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French summary

L’objectif de cette these est d’étudier la génération d’harmoniques d’ordre élevé
(HHG) dans différents semi-conducteurs ainsi que dans le graphéne, un matériau
bidimensionnel. La génération d’harmoniques d’ordre élevé est un processus haute-
ment non-linéaire qui a lieu lors de l'interaction entre un laser focalisé a de forts
éclairements (103 — 10 W /cm?) et un milien. La HHG dans les gaz, découverte
a la fin des années 80s, est aujourd’hui bien connue et s’est avérée étre une source
efficace de rayonnement extréme ultraviolet cohérent. En 2010, la génération
d’harmonique d’ordre élevé dans un cristal de ZnO (oxyde de zinc) a été ob-
servée pour la premiere fois. Les dynamiques électroniques ultrarapides dans le
champ tres intenses génere un rayonnement aux fréquences harmoniques du fonda-
mental. Nous concentrons nos études sur les effets des propriétés de symétrie du
cristal et celles du laser sur le processus de génération d’harmonique, notamment
I'intensité, Dellipticité et la polarisation du laser. Du fait de la forte absorption
du rayonnement par le cristal, ’émission HHG mesurée provient uniquement d’une
épaisseur restreinte sur la face arriere du cristal. Cependant, le laser accumule des
effets linéaires et non linéaires pendant sa propagation dans le cristal épais. Nous
surlignons I'importance de ces effets, notamment ’effet Kerr, sur les caractéristiques
du rayonnement HHG.

Le processus de générations d’harmonique d’ordre élevé dans les cristaux peut étre
compris dans ’espace réciproque par le modele suivant: dans une premiere étape,
(1) la tres haute intensité du champ laser permet & 1’électron de passer par effet tun-
nel de la bande de valence a la bande de conduction ou (2) il accélere dans le champ
électrique, ce qui entraine un courant, appelé courant intrabande, qui contribue a
’émission harmonique. Ensuite (3) I’électron peut se recombiner avec un trou dans
la bande de valence (processus interbande), émettant des photons de haute énergie.
Ces deux mécanismes sont responsables de la génération d’harmoniques. La struc-
ture des bandes électroniques du cristal, et notamment leur courbure, jouent un
role tres important dans ces processus pour déterminer efficacité de la HHG. Pour
cela, nous choisissons d’étudier la HHG dans différents matériaux: graphene, oxyde
de zinc (ZnO), silicium (Si), arséniure de gallium (GaAs) et oxyde de magnésium
(MgO).

Le grapheéne, un semi-conducteur bidimensionnel, est caractérisé par des propriétés
particulieres. Intéressant pour la HHG, sa structure de bande est conique autour
du gap d’énergie minimum (qui est nul pour du graphéne pur) et non conique loin
de ce minimum. Nous employons un laser infrarouge délivrant des impulsions de
quelques nanojoules a une longueur d’onde de 2,1 ym avec une durée d’impulsion
de 80 fs. Le rayonnement HHG est étudié spatialement et spectralement. Nous



détectons les ordres harmoniques 3 et 5 (H3 et H5, 700 et 420 nm respective-
ment) d’échantillons constitués de trois couches de graphéne déposés sur quartz.
Les efficacités de générations des harmoniques 3 et 5 montrent une dépendance
isotrope avec la polarisation du laser. Ces résultats sont validés par des simula-
tions théorique (TDDFT: Time Dependent Density Functional Theory) qui mon-
trent également que la génération des harmoniques d’ordres plus élevés devient
anisotrope. Cependant, deux limitations expérimentales empéchent la détection
de ces ordres harmoniques d’intérét: la premiere est ’endommagement tres rapide
(quelques secondes) de nos échantillons lors de I'interaction du laser et du graphene,
méme & trés faible éclairement (~ 0.04 TW/cm?), et la deuxieme est la présence
d’une émission de fluorescence tres large bande. L’endommagement des échantillons
est favorisé par 'oxydation du graphene lors de 'interaction. Par conséquent, nous
présentons un dispositif afin d’isoler le graphéne dans un environnement sous azote,
qui nous a permis d’augmenter le temps de dommage du graphene (i.e. le temps
de décroissance du signal harmonique) jusqu’a ~ 3 minutes. Néanmoins, cela n’a
pas entrainé de diminution significative du signal de fluorescence. Finalement, nous
détectons, pour la premiere fois, la génération d’harmoniques d’ordres 3 et 5 dans
un échantillon de graphene non déposé sur un substrat.

Une grande partie de ce travail de these est consacré a 1’étude de la HHG dans
différents cristaux afin d’étudier leurs dépendances en fonction des propriétés struc-
turelles et optiques (linéaires et non linéaires) du cristal. Les harmoniques H3 (700
nm), H5 (420 nm) et H7 (300 nm) du rayonnement laser a 2,1 pym, générées par
un cristal de ZnO (0001) montrent une dépendance isotrope avec la polarisation du
laser, alors que celles générées dans du silicium (Si (100)) montrent une dépendance
anisotrope, en particulier une symétrie quadruple, ce qui reflete la structure cu-
bique du silicium. En comparant les efficacités de génération d’harmonique dans
des cristaux de silicium de différentes épaisseurs (2 et 300 um), nous observons que
le rayonnement émis est plus intense dans le cristal le plus épais. La caractérisation
spatiale du mode des harmoniques dans le champ proche démontre la présence d’'un
effet d’autofocalisation du faisceau laser incident. Ces effets de propagation ont des
conséquences plus déléteres lors de 'utilisation de lasers de plus haute énergie. Avec
un laser OPCPA (1,55 pm et 3,1 pm) de nos collaborateurs de 'TOGS (Palaiseau),
nous mesurons une diminution du signal harmonique dans le cristal plus épais. Ce
comportement est attribué aux effets non linéaires, notamment a I’absorption non
linéaire a ces longueurs d’ondes: 2PA (absorption de deux photons) & 1,55 pum, et
3PA (absorption de trois photons) & 3,1 ym. De la méme fagon, nous étudions
leffet d’autofocalisation dans des cristaux de GaAs. L’autofocalisation du faisceau
laser incident est plus importante quand la polarisation du laser est alignée avec
I’axe I'K du cristal, contrairement a la direction I'X. Ces effets non linéaires ont été
observés également dans un cristal de MgQO, a la fois dans les domaines spatial et
temporel. Pour la caractérisation temporelle, nous utilisons un FROG (Frequency
Resolved Optical Gating) fait maison afin de caractériser les impulsions du laser en
sortie du cristal générateur. Un effet d’auto-compression temporel des impulsions
laser dans le cristal de génération a été observé, avec une diminution de 40 fs a ~
20 fs.

La spectroscopie de polarisation du rayonnement harmonique dans un cristal de



GaAs (100) est ensuite étudiée en fonction de I’éclairement du laser. Les ordres 3,
5 et 7 du laser de 2,1 ym de longueur d’onde dévoilent une dépendance anisotrope
avec la polarisation, et plus particulierement une dépendance quadruple. En effet,
GaAs présente une structure atomique de type zinc-blende. De fagon surprenante,
la dépendance de Defficacité de génération de H3 et H5 avec la polarisation changent
lorsque I’éclairement augmente, contrairement a la dépendance de H7. Ces résultats
sont validés par une étude similaire effectuée avec une géométrie en réflexion avec
le laser OPCPA du LIDYL (2,4 um). En effet, cette géométrie permet d’écarter les
effets non linéaires précédemment mentionnés. En plus, les simulations théoriques
TDDFT montrent des résultats similaires, ce qui confirme que ces changements de
dépendances de polarisation proviennent du processus fondamental de la HHG dans
GaAs, dans lequel les électrons explorent des parties différentes de la structure de
bande du cristal en fonction de leur énergie et de I’éclairement. La spectroscopie
de polarisation de la HHG dans les cristaux offre donc une technique fondamentale
pour explorer la structure de bandes électroniques des matériaux.

Pour de nombreuses applications, il est intéressant d’étendre la génération
d’harmonique vers des ordres plus élevés, c’est-a-dire dans le domaine de ’extréme
ultraviolet (EUV). Pour cela, nous étudions ensuite la HHG dans un cristal de
MgO avec un setup de génération sous-vide, ce qui permet la détection dans
I'EUV. En comparant la génération d’harmoniques dans le visible aux comporte-
ments dans 'EUV, nous trouvons que les harmoniques de plus courtes longueurs
d’onde dépendent fortement de la polarisation du laser. Suivant I'orientation rel-
ative du cristal et de la direction de polarisation, il est méme possible d’éteindre
I’émission harmonique. Nous profitons de cette dépendance pour proposer une nou-
velle méthode de génération d’impulsions attoseconde isolées; technique que nous
appelons une porte d’anisotropie (“Anisotropy Gating” en anglais). La technique
repose sur une mise en forme du laser de telle sorte que la polarisation quasi-linéaire
du champ électrique tourne pendant la durée de 'impulsion. Il est alors possible
d’aligner la polarisation d’un unique demi-cycle optique avec 'axe du cristal pour
lequel la génération est plus efficace. Nous présentons dans cette these des résultats
préliminaires de cette méthode montrant notamment un élargissement des har-
moniques mesurées par rapport a celles obtenues avec une impulsion non mises en
forme.

Un des grands avantages de la HHG dans les cristaux par rapport aux gaz est la
capacité de structurer facilement le milieu de génération pour manipuler le champ
électromagnétique incident ou le rayonnement harmonique. Par exemple, on peut
structurer le cristal pour confiner spatialement le champ électromagnétique du laser.
Ce confinement entraine une exaltation locale du champ qui résulte en un accroisse-
ment de lefficacité de la génération d’harmonique. Dans ce travail, nous avons créé
sur la face arriere d’un cristal de ZnO des cones tronqués (4 pm de diametre a la
base, 2 um de diametre au sommet, 6 um de hauteur) par la technique FIB (Focused
Ion Beam). En employant un laser délivrant des impulsions nanojoules (~ 9 nJ par
impulsion, 20 MHz), nous trouvons que le signal des ordres élevés (dont les énergies
de photon sont supérieures & 1’énergie de la bande interdite) générés par ces micro-
cones sont plus intenses de deux ordres de grandeur par rapport a ceux issus du ZnO
non structuré. Le flux de photons est alors suffisamment important pour permettre



les premieres applications, ce qui en fait une source de rayonnement cohérent ultra-
bref ultracompacte. Nous l'utilisons pour une premiere démonstration a 'imagerie
sans lentille (CDI - Imagerie Diffractive Cohérente). Nous utilisons I'harmonique
d’ordre 5 (420 nm) généré par un cone de ZnO pour faire I'image d’un échantillon
micrométrique. Dans une seconde partie, nous fagonnons les propriétés spatiales des
faisceaux harmoniques pour induire un moment angulaire orbital (OAM - Orbital
Angular Momentum) de deux facons différentes. La premiere consiste a manipuler
le cristal de génération lui-méme. Pour cela, nous gravons des objets de phase en
spirale, a savoir des zones de Fresnel en spirales binaires et non binaires, sur la
surface de sortie du cristal. Les harmoniques générées sont diffractées par ces ob-
jets de phase, qui combinent la focalisation du faisceau d’harmonique et en méme
temps introduisent un mode OAM. La caractérisation spatiale du mode du rayon-
nement harmonique au niveau du foyer de la zone de Fresnel montre une distribution
d’intensité annulaire, due a la présence d’'un OAM non nulle, mesuré en outre par
interférométrie. Dans la deuxieme facon, nous introduisons un ordre OAM [ sur
le laser de génération, et nous prouvons la conservation du moment angulaire lors
de la HHG dans les cristaux, avec un OAM des harmoniques [, = g x [y.

Les résultats obtenus dans cette these valident la génération d’harmoniques d’ordre
élevé dans des cristaux, non seulement comme une source compacte et efficace
de rayonnements EUV, mais aussi comme une technique intrinseque de spectro-
scopie nouvelle pour étudier les propriétés structurelles et optiques du milieu de
génération.
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Chapter 1

Introduction

In recent days, research is accelerating towards understanding the fundamentals of
ultrafast proccesses, hence the growing need for coherent ultrashort radiation both
in space and time domains. By ultrashort is meant going down to the EUV /X-ray
wavelength range and to the attosecond timescale, which are the scales required
to resolve and probe an atom or even an electron in motion (figure [1.1). Such
coherent sources have been provided by the huge facilities that are synchrotrons
since decades, and free-electron lasers (FELs) more recently. Lately, an outstand-
ing achievement of X-ray radiation provided by the FELs is the record of X-ray
molecular movies which provides an access to study the electron motion with sub-
angstrom resolution and track its dynamics at the femtosecond timescale [T}, [2].
Other achievements of vacuum UV radiation include TR-ARPES Time Resolved
and Angle Resolved Photoelectron Spectroscopy to map the band structure of ma-
terials over their first Brillouin zone [3]. In biology, X-rays from synchrotrons and
free-electron lasers have found vast applications particularly in imaging biological
specimens through the Coherent X-ray Diffraction Imaging technique (CXDI) [4].
CXDI is a lensless micropscopy technique that relies on illuminating micrometer
and nanometer sized samples with coherent X-ray light, collecting their diffrac-
tion pattern and then reconstructing their image by an algorithm. This technique,
based on synchrotron and FEL X-rays, has been implemented to image bacteria [5],
viruses [6} [7, 8, 9], human cells [10, 1], chromosomes [12] and many other biological
species with resolutions ranging between 30 nm [5] to 6 A [8]. However, only few
synchrotrons and FEL facilities are available worldwide and researchers can have
limited access due to the huge user demands and the nontrivial access procedures.
Another alternative source of coherent XUV radiation, yet much more compact, is
High Harmonic Generation (HHG) in gases that has paved its way as a tabletop co-
herent attosecond light source in the x-ray spectral region since more than 30 years.
HHG in gases is a highly nonlinear phenomenon resulting from the interaction of
intense laser pulses with a gas. It was first observed in 1987 and 1988 from intense
ultraviolet and near-infrared (1.064 pm) laser beams, respectively [I3] 14]. With the
advances in laser technology and the recent developments in near and mid-infrared
laser systems generation down to the water window (couple of nanometers in wave-
length) has been demostrated [I5]. A remarkable and exciting recent achievement
is the observation of High Harmonic Generation in crystals. It was first observed in
2010, in the group of Prof. David Reis at the PULSE Institute and SLAC laboratory
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Figure 1.1: The characteristics of the electromagnetic spectrum in the time, frequency
and wavelength ranges.

in Stanford. Harmonics up to 9.5 €V in photon energy were generated by focusing a
mid-IR laser onto a zinc oxide crystal [16]. While 10'* W /cm? are the typical inten-
sities required for HHG in gases, HHG in crystals was achieved by much lower laser
intensities ~ 10" — 102 W /cm?. This suggests employing lasers of moderate field
amplitudes and thus avoiding big and expensive amplifiers to reach the strong field
regime, consequently developing HHG beamlines more compact and easier to han-
dle than the current ones, which are based on gas phase HHG. Since then extensive
research has been carried out to understand the underlying fundamental physical
mechanism driving HHG in solids, mainly in semiconductors. HHG in crystals has
been investigated in a number of semiconductor crystals, including wide, narrow
and indirect band gap materials, 2D materials, such as graphene and molybdenum
disulfide, ferromagnetic and topological materials [17, (I8, 19]. Interestingly, the
generation efficiency exhibits strong dependence on the laser parameters, such as
the polarization and intensity, as well as on the structural and optical properties of
the generation medium. The harmonic efficiency is anisotropic with respect to the
angle between the laser polarization and the crystal axis. For instance, for semi-
conductors with a cubic crystal stucture such as magnesium oxide, the harmonic
yield is maximum when the polarization is aligned along one of the main crystal
axis and by every 90° rotation of the crystal [20]. Besides, the solid-state nature of
the generation medium offers additional degrees of freedom to tailor the crystal at
the source of the emission in order to meet certain requirements. For example, Sivis
et al. [2I] and Franz et al. [22] have patterned nanostructured cones to confine and
enhance the driving optical electric field of relatively low amplitudes, consequently
increasing the high order harmonic yields. Plasmonic effects, particularly surface
plasmon-polaritons, have also been used to enhance the driving laser field and the
harmonic yield [23, 24]. In the near future, HHG in crystals has the potential to
become a novel semiconductor-based attosecond source, and could lead to the de-
velopement of compact, integrated and electrically gatable optoelectronic devices
operating at petahertz frequencies.
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Thesis outline

The goal of this thesis is to investigate high harmonic generation (HHG) in different
semiconductor crystals with special emphasis on microscopic and macroscopic
effects upon laser-crystal interaction. The thesis reports on the fundamental
aspects of solid-state HHG which are related to the generation medium of choice,
its optical and structural properties, and the chosen laser parameters such as the
wavelength, intensity and polarization state. The dependence of the generation
efficiency on the laser polarization is investigated and employed as a spectroscopy
technique to map the band structure of the generation medium, and as an optically
gatable technique for the generation of XUV-attosecond radiation.

The manuscript is organized in the following manner: After a general intro-
duction and a motivation behind High Harmonic Generation in crystals, Chapter
2 presents theoretical basics and explanation of the HHG mechanism in crystals
by drawing a comparison to HHG in gases. It also highlights the critical role
of nonlinear propagation effects on the fundamental laser and as a result on the
generated harmonics. Moreover, an overview of the recent research and findings in
HHG in crystals are summarized.

The studies and results of the thesis are reported in three main parts:

e Chapter 3 reports on HHG in graphene, an unconventional 2D material that
possesses extraordinary properties. Although some experimental limitations,
related to the generation of incoherent fluorescence and the fast permanent
damage of the sample, couldn’t be avoided, visible harmonics are generated
from graphene, and their dependences on the laser intensity and polariza-
tion are studied [25]. In addition, the generation of visible harmonics from
freestanding graphene is reported for the first time.

e Chapter 4 represents the main part of this thesis. Different semiconductors,
including zinc oxide (Zn0O), silicon (Si), gallium arsenide (GaAs) and mag-
nesium oxide (MgO), are studied as the generation media. The correlation
between the characteristics of each crystal and the driving laser parameters is
studied. Since the laser propagates in the medium before generation, nonlin-
ear propagation effects play a significant role and should be carefully treated.
On the one hand, nonlinear propagation effects can affect the pure HHG mi-
croscopic response, but on the other hand one can make use of the nonlinear
effects to control the laser properties spatially and temporally. Finally, a new
polarization-based gating approach, the Anisotropy Gating technique, is in-
troduced, in which a rotating linear polarization within the pulse is combined
with the anisotropic dependence of vacuum harmonics generated in MgO to
generate isolated attosecond pulses.

e Chapter 5 explores one of the great advantages of HHG in crystals, particu-
larly, the possibility to shape the generation medium to enhance the electric
field and spatially manipulate the harmonics. First, single ZnO nanostruc-
tured cones are patterned on the exit surface of the crystal, and the enhance-
ment of the high harmonic generation efficiency in these nanostructures as
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compared to the bulk is investigated [22]. Second, orbital angular momentum
is introduced into the harmonic beams in two ways; by patterning spiral zone
plates (SZPs) which create focused harmonic beams carrying orbital angular
momentum, and by transfering the OAM from the fundamental laser to the
harmonics [26]. Finally, a first demonstration of the CDI technique, Coher-
ent Diffraction Imaging technique, based on solid-state generated coherent
harmonics permits the imaging of a micrometer sized structure.

Lastly, Chapter 6 summarizes an overall conclusion of the results achieved, with
future perspectives for which the work of this thesis sets a basis.
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Chapter 2

High Harmonic Generation in Crystals:
Theory and Overview

In this chapter, high harmonic generation (HHG) in gases is firstly introduced
in section [2.1] as a basis to explain HHG process in solids in section [2.2 The
characteristics of both HHG mechanisms are emphasized in each section. In section
two different experimental geometries of HHG in solids are described. A major
effect presented by one of these geometries is pointed out in section Finally,
in section an overview of the various studies of HHG in solids, since it’s first
observation in 2010, is summarized. The research reported in this section tackles
different studies which assist in the fundamental physical undertanding of the HHG
process in solids.

2.1 High Harmonic Generation (HHG) in Atomic
Gases

2.1.1 Brief Theory

HHG in gases has been well studied over the past 30 years and the process is
thoroughly understood. It can mostly be described by a semi-classical picture, well-
known as the three step model [27]. The model states that upon the interaction of
an intense laser field (> 10 TW /cm?) with a gas atom, usually a noble gas, close
to the maximum of the peak pulse the atomic potential is deformed in a way that
permits the electron to (1) tunnel to the continuum. It then (2) accelerates within
the laser field in the continuum. Finally, when the laser field reverses direction the
electron accelerates backwards and returns to the vicinity of it’s parent ion, where
it can (3) recombine to the core, releasing its gained energy by the emission of a
burst of light i.e. a broadband XUV radiation. This is illustrated in figure
This process is repeated every half cycle of the laser pulse. Due to the coherence of
the HHG process, the successive bursts of XUV radiation interfere which results in
a train of attosecond pulses in the time domain and a frequency-comb spectrum in
the spectral domain which is the HHG spectrum.
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Figure 2.1: The three step model of HHG in atomic gas.

2.1.2 Atomic HHG in the Strong-Field Regime

Perturbative Regime

In general, when a weak electric field interacts with a medium, regardless of whether
it is a gas, liquid or solid, it induces a polarization P in the medium, such that:

P = ZB?(”)TE)” (2.1)

1
where the tensor ()?( ) is the linear electric susceptibility of the medium, and for

n>2, <)_<>(n) is the nonlinear electric susceptibility of order n. For an isotropic
medium such as atomic gas, the susceptibility is scalar. However, in other ma-
terials such as crystals, the response of the medium to the electric field may not
be identical along all directions. Such materials are known to be anisotropic, and
their three-dimensional nonlinear response is quantified in the tensorial elements of

the nonlinear susceptibility Y(n). The polarization (equation is a result of the
perturbative response of the medium to the electric field, which gives rise to the
emission of harmonics by a multiphoton process. For instance, the n" harmonic
order is emitted when an electron absorbs n photons of frequency w, gets promoted
to a virtual excited state, and by recombining back it emits a photon at a frequency
nw. In this case, the intensity of the n*" harmonic, S,,, scales perturbatively with
the driving laser intensity I:

S oc I (2.2)

Strong-Field Nonperturbative Regime

High harmonic generation is a highly nonlinear nonperturbative process that usually
starts by the tunneling of the electron wavepacket. Tunnel ionization takes place
when a highly intense electric field interacts with an atom or a solid. The strong
laser field can distort the potential and increase the electron’s probability to tunnel
through the barrier. To mathematically determine the strong-field nonperturbative
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regime, Leonid Keldysh introduced in 1965 the so-called Keldysh parameter v [2§].
In case of gas atoms, the Keldysh parameter v is given by:

wy/2ml, (2.3)

7= 6E0

where w and FEjy are the angular frequency and the amplitude of the laser field,
respectively, I, is the ionization potential of the atom, m and e are the electronic
mass and charge, respectively. Tunnel ionization occurs when v < 1. Therefore
high electric field amplitudes or intensities are required to reach this regime. In this
case, the nt" harmonic yield, S,, scales as:

Sy ox I (2.4)

where ¢ is an arbitrary power. Experimentally, ¢ can be extracted by measuring
the harmonic yield versus laser intensity and hence verifying the regime in which
each harmonic is generated.

2.1.3 Characteristics of HHG in Atomic Gases

Phase matching

Phase matching is a very important requirement of HHG in gas atoms. The up-
conversion from the fundamental field to the harmonics is achieved because the
generated bursts of XUV radiation travel in phase with respect to each other and
with respect to the fundamental electric field, i.e. they travel at the same phase
velocity. This leads to a coherent build up of the harmonic radiation. In gases,
phase matching is achieved by a compromise between the gas pressure, laser inten-
sity and laser focus position. To achieve the proper phase matching conditions in
a strong focusing geometry, the laser focus is placed well before the gas-jet. For an
optimized coherence of high order harmonics, P. Salieres et al. [29] had their focus
placed at ~ 3mm before the generating medium. Later, it was demonstrated by
Hergott et al. [30] and P. Rudawski et al. [3I] that a loose focusing geometry (2.5
m - 5 m focal length) is also recommended to achieve phase-matched harmonics
and to enhance the harmonic efficiency. For longer wavelength drivers, higher gas
pressure is needed to meet the phase-matching requirement [32].

Conversion Efficiency

The conversion efficiency of the generated harmonics is defined as the ratio of the
harmonic yield to the laser intensity. The conversion efficiency depends on the laser
parameters and the generating medium properties, including the laser wavelength,
electric field amplitude and atom’s ionization potential [33]. It is optimized by an
interplay between the gas pressure, gas medium length and the laser focus position
[30]. The conversion efficiency of the generation process from gas atoms is low. For
instance, from Ti:sapphire laser pulses (800 nm in wavelength), neon gas records
a conversion efficiency 5 x 1077 at the 59" harmonic [34], while the conversion
efficiencies achieved in argon and xenon gas are 1.5 — 5 x 1075 [35,31] and 4 x 1075
[36l 30], respectively.
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Odd and even harmonics

Due to the symmetry of the HHG process which occurs every half cycle of the
laser field, only odd harmonics are generated. In order to generate even harmonics
the symmetry of the process has to be broken. This can be achieved by two-color
mixing experiments [37, 38, [39]. By simultaneously ionizing helium atoms with the
fundamental driving field w and its second harmonic wave 2w, I. J. Kim et al. [38]
generated even harmonics from helium, with a high conversion efficiency of the 38"
harmonic (21.6 nm) ~ 5 x 107°.

Cutoff

A typical high harmonic generation spectrum consists of perturbative low order
harmonics whose signal decreases as the harmonic order increases, followed by a
plateau with constant signal over several frequencies. The last or highest harmonic
order of the plateau is defined as the cutoff (figure . The cutoff energy is

1
El

Platean

Farmonic onden

Figure 2.2: A typical harmonic spectrum, showing low order harmonics, the plateau and
the cutoff harmonic.

calculated by the following equation [I5]:
Ecutoff = Ip + 3.17Up (25)

where I, is the atom’s ionization potential, U, is the ponderomotive energy which is
the energy required to free an electron from its bound state and quiver the system.
It is directly proportional to the square of the laser electric field amplitude Ej,

22
by U, = %. In the case of atomic gas HHG, the cutoff scales linearly with the
square of the laser field and wavelength.

Polarization and ellipticity dependence

Atomic gas being isotropic, high harmonic generation efficiency exhibits no depen-
dence on the direction of the linear polarization of the driving field. However, there’s
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a strong dependence on the laser ellipticity. The efficiency of low order harmonics
decreases slowly as the ellipticity of the driving field increases, but for high order
harmonics the decrease in the harmonic efficiency is steeper [40, 41]. At a relatively
low ellipticity (the exact value depends on the gas and the harmonic order), the
HHG is even turned off. This is because during the acceleration step, an electron in
the elliptically polarized laser field is not driven back towards its parent ion. This
prevents the recombination step, and hence no emission takes place.

2.2 High Harmonic Generation in Crystals

2.2.1 Introduction

High harmonic generation in solids occurs when an intense laser in the middle or
near infrared range interacts with a solid crystal. An analogy to HHG in gases,
specifically the three step model, can be drawn here to explain the process. Due
to the high intensity of the laser field, the electron initially in the ground state in
the valence band (1) tunnels to the conduction band. (2) It then oscillates and
accelerates with the laser field in the conduction band, undergoing what is known
as intraband oscillations which give rise to an intraband current j (t). Finally, at
a certain moment within the laser pulse the electron can (3) recombine with a hole
in the valence band; this transition is referred to as interband transition causing an
interband polarization. This three step description is illustrated in figure [2.3]

Conduction Band

@

2. Acceleration
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: : o5
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i 3. Recombination
v

Energy (E)

Valence Band

Momentum (k)

Figure 2.3: Three step description of HHG in solids in momentum space.

Hence there are two main mechanisms contributing to high harmonic generation in
solids namely:

e Intraband Dynamics (I): which correspond to the oscillations and acceler-
ation of the electron with the laser field in the conduction band. As a result a
current is generated referred to as intraband current. The frequency at which
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these oscillations take place is known as the Bloch frequency. It is given by:

eFpa
h

wp = (2.6)
where a is the lattice constant, e is the elementary charge and Ej is the electric
field strength.

e Interband Dynamics (II): At certain moment within the laser pulse the
electron can recombine with a hole in the valence band at a sub-optical cycle
timing. This transition is accompanied by high harmonic emission.

Although the band gap (E,) of semiconductors is the region of forbidden electronic
states, harmonics whose energies are lower than E; can be generated and are re-
ferred to as below band gap harmonics. Below band gap harmonics are generated
by multiphoton absorption, when an electron is excited to a virtual state within
the band gap by absorbing n photons such that the harmonic energy nhw < E,.
In addition, they scale perturbatively with the laser field. On the other hand,
above band gap harmonics are generated by either intraband or interband dynam-
ics or by both, and scale nonperturbatively. The contribution of both dynamics to
the HHG emission is still under debate and further investigation in the solid-state
HHG community. It is noteworthy to mention an important difference between both
mechanisms; intraband emission results in a chirp-free harmonic radiation, while
interband emission emerges with a natural chirp that is dependent on the laser
properties [42] [I7], the latter having a similar characteristic as attosecond pulses
generated from gas atoms. This is because intraband current is only dependent on
the band structure curvatures and, in the time domain, it is generated at any time
within the laser pulse, while interband emissions take place at different times within
half a cycle of the laser pulse [42].

2.2.2 Theoretical Description
2.2.2.1 The Strong-Field Regime in Solids

In solid HHG, the perturbative and nonperturbative regimes of laser-matter inter-
action are also determined by the the corresponding Keldysh parameter v. For a
laser field, of an amplitude Ey and angular frequency w, interacting with a crystal
of band gap E,, the Keldysh parameter is calculated as:

wy/m*Ey @7)

T eE(]

where m* is the effective mass of the electron. Similar to gas HHG, the strong-
field nonperturbative regime is achieved when v < 1 [43]. In the intraband picture,
Ghimire et al. [43] introduced a new parameter that determines the Bloch oscillation
limits during half a cycle of the laser field. It is called 3, and defined as the ratio
of the Bloch frequency to twice the driving laser frequency:

wpB
=22 (2.8)
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In the case, when § > 1 full Bloch oscillations take place, which means that the
electron is expected to traverse the entire Brillouin zone within half a cycle of the
laser field. For lower electric field strengths, i.e. when 8 < 1, the electron explores
partially the Brillouin zone.

2.2.2.2 The Acceleration Theorem

When an intense laser described by an electric field E(t) is focused onto the sample,
the electron initially in the valence band, tunnels to the conduction band and is
therefore subject to a Lorentz force F'(t) = eE(t). The acceleration theorem (i.e.
Newton’s second law of motion) states that the electron accelerates in the condution
band and its equation of motion reads the following:

_)
dk E
— =ekb (¢ 2.9
=B (1) (29)
where k(t) is the electron’s momentum at time ¢. By integrating both sides of
equation[2.9|from time ¢y, the birth time of the electron wavepacket from it’s ground
state, until a certain time ¢t > ¢y we obtain the following;:

t

k() — k(to) = e / () df’ (2.10)

to

Considering an electric field defined by ﬁ(t) = Fy cos(wt), equation can then

be written as:

k() — k(to) = 6&]@ sin(wt) (2.11)

Tunnel ionization, the first step in the HHG process, occurs mainly at the minimum
band gap, i.e. at the I' point where the electron’s momentum is zero in most
semiconductors, hence k(tp)=0. Therefore from equation the evolution of the
electron wavepacket at any time ¢ can be expressed as:

k(t) = ‘“’wﬂ sin(wt) (2.12)

This means that the maximum momentum the electron can aquire is given by:

BEO
w

kmaz -

(2.13)

Equation can be rewritten as a wavenumber (= kjuqp = %) and in units of
7, to express the maximum excursion of the electron in the conduction band in the
first Brillouin zone. For example, let’s consider a driving laser field of wavelength
A = 2.1 pm which corresponds to an angular frequency w = 2°. The interaction of
this electric field of an amplitude Fy = 1.4V /A with a semiconductor crystal, results
in a maximum momentum (equation acquired by the electron ky,q, = 0.377/a.

This means that the electron wavepacket can explore 37% of the Brillouin zone.
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2.2.2.3 Intraband Current and Interband Polarization

The acceleration theorem discussed in section [2.2.2.2]is a good estimate to derive the
trajectories of the electron wavepacket in the Brillouin zone, and therefore realize
how far it explores the conduction band and the possible regions of recombinations
[44]. However, for a realistic description of the HHG mechanism, intraband and
interband processes have to be addressed. The acceleration of the electron in the
conduction band generates a current, the intraband current, which we denote by
J intra(t). It is expressed as the integral of the group velocity over all possible states:

7int7’a(t> _/nkvkdgk (214)
k

where k is the momentum in reciprocal space, ny is the electron density, and vy is
the group velocity. In solids, the group velocity, the velocity at which the electron
wavpacket travels in the Brillouin zone, corresponds to the slope of the bands in
the band structure at a particular momentum k and it is given by:

 10e(k)
U ok

(2.15)

The electron can recombine at a certain moment within the laser pulse, with the
hole in the valence band. This transition induces an inteﬂ)aand polarization P (t)
[45]. As aresult a current is generated which we denote by j jnter(t). It is calculated
as:

7inter(t) - C(lit/k?(k;t) d3k3 (216)

Therefore, the total current generated during the process is the sum of the intraband
current and the interband polarization j tota1(t) = 7 intra(t) + J inter(t). The HHG
spectrum can be obtained by the Fourier transform of the total current j ;o1q:(t) to
the spectral domain:

HHG(w) = |FT( 7 totar(1))]? (2.17)

2.2.3 Characteristics of HHG in Crystals

We highlight here the characteristics of solid HHG, emphasizing its advantagous
aspects as compared to atomic HHG, and pointing it’s major limitations.

