those layers experience weaker inter-layer interactions, that is why thermal

conductivity of supported graphene increases.
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Figure 6.29: Raw data extracted from a MD simulation of thermal conductivity of
supported graphene (black dots), with double exponential fit of kappa increase (red
line). The dashed blue line is an estimated limit of bulk graphite. The inset shows a
normalized « for a large number of layers (open red circles), and the dashed lines are
visual guides for saturation limit [429].

There are some techniques that have been developed for measuring the temperature
change AT and thermal conductivity x of graphene. The most famous and widely
applied of them is a Raman-based spectroscopy technique, developed by Baladin
et al. [345], in which a SLG sheet is suspended across a trench created into the
Si04/Si substrate. This technique has drawn attention due to its relative feasibility
as compared to other sophisticated techniques. It is a non-contact optothermal
technique, which uses a focused 488 nm laser to create a small hot spot at the center
of SLG. The generated heat is mostly dissipated laterally toward the edges, where
large graphite layers act as heat sinks, as the air is a poor heat conductor, see Fig.

6.30.
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Figure 6.30: Scheme of an optothermal technique for measuring suspended SLG,
laying across a trench (underneath), where the focused laser creates a hot spot that
dissipates toward the edges [345].

The temperature measurement is carried out based upon the well-defined G peak
of Raman spectrum, whose position shifts linearly with temperature, with a slope
X¢ (temperature coefficient) that can be separately measured of the sample in
a controlled environment [364]. The local temperature of the graphene hot spot
increases with increasing the laser power, causing a redshift for the G peak. The
temperature rise (AT) can be calculated by measuring the change in the G peak
frequency (dw) for a known change of laser power (dP), given the knowledge of x¢.
The thermal conductivity x is extracted using the heat-flow equations for a 2D sheet

with plane-wave fronts, using the formula:

K=o () () 6.1

where L is the distance to the heat sink, h is graphene thickness, W is the flake width.
The measurements showed that a suspended SLG has x ~ 4840 - 5300 Wm 'K,
The feasibility of this optothermal Raman-based technique, enabled expanding its
application to other 2D materials, e.g., transition metal dichalcogenide (TMD), such
as molybdenum disulfide (MoS,) and tungsten disulfide (WS,) [365].

6.5.3 Mechanisms of laser-induced damage of graphene

The exposure to highly intense light sources, such as fs lasers can cause damage to a
bulk graphite, thin graphite films, or graphene. The damage can manifest itself in
various forms, i.e., degradation of lattice like defects or cracks; or complete ablation
of the carbon layers. Despite being detrimental, those deleterious effects can lead
to controllable patterning of graphite or graphene, whenever the appropriate laser
parameters are identified. This shows the importance of studying laser-induced

damage of graphene or graphite films. For example, the controllable formation of
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nanopores in graphene crystal structure [431] could be an alternative way to engineer
the electronic properties [432], chemical reactivity [433], and surface interactions

[434).

Since graphene layers are isolated from bulk graphite (exfoliated graphene), or
accumulated on top of each other (CVD-grown graphene), it is essential to understand
the damage mechanisms associated with each physical system that are inter-related
to one another. A theoretical analysis of the physical mechanisms of the damage
formation induced by fs laser pulses in graphite films was performed by Jeschke
et al. [435], using MD calculations based upon a tight-binding (TB) Hamiltonian.
This analysis identified a unique property of graphite, that is, it has two distinct
laser-induced structural instability mechanisms, one at high laser energy and another
at low laser energy. At high energy, e.g. Ey > 3.3 £ 0.3 eV/atom and a flux F' ~ 0.29
+ 0.03 J/cm?, the fs laser excites electrons from occupied states to unoccupied states.
Later, these electrons thermalize to a hot Fermi-Dirac distribution within ~ 10 fs,
due to electron-electron scattering. This causes a rapid change of the interatomic
potential leading to weakening of the in-plane C-C bonds. Within this very short
time, the sp? in-plane C-C bonds will be broken. At 80 fs from the pulse maximum
(pulse width = 20 fs), the disorder inside the in-plane graphite layers evolves with
such high absorbed energy, and large volume expansion is observed. Some graphite
planes will form strong covalent bonds (cross-linking), rather than being typically
attached via the weak van der Waals forces, while some carbon monomers will be
evaporated. This mechanism gives rise to melting and evaporation of graphite layers
(graphene) from graphite films. The simulation of the time evolution of the ablation
process on fs timescale from ordered graphene planes to disordered atoms is displayed
in Fig. 6.31.
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Figure 6.31: Ablation of graphite film with absorbed energy Ey = 4.0 J/atom from a
7 = 20 fs laser pulse. Adapted from [435].

At low energy, e.g., By > 2.0 + 0.4 ¢V /atom and a flux F ~ 0.17 £+ 0.04 J/cm?,
the laser pulse excites strongly out-of-plane (c-axis) vibrations in graphene sheets.
Typically, the planes of carbon atoms are separated by ~ 3.4 A. But, due to those
vibrations, the graphene layers come close by ~ 1.8-2.0 A, whereas at such close
distance the layers interact strongly with each other, with energy E =~ 1 eV, which
results in collision and momentum transfer among them. In that situation, the
surface layer with initially zero momentum acquires enough kinetic energy to escape
the material. We see here that, with this mechanism, the graphene layers of the
graphite film remain almost intact, with of course some disorder among layers, and
removal of some surface layers. The temporal dynamics of such structural instability
is shown in Fig. 6.32. It was also found in this study that the damage mechanisms

are irrelevant to the laser pulse duration.
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Figure 6.32: Temporal dynamics of vibrations and collisions of graphene layers,
induced by an absorbed energy, Ey =2.0 eV /atom below fragmentation and ablation
threshold of surface layers. Adapted from [435].

The collision model presented here coincides with experimental evidence provided
by Carbone et al. [436], giving an insight about the preablation mechanism. This
experiment was conducted via the technique of ultrafast electron crystallography
(UEC) to study the ultrafast structural changes caused by fs laser irradiation to a
HOPG graphite crystal, within a range of 3.5-44.5 mJ/cm? of laser energy fluences.
They showed that within 0-0.5 ps, the laser at 800 nm (1.55 ¢V) initially excites the
electrons from the 7 bonding band to the antibonding 7* band. It is known that the
band of the electronic structure in graphite/graphene is anisotropic, meaning that
the excited electrons are not evenly excited in the momentum space. The energy
band of graphite/graphene has a saddle point that exists in the vicinity of the M
point, which matches the photon energy 1.55 eV of the excitation laser. This implies
that the laser energy can be coupled efficiently to this saddle-point, and a large
number of electrons can be easily promoted to this point (M point) of the Brillouin
zone, as it has a large density of states. An experimental study carried out using
femtosecond time-resolved photoemission of the photoexcited electrons, supported by
ab initio calculations showed that in order for the excited electrons to decay from the
M point, those electrons must transfer comparatively large momentum to secondary
excitations, i.e., other e-h pairs, in contrast to electrons excited at any other region
of the band structure (e.g., K or I" points) [437]. Because the e-h pair spectrum
has negligible overlap with the excited electrons near M-point, meaning that there
is no sufficiently large momentum to decay those excited electrons, this transfer is
constrained, due to momentum conservation law. Consequently, the excited electrons
are expected to have longer lifetimes. However, a study by time-resolved terahertz
spectroscopy showed that the majority of the photoexcited electrons at M-point

couple efficiently to a certain set of phonons, called strongly coupled optical phonons
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(SCOPs) [438]. Those are in-plane high frequency optical phonons to which the
photoexcited electrons with high energy can efficiently couple to, and helps them
to decay within a characteristic time as fast as 500 fs, depending upon the laser
fluence. During that time, when the electrons are excited from the 7 band to the
m* band, then decay through electron-phonon coupling, the graphite experiences an
initial contraction along its c-axis. It is believed that the excited electrons weaken
the interlayer bond (van der Waals bond), leading to a situation in which graphene
layers in the graphite get closer together along the c-axis. Following this contraction,
the graphene layers experience an expansion, and SCOPs transfer their energy into
other phonon modes of the graphite lattice within 5-7 ps. This expansion is huge
such that it cannot be caused by thermal energy transfer from SCOPs to the overall
lattice. That is why this preablation regime of graphite that can lead to damage of

the lattice at higher fluences is considered nonthermal.

The damage caused by fs laser irradiation of graphene is commonly characterized by
three main techniques: optical microscopy, Raman spectroscopy and atomic force
microscope. In the work of Beltaos et al. [439], the damage effect of a Ti:Si laser at
840 nm, ~ 150 fs, with 76 MHz on SLG and multi-layer graphene samples, prepared
via mechanical exfoliation was characterized using the three techniques. A laser
interaction at ~ 350 mW power for several hours, led to a clear damage of graphite
and a complete ablation of the SLG, as shown in Fig. 6.33. This shows that graphite
has a higher damage threshold.

(a) (b) graphite

graphite
\

removed

|

Figure 6.33: Optical micrographs of laser irradiated graphite and SLG, (a) Before
and (b) After fs laser exposure [439].

Investigation of another sample of 10-15 layers, in the same work, showed degradation
of graphene layers in some regions, while other regions suffered from an ablation with
clear edges, see Fig. 6.34 (c) and (d) for images taken by an optical microscope, and

Fig. 6.34 (a) & (b) for AFM images corresponding to certain determined regions.
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Figure 6.34: Degradation and ablation of 10-15 layers samples. (a) AFM image
of an ablation of the region, highlighted in (c¢) (white square), (b) AFM image of
degradation of a region highlighted in (d) [439].

Additional confirmation of the damage and degradation was obtained by taking the
Raman spectrum before and after the laser irradiation, where the appearance of
D peak is a clear indication of damage occurrence. Investigation of different laser
power ranges 50-275 mW and exposure times (1-240 s), showed that the ablation
threshold is ~ 4.2 mJ/cm? and the ablation power and exposure time can be as
little as 250 mW and 2 s, respectively. Roberts et al. [440] studied the effect of
very short laser (50 fs) to a SLG fabricated by CVD technique, and found out that
the SLG can withstand up to ~ 3 x 10 W/cm? (~ 200 mJ/cm?) from a single
laser shot before it ablates. Also using 50 fs laser pulses and CVD grown SLG, later
transferred to a sapphire substrate, Currie et al. [441] conducted a quantitative
study of laser-induced damage, and found that an optical fluence of 14 mJ/cm? leads
to a local modification of sp? carbon bonding structures, with a linear increase in
the damaged area when the laser fluence is increased. Further, at laser fluence of
57 mJ/cm? (180 mW average power, 1400 GW/cm? peak irradiance), the damage
caused by laser irradiation, not only induced the D peak in the Raman spectrum,
but also caused disappearance of both G and 2D Raman peaks, as shown in Fig.
6.35.
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Figure 6.35: Comparison between Raman spectra of undamaged SLG and damaged
SLG. (1) Undamaged Raman spectrum (black), (2) Laser irradiated SLG spectrum
measured at the damage periphery (red). Notice the increase in D peak intensity,
and the prominent reduction of G & 2D peaks. (3) Raman spectrum of the same
SLG measured at the damaged region (green), with no discernible peaks [441].