Conversion efficiency: Below and above band gap harmonics

The higher density of atoms in a solid permits a higher conversion efficiency from
the generating laser as compared to the atomic gas case. Ghimire et al. [46] derived
theoretically the conversion efficiency of high order harmonics generated from solids
including propagation effects. The conversion efficiency scales as the square of the
carrier density and with the square of the wavelength. For a modest carrier density
N = 10" cm™3, the calculated conversion efficiency in a 500 ym thick ZnO crystal
ionized by a 3.25 pum, showed a decrease with the increase of the harmonic order,
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where the efficiency reaches 1071° for the 25" harmonic (figure (a)). In solid-
state HHG, two main limitations hinders higher conversion efficiencies. On the
one hand, below band gap harmonics which originate from each atomic site in the
crystal, propagate towards the exit surface, however their efficiency is limited by
the phase mismatch between the harmonic wave and the fundamental field. This
is pictured in ﬁgur (b) reported by Ghimire et al. [46], which shows strong
modulations in the conversion efficiencies of below band gap harmonics (H5 and HT7)
along the crystal thickness. The efficiency is highest when the harmonic emissions
are phase-matched. In addition, it is reported that the rapid phase mismatch takes
place on a scale of the coherence length of the harmonic. On the other hand, above
band gap harmonics are limited by their re-absorption by the crystal itself. Despite
the fact that above band gap harmonics can be generated everywhere in the crystal,
the signal detected arises from only a thin layer at the output surface of the crystal,
about one absorption length thick (in the order of few tens of nanometers).
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Figure 2.4: Calculated conversion efficiencies of high order harmonics of the 3.25 pm
driving laser beam, generated from a 500 pum thick ZnO crystal, assuming a modest carrier
density N = 10'% cm ™3 [46].

Odd and even harmonics

In the case of HHG from solids, odd harmonics are generated not only because of
the symmetry of the generation process, but the symmetry of the crystal also plays
a role. Only odd harmonics are generated in centrosymmetric crystals i.e. crystals
with an inversion symmetry such as silicon (Si). Even harmonics emerge as a result
of broken inversion symmetry which is the case of noncentrosymmetric crystals like
gallium arsenide (GaAs) [47] and quartz [48], or due to surface and interface effects
[49].

Polarization and ellipticity dependence

A very interesting property of HHG in solids is the dependence of the generation
efficiency on the linear polarization of the driving field, unlike HHG in atomic gases.
The laser polarization drives the electron dynamics after tunneling to the conduc-
tion band. This can be viewed in the real-space or momentum space picture. The
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direction in which the electron wavepacket travels is determined by the polarization
of the laser field, and its maximum excursion along this direction is determined
by the amplitude of the field. Therefore, in the momentum space picture the elec-
tron wavepacket is strongly influenced by the bands of the band structure which
determines its group velocity. The harmonic generation efficiency can be controlled
and optimized by rotating the crystal in the plane of the polarization of the field.
Such orientation dependences can reveal information about the crystal structure,
reflect the symmetry of the Brillouin Zone [44], and consequently give insight into
the generation process. The polarization dependence of each harmonic can be dif-
ferent, in particular, high order harmonics emitted in the XUV, are expected to
show stronger dependence on the laser polarization than low order harmonics [20].
Some studies regarding this aspect will be presented in section [2.5] Odd harmonics
emerge with a polarization parallel to the polarization of the driving laser field,
while even harmonics have been observed with a polarization state perpendicular
to that of the driver [48, 18]. While in gas atoms no harmonics are generated from a
circularly polarized field, in solids, high harmonics from an elliptically or circularly
polarized field can be generated with a lower efficiency as compared to a linearly
polarized field [20].

Cutoff and Wavelength Dependence

A typical harmonic spectrum of HHG from solids is similar to the one of HHG from
gases, except that multiple plateaus are expected due to the complex band structure
of crystals. The HHG spectrum, as shown on the right of figure is composed
of perturbative low order harmonics whose signal decrease as the harmonic order
increases, followed by two plateaus, the first at a higher signal than the second, each
one extending up to a cutoff harmonic energy. In the interband picture, the first
cutoff is defined as the maximum band gap between the valence band and the first
conduction band (CB1). When the laser field is strong enough to drive the electron
to the edge of the Brillouin zone, the electron can tunnel to the second conduction
band (CB2), as shown on the left of figure The HHG process involving the
second conduction band gives rise to a second plateau that extends to a second
cutoff, which is the maximum band gap energy between the valence band and the
second conduction band [50]. In solid HHG, the cutoff of intraband or interband
mechanisms scales linearly with the laser field strength [16] 51l 52]; as the electric
field increases, the harmonic efficiency and the cutoff increase. In the intraband
picture, numerical calculations have confirmed that the intraband cutoff scales lin-
early with the laser wavelength [42, 50], while other calculations have shown that
the intraband cutoff is independent of the laser wavelength and only the interband
cutoff scales linearly with the laser wavelength [53, [5I]. According to X. Liu et
al. [51], from an interband picture, intraband mechanims dominate for harmonics
generated below the band gap, but interband mechanisms dominate in the plateau
and cutoff region. In terms of the generation efficiency, as the wavelength increases,
the interband yield decreases exponentially while the intraband yield exhibits a
more complex dependence, and increases for long wavelengths [54]. Measurements
of the HHG yields from ZnO, in the wavelength range 2-4 um by Z. Wang et al.
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Figure 2.5: Left: Schematic representation of the band structure of a crystal, including
a valence band (VB) and two conduction bands (CB1 and CB2). Right: High harmonic
generation (HHG) spectrum extending to double plateaus. Note that the dotted arrows
represent tunneling of the electron, while the solid arrows represent the oscillations of the
electron in the conduction bands.

[55], showed that the dominant interband HHG efficiency decreases and scales as
ATHAE29 faster than the intraband yield and stronger than the case of gas atoms
(A=6=6)) [56, 57]. X. Liu et al. [5I] and G. Vampa et al. [45] have proposed to use
the dependence of the cutoff on the laser wavelength to experimentally differentiate
the intraband and interband mechanisms.

Damage Threshold

A major limitation in HHG in solids is the damage of the generation medium at very
high laser intensities. Each crystal possesses a damage threshold beyond which the
laser intensity ablates matter around its focus position and causes local permanent
damage. Therefore experimentally we are limited to a maximum value of the laser
intensity. Usually, wide band gap materials like MgO [20] and sapphire [58] can
tolerate higher laser intensities than narrow band gap semiconductors such as ZnSe
[59] and graphene [60]. It is also recommended to employ long wavelength drivers for
narrow band gap semiconductors, to avoid, most importantly, nonlinear absorption
such as two-photon and three-photon absorption.

2.3 Experimental Geometries: HHG in Transmission
and Reflection

High harmonic generation in crystals can occur either in transmission or in reflec-

tion geometry. In transmission geometry, the laser is focused at normal incidence

to the exit surface of the crystal. This is because the absorption of above band
gap nonperturbative high order harmonics plays a fundamental role. Although
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they are generated at different layers along the laser propagation, due to their re-
absorption by the crystal only those generated within one absorption depth (few
tens of nanometers) close to the exit surface are collected. In this configuration, the
laser propagates in the crystal before generating the detected harmonic radiation.
The fundamental laser field defocuses and diverges from the exit surface along with
the harmonic radiation as shown in figure In reflection geometry, the laser is

i Harmonics
Laser Field B Harmonics
) Laser Field
) : 5w Crystal .
© P z
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11w L a0
) 11w
(a) THHG (b) RHHG

Figure 2.6: Experimental sketch of high harmonic generation in solids in (a) transmission
geometry (THHG) and in (b) reflection geometry (RHHG)

focused at a given angle of incidence to the entrance face of the crystal and reflects
back at the angle of reflection. The harmonics co-reflecting with the driving laser are
therefore collected in reflection (figure [2.6(b)). Both configurations have their ad-
vantages and disadvantages. In the transmission geometry, during the propagation
of the laser in the crystal, the laser field accumulates linear and nonlinear propopa-
gation effects before generating harmonics. Propagation effects can come into play
and can drastically affect the generation process for crystals with high nonlinearity
[47]. Linear propagation effects include linear absorption and refraction, whereas,
nonlinear propagation effects include nonlinear absorption such as two-photon ab-
sorption (TPA), self-phase modulation (SPM), and self-focusing. More details will
be discussed in the next section (section[2.4)). One disadvantage that HHG in reflec-
tion presents is when the absorption length is larger than the harmonic wavelength;
in this case forward emission becomes significant [61]. However, the advantage of
the reflection geometry is that the measurements and results are free from linear
and nonlinear propagation effects and reflect a purely microscopic response of the
generation process. XUV harmonics generated in reflection has been reported [61]
and proved as a suitable configuration for coherent phase-matched harmonics.

2.4 Propagation Effects in the Generation Medium

In the example discussed in section we considered the ionization of the
electron by calculating the electric field amplitude in vacuum. However, in HHG in
crystals one has to consider the electric field amplitude in matter. At the interface
between air and a medium, the transmitted power of a laser beam inside the crystal
can be estimated by calculating the Fresnel transmission coefficient, i.e. the power
transmission coefficient. At normal incidence, the Fresnel transmission equation is
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given by:

4n

Ty = m (2.18)

Note that each material is characterized by its own optical properties, which means
that the linear index of refraction n differs from one material to the other and
for different laser wavelengths. For instance, at a wavelength of 2.1 um, gallium
arsenide has a refractive index ngeas = 3.3, while zinc oxide has a refractive index
nzno = 1.92 [62]. In addition, when the laser propagates in the medium it might be
absorbed. When the absorption is uniform, the output intensity Iyyupus is described
by the Beer-Lambert law which is given by Ioyuiput = loe™**, where o and z are the
linear absorption coefficient and the propagation distance of the fundamental field
in the medium, respectively, and Iy is the input intensity. Both transmission and
absorption determine the output intensity exiting the medium, which differs from
one crystal to the other. Consider, for example, the propagation of a laser beam, at
a central wavelength A = 2.1 pm, in a gallium arsenide (GaAs) crystal. The linear
absorption in GaAs is negligible at this wavelength. Following the example in
section [2.2.2.2] the effective electic field amplitude is calculated as Epqer = t Eo,
where t = /Ty /n [63]. The maximum wavevector is then kjq, = 0.177/a, which
means that the electron wavepacket would traverse 17% of the Brillouin zone of
GaAs rather than 37%. Moreover, the nonlinear properties of the medium play a
very important role, especially at high electric field strengths and for materials with
high nonlinearity. As a result, nonlinear effects such as the Kerr effect (X(3) process)
can be induced, which strongly determines the propagation of the laser beam in the
generation medium and consequently its effective intensity in the sample. The
Kerr effect could take place both in the space domain and in the time domain;
these are known as the self-focusing effect and the self-phase modulation (SPM)
effect, respectively. Discussions and analysis of nonlinear propagation effects will
be elaborated in Chapter [d]

2.5 Overview of HHG in Solids

The first experimental generation and detection of high harmonics in solids was in
a 200 pum thick zinc oxide (ZnO) crystal [16]. Afterwards, extensive experimental
studies of high harmonic generation have been reported in a number of crystals
including wide band gap semiconductors such as krypton and argon polycrystalline
solids [64], MgO [20, [61], quartz [48] and sapphire [58], and lower band gap semi-
conductors including zinc oxide [16, 65, [66], gallium selenide [67], zinc selenide
[59], gallium arsenide [47] and silicon [68], [61]. Interestingly, 2D materials such as
graphene [69, 60] and monolayer of molybdenum disulfide (MoSs) [I§] have also gen-
erated efficient high harmonics. HHG in BaTiOg, a ferroelectric semiconductor, was
also explored [70]. In addition, theoretical studies have further investigated HHG
in other unconventional crystals including insulating 2D materials like hexagonal
boron notride (h-BN) [71], ferromagnetic materials such as iron (Fe) monolayers
[19], and topological insulators like BisSes [72]. Figure [2.7|summarizes the different
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crystals experimentally investigated as the high harmonic generation media, show-
ing the cutoff for a given photon energy of the driving laser field. The circles’ sizes
illustrate the direct band gap energy of each semiconductor crystal.
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Figure 2.7: HHG studies synthesis. Inspired by [T7].

2.5.1 Polarization Dependent HHG

A distinguished feature of solid state HHG is the strong dependence of the gen-
eration process on the angle between the linear laser polarization and the crystal
axis. By rotating the crystal in the plane of the laser polarization, the generation
efficiency varies. High harmonic generation in solids depends strongly on the crystal
structure. Through polarization measurements, one can extract fundamental phys-
ical knowledge about the generation medium properties and the generation process
by itself.

e H. Kim et al. [58] reported on the anisotropic polarization dependence of high
order harmonics generated from sapphire. A 6-fold symmetry and a 4-fold
symmetry was associated with the polarization dependences of the harmonics
from C-plane and A-plane sapphire, respectively.

e S. Han et al. [73] extracted the higher order nonlinear susceptibilities of the
generation medium (sapphire) through the high harmonic generation yield in
the multiphoton absorption regime.
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Moreover, polarization measurements provide a mean to probe the electron trajec-
tory during the HHG process [74], 53, [75] and imprint the crystal and band structure
of the solid. For example,

e Lanin et al. [59] generated harmonics from a zinc selenide (ZnSe) crystal,
having a zinc blende structure. A general 6-fold symmetry of the polarization
dependence of the harmonics was measured, consistent with the zinc blende
crystal structure of ZnSe. However, each harmonic revealed a different depen-
dence on the laser polarization and at different laser intensities, which reflects
the electron wavepacket trajectories in the conduction band and hence reflects
the band structure of ZnSe (figure (c))

e You et al. [20] studied the dependence of low and high order harmonics gener-
ated from MgO on the laser polarization. The polarization measurements of
the harmonics revealed a fourfold symmetry due to the cubic crystal structure
of MgO. The study concluded that high order harmonics, XUV harmonics,
show a stronger dependence, than low order harmonics (visible harmonics) on
the laser polarization (figure (a-b)). Indeed, high order harmonics orig-
inate from higher energy regions of the conduction band, and therefore the
process is more sensitive to the anisotropic nature of the high energy bands.
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Figure 2.8: (a) Polarization measurements of the third harmonic and (b) higher order har-
monics generated from MgO [20]. (c) Polarization measurements of harmonic 9 generated
from ZnSe at different laser intensities accompanied by a direct mapping to its conduction

band [59].

2.5.2 Ellipticity Dependent HHG

The ellipticity of the driving laser field is also an interesting variable in solid-state
HHG. Contradicting results have been reported concerning the high harmonic gen-
eration yield as a function of the ellipticity.

e Y. S. You et al. [20] generated high harmonics from an elliptically polarized
laser field. When the linear polarization is aligned along the crystal axis
connecting Mg-O sites, the generation yield was maximum then decreases
as the ellipticity of the driver increases to € £ 0.4. Surprisingly, the yield
increases as the ellipticity increases to 1, i.e. circularly polarized state. This
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is explained from a real space trajectory picture: for an ellipticity e £ 0.4 the
traveling electron does not encounter any lattice sites, however, the circular
polarization drives the electron to collide to oxygen atomic sites.

N. Yoshikawa et al. [69] investigated the generation of harmonics from mono-
layer of graphene and reported on the enhanced high order harmonic yields,
particularly, of the 7*" and 9*" harmonics, from an elliptically polarized 4.7
pum laser. A contradicting study by Taucer et al. [60], showed that the har-
monic generation efficiency from graphene decreases gradually with the laser
ellipticity, reaching zero above an ellipticity of 0.5.

N. Klemke et al. [76] also reported on a decrease of the efficiency of UV-
VIS harmonics generated from silicon and quartz with the increase of the
driver ellipticity, however the harmonic signal does not disappear when the
driver is circularly polarized. Although the harmonic efficiency is lower than
that obtained with a linear polarization, they measured circularly polarized
harmonics from both crystals when the HHG process is driven by a circular
or elliptical polarization.

2.5.3 Nonlinear Propagation Effects

Propagation effects are of great importance when investigating HHG in transmission
geometry. These effects have to be handled with care especially when considering
materials possessing high degree of linear and nonlinear properties.

e Xia et al. [47] have reported on the harmonic generation from GaAs samples
having different thicknesses. The study revealed a drastic change in the po-
larization dependences of the generated harmonics from thicker crystals and
attributed this change to the nonlinear propagation effects, particularly the
nonlinear absorption along the different crystal axes (figure[2.9)(a)). Moreover,
the study showed that the harmonics generated in transmission are spectrally
broader than those generated in reflection, as a result of self-phase modulation
(SPM).

G. Vampa et al. [61] also studied HHG from magnesium oxide (MgO) in reflec-
tion and transmission. A comparison between the generated high harmonics
from both geometries, shows that the harmonics generated in transmission
are spatially (i.e. more divergent) and spectrally broader than those gener-
ated in reflection, due to the self-focusing and self-phase modulation effects,
respectively. Their measurements are reported in figure 2.9(b).

2.5.4 Manipulation of the HHG Medium

The solid-state nature of the generation medium offers additional degrees of freedom
where one can pattern micrometer and nanometer sized structures to enhance the
driving field and harmonic efficiency, and spatially manipulate the harmonic beams
22, 26, [77).

30



MgO, Reflection

-1
“ 2P j
% o —_
g . 34 iRy
o g 45 | E
/ = 4 - s 5
g o Y ol -
s @ ~6§ — 5 )
§ MgO, Transmission 148 T H
3 2.9 \ 2
< 2 5 5 €
s s 18 \ s € 3 £ \ S
iy i € 5 \ £
s % oot | & e \ 8
; < i 3y T 10T
. = x
0 Yo 0L \ = -5 f” Reflected
P i % ~F I
\ P SR 6 —_— 15
22X\ [ e 2\ e 18 20 22 24 1 05 0

170-5:.’«.“ GSO-:v:-lhick Photon energy (eV) HH power (out of 1)

Figure 2.9: (a) Polarization dependences of the harmonics generated from GaAs in re-
flection (R-HHG) and transmission (T-HHG) geometries [47]. (b) Spectral and spatial
comparisons of high order harmonics generated from MgO in reflection and transmission
geometries [61].

e Sivis et al. [2I] demonstrated the confinement of the laser field in a series of
nanostructured cones. In addition, they integrated a Fresnel zone plate at the
exit surface of a silicon sample to create self-focused harmonic beams.

Han et al. [23] reported for the first time on the harmonic generation as-
sisted by plasmonic field enhancement in metal-sappphire nanostructures.
The structures are truncated sapphire cones with a thin film of gold deposited
on them. High order harmonics (up to the 13" order) of a Ti:sapphire oscilla-
tor (800 nm in wavelength) were generated by field enhancement by means of
surface-plasmon polaritons along the metal-sapphire interface. The enhance-
ment maximizes at the exit tip of the cone reaching 20 dB (i.e. power factor
= 100).

Vampa et al. [24] observed high order harmonic generation (in the UV-
VIS spectral region) in bulk silicon assisted by plasmonic field enhancement
through depositing an array of nanosized Au antennas on the surface of a
silicon sample. The harmonic signal measured from the region of the nanoan-
tennas was 5-10 times stronger than that measured from the region of no
antennas.
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Chapter 3

High Harmonic Generation in Graphene

In this chapter, high harmonic generation in graphene is studied. In section [3.1], we
start with a motivation behind investigating graphene as a medium of generation.
Then, in sections [3.2] and we present our preliminary results in high harmonic
generation from trilayer of graphene. Two main challenges are encountered, mainly
the fast damage of the samples and the generation of a broad fluorescence signal.
This will be elaborated upon in section Moreover, we compare the harmonic
generation in different number of graphene layers in section [3.5] and report for the
first time on HHG in freestanding graphene in section Finally in section
we propose solutions that would reduce the damage rate and lead to the generation
and detection of higher harmonic orders.

3.1 Objective and Motivation

Graphene is a two dimensional material; it is a material comprising one single
layer of carbon atoms arranged in a hexagonal structure. It has attracted great
attention and has been the center of research for many years until present due to its
extraordinary properties [78]. Graphene is distinguished by its strong light matter
interaction owing to its high electron mobility [79, 80] and ultrahigh mechanical
strength [81]. Its electric and optical properties has made it a good candidate in
the fields of photonics, plasmonics and optoelectronics [82] [83]. As a freestanding
monolayer, graphene has a zero band gap energy at its high symmetry point ‘K’
which is known as the Dirac point. Around this Dirac point the energy dispersion
of graphene is linear and thus takes the form of a symmetrical cone, while at high
energies the band structure gets deformed (figure . Opening the band gap in
graphene can be easily done, for example by stacking several graphene layers on top
of each other or by depositing or transferring the graphene layer on a substrate [84],
89, 86]. Experimentally, having graphene on a substrate can ease its manipulation.

3.2 HHG in Trilayer Graphene

Carrier dynamics in graphene, in response to an intense optical field, were investi-
gated in both the perturbative and the nonperturbative regimes. In the multiphoton
regime, terahertz harmonics were generated from graphene driven by a terahertz
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Figure 3.1: 3D representation of the band structure of graphene [87] in the first Brillouin
zone. 2D representation of the band structure showing the highest symmetry points K, I"
and M, taken from [88].

field [89 Q0], and in the nonperturbative regime, recent studies on HHG from
graphene driven by mid-IR laser were investigated, reporting contradicting results
about the HHG mechanism and harmonic properties [69) 60, 91]. In the following
sections, we study HHG from graphene driven by a near-IR laser field [25].

3.2.1 Experiment with a High-Repetition Rate Mid-IR Fiber Laser

We employ a turnkey mid-infrared femtosecond laser from NOVAE (Appendix .
The laser is a mode-locked thulium-doped fiber oscillator followed by an all-fibered
nonlinear amplification stage, which delivers a train of 85 fs and 9 nJ pulses at a
repetition rate of 18.66 MHz centered at 2.1 pym wavelength. A sketch of the ex-
perimental setup is shown in figure [3.2] The polarization of the laser beam exiting
the laser is 10° rotated from the vertical axis, this is why a half-wavelength plate
(HWP) is placed in front of the laser exit to correct the polarization to a vertical
state and avoid any ellipticity induced by reflections from the mirror. The laser
power and polarization are varied by the combination of a HWP and a polarizer.
The beam is then reflected and focused by a 2.5 cm focal length off-axis parabola
on the graphene samples. The beam size at the focus, at full-width half-maximum
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Figure 3.2: Sketch of the NOVAE experimental setup at CEA, Saclay.
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(FWHM) is calculated to be 5.9 pym (Appendix . The generated harmonics di-
verging from the sample are collected in transmission by a 6 cm focal length lens
which focuses them on a CCD camera or a spectrometer for spatial and spectral
characterizations, respectively. More details about the detection system are avail-
able in Appendix [E]l To filter out the fundamental laser beam and select individual
harmonics, we use bandpass filters whose central wavelengths correspond to each
harmonic’s wavelength. Although the focusing lens imposes chromatic dispersion
on the spatial harmonic mode, it nevertheless helps to seperate the harmonics, as
each harmonic focuses at a different lens position. For this reason the lens is placed
on a manual translational stage, and translated along the beam propagation di-
rection to optimize the signal of the harmonics. Moreover, the saturation of the
third harmonic (H3) can blur the image, therefore, neutral density filters are used
to reduce its signal. The maximum laser intensity reached at the focus is estimated
to be (in vacuum) ~ 0.2 TW /cm?. The graphene sample is composed of trilayer of
graphene supported by a 500 um thick quartz substrate, bought from Graphenea.
Figure [3.3] shows the harmonic spectrum experimentally obtained from trilayer
graphene on quartz at an estimated laser intensity (in vacuum) of 0.17 TW /cm?.
Harmonic 3 (H3), centered at 700 nm, and harmonic 5 (H5) centered at 420 nm
are generated from graphene which correspond in photon energies to 1.77 eV and
2.95 eV, respectively. Only harmonic 3 is generated from the quartz substrate at
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Figure 3.3: Harmonic spectra from trilayer graphene and quartz substrate, at 0.17
TW /cm? and 0.18 TW /cm?, respectively.

the maximum intensity of the laser 0.18 TW/cm?. During the experiment, the
harmonic spectrum from graphene was acquired at an integration time of 200 ms,
and the detection was optimized for H5. While the spectrum from quartz was ac-
quired at an integration time of 30 ms and the detection was optimized for H3.
This explains why the 3'¢ harmonic signal from quartz is higher than the signal
from graphene, in addition to being measured at a higher laser intensity. In figure
both spectra are normalized by the integration time. The dashed plot in yellow
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in the figure corresponds to the experimentally measured spectral transmission of
the bandpass filter of the 5'" harmonic. The filter cuts H3 signal and also filters
out a significant amount of the broad fluorescence signal permitting precise mea-
surements of H5 later on. A small peak appearing around 520 nm is observed from
the quartz spectrum and is also observed on top of the fluorescence signal from
graphene. This wavelength matches the wavelength of the 4" harmonic of the 2.1
pm driver. Bearing in mind that quartz is a non-centrosymmetric crystal, it permits
the generation of even harmonics, in addition to the odd harmonics [48]. Therefore
this peak around 520 nm could be harmonic 4 generated from quartz, however, the
investigation on this point was not pushed any further.

3.3 Limitations and Challenges

Photoluminescence

The measured spectra reported above show a broadband photoluminescence (PL)
signal which covers the visible spectral range. The broad photoluminescence has
been reported by several research groups [92, 93, [94] under the excitation of
graphene by femtosecond laser pulses. It is emitted as a result of noncoherent radia-
tive electron-hole recombinations, caused by the rapid scattering between nonequi-
librium photoexcited carriers, which occurs on a time scale of tens of femtoseconds
[92], less than our laser pulse duration. The photoluminescence signal covers a
broad spectral range from the visible to the near UV (~ 800-300 nm) and exhibits
a nonlinear dependence on the laser fluence [93]. This PL signal presents one of the
main challenges in the HHG experiment in graphene; its broadband nature makes
it difficult to disentangle it from the higher order harmonics.

Graphene Damage

Another main challenge is the fast damage of the graphene samples upon exposure
to the laser pulses. Figure shows the lifetime of the 3¢ harmonic signal at 5
different spots on the sample with a low laser intensity, 0.04 TW /cm?. Indeed, the
damage is so fast as H3 decays rapidly in less than 1 second; the measured decay
time at half the maximum value of H3 from graphene is 0.35 seconds. Note that the
constant signal reached afterwards corresponds to the 3" harmonic signal generated
from the quartz substrate. Besides, the damage rate as a function of the laser inten-
sity is studied and depicted in figure The decay time decreases exponentially
as a function of the laser intensity. Beyond 0.04 TW /cm?, the damage rate is very
high such that the graphene is immediately ablated before generation. These fast
decay rates prohibit accurate and long systematic measurements. Working in this
low intensity regime limits the detection of higher harmonics since the efficiency of
the harmonic generation drops as the harmonic order increases, and thus no har-
monics above 2.9 eV have been experimentally detected from graphene. To limit
the damage problem we developed an experimental technique that allows systematic
measurements even at higher intensities. Using a labview program and motorized
piezo stage we continuously refresh our sample in a snake-like pattern. Taking into
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Figure 3.4: Damage study of trilayer graphene on quartz exposed to intense laser pulses.

consideration the decay time at each intensity, long measurements are taken by
automatically moving to a fresh spot during the acquisition. These laser-traced
patterns can be seen in the SEM images in figure SEM images supported by
EDX measurements have shown that the carbon concentration on radiated graphene
areas (white regions) decreased significantly, and confirms the laser-induced local
permanent damage on the graphene sample.
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Figure 3.5: Left: SEM images of trilayer graphene samples after exposure to the laser
pulses. Right: EDX measurements on nonradiated and radiated trilayer graphene areas.
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Furthermore, to characterize accurately our graphene samples before and after laser
exposure, we have performed Raman measurements (figure in collaboration
with Prof. Yannick De Wilde at his laboratory at Institut Langevin, Paris. The
excitation wavelength used is 514.5 nm. The Raman measurement on pristine
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Figure 3.6: Raman measurements on pristine and irradiated monolayer graphene areas.

graphene reveals the two main graphene bands: a G band at 1600 cm™' and a
2D band at ~ 2700 cm™!, which assures a good quality sample with no major
defects. However, the main Raman signals on irradiated graphene areas disappear
(red spectrum), which indicates complete laser-ablation of graphene. Besides, a
pronounced D band at 1300 cm™! represents the presence of defects close to the
damaged spots. Interestingly, femtosecond laser pulses in the near-IR have been
employed to etch graphene layers and pattern various micro and nanostructures
[95, [96] such as graphene microribbons [97]. Kalita et al. [97] argued that Raman
characterization at the edge of the etched structures showed a deterioration in
the graphene quality and appearance of defects, as a result of the breaking of the
sp? carbon hybridization due to the oxidation of graphene with the laser pulse
[97]. Femtosecond pulsed laser micropatterning on graphene can find potential
applications in graphene-based microelectronic devices.

3.4 Laser Dependent HHG in Trilayer Graphene

3.4.1 Intensity Scaling

As discussed in Chapter [2] the laser intensity is a crucial parameter that drives the
HHG process and defines the regime in which the process takes place, whether it
is multiphoton absorption or tunnel ionization. The scaling law of the harmonic
signal with the laser intensity allows one to distinguish the generation regime of the
experiment. In mathematical terms, for a harmonic, labelled H, its signal Sy o 19,
where ¢ = H for a perturbative harmonic. However, in the nonperturbative regime,
where tunnel ionization takes place, ¢ # H. To study the dependence of the har-
monic generation in graphene as a function of the laser intensity, we measure the
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harmonic signal of H3 and H5 by varying the laser intensity from minimum to max-
imum. The results are reported in figure The measurements are analyzed in a

X
N Sy o I9

-

o
~

2

W’

(-]
T

—¥#—H3 - Trilayer

—fit: q=3.2
H5 - Trilayer

—fit. q=3.5

Harmonic Signal (a.u.)
)

-
o
L]

0.05 0.1 0.15
Pulse Intensity (TW/cm?)

Figure 3.7: Intensity dependence of harmonics 3 and 5 (H3 and H5) generated from
monolayer and trilayer graphene on quartz.

double logarithmic scale to fit linearly the scaling law. H3 from trilayer graphene
scales as I 3?2, while H5 scales as I3®. The fits indicate that H3 is a perturbative
harmonic, however H5, which is purely generated from graphene is a nonperturba-
tive harmonic (¢ = 3.5 # 5).

3.4.2 Ellipticity and Polarization Dependences

The laser ellipticity and polarization studies also give insight into the HHG pro-
cess in crystals. Both of these laser parameters drive the electron dynamics and
determine its direction in the lattice.

Ellipticity Dependences

We perform ellipticity measurements of the harmonics generated from trilayer
graphene as well as of harmonic 3 generated from quartz. The measurements are
carried out by increasing the ellipticity (e) of the beam using a quarter-wavelength
plate (QWP), placed after the polarizer, from linear state (e = 0, QWP angle =
0°) to a circularly polarized state (e = 1, QWP angle = 45°) while recording the
harmonic signal on the CCD camera. The laser intensity is estimated to be 0.17
TW /cm?. The results are summarized in figure Note that the ellipticity values
correspond to the quarter-wavelength plate angle; for example, at e = 1, the op-
tic axis of the QWP makes an angle of 45° with the incoming linear polarization.
Each curve is normalized to its own maximum value at the linear polarization state
(i.e. e = 0). The signal of harmonic 3, generated from graphene, decreases as the
ellipticity of the driving field increases (figure |3.8(a))); it reaches a minimum value
for a circularly polarized state (attenuation by a factor of 5 compared to the linear
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Figure 3.8: Ellipticity dependence of H3 (a) and H5 (b) generated from trilayer graphene
on quartz at a laser intensity of 0.17 TW/cm?. The ellipticity depedence of the quartz
substrate is represented by the black curve.

polarization). Besides, the efficiency of harmonic 3 generated from the quartz sub-
strate also decreases as the ellipticity increases. As for the 5" harmonic generated
from graphene, its generation efficiency decreases with the increase of the laser el-
lipticity, reaching a minimum value for a circularly polarized driver (figure .
Notice that the contrast in the dependence is lower than that of H3, where for e =
1, H5 signal is only attenuated by a factor of 2 compared to the linear case. We
verify the spatial modes of H5 at e = 0 and e = 1, and we find that for a linearly
polarized state (e = 0), the spatial mode of H5 (shown as an inset in the figure)
clearly reveals a Gaussian distribution obeying the spatial mode of the fundamental
beam, while for a circularly polarized state (e = 1) the signal is uniform (spatially
limited by the aperture of the filter). It is attributed to the fluorescence signal.
The ellipticity dependence obtained here agrees with those reported by Taucer et
al. [60] and Baudisch et al. [91], but disagee with the results reported by Yoshikawa
at al. [69] where the harmonic signals of the 5® and the 7*" harmonics of the 4.7
pm driver were enhanced for an elliptically polarized beam. Note that, theoretical
simulations in the time-dependent density-functional theory (TDDFT) framework
have demonstrated the potential of a circularly polarized laser beam to generate
circularly polarized high harmonics from graphene [9§].

Polarization Dependences

The linear polarization of the laser is also a critical parameter in the HHG process.
The generation efficiency is determined by the angle between the crystal axis of
the generation medium and the linear polarization of the laser. This dependence
not only encodes fundamental information about the HHG process but also reveals
the symmetry of the crystal. To study the linear polarization dependence of the
harmonics generated from graphene, we rotate the linear polarization of the laser in
the plane of the graphene sample while recording the harmonic signal on the CCD
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camera for a selected harmonic order. The measurement is performed for harmonic
5 and the result is depicted in the polar plot in figure The result shows an

90 | ——H5, 0.12 TWiem?|
120 60

Figure 3.9: Polarization dependence of H5 generated from trilayer graphene on quartz,
at 0.12 TW /cm? of laser intensity.

isotropic dependence of H5 on the laser polarization; the 5** harmonic generation
in graphene is independent of the angle between the polarization and the graphene
axis. Note that, in the perturbative regime, THG (third-harmonic generation) from
graphene has been extensively investigated in a number of studies [99, [100] and has
shown to exhibit an isotropic dependence on the laser polarization [94].

3.4.3 Polarization Dependences by TDDFT Simulations

In this section, we try to explain the experimental results based on theoretical
analysis of the polarization spectroscopy of high order harmonics generated from
graphene. Numerical simulations in the Time-Dependent Density-Functional The-
ory (TDDFT) framework [I01], 102] were carried out by our collaborator Nicolas
Tancogne-Dejean from the group of Angel Rubio at Max Planck Institute for the
Structure and Dynamics of Matter in Hamburg, Germany. The simulations were
performed by the Octopus code [103], available from http://www.octopus-code.org,.
The laser parameters used for the simulations are 2.1 um laser wavelength, 37.5 fs
pulse duration and 0.2 TW /cm? laser intensity, similar to our experimental laser
parameters. Figure [3.10] shows a 60° polarization spectroscopy scan of the odd
harmonics generated from a monolayer of freestanding graphene. The simulation
reveals no dependence of the generation efficiency of H3 and H5 on the laser po-
larization, indeed H3 and H5 polarization dependences are isotropic. However, for
the higher order harmonics, particularly, H7 and H9, the generation efficiency is
anisotropic. The harmonic signal is maximized only at certain angles between the
laser polarization and the graphene axis. The anisotropic dependence of H7 and H9
reveals a 6-fold symmetry which reflects the hexagonal crystal structure of graphene.
The simulation of the polarization dependence is in perfect agreement with the the-
oretical calculations performed by Zurrén-Cifuentes et al. [104] by considering a
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Figure 3.10: Polarization dependent harmonic generation from monolayer of graphene in
the UV-VIS spectral range, at 0.2 TW /cm? of laser intensity.

driver at 3 ym in wavelength, 28 fs pulse duration and 0.05 TW /cm? laser intensity.
Similarly, the anisotropy becomes more prominent for higher order harmonics. The
reason is that low order harmonics, of low photon energies, are generated when the
electron wavepacket oscillates and accelerates in the isotropic conical part of the
band structure around the Dirac point, while higher order harmonics are emitted
when the electron wavepacket explores higher nonconical regions of the band struc-
ture. In general, HHG in solids can probe the band structure of the generation
medium through polarization spectroscopy.

3.5 Harmonic Generation from Different Number of
Graphene Layers

In this section, we generate harmonics from monolayer and 6-8 layers of graphene
supported on a 1 mm thick circular quartz substrate. These samples were bought
from ACS Material. The experimental setup is modified according to the following:
the off-axis parabola is replaced by a mirror that guides the beam to a 3 cm focal
length aspheric coated lens, which focuses the laser pulses on the graphene samples.
The diverging generated harmonics are then collected and focused by another 10
cm focal length lens onto the CCD camera and the spectrometer. A sketch of the
new experimental setup is illustrated in figure The beam size at the focus
is calculated to be 7.04 pm at FWHM. With a slightly larger beam size at the
focus, we expect to enlarge the generation area, hence more emitters. Therefore,
we expect a higher harmonic signal, and consequently a decrease in the damage
rate.

The harmonic spectra from monolayer and 6-8 layers of graphene are reported in
figure Harmonics 3 and 5 (H3 (700 nm) and H5 (420 nm)) are generated from
both graphene samples at an estimated laser intensity in vacuum of 0.08 TW /cm?, in
addition to the broadband fluorescence signal in the visible spectral range. However,
only harmonic 3 is generated from the quartz substrate at an intensity of 0.12
TW /ecm?. The three spectra are normalized by the integration time (700 ms for the
monolayer, 500 ms for the 6-8 layers and 100 ms for quartz), and the background
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Figure 3.11: Modified experimental setup of the HHG experiement in graphene driven by
the NOVAE laser, at CEA, Saclay.

from quartz is subtracted. By comparing the 5" harmonic signal generated from
monolayer and 6-8 layers, we find that the harmonic generation efficiency in the case
of monolayer is slightly higher than in the 6-8 layers. This is in agreement with
previous experimental and theoretical studies in molybdenum disulfide (MoSs2) [18]
and hexagonal boron nitride (h-BN) [105], respectively. The studies have shown the
enhanced efficiency in a monolayer of a semiconductor compared to bulk, or even
to few stacked layers of the 2D medium.
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Figure 3.12: Harmonic spectra from monolayer and 6-8 layers of graphene on 1 mm thick
quartz substrate, at an estimated laser intensity of 0.08 TW /cm?. The harmonic spectrum
from quartz is measured at a laser intensity of 0.12 TW /cm?.

Interestingly, we observe that as the number of graphene layers increases the har-
monics become spectrally broader. Indeed, the 5" harmonic generated from few
layers of graphene is spectrally broader than the one generated from monolayer
graphene. This observation has been reported before by Taucer et al. [60], and
has been attributed to the strong self-phase modulation effect in few layers of
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graphene (~ 5 nm), because of the significantly high nonlinear refractive index
(n2) of graphene which is around —0.5 x 10~%m?/W. In our case, self-phase mod-
ulation already comes into play in 6-8 graphene layers (~ 1.14 nm thick).

3.6 HHG in Freestanding Graphene

In order to avoid any substrate-induced effects on the graphene sample properties,
such as band gap opening [84], [86], and on the harmonic generation process, we
investigate high harmonic generation from freestanding graphene, employing the
NOVAE laser. The freestanding graphene samples are trilayer of graphene trans-
ferred on a TEM (Quantifoil) grid. The 300 mesh TEM grid is circular (3 mm
in diameter) and Au coated, and supports a Quantifoil R2/4 carbon film (20 nm
thickness) consisting of an array of 2 pm diameter holes with a periodicity of 6 ym.
The other two samples are monolayer and multilayers (6-8 layers) of graphene on a
2000 mesh copper (Cu) grid with 6.5 pum circular holes and a 12.5 pm periodicity.
The Cu grid is supported on a beryllium-copper Synaptek 1 x 2 mm slotted grid.
The trilayer freestanding samples were bought from Graphenea, while the mono-
layer and 6-8 layers were bought from Tedpella. Optical microscopy images of the
samples are shown in figure [3.13]

{r, < 4

(a) Trilayer graphene on a TEM Quan- (b) Monolayer graphene on a copper (Cu)
tifoil grid. grid.

Figure 3.13: Optical microscopy images of the freestanding graphene samples. (a) Free-
standing trilayer graphene. (b) Freestanding monolayer graphene.

Figure shows a bar plot of the harmonic yields generated from freestanding
graphene with the NOVAE laser. Harmonic 3 and harmonic 5 are generated from
freestanding trilayer graphene, while we report only on the generation of harmonic
3 from monolayer and 6-8 layers of freestanding graphene. The fast damage of the
samples in the latter case prevented the detection of higher order harmonics. The
freestanding graphene samples on the Cu grid are more fragile and more easily
damaged than those on the TEM grid. This is because the hole size of the Cu grid
is larger than the hole size of the TEM grid; in fact, the 6.5 pm hole was a limit
beyond which the graphene layer would collapse, however, it allows to couple the
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full beam to the graphene. On the other hand, the TEM grid may better sustain
the bonding with the graphene layer than the copper grid, due to the presence of
the Quantifoil carbon film. Note that along the laser propagation direction, the
front surface of the sample is the side with no graphene, and the exit surface of
the sample is the side where the graphene layer lies; therefore the laser propagates
through the grid before reaching the graphene layer. Figure a) shows the
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Figure 3.14: Harmonic yields generated from monolayer, trilayer and 6-8 layers of free-
standing graphene at different laser intensities of the NOVAE laser vertically polarized.
Note that the y-axis on the left is associated with the harmonic signals from trilayer and
monolyar graphene, while the y-axis on the right is associated with the harmonic signal
from 6-8 layers of graphene.

spatial mode of harmonic 3 generated from 6-8 layers of freestanding graphene on
the copper Cu grid with a linearly (vertical) polarized laser beam. The Cu grid
acts as a waveguide that guides and confines the laser pulses, which results in a
slight enhancement of the laser field at the exit surface. This is illustrated in the
FDTD simulation by Lumerical in figure [3.15[c). The mode of the fundamental
laser beam at the exit of the grid is shown in ﬁgur(d), characterized by an
enhancement along the horizontal (x) axis. The feature of the 3" harmonic mode
is therefore associated with the mode of the laser field. With a circularly polarized
laser we expect a minimal harmonic generation as previously reported in section
[3:42] but surprisingly, we generate harmonic 3 from the 6-8 layers of graphene
that has a donut-shaped spatial profile as depicted in figure (b) This is due to
the copper grid that enhances the local polarization of the laser beam at the edges
of the Cu holes, as shown in the case of vertical polarization. Therefore locally,
the polarization of H3 is linear. While with a linear polarization, we generate at
the center of the copper hole, the harmonic signal disappears with a circularly
polarized driver, in agreement with previous measurements and studies [60].
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Figure 3.15: Spatial modes of harmonic 3 (700 nm) of the 2.1 pum wavelength driver,
generated from 6-8 layers of freestanding graphene with (a) a linearly (vertical) polarized
and (b) a circularly polarized laser beam. Each image is taken with an acquisition time of
200 ms. The estimated laser intensity is 0.02 TW /cm?. (c) and (d) FDTD simulations by
Lumerical of the propagation of the NOVAE laser beam in the copper grid in the zx plane
and the yx plane, respectively, where z is the propagation direction of the laser beam.
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Figure 3.16: Damage study of freestanding trilayer graphene supported on a TEM grid.
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The damage rate of the trilayer graphene samples is studied as a function of time
in figure At a laser intensity of 0.03 TW /cm?, the 5" harmonic signal is
recorded over a time duration of 400 s (~ 6 mins). The decay time is around 30
s, interestingly higher than the decay times of graphene samples deposited on a
substrate (10 s at the same laser intensity, figure [3.4(b)|). This could be explained
as a result of the substrate-induced effect on the high damage rate of the samples.
In figure optical microscopy images reveal the permanent damaged areas
caused upon laser exposure.

3.7 Proposed Solutions for Long-standing Graphene

Long wavelength driver: Experiment with an OPCPA laser system

High harmonic generation in graphene is more sustainable using long driving wave-
lengths. Due to the increase of electronic excitation at short driving wavelengths,
the damage is dramatically high and therefore harmonics cannot be efficiently gen-
erated in graphene. As the wavelength increases the damage becomes less promi-
nent. Using a near-infrared driver operating at 2.9 ym in wavelength and 125 kHz
repetition rate, we generate up to the 7" harmonic (414 nm ~ 3 eV) from tri-
layer graphene on quartz (figure . A broad fluorescence signal dominates the
low visible spectral region, nevertheless the 7" harmonic can be clearly observed.
Harmonics beyond 2.5 eV has not been reported before in the previous works, al-
though long wavelength drivers were employed for HHG in graphene, but with low
repetition rates 1 kHz [69] and 100 Hz [60].
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Figure 3.17: Harmonic spectrum from trilayer graphene on quartz with a 2.9 ym driving
wavelength. The laser intensity is ~ 0.05 TW /cm?.
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Isolating graphene samples in an oxygen-free atmosphere

The breaking of the sp? carbon hybridization upon laser exposure causes oxidization
of the graphene under ambient conditions. The oxidation has been ascertained as a
major cause of the fast damage rate. To decrease the damage rate by limiting the
oxidation of graphene, we isolate the graphene samples in a nitrogen gas supplied
box. The experimental setup is the one shown in figure [3.11] and the nitrogen gas

box is shown in figure

N, intake
S

Figure 3.18: Modified experimental setup of the HHG experiment in graphene in nitrogen
(N3) gas.

We compare the harmonic spectra from monolayer graphene on quartz under air
versus under nitrogen atmosphere. The results are shown in figure
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Figure 3.19: Harmonic spectra from monolayer graphene in air and in nitrogen atmo-
sphere, with 2.1 pum driving wavelength at a laser intensity of ~ 0.08 TW /cm?.
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A slight increase of harmonic 5-to-fluorescence signal is observed when graphene is
isolated under nitrogen gas. However, the striking improvement is in the damage
rate upon laser exposure of graphene samples when isolated in Ns gas. The decay
time of H3 signal generated from monolayer graphene on quartz is measured and
reported in figure The measurement, which is carried out at low intensity
(0.07 TW/cm?), results in a decay time (7) of 190 s. The second peak in the
figure corresponds to a new refreshed spot on the sample. Note that the decay
time is taken as the time during which the harmonic signal drops to half from
the constant signal of quartz (at 0.2 (a.u.)). Figure compares the decay
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(a) Time evolution of H3 spectra from mono-
layer graphene on quartz isolated in nitrogen
gas, at 0.07 TVV/cm2 of laser intensity.
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(b) Decay time of H3 signal, generated from
trilayer and monolayer graphene samples on
quartz, in air and in nitrogen atmosphere, as

a function of time.

Figure 3.20: Comparison of the harmonic generation in graphene in ambient conditions
of temperature and pressure, and in a nitrogen gas isolation.

times of H3 signal generated from monolayer and trilayer graphene in air and in
Ns gas as a function of the laser intensity. In air, the decay time of H3 signal from
monolayer of graphene at 0.01 TW/cm? is ~ 35 s (red curve), while in Ny gas,
the decay time is increased by a factor of 4 (190 s) (yellow curve) and at much
higher laser intensity (0.07 TW/cm?). This shows that the oxidation is a critical
factor that contributes significantly to the damage rate. Combining the moving
sample procedure, explained in section together with providing an oxygen-
free atmosphere around graphene, permits systematic measurements of a stable
harmonic signal from graphene and at higher laser intensities. Another interesting
feature is the slower decay rate of H3 signal generated from monolayer graphene in
air (red curve), compared to that of trilayer graphene (blue curve) with the increase
of the laser intensity. While the decay time of H3 from trilayer of graphene drops
rapidly as the laser intensity is increased from 0.01 TW /cm? to 0.03 TW /cm?, the
damage seems to be slower in monolayer graphene as the intensity increases. As a
future perspective, performing the experiment under vacuum would better solve the
damage problem. Although we are able to reduce the damage rate, the broadband
fluorescence couldn’t be suppressed enough to detect higher harmonic orders which
are of our interest to investigate.
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3.8 Conclusion and Perspectives

3.8.1 Conclusion

In summary, we reported in this chapter on the high harmonic generation in
graphene samples of different number of layers. In the nonperturbative regime,
the 3" and 5" harmonics were generated from monolayer, trilayer and 6-8 layers of
graphene on a quartz substrate. Theoretical simulations in the TDDFT framework
showed that the polarization dependences of the generated harmonics are sensitive
to the band structure of graphene; H3 and H5 generated from the conical region of
the band structure showed an isotropic dependence, while higher order harmonics
revealed an anisotropic dependence, particularly a 6-fold symmetry consistent with
the symmetry of the crystal structure of graphene. In agreement with the sim-
ulations, we verified experimentally the isotropic dependence of the 5" harmonic
efficiency on the laser polarization. In addition, we demonstrated here for the first
time harmonic generation up to the 5" order from freestanding graphene. Those
HHG experiments were complicated because of two major challenges: the high dam-
age rate of the graphene samples and the generation of a broadband fluorescence,
which limited the ability to sustain the harmonic signal for long acquisition times,
detect higher order harmonics and perform systematic measurements. To overcome
these limitations, our findings highlight the importance of isolating the graphene
samples in an oxygen-free atmosphere in order to prevent their oxidation, their rapid
damage and the generation of the broad fluorescence signal in the visible spectral
region. Besides, the longer the laser wavelength and, simultaneously, the shorter
the pulse duration, the higher the damage threshold and the more efficient the gen-
eration process is. The choice of the substrate could also play a role. For example
graphene is more persistent being deposited on a silicon carbide (SiC) or hexagonal-
boron nitride (h-BN) substrates. SiC and h-BN have a hexagonal crystal structure,
which matches the crystal structure of graphene, and results in a stronger inter-
bonding. Studies have shown that the adhesion energy of graphene-SiC is higher
than graphene-SiOo [106], [107]. Though graphene is not a robust material for the
generation of UV and vacuum harmonics, it nevertheless opens a new route to study
the nonlinear response of graphene with femtosecond laser pulses in the strong field
regime.

3.8.2 Future Perspectives

An interesting study would be to explore HHG in 2D semiconductors driven by
an out-of-plane polarization. Usually, in a transmission HHG experiment, the
surface plane is perpendicular to the propagation direction of the laser beam, and
the laser polarization is in the plane of the sample (figure . This would
drive the electron wavepacket to oscillate in the lattice plane. However, in the
case of a laser polarization perpendicular to the sample plane (figure , the
electric field would extract the electron out of the lattice, and would drive it to
accelerate in the continuum. Interestingly, this behavior recalls the semiclassical
electron trajectories of HHG in atomic gases. The 2D nature of the generation
medium such as graphene, allows studying the HHG emission with an out-of-plane
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polarization, a configuration state that cannot be achieved with bulk crystals.
This is because in the bulk, except at the surfaces, one cannot free electrons into
the vacuum and generate harmonics with them. Tancogne-Dejean et al. [71]

(a) In-plane polarization (b) Out-of-plane polarization
Crystal-like response. Atomic-like response.

— -12

0 ] 10 15 20 25 30
t [fs]

(c) Simulation of electron trajectories in h-BN driven by an
out-of-plane polarization, during the HHG process [71].

Figure 3.21: HHG driven by an out-of-plane polarization.

explored HHG from a freestanding monolayer of hexagonal-boron nitride (h-BN)
with an out-of plane polarization by performing TDDFT simulations. The electron
trajectories during the HHG process driven by an out-of plane polarization are
shown in figure Indeed, the simulations show that during the laser pulse,
the electrons leave the lattice (red horizontal part), accelerate in the continuum
and some of them return to the monolayer where they emit a harmonic photon.
The harmonic spectrum obtained (not shown here) extends to a cutoff energy
exactly equal to the one predicted for atomic gas HHG through the expression:
Ecutorf = Ew + 3.17U,, where E,, is the work energy. This indicates that the HHG
mechanism responsible for atoms governs the HHG mechanism of 2D materials for
an out-of plane polarization. The two polarization configuration states (in-plane
and out-of-plane) allow switching between the two HHG processes to explore for
instance, the effect of the electron density.
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Ezxperimental trial

In a first attempt to experimentally investigate the harmonic generation in graphene
with an out-of-plane polarization, we tilt our freestanding graphene sample by
~ 20° from the vertical axis, as shown in figure [3.22] The freestanding graphene
sample is a monolayer of graphene on a copper (Cu) grid of 6.5 um circular holes.
In this configuration, a laser beam vertically polarized (s-polarization) decomposes
into an out-of-plane and an in-plane polarization components, while a horizontally
polarized beam (p-polarization) would be fully in the plane of the graphene layer.
One drawback of this configuration lies in a reduced intensity in the sample. We

Out-of-plane

Figure 3.22: Experimental configuration for harmonic generation with an out-of-plane
polarization.

measure and compare the efficiency of the harmonic generation driven by both
polarization states. The NOVAE laser beam at a central wavelength of 2.1 um is
employed. Figure (a) depicts the spectra of the 3™ harmonic generated from
freestanding monolayer graphene with an in-plane polarization (input horizontal
polarization) and an out-of-plane polarization (input vertical polarization), mea-
sured at an estimated laser intensity of 0.07 TW /cm? at the focus position of the
laser. The 3" harmonic generation efficiency is lower in the latter case. Indeed,
TDDFT simulations by Nicolas Tancogne-Dejean (private communication), shown
in figure [3.23(b), reveal a lower harmonic generation efficiency when the HHG
process is driven with an out-of-plane polarization. However, our experimental
measurement is not of a purely out-of-plane contribution. With this experimental
configuration the detected harmonics are also those generated from the in-plane
polarization component. The reasonably lower signal in the experimental case
of the out-of-plane polarization, is due to the fact that the effective intensity in
the graphene sample is lower than the intensity in the case of the full in-plane
polarization. Notice that the harmonic signal drops significantly even by a small
tilt of the sample (~ 20°). Being limited by the maximum pulse energy of the laser
and the low damage threshold of the graphene samples, as previously discussed
in the chapter, higher order harmonics couldn’t be measured. A signature of the
out-of-plane polarization would be detected at the cut-off harmonic energy, which
could be achieved with the proposed solutions discussed in section that is a
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Figure 3.23: (a) Spectra of harmonic 3 (700 nm) generated from freestanding monolayer
graphene on Cu grid with an in-plane (blue plot) and an out-of-plane (red plot) polarization
states, at a laser intensity at the focus of 0.07 TW /cm?2. (b) TDDFT simulations of the
HHG spectra in graphene with an in-plane (bue plot) and an out-of-plane (violet plot) laser
polarization (private communication).

long wavelength, short pulse duration driving laser beam, in addition to carrying
out the experiment under vacuum. Besides, other 2D materials can be investigated
such as h-BN, which has a higher damage threshold than graphene. For a laser
pulse in the near-IR spectral range, the calculated damage threshold of h-BN is
7.95 TW /em? [71], while for graphene it is ~ 3 TW /cm? in vacuum [108].
Another idea, yet technically more complicated, would be to pattern binary phase
lenses on a substrate such as quartz and then transfer graphene or h-BN on top.
The binary phase lens serves to focus and transform a radially polarized laser beam
into a longitudinally polarized spot [109, 110]. An illustration of the function of
such binary lens is shown in figure (a). A possible sample configuration to
achieve an out-of-plane polarization in 2D materials is schematized in figure [3.24]
(b). This configuration ensures a pure response of the 2D layer to the out-of-plane
polarization.

(a) (b) 4 Graphene layer

Plangitudimll

Figure 3.24: (a) Longitudinally polarized spot by focusing a radially polarized beam on
a planar binary phase lens [I10]. (b) Sample configuration combining the creation of the
longitudinal polarization with graphene layer to drive the HHG process with an out-of-plane
polarization.

The question then is: how would one experimentally measure the pure harmonic
emission driven by an out-of-plane polarization?

92



Chapter 4

Polarization Spectroscopy of HHG in Crystals

In this chapter, HHG from different semiconductor media are investigated. The
dependence of the generation process on the driving laser properties, mainly its po-
larization, is thoroughly explored. In section we investigate the laser dependent
harmonic generation from different semiconductor crystals, zinc oxide (ZnO) and
silicon (Si), which have different optical and electronic properties. In section
we study the generation of deep UV and visible harmonics from GaAs in transmis-
sion and reflection geometries, and highlight the importance of linear and nonlinear
propagation effects in the medium of generation. Besides, HHG in magnesium oxide
(MgO) and chromium-doped MgO crystals is also studied in section where high
emphasis is put on the nonlinear propagation effects, in space and time domains.
Finally, in section [4.5] we demonstrate the generation of XUV harmonics from MgO
crystals. Making use of the strong anisotropic dependence of vacuum harmonics on
the laser polarization, we introduce the anisotropy gating technique, in section
for the generation of isolated solid-state XUV attosecond radiation. This chapter
represents the core work of this thesis.

4.1 Introduction

Solid-state HHG process strongly depends on the laser intensity and polarization
as discussed in Chapter These two important variables are the means to
control the efficiency of the harmonic generation. The dependence of the HHG
process on the laser polarization is studied by measuring the harmonic signal while
varying the angle between the linear polarization of the laser field and the crystal
axis. The dependence reveals the symmetry of the semiconductor crystal. For
example, in cubic or zinc-blende semiconductors a fourfold symmetry is revealed
while for hexagonal crystal structures, like the previously studied graphene, the
symmetry obtained is a sixfold symmetry. Higher order harmonics exhibit a stronger
polarization dependence, as they are generated in higher anisotropic regions of the
band structure. In addition, the intensity dictates the excursion of the ionized
electrons. Therefore, they can explore higher energy regions of the band structure
if the electric field is strong enough. The polarization dependence of the harmonic
efficiency can consequently vary with the intensity.
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4.2 Anisotropic HHG in Different Semiconductor Crys-
tals

In this section we investigate the polarization dependence of harmonics generated
in air i.e. in the deep ultraviolet and visible spectral range from different semicon-
ductor crystals, mainly zinc oxide and silicon.

4.2.1 High Harmonic Generation in ZnO

Zinc oxide (ZnO) is a direct bandgap semiconductor with a gap energy of 3.37 eV.
It has proved to be an efficient medium for harmonic generation [16]. Here, we
investigate HHG in a zinc oxide crystal driven by the laser pulses of the NOVAE
laser.

Experimental Details

A sketch of the experimental setup is shown in figure The central wavelength of
the laser is 2.1 pm, its repetition rate is 18.66 MHz, and its pulse duration is 82 fs.
The telescope, which consists of a 4 cm diverging lens followed by a 15 cm converg-
ing lens to collimate the beam, has been introduced in the beam path to enlarge the
laser beam diameter by a factor of 3.75. This enlargement allows a tighter focus
and consequently higher intensities. The laser is focused by a 3 cm focal length
aspheric lens at the exit surface of the sample to maximize the generation of below
and above bandgap harmonics. The harmonics generated are then collected by a 10
cm focal length lens and focused on a CCD camera. A flip mirror is mounted before
the camera to allow the focusing of the harmonics on a spectrometer. The ZnO

HWP
I NOVAE Laser

2.1um, 85fs

I 9 nJ, 18.66 MHz

Telescope M =3.75
Concave: f;=4 cm

Convex: f, =15 cm

Iris

Filter

ccb
Camera

Polarizer

HWP

Lens Sample Lens
f=3cm f=10cm

Figure 4.1: Sketch of the experimental setup for HHG experiments in air, with the NOVAE
laser.
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crystal is 200 pm thick with (0001) orientation i.e. a hexagonal crystal structure
unit cell.

We detect up to the 7*" harmonic (300 nm) from ZnO. Figure depicts the
harmonic spectrum measured at an estimated laser intensity (in vaccum) of 0.4
TW /ecm?. The band edge of ZnO corresponds to a wavelength of ~ 360 nm, there-
fore H3 and H5 are below bandgap harmonics, while H7 is above bandgap harmonic.
Below bandgap harmonics in ZnO have shown a perturbative dependence on the
laser intensity, while above bandgap harmonics show a nonperturbative behavior
[I11]. Studies of the polarization dependence of H3, H5 and H7 are carried out.
The results are shown in figure The perturbative harmonics, H3 and H5
reveal an isotropic dependence. Moreover, the band structure of ZnO around the
bandgap is isotropic up to a conduction band energy of 6 eV [112, 113], which ex-
plains why the polarization dependence of H7 (4.1 V) is also isotropic. Accordingly,
using higher intensities would allow detecting higher harmonic orders, and observ-
ing their anisotropic laser polarization dependence. Ghimire et al. [16] reported on
a strong dependence of the harmonic generation in ZnO on the laser polarization,
particularly a fourfold symmetry, but their ZnO crystal had a cubic unit cell, in
which the optic axis is not along the laser propagation direction. This permitted
the generation of even harmonics, which are not present in our case.
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Figure 4.2: (a) HHG spectrum from ZnO, at an estimated laser intensity (in vacuum) of
0.4 TW /cm?. (b) Polarization dependences of H3, H5 and H7 generated from ZnO, at 0.28
TW /cm? laser intensity.

4.2.2 High Harmonic Generation in Silicon

Silicon is an indirect bandgap semiconductor with an indirect bandgap energy of
E; ~1.12 eV. It is a centrosymmetric crystal and has a diamond cubic crystal
structure. Although the minimum bandgap in silicon is indirect, tunneling is mostly
probable at the I' point at the direct gap which corresponds to Er ~ 3.4 eV [114].
The band structure of silicon is shown in figure In this section, we study the
harmonic generation in a 300 pm thick (100) cut Si sample. The same experimental
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setup as the one described in section [.2.1] was implemented for this study in our
laboratory at CEA, Saclay. We generate up to the 9*" harmonic from silicon, which
is 233 nm in wavelength and corresponds to 5.32 eV of photon energy. Figure
shows the harmonic spectrum measured from the 300 pym thick silicon sample. We
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Figure 4.3: (a) Band structure and (b) a 3D unit cell of the crystal structure of silicon.

perform polarization measurements for harmonics 3, 5, 7, and 9 generated at a
laser intensity of 0.29 TW/cm?. The results are depicted in figure The
laser is initially set to vertical polarization, where in this state the polarization is
aligned along the [110] direction of the crystal; this is the 0° point on the polar
plot and by every 90° rotation. Polarization dependences of all harmonics reveal
a fourfold symmetry. The harmonic signal is maximum when the polarization is
aligned along the [110] directions, and is minimum when the polarization is along
the [100] directions of the crystal.
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Figure 4.4: (a) Harmonic spectrum measured from 300 pm thick (100) Si crystal, at a laser
intensity of 0.34 TW/cm?. (b) The polarization dependences of the generated harmonics
at an intensity of 0.29 TW /cm?.
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The same result was reported by G. Vampa et al. [68]. This reflects the symmetry
of the diamond cubic crystal structure of silicon. The contrast becomes higher as
the harmonic order increases, which is due to the fact that higher order harmonics
are more sensitive to the curvatures and anisotropy of higher energy regions of the
band structure.

It is worth comparing the polarization dependence of single crystals to polycrys-
talline samples to show how strongly correlated the laser polarization and the crys-
tal structure of the generation medium are. Figure shows the harmonic spectra
measured from a 100 nm thick polycrystalline silicon sample. The blue spectrum
is obtained from a vertically polarized laser beam, and the red one is obtained
by a 45° rotation of the laser polarization. The harmonic generation efficiency is
identical along the two perpendicular crystal axes. Therefore, no anisotropy is ob-
served in polycrystalline semiconductors. The isotropic polarization dependence of
the HHG efficiency in polycrystalline samples could be interpreted as an average
of the anisotropic HHG efficiency from single crystals. Notice that the efficiency
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Figure 4.5: Harmonic spectrum from polycrystalline silicon sample with a vertical polar-
ization (blue spectrum) and a 45° polarization (red curve), at 0.34 TW /cm?.

of the generation in a polycrystalline sample is less than in a single crystal; at the
same laser intensity only H3 and H5 are detected from polycrystalline Si, while in a
single crystal (100) Si, harmonics up to the 7" order are detected. If the size of the
crystallites of a polycrystalline sample is comparable to a couple of unit cells, one
would expect a similar behavior as amorphous solids. Y. S. You et al. [115] have
studied the role of the long-range periodicity on the HHG emission, and concluded
that coherent collisions over several unit cells contribute significantly to the HHG
process.

4.2.3 Nonlinear Propagation Effects in Thick Silicon Crystals

Since the HHG experiment is carried out in transmission, this means that a laser
beam focused at the exit surface propagates inside the crystal. Therefore, the
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laser may accumulate linear and nonlinear propagation effects. To verify the
presence of nonlinear effects, we characterize spatially and spectrally the harmonics
generated from a thin 2 pm Si crystal and a thick 300 pm Si crystal in transmission
geometry. The nonlinear propagation effects considered here are mainly the Kerr
effect (a X(S) process) in the spatial and temporal domains. The Kerr effect in the
spatial domain refers to the self-focusing effect in the generation medium, and the
Kerr effect in the temporal domain is the self-phase modulation (SPM) effect, as
discussed in Chapter

4.2.3.1 Experiment with a Mid-IR Fiber Laser

In a first part of this study, we employ the NOVAE laser already described. We
compare spatially and spectrally the harmonics generated in a silicon sample struc-
tured as a 300 pum thick silicon frame supporting a 2 pm thick silicon membrane
(Norcada company). The exit plane of the sample is identical for both thicknesses
with respect to the laser propagation direction. This particular configuration allows
us to shift easily from the thick crystal to the thin one, keeping all experimental
parameters identical. Note that both the frame and the membrane have a (100)
orientation.

Spatial Characterization

We measure the mode size of harmonic 3 and harmonic 5 at the exit surface of
the sample, generated at an estimated laser intensity in vacuum of 0.11 TW /cm?.
The near-field image of the mode is obtained by a microscope objective aligned
after the sample which focuses the harmonics on the CCD camera. The microscope
objective provides a better resolution of the image and avoids abberation problems.
Figure [4.6] shows the harmonic mode size of each of H3 and H5 generated from
300 pm and 2 pm thick Si. As a first look, we can notice that the harmonic mode
from the thicker sample is slightly smaller than that from the thinner sample. We
precisely compare the mode sizes of the 3" and 5*" harmonics. For each harmonic,
the image of its spatial mode was smoothed by a Gaussian function, and a vertical
cross-section along its center is taken to calculate the mode size at FWHM. A
reference sample with a known size was imaged by the microscope objective. The
effective image pixel size was found out to be 0.039 ym. An estimation of the
spatial modes of harmonic 3 and harmonic 5 at FWHM results in the following:
from the thick silicon sample, the mode size of H3 and H5 is 4.21 pym and 3.28 pm,
respectively, while from the thin silicon sample, the mode size of H3 and H5 is 4.99
pm and 3.74 pm, respectively. The difference in the mode sizes between the thin
and the thick silicon crystals is ~ 0.78 ym for H3 and ~ 0.5 pm for H5, which
indicates that the self-focusing effect is present in the thick samples. Although, the
difference in the harmonic mode sizes is rather small, it results in an increase of the
effective intensity in the 300 pm thick sample by a factor of ~ 1.4. This explains
the higher generation efficiency in the thick (300 pm) silicon sample, as can be seen
in figure Indeed, since we are limited by the maximum pulse energy delivered
by the NOVAE laser, the self-focusing effect has turned an advantage in this case.
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Due to the low laser intensities involved we expect that the nonlinear absorption is
minimal.