A time-dependent structural modification of single-crystal graphene layers, due to
laser irradiation of as little as 1 mW power has been reported by Krauss et al. [442].
The exposure period to such modest power results in different modifications. For
example, after 2 hours of 1 mW laser power, the heat removes the adsorbed dopants,
like water and O, which manifests itself in the form of a redshift of G and 2D
peaks, broadening of the G peak, and an increase in the Iyp/Ig ratio. Exposure
to similar power for hours to ten hours breaks the sp? C-C bonds, and results in
disassembling the single-crystal into ~ 10 nm interconnected nanocrystallines. The
Raman spectrum changes associated with that are strong D peak growth, a blueshift
from phonon confinement, and a reduced 2D peak. Surprisingly, although the initial
exposure to laser removes adsorbed dopants, the newly created grain boundaries
act as docking sites for adsorbates. Additionally, p-type doping is observed for
the laser exposed regions. Samples of bilayer graphene samples have shown similar
results. Increasing the number of graphene layers weakens substantially this effect.
Interestingly, bulk HOPG graphite does not exhibit similar behavior, even at higher

laser power of 12 mW.
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As far as we see, based upon the different experiments discussed above, seemingly
there is no common agreement on an energy fluence value that can be considered
the damage threshold for graphene. This might be because the studied graphene
samples are fabricated under various conditions, and/or different substrate materials

influence graphene samples differently.

6.5.4 Experimental setup and results

Throughout the previous discussions about the thermal properties of graphene,
we have shown that the superior thermal conductivity x of a suspended SLG is
drastically reduced when supported by a substrate. Similarly, FLG has reduced s
value approaching a bulk graphite. This implies that the heat deposited by a laser
beam will not be efficiently dissipated in those cases, as opposed to a suspended
SLG. Although the damage of graphene layers when irradiated by fs laser pulses
are essentially caused nonthermally, the accumulated heat into graphene layers
should also be taken into account, especially with high repetition rate lasers (e.g.,
GHz). With 1 GHz repetition rate fs laser, nearly more than one order of magnitude
repetition rate compared to the commercial solid-state lasers, the accumulated heat
could be a significant issue. Indeed, some of our graphene flakes have been damaged,
either in the form of an ablation, or degradation, or sometimes even thinning of
graphene and thin graphite film thicknesses. For example, the very first graphene
sample, consisting of 10-11 layers, shown in Fig. 6.36 (a) has been completely ablated
in some spots, it has also shown some crater-like regions of different sizes in the

vicinity of graphite areas, and has been thinned in some other regions, see Fig 6.36

(b)-
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Figure 6.36: Damage of graphene sample of 10-11 layers, owing to fs laser irradiation.
(a) Optical micrograph of graphene sample before fs irradiation taken with 100 x
objective lens (0.95 NA), (b) Optical micrograph of the same sample after fs laser
exposure, taken with 50x objective lens (0.4 NA). Red triangles indicate regions of
complete ablation, yellow plus sign surrounded by crater-like spots, and the minus
green sign indicates a region, where graphene thickness has been thinned.

This damage occurred after exposure to ~ 100 fs laser, 820 nm, 1 GHz repetition
rate and 1 W average power. Given the average power and the repetition rate, the
laser energy Ep was 1 nJ. The beam size D was 20 um, from which we can calculate
the spot area A = 7(D/2)?, that is 3.14 x 107% cm?. In order to find the energy
fluence F' to compare it to other studies, we need to divide the pulse energy Ep
by the beam spot area A, which gives ~ 0.31 mJ/cm?. Note that this laser fluence
causing damage is nearly more than one order of magnitude lower than the lowest
reported laser damage fluence (4 mJ/cm?) in Ref. [439]. In fact, not only the damage
caused by our fs laser extended to far regions on the same area having graphene and
graphite, it also extended to other adjacent flakes, as seen in Fig. 6.37. This might

have been caused due to scattering of the laser beam.

Figure 6.37: Optical micrograph showcasing damage caused by fs laser extended to
other flakes, encircled by dashed yellow line.
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Provided that the laser damage fluence (0.31 mJ/cm?) is much smaller than any
reported value in literature, and in sake of identifying the safe laser intensity and
fluence for working with graphene samples, a new experiment has been carried out
to study the damage effect caused, owing to exposure to our fs (1 GHz rate) laser.
Similar to the approaches followed in literature to characterize damage in graphene
and thin graphite films, we used optical microscopy and Raman spectroscopy as
tools in the determination of the safe laser fluence. We excluded AFM from our
characterization arsenal, because full scanning of one graphene flake can take a
tremendous amount of time, especially since our flake sizes are large. A new setup
had been built up using Taccor tune (1 GHz) fs laser, CW laser, camera (pco.pixelfly)

and QE pro spectrometer, as shown in the scheme of Fig. 6.38.
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Figure 6.38: Scheme of optical setup for studying damage caused to graphene/thin
graphite films samples by Taccor fs laser.

Initially the CW laser was a HeNe laser at 632.8 nm and due to shortage of space on
the optical table, it was replaced with a PicoQuant diode laser at 656.64 nm (CW
mode). Since this laser is located in another lab, it was coupled to our setup via a
long optical fiber attached to a fiber-optic collimator. Although this helped overcome
the lack of space problem, the CW laser beam profile could not be well-focused
because it shows a granular speckle pattern that spread over a large spot. The
speckle pattern arises as multiple modes supported by the fiber interfere with each
other, giving rise to an uneven distribution of light at the end of the fiber. Fig. 6.39
exhibits such a granular speckle pattern, reflected when the laser is focused onto
gold-coated glass (Fig. 6.39 (a)) and from graphite mesa (6.39 (b)), shown previously
in Fig. 6.15.
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Figure 6.39: Speckle pattern of CW laser transferred through an optical fiber, from
reflected light when the laser is focused onto (a) Gold-coated glass, (b) Graphite
mesa.

For investigating which fs laser irradiation average power is appropriate to avoid
damaging graphene/thin graphite films, a white light was used to image the sample
before fs laser irradiation to firstly, determine its location on the sample surface,
secondly to check whether or not it has any inherent damage beforehand. Following
imaging, the objective lens (40x - 0.65 NA) is flipped and the CW laser, filtered
with a 656.64 + 2 nm bandpass filter, after reflection onto the dichroic mirror (DM),
impinge onto the sample for measuring Raman spectrum, whereas the scattered
Raman signal passes through the DM, and is guided through mirrors to be recorded
by a fiber-coupled spectrometer that has a long-pass F76-667 nm filter in front of it.
Then, the Taccor fs laser propagates through the sample, and the objective lens is
unflipped to protect it from the intense fs laser. Throughout the experiment various
Taccor fs laser powers were used and at different periods of exposure, while different
flakes and samples have been studied. The idea here was to detect the presence of
the D peak, which often appears whenever a pristine graphene becomes defective. If
the initial Raman spectrum before fs laser irradiation indicates already the existence
of a D peak, its magnitude is anticipated to increase after more damage occurs, due
to fs laser exposure. We know from subsection 6.2.4 that the D peak, given the
CW laser wavelength of 656.64 nm, should appear at 720.52 nm. It is important to
mention that any data obtained using the fs laser at an average power below 1 W
and with an exposure time shorter than 60 minutes will not be considered.. The
reason for excluding these data is that during the experiment the CW laser spot size
was much bigger than the one of the fs laser used for irradiation. This implies that
the smaller fs laser spot was focused onto a small portion of the sample under study,
while the Raman spectrum in such a case is collected from a larger area around the
potentially damaged small region. This can smear out the D peak in the detected
Raman spectrum, taken after Taccor fs laser exposure. Later, the Taccor fs laser spot
size was enlarged to be equal to its counterpart of the CW laser. Then, the samples
were irradiated at 1 W for 60 minutes. For example, two different thin graphite films

on the same sample were investigated, shown in Fig. 6.40. As seen in Fig. 6.40
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(a) & (b), this thin graphite film was neither defective before fs laser exposure, nor
acquired defects, due to the 1 W of fs laser irradiation for 1 hr. Both imaging and
Raman spectrum confirms this conclusion. Fig. 6.40 (c) & (d) are for another thin
film. Although the initial Raman spectrum indicates the existence of a D peak, the
Raman spectrum taken after fs laser irradiation shows lower magnitude of this peak.
Besides, adjacent fluctuations of comparable magnitude have appeared. The D peak
of the initial spectrum might have arisen due to a small noise spike, not from a real
defect. As known, the induced damage is supposed to increase the D peak, if it is
real, which did not take place, and also confirmed from the optical micrograph taken

after fs laser irradiation.

b)

a
o

3038 rm

)
®a ‘ G T z‘K et

Intensity (a.u.}

N
o

s £ e uto i Tio 0 0
Wavelength [am] Wavelength [nm]

Mo il e 140 "®o a0
Wavelength [nm] Wavelength [nm]

Figure 6.40: Investigation of potential damage caused by Taccor fs laser irradiation
for thin graphite films. (a) Optical micrograph before fs laser irradiation, and Raman
spectrum acquired via a CW laser (at red plus sign mark). The green dashed line is
a visual aid for Raman D peak. (b) Optical micrograph of the same thin film and
Raman spectrum after fs laser exposure for 1 hr at 1000 mW. (c) Optical micrograph
of another thin film, along with its Raman spectrum before fs laser irradiation. (d)
Optical micrograph and Raman spectrum after fs laser irradiation.

With other samples, similar investigations have been carried out but for flakes of
graphene layers. For example, a graphene flake consisting of 3 layers (trilayer) and
another flake of 7-8 layers shown previously in Fig. 6.21 (a) and (b), have been
exposed to similar conditions for studying any potential damage. We see from the
optical micrographs before & after fs laser irradiation (7-8 graphene layers) in Fig.
6.41 (a) and (b) that no visual sign of damage exists. However, their Raman spectrum
indicates the existence of a defect already before irradiation with Taccor fs laser.
Surprisingly, the magnitude of the initial D peak did not increase, owing to fs laser
irradiation, which means the exposure of 1 W, fs laser for 1 hr did not cause any
further damage. Similar outcome has been obtained with the trilayer of graphene,

shown in Fig. 6.41 (c¢) & (d). Unknowingly, despite each flake of graphene having a
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different number of layers, it is observed in both flakes that the 2D peak was almost

completely smeared out by background, which was not the case with G peak.
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Figure 6.41: Investigation of potential damage caused by fs laser irradiation for
flakes of graphene layers. (a) & (b) Optical micrograph of a graphene flake of (7-8)
layers, and their corresponding Raman spectra before & after fs laser irradiation,
respectively. (c¢) & (d) Optical micrograph of a graphene flake of (3) layers, and its
Raman spectra.