H3: 300 um Si x10° H3:2 umSSi x10° —— 300 uim thick Si
10 i ——2 uim thick Si
H3
0.8
15 06
1 @ 04
05 0.2
B 0 0

20 40 60 80 100 20 40 60 80 100 5 10 15

N
)

y (pixels)

y (pixels)

-~ o
H3 Signal (a.u.)

N

X (pixels) x (pixels) Yy (pm)
H5: 300 um Si H5: 2 um Si R
300 300 1 :00 mt:th;;k S
= m thicl 1
H5 L
250 250 08
. 200 200 3
0 0 S os
o Q =
X 150 g 150 ¢
Q. (=]
= < 2 04
> > g
100 100 2
0.2
50 50
0
0 0
20 40 60 80 100 20 40 60 80 100 5 10 15
X (pixels) x (pixels) Yy (pm)

Figure 4.6: Spatial modes of H3 (first row) and H5 (second row) measured at the exit
surface of a 300 pm and 2 pm thick silicon samples, at an estimated laser intensity of 0.11
TW /cm?. The column on the right shows lineouts of the profiles across their centers.

Spectral Characterization

Although in the spatial domain, the self-focusing effect can be noticed, no broaden-
ing of the harmonics in the spectral domain is observed (figure . Note that the
spectrometer might not provide a high resolution, but we expect that the self-phase
modulation (SPM) effect does not impact significantly the fundamental laser pulse.

4.2.3.2 Experiment with an OPCPA Laser System

In this part, we investigate the harmonic generation in thick and thin silicon samples
employing both a 1.55 ym and a 3.1 um driving wavelength beams. The experiment
was carried out at Institut d’Optique Graduate School (I0GS), Palaiseau in 2019
with the group of Marc Hanna. The laser system employed is the OPCPA system
providing a signal beam at 1.55 pym wavelength and an idler beam at 3.1 pm wave-
length at a repetition rate of 125 kHz. The pulse duration of the signal and idler
beams are 30 fs and 130 fs, respectively, as measured with an autocorrelator. A
description of the OPCPA laser system is found in Appendix [C} The laser beam is
focused by a 5 cm focal length lens into the silicon sample. With this laser system
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Figure 4.7: Comparison of the harmonic spectra measured from the 300 pm (blue spec-
trum) and the 2 pum (red spectrum) thick silicon samples, at an estimated laser intensity
of 0.11 TW /em?.

we have access to higher laser intensities that induce stronger nonlinear propagation
effects. Figure [4.8(a)| and 4.8(b)| show the harmonic spectra of the signal and the
idler beams, respectively, measured from silicon, and compare the generation effi-
ciency in the thick (300 pm thickness) and the thin (2 pm thickness) silicon samples.
The generation efficiency is higher in the thin sample than in the thick one, contrary
to what was observed with the NOVAE (2.1 pm) laser in the previous section. With
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Figure 4.8: (a) HHG spectra from silicon with a driving wavelength of 1.55 pm, at 4
TW/cm? (a), and with a driving wavelength of 3.1 um, at 3.5 TW /cm? (b).

the 1.55 pum wavelength beam, at 4 TW /cm?, we generate up to the 7" harmonic

from the 2 um thin sample, while harmonics up to the 5" order only are generated
from the 300 pum thick sample. Similarly, with the 3.1 ym driving wavelength beam,
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at an intensity of 3.5 TW /cm?, we generate efficient harmonics up to the 15" order
from the thin sample, however the efficiency is much lower in the thick one, where
up to the 11*" order harmonic only is generated. We attribute the decrease of the
HHG efficiency in the thick silicon crystal to the nonlinear absorption at such high
intensities, specifically the two-photon absorption (2PA), a X(3) process, at 1.55 ym
wavelength (0.8 €V), and the three-photon absorption (3PA), a x4 process, at the
3.1 pm wavelength (0.4 eV) [114], 116]. Experimentally, the self-focusing effect was
detected; a first indication is that the effective position of the laser focus relative
to the sample between the thin and the thick sample was different and had to be
corrected to optimize the harmonic signal. Besides, for any change in the input
intensity the laser focus position was mainly changing for the thick silicon crystal.
Next, we compare the polarization dependences of the harmonics of the 3.1 pum
laser generated from the 300 pm and the 2 pm thick Si samples. The laser beam is
initially set to vertical polarization, in which the polarization is aligned along the
[110] direction of the Si crystal. The results are depicted in figure We observe

—— 300 pm thick Si|
—+— 2 um thick Si

150

30

180

210 330

270

Figure 4.9: Normalized polarization dependence of H5 (620 nm) generated from 300 pm
(blue curve) and 2 pm (red curve) thick silicon samples, at an estimated laser intensity of
3.5 TW/cm?.

a clear difference in the polarization dependences of the harmonics generated from
the thin and the thick Si samples. The polarization measurement of harmonic 5
generated from the 2 pym thick sample reveals a fourfold symmetry, similar to what
was measured with the NOVAE laser (figure [£.4(b)). The harmonic signal maxi-
mizes when the polarization is aligned along the [110] directions, and is minimum
when rotating the polarization by 45°, i.e. when the polarization is along the [100]
directions of the crystal. As discussed before, the fourfold symmetry results from
the symmetry of the cubic crystal structure of silicon. However, for the 300 pum
thick sample, a different polarization dependence is revealed. An increase of the
harmonic signal is measured at 45°, i.e. along the [100] directions of the Si crystal.
We attribute this result to the anisotropy of the nonlinear propagation effects at
such high intensities. Indeed, in the wavelength range of 2.3-3.3 pm, the three-
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photon absorption in silicon has an anisotropic angular dependence [117].

We conclude that nonlinear Kerr effects in the spatial domain i.e. the self-focusing
effect, plays an important role in the case of thick samples as observed with the
NOVAE laser, and for higher laser intensities, the nonlinear absorption comes into
play, which can significantly impact the high harmonic generation efficiency along
different crystal directions due to its anisotropic nature.

4.3 UV-VIS Harmonic Generation in Gallium Arsenide

In this part of the thesis, we investigate the harmonic generation of odd harmonics
from a gallium arsenide (GaAs) crystal. GaAs is a low bandgap semiconductor
with a band gap energy of Egs ~ 1.42eV. It is also characterized by its high lin-
ear and nonlinear optical properties. We focus our attention on the polarization
dependences of the generated harmonics as a function of the laser intensity. The
experimental setup is the same as the one described in section The laser
beam (NOVAE) is focused by the 3 cm focal length lens onto our sample. The
GaAs crystal has a (100) orientation and is 500 pm thick. The laser polarization is
set to vertical, aligned along the [110] direction of the crystal i.e. 'K direction in
momentum space. Being limited to the maximum pulse energy delivered by the
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Figure 4.10: (a) Typical band structure of GaAs, adapted from [118]. (b) 3D unit cell of
the crystal structure of GaAs.

laser, harmonics up to the 7*" order (300 nm) only are efficiently generated in GaAs.
Figure shows the measured harmonic spectrum from GaAs. The peak centered

at 880 nm corresponds to the fluorescence i.e. the direct band edge emission.
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Figure 4.11: HHG spectrum from a 500 pum thick GaAs crystal, measured at an estimated
vacuum intensity of 0.47 TW /cm?.

4.3.1 Intensity Scaling: The Nonperturbative Regime

We measure the intensity scaling of the generated harmonics with the laser intensity.
The results are plotted in figure [£.12] in a double logarithmic scale to extract the
power law of each harmonic. The harmonic signals, of all three harmonics, scale
nonperturbatively with the laser intensity; the scaling power ¢ # harmonic order.
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Figure 4.12: Intensity scaling of H3, H5 and H7 generated from GaAs. The laser polar-
ization is aligned along the I'K direction of the crystal.
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The nonperturbative regime is achieved even at low laser intensities. Harmonic
3 scales as Sgs o< I 4%, while the power law of the 5" and 7" harmonics differ
from one intensity range to another. For intensities between 0.006 TW /cm? and
0.02 TW/cm?, H5 scales as Sgs o< 132!, As the intensity increases, the scaling
power ¢ decreases down to 2.1 between 0.02 TW /cm? and 0.1 TW /cm?. At higher
laser intensities I > 0.1 TW /cm?, the scaling power ¢ = 1.19, which corresponds
to the regime where the saturation starts to occur. For the 7 harmonic, the
harmonic intensity scales as Sgy oc 1317, for the intensity range 0.01 TW /cm? to
0.11 TW/cm?. Beyond 0.1 TW /cm?, the scaling power ¢ decreases to 2.23. Unlike
H5, the saturation of H7 occurs at higher intensities which were not accessible by
this laser system.

4.3.2 Polarization Dependences
4.3.2.1 Ellipticity Dependences

To verify the dependence of the HHG process in crystals on the ellipticity of the
fundamental beam, we perfom ellipticity measurements in which we vary the ellip-
ticity of the driver via a quater-wavelength plate and record the harmonic signal
on the CCD camera. The measurements are performed by varying the ellipticity
of the laser beam from linear, i.e. vertically polarized (e = 0, QWP angle = 0°),
continuously to circular polarization (e = 1, QWP angle = 45°). Note that the
reported ellipticity values correspond to the quarter-wavelength plate angle; for in-
stance, at e = 1, the QWP axis makes an angle of 45° with the incoming linear
polarization. The measurements are carried out for harmonics 3 (H3), 5 (H5) and 7
(H7) (figure 4.13). All three harmonics reveal a similar dependence, the harmonic
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Figure 4.13: Ellipticity dependences of H3, H5 and H7 generated from the 500 pm thick
GaAs crystal, at an estimated vacuum intensity of 0.11 TW /cm?.

signal is maximum for a linearly polarized beam. As we start to introduce some
ellipticity to the fundamental beam, the harmonic signal decreases until a minimum
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value when the laser beam is completely circularly polarized. Notice that as the
harmonic order increases the dependence of the generation efficiency on the laser
ellipticity becomes more important. Indeed, the decrease in the harmonic efficiency
with the increase of the laser ellipticity gets steeper for higher harmonic orders, yet
the harmonic signal does not disappear for a circular polarization. In contrast to
HHG in gases, the harmonic generation dependence on the laser ellipticity is less
critical for HHG in crystals [44], [76].

4.3.2.2 Linear Polarization Dependences

We study the linear polarization dependence of the harmonic generation in GaAs,
by rotating the linear laser polarization with respect to the initial crystal axis
(TK) and monitoring the harmonic signal on the CCD camera. We perform these
measurements for harmonics 3, 5 and 7 at different laser intensities. The laser
polarization is initially aligned along the I'K direction of the crystal; this is the
0° point on the polar plots. The results are depicted in the polar plots in figure
At low intensity (0.1 TW/cm?), the polarization dependence of all harmonics
reveals a fourfold symmetry, where the harmonic signal is maximized when the
laser polarization is aligned along the 'K directions and is minimized along the
I'X directions. This anisotropy reveals the symmetry of the zinc-blende crystal
structure of GaAs. As the laser intensity is increased, we observe a change in the
polarization dependent harmonic generation, mainly for harmonic 3 and harmonic 5.
For harmonic 3, the contrast in the anisotropy decreases as the intensity increases,
and for the maximum reached intensity (0.38 TW /cm?) the polarization dependence
becomes isotropic. Surprisingly, for harmonic 5 the anisotropy rapidly changes with
an increase of intensity from 0.1 TW/cm? to 0.18 TW/cm?, where at this latter
intensity the dependence becomes more or less isotropic. However, for higher laser
intensities the symmetry is rotated by 45°; the harmonic signal maximizes when the
polarization is aligned along the I'X direction. As for H7, the fourfold symmetry
revealed consists of a maximum harmonic signal when the polarization is along
the 'K directions, and a minimum signal when the polarization is along the I'X
directions. The same dependence is maintained at any value of the laser intensity.
However, in the case of H7, the harmonic emission exhibits a stronger dependence
on the laser polarization. Indeed, the contrast in the polar scan of H7 is higher
than the contrast in the polar scans of H3 and H5 at 0.1 TW /cm?.

4.3.3 Nonlinear Propagation Effects

Since the measurements were carried out in transmission geometry we character-
ize and quantify nonlinear propagation effects, mainly self-focusing and absorption
to make sure that they do not impact our results. We measure the 5" harmonic
mode size (wy) at the exit surface of our GaAs crystal along the two main axes
I'K and I'X and for different laser intensities (0.1 TW /cm? to 0.38 TW /cm?). The
5% harmonic is selected for the study, as its polarization dependence at different
laser intensities shows different behaviors. Considering the nonperturbative scaling
power of H5, ¢ = 2 in the intermediate intensity range (figure , we calcu-
late the fundamental beam size (wf at FWHM) at the exit surface of the sample
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Figure 4.14: Polarization dependences of H3, H5 and H7 of the NOVAE laser, generated
from the 500 pum thick GaAs crystal, at different laser intensities. The 0° angle corresponds
to a polarization state aligned along the I'K direction of the crystal.

(wf = /4 X wp) and measure the ouptut power, for different input powers. Tables
and summarize the measurements and calculations for polarization along
the 'K and I'X directions, respectively. Taking into account the calculated beam
size and the measured output power, we estimate the effective intensity close to the

exit surface, | = — =98P where 7 = 82 fs is the pulse duration, and RepRate
7 X RepRatex wy

= 18.66 MHz is the repetition rate. The variation of the beam size as a function
of the laser intensity is plotted in figure The measurements show that
the fundamental beam size along 'K decreases at a faster rate than along I'X as
we increase the laser intensity from 0.1 TW/cm? to 0.38 TW/cm?. This means
that the self-focusing effect is higher along the I'K direction. Indeed, W. C. Hurl-
but et al. [119] have studied the angular dependence of the nonlinear refractive
index, ny, of GaAs at a wavelength of 2 um and showed that it is anisotropic; n.
along I'K is different than along I'X, such that n,(I'"K) = 1.16 n,(I"X). Theoret-
ical calculations by D. C. Hutchings et al. [120] have also verified the difference

66



Pinput Poutput H5 mode size Fundan.lental Effective intensity
b p beam size wy
(mW) (mW) (pm) (TW /cm?)
(pm)
34 17.91 3.2 4.525 0.049
59 30.75 3.06 4.327 0.092
80 41.35 2.96 4.186 0.133
99 51.03 2.88 4.073 0.173
115 57 2.84 4.016 0.199

Table 4.1: Estimated effective intensities for different input powers, for a vertically polar-
ized beam, i.e. along I'K.

Pinput Poutout H5 mode size Fundamental Effective intensity
b P beam size ws
(mW) (mW) (pm) (TW/cm?)
(pm)
34 18.27 3.23 4.568 0.049
59 31.5 3.14 4.441 0.090
80 42.54 3.09 4.370 0.125
99 52.5 3.04 4.299 0.160
115 59 3 4.243 0.184

Table 4.2: Estimated effective intensities for different input powers, for a 45° polarized
laser beam, i.e. along I'X.

in the nonlinear refractive index of GaAs along the main principle axes, whereby
no(I'K)/n,(I'X) = 2. Then, we measure the output power of the beam exiting
our GaAs sample along 'K and I'X for the different input intensities. The plot in
figure depicts the ratio of the output power to the input power as a function
of the input laser intensity as calculated in vacuum. The decrease, though slow, in
the ratio as the laser intensity increases implies that the absorption becomes higher
for higher intensities. Moreover, the ratio of the output power to the input power is
always lower along I'K than along I'X which implies that the absorption is slightly
stronger along the I'K direction, however this difference falls within the experimen-
tal error and can be neglected. It is noteworthy to mention that, interestingly, the
three photon absorption (3PA) in GaAs at a wavelength of 2 ym also exhibits an
angular dependence [I19]. The 3PA coefficient along I'K is larger than the 3PA
coefficient along I'X such that v(I'K) /v(I'X) ~ 1.24.

Finally, the variation of the effective intensity close to the exit surface of the sam-
ple as a function of the vacuum input intensity is plotted in figure The result
reveals that the estimated effective intensity increases with the input intensity and
is slightly higher along the I'K direction.

As a conclusion, the contribution of the nonlinear effects in the GaAs crystal does
not explain the enhancement of the signal of the 3'¢ and 5™ harmonics along I'X
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Figure 4.15: (a) Fundamental beam size in a 500 pym thick GaAs crystal as a function of
the laser intensity. (b) Ratio of the output power to the input power as a function with the
laser intensity.
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Figure 4.16: The estimated effective intensity at the exit of the GaAs sample as a function
of the vacuum input intensity.

directions of the crystal with the increase of the input intensity. Therefore, the
nonlinear propagation effects in this observation can be excluded.

4.3.4 Theoretical Calculations of Nonlinear Propagation Effects in
the Spatial, Spectral and Temporal Domains

To account for the Kerr effect in the spatial domain, we calculate analytically
the evolution of the laser beam W(z) propagating along the z axis in a nonlinear
medium of thickness d, as derived by Y. R. Shen [121]:

weE—w|(1- L 22 (g2 2 (4.1)
= P ) K2W] Wy ‘
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where, W, is the beam waist at the input plane, P and P, are the laser peak
power and the critical power, respectively, k is the wavenumber and 6, is the beam
divergence at the input plane. These parameters are calculated as follows:

/ d 0.15\2 A
Wy =wor/1+ —; P = ; 0 = — (4.2)
ZR non2 T™nowWo

where wgy and zgr are the beam waist at focus and the Rayleigh range, respectively.
The self-focusing of a laser beam in a crystal occurs when the laser peak power is
greater than the so-called critical power [122]. In particular, GaAs possesses high
linear and nonlinear refractive indices at wavelengths around 2.1 pum, where ng =
3.38 and ny = 1.2 x 10713 ¢cm?/W [119]. This corresponds to a critical power P,
= 1.6 x 10* W. For the NOVAE laser, the maximum peak power is P = 7 x 10* W
> P,., therefore we expect a self-focusing effect inside the GaAs sample. Our exper-
imental configuration, previously described in section [1.2.1] leads to a beam waist
at the focus of wg = 3.46 um, and a Rayleigh range zp = 17.91 um (estimated in
vacuum). The evolution of the laser beam waist W(z) focused at the exit surface of
a 200 pm thick GaAs sample, at a transmitted peak power of 5 x 10* W, is shown
in the blue curve in figure[£.17] The laser beam indeed experiences the self-focusing
effect at distance of ~ 15 um from the exit surface. This can be compared to what
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Figure 4.17: The evolution of the laser beam waist W(z) along the propagation direction
in 200 um thick GaAs and Si at a transmitted peak power of P = 5 x 10* W and in ZnO
at 7 x 10* W. The self-focusing effect appears in GaAs and Si near the exit surface, before
the collapse of the beam. In this case, W(z)? takes non-physical negative values.

happens in a 200 pm thick Si sample. In silicon, ng(2.1 um) = 3.45 and ny(2.1 pum)
=4 x 107 em?/W [123]. The nonlinear refractive index ns is one order of mag-
nitude smaller than in GaAs, yielding a critical power P,. = 4.6 x 10*W. The
transmitted laser peak power in silicon is 7 x 10* W slightly greater than the crit-
ical power, which explains why the self-focusing effect appears later, at a distance
of ~ 4 um from the exit surface. This further validates the self-focusing effect in
the thick Si sample observed when comparing the harmonic beam modes at the exit
surface of the 2 um thin and 300 um thick Si crystals in section Finally, zinc
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oxide (ZnO) possesses lower linear and nonlinear refractive indices than silicon and
GaAs (no(2.1 ym) = 1.92 and np(2.1 pm) = 5.5 x 1071% cm?/W [124]). Therefore,
self-focusing does not occur and the beam propagates with no distortions in the
ZnO crystal. Indeed, the transmitted laser peak power is 7 x 10* W, which is less
than the critical power of ZnO (P.. = 6.3 x 10° W) by one order of magnitude. It
is worth mentioning that in our experiment, the laser beam propagating in GaAs
and silicon does not collapse, hence the calculations could be overestimating the
self-focusing effect.

In addition, Kerr effect in the time domain has to be taken into account due to
the high nonlinearity of GaAs at our driving laser wavelength. Calculations of non-
linear propagation effects in the spectral and temporal domains were performed
by our collaborator Thierry Auguste, from LIDYL at CEA Saclay. The physical
model, derived by A. Couairon et al. [I125], describes the propagation of an intense
pulse in a medium by solving the paraxial wave equation coupled to the time evo-
lution equation for the electron density. The calculations are computed with our
experimental parameters of the laser beam and the sample’s linear and nonlinear
refractive indices at the laser wavelength. The calculations give access to both the
spectral and temporal profiles of the laser pulse after propagation in the 500 pm
thick GaAs sample which are depicted in figure (a) and (b), respectively. The
input pulse spectrum and temporal profile are plotted in violet, and the output
pulse for a beam focused at the exit surface of the 500 pm thick crystal is plotted
in blue. In the spectral domain, a clear blue shift is observed in the output pulse
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Figure 4.18: Spectral (a) and temporal (b) envelopes of the input laser pulse (violet
curves) and after propagation in a 500 pm GaAs sample for different laser focus positions
z¢. Zg = 500 pm (blue curves) represents a focus just at the exit surface of the crystal.

which is attributed to the photoionization effect. Moreover, an effect of the self-
phase modulation is visible on the spectral pulse, which is narrower than the input
pulse, with a spectral width of 55 nm, and a red wing emerging on its spectrum.
As a consequence in the time domain, the pulse is much longer, with a pulse du-
ration significantly increased to 130 fs. The focus position in the sample plays an
important role. For instance, when the focus is inside the sample, 100 ym from
the exit surface (green line), the photoionization induced blue shift is larger, and
the self-phase modulation effect is also visible as a narrow spectral width (60 nm)
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and a red wing on the pulse. In the temporal domain, the pulse duration is longer,
where 7 = 120 fs. However, when the laser is focused 100 pm after the exit surface,
the photoionization effect is minimal, as the output spectrum is not altered and
overlaps with the input pulse. In the temporal domain, the pulse is slightly longer
with a pulse duration of 95 fs. This also indicates that when the focus is outside
the sample, the nonlinear propagation effects are minimal. Note that, given the
nonlinear refractive indices of GaAs by W. C. Hurlbut et al. [119] along I'X and
I'K directions, 1.2 x 10713 em?/W and 1.4 x 107!3 ecm? /W, respectively, the simu-
lations reveal no difference in the output spectrum and temporal properties of the
pulse for propagation along both directions of the GaAs crystal.

Even though the pulse energy of the NOVAE laser is low (6 nJ), nonlinear prop-
agation effects play an important role in GaAs both in the spatial domain i.e.
the self-focusing effect experimentally demonstrated, and in the temporal domain
i.e. the photoionization and the self-phase modulation effects emphasized by the
theoretical calculations. In conclusion, since HHG in transmission requires the fun-
damental pulse to propagate in the crystal to reach the exit surface, spatio-temporal
distortions are accumulated by the laser pulses due to linear and nonlinear effects.

4.3.5 High Harmonic Generation in Reflection Geometry

For higher laser intensities, nonlinear propagation effects can alter the HHG mech-
anism and efficiency, and it is therefore challenging to disentangle these effects from
the real physical mechanism of high harmonic generation [47]. To eliminate nonlin-
ear propagation effects two possibilities are foreseen; one is to use very thin crystals
if the harmonic generation is carried out in transmission, however, this is not pos-
sible for all semiconductor crystals, as some of them are very fragile and difficult to
handle. Another possibility is to perform the experiment in reflection geometry. In
this case the fundamental laser is focused at an angle of incidence on the sample,
and only the backward reflected harmonics are collected. G. Vampa et al. [61] have
reported on the observation of backward high harmonic emission from MgO and
silicon. In the study, the incidence angle was set at 45° for MgO and 46° for silicon,
this is because the harmonic signal decreases above 50° incidence angle. Relying on
this study, we set our angle of incidence at ~ 45°.

4.3.5.1 Experimental Detalils

The experiment was realised at CEA with an OPCPA laser system (Appendix @
The idler beam operating at 2.42 um wavelength, 100 kHz repetition rate, and 75
fs pulse duration is employed for the reflection HHG experiment from GaAs. The
laser pulses are focused by a 7.5 cm focal length CakFs lens at 45° angle of incidence
onto the 500 um thick GaAs (100) crystal. The harmonic signal is optimized by an
iris aperture which is opened to 5 mm in diameter. The estimated beam size at the
focus is ~ 40 um. The sample was placed on both a vertical manual translational
stage to be able to refresh it in case of damage, and on a motorized rotational
stage to study the dependence of the harmonic yield on the angle between the laser
polarization and the crystal axis. A picture of the experimental setup is shown in

figure [.19]
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Figure 4.19: Experimental setup of the reflection HHG experiment in crystals with the
idler beam (2.42 pum wavelength) of the OPCPA laser system at CEA, Saclay.

4.3.5.2 Theoretical Description

When an electromagnetic wave at an angular frequency wp, in a medium (1) of
linear refractive index ngi, is incident at an angle #; on the surface of a bulk ma-
terial (medium 2) having an index of refraction ngy, part of the beam will be re-
flected at an angle 6, from the normal axis to the surface, while another part,
transmitted in the bulk, will refract at an angle 65 which is determined by Snell’s
Law: ng1(wp) cosf; = nga(wp) cos 5. The amplitude of the transmitted refracted
ray is determined by the Fresnel law of transmission. The Fresnel transmission
(i.e. the power transmission coefficient) varies with the beam polarization and
the angle of incidence, and is determined by the Fresnel relations of reflection (R)
and transmission (T). For s and p polarizations, the Fresnel relations are given

ngp1 cos f; —ngs cos Oy

nop1 cos 6;+ngs cos Oy and

by Ts =1 —Rs and T, = 1 — R}, respectively, where Rg =

2
R, — |Bo cos s —ng2 cos 6;
P 7 | ngp1 cos Os+ng2 cos 6;

tal field in GaAs as a function of the angle of incidence for s and p polarization
states is plotted in figure Note that, for a bulk GaAs sample, the linear
index of refraction at the wavelength of our fundamental driving field (\ = 2.42
pm) is ngg = 3.32 [62] (no;(air) = 1). The Fresnel coefficient for a s-polarized field
(Ts) decreases with increasing angle of incidence, while for a p-polarized field the
Fresnel coefficient (T},) increases up to an angle of incidence of 73°, which is known
as the Brewster angle g, i.e. the angle at which the laser field does not reflect and
is completely transmitted. The effective intensity close to the surface of the sample
is then calculated by taking into account both the Fresnel transmission coefficient
and the beam size at an angle of incidence ;. The beam area at an angle of in-
cidence 6; is given by Ag. = A/cos6; where A is the initial beam area at normal

[63]. The Fresnel transmission coefficient of the fundamen-
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incidence. Hence, the laser intensity at a given angle of incidence (6;) is calculated
by multiplying the vacuum intensity (I) at normal incidence by the cosine of the
incidence angle: Iy, = Icosf;. Finally, the transmitted fundamental intensity close
to the surface of the GaAs sample is calculated as Iiransmitted = Ig; X T, and is plot-
ted versus the incidence angle in figure [4.20(b)]
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Figure 4.20: (a) Fresnel transmission coefficient in GaAs at 2.42 pm laser wavelength
versus the incidence angle. (b) Transmitted laser intensity in GaAs versus the incidence
angle.

The effective intensity for both s and p polarized driver decreases as the incidence
angle increases. This is because the beam area at the surface increases. In par-
ticular, for a p-polarized driver the surface area increases at a faster rate than the
increase in the Fresnel transmission coefficient (red curve in figure . Inter-
estingly, the effective intensity for a p-polarized field is significantly higher than for
the s-polarized one by a factor of ~ 1.4, at 45° incidence angle.

The generated harmonic wave refracts in the medium at an angle of refraction 6
from the normal, which is determined by Snell’s law ngs(nwyp) sin 6y = ngj (nwy) sin 6;,
while another part reflects and co-propagates with the reflected fundamental field
at an angle 6;, such that sinf. = sinf;. The amplitude of the reflected harmonic
wave is then determined by its nonlinear reflection coefficient and the nonlinear

polarization (section [2.1.2)). It is given by [126]:

E,s=—4m X rsPNn , s — state
E,, =47 xr,Py, , p— state

where 1g and 1}, the nonlinear reflection coefficients of the harmonic wave for s-
polarized and p-polarized driver, respectively, are derived, for perturbative har-

monics, as [126]:
re = sin® 6, sin 6 [sin(6, + 6;) sin(fs + 6;) sin OT]_l (4.3)
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(4.4)

rp = sin? 0, sin 6, sin(a + 0; + 0,)[e, sin(6, + ;) sin(0, + 6;) sin 6, cos(8; — 6,.)]

€ being the dielectric constant of the medium (for air, ¢, = 1), and « the angle

between the nonlinear polarization (Pyr) and the wave vector k, taken to be
90°. Note, that the above equations and [44] can be applied to nonpertur-
bative harmonics. The dependence of the nonlinear reflection coefficients of the
generated harmonics H5, H9 and H11 on the angle of incidence is plotted in figure
by considering the following linear indices of refraction in GaAs at the har-
monic wavelengths of the fundamental field: nga(5wg) = 4.43, np2(9wy) = 3.75 and
np2(1lwp) = 1.34 [62]. Note that the linear index of refraction of harmonics 3 and
7 in GaAs is very close to that of harmonic 9 (np2(3wo) = 3.67, ng2(7wp) = 3.58),
therefore their corresponding nonlinear reflection coefficients, r; and r,, are very
similar to the ones calculated for H9. The nonlinear reflection coefficients of har-
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Figure 4.21: Nonlinear reflection coefficients of harmonics (a) H5, H9, and (b) H11 of the
2.42 pm driving wavelength generated from GaAs.

monics 5 and 9 (figure|4.21(a))) in the case of s-polarization (rs) only slightly increase
as the angle of incidence increases, and are lower than the nonlinear reflection coeffi-
cients in the case of p-polarization (). In the latter case, the reflection coefficients
increase exponentially. At an angle of incidence of 45°, r, is slightly higher than
rs, except for harmonic 11, given the fact that the linear index of refraction at
the wavelength of H11 (ng2(1lwg) = 1.34) is much lower than that of lower order
harmonics. For instance, the nonlinear reflection coefficient of H5 and H9 for p-
polarization (solid red and green curves) is 2.97% and 3.65%, respectively, while
the nonlinear reflection coefficients for s-polarization (dashed red and green curves)
are 2.58% and 3.29%, respectively.

One disadvantage of HHG in reflection as compared to HHG in transmission is
when the absorption depth becomes larger than the harmonic wavelength. In this
case, forward harmonic emission becomes significant and takes place on a scale of
one absorption depth, while backward emission takes place only on a scale compa-
rable to the harmonic wavelength. The absorption depths of the harmonics of the
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2.42 pm laser beam generated in reflection from GaAs are summarized in table
[127, [128]. Except for harmonic 3, the absorption depths of the harmonics in GaAs

Absorption . .
Harmonics Wavelength |  Energy Coefficient Absorption
(nm) (eV) (em-1) | Depth ()
H3 807 1.54 9 x103 1.11
H5 484 2.56 1.45 x10° 0.069
HT7 346 3.58 7.5 x10° 0.013
H9 269 4.61 1.75 x107 0.0057
H11 220 5.64 2 x106 0.0050

Table 4.3: Absorption depth of the harmonics, of the 2.42 ym driving field, generated
from GaAs sample.

are much smaller than their wavelengths. For instance, the absorption depth of the
5'h harmonic (484 nm) is ~ 70 nm. As the harmonic order increases, the absorp-
tion depth decreases, reaching 5 nm for the 11*" harmonic, significantly lower than
its wavelength. Therefore, for harmonic orders greater than H3 backward emission
only takes place and on a scale of one absorption depth.

4.3.5.3 Results and Discussion

Figure depicts the HHG spectra measured from GaAs with a s-polarized
(i.e. vertical polarization) and a p-polarized (i.e. horizontal polarization) driving
laser incident at an angle of 45°. The estimated vacuum intensity at this angle
of incidence is 0.2 TW/cm?. Harmonics up to the 11*" order (218 nm = 5.7 V)
are efficiently generated from GaAs with a p-polarized driver (red spectrum).
Moreover, even harmonics up to the 10" order (240 nm wavelength) are detected,
but with a signal much lower than the odd harmonics; these are the small peaks
located in between the odd harmonics. Even harmonics are generated in GaAs
as a result of its non-centrosymmetric crystal nature. Note that the depicted
harmonic spectra is obtained without bandpass filters and is optimised for a
good visualization of all the generated harmonics. Interestingly, the harmonic
generation in the case of a p-polarized driver is more efficient than for the
s-polarized one (blue spectrum). Indeed, by considering the Fresnel transmission
coefficient (figure for s-polarization (Tg = 0.59) and p-polarization
(Tp = 0.82), the effective transmitted intensity, near the surface of the GaAs
sample, is higher in the latter case (figure ; it is 0.12 TW/cm? for
s-polarization and 0.16 TW /cm? for p-polarization. To increase the efficiency
and detect even harmonics with a s-polarized driver, the input power should be
increased. Furthermore, the nonlinear reflection coefficients of the harmonics for a
p-polarized driver are larger than for a s-polarized one, except for H11 (figure [4.21)).
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Figure 4.22: HHG spectrum from GaAs in reflection geometry measured with s-polarized
(in blue) and p-polarized driving laser (in red), incident at an angle of 45° to the normal
of the sample surface. The spectra are measured at an estimated laser intensity in vacuum
of 0.2 TW /cm?.

Linear Polarization Dependences

To study the dependence of the generated odd harmonics on the linear polarization
of the fundamental driving field, we set the polarization to s-state (i.e. vertical)
and rotate the sample, in a complete 360°, while monitoring the harmonic signal.
In contrast to the p-polarization, the s-polarization remains completely in the (100)
planes of the crystal. It becomes critical when setting a p-polarization in crystals
in which the harmonic emission is strongly anisotropic, such as in MgO [20]. This
is because while the harmonic emission in MgO is strongly peaked by aligning the
polarization along the main crystal axis [001], the p-polarization makes an angle of
24° with respect to the [001] [61], resulting in a reduced harmonic yield. In GaAs,
due to its high linear refractive index, the p-polarization refracts and propagates
at an angle of 12°, small enough compared to the anisotropy in GaAs. The goal of
the present study is to confirm that the results obtained in transmission geometry
(discussed in section are not impacted by linear and nonlinear propagation
effects of the driving laser. The wavelength of the idler beam (2.4 pm) is close to
the wavelength of the NOVAE laser (2.1 pum), hence the corresponding harmonic
orders of each laser beam can be directly compared. The polarization measure-
ments are performed for different laser intensities. Initially the s-polarization is
aligned along the I'K direction of the crystal. Taking into account the correspond-
ing Fresnel transmission coefficient (Ts = 0.59), the estimated effective intensities
for given input powers and incidence angle of 45° are summarized in table £.4] The

76



Pinput Lvacuum IPEE (Tl\%e/sgf;lz )

(mW) (TW/cm?) | (TW /cm?) (s-state)
25 0.173 0.122 0.073
50 0.346 0.245 0.145
60 0.415 0.293 0.174
80 0.553 0.391 0.232
100 0.692 0.489 0.29
120 0.83 0.587 0.349

Table 4.4: Estimated intensities for different input powers, for an angle of incidence of
45° and taking into consideration the Fresnel transmission coefficient for s polarization.

results of the polarization dependences of harmonics H3, H5, H7, H9 and H11 for
different laser intensities are shown in figure The 0° angle corresponds to the
angle in which the laser polarization is aligned along the I'K direction, and by 45°
rotation of the sample the polarization is aligned along the I'X direction. Note that
the indicated intensities on the polar plots are the estimated effective intensities
at an angle of incidence of 45°. The polar scans of all generated harmonics reveal
a fourfold symmetry reflecting the zinc-blende structure of the GaAs crystal. The
polarization dependence of harmonic 3, shown in figure does not change
as a function of the laser intensity; H3 yield maximizes when the polarization is
aligned along I'K; i.e. at 0° and by every 90° rotation. Moreover, unlike the depen-
dence of harmonic 3 of the NOVAE laser measured in transmission and reported
in section harmonic 3 signal maximizes at other angles ~ 45°, yet the full
polarization dependence still reveals a fourfold symmetry. Interestingly, the 5t
harmonic dependence at different laser intensities, shows a similar behavior as the
5" harmonic of the NOVAE laser. Indeed at low laser intensities, 0.072 TW /cm?
and 0.145 TW /cm?, the 5" harmonic yield maximizes when the laser polarization
is aligned along the I'K directions. However, as the laser intensity increases the
polarization dependence of H5 rotates by around 45°; at 0.232 TW /cm? and 0.29
TW /cm? laser intensities, H5 yield maximizes when the laser polarization is aligned
along the I'X, i.e. at 45° and by every 90° rotation. For H7, H9 and H11, figure
(¢, d, e), no notable change in the polarization dependences as a function of
the laser intensity are observed; the harmonic yield maximizes when the laser po-
larization is along 'K and minimizes when aligned along the I'X directions. For H7
and H9, only the contrast in the polarization plot decreases with the increase of the
laser intensity. In addition, by comparing the polarization dependences of all the
harmonics generated from GaAs, we observe that as the harmonic order increases
the harmonic generation becomes strongly dependent on the angle between the laser
polarization and the crystal axis. This reflects the strong anisotropy of the GaAs
band structure at higher energies. In conclusion, the measurements in reflection
prove that the polarization dependences of the UV-VIS harmonics generated from
GaAs are mainly determined by the microscopic response of the crystal.
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Figure 4.23: Polarization dependences of the harmonics generated from GaAs in reflection
geometry, at different laser intensities. The intensities reported here are the calculated

transmitted intensities at an angle of incidence of 45°.
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4.3.6 TDDFT Simulations: Polarization Dependences in (GaAs

Previously in section [4.3.1] we verified that the harmonics generated from GaAs are
nonperturbative harmonics, and proved that in our experimental conditions non-
linear propagation effects do not affect the high harmonic generation mechanism.
Characterizing the harmonic emission allows therefore to study electron dynamics
at the microscopic level. From an intraband point of view, the anisotropic polariza-
tion dependence of the harmonics generated in GaAs is understood as a consequence
of the nonparabolic regions of the band structure of GaAs, and consequently of the
anisotropy in the electron velocity along the main axes I'K and I'X [129]. At this
point, numerical simulations would assist in the understanding of the observed phe-
nomena, i.e. the change in the polarization dependence of the harmonics at different
laser intensities, particularly for harmonic 5. TDDFT simulations of the polariza-
tion dependences of H3 and H5, at different laser intensities, were performed by
our collaborator Nicolas Tancogne-Dejean. The simulations are performed with the
NOVAE laser wavelength (2.1 um) at two different intensities 0.1 TW /cm? and
0.2 TW/cm?. In order to make the simulations less time consuming, a band gap
energy of 0.6 eV is considered, however the band structure is well reproduced. The
results are shown in figure [£.24] The TDDFT simulations include the contributions
of both intraband and interband dynamics (section [2.2.1)). At a low laser intensity,

225 % / 315
—— 0.1TW/cm? is*a(%
— 0.2TW/cm? &0

Figure 4.24: TDDFT simulations of the polarization dependences of harmonics 3 and
5 generated from GaAs, at two different laser intensities, 0.1 TW/cm? (black) and 0.2
TW /cm? (red).

0.1 TW/cm?, TDDFT simulations of the polarization dependence of H3 and H5,
reveal a fourfold symmetry, in which the harmonic efficiency is highest when the
laser polarization is aligned along the I'K directions of the GaAs crystal. This is in
perfect agreement with our reported experimental observations of the polarization
dependences of the harmonics generated in both transmission (section and
reflection (section . Interestingly, at a higher laser intensity of 0.2 TW /cm?,
the polarization dependence of H3 exhibits a different behavior; H3 efficiency is
highest when the laser polarization is aligned along the I'X directions of the GaAs
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crystal, and is lowest when the polarization is along the I'K directions. This de-
pendence is similar to the dependence of H5 at higher laser intensities observed
experimentally. On the other hand, H5 presents the same fourfold symmetry as ob-
served at lower intensity. Since the band gap energy considered in the simulations
is not identical to the real one, which is 1.42 eV, direct harmonic orders between
the theory and the experiment cannot be compared. In fact, the electron dynamics
responsible for the generation of H3 in the simulation is not the same as in the
experiment; in the former case H3 is generated from a higher energy region of the
real band structure that is explored by electrons leading to the emission of H5 in the
latter case. Particularly for interband emission, the difference between the real and
simulated band gap energies (1.42 eV - 0.6 eV = 0.82 eV) should be added to the
simulated H3 and H5 photon energies. In this case, it would more or less fit with
the experimental H5 (2.95 eV) and H7 (4.13 €V); i.e. Ens (1.55 eV) + 0.82 = 2.37
= Egs. With this hypothesis, the theoretically simulated polarization dependences
of H3 and Hb5 resemble those experimentally measured for H5 and H7, respectively.
Since the calculated band structure of GaAs is well reproduced, we expect that the
reduction of the bandgap does not impact significantly the intraband emission.

4.3.7 Discussions and Analysis

In order to explain the harmonics’ polarization dependence in GaAs, and explain the
change in the polarization dependence of H5 (of the 2.1 um and the 2.42 pm drivers)
for different laser intensities, we pushed the analysis further. The first question is:
In which regime does the process take place, and could the polarization depen-
dence change be related to a transition between the multiphoton and the tunnel
ionization? To further confirm that the nonperturbative regime is achieved (section
, we calculate the Keldysh parameter at different laser intensities for the two
experiments in transmission (at 2.1 ym) and in reflection (2.42 pm). The Keldysh

wy/m*Eg

parameter, as defined in Chapter |2} is given by yx = —E where w = 27” is the
angular frequency, m* = 0.067m, is the electron effective mass in GaAs, and Eg is
the electric field strength (Appendix . The calculations are summarized in table
For the 2.1 pm driving wavelength, the intensities along the I'X are chosen for
the calculations. Note that along both directions the intensities are very close, and
the results of the calculations are almost the same. Except for low laser intensities,
I <0.092TW/cm?, the Keldysh parameter vk is less than 1. This implies that
indeed the tunnel ionization regime is achieved in both HHG experiments.

To estimate the contribution of intraband dynamics, we quantify the Bloch oscilla-
tions by calculating the 8 parameter, at the two driving wavelengths and at different
laser intensities. The lattice constant in GaAs is taken to be 5.65 A. 8 increases with
the increase of the laser intensity, implying that the Bloch oscillation frequencies
increase during the subcycle of the laser. Moreover, the Bloch oscillations reflect
the electron excursion in the conduction band. Following the acceleration theorem,
we estimate the percentage of the Brillouin zone (BZ) excusion by the electron.
With the NOVAE laser wavelength, the electron explores only up to ~ 17% of the
conduction band, while with the OPCPA laser wavelength the electron explores a
maximum of ~ 26% of the conduction band. Therefore, in both cases full Bloch os-
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/\NOVAE = 2.1,&111 )\OPCPA = 2.42[&111
Intensit Intensit;

(TW ) | K B | HBL | pygreme) | K s | %BZ
0.049 1.44 0.16 9% 0.073 1.04 0.23 12%
0.092 1.05 0.22 12% 0.145 0.74 0.32 17%
0.133 0.88 0.26 14% 0.23 0.59 0.4 22%
0.173 0.77 0.3 16% 0.29 0.52 0.45 24%
0.199 0.72 0.32 17% 0.35 0.48 0.49 26%

Table 4.5: The calculated Keldysh parameter vk, the Sg parameter, and the percent-
age of the Brillouin zone (BZ) excursion by the electron wavepacket, for the two driving
wavelengths and at different laser intensities.

cillations are not achieved. Since Bloch oscillations are associated to the intraband
current due to electron acceleration, they are influenced by the band curvature. By
examining the conduction band in figure [4.25] we notice that the band along the
I'X is steeper than along the I'K direction. This signifies a higher electron veloc-
ity [129], and consequently higher intraband current along the I'X direction of the
crystal. Yet this does not explain the signal of higher order harmonics along the
I'K direction and the fourfold symmetric polarization dependence of the harmonics
generated in GaAs.

Next, we turn the analysis to the interband contribution. The recombination could
take place by coupling of the conduction band to different valence bands, namely
the heavy hole, light hole or split-off bands. To easily image these couplings, the
arrows in figure represent harmonic energies (close to the harmonic energies of
the two driving wavelengths) along the principal crystal axes I'X and T'K. The red
dashed lines denote the maximum excursion of the electron in the first Brillouin
zone for the two driving wavelengths, 2.1 pm and 2.42 pm. Notice that the heavy
and light hole bands overlap along the I'X direction, while along the I'K direction
the electron has to travel much farther to emit high order harmonic energies, in
case the interband transitions involve the heavy hole band. This is pictured by the
yellow and blue dotted arrows corresponding to the emission energies of H7 and
H9. However, the transitions involving the heavy hole band is less probable than
the transitions involving the light hole band [130]. If we consider the interband
transitions between the conduction band and the light hole band along the 'K,
the electron can recombine and emit harmonic energies close to the region of the
maximum excursion of the electron (dotted red lines). It is important to point out
a special feature of the band structure of GaAs; along the I'X direction, the 9" har-
monic (blue solid arrow) can be emitted only at very far regions close to the border
of the first Brillouin zone because the interband energy before is lower. With the
intensities provided by our lasers, the electron does not reach this region. However,
the light hole band along the I'K direction is much steeper, and the interband en-
ergies as high as the 11*" harmonic energy of the 2.42 pum driver are close to the
maximum electron excursion. This could explain why the harmonic emission of H9
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Figure 4.25: Band structure of GaAs (adapted from [I18]) showing interband transitions
for each harmonic energy. The red arrow denotes the position of the maximum excursion
of the electron in the Brillouin zone, which is 17% at the maximum laser intensity 0.2
TW /cm?. The solid arrows represent the emission of harmonic energy by the electron
recombination with a light hole, the dotted arrows represent the emission of harmonic
energy by the electron recombination with a heavy hole, and the thin arrows represent the
emission of harmonic energy by the electron recombination with a split-off hole.

and H11 along the I'K direction is more efficient, which also explains the fourfold
symmetry. Besides, there is also a probability that interband mechanisms couple
the conduction band and the split-off band. The recombinations that correspond
to these couplings are indicated by the thin arrows. Interestingly, in this case high
order harmonics are emitted even if the electron explores only 25% of the Brillouin
zone. Yet, along the two crystal directions the probability of recombination seems
similar, and the fourfold symmetry can not be explained in this case. Indeed, the
two main anisotropic properties of the band structure are the steepness of the light
hole band and the curvature of the heavy hole band [I31], which are stronger along
the I'K direction of the crystal.

Lastly, a hypothesis to explain the change in the polarization dependence of har-
monic 5 is based on the propagation of the harmonics in the GaAs sample. Note
that we exclude the propagation effect of the fundamental although the nonlinear
refractive index of GaAs and the three-photon absorption are anisotropic [119], be-
cause the change in the polarization dependence appears only for the 3'4 and 5%
harmonics and not for the higher order ones. Despite the thin absorption length
in GaAs (order of tens of nanometers), the question is: could the absorption of the
harmonics be different along the two main crystal axes? C. Schmidt et al. [I32]
have performed THz pump-probe experiments to study the transient transmission
and absorption of a broad energy range of the probe. Having their pump aligned
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along the I'Ll direction of the crystal, they reported on the Franz-Keldysh electro-
absorption effect due to the pump field. More precisely they observed Wannier-Stark
localization and a significant transient absorption in the energy range 2.5 eV - 3.4
eV, which includes our 5 harmonic energy. This effect could be different with
respect to the orientation of the crystal axis, possibly explaining the experimental
results.

4.4 High Order Harmonic Generation in MgO and
Chromium-Doped MgO

In this section, we investigate high harmonic generation in magnesium oxide (MgO)
and chromium-doped magnesium oxide (Cr-MgO) crystals. We study the polariza-
tion dependence of the harmonics generated in air i.e. in the deep UV-Visible
spectral range. We also highlight the impact of nonlinear propagation effects in
undoped and doped MgO crystals in both space and time domains.

4.4.1 Motivation and Objective

MgO is a wide direct bandgap semiconductor with a band gap energy of E; = 7.8 eV
and a cubic crystal structure. In general, dopants introduce defects and impurities
in the crystals which causes a change in the optical and electronic properties of
the resulting doped semiconductor [I33]. This presents a big advantage for the
crystal band structure engineering. For low concentrations, dopings can decrease
the effective bandgap keeping the band structure more or less identical. In this case,
during the HHG process one expects to enhance the ionization and consequently
increase the HHG yield. HHG in such doped semiconductors paves the way to
understand intraband and interband electron dynamics at the fundamental level
[55 [134]. Moreover, it can serve as an efficient XUV source for experiments such
as coherent diffractive imaging, that requires a strong high harmonic signal. Figure
illustrates the measured transmission properties of pure MgO and different
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Figure 4.26: Transmission measurements, in the UV-violet spectral range, of undoped
and Cr-doped MgO crystals.
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levels of chromium-doped MgO. The percentage of the doping level is reported in
ppm units (parts-per-million). The optical transmission measurements confirm that
the band gap energy of MgO lies in the UV spectral range, < 200 nm in wavelength.
However, for a chromium-doped MgO crystal with a Cr dopant level of 740 ppm,
the bandgap shifts to above 200 nm (~ 6.2 eV), and as the doping level increases
the band gap energy decreases, i.e. shifts to larger wavelengths.

4.4.2 Laser Dependent UV-VIS Harmonics from MgO

We investigate high harmonics generated from MgO and Cr-doped MgO samples in
air. We study each laser intensity, ellipticity and polarization dependences of the
harmonics.

Experimental Setup and Details

The HHG experiment was carried out at IOGS in 2018 with the OPCPA laser
system. The driving laser beam is the signal beam centered at 1.6 pm wavelength,
80 fs pulse duration and 125 kHz repetition rate. The laser is focused in air by a
5 cm focal length off-axis parabolic mirror at the exit surface of the MgO samples.
The generated harmonics are collected and focused by another off-axis parabolic
mirror (5 cm focal length) onto a VIS-UV spectrometer (QE Pro spectrometer). A
half-wavelength plate (HWP), a polarizer and a quarter-wavelength plate (QWP),
inserted before the focusing off-axis parabola, are employed to vary the laser power,
polarization and ellipticity of the driving laser beam. The beam size at the focus
is calculated to be 10.7 ym at FWHM. The undoped and doped MgO samples are
5 x 5 mm and are 200 pm thick with (100) orientation. Samples with different
doping levels were grown. The different doping concentrations are 740 ppm, 1300
ppm, 5000 ppm and 9500 ppm. They were bought from SurfaceNet. The harmonic

H7

[011] — 0 ppm Cr doped MgO
—9500 ppm Cr doped MgO

=
s
~
Intensity (a.u.)

® Mg

200 400 600 800
wavelength (nm)

Figure 4.27: Left: Crystal structure of MgO. Right: Harmonic spectra of the 1.6 pym
driving laser beam, measured from undoped and Cr-doped (9500 ppm) MgO crystals, at a
laser intensity of 9.28 TW /cm?.
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spectra measured from undoped MgO and 9500 ppm Cr-doped MgO crystals, at
an estimated laser intensity of 9.28 TW /cm?, are shown in figure The laser
beam is vertically polarized (i.e. s-polarized) and aligned along the I'K ([110])
direction of the MgO crystals. A bandpass filter centered at 239 nm wavelength
was used to attenuate the saturation of the 3'4 harmonic signal. H3 (533 nm = 2.33
eV), H5 (320 nm = 3.87 ¢V) and H7 (228 nm = 5.44 eV) are efficiently generated
from both samples but no obvious differences in the generation efficiencies between
undoped and doped crystals. Note that both spectra are measured at an integration
time of 1 second. MgO is a centrosymmetric crystal, therefore only odd harmonics
can be generated. The harmonics generated from undoped MgO are below bandgap
harmonics (Ex7 < Eg), while in reference to the transmission measurements in figure
[4:26] H5 and H7 generated from the 9500 ppm Cr-doped MgO should be above
bandgap harmonics.

4.4.2.1 Intensity Dependences

We study the dependence of the strength of the harmonics generated from undoped
and doped MgO crystals on the laser intensity. The measurements of the 5** and
7" harmonics are depicted in figures |4.28(a)| and [4.28(b)} respectively. For a clear
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Harmonic Signal (a.u.)
Harmonic Signal (a.u.)

+ 1300 ppm
——q=9.16

+ 5000 ppm
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—q=12.99
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Laser Intensity (TW/cm?) Laser Intensity (TW/cm?)

(a) Intensity scaling of H5 (320 nm) generated (b) Intensity scaling of H7 (288 nm) generated
from MgO crystals for different doping levels. from MgO crystals for different doping levels.

Figure 4.28: Dependence of the strength of harmonics 5 (a) and 7 (b) of the 1.6 ym
driving wavelength generated from different Cr-doped MgO samples on the laser intensity.

comparison, the power laws corresponding to the scaling of the harmonic signal as
a function of the laser intensity are summarized in table below. Harmonic 5,
generated from the undoped and the 5000 ppm doped MgO samples, scales as a
perturbative harmonic, where the scaling power ¢ is close to 5, however, from the
crystals with the other doping concentrations (740 ppm, 1300 ppm and 9500 ppm)
the scaling power ¢ is > 5. As for harmonic 7 which is generated from undoped
and different Cr-doped MgO crystals, the scaling power ¢ is > 7. The resulting
high scaling powers of the harmonics do not only represent the nonperturbative
dependence of the harmonic yield, but could also be due to nonlinear propagation
effects on the laser. Saturation of the harmonic efficiency is reached for a laser
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MgO Doping Level

Harmonics 0 ppm 740 ppm | 1300 ppm | 5000 ppm | 9500 ppm
H5 (320 nm) 5.68 8.99 6.19 5.55 7.31
H7 (228 nm) 10.95 13.79 9.16 9.47 12.99

Table 4.6: Power scaling law of the harmonics with the laser intensity of the 1.6 ym driver
generated from MgO.

intensity higher than 6 TW /cm? calculated in vacuum. A decrease in the harmonic
signal is observed above ~ 10 TW /cm?, which indicates the damage of the sample
at such high laser intensities.

4.4.2.2 Ellipticity Dependences

According to Y. S. You et al. [20], the ellipticty dependence of HHG in MgO
changes along different crystal axes. For instance, when the linear polarization of
the driving laser is aligned along the [110] direction, the HHG yield is not maximized
and increases with the increase of the laser ellipticity reaching a maximum value for
an ellipticity of 0.65. To explore this special feature and study the effect of doping
in MgO on the ellipticity dependence of the generated high harmonics, we perform
ellipticity measurements in which we vary the ellipticity of the laser from linear (e
= 0) to circular (e = 1) by a quarter-wavelength plate. The measurements depicted
in figure [4.29] consist of a full rotation of the QWP, where e = 0 corresponds to a
0° angle between the optic axis of the QWP and the incoming linear polarization,
and e = 1 corresponds to an angle of 45°. Initially, the linear laser polarization is
aligned along the I'K ([110]) direction of the MgO crystals, hence at e = 0. The
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(a) Ellipticity measurements of the harmonics (b) Ellipticity measurements of the harmonics
generated in undoped MgO. generated in 9500 ppm Cr-doped MgO.

Figure 4.29: Dependence of the generation efficiency on the ellipticity of the driving
laser beam in undoped and Cr-doped MgO samples, at 6.52 TW /cm? laser intensity. The
curves are normalized by the maximum harmonic signal at linear polarization and by the
integration time which is 200 ms.
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harmonic generation efficiency of H5 (320 nm) in undoped MgO (figure [4.29(a))) is
maximum for a linear laser polarization and decreases as the ellipticity increases i.e.
towards circularly polarized state. As the harmonic order increases, the dependence
of the generation efficiency on the laser ellipticity becomes stronger. This is why
the contrast in the ellipticity dependence of H7 (228 nm) is larger than that of
H5 (320 nm), yet the harmonic signal for a circularly polarized laser beam does
not completely go to zero. The same behavior is observed for the case of the 9500
ppm Cr-doped MgO sample (figure ; the harmonic generation efficiency
of the 5* and 7" harmonics decreases with the increase of the laser ellipticity,
and is minimal for a circularly polarized beam. Similar to the dependence of H7
generated from the undoped MgO sample, the contrast in the ellipticity dependence
of H7 is larger than that of H5. Hence, we don’t observe an influence of the doping
on the ellipticity dependence of the UV harmonics generated from Cr-doped MgO
crystals. The results reported here at this laser intensity are typical results of the
ellipticity dependence of the harmonics generated in undoped and Cr-doped MgO
crystals, and do not vary with the intensity. It is worth emphasizing that the
ellipticity dependence of HHG in crystals is less critical than in atomic gas, where
the harmonic signal in the latter case drops rapidly with the increase of the driver
ellipticity and reaches zero for a circular polarization [40), [41].

4.4.2.3 Linear Polarization Dependences

The linear polarization dependence of the UV-visible harmonics generated in MgO
and Cr-doped MgO crystals is also studied. The laser polarization is initially aligned
along the I'K direction of the MgO crystal (0° on the polar plots), and the polar-
ization measurement is performed by rotating the linear polarization by 360°. The
laser intensity is estimated to be 10.44 TW /cm?. Figures |4.30(a){and [4.30(b)|depict
the results of the polarization measurements of both harmonics H5 (320 nm) and
H7 (228 nm) generated from undoped MgO and 9500 ppm Cr-doped MgO, respec-
tively. The polarization measurements reveal a fourfold symmetry, which is a direct
consequence of the cubic crystal structure of MgO. The harmonic signal is highest
when the laser polarization is aligned along the I'K directions of the MgO crystal
(figure , and is minimum when the polarization is rotated by 45°, i.e. when it
is along the I'X directions. The results obtained are in agreement with the polar-
ization dependences of low order harmonics generated from MgO and reported by
Y. S. You et al. [20]. Similar to the measurements reported previously from GaAs,
as the harmonic order increases the dependence of the harmonic generation on the
angle between the laser polarization and the crystal axis becomes more critical; this
is observed by comparing the polarization dependences of harmonic 5 and harmonic
7, in which the lobes of the polar scan of H7 are narrower than those of H5. Besides,
the contrast in the polarization dependences of higher order harmonics is larger than
the one of lower orders. The results reported here do not change as a function of the
laser intensity. To study the effect of different doping concentrations on the polar-
ization dependences of the harmonics (deep UV and visible harmonics) generated
from MgO in air, we perform polarization measurements for the different Cr-doped
MgO samples. A comparison of the polarization dependences of harmonic 5 (320
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Figure 4.30: Dependence of the generation efficiency, of harmonics 5 and 7 in undoped
and 9500 ppm Cr-doped MgO samples, on the linear polarization of the driving laser beam,
at 10.44 TW /em? laser intensity.

nm) and harmonic 7 (228 nm) generated from undoped MgO and doped MgO with
different doping concentrations is shown in figures {4.31(a) and |4.31(b)l The results
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(a) Polarization dependence of H5 (320 nm)  (b) Polarization dependence of H7 (228 nm)
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Figure 4.31: Dependence of the generation efficiency in undoped and Cr-doped MgO
samples on the linear polarization of the driving laser beam, at 6.52 TW /cm? laser intensity.
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reveal no particular trend in the polarization dependences of the generated harmon-
ics. The high harmonic generation efficiencies, from all samples, exhibit a fourfold
symmetric dependence on the laser polarization. Note that the assymmetric four-
fold symmetry is an experimental artifact, due to the misalignment of the beam
into the spectrometer as we rotate the polarizer to carry out the measurements. In
conclusion, these chromium doping concentrations in MgO seems to maintain the
polarization dependence of low order harmonic generation.

4.4.3 Nonlinear Propagation Effects in Space and Time Domains

Propagation effects are important to be examined when studying HHG in crystals.
In this subsection, we draw the attention to the occurrence of the nonlinear Kerr
effect in MgO crystals both in space and time domains, that is self-focusing and self-
phase modulation (SPM), respectively. The experimental study employs the signal
beam, centered at 1.78 pm wavelength, of the OPCPA laser system at CEA, which
is focused by a 5 cm focal length CakFsy lens, with an anti-reflective coating, into
the undoped and doped MgO crystals. A microscope objective is then aligned to
image the focus at the exit surface of the sample on a CMOS camera from Imaging
Source (Appendix [E).

4.4.3.1 Characterization in the Spatial Domain

To study nonlinear propagation effects in the spatial domain, we characterize the
beam size of the fundamental and the harmonics at the exit surface of the crystals;
this is where the beam focus is placed to optimize the harmonic efficiency. To
estimate the waist of the mode, we define the center of the recorded image and then
take a vertical and a horizontal cross sections to fit them by a Gaussian function, as
illustrated in figures[4.32) (a) and (b). The Gaussian function is of the following form
f(x) = aexp (%)2, where a = 1 since we normalize the image, and the constants b
and c are in pixels. For example, the fitted curve in (figure [4.32) (b)) is represented

by f(x) = exp (X_gé%)% The waist is then calculated as w = v/2c. Figures (c)
and (d) depict typical results of the spatial mode of the fundamental beam at the
exit surface of the MgO crystals. By observing the modes in figure 4.32] we can
notice that the beam size is much smaller at the exit of the MgO samples, indeed it
is relatively less than half of the size of the mode without a sample. This is a clear
indication of the self-focusing effect in the MgO crystals. Moreover, by comparing
the undoped case to the doped MgO case, we can notice that the beam mode at the
exit of the 5000 ppm Cr-doped MgO sample is slightly smaller than the mode at the
exit of the undoped MgO sample. This indicates that the self-focusing effect is more
important in the doped MgO crystal than in the undoped one. Since the nonlinear
propagation effects act on the fundamental driving beam, which then generates the
harmonics, their consequences should also be revealed in the characteristics of the
generated harmonics. Figure depicts the spatial modes of harmonics 3 (600
nm) and 5 (360 nm) generated in the MgO crystals. We observe that the modes of
H3 and H5 are smaller when generated in doped crystals. To quantify the change in
the spatial modes of the harmonics we estimate their areas, calculated as A = mwiws
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Figure 4.32: Spatial mode of the fundamental signal beam without a sample (a), and at

the exit of the the undoped MgO crystal (¢) and the 5000 ppm Cr-doped MgO crystal (d).
The estimated vacuum laser intensity at the focus is 21 TW /cm?.

in pixel?. The results are summarized in table We compare the change in the
area of the spatial modes, obtained from the undoped crystal and the doped one, to
the area of spatial mode from the undoped crystal Ay, and therefore we calculate
the percentage change as % change = LIAQ x 100.

A
Undoped MgO | Doped MgO
Spatial mode area | Aj (in pixel?) Ay (in pixel?) | % change in Area
Signal 1.36e4 1.09e4 19.7 %
H3 5.6e3 4.3e3 22.8 %
H5 1.88e3 1.65e3 12.2 %

Table 4.7: Area of the mode of the fundamental signal beam and harmonics H3 and H5.

For the fundamental beam, the percentage change is ~ 20 %, while for H3 and H5,
the percentage change is 23 % and 12 %, respectively. This difference again proves
that the self-focusing effect in Cr-doped MgO crystal is higher than in the undoped
one. Doping induces a change in the optical properties of the material, not only by

influencing the linear absorption and transmission properties (figure [4.26)), but also
by impacting the nonlinear properties.
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Figure 4.33: Spatial mode of harmonic 3 and harmonic 5 generated from the undoped
MgO crystal and the 5000 ppm Cr-doped MgO crystal, at a laser intensity of 21 TW /cm?.

4.4.3.2 Characterization in the Temporal Domain

Nonlinear propagation effects in the crystal can also influence the temporal prop-
erties of the fundamental beam, because of the high intensity reached at its focus.
In order to get insight on this aspect, we characterize spectrally the fundamental
beam after the MgO samples. The laser is focused by the same 5 cm focal length
CaFs lens into the undoped and the 5000 ppm Cr-doped MgO samples. Another
lens is aligned after the sample to collimate the diverging beam which is then guided
into a Mozza spectrometer from Fastlite for pulsed IR laser sources. The measured
spectra at an estimated laser intensity of 21 TW /cm? is depicted in figure
The spectra of the fundamental beam after propagation in the MgO samples are
narrower and reveal two small bumps around the central peak as compared to the
spectrum measured without a sample (ﬁgure. This indicates that nonlinear
propagation effects in the MgO crystals, particularly self-phase modulation (SPM),
has a significant impact on the laser pulses. Moreover, figure [4.34(b)| shows identi-
cal spectra from both the undoped and the doped crystals, which means that SPM
effect on the laser beam after propagation through the undoped and the 5000 ppm
Cr-doped MgO samples is similar. We employ a FROG (Frequency Resolved Opti-
cal Gating) technique to characterize more precisely the laser pulse in the spectral
and temporal domains after propagation in the MgO samples. The FROG allows
retrieving the spectral and temporal phases of the laser pulse. Regarding the exper-
imental setup, after collimation, the beam is guided to a home-made FROG setup
(Appendix . The FROG results are summarized in figure where the first

column shows the reconstructed traces of the FROG measurements, the second and
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Figure 4.34: (a) Spectra of the fundamental signal beam exiting the OPCPA |4.34(a)} and
(b) after propagating in the undoped and the 5000 Cr-doped MgO crystal [4.34(b)} The

estimated laser intensity in vacuum is 21 TW /cm?.

third columns represent the spectral and temporal characterizations of the laser
pulse, respectively. The spectral (figure (column b)) and temporal (figure [4.35]
(column c¢)) pulse envelopes are plotted in blue, while the spectral and temporal
phases are plotted by the red dashed curve on the second y-axis. The case of no
sample, i.e. the first row, corresponds to the case where the laser is focused and
collimated in air, i.e. no sample at the focus position. In this case we characterize
the fundamental beam and consider it as our reference. In the spectral domain, the
measurement reveals a bandwidth of Aw = 137 nm at FWHM, and a spectral phase
with a negative curvature which implies that our laser pulse is initially negatively
chirped. This chirp includes the chirp coming from the laser, exiting the OPCPA,
and any linear dispersion effects induced by the optics. As a consequence in the
time domain, the pulse duration at FWHM is 7 = 51 fs and the temporal phase has
a positive curvature. Next, by placing the undoped sample in the optimal genera-
tion position, the pulse is strongly modified both spectrally and temporally (second
row of figure . In the spectral domain, the spectral envelope shrinks, the band-
width is reduced to 96 nm and two small arms are observed around the central peak.
Moreover, a reduction in the curvature of the spectral phase is observed. This is
due to the self-phase modulation effect on a negatively chirped pulse. The SPM
effect in the undoped MgO crystal is revealed in the time domain, and is evidenced
by the appearance of the small negative curvature at the central part of the tempo-
ral phase. Note that the SPM effect impacts the temporal phase; the SPM phase
denoted by ygpy is directly proportional to the time-dependent pulse intensity I(¢),
vspMm X noI(t). For a Gaussian pulse, yspy takes a negative curvature form. This
modulation in the temporal phase results in a shorter spectrum and a longer pulse
~ 1 =75 fs. Likewise, for the 5000 ppm Cr-doped MgO crystal (third row of figure
, the SPM effect, at the optimal generation position, strongly modulates the
laser pulse. A small negative curvature is also revealed at the center of the temporal
phase, resulting in a shorter spectrum with Aw = 97 nm and a longer pulse 7 = 75
fs. In conclusion, the SPM effect seems to be identical in undoped and doped MgO
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crystals. Therefore, the doping by itself does not influence the spectral and tem-
poral properties of the pulse, however, its effect is more pronounced in the spatial
domain as discussed in the previous section.
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Figure 4.35: Spectral and temporal characterization of the signal beam through the
undoped MgO crystal and the Cr-doped MgO crystal, at an estimated laser intensity in
vacuum of 25 TW /em?. The first column represents the reconstructed FROG traces, while
the second and third columns represent the spectral and temporal characterizations of the
fundamental signal beam, respectively.