One of the most interesting results was related to the thin graphite film, shown in Fig.
6.42. Before the fs laser irradiation, the image of that film, see Fig. 6.42 (a), shows
that it does not contain visible defects. Moreover, its Raman spectrum shows an
unclear D peak, because its magnitude is similar to the adjacent background, before
G peak. The micrograph of Fig. 6.42 (b) still does not indicate any visible defects,
although its Raman spectrum exhibits a bit more prominent D peak, showing that
some defect has occurred, albeit until now the film still looks intact. Nonetheless,
later imaging after a few days with a commercial optical microscope and a home-built
Raman microscope has shown clear damage, in the form of a vertical straight crack,
as illustrated in Fig. 6.43.
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Figure 6.42: Investigation of potential damage for thin graphite film. (a) Optical
micrograph of the thin film, and Raman spectrum, before exposure to fs laser, with
barely seen D peak in its Raman spectrum, (b) Optical micrograph and Raman
spectrum after fs laser (1 W, 1 hr).

20 um

Figure 6.43: Induced crack line, because of fs laser irradiation. (a) Optical micrograph
taken by commercial microscope, showing the entire vertical straight crack, (b) Similar
optical micrograph, taken by a home-built Raman microscope, showing roughly 3/4
of the crack line.

The outcome of our experiment discussed here, led us to important findings. Firstly,
although most of the samples we investigated remained intact, even after one hour
of exposure to 1 W fs laser power, some of them showed later cracks, similar to
the one in Fig. 6.43. Secondly, utilizing the Taccor fs laser at considerably lower
average powers (i.e. 290 mW), in optical Kerr shutter experiments, did not guarantee
complete avoidance of damage and/or cracks, even though those samples survived
initially much higher laser power. For example, when the fs laser is used at 290
mW, with some thin films, most of the time no visual damage was observed, while
using the same power with the same thin films at the same spots, either in the same

day, or during other days can damage those films, in a manner similar in ambiguity
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to that shown in Fig. 6.43. Thus far, the exact reasons for such vague behavior
are yet unclear. However, there are some potential reasons that could be behind
it. For instance, it is possible that the variation of laboratory humidity within a
day, or several days can influence the damage threshold value of graphene flakes, or
thin films. Actually, as those are 2D materials, they have larger surface-to-volume
ratio, as compared to their bulky counterparts. Shedin et al. [443] have shown that
graphene is capable of sensing individual gas molecules, either being adsorbed onto
its surface, or detached from it. Another possibility that can interpret the absurd
behavior of graphene and thin graphite films when exposed to fs laser, could be that
the fs laser irradiation induces structural modifications in the carbon atoms lattice,
which at some point can result in a fracture of the flake/film. In fact, it was shown
that an ultrashort laser can pre-weaken the regions covered by its spot size, and
induce micro-cracks or voids in glass substrates and subsequent heating can lead to
crack propagation, which is a process recently used for glass cleaving and cutting [444,
445]. A similar mechanism could be occurring in our case, but not with the glass
substrate, instead with the 2D graphene crystallite. For example, our fs laser pulses
could be inducing micro-cracks, and accumulated heat from the high repetition rate
(1 GHz) could be playing a role in propagating those cracks. In conclusion, detailed
studies are demanded for better understanding of the circumstances and parameters

that control the damage caused by fs laser irradiation.

6.6 Nonlinear optical properties of graphene

6.6.1 Overview

Besides the fascinating electronic, optical and thermal properties of graphene, pre-
sented in the introduction, it was predicted by Mikhailov [446] that graphene should
possess strong nonlinear optical response, over a broad spectral range from mi-
crowave to infrared, due to the linear energy-momentum dispersion relationship
of the quasi-particles. Such strong nonlinear responses can be achieved by merely
moderate electric field values, ranging 5-100 V/m, depending upon the electromag-
netic frequency, temperature and doping level. This interesting prediction provoked
the nonlinear optics community to investigate the nonlinear optical properties of
graphene, such as harmonic generation, four-wave mixing, and other nonlinear optical
phenomena, both theoretically and experimentally. Shortly after that, Mikhailov and
Ziegler [447] developed a quasi-classical kinetic (Boltzman) theory while ignoring
interband transitions to describe the nonlinear behavior of graphene, which takes

into account the Fermi-Dirac distribution of electrons, the response of graphene
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to continuous and pulsed excitation, as well as the feedback from current-induced
electromagnetic (EM) field (self-consistent field effects). Their theory showed that
graphene indeed has some interesting nonlinear optical response, such that it can
be used as frequency multiplier (harmonic generation) in THz and sub-THz of the
EM-field. Bao et al. (2009) [448] used a large area of graphene as a saturable ab-
sorber for an ultrafast mode-locked fiber laser. This was achieved via transferring the
graphene layer onto the laser fiber, and it was demonstrated that graphene acquires
lower absorption saturation intensity as compared to traditional saturable absorbing
materials. This feature is attributed to Pauli blocking and the zero-gap graphene
has, whereas the interband optical absorption under strong excitation blocks other
electrons from occupying the same energy levels, hence saturating them. Graphene
can absorb efficiently from IR to visible light, which offers widely tunable saturable
absorbers. Hendry et al. (2010) [449] used coherent four-wave mixing for the first
time to measure the third-order nonlinear optical susceptibility y® and found its
value remarkably large, weakly wavelength-dependent in near-IR frequency range,
where the effective |x¥)| ~ 107 esu ( ~ 107®m2V~2). Later on, this value was
corrected by Cheng et al. [450], such that |x\¥| ~ 10711 esu (~ 10-19m2V~2). Also
in 2010, Ishikawa [451] studied the nonlinear optical response of electron dynamics
in graphene under intense light pulse in the time-domain. He concluded that the
nonlinear optical response of graphene can be neither described solely by intraband
dynamics, nor by interband transitions; it is rather an interplay of both. The third
harmonic generation was demonstrated by Kumar et al. (2013) [452] in graphene
and thin graphite films, where the emission from graphene scaled with the cube of
the intensity of incident near-IR beam, and the emitted wavelength was 1/3 of the
incident wavelength. Cheng et al. (2014) [450] investigated the linear and third order
nonlinear optical conductivity of doped graphene at zero-temperature by performing
perturbative calculations around Dirac points using semiconductor Bloch equations.
In this work, using approximations valid around Dirac points, and ignoring effects
due to scattering and electron-electron interactions, obtaining analytic formulas for
those conductivities was possible. Also, they found out that the linear dispersion
relationship causes resonances over a wide range of photon energies. Hence, the
nonlinearity of graphene can be enhanced via tuning the chemical potential. Later,
a quantum theory of the third order nonlinear electrodynamic response of graphene
was developed by Mikhailov (2016) [453]. This theory revealed that the nonlinear
optical properties of graphene are particularly interesting for low frequency regions
(microwave and THz) and for high IR frequencies. The latter is particularly useful for
three photon absorption. It also revealed that despite graphene having no inversion
symmetry, second harmonic generation can be stimulated by a DC electric current.

Different routes have been pursued in order to achieve large enhancement of the
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third harmonic generation in graphene, e.g., via coupling it to a cavity [454], or by
controlling the doping level by electrical gating [455, 456], which enables the usage

of graphene in optoelectronic-based applications.

6.6.2 Self-phase modulation of graphene

It is important to mention that the self-phase modulation referred to in this sec-
tion is the temporal self-phase modulation, not the spatial self-phase modulation,
which is out of the scope of this work. The self-phase modulation of graphene is
not less interesting than its other unique properties. In fact, graphene presented
a long-standing paradox as theoretical models predicted quite weak third-order
susceptibility ¥, in contrast to the huge nonlinearity measured experimentally,
which led to discrepancy between the measured value of x® and the theoretically
predicted one. For example, experimental measurements of third-order nonlinearity
of graphene showed that | Xg?f’f)| ~ 1077 esu, while the electronic third-order suscep-
tibility predicted theoretically is | Xﬁm ~ 107 esu. Furthermore, it turns out that
the conventional x(®-dependent self-phase modulation is not capable of explaining
the spectral broadening of graphene, neither quantitatively nor qualitatively. To
resolve this paradox, Vermeulen et al. [457] studied SPM of graphene and unveiled a
complex phenomenon, so-called saturable photoexcited-carrier refraction (SPCR),
which well-interpret the SPM of 2D materials, like graphene. Furthermore, it can
also explain an anomalous behavior of graphene, whereas an exponential-like spectral
bandwidth growth of picosecond optical pulses was observed, when they propagate
along graphene-covered waveguides. The conventional SPM theory fails to explain

such behavior, as shown in Fig. 6.44, but the newly introduced SPCR model does

not.
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Figure 6.44: Broadening factor of graphene-covered SiO, waveguide, exhibiting an
exponential-like behavior for graphene length up to 1100 pm, for a waveguide-coupled
peak power of 2.7 W [457].
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In conventional SPM, the spectral broadening associated with the optical pulses
propagating through a nonlinear medium originates from the electronic third-order
nonlinear optical susceptibility ¥, such that SPM process depends on the induced
x® nonlinear part of refractive index Ang)(z,t) o x¥|A(z,t)|?, where A(z,t) is
the pulse amplitude. This affects the pulse chirp and its spectral width through the
chirp-index relation Opp(z,t) o< 0y [5 An(Z',t) dz’. This spectral width varies linearly
with the optical pulse input power, as well as the effective thickness of the nonlinear
material. Such dependencies do not apply in graphene as a nonlinear medium. In
the SPCR mechanism, the photoexcited carriers in graphene are mainly responsible
for its spectral broadening. When optical pulses travel along a graphene-covered
waveguide, these pulses experience absorption by graphene, and as a result some
free carriers with density N.(z,t) are photoexcited. Those photoexcited free carriers
change the refractive index Ancamiers ¢ Nec(2,t) and give rise to pulse chirping,

expressed as

Oyp(z,t) x O /OZ ANearriors(2, ) d2’ o< /OZ N(Z',t)dz. (6.15)
This phenomenon is already known as free-carrier-refraction (FCR)-induced chirping.
However, in graphene-covered waveguides, this phenomenon is much more complex
than any 3D system ever studied. Along the optical pulse propagation direction, the
time evolution of the density of photoexcited free carriers N.(z,t) depends heavily on
the saturation of graphene, i.e., N, ~ N, that takes place because of Pauli blocking.
Pauli blocking in graphene occurs when it is strongly excited, such that the excited
charge carriers from the valence band to the conduction band block other carriers to

occupy the same level. Meaning that the excited energy-level will be saturated.

When an optical pulse whose pulse width Tj is close to carrier lifetime 7. propagates
along graphene-covered waveguide, the free carrier density N.(z,t) builds up following
the pulse profile, and due to saturation of graphene, the graphene photoexcited
carrier density V& saturates at the pulse center but keeps exciting carriers at its
trailing edge, which yield up-chirping and down-chirping regions around the pulse
peak, as indicated in Fig. 6.45 (a), for short propagating distance of 220 um. As
the optical pulse keeps propagating along the graphene-covered waveguide at long
propagating distance, i.e., 1100 pum, due to graphene’s absorption the pulse power
will be reduced, thus it will not undergo saturation, which implies that it remains able
to generate free photoexcited carriers. In this particular situation, the instantaneous
frequency curve still has up-chirping and down-chirping regions but they get closer

toward the pulse center, as shown in Fig. 6.45 (b).
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Figure 6.45: 3D illustration of the optical pulse time evolution (blue), and the
associated graphene photoexcited carriers density (magenta), and the corresponding
instantaneous frequency curves (green), for graphene-covered waveguide at (a) 220
pm propagation distance and (b) 1100 pm [457].