Long pulse durations present a limitation for solid-state HHG experiments as the
effective intensity decreases and the damage rate increases. To shorten the pulses,
one solution is to compensate the negatively chirped pulse by adding a material
that induces a positive GDD (group delay dispersion). For that we have selected
a zinc selenide crystal of 3 mm thickness. At the wavelength of our signal beam,
A= 1.78 um, ZnSe possesses a positive group velocity dispersion, GVD, ~ 300
fs?2/mm, which imposes a GDD of 900 fs? in the 3 mm thick ZnSe crystal, large
enough to compensate for the initially chirped pulse. The ZnSe crystal is placed in
the beam path before the focusing lens. We then carry out FROG measurements
similar to the ones shown in figure 4.35] The results with the ZnSe crystal are
summarized in figure [£.36] For the case of no sample, which is shown in the first
row of figure an obvious dispersion effect of the ZnSe crystal is observed.
Compared to the previous case without the ZnSe (first row of figure , the
quadratic term of the spectral phase is significantly reduced with the ZnSe. In
the time domain, this leads to a shorter pulse duration, that is reduced from 51
fs, without the ZnSe, to 37 fs with the ZnSe in the beam path. This means that
the ZnSe imposes a positive GDD strong enough to compensate the spectral phase
and to shorten the pulse duration. Taking this case as our reference we proceed to
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Figure 4.36: Spectral and temporal characterization of the signal beam through the
undoped MgO crystal and the Cr-doped MgO crystal, with a 3 mm thick ZnSe crystal in
the beam path, at an estimated laser intensity in vacuum of 20 TW /em?. The first column
represents the reconstructed FROG traces, while the second and third columns represent
the spectral and temporal characterizations of the fundamental signal beam, respectively.

investigate the self-phase modulation effect in the medium of generation (undoped
and doped MgO) on the laser pulses. The samples are also placed at the focus
position at the optimal generation position. The case of the undoped MgO sample
is shown in the second row of figure .36l A drastic SPM effect takes place; the
spectrum becomes broader (figure (b.2)), almost three times the reference
spectrum (figure [.36] (b.1)), where the bandwidth Aw increases from 119 nm (case
of no sample) to 322 nm. In the time domain, an important self-compression is
observed that significantly shrinks the pulse duration down to 7 = 21 fs. This effect
is probably a result of the combination of the SPM and the negative dispersion of
MgO at this laser wavelength (1.78 pm). Note that a significant ionisation could be
involve in the process as the spectrum is blue shifted. For the 5000 ppm Cr-doped
MgO sample, a similar SPM effect occurs; the spectrum becomes broader with a
bandwith Aw = 314 nm and pulse duration ~ 7 =21 fs, i.e. close to 3 optical
cycles. This observation of pulse compression presents an interesting advantage for
solid-state HHG experiments, as it can finally lead to the desired requirement of
shorter pulse durations at the optimal harmonic generation position.
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4.5 XUV High Order Harmonic Generation in Magne-
sium Oxide

Contribution to the harmonic emission from higher energy bands of the band struc-
ture can be studied experimentally by extending the high order harmonic detection
range to the XUV spectral domain [I35]. You et al. [135] have observed two spec-
tral plateaus from MgQO; the first one consists of harmonics generated from the first
conduction band, while the second plateau consists of harmonics at higher pho-
ton energies generated from the second conduction band, and less intense than the
harmonics of the first plateau, as shown in figure This is a particular and
interesting feature of solid-state HHG (section .
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Figure 4.37: HHG in MgO involving different energy bands in momentum space [135].

4.5.1 Experimental Setup and Details

Since harmonics of photon energies above 6.2 eV (200 nm in wavelength) are ab-
sorbed in air, we set up an in vacuum HHG experiment to detect vacuum harmonics
generated from MgQO. The experimental setup, implemented by other colleagues in
the group, is shown in figure [4.38] The driving laser beam is the signal beam of the
OPCPA laser system at CEA, Saclay. Its wavelength is centered at 1.78 um, the
pulse duration is 40 fs and the repetition rate is 100 kHz. The laser beam enters
the chamber through a fused silica vacuum window, and is guided then focused by
a 10 cm focal length CaFs lens onto the MgO samples, which are mounted on a 3D
translational and a rotational stage. The (001) oriented MgO sample is 1x1 cm and
is 200 pm thick. The harmonics generated hit a grating which angularly disperses
the generated harmonics and focuses them on a photomultiplier. The configuration
and the characteristics of the grating and photomultiplier are available in Appendix
During the measurements, the voltage on the photomultiplier is set to 2.8 kV.
The vacuum inside the chamber is achieved by a roughing pump that reduces the
pressure to ~ 1072 mbar, and a turbo pump that additionnally reduces it down to
10~% mbar. Note that an iris aperture is aligned in front of the entrance window
of the chamber (outside the vacuum chamber) to control the laser beam size and
intensity. In our case, the iris is open to 4-5 mm in diameter.
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Figure 4.38: Picture of the in-vacuum HHG experiment, at CEA Saclay.

4.5.2 Results and Discussion

Figure depicts the high order harmonic spectrum generated from a 200 pm
thick MgO crystal, for a laser beam vertically polarized and aligned along the I'X
direction of the MgO crystal. The laser intensity is estimated to be 8 TW /cm? at
the beam focus. High order vacuum harmonics are generated in MgO; we detect
up to the 33™ harmonic order which corresponds to a photon energy of ~ 23 eV
and 54 nm in wavelength. The first plateau includes the low order harmonics up

photon energy (eV)
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Figure 4.39: High order harmonic spectrum generated from MgQO, at a laser intensity of
8 TW /cm?.
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to harmonic 27 (66 nm = 18.8 eV ), while the second plateau includes harmonics
H29 to H33, the highest detectable harmonic here. Note that the difference in the
harmonic signals in the first plateau is not attributed to the detection system, but it
seems it’s a particular feature of the HHG in MgO (figure[4.37] [135]). The high order
harmonic generation mechanism in the vacuum UV spectral range is highly sensitive
to the angle between the linear polarization and the crystal axis. To investigate the
polarization dependence of high order harmonics generated from MgO, we perform
polarization measurements by setting a vertical polarization of the laser beam and
rotate the sample over 90° of angular range. The measurements are carried out for
an estimated laser intensity of 8 TW /cm?, and the results are depicted in ﬁgurem
The figure highlights the HHG efficiencies along the I'X and I'K directions within
the fourfold symmetry. The polarization dependence of all generated harmonics
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Figure 4.40: Polarization dependences of VUV harmonics generated from a 200 pm thick
MgO sample, at a laser intensity of 8 TW/cm?. (a) Polarization dependences of H15-H19
and (b) Polarization dependences of H21-H27.

reveals a fourfold symmetry, reflecting the cubic crystal structure of MgO. The low
order harmonics of the first plateau, particularly harmonics 15, 17 and 19, have their
maximum generation efficiency when the laser polarization is aligned along the 'K
directions of the crystal, similar to the polarization dependences of the visible and
deep UV harmonics generated in air (section . However, for higher harmonic
orders of the first plateau, H21 to H27, their maximum generation efficiency is
obtained when the polarization is along the I'X directions of the crystal, which is
in agreement with the results reported by Y. S. You et al. [20]. This is because
low and high order harmonics are generated from different regions of the band
structure. Furthermore, higher order harmonics exihibit a stronger dependence on
the laser polarization, as they are generated from higher anisotropic regions of the
band structure.

4.6 The Anisotropy Gating Technique

4.6.1 Introduction

This section aims at taking advantage of the laser polarization dependence of the
high harmonic generation efficiency in crystals to generate isolated attosecond ra-
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diation. Isolated attosecond pulses have been generated from atomic gas HHG in
several ways, mainly by gating the fundamental driving field [136, 137, [39] [138].
“Gating” refers to restructuring of the fundamental pulse to allow the generation
only within a very short temporal window of the pulse, ideally, the generation within
one optical cycle. One of the techniques is the polarization gating, in which two
optical pulses, orthogonally polarized, are delayed such that the relative phase dif-
ference ¢ is /2. The two electric field pulses F'; and E9 can then be expressed in
the time domain as:

(t—t1)?

Ey = Epe 2 cos(wt) (4.5)

(t—to)?

Ey = Ege” 2 cos(wt + ¢) (4.6)

where the delay between the two pulses is given by 0t = t, — t,. Eg, 7 and w are the
field amplitude, pulse duration and angular frequency of the electric fields, respec-
tively. Around the peak of the created pulse a circularly polarized state is produced,
while at the tails of the pulse the polarization remains linear, as illustrated in the
upper diagram in figure If this pulse is passed through a quarter-wavelength
plate, the central cycles of the pulse will be converted into a linearly polarized state,
while the tails would be converted into circularly polarized states. The interaction
of this highly intense pulse with gas atoms results in the generation of a burst of
light only at the linearly polarized cycle, hence the emission of an XUV attosec-
ond radiation [I36]. However, if we introduce a m delay between the two pulses,
the result is a rotating linear polarization within the pulse envelope, as shown in
the lower diagram of figure [4.41] The combination of this pulse with the highly

Classical Polarization Gating

b=

Anisotropy Gating

¢:r( Ay

Figure 4.41: Illustration of the polarization gating and the anisotropy gating pulses.

anisotropic polarization dependence of the harmonics generated in MgO should re-
sult in a gated state, where the generation should take place ideally only when the
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polarization of one cycle is aligned along the proper crystal axis. We call this the
Anisotropy Gating technique. It is illustrated in figure The optical cycle that
is of our interest is the central one at the peak of the pulse, and will be referred to
as the “gated” optical cycle.

K

150

180

Figure 4.42: TIllustration of the Anisotropy Gating technique. The semi-polar plot shows
the polarization dependence of harmonic 25 of the 1.78 um laser generated from the MgO
crystal. The “gated” pulse is superposed on the polar plot in such a way that the “gated”
cycle is aligned along the I'X direction i.e. the crystal direction along which the generation
efficiency is maximum.

4.6.2 Experimental Setup and Details

To produce two laser beams delayed in time with a precise control over the relative
phase, we implement the TWINS interferometer, inspired by A. Oriana et al. [139].
The TWINS interferometer consists of a pair of birefringent wedges and a bire-
fringent crystal with an optic axis perdendicular to the optic axis of the wedges.
A representation of the TWINS setup is shown in figure [£.43] The birefringent
material composing the wedges and the crystal is an « — BBO crystal with an AR
coating at 1.78 pum to maximize the transmission of the fundamental beam. The
crystal is 4.25 mm thick with dimensions 20 x 10 mm, while the wedges’ maximum
thickness is 3 mm and their minimum thickness is 1.25 mm. The wedges’ angle is
5°. The optic axis of the wedges is perpendicular to the 10 mm x 3 mm side, while
the optic axis of the crystal is parallel to the 10 mm side. The TWINS setup is
placed in the beam path outside the vaccum chamber, as shown in figure The
crystal and the wedges were ordered from Newlight Photonics Inc. When a linearly
polarized beam at 45° angle from the optic axis of the wedges enters the pair of
wedges, due to their birefringence, it is split into two perpendicular components, a
vertical one (s-polarized) and a horizontal one (p-polarized) that travel at different
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speeds. As a result a large delay between the two components is created. The crys-
tal with the optic axis perpendicular to the optic axis of the wedges serves to reset
the delay back to zero and combine the pulses. To vary the delay dt between the
two perpendicular polarizations, the second wedge is placed on a translation stage

in order to vary the effective combined thickness of the wedges dg. The group delay

L _ 1) where Vg0 and
’Ugo ’Uge

between the two pulses is then given by: dt = (d4 — dp) (

vge are the ordinary and extraordinary group velocities of the fundamental field
inside the a — BBO material. Likewise, the relative phase difference ¢ between the
cycles of the optical pulses is given by:

1 1
¢ = (da—dp) (Upo vp6> (4.7)
where v, and v, are the ordinary and extraordinary phase velocities. Experimen-
tally, the phase delay is set by monitoring the temporal interference. We express
in the following the delay as the phase delay in number N of cycles. The biggest
advantage of the TWINS interferometer as compared to other interferometric tech-
niques, is that the phase is very stable. Another advantage is that the two delayed
beams are directly aligned along the propagation axis, and both pass through the
same material, hence their wavefronts are immediately aligned and they experience
the same dispersion effect from the o — BBO crystals. To spectrally and tempo-
rally characterize the fundamental field exiting the sample, a mirror and a lens are
placed on a motorized translation mount inside the vacuum chamber, aligned after
the sample as shown in figure the lens collimates the beam which exits the
chamber, and is guided to the FROG setup. A lens also focuses the beam onto a
CMOS camera for spatial characterization of the two beams. The characterization
of the optical pulse after the sample permits the characterization of the real pulse
inside the sample, including the induced GDD (group delay dispersion) from all the
optics, and any induced nonlinear effects from the sample. To set the phase delay
and characterize the pulses, a polarizer is placed outside the chamber at the exit
of the collimated beam. Note that since the grating efficiency for a s-polarization
is greater than that for a p-polarization by almost a factor of 3, we place a half-
wavelength plate (HWP) just after the TWINS stage to rotate the “gated” optical
cycle by 45° (i.e. to s-polarization), so that it is aligned along the best grating effi-
cient axis. The sample’s axis I'X is aligned along the “gated” cycle, to optimize the
harmonic generation efficiency. The other optical cycles at the tails of the “gated”
pulse match the minimal generation efficiency along the I'K directions, and there-
fore should not generate harmonics. To compensate for the negative GDD imposed
by all the optics, we place a 3 mm thick ZnSe crystal in the beam path before the
vacuum chamber. The MgO sample is 100 pm thick with (001) orientation.

4.6.3 Gated Pulse Characterization

To get insight into the effect of the delay on the outcome of the “gated” pulse, figure
[4.44 summarizes simulated optical pulses with different phase delay values between
the two beams: (a) 5 cycles (~ 30 fs), (b) 7 cycles (~ 41 fs) and (c) 9 cycles (~ 53
fs). The simulations are computed given the signal wavelength A = 1.78 um and a
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Figure 4.43: Sketch of the experimental setup of the Anisotropy Gating technique, showing
the TWINS interferometer, the vacuum HHG setup and the spatiotemporal characterization
beam line.

pulse duration 7 of 30 fs. When the delay is small, the optical cycles at the central
part of the two pulses interfere, resulting in several intense cycles at the center of
the “gated” pulse. This does not support the anisotropy gating technique which
requires the generation with ideally one optical cycle, while most of the other cycles
align to the improper crystal axes. For larger delays, such as a delay of 9 cycles
(figure [4.44|(c)), very few cycles at the tails of the pulses interfere which results in a
strong rotating polarization with a minimal intensity at the center of the resulting
optical pulse, as can be seen in the polar plot. In fact, a compromise between
the two delays would be recommended. Indeed, the 7 cycles delay (figure b))
seems to be a compromise between the velocity of rotation of the polarization states
within the “gated” pulse and the intensity of the central cycles.

Experimentaly, the characterization of the “gated” pulse from the TWINS is done
using different projections (vertical, horizontal and 45°) on the analyzer, which is
the polarizer placed at the output of the chamber. For instance, the zero delay is
verified using the 45° projection in which a contructive interference is observed on
the camera. Then, to set the proper delay and relative phase, we use the —45°
projection and optimize for the destructive interferences which are more sensitive
and easily visible. As we translate the second wedge we clearly see constructive
and destructive interference fringes. To set a certain number of delayed cycles,
we count the number of times the destructive interference fringes occur. The two
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Figure 4.44: Simulation of the “gated” pulse obtained by different delays between the two
beams, (a) 5 cycles (b) 7 cycles and (c) 9 cycles. The second column shows the resulting
“gated” pulse in three dimensions, and the third column is its representation in the plane
perpendicular to the time axis.

main perpendicular components of the “gated pulse” exiting the TWINS are then
analyzed through the polarizer by the FROG technique, which gives us access to the
temporal and spectral envelopes and phases. Figure shows (a) the horizontal
component of the “gated pulse” in the spectral domain as retrieved from the FROG
and (b) its corresponding pulse envelope and electric field in the temporal domain.
The pulse duration is around 40 fs. The “gated” pulse is reconstructed from the
two projected pulses, i.e. the TWINS horizontal and vertical components, by a
MATLAB code. For a 7.5 cycles delay the resulting computed “gated” pulse is
shown on the right of figure

4.6.4 Results and Discussion

The strong anisotropy in the polarization dependence of vacuum harmonics, espe-
cially of harmonics H23, H25 and H27, offers a gating window within a very small
angular range. Upon the interaction of the rotated polarization pulse with MgO, the
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Figure 4.45: (a) Spectral characteristics of the horizontal component of the “gated” pulse
retrieved from the FROG measurement. (b) Temporal characteristics of the corresponding
electric field by Fourier transform.
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Figure 4.46: Left: The vertical and horizontal components of the two beams delayed by
7.5 cycles with respect to each other. Right: Reconstruction of the “gated” pulse.

high harmonic emission would take place only when the instantaneous polarization
state of the optical cycle is aligned along the proper crystal axis (I'X), thus confin-
ing the harmonic emission on a sub-optical cycle time scale. This should result in
spectrally broader and complex harmonic structure. Figure[4.47|compares the HHG
spectra generated with vertically polarized laser pulses (blue spectrum), i.e. zero
delay between the two beams, and with 7.5 cycles delay (red spectrum). The pulse
duration of the resulting pulse with 7.5 cycles delay is measured with its projection
at 45° by the FROG. The pulse duration is around 70 fs. The corresponding mea-
surements are carried out at an estimated input (vacuum) intensity at focus of 10
TW /ecm?. For a zero delay, the measured HHG spectrum (in blue) from the MgO
crystal consists of well-resolved odd harmonics up to the 27" order. The estimated
input intensity at focus is 12 TW /cm?. Interestingly, the HHG process driven by
the “gated” pulse obtained for 7.5 cycles delay, results in a modulated spectrum
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Figure 4.47: HHG spectra measured from MgO with zero delay between the two laser
beams (blue spectrum) and with 7.5 cycles delay (red spectrum). The estimated input
intensity in the former case is 13 TW/cm?, while in the latter case it is 10 TW /cm?.

consisting of spectrally broader harmonics, in addition to signal measured between
odd harmonics occuring at even harmonic wavelengths. This is a first indication
of the symmetry breaking of the HHG process. In addition, the high harmonic
generation efficiency is lower than that measured for zero delay. We attribute this
result to the efficiency of the HHG process driven by the “gated” pulse. Ideally, one
would expect a continuous spectrum from the generation with one optical cycle.

To study the effect of the delay on the harmonic emission, we measure the harmonic
spectra for different values of the delay between the two beams. The delay is varied
between 6 and 8.5 cycles, and the harmonic spectra are measured and reported
in figure The HHG process driven by the “gated” pulse is highly sensitive
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Figure 4.48: HHG spectra measured from MgO with gated pulses obtained from different
delays between the two laser beams. The estimated input intensity is ~ 10 TW /cm?.
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to the delay. The HHG spectrum becomes less intense and less contrasted as we
increase the delay from 6 cycles to 7.5 cycles delay. Indeed, for a delay of 7.5\ the
HHG spectra is broader and more modulated than that measured with 7\ delay.
By varying the delay from 7 to 7.5 cycles, the polarization of the cycles flips by 90°.
Moreover, some of the optical cycles could be elliptically polarized, hence the 7.5\
delay would reverse the handedness of the ellipticity inside the pulse. Interestingly,
Y. S. You et al. [20] have observed an enhancement in the harmonic generation
for an elliptically polarized beam, and demonstrated that the handedness of the
ellipticity is important to determine the electron trajectories in the MgO crystal
to connect to the proper atomic sites, and consequently enhance the harmonic effi-
ciency. It is important to bear this in mind, especially as we would need to avoid
recombination on other efficient generation sites than the principle one. For larger
values of the delay, the optical cycles at the center of the “gated” pulse are less
intense (as illustrated in figure [4.44|c)), which explains the low efficiency of the
generated harmonics.

To align the “gated” optical cycle with the proper crystal axis, we rotate the sam-
ple around its vertical axis in the surface plane by few degrees and notice that the
HHG process is also very sensitive to this alignment. The high harmonic genera-
tion process, in this study, is driven by the “gated” pulse, obtained by a 7.5 cycles
delay between the two beams. The sample is rotated in steps of +3° around the 0°
angle, which initially corresponds to an alignment of the vertical laser polarization
with the I'X direction of the crystal. The measured HHG spectra are summarized
in figure At angles of +6°, the resulting spectrum reveal only odd harmon-
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Figure 4.49: HHG spectra measured from MgO by rotating the crystal around the vertical
direction, at an estimated input intensity of ~ 10 TW /cm?. The HHG process is driven by
the gated pulses obtained from 7.5 cycles delay between the two beams.

ics. However, around the 0° angle the spectra becomes less contrasted and more

modulated. Particularly, we observe some peaks at the positions of the even order
harmonics. The highest signal is obtained at an angle of —3°, which seems to cor-

105



respond to a better alignment of the “gated” optical cycle with the proper crystal
axis (I'X).

The CEP (carrier-envelope phase) of the laser plays a similar role as the sample
alignment. The CEP of the laser is defined as the phase between the pulse envelope
and the carrier wave. In this experiment a stable CEP is an important requirement
to better define our “gated” pulse. By varying the CEP, the polarization of the
cycles within the pulse rotates slightly, which allows a fine alignment of the “gated”
cycle with the proper crystal axis. Figure compares two HHG spectra obtained
both with a 7.5\ delay between the pulses but with a CEP shift of 1.6 rad between
the two measurements. Interestingly, the slight change of the CEP on the laser sig-
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Figure 4.50: HHG spectra measured from MgO with gated pulses obtained from 7.5 cycles
delay between the two beams (blue curve) and by a change of the CEP of the laser by 1.6
rad (red curve). The estimated input intensity is ~ 10 TW /cm?.

nificantly impacts the generation process driven by the “gated” pulse. The strong
modulations of the spectrum i.e. the peaks at the positions of even harmonic orders
observed with the 7.5\ delay disappear, and the efficiency becomes lower.

One limiting parameter could be the pulse duration which is long in our case. Con-
sequently, several half cycles are closely aligned with the best crystal axis. The next
step would be to compress our fundamental laser pulses before creating the “gated”
pulse. Despite some promising preliminary results of the anisotropy gating tech-
nique, we haven’t yet observed the clear signature of generation by a single optical
cycle, that would lead to the emission of a broadband XUV radiation. Nevertheless,
the study reported in this section sets a first attempt for the generation of isolated
attosecond pulses through polarization spectroscopy of solid-state HHG.

4.7 Conclusion

In this chapter, we have successfully shown that high harmonic generation in semi-
conductor crystals exhibits a strong dependence on an entangled relation between
the laser properties and the structural and optical properties of the generation
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medium. We have seen that the laser intensity guides electron dynamics and de-
fines the regime in which the HHG process takes place. The HHG efficiency depen-
dence on the ellipticity of the driving field reveals a less critical dependence than
in atomic gas HHG; the efficiency of the harmonics generated from silicon, gallium
arsenide (GaAs) and magnesium oxide (MgO) decreases with increasing laser el-
lipticity. The generation efficiency is minimal for a circularly polarized driver, yet
not zero. In addition, the linear laser polarization also determines the directions
along which the electron excursions take place during the HHG process. Because
of the atomic arrangement inside the solid and the crystal symmetry, the HHG
efficiency varies along different directions of the crystal. We have demonstrated the
anisotropic dependence of the generated harmonics in different semiconductors on
the laser polarization. Cubic crystals like silicon and magnesium oxide, as well as
zinc-blende semiconductors such as gallium arsenide lead to a harmonic generation
with a fourfold symmetric dependence on the laser polarization. Moreover, as the
harmonic order increases the generation becomes strongly dependent on the angle
between the laser polarization and the crystal axis, since they are generated from
more anisotropic regions of the band structure. Polarization spectroscopy of HHG
in crystals not only encodes fundamental information about the generation mecha-
nism, but also provides a mean to study the properties of the generation medium
and map its band structure. Finally, we have exploited the strong anisotropy in
the polarization dependence of high order harmonics and proposed the Anisotropy
Gating technique as a scheme for the generation of isolated XUV attosecond radi-
ation.

Since the driving laser field propagates inside the medium of generation towards the
exit surface before it generates, it can accumulate linear and nonlinear propagation
effects. These macroscopic effects should be carefully treated; we have confirmed
the presence of the Kerr effect in the spatial and temporal domains of the laser
field in silicon, GaAs and MgO, and explored its effect on the laser properties and
the generation mechanism. In silicon, the self-focusing effect permitted the en-
hancement of the intensity of a nanojoule laser inside a thick silicon sample, which
led to a stronger harmonic signal. In GaAs, the self-focusing was proved to be
stronger along the 'K crystal directions than along the I'X directions. Besides,
theoretical calculations emphasized the important role of the photoionization effect
in GaAs. We have shown that at very high laser intensities, Kerr effect can lead
to self-compression of the laser pulse in the generation medium, which can further
increase the HHG efficiency. This was demonstrated upon the interaction of the
intense driving laser beam with an MgO crystal. In order to eliminate macroscopic
effects, we have investigated HHG in two experimental configuration states, firstly
in transmission geometry from a very thin silicon sample (2 pm), and secondly in
reflection geometry from a GaAs crystal.
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Chapter 5

Enhancement and Spatial Manipulation of
Solid-State HHG

5.1 Introduction and Motivation

One of the great advantages of HHG in crystals, as compared to HHG in atomic
gases, is the additional degrees of freedom provided by the solid-state nature
of the generation medium. Indeed, it can be structured to tailor the harmonic
radiation. In section [5.2, we explore the local confinement and enhancement
of the laser electric field in micrometer sized ZnO cones patterned at the exit
surface of the crystal, which results in an enhancement of high order harmonics.
In section we introduce orbital angular momentum (OAM) to the harmonic
beams by patterning diffractive phase objects on the generation medium, and
by transferring the OAM from the fundamental laser to the harmonics. Finally
in section we perform a Coherent Diffraction Imaging (CDI) experiment
based on harmonic radiation generated from ZnO, to prove the coherence of the
solid-state harmonics and image a micrometer sized structure as a proof of principle.

nJ, MHz

fiber laser
(0.2 TW/cm?)

Confinement up to
5 TW/cm?

Figure 5.1: Motivation scheme of high harmonic generation in nanostructured crystals.
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5.2 HHG Enhancement by Field Confinement in
Nanostructured Cones

5.2.1 FDTD Simulations by Lumerical

The goal of generating harmonics in nanostructured truncated cones is to enhance
the electric field of the laser pulses of nanojoule energies, in order to reach the
intensity range required for efficient high order harmonic generation (figure
[22]. Starting with a maximum intensity at focus provided by a nanojoule laser of
0.2 TW/cm?, the confinement of the laser field inside a nanostructured cone can
boost the laser intensity up to 5 TW/cm?, that is an enhancement factor of 25.

The confinement and enhancement of the electric field in nanostructured cones is
simulated by a commercial solution for FDTD calculations, developed by Ansys
Inc./Lumerical (Appendix [G). The dimensions of the truncated microcones are
optimized to obtain the highest possible enhancement of the electric field. A cross-
section of the simulated microcone along the propagation direction (z) of the laser
field is shown in figure Figures [5.2(b)| and [5.2(c)| summarize the results
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Figure 5.2: Lumerical simulations of the nanostructured ZnO truncated cone. The inten-
sity at the top of the microcone is enhanced by a factor of 25.
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—
obtained from the simulations. The (k) vector denotes the propagation direction

and the (ﬁ) vector represents the laser polarization. Figure shows that
the electric field is confined near the top surface of the truncated cone, where the
modulus square of the laser field |ﬁ|2, i.e. the intensity, is enhanced by a factor of
25. A cross-section in the yx plane (perpendicular to the propagation direction) at
the top surface of the truncated cone shows the intensity distribution with a nearly
Gaussian mode. As a result, given an initial intensity of 0.2 TW /cm?, the laser

intensity can reach a maximum value of 5 TW/cm? in our truncated microcone.

5.2.2 Experimental Setup and Details

The nanostructured cones are patterned by the Focused Ion Beam (FIB) technique.
A description of this technique is found in appendix [H SEM images taken at 0°
and 60° of the patterned truncated cones are shown in figure The NOVAE
laser is employed for the study; a picture of the experimental setup is shown in
figure [5.3(a)l, which was schematized in figure in Chapter |3l The laser pulses
are focused by a 2.5 cm focal length off-axis parabola onto the cones. The harmonics
generated are collected by a 6 cm focal length lens which then focuses them on a
CCD camera and a spectrometer.

SEMat 0°

Off-axis
parabola |}

ST

(a) Sketch of the experimental setup. (b) SEM images.

Figure 5.3: HHG experiment in nanostructured truncated cones. The experimental setup
is shown on the left (figure [5.3(a))) and the patterned cones are shown in the SEM images

on the right (figure [5.3(b)).

5.2.3 Enhancement of Harmonics in the UV-Visible Spectral
Range

To experimentally verify the enhancement of the laser field in our nanostructured
cone we measure the harmonics generated in the microcones and compare their

110



efficiency to the harmonics generated in bulk ZnO at low and high intensities, 0.045
TW /cm? and 0.17 TW /cm?, respectively. The harmonic spectra measured from
the ZnO microcones versus bulk ZnO are depicted in figure At a very low laser
intensity, 0.045 TW /cm?, harmonics up to the 9" order (at 233 nm) are efficiently
generated from the microcones, whereas only harmonic 3 (at 700 nm) is generated
from the bulk (figure (a)). Note that the band edge of ZnO corresponds to a
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Figure 5.4: Enhancement of the harmonic generation in the nanostructured truncated
ZnO cones. The spectra on the left (a) is measured at a laser intensity of 0.045 TW /cm?,
while the spectra on the right (b) is measured at a laser intensity of 0.17 TW /cm?.

photon energy of 3.2 eV, which is the peak situated at a wavelength of ~ 380 nm,
whose tail overlap with that of the 5" harmonic (H5, 2.95 eV). The band edge
emission is an incoherent emission, referred to as fluorescence, which explains why
its spectral envelope does not follow the spectral envelope of the fundamental or
the coherent harmonics. Another strong incoherent signal situated at a wavelength
of ~ 500 nm is detected, which corresponds to luminescence from defect states in
ZnO. At a higher laser intensity, 0.17 TW /cm? (figure (b)), which is almost
the maximum intensity provided by the laser at its focus, harmonics up to the 9"
order are generated in the bulk, however, the harmonics generated in the microcone
are enhanced by one order of magnitude for above band gap harmonics (H9 and
HT7) and by two orders of magnitude for below band gap harmonics (H5 and H3).
Moreover, the incoherent fluorescence is further enhanced in the microcone which
saturates and completely overlaps harmonic 5.

5.2.4 Damage of Truncated Cones

One limitation of solid-state HHG as compared to atomic gas HHG is the damage
of the medium of generation upon laser exposure. This sets a threshold intensity
beyond which the semiconductor crystal will be damaged. Nevertheless, even with
an intensity lower than the threshold intensity, exposing the medium of generation
to laser pulses for a long time can also restructure and damage it. In order to
study the lifetime of our nanostructured cones with this laser system, we monitor
the signals of harmonics 9 and 7, generated from the microcone and from the bulk,
during a time duration of 3 hours. Figure [5.5(a)| and [5.5(b)| reveal the decay of
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H9 (red curve) and H7 (blue curve) signals, respectively, as a function of time.
The harmonic signals, H9 and H7, generated from the bulk are also monitored
within a time duration of 3 hours (black curve in figure . H9 and H7 signals
generated from the microcone show a continuous increase during the first half an
hour after which the signal starts to decrease gradually to reach the value from the
bulk emission. On the other hand, H9 and H7 signals generated from the bulk are
constant throughout the whole 3 hours.
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(a) Decay of H9 signal with time. (b) Decay of H7 signal with time.

Figure 5.5: Temporal evolution of the harmonic emission (H9 and H7), from the ZnO
cone, for a time duration of 3 hours. The harmonic signal generated from the bulk (black
curve) is normalized to the maximum harmonic signal generated from the nanostructured
ZnO cone. The laser intensity is 0.175 TW /cm?.

In order to understand and visualize the temporal evolution of the harmonic signal
generated from the microcones, a set of three identical cones were patterned with
the FIB. The first one is used as a reference and hence not exposed to laser pulses,
while the second and the third are continuously exposed to laser pulses for a time
duration of 30 minutes and 3 hours, respectively. SEM measurements of the top
surface and inner body of the microcones are then performed (figure . The
cone is vertically cut in half by the FIB. In figure SEM images show that
structural modification at the top surface of the cone occurs during the first half
an hour of laser exposure. Two main cracks appear at the surface center of the
cone. Interestingly, those cracks are perpendicular to the linear laser polarization.
Femtosecond laser-induced periodic structures described as ripples, on the surface
of ZnO crystals have been reported in different studies [140), 141]. Note that the
two thin channels along the cone’s central height are a result of the cut with the
FIB, as the highly energetic ions penetrate from the top cracks. The reshaping of
the surface of the cone seems to favor the enhancement of the harmonic signal, and
that could explain its increase during the first half an hour. The restructuring of
the cone persists for longer exposure times, and the top surface of the cone starts
to be ablated and becomes porous. Consequently, the harmonic signal decreases.
The damage at the top surface occurs at the position of the maximum field en-
hancement (figure [5.2(c)]), where the laser fluence in the microcone is boosted up
to ~ 0.2 J/cm?, close to the damage threshold [140]. As compared to the bulk, no
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damage or restructuring is observed at the surface of the ZnO crystal for the same
experimental conditions of input laser intensity and exposure time interval (figure
5.6(d))). This explains why the harmonic signal generated from the bulk remains
constant during the whole 3 hours. Although these nanoemitters have a limited
lifetime, yet they efficiently offer a nanoscale high harmonic source for compact
solid-state EUV sources and applications.