Similar time evolution of the same quantities but with numerically obtained absolute
values for 220 and 1100 pm is provided in Fig. 6.46, that clearly shows the effect of
long propagation distances in the reduction of the optical pulse power, and the change
of the graphene photoexcited carriers N& and the consequence of this dynamic on

the instantaneous frequency curves.
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Figure 6.46: Numerically obtained absolute values of the time evolution of the optical
pulse propagating along a graphene-covered waveguide, and graphene’s photoexcited
carriers N& and their corresponding instantaneous frequency profile [457].

For the reasons clarified previously in both chapter 4 and 5, it was necessary to
explore SPM of graphene and thin graphite films, for evaluating their ability of
causing spectral broadening to the gate laser beam. For this purpose, several thin
graphite films, as well as graphene flakes were studied. In each of them, the gate
beam spectrum was measured without the sample, then the sample was placed, then
the gate beam spectrum was measured again for comparison. It was purposefully
chosen to measure the gate beam spectrum without the sample completely (desired
flake + substrate), rather than measuring graphene-free spots on the substrate. The

reason for that was, it was observed during optical Kerr measurements, that there are
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residuals of dissolved carbon, as a result of depositing graphite on not well-dried parts
of the glass substrate, distributed in some regions between graphite, thin graphite
films, and graphene. These dissolved carbon residuals were giving wrong signals.
Thus, to avoid wrong SPM signals, measuring without the entire sample was chosen
as an alternative. An example of the several thin graphite films investigated is shown
in Fig. 6.47.
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Figure 6.47: Investigation of SPM of thin graphite film. (a) Optical micrograph
of the thin film (marked with red plus sign), (b) Gate beam spectrum with (dark
blue) /without (orange) the thin film at A = 780, at 400 mW average laser power, (c)
Gate beam spectrum at A = 780, at 800 mW average laser power, (d) Gate beam
spectrum with (dark blue)/without (orange) the thin film at A = 800, at 400 mW
average laser power (pulse peak intensity Iy &~ 0.53 GW/cm?), and (e) Gate beam
spectrum with (dark blue)/without (orange) the thin film at A = 800, at 800 mW
average laser power (pulse peak intensity Iy ~ 1.06 GW /cm?).

The exact thickness of the thin graphite films, presented in Fig. 6.47 (a), is not
known, as this requires thickness measurement via AFM, and since scanning with
AFM is time-consuming, that step was delayed. This thin graphite film was studied
at two different wavelengths, 780 and 800 nm, respectively. At each wavelength, it
was studied at two different average gate laser power, 400 mW (pulse peak intensity
Iy ~ 0.53 GW/cm?) and 800 mW (pulse peak intensity Iy ~ 1.06 GW /cm?), where
a 1 s integration time was fixed in all cases. As can be seen, regardless of the
wavelength of the gate, and/or its average power, no discernible spectral broadening
was observed. For an example of the studied graphene flakes, Fig. 6.48 shows an
~ 8 layers graphene flake (identified via the model discussed earlier in subsection
6.4.1), which was presented earlier in Fig. 6.21 (b), but here the image was taken by

the incorporated optical microscope into the optical Kerr gate setup.
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Figure 6.48: Investigation of SPM of graphene. (a) Optical micrograph of the ~ 8
layers graphene flake (marked with red plus sign), (b) Gate beam spectrum with
(dark blue) & without (orange) graphene sample, at A = 800 nm, at 1000 mW average
laser power (pulse peak intensity Iy ~ 1.33 GW /cm?), 100 ms integration time.

Despite the higher average power of the gate laser (1000 mW), graphene did not
exhibit any spectral broadening, similar to thin graphite films. Due to the high
average power of the gate, the integration time was reduced to 100 ms to avoid

saturation, or damage to the spectrometer’s detector.

In view of the SPCR theory presented above, our graphene samples behave in
consistency to that theory. The exponential spectral broadening growth observed in
Ref. [457] is not expected to be seen in our case. This is because the following reason:
for our SPM experiment with graphene to observe similar giant spectral broadening,
we need to satisfy two requirements, which are both not fulfilled, one the pulse width
of the gate must be comparable to the carriers’ relaxation times of graphene; second,
the gate laser pulses must propagate through graphene for long distances. As the
gate laser has a pulse width of ~ 90-100 fs, which is much shorter than the excited
carriers’ relaxation time 7., our pulse width is not at the time scale of the carrier’s
relaxation time, where 7. is ~ 1-2 ps. In principle, our pulse compressor can be used
for enlarging the gate laser pulse width, for attaining this requirement. Also, the
second requirement is not fulfilled, since the gate laser passes through the thickness
of graphene flake, which is only 8 layers thick, as opposed to a graphene waveguide

used in the work of Ref. [457], along which their ps laser pulses were propagating.

6.6.3 Kerr nonlinearity of Graphene

The large third order nonlinear optical susceptibility y® reports of graphene intrigued
researchers to study another related quantity, which is the nonlinear refractive index
ns. Early measurement of ny value was reported by Zhang et al. (2012) [53], and
was carried out by Z-scan technique on few-layer graphene. The measurement was

performed using a 10 MHz picosecond laser (FWHM ~ 3.8 ps) centered at 1550 nm.

245



The reported value was ny &~ 1077 ¢cm?/W, that is almost 9 orders of magnitude
larger than bulk dielectric materials. Interestingly, they found that the ny value
decreases as the excitation flux increases. This result is in stark contrast to nonlinear
bulk materials, whose nonlinear index change is independent of laser irradiance.
Notice that the ny value reported here is positive. Shortly after that, Cheng et al.
(2013) [458] measured the nonlinear refractive index ny, as well as the nonlinear
absorption 3 of a SLG, and found out their values are 1.4 x 1072 ¢cm?/W, and 6
x 1079 cm /W, respectively. Furthermore, they compared the values of these two
parameters for various numbers of coupled layers (stacked with order) of CVD-grown
graphene versus a similar number of layers of decoupled graphene (randomly stacked),
and came out with a surprising result. That is, decoupling of graphene layers can
maintain the superior nonlinear optical properties of a SLG. The parameter n, was
measured in their work via Z-scan technique, with an 80 MHz fs laser (100 fs) at 733
nm. Z-scan technique was again used in the work of Demetriou et al. (2016) [459],
where multilayer graphene (5-7 layers) was studied using a 100 fs laser at 1150, 1550,
1900, 2400 nm wavelengths. To avoid any heat accumulation into graphene layers, the
experiment was conducted at 1 kHz repetition rate. The nonlinear refractive index
ny was actually ~ 107 cm?/W ™" (almost 8 orders of magnitude higher than bulk),
and confirmed the irradiance-dependent behavior of graphene. Counter-intuitively,
the sign of ny was found to be negative. Using degenerate optical Kerr gate (Apump =
Aprobe = 1600 nm), coupled to optical heterodyne detection (OHD-OKG) to increase
the detection sensitivity, the nonlinear refractive index ny of a CVD grown SLG was
studied by Dremetsika et al. (2016) [239], and found it to be -1.1 x 1073 m?/W, a
value few orders of magnitude different from what has been reported by other works.
A detailed theoretical analysis of the experimental results of this particular work has
been presented in Ref. [460, 461]. Ahn et al. (2017) [462] carried out a systematic
study to measure the third-order nonlinear optical susceptibility x*, hence n, for a
mono- and randomly stacked bi- and four-layers across 720, 800, 940, 1230 nm at
different fluences. Their measurements were initially performed via Z-scan technique,
and further verified using optical Kerr gate method. The outcome of their work
showed that a SLG possesses the highest no value, as compared to randomly stacked
layers, whereas the ny was decreasing with increasing the number of randomly stacked
graphene layers, despite the increase of the OKG signal, due to the increased thickness
with the number of layers. This is in mismatch with the finding of Ref. [458], showing
that randomly stacked graphene layers maintain almost similar SLG ny value. For
the sake of a systematic study of the Kerr nonlinearity of graphene, Thakur et al.
[463] performed an extensive experimental characterization of CVD grown SLG over
a wide wavelength range in the near-IR region, 800-1050 nm, and across different

pulse widths, using a pump-probe version of the famous Z-scan technique. Due to its
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unconventional Kerr nonlinearity and their associated mechanisms, they defined an
effective nonlinear refractive index, ng g, to distinguish it from the conventional ng
corresponding to the nonlinear refractive index change An = nyl. This is because in
graphene the charge carriers are photoexcited, which results in population difference
between the conduction and valence band. As pointed out formerly in SPM, the
Pauli blocking that is responsible for saturation of absorption plays a significant role
in the nonlinear response of graphene, particularly when the pulse duration of the
pump laser is comparatively close to the carriers’ relaxation time. They figured out
that there is a quadratic dependence of ny .5 on the wavelength, namely ng .5 o 2.
Moreover, they found out that n, s increases with increasing the laser pulse width,
which is the first confirmation of the finding reported in Ref. [457], which states
that the nonlinear refractive index of graphene has a gigantic value as the pulse
duration of the laser approaches the relaxation time of the charge carriers, due to

SPCR, presented in the previous section.

The discrepancy in reported literature about ns, in terms of both the magnitude
and sign, had remained elusive for a long time. In order to resolve this discrepancy,
Castell6-Lurbe et al. [464] introduced a theoretical formalism in 2020 that helps to
predict graphene’s nonlinear optical properties, and agrees well with the experimen-
tally reported magnitudes and signs of ny values. This theoretical formalism considers
the perturbative nature of graphene, when it is excited via intense electromagnetic
fields, such as lasers, and it shows that the refraction efficiency can be obtained from
the instantaneous change in both temperature and chemical potential induced due
to laser excitation, as well as the instantaneous change in the linear conductivity of
graphene. According to this mathematical formalism, graphene’s nonlinear refractive

index is directly proportional to the imaginary part of the linear conductivity as

Ao () (nsat/2) >

00

follows

(6.16)

N2 graphene X —Im (

where Aa?(/;) is the change of the linear conductivity of graphene as a result of
excitation by an electric field of a laser propagating along z-direction and linearly
polarized along y-direction, ng, is the saturated photoexcited carriers densities
(carriers/m?), and oy = €?/4h is the universal conductivity. From their work, it turns
out that the change of the linear conductivity of graphene, hence its nonlinearity is
heavily affected by its temperature change, not its chemical potential, as shown in
Fig. 6.49 (a) & (b) for A\g = 1550 nm, and (b) & (c) for A\ = 800 nm, for carrier
densities ranging up to ng,; = 10*” m~2 and assuming an initial hole density py = 4 x
10" ¢cm™2. Note that Fig. 6.49 (a) and (c) are showing the change of Im(Ac ) /o)
as a function of the chemical potential for minimum and maximum temperature, and

conversely Fig. 6.49 (b) and (d) are showing this change as a function of temperature
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T, for minimum and maximum chemical potential p.
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Figure 6.49: Change of the imaginary part of the linear conductivity of graphene as
a function of chemical potential x4 and temperature 7', at A\ = 1550 nm (a) & (b),
and at Ao = 800 nm (c) & (d) [464].

The same work has shown that the interplay between the interband transitions
and intraband transitions is the key factor that controls the sign and magnitude
of the observed ng . For instance, at A\g = 1550 nm, the interband contribution
to graphene’s linear conductivity, hence its nonlinearity does not depend on the
photoexcited carriers concentration, but only on the intraband contribution, i.e., the
process of thermalization post-photoexcitation, which is the dominant contribution, as
indicated in Fig. 6.50 (a). Since the intraband transition leads to +ve Im(Ac ) /oy),
according to Eq. 6.16, this gives ng g a —ve sign, which is in coincidence with the
outcome of the sign of nsy of graphene typically observed in experiments conducted
at telecom wavelength. In contrast, at Ay = 800 nm, both interband and intraband
contributions take apart, and as seen in Fig. 6.50 (b), the total contribution results
in a —ve Im(Ac(}) /0¢), over a large number of photoexcited concentrations, hence
gives a +ve Ny g, Which is a result that matches the outcome of experimental studies
carried out at that wavelength. It is worth to say that for photoexcited carrier
concentrations near saturation ng,, both contributions compete against each other,
which leads to smaller magnitudes of ng,,, compared to the situation when \g =
1550 nm.
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Figure 6.50: Contribution of interband (dotted curve), intraband (dashed curve),
and total contribution (solid curves) to the Im(Aagj /0o) as carriers concentration
increases ranging up to ng; = 10'” m? at (a) A\g = 1550 nm and (b) g = 800 nm
[464).

It is also possible that ng o, acquires a —ve sign under different experimental conditions.
For example, at higher initial hole densities, i.e., po = 9 x 10'2 cm~2, and for carriers
concentrations near saturation ng,y, the sign of Im(Aaw /o) would be positive, thus
the ng g, sign will be negative, as depicted in Fig. 6.51 (a), as opposed to the result
discussed above related to pg = 4 x 10'? cm™ that yields —ve Im(Ac}) /oy) and
+ve ng gy, clarified in Fig. 6.51 (b).
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Figure 6.51: Calculated imaginary part of the dynamic conductivity change under
different experimental conditions at Ay = 800 nm up to ng,y = 1017 m?, for (a) initial
hole density po =9 x 10 ecm™2, and (b) po =4 x 10" cm ™2 [464].

For understanding optical Kerr signals of graphene, it is essential to grasp an
understanding of the underlying mechanism of energy relaxation upon laser irradiation.
Such information would give us an idea about the time scale over which graphene
layers respond after exposure to intense electric fields from pulsed laser sources. Under
strong excitation from intense light pulses, the electrons in graphene are driven into
a strongly non-equilibrium state. The conventional perturbation theory often fails

in this case to describe the carrier’s dynamics. Alternative theoretical models for
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elaboration of the transient dynamics of graphene out-of-equilibrium carriers have
been developed, see an example in Ref. [465]. Experimentally, ultrafast pump-
probe spectroscopy technique has been of paramount importance to provide valuable
insight into electron-electron, electron-phonon, and phonon-phonon interactions. The
ultrafast (sub-picosecond) non-equilibrium electron dynamics was experimentally
studied by Brida et al. [466], combined with a microscopic theory for interpretation
of the results. This work identified the mechanisms of the ultrafast dynamics, such
as collinear dynamics, which leads to Auger processes, e.g., charge multiplication.
Initially, the intense laser pulses excite the electrons of the graphene valence band,
promoting them to the conduction band. Those photoexcited electrons have initially
a narrow hot-electron distribution, as indicated in Fig. 6.52 (red curve). The
amplitude of the peak of this distribution is quite high, but here divided by 3, in sake
of comparison with subsequent thermalization stages. Within ~ 10 fs the narrow
distribution turns into nonthermal broad distribution (black curve), and subsequently
thermalizes into a Fermi-Dirac distribution (green curve), a process that takes 50
fs. Such thermal hot electron populations experience further cooling via emission
of optical phonons, over 500 fs. At some point, both electrons and optical phonons
thermally equilibrate, whereas in this case the famous hot optical phonons bottleneck
takes place, which dramatically slows down the cooling rate. Thereafter, those hot
optical phonons undergo anharmonic decay into acoustic phonons [467]. It is also
possible for supported graphene onto polar substrates to have direct coupling of the
excited charge carriers to the surface optical phonons, which is an additional cooling
channel [468].
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Figure 6.52: Description of the time evolution of electron population per unit cell [in
eVt units]. Red curve depicts the initial hot-electrons, black curve for broadening
of the hot-electron peak into nonthermal distribution, green curve shows subsequent
thermalization into Fermi-Dirac distribution, blue curve depicts later cooling via
phonon emission [469)].
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Dawlaty et al. [470] measured the ultrafast carrier dynamics using pump-probe
spectroscopy for epitaxially-grown graphene samples, on SiC wafers, consisting of 6,
12, 37 layers, respectively. They found two distinct time scales associated with the
relaxation of non-equilibrium photoexcited electrons. The first time scale corresponds
to an initial fast relaxation transient in the 70-120 fs range, while the second time
scale corresponds to a following slower relaxation in the 0.4-0.7 ps range. The fast
relaxation time constant belongs to carrier-carrier interactions, and their subsequent
carrier-optical phonons transitions. The slower relaxation time constant is for later
decay from optical to acoustic phonons. The slower relaxation time, in particular,
was found to be inversely proportional to the degree of crystalline disorder. Such
that larger crystalline disorder (more defects) results in shorter relaxation times.
A similar methodology was used by Newson et al. [471] for studying the ultrafast
carrier dynamics of exfoliated graphene and thin graphite films, which are more
relevant to our case. Different graphene layers, up to 260 layers, were studied at
295 K on SiO,/Si substrate. The samples were excited by a 150 fs, 800 nm pump
pulses, and probed by a 1300 nm laser. They noticed that as the number of graphene
layers increases from 1 to ~ 260 layers, the fast recovery time constant increases
from ~ 200 to 300 fs, and the slow recovery time increases from 2.5 to 5 ps. Since
the fast recovery time constant of the exfoliated graphene is higher than the fast
recovery constant (70-120 fs) observed with epitaxially grown graphene in here [470],
it was attributed to the shorter probe wavelength used to study the relaxation of
the epitaxially grown graphene, as the photoexcited carriers in this case can couple
more efficiently to optical phonons. Additionally, their slow relaxation constant
(0.4-0.7 fs) was also faster than its counterpart of exfoliated graphene, which could
be due to an increased number of defects in their epitaxially grown graphene samples.
Throughout our optical Kerr gate experiments, several flakes and samples, especially
thin graphite films have been investigated, both with Taccor fs laser, as well as
CW laser. These experiments were carried out in a counter-propagating scheme,
explained before in Chapter 4, where both the pump (gate) and probe beams were
degenerate, namely at the same wavelength. Unlike solid-state bulky Kerr media,
finding the location of a specific number of graphene layers, or a thin graphite film
of a certain thickness requires the ability to image graphene samples, in order to
point the laser beam spot onto them. For this purpose, a white light source was
incorporated into the optical Kerr gate setup, for illuminating the sample of interest,
while the 50 mm focal length lens used primarily to focus the gate beam was also
employed for imaging graphene/thin graphite films. The experimental configuration

is presented in Fig. 6.53.
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Figure 6.53: Scheme of OKG setup incorporating an improvised home-built micro-
scope into it.

The glass substrate bearing the sample is placed and adhered within a 3D printed
frame to protect it. This frame is fixed into a holder attached to an XYZ translation
stage, which allows two-dimensional movement control across the X-Y plane, as well
as adjusting the focus of the laser onto the sample along Z direction. The 50 mm
lens along with the pco.pixelfly camera were evaluated using a resolution target and
found that each pixel of the camera sensor has 1.338 ym. Because the 50 mm focal
length lens offers small magnification and NA, our samples look apparently smaller
in size using this improvised microscope. For a comparison between the images taken
by the commercial microscope and our improvised OKG microscope, see Fig. 6.54,
in which the commercial microscope images were taken by an objective lens 40x -
0.65 NA, and the OKG microscope images were taken by the 50 mm lens, used for

focusing the gate beam.
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Figure 6.54: Difference between images taken by a commercial microscope (40x
- 0.65 NA), and home-built microscope integrated into OKG setup. (a), (b), (¢)
Optical micrographs obtained by the commercial microscope, for graphite, thick
graphite film, thin graphite film, respectively. (d) Optical micrograph of all of them
together (pointed at with the red arrow), taken by a home-built OKG microscope.

The OKG experiment performed with graphene and thin graphite films had the
pump and probe beams counter-propagating. After the initial alignment, and beam
spot size adjustment for both beam (probe beam diameter ~ 20 pm, and gate beam
diameter ~ 30 pum), as well as specification of the temporal overlap position on
the delay line, the OKG began with moving the sample, so that both the gate and
probe beams are passing through it. By scanning the gate beam (A = 820 nm),
whose average power was 1000 mW (pulse peak intensity Iy ~ 1.33 GW /cm?), with
1 fs temporal stepsizes, similar transmitted time traces to CSy, were observed with
the thin graphite film (~ 17-18 layers), shown in Fig. 6.54 (¢). The transmitted
Kerr signal time trace of that thin graphite film was integrated for 5 sec, and it is
illustrated in Fig. 6.55 (a), along with its extracted temporal profile, which was not
fully scanned up to the end to reduce its exposure time to the 1 W of gate beam

laser power.
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Figure 6.55: (a) Transmitted Kerr signal time trace for degenerate counter-
propagating pump and probe beam (A = 820 nm) of a thin graphite file (~ 17-18
layers), at 1 fs temporal stepsizes, and integration time of 5 s, (b) Extracted temporal
profile of Kerr signal from its time trace in (a).

Unfortunately, owing to the long exposure time necessary for the 1 fs temporal
stepsizes, the relatively long integration time at each point, as well as the high gate
power, the irradiated spot of the thin graphite film was damaged, as shown in Fig.
6.56. Because of that damage, later OKG experiments were performed at lower

average gate powers, and longer temporal stepsizes.

Figure 6.56: Optical micrograph of the damaged thin graphite film after OKG
experiment.

To verify that the observed transmitted signal time trace originates from the thin
graphite film itself, not any other effect caused by its supporting glass substrate, the
same experiment was repeated several times with a bare glass substrate of the same
thickness, from the same glass manufacturer, where the pump beam was temporally
scanned over the same delay line distance, relative to the probe beam. An example
of those measurements is presented in Fig. 6.57, which all of them confirmed that

the glass substrate itself does not induce, or cause such a time trace.
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Figure 6.57: Transmitted signal of a bare glass substrate, with a pump beam temporal
scan relative to the probe beam of 5 fs temporal stepsizes, and 5 s integration time.