(b) 30 minutes laser exposure.

(c¢) 3 hours laser exposure. (d) Bulk ZnO: 3 hours laser exposure.

Figure 5.6: SEM images at 60° and 0° of the nanostructured cones before and after laser
exposure. No restructuring or damage has been observed on the surface of the bulk ZnO.

5.3 HHG with Orbital Angular Momentum (OAM)

In this section, we report on the generation of harmonic beams carrying an or-
bital angular momentum through two different approaches [26]; first by patterning
diffractive optics on the exit surface of the ZnO crystal (section [5.3.1)), and second
by the transfer of the OAM from the fundamental laser to its harmonics (section
5.3.2). Previous work has already verified the transfer and conservation of the
OAM from the generating laser to the harmonics [142] [143] [144]. Beams carrying
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an orbital angular momentum possess a helical wavefront with a phase singular-
ity at their center, yielding the well-known optical vortices [I45]. Their spatial
profile is thus characterized by a donut-shaped intensity profile. They are usually
defined mathematically by Laguerre-Gaussian functions in the paraxial approxi-
mation [I46]. Orbital angular momentum can be introduced into optical beams
using different elements, such as the common spiral phase plates, fork gratings or
g-plates. With the recent developments of coherent light sources, the generation
of beams carrying OAM have triggered significant investigations on a fundamental
level and for applications [147, 148, 149, 150]. OAM beams in the IR and visible
spectral range have found vast applications in the fields of quantum information,
optical trapping as well as microscopy and spectroscopy. Extending optical vortices
to the XUV and X-ray attosecond pulses allows to bring these applications to the
nanometer and atomic scale, and combine time-resolved studies [151].

5.3.1 Spatial Manipulation of the Generation Medium
5.3.1.1 Patterned Spiral Zone Plates (SZPs)

Spiral zone plates, labelled as SZPs, are diffractive objects that combine beam
focusing, just like an ordinary Fresnel zone plate along with OAM mode conversion
to create optical votices at their focus with an arbitrary topological charge. The
SZPs, considered in this study, are pure phase objects computed numerically by
combining the phase profiles of a helical and a spherical wave. The resulting phase
of the SZP is described by the following relation P = exp(—ilg) exp(i2mrvVR? + r2/)\),
where exp(—ilp) is the azimuthal phase dependence of the OAM wave (I being the
topological charge), A is the wavelength of the spherical wave of radius of curvature
R which determines the focal length of the SZP, and r is the radial coordinate.
All the SZPs that we designed generate optical vortices with a topological charge
[=1. From the computed phase P, two types of etching profile can be defined: the
binary SZP, obtained by the binarization of the phase, P, at 0 and 7, and the non-
binary SZP which corresponds to the wrapping of P within 0 — 27. For below band
gap harmonic energies, the harmonic radiation is generated in the bulk and then
propagates towards the exit surface, so the etching depth d in the crystal can be
defined as d = AP/2m(n — 1), where n is the index of refraction of the ZnO material
at the harmonic wavelength. For instance, the index of refraction of ZnO at the
wavelength of the 5" harmonic (420 nm) is n ~ 2.1.

Binary and Non-Binary Spiral Zone Plates (SZP)

The experimental setup is shown in figure[5.7] It consists of focusing the laser pulses
of our NOVAE laser by an off-axis parabolic mirror (2.5 cm focal length) on the
patterned binary and non-binary spiral zone plates, at the exit surface of the ZnO
crystal. The SZPs are etched by the FIB technique on a 500 pgm thick ZnO crystal.
The diameter of each SZP is 10 yum. The harmonic beam generated in the crystal
propagates and diffracts through the SZP, and consequently the OAM mode is then
created at its focus, set at 6 um from the sample with our design. To image the
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OAM mode at the focus position, a microscope objective lens (numerical aperture
NA = 0.65) is aligned and coupled to a CCD camera.

NOVAE Laser
2.1 um, 85fs, 9 nJ, 18.66 MHz

HWP

Polarizer
Phase
: objects
Iris / Filter
CCD
Camera

Microscope
Objective

Off axis

parabola Sample

Figure 5.7: Schematic representation of the experimental setup to generate and measure
the OAM harmonic beams from spiral zone plates (SZPs).

Figures (a) and (c) show the SEM images of our etched binary and non-binary
SZPs, respectively. The corresponding spatial mode of the 5" harmonic at the
focal plane of the binary SZP is depicted in figure (b). The characteristic
donut-shaped profile is observed though it is imperfect. The main cause of the
imperfect mode is the restricted number of illuminated zones (grooves) of the SZP
that limits an efficient build-up of the diffracted wave at the focus. This is because
the harmonic beam diameter is &= 3 um, so only the central part of the 10 um SZP
is indeed illuminated. One proposed solution would be to increase the number of
illuminated zones, by either increasing the size of the laser beam or decreasing the
zone periodicity. In the first case one has to ensure that the laser intensity stays high
enough to generate high harmonics, however we are limited by the maximum power
delivered by the NOVAE laser, while the latter case would result in decreasing the
focal length of the SZP, thus leading to a tighter focus. Therefore, the design of
the SZP was a tradeoff between the laser energy available and the image resolution
allowed with our objective lens. Another source of imperfection is coming from
the fabrication defaults; the etched depth is about 205 nm, inducing a phase step
about 7% larger than requested. Moreover, the gallium ions contamination and the
ruggedness induced by the etching process with the focused ion beam (FIB) might
have modified the transmittance of the optics. The last source of imperfection is
coming from residual aberrations in the generating laser and misalignments. In
comparison to the result obtained from the non-binary SZP (figure (d)), the
measured donut-shaped intensity profile of harmonic 5, with a radius of 380 nm, is
better defined. This non-binary SZP is based on the principle of a Fresnel lens, so
it does not suffer from the problem of limited number of illuminated zones. Yet,
due to small errors in the etching depth, it also shows a diffractive behavior with
the presence of diffraction orders, visible as the parasitic signal surrounding the
main mode similar to the binary SZP. One improvement could be to design instead
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spiral zone plates that are pure amplitude objects; this means that instead of the
etched step of the phase SZP one can deposit gold or silver or even pollute the
surface in a SZP form. The advantage of an amplitude spiral zone plate is that
it eliminates etching defaults and structural modifications induced by the driving
laser. In addition, waveguiding effects of the laser field in such phase structures,
such as the one exploited in the nanostructured cone, can limit an appropriate
diffraction of above band gap harmonics that are generated within the last few tens
of nanometers of the structure.
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Figure 5.8: Spatial intensity distribution of harmonic 5 (420 nm) at the focal plane of the
binary (a) and the non-binary (c) spiral zone plates, etched at the exit surface of the ZnO
crystal.

Binary and Non-Binary Off-Axis Spiral Zone Plates (OA-SZP)

Off-axis spiral zone plates, labelled as OA-SZPs, are another type of SZPs that are
designed by considering a transversal shift between the centers of the spherical and
helical waves. We design our OA-SZP with a shift of 6 ym for a radius of curvature
of 10 pm. As a result, unlike the previous on-axis SZPs, the diffraction orders are
focused and spread along a horizontal axis. For instance, the first diffraction order
is tilted by an angle of 31° from the main optical axis. Hence, to image it, the
microscope objective is placed at 31° from the propagation axis, as can be seen in
the experimental sketch in figure Similarly, both binary and non-binary OA-
SZPs can be achieved. SEM images of our etched binary and non-binary OA-SZPs
are shown in figure (a) and (b), respectively. These have been particularly
designed at the wavelength of harmonic 5 (420 nm) and to obtain a topological
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Figure 5.9: Schematic representation of the experimental setup to generate and measure
the OAM harmonic beams from off-axis spiral zone plates (OA-SZPs).

charge of 1. The resulting intensity distribution, in the focal plane of the first
diffraction order of the 5*® harmonic, is shown below each of the corresponding
SEM images of the OA-SZPs in figure Compared to the previous binary on-
axis SZP, the mode quality (figure (a)) is significantly improved, because the
off-axis design leads to a larger density of illuminated zones in the center of the
optics, hence optimizing the diffracted signal. Moreover, because the diffraction
orders are spatially separated, there are no parasitic signals surrounding the main
mode. For properly chosen parameters, beams from different harmonic orders can
be split as well. OAM beams from adjacent harmonic orders are generated from
the same SZP and share the same topological charge. However, the efficiency in
our case is rather low, because the etching is not optimized for a broad wavelength
range. For the non-binary off-axis SZP (figure (b)), the blazed grating profile
optimizes the flux diffracted in the first order, which contains 76% of the detected
photons, when this number is only of 9% for the binary case.

Characterization of the Optical Harmonic Vortices

To measure and verify the topological charge of the 5*" harmonic optical vortex, we
perform interferometric measurements in which a reference beam interferes with the
OAM beam. This reference beam is provided by the zero order that spreads over
the first order by means of a knife-edge, as depicted in figure The resulting
interference mode (shown on the right) possesses a fork grating pattern with one
bifurcation, as emphasized with the white-dashed line on the mode; one fringe splits
in two, yielding a topological charge of 1. This confirms the generation of the 5%
harmonic optical vortex with a unitary topological charge (I = 1).
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Figure 5.10: Spatial intensity distributions of harmonic 5 (420 nm) at the focal plane of
the binary (a) and the non-binary (b) off-axis spiral zone plates etched at the exit surface
of the ZnO crystal.
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Figure 5.11: Knife edge method to characterize the 5" harmonic optical vortex generated
from the off-axis spiral zone plate (OA-SZP).

5.3.2 OAM, from the Fundamental Laser to the Harmonics

In this study, we consider the generation of harmonics carrying an orbital angular
momentum by means of a Laguerre-Gaussian driving laser field in a bare ZnO
crystal. In this case, the laser beam initially carrying an OAM of topological charge
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Iy transfers the OAM to the generated harmonics by obeying the law of conservation
of orbital angular momentum. This means that the generated harmonics carry an
OAM of topological charge g, that is multiple of the harmonic order (¢) according
to the following relation: Iy, = g x .

Experimental Details

The experiment was conducted at Institut d’Optique Graduate School (IOGS) in
2018 at Palaiseau. A sketch of the experimental setup is shown on the left of
figure An OPCPA laser system emitting a signal beam at a wavelength of
1.55 pum, 80 fs pulse duration, 125 kHz repetition rate and ~ 2 uJ pulse energy is
employed for the study. The initial Gaussian laser beam is converted to a Laguerre-
Gaussian mode via a g-plate [152]; resulting in a beam carrying an orbital angular
momentum with a unitary topological charge (Iy = 1). A g¢-plate is a phase retarder
element with spatially variable optical axes orientations. The g-plate used in the
experiment is a variable spiral plate (VSP), from ARCoptix company, composed of
a liquid crystal. The output polarization is determined by the input polarization
and the phase retardation which can be adjusted by a bias voltage. For an input
beam with a circular polarization and a phase retardation of 7, the ouput beam is
circularly polarized and carries a topological charge of 1. In our experimental setup,
figure the first quarter-wavelength plate (QWP) serves to set the input beam
to circular polarization, while the second QWP (after the g-plate) sets back the
polarization to linear, which is the polarization state recommended for an efficient
harmonic generation in ZnO. The laser is focused by a 5 cm focal length off-axis
parabolic mirror near the rear surface of a 500 um thick zinc oxide crystal. The
calculated intensities at the focus range from 0.2 to 1.5 TW /em?. An aspheric lens,
with a numerical aperture NA = 0.63, and a CCD camera are used to image the
harmonic beams at the exit of the crystal.

Results and Discussions

The spatial modes of the fundamental beam and the generated harmonics H3 (517
nm), H5 (310 nm) and H7 (221 nm) imaged at the exit of the crystal are displayed
on the right of figure The modes show the expected donut-shaped intensity
distribution with a radius of about 15 pm. Notice that the thickness of the rings
decreases with an increase of the harmonic order. This is a result of the nonlinear

response to the annular fundamental intensity distribution in the sample; the har-
2

monic field Ey is proportional to the fundamental field E¢ o< e_w%, En «

therefore the harmonic beam waist is reduced, following the relation: wyg = %.
Moreover, the imperfections in the fundamental mode are enhanced for high har-
monics, which results in a decrease of the Laguerre-Gaussian mode purity.

Characterization of the OAM Harmonic Beams

To determine the topological charge of each mode we performed self-referenced
spatial interferometric measurements [153]. The principle is illustrated in figure
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Figure 5.12: Left: Sketch of the experiment setup to prove the transfer and conservation
of the OAM from the fundamental laser to the harmonics. Right: Experimental results
of the spatial modes of the fundamental, and harmonics 3, 5 and 7 measured at the exit
surface of the ZnO crystal.

(a). A part of the donut-shaped mode, mainly its arc, is aligned to hit and diffract
from a rectangular slit (15 x 1 pm in size) which is patterned on the exit surface
of the crystal, as demonstrated in the figure. At a distance of about 100 pym from
the crystal, the diffraction of the local field from the slit spreads over the harmonic
beam which is not affected by the slit and that propagates outside the crystal.
The slit is small enough with respect to the OAM mode such that the diffracted
wavefront does not contain any phase singularity, and can be approximated by a
spherical wavefront. Interference of the latter with the helical wavefront of the main
OAM beam produces a characteristic fork grating pattern, as depicted in figure [5.13
(b). The topological charge of the mode is deduced directly from the number of
bifurcations, which are emphasized on the figure by the small white dashes. Figures
5.13| (c) and (d) display the experimental results for the 3' and 5" harmonics,
respectively. For harmonic 3 (figure m (c)), one fringe splits in 4 fringes which
gives a topological charge of 3, lg; = 3, while for harmonic 5 (figure (d)),
one fringe splits in 6 corresponding to a topological charge of 5, [y, = 5. These
results validate the multiplicative rule of the OAM transfer from the generation
laser to the harmonics. Note that, the measurements are obtained with laser peak
intensity estimated (in vacuum) to be 0.8 TW /cm?, which corresponds to a Keldysh
parameter near the tunneling limit of strong-field ionization [43]. As a conclusion,
in this highly nonlinear regime, the orbital angular momentum conservation rules
for harmonics below and above the ZnO band gap (E; = 3.3 eV) are still obeyed
by the mechanisms of HHG in semiconductors.
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Figure 5.13: Measurement of the topological charge of the OAM harmonic modes using
self-referenced interferences via a patterned slit (a). Simulation (b) with the experimental

parameters of the self-referenced interferogram for harmonic 5. Experimental results of H3
(¢) and H5 (d).

5.4 Solid-State Harmonic Source Applications

5.4.1 Coherent Diffractive Imaging (CDI)

The past two decades have marked successful achievements in the field of lensless
imaging, in particular the coherent diffractive imaging technique (CDI), that was
pioneered at CEA Saclay in 2009 in single-shot using gas HHG [154] [155], 156}, [157].
In a CDI experiment, a micrometer or nanometer sized sample is illuminated by
a coherent XUV radiation that scatters from the sample, and creates a diffraction
pattern which is collected by a detector. The measured diffraction pattern is then
provided to a phase retrieval algorithm. The algorithm basically does the job of a
normal lens; Fourier transforming the reciprocal space diffraction from the object
to a real space image of the object. In general, two parameters are needed to
reconstruct an image from a diffracted radiation, namely the amplitude and the
phase. In CDI experiments, the amplitude is the measured signal of the diffraction
pattern. However, the field spatial phase is unknown, because spatial detectors
in this energy range are only sensitive to field intensity. Therefore, algorithms
have been developed to retrieve the missing phase. Basically, the algorithm starts
with a random phase, associated with the experimental diffraction pattern. It then
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alternates from the reciprocal space to the real one, applying known constraints.
The standard constraints are the measured intensity and the sample size. Finally,
the exit field from the sample is reconstructed, leading to a high resolution image
of the sample transmittance [I5§].

We perform a CDI experiment in which the coherent source used is a harmonic
beam emitted by the previously patterned ZnO nanostructured cones (section .
The experimental setup is shown in figure Harmonic beams are selected by
transmission bandpass filters, mainly of harmonic 3 (H3) and harmonic 5 (H5),
which are then focused by a lens onto a cross-shaped sample. The sample, shown in
the SEM image in figure was patterned by the focused ion beam (FIB) milling
on a very thin opaque membrane composed of 75 nm of SigN4 and 150 nm of Au.
Due to the high divergence of the scattered radiation, the sample is placed very
closely to the CCD camera. The diffraction pattern of the 3™ and 5*" harmonics

NOVAE Laser
2.1 pm, 85fs
9 nJ, 18.66 MHz

Generating
Sample | ons

Mirror
Off axis

parabola

e Filter

Lens

Imaging
sample

cMOSs
Camera

Figure 5.14: Coherent Diffraction Imaging experimental setup from solid-state harmonics.

collected by the CCD camera are shown in figure |5.15(a)| and [5.15(b)|, respectively.
After subtracting the background noise, the diffraction pattern of H5 is provided to a
Hybrid input output (HIO) phase retrieval algorithm for image reconstruction. The
reconstructed image is shown in figure[5.16] It is obtained by a coherent average over
50 independent runs of the algorithm, around 500 iterations each. From the phase
retrieval transfer function criterion, the spatial resolution is estimated to be 1.6 pm.
This CDI experiment was limited by the low number of photons of harmonic 5, due
to the limited maximum intensity reached by the nanojoule NOVAE laser, which is
0.2 TW/cm?. Nevertheless, the CDI demonstration here assures the coherence of
the harmonics generated in solid crystals and proves that they are suitable sources
for imaging applications. An exclusive and interesting CDI experiment based on
solid-state HHG could be to image a sample that is itself the source of high harmonic
emission. In such a case the generated and diffracted harmonics from the sample to
be imaged are directly collected. This would lead to high resolution images (as the
resolution limit is set by the wavelength) without the need of short wavelength laser
sources. Lensless imaging applications based on solid-state high harmonics could
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Figure 5.15: Diffraction patterns of harmonic 3 (700 nm = 1.77 eV) (figure [5.15(a)|), and
harmonic 5 (420 nm = 2.95 eV) (figure |5.15(b)|), from the sample.

Figure 5.16: Reconstructed cross structure from the diffraction pattern of H5.

be extended to the ptychography technique [I59]. Similar to the CDI technique,
ptychography is also a computational imaging method. However, the ptychography
technique requires several diffraction patterns obtained by scanning the sample
in the xy plane relative to the beam focus; hence acquiring a set of consecutive
diffraction data on different positions on the sample, where each two consecutive
focus positions must be overlapping. As a result, ptychography allows imaging
bigger dimensions of large-sized specimens with no loss of resolution.

5.5 Conclusion and Perspectives

5.5.1 Conclusion

To sum up, the studies explored in this chapter aimed at manipulating the solid-
state generation medium. First, we investigate the local confinement and enhance-
ment, by a factor of 25, of a nanojoule laser field in a nanostructured ZnO truncated
cone, which potentially led to the enhancement of the harmonic generation even at
low electric field strengths. At a low laser intensity (0.045 TW /cm?, calculated in
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vacuum) harmonics up to the 9" order were efficiently generated in the ZnO cones
while only harmonic 3 was generated from the bulk. This avoids the need for expen-
sive and large laser amplifiers, and proves the capability of a modest femtosecond
oscillator to generate high order harmonics in crystals. Second, we manipulate the
fundamental properties of the harmonics generated from bulk ZnO by inducing an
orbital angular mometum with an arbitrary topological charge, through patterning
diffractive phase objects at the exit surface of the sample. The diffractive phase
object is itself the source of the harmonic radiation and the optics component that
creates the OAM mode. Moreover, we proved that the conservation rules of or-
bital angular momentum are obeyed by the HHG mechanisms in crystals. Indeed,
the multiplicative rule of the harmonic’s topological charge, Iy = ¢ X I, was valid.
In addition, we verified the coherence of the harmonics generated from ZnO by
performing a CDI experiment based on the generated 5" harmonic beam as the
radiation source, and demonstrated that HHG in crystals is a good candidate for
table-top nanoscale imaging applications. The studies carried out in this chap-
ter lead to the development of fully-integrated compact solid-state emitters and
sources of optical votices, that sets a basis for a new branch of ultrafast solid-state
optoelectronic devices.

5.5.2 Future Perspectives
Photoemission Electron Microscopy (PEEM)

Spatial and spectroscopic correlation between emitted electrons and photons would
assist in the fundamental understanding of the HHG mechanism in crystals. This
could be achieved by studying the hot electron emission via photoemission electron
microscopy (PEEM). A first PEEM attempt, with our ZnO truncated cone as the
sample, was realized in collaboration with Ludovic Douillard at CEA Saclay. Pho-
toemission electron microscopy measurements are carried out on a LEEM/PEEM
IIT instrument (Elmitec GmbH) operating under ultra-high vacuum conditions.
The laser source is a mode-locked Ti:sapphire oscillator with wavelength range 680
nm-1000 nm, repetition rate 80 MHz and pulse duration 130 fs. The ZnO cone is
back illuminated by a 775 nm pulsed laser beam at an angle of incidence of 45°, and
the emitted electrons from the top of the cone are collected and analyzed. A prelim-
inary photoemission electron microscopy (PEEM) measurement is shown in figure
5.17(a). The spatial resolution of the image is about 35 nm. The PEEM image
shows a central bright spot which corresponds to the strong field electron emissions
with energies ranging from 6 to 12 eV. The source size is 590 nm measured at
full-width half-maximum (FWHM). Notice that the hot electrons are emitted at
the position of the maximum local field enhancement (figure . On the other
hand, the nanoscale local field enhancement results in a nanoscale harmonic source
localized at the position of maximum enhancement, with a mode size of 800 nm at
FWHM, measured here particularly for harmonic 7 (H7), as shown in figure[5.17|(b).
This is a clear signature that the harmonic emission during the HHG process is spa-
tially correlated to the electron emission. The PEEM measurement further confirms
the electric field localization at the top of the microcone by measuring the spatial
distribution of the hot electrons emitted during the strong-field interaction. This
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Figure 5.17: (a): Photoemission electron microscopy (PEEM) image of hot electrons
emitted at the top surface of the cone, at a laser excitation wavelength of 775 nm. The
spatial resolution is 35 nm. (b): Spatial mode of H7 at the top surface of the nanostructured
cone, measured via a microscope objective. H7 mode size is measured to be 800 nm at
FWHM. The top and base of the cone are highlighted.

also illustrates the potential of our semiconductor waveguide to create nanoscale
source of hot electrons. Preliminary measurements of the energy distribution of
photoemitted electrons is shown in figure [5.18] At an excitation wavelength of 725

Intensity (a.u.)

Figure 5.18: Spectrum of the photoemitted electrons at an excitation wavelength of 725
nm (preliminary result).

nm (1.7 eV) and selecting a narrow energy part of the electron spectrum for anal-
ysis, the energy distribution of the electrons shows two main peaks. Interestingly,
the energy seperation between the two peaks (6E) ~ 1.33 eV is very close to the
photon energy of the excitation laser (the exact energy calibration of the spectrum
is still underway). This clearly reminds above-threshold ionization (ATP), a process
long identified in gas phase strong-field interaction. The signature of ATP peaks
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reveals that the process is driven by the strong laser field at the sub-optical cycle
level. We believe that the coherent nature of the HHG process offers the possibility
of tailoring a nanoscale attosecond electron source from nanostructured semicon-
ductors. Future investigations linking the HHG and the PEEM results, with deeper
analyses, could correlate the harmonic emission to the electron emission and give
more insight into the HHG process. Another exciting initiative would be to explore
the intensity and polarization dependences of the emitted hot electrons.
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Chapter 6

Conclusion and Perspectives

Conclusion

In this work we investigated high harmonic generation in graphene, a 2D material,
and in different 3D semiconductor crystals such as ZnO, silicon, GaAs and MgO.
We studied the dependence of the generation process on the driving laser properties
such as its intensity, polarization and ellipticity. Besides, by manipulating the
generation medium, we were able to tailor the properties of the laser and the
generated harmonics. For a simple illustration, figure points out the photon
energy of our maximum detected high order harmonic as a function of the driving
laser wavelength, achieved in this thesis with respect to the state-of-the-art (figure
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Figure 6.1: The HHG detection of this thesis’s experiments with respect to the state-of-
the art, marked in red stars for harmonics generated in air, and in blue for XUV higher
order harmonics.
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In chapter harmonics up to the 5% order of a 2.1 ym driving laser beam
were generated from different graphene layers on a quartz substrate. The interac-
tion of the intense laser with the graphene samples imposed two major challenges;
the broadband fluorescence signal which dominates in the UV-Visible spectral
range (2 - 6 eV), and the rapid damage of the samples preventing systematic and
statistical measurements. The fluorescence signal due to the rapid scattering of
nonequilibrium photoexcited carriers couldn’t be avoided with our relatively long
pulses preventing the detection of harmonic orders higher than the 5" order. Laser
induced ablation on the graphene samples was verified by Raman measurements
and SEM images. The damage rate was less than a second even at very low laser
intensity, 0.043 TW /cm?. We proved that the oxidation of the graphene layers was
a leading factor for the damage upon laser exposure in air. By isolating graphene
in Ny gas, an oxygen free ambiance, the decay time of the harmonic signal was
increased to few minutes (~ 3 mins). Nevertheless, we studied the dependence of
the 5 harmonic generated from trilayer graphene on the laser intensity, ellipticity
and polarization. Experimental measurements reavealed that the generation
efficiency of H5 has an isotropic dependence on the laser polarization, as it is
generated from the isotropic conical region of the band structure of graphene. This
was confirmed by TDDFT simulations, which further showed that higher order
harmonics such as the 7 and the 9" orders exhibit an anisotropic dependence on
the laser polarization, particularly a sixfold symmetry, which reflects the hexagonal
crystal symmetry of graphene. Finally, we reported for the first time on the
harmonic generation, up to the 5" harmonic order, from trilayers of freestanding
graphene.

In chapter [4] we investigated HHG in different semiconductor crystals, mainly zinc
oxide (ZnO), silicon (Si), gallium arsenide (GaAs) and magnesium oxide (MgO).
These crystals have different structural, linear and nonlinear optical properties. We
explored the HHG mechanism for different experimental conditions of the driving
laser and generation medium. An entangled relation between the laser parameters
and the crystal properties determines the HHG process. In a ZnO crystal, below
bandgap perturbative harmonics and nonperturbative above bandgap harmonics
generated in energy regions close to the bandgap revealed an isotropic efficiency
with the laser polarization direction. However, in silicon, a fourfold symmetry
in the polarization dependence of the generated harmonics was observed, which
reflects the cubic crystal structure of silicon. A comparison between the harmonic
generation from a nanojoule pulse energy laser in a 2 pym and a 300 pm thick
silicon samples, displayed a higher efficiency in the latter case. We attributed this
result to the Kerr effect in the spatial domain, i.e. the self-focusing of the laser
beam. However, this effect significantly altered the HHG process at higher laser
intensities in which the harmonic generation efficiency became lower in the thick
sample than the thin one, and different dependences on the laser polarization was
observed. Moreover, we explored the harmonic generation in the deep-UV and
visible spectral range generated from gallium arsenide, a low bandgap semiconduc-
tor with high linear and nonlinear optical properties. A special feature of HHG
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in GaAs is the change in the polarization dependences of the nonperturbative
harmonics, mainly harmonic 3 and harmonic 5, at different laser intensities. We
proved that the nonlinear propagation effects, mainly self-focusing and absorption
of the laser are not the reason behind this observation. Theoretical calculations
confirmed the presence of the photoionization and the self-phase modulation
effects in the GaAs sample, however no difference was observed between the main
crystal axes. Avoiding nonlinear propagation effects was achieved by carrying
out the HHG in GaAs experiment in reflection geometry. The backward reflected
harmonics originating only from the microscopic response of the HHG process,
also exhibited different polarization dependences with the laser intensity, similar
to the transmission case. This presents HHG in crystals as a tool to obtain
information about the band structure of the generation medium [74), [134] and map
generated petahertz electron currents [59]. Besides, we have also investigated HHG
in magnesium oxide (MgO) and chromium-doped MgO samples in the UV-visible
spectral range. Transmission measurements showed a decrease in the band gap
energy as the doping level increases, however, the generation efficiency of the
harmonics generated in air from the undoped and the doped samples was the same.
In addition, no change in the polarization and ellipticity dependences was reported.
Interestingly, we have exploited nonlinear effects, in the temporal domain, in these
MgO crystals to achieve self-compression of the laser pulses with an appropriate
compensation of the initially chirped pulses, thus shortening the pulse duration to
around 20 fs. Finally, we demonstrated the strong anisotropy of vacuum harmonics
generated from MgO of photon energies > 10 eV, and exploited this dependence
as an angular gate to generate attosecond XUV radiation through the Anisotropy
Gating technique. Preliminary results of this technique revealed a decrease in the
harmonic efficiency and a significant broadening and modulation of the harmonic
spectrum, an indication of the driven HHG process by only few optical cycles.
The Anisotropy Gating technique is currently still under deeper investigations.
Primarily, a compression stage is being set to compress the laser pulses of the signal
beam (1.78 pm) down to ~ 20 fs, in order to decrease the number of optical cy-
cles aligned with the best crystal axis which favors the highest generation efficiency.

In chapter we exploit the 3D nature of the zinc oxide (ZnO) generation
medium to enhance the intensity of a nanojoule energy laser by confining the
laser pulses in a single nanostructured truncated ZnO cone. The maximum laser
intensity provided by the laser, 0.2 TW/cm?, is enhanced by a factor of 25,
which leads to efficient generaton of high harmonics up to the 9™ order (5.3 eV
photon energy). This presents an alternative to large and expensive amplifiers
usually needed to reach the high intensities that are required for the HHG process.
Moreover, we also illustrated the potential to alter fundamental properties of the
generated harmonics, specifically introducing orbital angular momentum, through
the manipulation of the generation medium at the harmonic source. This was
accomplished by patterning spiral phase objects, binary and nonbinary spiral
zone plates, at the exit surface of the ZnO crystal. The generated harmonics get
diffracted by these phase objects, which combine focusing of the harmonic beam
while introducing an OAM mode. The spatial characterization of the harmonic
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mode at the focus of the SZP which is at few micrometers (~ 6 um) from the
exit surface of the sample revealed a donut-shaped intensity profile. In addition,
we also proved the laws of conservation of orbital angular momentum during the
HHG process in crystals in the strong field regime. The HHG process driven by
a laser beam carrying an orbital angular momentum with a topological charge (1)
of 1, gave rise to high harmonic emission with harmonics carrying a topological
charge which is proportional to their harmonic order (q), [; = ¢ x [. Finally, we
demonstrated the spatial coherence of solid-state harmonics through the Coherent
Diffraction Imaging (CDI) technique, using the 5'" harmonic of the 2.1 pm driving
laser generated from the ZnO cone, to illuminate and image a microstructure.

Future Perspectives

High Harmonic generation in unconventional materials

High harmonic emission in crystals originates from ultrafast petahertz carrier dy-
namics in the crystal band structure. On this basis, research can be built upon
this particular fundamental field to develop optoelectronic devices operating at
petahertz frequencies from standard semiconductors (MgO, SiO2, ZnO, Si) to un-
conventional ones, such as strongly correlated materials like vanadium dioxide, or
topological insulators. An interesting feature of vanadium dioxide is that it under-
goes a reversible metal-insulator phase transition. Therefore, HHG in such materials
can provide a petahertz switch, as their phase transition (insulator<smetal) can be
initiated by the driving laser of the HHG process.

Other remarkable and promising materials that have attracted the scientific commu-
nity are transition metal dichalcogenides (TMDs) such as monolayers of molybde-
num disulphide (MoS2) and tungsten diselenide (WSez). TMDs are atomically thin
semiconductors that have “valleys” i.e. local minima in their band structure. They
are currently known as valleytronic systems as their “valleys” can offer the abil-
ity to store and process information. Ultrafast carrier dynamics in transition metal
dichalcogenides driven by SAM (spin angular momentum) or OAM laser pulses pro-
mote switching of their intrinsic quantum properties, particularly the valley pseudo
spin at the subcycle level [160], which consequently enables the petahertz switch-
ing of encoded information. This paves the way to fast lightwave valleytronics
which could take the lead in semiconductor technology. Understanding strong field
processes in such materials requires temporal characterization of the attosecond
electron dynamics. This could be achieved by the RABBIT technique (Resolution
of Attosecond Beating By Interference of Two-photon transitions) [161} [162] which
provides access to the temporal phase and duration of the electronic processes.
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Appendix A

Beam Size Measurements and Intensity
Calculations

Given a Gaussian pulsed laser beam of pulse duration 7, its intensity at the focus
is defined as:

I(r,t) = Tpe="n2(F)" —4n2()" (A1)

where I' is the beam size at full-width half-maximum (FWHM) at the focus position.
The energy stored in this pulse is then given by:

+o00 27 o0

E= [ IdAdt= Irdrdédt (A.2)
Jrasa= [ []

—oo 0 O

For laser pulses at a repetition rate RepRate and average input power P,,, the
pulse energy is also calculated as:

Pav

= A.
RepRate (A-3)

By solving equation and integrating equation the peak laser intensity at
the focus of the Gaussian beam is:
Paﬂ)

I=0.83 A4
7 x RepRate x I'2 (A4)

The electric field strength Eg is then calculated according to the following equation:

I = %6()an0 (A5)
where €y, ¢ and n are the electric vacuum permittivity, speed of light in vacuum,
and index of refraction of the material, respectively.