Another graphite film relatively thicker than the one presented in Fig. 6.56 (the
exact thickness is unknown, and requires AFM characterization) was used for the
OKG experiment. The gate beam average power was reduced to 250 mW (pulse
peak intensity Iy ~ 0.33 GW/cm?) to avoid any damage, larger temporal stepsizes of
25 fs, and 30 s integration time were used for recording the transmitted Kerr signals.
This graphite film is shown in Fig. 6.58 (a), along with its transmitted Kerr signal
trace, shown in Fig. 6.58 (b).

-0.2 0.0 0.6 0.8

0.2 0.4
Time Delay [ps]

Figure 6.58: (a) Optical micrograph of a graphite film (marked with red arrow),
obtained by home-built OKG microscope, (b) Transmitted Kerr signal time trace
(pump+probe background subtracted) obtained at gate beam (A = 820 nm) average
power of 250 mW (pulse peak intensity Iy ~ 0.33 GW /cm?), 25 fs temporal stepsizes,
and 30 s integration time.

The extracted temporal profile of the time trace shown in Fig. 6.58 (b) has been
smoothed via the so-called Savitsky-Golay filter, with a window of 7 points, and a
polynomial order of 3, which resulted in better temporal profile, as shown in Fig.
6.59, whereas this smoothed temporal profile was used for fitting. Given the nature
of the relaxation mechanisms of graphene and thin graphite films, which can be

categorized into fast relaxation undergone by the Coulomb-Coulomb interaction

255



among photoexcited electrons and the later transfer to optical phonons; and a slow
relaxation underogne by the slow transfer of energy from the optical phonons to
the acoustic phonons, an empirical model of a bi-exponential function convoluted
with a Gaussian function for the cross-correlation of the pump and probe pulses was
initially used for fitting the experimental data, a model that is often used in transient
absorption spectroscopy of graphene/graphite films [469], which is described by the

following relationships

g(t) =D1 exp (—t — to) {1 —erf (w _= to)] (6.17)

T1 27’1 w

+ Dy exp (—t_to) {1—erf (w_t—to)]’ (6.18)

Ty 279 W

where D; = CyA; and Dy = CyA, are the relative amplitudes of the fast and slow
relaxation, such that A; and A, are the amplitudes of the fast and slow relaxation,
and Cj is the amplitude of the cross-correlation between the pump and probe beams.
The decay time constant for the fast relaxation mechanism is 7y, while the decay
time constant for the slow relaxation mechanism is 7, and w = o+/2 is the cross-
correlation width, where o is the temporal pulse width of the pump and probe pulses.

The result of fitting with this model including an offset d, is shown in Fig. 6.59.
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Figure 6.59: Fitting with bi-exponential convoluted with a Gaussian cross-correlation
of the pump and probe beams, showing FWHM ~ 169 4 16 fs.

The fitting parameters gives a fast relaxation time constant 7, &~ 90 4+ 10 fs, and a
slow relaxation time constant 7, ~ 18 £ 7 ps, which is large uncertainty. Although
the bi-exponential function convoluted with a Gaussian function is a valid empirical
model to extract the values of 7 and 7 associated with the fast and slow relaxation
mechanisms, in our case it could not reliably extract the relaxation time constants,

especially the slow relaxation time constant, which typically has a small amplitude
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buried in the noise. In other words, the fitting model fits the slow relaxation constant,
along with a relatively large noise, thereby exhibiting huge uncertainty. This noise
arises from electronic noise from detectors, stray light getting into the photodetectors,
as well as some polarization leakage. However, the FWHM which represents the
IRF can be estimated from the bi-exponential model, and its uncertainty is obtained
numerically via Monte-Carlo sampling, as the FWHM is not a fitting parameter of
the bi-exponential model itself. Based on that, an FWHM ~ 168 + 16 fs has been

obtained.

From the result seen in Fig. 6.59, one can see that the fast relaxation time constant
is not comparable to the range of fast relaxation time (~ 200-300 fs), the slow
relaxation time constant does not match the range (~ 2.5-5 ps), reported in the
work of Ref. [471], for exfoliated graphene and thin graphite film. The reason for
that could be that, as we see in Fig. 6.59, scanning the gate beam at relatively large
temporal stepsize, like 25 fs used here yields few data points. Thus their fitting
cannot identify accurately the real relaxation constants. Also, due to the relatively
large noise that affects both the fast and slow time constants, a reliable extraction of
relaxation constants is not feasible. Moreover, there might be another physical reason
for the faster time constant of the fast relaxation process. Since the supporting
substrate of the samples is silica glass (SiOs), which is a polar substrate, there might
be an efficient coupling between the surface charges, and photoexcited electrons; as
well as efficient coupling between the optical phonons of the graphite film and the
surface phonons of the glass substrate. If that is the case, this will enable efficient

cooling for the excited carrier, allowing them to acquire faster relaxation times [468].

Another thin graphite film (~ 13 layers) was studied at relatively higher gate beam
average power of 290 mW (pulse peak intensity I ~ 0.38 GW/cm?) and similar
integration time, 30 s, which both were increased in order to get better signal. The
temporal stepsize of 25 fs was maintained. This thin film is shown in Fig. 6.60 (a),

along with its transmitted Kerr signal, Fig. 6.60 (b).

257



= Chy

o

2.4

-0.2 0.0 0.6 0.8 1.0

.2 0.4
Time Delay [ps]

Figure 6.60: (a) Optical micrograph of a graphite film (marked with red arrow),
obtained by home-built OKG microscope, (b) Transmitted Kerr signal time trace
obtained at gate beam (A = 820 nm) average power of 2900 mW (pulse peak intensity
Iy ~ 0.38 GW /cm?), 25 fs temporal stepsizes, and 30 s integration time.

This temporal profile of the time trace presented in Fig. 6.60 (b) was extracted,
presented in Fig. 6.61 has been also smoothed via Savitsky-Golay filter, with a
window of 7 points, and a polynomial order of 3. Similar to what has been done
before, an initial attempt was done to use a bi-exponential model to fit the temporal
profile, and similar issue with the slow relaxation time constant occured. The result
of that fitting attempt is provided in Fig. 6.61, from which a fast relaxation time
constant 7 & 58 + 3 fs was obtained, while the slow relaxation time constant 7 ~
1 + 8 ps, which is a huge uncertainty, owing to the dominance of noise, and having

relatively few number of points.
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Figure 6.61: Fitting with bi-exponential convoluted with a Gaussian cross-correlation
of the pump and probe beams, showing FWHM = 141 + 6 fs.

Also here, the FWHM was estimated similar to before, and found to be ~ 141 + 6
fs. To estimate the gating efficiency of thin graphite films, measurements using a
656 nm CW probe and an 820 nm femtosecond gate beam in a degenerate counter-

propagating geometry at ~ 0.2 nJ gate-pulse energy (pulse peak intensity Iy ~ 0.26
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GW /cm?) were carried out (see Appendix B), which found that the gating efficiency
is ~ 10%.

After reconfiguration of the experimental setup, so that the pulsed gate and probe
beams co-propagate, where the gate beam was passing through the sample at ~ 29°,
similar to the BBS glass experiment; several attempts were made to measure the
OKG signal time trace. To avoid damaging the graphene and thin graphite films,
the maximum gate power used in those measurements was ~ 250 mW. Although the
gate beam spatially overlaps at a large angle, with the probe beam, some scattering
of it into the sample was noted. Due to the relatively high intensity of the scattered
spots of the gate beam, the Kerr-rotated pulsed probe beam signals were obscured

by the gate beam scattering.

We have shown that our graphene and thin graphite film samples can be damaged
under a gate-laser energy fluence below 0.31 mJ/cm?—more than an order of mag-
nitude lower than the lowest damage fluences reported in the scientific literature.
Although the dominant damage mechanism is a nonthermal interaction between
graphite planes occurring on ultrafast timescales, any residual heat accumulation
over longer timescales may also induce damage during prolonged exposure. Heat
accumulation is a particularly serious concern when using lasers with high repetition
rates. As mentioned earlier, our solid-state laser operates at 1 GHz, nearly an order

of magnitude higher than most commercial solid-state laser systems.

Unfortunately, the experiment performed to determine the damage threshold—and
thereby identify safe average powers or fluences for graphene/thin-graphite OKG
measurements—using a home-built Raman microscope was inconclusive. In some
cases, graphene or thin graphite films withstood one hour of exposure to 1 W of
average power, while in other cases similar samples were damaged at powers as low
as 200 mW. One factor that may contribute to this inconsistency is variation in
environmental conditions, particularly humidity. A dedicated experiment that tracks
heat accumulation at different repetition rates and under controlled environmental
conditions is therefore crucial. For any nonlinear-optical application involving
graphene—such as OKG or saturable absorption—the damage threshold must be

determined unambiguously.

The SPM measurements performed with graphene and thin graphite films were
consistent with SPCR. theory, since the gate-pulse duration is much shorter than
the carrier relaxation time and the pulse traverses only the very small thickness of
the film. For OKG experiments with thin graphite films in the counter-propagating
configuration, reproducible results were obtained, yielding Kerr-signal time traces
exceeding the OKG efficiency of those measured with BBS glass. These signals

originate from the 2D material itself and not from the supporting substrate, as
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confirmed by measurements on a bare glass coverslip. Unfortunately, the fast and
slow relaxation time constants obtained from the data were not reliably extracted,
due to the dominance of noise. Hence, both showed a deviation from reported
literature values for mechanically exfoliated thin graphite films. However, the IRF

values were successfully obtained, exhibiting sub-ps time resolution.

Reconfiguring the experimental setup to resemble the standard co-propagating OKG
geometry did not yield reproducible results. This is attributed to scattered gate-beam
light entering the probe-beam optical path and severely distorting the transmitted
Kerr-signal time trace. A lock-in amplifier will therefore be essential to suppress
scattered-light background. Ideally, the OKG experiment should also be performed
with non-degenerate pump and probe beams. The OPO can provide an alternative
probe wavelength, although the observed wavelength drift presents an additional
challenge. This drift may potentially be mitigated by pumping nitrogen gas into the
OPO cavity, while the power required to drive the OPO from the Taccor Ti:Sa laser

should be minimized.
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Chapter 7
Summary and Outlook

In this dissertation, an approach based on using a high-repetition-rate laser (1
GHz) to increase the fluorescence emission rate of single quantum emitters at
room temperature has been proposed. This strategy benefits uncoupled emitters
by increasing their brightness, thereby making them more suitable for quantum
technologies such as quantum computing, quantum cryptography, and quantum
information processing. It is even more advantageous for hybrid quantum systems in
which emitters are coupled to nanophotonic structures—such as gold nanocones—that
yield ultrabright single-photon sources due to Purcell-enhanced radiative decay rates.
As the fluorescence lifetime becomes ultrashort in such systems, its measurement
exceeds the capabilities of standard detector technologies. To overcome this limitation,
an optical Kerr gate (OKG) operating at 1 GHz with sub-picosecond temporal
resolution has been demonstrated in this work using two distinct Kerr media: a bulk

medium and a two-dimensional material.

The setup was initially characterized using carbon disulfide (CS;). The measurements
revealed the expected ultrafast electronic response arising from bound-electron
hyperpolarizability, as well as the fast molecular relaxation component. However,
the slow molecular relaxation component could not be clearly resolved, primarily
due to the modest gate-pulse intensity and the presence of noise from the SPAD,
TCSPC electronics, stray light, probe beam leakage through the cross-polarizers,

and incomplete suppression of noise because no lock-in amplifier was used.

The bulk Kerr medium investigated was a 3-mm-thick BBS glass specimen. Using
this glass, OKG signals were obtained in a degenerate counter-propagating geometry
at < 1 nJ gate-pulse energy (< 1.33 GW/cm? peak intensity), achieving an estimated
~ 3% Kerr-gate efficiency based on measurements using a 656 nm CW probe and
an 820 nm femtosecond gate. The resulting instrument response function (IRF)

was ~ 175 + 1 fs. As discussed in Chapter 5, this IRF represents the convolution
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of the pump-probe cross-correlation and the intrinsic nonlinear response of the
BBS glass; thus, the nonlinear response time of BBS is < 175 fs. To the best of
the author’s knowledge, this is the first demonstration of a x® process such as
optical Kerr gating (cross-phase modulation) at such modest pulse energies and
peak intensities. This is notable because conventional OKG experiments rely on
amplified mJ-level pulses—six orders of magnitude higher energy—together with
lock-in detection. It is important to note that the IRF is ultimately limited by the
cross-correlation of the gate and probe pulses. Therefore, any further reduction in
their pulse durations—either through intracavity dispersion compensation, external
pulse compression, or improved OPO tuning—would directly translate into an even
shorter IRF. In principle, sub-100-fs Kerr-gate resolution is achievable if both pulses

are correspondingly shortened.

The second Kerr medium was thin graphite films prepared via mechanical exfolia-
tion. High-quality graphene and thin graphite samples were fabricated, and several
exhibited damage thresholds around 0.31 mJ/cm?*—nearly an order of magnitude
lower than the lowest reported values in the literature. Self-phase modulation (SPM)
measurements did not show any noticeable spectral broadening that could interfere
with emitter fluorescence. The results matched the SPCR theory of Vermeulen
et al. [457]. The OKG signal obtained with thin graphite films exhibited an IRF
of ~ 141 + 6 fs using < 250 pJ gate-pulse energy (< 0.33 GW/cm?). An OKG
efficiency of ~ 10% was measured using a 656 nm CW probe. For context, a ~ 12%
efficiency (with ~ 500 fs IRF) was previously reported (Ref. [472]) for a 2-mm-thick
Crown-5 glass plate—six orders of magnitude thicker than the graphite films used

here—highlighting the exceptional nonlinear potential of graphene-based materials.

Several steps are required to further advance this work. First, achieving reproducible
degenerate OKG signals in the co-propagating geometry will necessitate the use
of a lock-in amplifier to suppress scattered gate light, which currently distorts
the transmitted Kerr-signal time traces. Second, implementing a collinear, non-
degenerate OKG represents an important next step. For this, the optical layout must
be modified such that part of the Taccor Tune femtosecond laser output is directed
to the OKG as the gate (pump), while another portion drives the OPO to generate
a probe beam at a different wavelength. This configuration enables effective spectral
filtering after the Kerr medium. To address the wavelength instability observed in
the OPO, nitrogen gas should be flushed into the OPO cavity, and the required

pump power from the Taccor laser must be optimized.

Once this is achieved, the next milestone will be integrating the OKG into the confocal
fluorescence microscope currently under construction. In such a configuration, the

OPO output would excite the fluorescent sample (providing the probe), while the
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high-intensity 1-GHz pulse train from the Ti:Sa laser would act as the gate. For
these initial experiments, uncoupled SiV centers are not ideal because their ~ 1-
ns lifetime is long compared with the 1-ns pulse separation of the 1-GHz laser.
Instead, fast-emitting dyes—such as 4-DASPI, Allura Red AC, Coumarin-30, or
Astra Phloxine—are more suitable, as their fluorescence lifetimes lie in the few-
picosecond to few-hundred-picosecond range. For ensemble fluorescence detection,
BBS glass is appropriate due to its ~ 3% gating efficiency, whereas thin graphite

films are expected to yield superior results because of their ~ 10% efficiency.

Although a ~ 10% Kerr-gate efficiency is, in principle, sufficient for detecting
single-photon fluorescence above the detector’s dark-count rate (DCR), real-world
performance is limited by several factors. Stray light and/or probe beam leakage
through imperfect crossed-polarizers reaching the SPADs can obscure the Kerr-
rotated fluorescence signal. Thermal lensing caused by heat accumulation at 1 GHz
can reduce the effective Kerr-gate efficiency. Furthermore, small angular drifts of the
polarizers can displace the signal from the SPAD’s active area, decreasing detected
counts. Therefore, thorough optimization of the optical setup is essential. A major
improvement can be obtained by replacing the current economy-grade polarizers
with high-extinction-ratio-i.e., Glan-Taylor polarizers, which would greatly reduce

probe leakage and increase the signal-to-noise ratio.

The thin graphite films yielding ~ 10% OKG efficiency were produced by exfoliating
HOPG, whose graphene layers are highly aligned. This implies that the layers in
each thin graphite flake are strongly coupled. The role of interlayer coupling in the
Kerr response remains unclear. For example, one study (Ref. [462]) reported that
randomly stacked multilayer graphene exhibits a reduced ns as the number of layers
increases, attributing this to weak interlayer coupling and increased scattering. In
contrast, another study (Ref. [458]) found that decoupling the layers preserves the
giant ny characteristic of monolayer graphene. These contradictory findings indicate

that a systematic investigation of stacking order is needed.

Shan et al. [353] showed that second-harmonic generation in trilayer graphene can be
enhanced or suppressed depending on stacking order. Cao et al. [350] demonstrated
that twisting two graphene layers by 1.1° (“magic angle”) produces unconventional
superconductivity by modifying the electronic band structure. These findings suggest
that stacking order and twist angle may likewise strongly influence x® nonlinearities
such as the OKG response. If certain stacking configurations preserve the monolayer-
like nonlinear response, they could significantly enhance the OKG efficiency—an

outcome highly desirable for ultrafast single-photon detection.

Beyond graphene-based materials, other platforms may also serve as effective Kerr

media. One notable example is photonic crystal fibers (PCFs), which can be engi-
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neered to exhibit near-zero dispersion at specific wavelengths—particularly those
matching the output of common solid-state lasers. Their extended interaction length
dramatically increases the nonlinear phase shift achievable within the medium, offer-
ing a potential route toward higher Kerr-gate efficiencies at modest pulse energies.
Furthermore, when incorporated into a Sagnac interferometer, PCFs have been
shown to detect single photons via Kerr-induced phase modulation [252], demonstrat-
ing their suitability for ultrafast measurements in the low-photon-number regime.
Such fiber-based Kerr media therefore represent a compelling alternative for future

implementations of GHz-rate optical Kerr gating.
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Appendix A

Determination of temporal overlap

without Kerr medium

With a delay line that is 300 mm long, and a train of pulses, each of which is
temporally separated by 1 ns, one can intuitively think that there are three locations
on the delay line, where the pump and probe pulses are temporally overlapped. The
first location is supposed to be somewhere near 0 mm, the second location somewhere
near 150 mm, and the third one is somewhere near 300 mm. Scanning the two pulses
at the very edges of the delay line is not possible. Obviously, this is because at
these edges the delay line has no space to move anymore. Thus, it is highly likely
that the temporal overlap occurs in the vicinity of 150 mm. Needless to say, when
a Kerr medium is placed into the OKG, the temporal overlap will be a bit shifted,
which will require scanning again in the vicinity of the determined location of the
temporal overlap without the Kerr medium to find the new location of temporal
overlap. The scan direction and distance to find the new location, depends upon
the thickness of the Kerr medium and its linear refractive index. To accurately find
the temporal overlap position, it was important to understand how the oscilloscope
readout the signal. This signal is a convolution between two trains of pulses (pump
and probe) delayed by A7 relative to each other (see Fig. A.1 (a)) and the IRF of
the photodiode detector (see Fig. A.1 (b)).

First, the IRF function of Fig. A.1 (b) was simulated with the function
a exp (—%), with the following parameters, a = -220 x 1073V, b = 1.2 x 107°
s, and from a FWHM IRF = 480 x 10~'2, the value of ¢ = FWHM IRF/(2v/21n 2)
was determined. The simulated IRF of the photodiode detector is presented in Fig.

A.2.

If we denote the temporal profile of the probe pulse by g(¢) and the delayed pump

pulse is denoted by g(t + Ar), then the convolved signal in the time-domain, as
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Figure A.1: (a) Pump and probe trains of pulses (different color for visual guide),
(b) IRF of TDA200 photodiode detector [473]
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Figure A.2: Simulation of the IRF of TDA200 photodiode detector.

detected by the oscilloscope will be given by the following relationship

Osc. Signal = F ' {F{g(t) + g(t +7)} » F{IRF}}. (A1)

It is important to clarify that the Equ. A.1 gives the signal for a particular position
on the delay line. Meaning that, if we scan a large distance along the delay line to find
the accurate location, one needs to collect an oscilloscope signal at each corresponding
position. As mentioned before, since the oscilloscope cannot resolve the delays at
smaller temporal steps, and because one photodiode detector is used to detect these
two trains of pulses together, both pulses are displayed on the oscilloscope screen as
one curve, whose voltage amplitude increases or decreases, based on how far apart the
two pulses. By subtracting the minima voltages of the curve from the maxima, one
can get a single voltage point that represents the degree of the temporal overlap at a
specific position on the delay line. Therefore, following this method while scanning
the delay line, one will get a voltage amplitude value representing the degree of

temporal overlap as a function of delay line position.

A series of measurements had been taken, as described above, and a simulation
was made to verify the results, using Equ. A.1. For example, the delay line was

scanned from 1-295 mm, with a scan step of 15 mm, which corresponds to delaying
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Figure A.4: Comparison between (a) simulation and (b) measurement result of
scanning the pump and probe pulses over a distance of 1-295 mm, with 7.5 mm
stepsize (50 ps).

the gate and probe pulses by 100 ps. A comparison between the simulation and the

experiment is shown in Fig. A3.

The simulation in Fig. A.3 (a) confirms the intuition that the three possible locations,
where the pump and probe pulses must temporally overlap is somewhere near 0, 150,
300 mm. Note that the experimental measurement in Fig. A.3 (b) is in excellent
agreement with the simulation result, except that the peak at 150 mm is a bit
deviated. This deviation could arise from photodiode detector noise, or from the
oscilloscope, and/or lack of the necessary precision and step repeatability of the

delay line.

Another measurement by scanning the pump and probe trains of pulses over the
same distance, but with finer steps, 7.5 mm (50 ps), showed also excellent agreement

between the simulation and measurement, as presented in Fig. A.4.

Because of the possible noise sources mentioned above, scanning the pump train of
pulses to temporally overlap it, with the probe train of pulses could result in getting
different voltage amplitude and/or different peak position. For example, with the
same parameters of Fig. A.3, scanning the same distance twice shows that one peak
appears at 121 mm of the delay line, while the second scan shows the peak at 136

mm, namely a 15 mm difference, as illustrated in Fig. A.5.
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Figure A.6: Two measurements of the voltage amplitude change, when the photodiode
detector measures after the second polarizer, taken by scanning over a distance of
1-295 mm, with stepsize of 15 mm (black square to mark the central peak).

Thus far, all the measurements presented previously were taken by placing the
Photodiode detector before the second polarizer of the OKS. However, when the
same measurements are repeated with the photodiode detector placed after the second
polarizer, it is noticed that a significant change, in terms of the voltage amplitude of
the measured trace can occur. For example, the measurements presented in Fig. A.5,

were investigated with the second polarizer, and the peaks amplitudes are obviously

different, as shown in Fig. A.6.
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Appendix B

OKG experiment with CW laser as

a probe

In the following, the results of an OKG experiment were carried out, where the
two beams are counter-propagating, but the gate beam is still the fs laser at 820
nm, while the probe beam is a CW laser at 656.64 nm. This experiment was
performed with BBS glass, and thin graphite films. The intention of that experiment
was to demonstrate optical Kerr gating at 1 GHz, and was to avoid the difficulty
imposed by the degeneracy (the same wavelength) of the pulsed pump and probe
beams experiment shown in chapter 5 and 6, in which the Kerr-rotated probe signal
was harder to detect. For the detection of the probe beam signals, the QE Pro
spectrometer that has high spectral resolution was utilized to detect the Kerr signals
via detecting the spectral broadening, which is supposed to occur for the probe
beam spectrum, after the gate beam induce the birefringence in the BBS glass. For
simplicity, the analysis of the data focused more on the spectral amplitude changes,
rather than the spectral broadening. In this regard, the gate beam was initially
blocked, and the CW laser spectrum was measured, after passing through the BBS
glass, and the analyzer. Then, the gate beam was unblocked, and the CW laser
spectrum was measured again for comparison. Whether the gate beam was blocked
or not, the CW laser was passing through the BBS glass. The expected outcome
from this experiment was that, when the gate beam is unblocked, as it induced
birefringence in the BBS glass, the Kerr-rotated signal will be able to pass through
the analyzer, the amplitude of the CW laser spectrum is supposed to increase, and
becomes broader. The gate laser beam power was maintained at 1 Watt, while the
CW laser power was changed to see the effect on the detected signals. For example,
at CW laser power of 0.740 mW, the CW laser spectrum was measured and stored
in a separate file, when the gate beam was blocked, then it was unblocked and the

CW spectrum was measured and stored in a separate file. The spectrum of the CW
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Figure B.1: (a) Integrated CW laser spectrum (at A = 656.64 nm - 0.740 mW) of 10
measurements, when the gate beam (Taccor fs laser) was inducing birefringence (blue)
versus when it was blocked (red); (b) Percentage increase of CW laser spectrum,
when the gate beam is unblocked.

laser in each case was integrated, and 10 measurements were carried out, each of
which has its own file number designated for the measurement, as shown in Fig. B.1
(a). Indeed, a rise in the CW laser spectrum was noticed, and the percentage of that

increase was calculated, as shown in Fig. B.1 (b).

The maximum percentage increase of the CW laser spectrum observed in Fig. B.1
reaches > 4 %. Such increase cannot be attributed to the normal CW laser fluctuation,
which is about 1.22 %. When the average value of the 10 measurements is taken, the
OKG efficiency is estimated to be ~ 3%. Interestingly, the CW laser spectrum when
the gate beam was blocked has increased after the first measurement when the gate
beam was unblocked, which is easily observed through the No. (2-6) measurements.
This indicates that the gate beam might be inducing other nonlinear effects of longer
relaxation times scale than what Kerr effect typically has. Since the CW laser always
passes through the Kerr medium (BBS glass here), it can sense those long time
effects, and become affected by them. Over the course of several measurements, the
dynamical response of the BBS glass was surprisingly changing. For example, in
Fig. B.2 (a), the CW laser spectrum will exhibit different behavior, and it will even
decrease, when the gate beam passes through the Kerr medium, which manifests

itself in the inverted percentage of the CW laser spectrum, seen in Fig. B.2 (b).

Between the two opposite extremes shown in Fig. B.1 and Fig. B.2, in some
measurement sessions, the dynamics can swing between an increase of the CW laser
spectrum, after the gate beam unblocked to a decrease in the spectrum, as illustrated
in Fig. B.3.

From the previous measurements with CW laser, we can conclude that further study
might be required, in order to resolve the other nonlinear dynamical effects, which
results in the fluctuation of the CW laser spectrum value. As stated before, the

fundamental difference between pulsed mode OKG experiments, wherein the pump
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Figure B.2: (a) Integrated CW laser spectrum (at A = 656.64 nm - 0.450 mW) of 10
measurements, when the gate beam (Taccor fs laser) was inducing birefringence (blue)
versus when it was blocked (red); (b) Percentage decrease of CW laser spectrum,
when the gate beam is unblocked.
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Figure B.3: (a) Integrated CW laser spectrum (at A = 656.64 nm - 0.910 mW) of
10 measurements, when the gate beam (Taccor fs laser) was inducing birefringence
(blue) versus when it was blocked (red); (b) Percentage increase/decrease of CW
laser spectrum, when the gate beam is unblocked.
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and probe beams are pulses, and the one in which the probe beam is a CW laser,
is that the Kerr signal is obtained, solely, when the two pulses temporally (and of
course spatially) overlap. In contrast, as the CW laser beam propagates always
through the Kerr medium, any other induced nonlinear effect occurring at longer
time scales would affect its spectrum. Having that said, the OKG experiments with
probe beams of CW lasers should be carried out with lock-in amplifier detection.
This is to achieve fast acquisition of the Kerr signal, which often takes place at very

short, or short time scales.

The issue of minimal temporal overlap duration does not exist with the OKG
experiment, where the probe beam was a CW laser counter-propagating the pulsed
gate beam. This is because the CW laser always propagates through the Kerr
medium. On the contrary, this is not fully beneficial, as the CW laser signal can
probe any nonlinear effects that happen, over a long time scale. Consequently, this
will definitely distort the predicted temporal dynamics, associated with OKG typical
response time. That is why for harnessing the signal appropriately, a lock-in amplifier

detection would need to be implemented.
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Figure B.4: A graphite film (a) Before and (b) After the OKG experiment with fs
pulsed gate beam at 200 mW average power, and CW laser probe at 0.230 mW
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Figure B.5: (a) Integrated CW laser spectrum (A = 656.64 nm - avg. power = 0.230
mW), for 10 measurements, when the pulsed gate beam (A = 820 nm - avg. power =
200 mW) was blocked (red curve), and when it was unblocked (blue curve); (b)
Percentage increase of the CW laser spectrum, as a result of unblocking the gate
beam.

Similar OKG experiment with the same parameters was performed with thin graphite
films, except that the gate beam average power was 200 mW (pulse peak intensity
Iy = 0.26 GW/cm?), and the average power of CW laser ~ 0.230 mW. The first
measurements with a graphite film are presented in Fig. B.4 (a). Although the
gate beam power was lower than the values used before with pulsed fs probe, the
location on the graphite film that interacted with the laser spot was damaged, as
indicated in Fig. B.4 (b). Initially before the OKG experiment begins, the CW laser
fluctuation on the sample was found to be ~ 0.7 %. The outcome of the first OKG
experiment, showed considerable rise, up to ~ 14 % of the CW laser spectrum, after
the gate beam was unblocked, as opposed to when it was blocked, provided in Fig.
B.5. As before with BBS glass, the analysis was focused on quantifying the spectral
magnitude, rather than spectral width for simplicity. Also, each measurement (gate
blocked /unblocked) was taken 10 times.

When the average of the 10 measurements is taken, the average indicate an estimated
OKG efficiency of ~ 10%. If we compare the maximum percentage increase in the

CW laser spectrum of the graphite film, with the one obtained with BBS glass, we
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Figure B.6: (a) Integrated CW laser spectrum (A = 656.64 nm - avg. power = 0.640
mW), for 10 measurements, when the pulsed gate beam (A = 820 nm - avg. power =
200 mW) was blocked (red curve), and when it was unblocked (blue curve); (b)
Percentage decrease of the CW laser spectrum, as a result of unblocking the gate
beam.

find that it is approximately 10 % higher than the maximum percentage increase of
the first measurement of BBS glass. This increase might be related to the relatively
higher nonlinear refractive index ny that graphene and graphite films have, after
considering their much smaller thicknesses, as compared to the BBS glass thickness.
Note that the graphite film is capable of changing the magnitude of integrated CW
laser spectrum, even when the gate beam is blocked, similar to what has been seen
formerly with the BBS glass specimen. The experiment with the graphite film shown
in Fig. B.4 (a) was repeated at different undamaged locations. It was noticed that
repeating the measurements on any particular location results in the considerable
reduction of the percentage increase of the CW laser spectrum. Even worse, the
dynamics can change, in the sense that unblocking the gate beam will decrease the
CW laser spectrum more than 10 %, when the gate beam average power is increased
to 300 mW, as illustrated in Fig. B.6.

In addition to the considerable rise or decline experienced by the CW laser spectrum,
when the gate beam is unblocked, abrupt rises and falls were observed in some
measurements, when the gate beam is unblocked. An example of these abrupt
spectral changes in the spectrum magnitude is seen in Fig. B.7. Such abrupt changes
occurring when the gate beam is blocked are larger than the normal fluctuation (0.7
%) of the CW laser spectrum.

The same behavior shown in the previous figures was observed with gate laser average
powers as little as 50 mW. Interestingly, upon removing the analyzer, similar behavior
was observed, which indicates that the gate beam might be provoking other nonlinear

effects, not related directly to the polarization of the CW laser.

With the same propagation scheme, but with replacing the pulse probe by a CW laser
at a different wavelength, the OKG experimental results were not conclusive. Another

study of the dynamical behavior of the CW laser spectrum upon unblocking the gate
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Figure B.7: (a) Integrated CW laser spectrum (A = 656.64 nm - avg. power = 0.180
mW), for 10 measurements, when the pulsed gate beam (A = 820 nm - avg. power =
200 mW) was blocked (red curve), and when it was unblocked (blue curve); (b)
Percentage decrease of the CW laser spectrum, as a result of unblocking the gate
beam.
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beam, with/without the analyzer can possibly reveal the underlying dynamics.
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