To experimentally estimate the laser beam size before focus, we measure the laser
power for different iris apertures, which is set in the beam path before the first
focusing lens for alignment. The plot of the power of the NOVAE laser (2.1 pm
wavelength) as a function of the iris radius is shown in figure The power of a
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Figure A.1: NOVAE laser power versus the iris radius.

collimated Gaussian beam passing through an aperture of radius r, P(r), is given

by:

P(r) = Py(1 — e 27°/%)

where w is the beam waist. By subtracting the graph (i.e. P(r)) from the maximum
measured power (Fy) and taking the mirror image of it, we obtain the black curve on
the left of figure which corresponds, from equation to a Gaussian distribu-
tion proportional to the laser intensity: Pye™2""/%* = Py — P(r) o< I(r). The beam
waist (w) is then extracted by fitting the plot with a Gaussian function through the

Origin software.

(A.6)
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Figure A.2: Beam size measurement of the NOVAE laser. The beam waist before focus

is 3.35 mm, and its size at FWHM is 3.94 mm.
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Finally, the beam waist at the focus and the beam size at FWHM are calculated
as:

Af
W focus = @ (A?)
T = Wroeus /2 I(2) (A.8)

where A and f are the laser wavelength and focal length of the focusing optics,
respectively.
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Appendix B

NOVAE Laser System

The description of the NOVAE laser system was detailed by Jean-Thomas Gomes
from the NOVAE company.

The approach for production of high-energy mid-infrared pulses relies on generating
a train of temporal solitons at a short wavelength and tuning its carrier frequency
towards the spectral region of interest in nonlinear optical fibers via intrapulse stim-
ulated Raman scattering. In a Raman-active medium such as fused silica, the high-
frequency part of sub-picosecond pulses is absorbed while the low-frequency part is
amplified, yielding a continuous red-shift in the pulse carrier frequency. Fundamen-
tal solitons are stable in standard single-mode fibers for nanojoule energy, which is
however insufficient for high harmonic generation in solids. In order to build a laser
delivering high-energy 100 fs pulses in the mid-infrared, the company implements
the concept of nonlinear femtosecond master-oscillator power-amplifier in a fully
fusion-spliced fiber format. The experimental setup is depicted in figure

Multimode
pump diode
793 nm

Solitonic pulse train:

162 mW, 85.4 fs, 2103
nm, 18.66 MHz

Master oscillator
5mW, 1.3 ps,
1910 nm, 18,66 MHz

Large mode area Raman
Thulium-doped frequency-
fiber shifting fiber

Multimode
pump combiner

Figure B.1: Laser experimental setup

The seed mode-locked thulium-doped fiber oscillator delivers a train of 1.3 ps hy-
perbolic secant squared (sech?) shaped pulses centered at 1910 nm with a repetition
rate of 18.66 MHz. The average power is 4 mW, corresponding to E = 0.2 nJ. In
order to increase the energy to levels appropriate for high harmonic generation in
solids, the pulses are further amplified in a cladding-pumped amplifier based on
LMA TDF. The pulse energy is directly amplified to tens of nanojoules. Multisoli-
tonic effects lead to the pulse fission followed by ejection of high-energy (8.7 nJ)
sech? pulse frequency-shifted up to 2100 nm. The laser spectrum with 2103 nm
peak wavelength is measured with an optical spectrum analyzer (AQ6375, Yoko-
gawa, Japan) and displayed in figure The average power of the pulse train
is 162 mW with a linear polarization state (PER>15dB). The autocorrelation trace
of the output pulse after the filter is recorded using a second-harmonic generation
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autocorrelator (FR-103XL, Femtochrome Inc., USA), and the results are plotted in
figure The deduced FWHM pulse duration is 85.4 fs assuming a sech? pulse
shape. The estimated pulse peak power is thus 101.6 kW. Finally, the stability of
the laser (figure is analyzed. The variation in average power over a period
of seven hours is below 0.5% rms. The laser footprint is 56 cm X 57 cm x 43 cm.
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Figure B.2: Results of the NOVAE laser pulse characterization.

136



Appendix C

OPCPA Laser System at IOGS

The OPCPA, acronym for Optical Parametric Chirped Pulse Amplification, con-
cept allows high energy laser pulses by amplifying chirped pulses. The OPCPA
laser system employed during the beamtime in 2018 was developed by the group of
Marc Hanna at the Institut d’Optique Graduate School (IOGS), at Palaiseau. The
system is seeded by a femtosecond ytterbium-doped fiber amplifier system (Tan-
gerine, from Amplitude Systémes), delivering laser pulses of 400 pJ energy, 400 fs
pulse duration at 125 kHz repetition rate and 1.03 pm central wavelength. The
output of the system is a signal beam centered at 1.55 ym wavelength, 20 pJ pulse
energy and 49 fs pulse duration, and an idler beam centered at 3.07 um wavelength,
10 pJ pulse energy and 72 fs pulse duration. A detailed description of the OPCPA
laser system can be found in [163].

For the beamtime in 2019, the group modified the system by using a multipass cell
(MPC), in the net anomalous dispersion regime, to take advantage of soliton dy-
namics and self-compress the laser pulses generated by the OPCPA [164]. The MPC
is introduced in the beam path of the Signal beam at 1.55 pm central wavelength.
The nonlinear propagation of the laser pulses in the MPC leads to the compression
of the 19 uJ, 63 fs pulses down to 22 fs pulse duration, with 14 pJ pulse energies
and a transmission of 73%.
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Figure C.1: Experimental setup of the OPCPA system at IOGS in 2019. Taken from

[164].
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Appendix D

OPCPA Laser System at CEA Saclay

The OPCPA laser system installed in our laboratory at CEA, Saclay (June 2019)
was developed by Fastlite. The pump laser is a Tangerine provided by Amplitude
Systemes which is characterized by the following;:

Central wavelength = 1030 nm

Pulse duration < 350 fs

Repetition rate = 100 kHz

Power > 20 W

Pulse energy > 200 pJ

M2 factor < 1.3
A Dazzler system from [Fastlite is inserted in the OPCPA setup for better, cleaner
and shorter pulses The output Signal and Idler beams are spectrally measured at
central wavelengths of 1.78 pm and 2.42 um, respectively. An important feature of
this laser system is that the signal beam is CEP stable. The characteristics of the
Signal and Idler are summarized in table [D.I] below.

| signalOutput Idler Output

Central wavelength 1780 nm 2422 nm

Average power 1.65W 1.29 W

Repetition rate 100.2 kHz 100.2 kHz

Pulse duration FWHM 38.4fs 60 fs

Pulse-to-pulse stability (over 1 second) 1.13% 23%

CEP stability (over 1 hour) 120 mrad NA mrad

Strehl ratio >0.743 0.743

Pointing stability X:2.4, Y:4.4 (urad rms/°C)  X:0.8, Y:0.7 (urad rms/°C)

Figure D.1: Characteristics of the signal and idler beams of the OPCPA system as pro-
vided by Fastlite.
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Appendix E

Detection System

PCO Ultraviolet Camera

The image sensor is a CCD, charged coupled device, with a chip size of 1392
x 1040 pixels. The pixel size is 4.65 ym x 4.65 pm. The camera’s quantum
efficiency over the ultraviolet to near-infrared range is shown in figure below.
Its operating temperature is between 10°C and 35°C. During our HHG experiments,
it was operated at ambient conditions of temperature and pressure. To optimize
the detected signal, we vary the integration time and the binning options.
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Figure E.1: Quantum efficiency of the PCO ultraviolet camera.

Imaging Source Camera

The Imaging Source Camera was used to study the spatial mode of the fundamen-
tal infrared beams. The image sensor is a CMOS, complementary metal oxide
semiconductor. For long wavelength laser beams (near-IR wavelengths), the imag-
ing is based on a two-photon absorption in a silicon detector. Therefore, the real
size of the image is larger than the measured one by a factor of v/2. The chip size is
744 x 480 pixels with a pixel size of 6 yum x 6 pum. Its operating temperature range
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is —5°C to 45°C. During our experiments, it was operated at ambient conditions
of temperature and pressure.

Spectrometers

QE Pro series from Ocean Insight

This high sensitivity spectrometer was used for spectral characterization of the
harmonics generated from solid crystals at ambient conditions. It consists of a UV-
VIS dual blaze grating with groove density of 300 grooves/mm. Its polarization
efficiency is reported in figure
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Figure E.2: Polarized efficiency of the grating of the QE pro spectrometer used in the
UV-VIS spectral range.

Diffraction Grating for vacuum HHG experiment

The dispersive diffraction grating used in the vacuum HHG experiment (Chapter
section is a concave corrected grating bought from McPherson Inc. It is
platinum (Pt) coated with groove density d = 2400 grooves/mm. This grating
is designed to be used in a vacuum monochromator (Model 234/302), such that
the total angle between the incident beam and the reflected focused one is well-
defined and has to be set to 64°, in this case a + || = 64°. The experimental
configuration is shown in figure The focal plane of the grating is 20 cm. The
grating’s dimensions are 40 x 45 mm. The wavelength of the spectrum is calculated

following equation [165]:
mA = 2d cos(K) sin(¢) (E.1)

where m is the diffraction order (m = 1 in our case), d is the groove density,

K = O‘;’B = constant = 32°, and ¢ = O‘Tw, which is varied experimentally, by
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Figure E.3: Experimental configuration of the grating in the vacuum HHG experiment.

rotating the grating to scan the high harmonic spectrum. The grating quantum
efficiency, for s-polarized and p-polarized radiation is shown in figure [E.4]
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Figure E.4: Quantum efficiency of the grating.
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Photomultiplier

The photomultiplier tube used in the vaccum HHG experiment to detect high energy
photon harmonics consists of a CuBe photocathode. Its quantum efficiency is shown

in figure [E.5
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Figure E.5: Quantum efficiency of the photomultiplier used in the vacuum HHG experi-
ment.
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Appendix F

The FROG Technique

FROG Method and Theory

FROG, acronym for Frequency Resolved Optical Gating, is a technique widely
used for a full temporal characterization of ultrashort pulses with durations ranging
from nanosecond to femtosecond. This technique allows the retrieval of the spectral
phase of the optical pulse and its temporal properties including the temporal phase
and duration.

Setup

The setup was set by Dr. Dominik Franz from our group (figure [F.1)). The beam is
incident at the center of two half mirrors which are closely placed. One of the half
mirrors is placed on a motorized translational stage (indicated by the two-sided
yellow arrow in figure . The beam reflects from the two half mirrors as two
separate semi-Gaussian beams. These two beams are then focused by an off-axis
parabolic mirror of 2.5 cm focal length onto a nonlinear second harmonic generation
(SHG) crystal, an a-BBO crystal in our case. When the delay between these two
beams is zero, the second harmonic of the fundamental beam will be generated
along the central axis normal to the surface of the crystal. Thanks to an iris placed
far enough to allow the fundamental beams to diverge, only the second harmonic
generated along the central axis is selected (marked in blue line in figure . The
second harmonic is then focused by a lens onto the spectrometer (Maya2000 Pro
spectrometer).

Measurements

The FROG trace is obtained by varying the delay between the two beams through
translating the half mirror with respect to the other half. In my studies, the delay
was usually scanned over a range of ~ 60 fs by a labview program where the FROG
trace is finally obtained. This FROG trace is then inserted into a user-friendly
interface, “FROG3” program of Femtosoft Technologies (Version 3.2.2), to extract
the spectral phase and the optical pulse in the time domain. An example of a FROG
measurement of the signal beam, at 1.78 pym wavelength, of the OPCPA laser system
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Figure F.1: FROG setup.

at CEA is shown in figure The resulting pulse duration at FWHM is ~ 45 fs,
and the bandwidth is ~ 130 nm (FWHM).
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Figure F.2: FROG measurement and pulse reconstruction of the 1.78 pm wavelength
laser beam.
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Appendix G

FDTD Simulations by Lumerical

The finite-difference time-domain (FDTD) method is a numerical method for solv-
ing Maxwell’s equations in complex geometries. In this method, the time-dependent
Maxwell’s equations are discretized by replacing the space and time partial deriva-
tives by central-difference approximations. The finite-difference equations are solved
in a leapfrog manner: the electric field vector components in a spatial volume in
space are solved at a given instant in time, then the magnetic field vector compo-
nents in the same spatial volume are solved at the next instant in time. This process
is repeated until the electromagnetic field behavior has fully evolved. Maxwell’s
equations tell us that a change of the electric field in time depends on a change of
the magnetic field across space. Hence at each point in space, the new value of the
electric field in time depends on the stored value of the electric field and the curl of
the local distribution of the magnetic field in space. Similarly, the updated value
of the magnetic field at any point in time is dependent on the previous value of
the magnetic field and the curl of the local distribution of the electric field in space
[166].

Lumerical is a user-friendly interface that performs FDTD simulations, where one
can define the problem specifying the source, material and the computational do-
main in which both the electric and magnetic fields are determined at every point
in space. The desired spectral and temporal properties of the electromagnetic wave
can be chosen. A large database provides the choice of numerous materials includ-
ing air, metals, dielectrics and semiconductors. Missing materials can be added by
inserting their properties, mainly their permeability, permittivity and conductivity.
When setting the computational region, the boundary conditions are an important
part that depend on the medium and the electromagnetic field under study. Be-
sides, the mesh or grid size of the computational region must be specified as well.
For a quick yet relatively accurate simulation, the mesh should be a fraction (~ one
tenth) of the wavelength of the electromagnetic field and the structure size. The
smaller the mesh the higher the accuracy of the simulation, however the more time
consuming it is. The user adds the frequency domain field and power monitors
within the computational domain to read the output of the simulation. One can
select to view the result of the electric or magnetic field in their three dimensions.
The simulations were carried out on a bi-processor Intel Haswell 10C E5-2650V3
computer (10 cores, 20 threads, max. frequency 3 GHz, Bus speed 9.6 GT/s QPI,
768 Gb registered SDRAM (DDRA4 2133, 68GB/s bandpass)).
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Appendix H

Focused lon Beam Technique

The FIB (Focused Ion Beam) technique is a milling technique that uses a high
energy focused ion beam to nanostructure the surface of a solid. When the high
energy ions hit the sample, they sputter atoms from the surface. Imaging resolutions
of 5 nm can be achieved by the FIB technique. The ZnO truncated cones and the
spiral phase objects were milled by Dr. Willem Boutu using the FIB technique
installed at the CSNSM Laboratory in Orsay. The equipment consists of a LEO
1530 MEB (field effect gun) equipped with an Orsay Physics FIB column of gallium
ions (Ga™t). The beam width is in the order of 15 nm. The energy of the ion beam
(Ga™) is usually set to 30 keV. The SEM provides a simultaneous image of the
sample during the patterning process. A schematic illustration is shown in figure

1l

FIB
ion beam

SEM ¢ @ ;+©
e~ beam () o) Oe‘

i

; ‘a 'sam;}_.lvg--
L

Figure H.1: Schematic illustration of the FIB system.
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The enhancement and control of non-linear phenomena at a nanometer scale has a wide range of
applications in science and in industry. Among these phenomena, high-harmonic generation in solids

is a recent focus of research to realize next generation petahertz optoelectronic devices or compact all
solid state EUV sources. Here, we report on the realization of the first nanoscale high harmonic source.
The strong field regime is reached by confining the electric field from a few nanojoules femtosecond
laser in a single 3D semiconductor waveguide. We reveal a strong competition between enhancement
of coherent harmonics and incoherent fluorescence favored by excitonic processes. However, far from
the band edge, clear enhancement of the harmonic emission is reported with a robust sustainability
offering a compact nanosource for applications. We illustrate the potential of our harmonic nano-device
by performing a coherent diffractive imaging experiment. Ultra-compact UV/X-ray nanoprobes are
foreseen to have other applications such as petahertz electronics, nano-tomography or nano-medicine.

Ultrafast nano-photonics science is emerging thanks to the extraordinary progresses in nano-fabrication and
ultrafast laser science. Boosting laser fields in nanostructured photonic devices to the strong field regime has
the potential of creating nano-localized sources of energetic photons or particles, opening vast applications.
Nowadays, optoelectronics is extending to the highly non-linear regime where electron currents can be opti-
cally controlled under strong fields in semiconductors. A recent impact of this capability is the emergence of
high-harmonic generation (HHG) in crystals'~>. High harmonics are emitted when electrons undergo either
intra-band or inter-band processes. These above bandgap phenomena occur efficiently in a crystal exit layer of
sub-micrometer thickness* down to an atomically thin layer®='°. The strong electron currents from which HHG
originates can be manipulated in space and time. This, in turn, allows to localize the HHG process in time at the
single optical cycle scale* and in space at a nanometer scale to create for example beams that carry orbital angular
momentum!'’. This control can not only revolutionize attosecond science but also prepare a new generation of
ultrafast visible to X-ray optoelectronic devices operating at petahertz frequencies.

The high intensity needed for HHG in solids requires large laser amplification systems which limits the inte-
gration of the source in advanced devices. However, nanoscale field enhancement is nowadays a technology used
to stimulate non-linear phenomena'>'?. Different meta-surfaces of metallic'*~'%, dielectric and semiconductor'’-"
as well as metallic/dielectric and metallic/semiconductor hybrid structures?*->> were successfully used to boost
non-linear processes. In 2016, Han et al. showed the enhancement of high harmonics from a 800 nm femtosecond
oscillator operating at 75 MHz repetition rate using plasmonic resonances in hybrid sapphire-metal waveguides®.
Enhancement of high-harmonic generation induced by an array of metallic nano-rods has been observed?*°.
Plasmonic resonances ensure extremely high enhancement of the local electric field with sub-diffraction-limited
hot spots. Another route for HHG enhancement is to use a full semiconductor structure. This is not the first time
that such structures are used. Indeed, recent works have studied samples composed of an array of structures and
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Figure 1. Field enhancement in the semiconductor waveguide. (a) Schematics of the field enhancement. The
local field enhancement increases moderate pump intensities of 0.05-0.2 TW/cm? provided by the laser to up
to 5 TW/cm? and allows for HHG. The SEM picture shows our structure patterned on a bulk ZnO crystal with
the dimensions: base size of 4.1 um in diameter, height of 6.1 um and top of 2.6 um. The vertical black thick bar
represents 2 um. (b) Simulation of the intensity distribution in the cone (plane spanned by k- and E-vectors).
Significant intensity enhancement occurs on the tip of the cone by a factor larger than 20. The simulation

has been done with the experimental parameters. ¢ Intensity enhancement at the exit of the cone (plane
perpendicular to the propagation direction) 100 nm below the top surface of the cone.

for light emitted around the crystal bandgap?®-25. Liu et al. have recently reported on the enhancement of har-
monics using an array of structures patterned on an all-dielectric 2D surface?. The main difference of our work is
that we use a single nanostructure to create a nanoscale size HHG source opening the path for a compact ultrafast
extreme UV (EUV) nano-probe. In addition, we explore the enhancement regime of above band gap harmonics
which are relevant for further extension of the HHG nanosource to the EUV. We also illustrate the potential of the
nanostructured cone to produce a nanosource of hot electrons.

Results

The principle is based on the confinement of the laser light in an integrated structure to reach the intensity
threshold that allows for high-harmonic generation from a few nanojoules mid-infrared fiber laser. The effective
laser intensity is raised up from the sub-TW/cm? to the TW/cm? regime inside a single zinc oxide (ZnO) nano-
structured waveguide as illustrated in Fig. 1a. The design of the structure and the results from finite-difference
time-domain (FDTD) simulations of the intensity enhancement are shown in Fig. 1b. As the beam propagates
towards the tip of the ZnO nanostructured cone, the fundamental intensity is enhanced by more than one order
of magnitude in a sub-laser-wavelength volume. The simulation of the laser confinement at the output surface in
the plane perpendicular to the propagation direction shows a regular centered mode (see Fig. 1¢). Note that inten-
sity enhancement close to the exit surface is mandatory for efficient above bandgap HHG because high harmonics
cannot propagate more than few 100 nanometers in the bulk crystal due to their strong absorption'.

The layout of the experimental setup is shown in Fig. 2 (see methods). The laser, of few nanojoules energy, is
coupled into the cone entrance to seed the harmonic emission. Using a UV/VIS spectrometer, we have measured
emission spectra at different pump intensities. The results are displayed in Fig. 3a,b. At low pump intensity of 0.07
TW/cm? only H3 is generated from the bare crystal and emission from the defect states (450-550 nm band) is
noticeable (blue curve, Fig. 3a). While this intensity is not sufficient to trigger above-band gap harmonic genera-
tion in the bare crystal, H5, H7 and H9 are efficiently generated when the laser is focused into the cone (red curve,
Fig. 3a). The Supplementary Movie S1 shows the dynamic enhancement when the isolated truncated cone is scanned
across the laser beam focus. In Fig. 3a, we notice a very strong enhancement of the luminescence generated at the
excitonic band edge (385nm) and the defect states spectral regions. When increasing the pump intensity to 0.17
TW/cm?, we notice that H5, H7 and H9 and the luminescence are generated from the bare crystal (blue curve,
Fig. 3b). When focusing into the nanostructured cone, all harmonic orders and the luminescence are dramatically
enhanced with respect to the bare crystal (red curve, Fig. 3b). We see that the luminescence from the band edge,
which could be barely measured from the bare crystal, is strongly enhanced. The 5* harmonic, although distinguish-
able, cannot be used to retrieve quantitative information of the full intensity dependence. Moreover, Fig. 3¢ reports
the non-perturbative intensity dependence of the luminescence which scales as I*!. This does not allow us to clearly
identify the strong field origin of the harmonic emission such as reported by Sivis et al.?®.
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Off-axis parabola Spectrometer CCD camera

Figure 2. Experimental setup. The laser used in this experiment is an all fiber laser with 2.1 um operating
wavelength, 85 fs pulse duration, 19 MHz repetition rate and 8.7 n] maximum pulse energy. The laser is focused
with an off-axis parabola (f=25mm) into the sample to a spot size of 5.9 um (FWHM) at normal incidence.

The intensity range used in the experiment is 0.05-0.2 TW/cm?. The light exiting the cone is collected by a lens
towards a spectrometer or a CCD camera. Different transmission filters can be used to select a specific harmonic
order. The spatial profile of H7 emitted from the cone is shown as an inset.
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Figure 3. Intensity-dependent signal yield. (a,b) Spectra emitted from the ZnO cone (red curve) and from the
bare crystal (blue curve) measured at pump intensities of 0.07 TW/cm? and 0.17 TW/cm?, respectively. The
harmonics H3, H5, H7 and H9 are highlighted as well as the luminescence from the band edge at 385nm and
from defect states. (c,d) Intensity dependence and power law of the harmonic yield for H7 and H9 from the bare
crystal (blue crosses) and the cone (red circles), respectively. The power law for the luminescence from the band
edge generated in the cone is shown in (c) as magenta triangles.

In order to discriminate between coherent and incoherent enhancement, we concentrated our study on higher
harmonic orders. H7 (300 nm) and H9 (233 nm) stand well above the ZnO excitonic band edge which allows for a
clear observation of the coherent enhancement process. H7 and H9 are enhanced in the cone (red curve) by more
than two orders of magnitude with respect to the bare crystal (blue curve) at low intensity (Fig. 3a) and by around
one order of magnitude at higher intensity (Fig. 3b). Figure 3c,d report the intensity power law dependencies of
H7 and H9, respectively. Note that the background produced by the saturated 3¢ harmonic is below H7 and H9
signals and its subtraction was efficiently achieved during the analysis. While H7 and H9 behave perturbatively
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Figure 4. Temporal evolution of the harmonic emission. Temporal evolution of (a) H7 and (b) H9 from a
cone at an intensity of 0.17 TW/cm? (red curve). The signal is observed over a time of 3 hours. SEM-images

of the top of a cone after an exposure time of half an hour and 3 hours, respectively at an intensity of 0.17
TW/cm? are shown in (c,d). The polarization direction is indicated by a black arrow. The initial cone, before
irradiation, is shown as an inset in (c). (e) Image of hot electrons emitted by the cone taken by photo-emission
electron microscopy (PEEM). The cone is back illuminated by a 775 nm pulsed laser beam under an angle of
45°. The image is a superposition of two simultaneously acquired images, one recorded in low energy electron
microscopy imaging mode (LEEM, topographic signature) and one in PEEM imaging mode (photoelectron
signature).

with the laser intensity when generated in the bulk (with close to I9 dependencies for harmonic order q), their
yield scales non-perturbatively when enhanced in the cone.

To investigate the sustainability of the harmonic nano-source, we have monitored the temporal evolution
of the harmonic signal which exhibits unexpected dynamics. For intensities below one TW/cm?, the harmonic
signal emitted from the nanostructured cone was enhanced during hours as shown in Fig. 4a,b for H7 and H9,
respectively. After exposure of a pristine cone to the laser, the harmonic signal first increases during a time span
of up to half an hour and then decreases and tends towards a constant value. The temporal evolution of the har-
monic emission is related to a structural modification of the cone, similarly to a study in bow-tie antenna recently
reported®. Two deep subwavelength cracks appear close to the center of the cone after half an hour of exposure
(SEM-image in Fig. 4¢)*!. Due to the local field enhancement self-organized reshaping occurs which leads to a
higher field enhancement than in the initial pristine cone. This explains the initial increase of the harmonic sig-
nal. For longer exposure the reshaping continues and the top surface of the cone becomes porous (SEM-image
in Fig. 4d), which leads to a decrease of the harmonic signal. We found that the damages occur at the position of
highest field enhancement (Fig. 1b,c), i.e. in the center of the output surface of the cone, and that the linear cracks
are perpendicular to the laser polarization. Those cracks are associated to emission of ions and electrons. We have
further confirmed the field localization at the top of the nanoprobe by measuring the spatial distribution of hot
electrons emitted during the strong field interaction (see Fig. 4e). The measurement is realized using photoemis-
sion electron microscopy (PEEM, see methods) with a spatial resolution of about 35 nm?2. The central bright spot
corresponds to the non-linearly photo-emitted electrons with an energy ranging from 6 to 12 eV and a source size
of 590 nm full width at half maximum (FWHM). Note that this illustrates another potential of our semiconductor
waveguide to create nanoscale source of hot electrons.

The strong localization of the electron emission reflects the nanoscale field enhancement inside the structure and
is correlated to the harmonic source size. From the simulation shown in Fig. Ic, the transverse mode of the funda-
mental beam at the top of the cone has a size of 900 nm. The diameter of H7 emission from the cone was measured
to be 800nm (FWHM) (see inset in Fig. 2). This opens perspectives in the realization of UV/EUV nano-probes for
spectroscopy or imaging applications. As an example, HHG can be used to image nanoscale objects in a femtosec-
ond snapshot®?. Here, we selected H5 emitted from the cone by using a narrow bandwidth filter to investigate the
feasibility of coherent diffractive imaging (CDI). A generic layout is displayed in Fig. 5. The beam is focused onto
a sample consisting in a nanoscale pattern realized on a thin opaque membrane (see methods). The coherence of
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Figure 5. Generic layout of the coherent diffractive imaging setup. Few nano-joules of our 2.1 pm femtosecond
laser are injected in the cone. The emission from the cone was filtered in the far field to select the 5% harmonic
and then focused on a nano-patterned test sample consisting in a partially occulted cross. The diffraction
pattern is collected in the far field using a CCD detector. A phase retrieval algorithm is then applied to
reconstruct the image of the sample. The white bars on the SEM images of the sample and the reconstructed
image correspond to a distance of 2 um.

the harmonic source allows to measure a well contrasted diffraction pattern in the far field. The incoherent part of
the emission due to fluorescence creates a constant background that does not contribute to the diffraction pattern.
The image of the sample was reconstructed using a phase retrieval hybrid input-output algorithm which acts as a
virtual lens (see methods). The CDI reconstruction reproduces well the cross-shape of the sample with a spatial
resolution of 1.6 um. This proof-of-principle can be extended to the sub-100 nanometer range by using higher band
gap material to push the HHG spectrum to shorter wavelengths®. Besides illustrating the coherence of the harmonics
generated in the semiconductor cone, we propose the realization of a very compact ultrafast nanoscale microscope.
Other techniques such as ptychography could allow generalizing the method to extended objects®.

Discussion

In conclusion, we have shown that high-harmonic generation can be confined in a single nanostructured semi-
conductor. We have shown the severe competition between the enhancement of incoherent fluorescence versus
coherent harmonics. We report that the fluorescence dominates harmonics around the zinc oxide band gap. At
energies well above the band gap, we demonstrated a clear enhancement of harmonics by at least two orders of
magnitude. Our semiconductor harmonic nano-source shows a good sustainability, with hours long lifetime.
Nanoscale enhancement can replace external laser amplifiers using few nano-joules femtosecond laser systems
to boost non-linear processes to the strong field regime. Other control such as terahertz, two-color or DC field
can be applied to our strong field optoelectronic device***. Single nano-emitters generate coherent UV/XUV
radiation which offers a wide field of applications as, for example, ultrafast nanoscale imaging. Our nanostruc-
tured crystal can offer also an appealing source of hot electrons of nanometer scale size, the localization of which
is directly controlled by the confinement of the electric field. Finally, our demonstrations pave the way towards
a stable source of novel all-solid-state attosecond optoelectronic devices operating at petahertz frequencies.
Additionally, the control of the laser phase gradient should also favor tailoring the spatial and spectral phases of
the harmonic emission allowing controlled emission of attosecond pulses®.

Methods

Laser. The seed mode-locked oscillator delivers a train of 1.3 ps hyperbolic secant squared (sech?) shaped
pulses centered at 1910 nm with a repetition rate of 19 MHz. The average power is 4 mW, corresponding to
E=0.2n]. The pulses are further amplified in a cladding-pumped amplifier based on large mode area thuli-
um-doped fiber to tens of nano-joules. Multisolitonic effects lead to the pulse fission followed by ejection of
high-energy (8.7 n]) pulses that are frequency-shifted to 2100 nm. The spectrum has a central wavelength of
2103 nm and was measured with an optical spectrum analyzer (AQ6375, Yokogawa, Japan). The average power
of the pulse train is 162 mW with a linear polarization state. The pulse duration was measured via autocorrelation
to be 85fs.

Experimental setup. Thelaser is focused using a 25 mm focal length off-axis parabola either in bulk or nanos-
tructured ZnO. Harmonic spatial profiles can be imaged in the near-field (crystal sample exit) by a lens (f= 60 mm)
and a CCD-camera (Photonlines, PCO.Ultraviolet). Harmonic spectra can be detected from the near infrared down
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to the deep UV (Ocean Optics QE Pro, cooled). For the imaging experiment, H5 is selected with a FB420-10 trans-
mission filter from Thorlabs and focused by a f =50 mm lens onto the PCO ultraviolet CCD camera.

Sample. The surface of a ZnO [0001] crystal is patterned with isolated truncated waveguide structures via
focused ion beam (FIB) milling. The cone has a height of 6.1 um, a bottom diameter of 4.1 pm and a top diameter
of 2.6 um. It is illuminated from the bottom with the 2.1 pm laser beam.

Simulations. Finite difference time domain (FDTD) calculations using LUMERICAL Solutions have been
performed to optimize the local enhancement of the electromagnetic field in the cone at a wavelength of 2.1 um.
The material of both the cone and its substrate is ZnO. Its optical parameters were imported from Bond et al.,
1965, to LUMERICAL and used throughout the simulations. The surrounding medium is air. The structure is
illuminated by a Gaussian beam with w=>5.0 um wave at 2.1 pm wavelength from below the substrate. We used
perfectly matching layers at the boundaries. A finite mesh of 40 nm was used on x, y and z. The calculation time is
about 3 hours on a bi-processors Intel Haswell 10C E5-2650V3 (10 cores, 20 threads, max. frequency 3 GHz, Bus
speed 9.6 GT/s QPI, 768 GB registered SDRAM (DDR4 2133, 68GB/s bandpass)).

CDI. The CDI sample has been patterned on a thin opaque membrane (75 nm Si;N,+ 150 nm Au) by focused
ion beam milling. The raw diffraction data is shown in the Supplementary Information. The diffraction patterns
take about 1/3 of the full CCD dimensions so that it is possible to measure the background associated to the lumi-
nescence which covers the whole CCD. Indeed, the luminescence is isotropic and adds a constant background
to the diffraction pattern. Other source noise like light scattering is also included in the background. The back-
ground is subtracted to the diffraction pattern which is then inverted using a hybrid input output algorithm. The
reconstruction image is the coherent average over 50 independent runs of the algorithm, of around 500 iterations
each. From the phase retrieval transfer function criterion, the spatial resolution is estimated at 1.6 um.

PEEM. Photoemission electron microscopy measurements are carried out on a LEEM/PEEM III instrument
(Elmitec GmbH) operating under ultra-high vacuum conditions. In PEEM imaging mode the spatial resolution
routinely achieved is 20 nm. The laser source is a mode-locked Ti:Al,O; oscillator (Chameleon Ultra II, Coherent
Inc., repetition rate 80 MHz, pulse width 130 fs, wavelength range 680 nm-1000 nm). In addition to PEEM imag-
ing, the instrument can be operated in low energy electron microscopy (LEEM) mode where backscattered elec-
trons are used to create an image reflecting the topography of the sample.
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Light beams carrying orbital angular momentum (OAM)
have led to stunning applications in various fields from quan-
tum information to microscopy. We examine OAM from the
recently observed high-harmonic generation (HHG) in semi-
conductor crystals. HHG from solids could be a valuable ap-
proach for integrated high-flux short-wavelength coherent
light sources. First, we verify the transfer and conservation of
the OAM in the strong-field regime of interaction from the
generation laser to the harmonics. Secondly, we create OAM
beams by etching a spiral zone structure directly at the sur-
face of a zinc oxide crystal. Such diffractive optics act on the
generated harmonics and produces focused optical vortices
with sub-micrometric size. ~ © 2019 Optical Society of America

https://doi.org/10.1364/0L.44.000546

Interaction between matter and photons carrying an orbital an-
gular momentum (OAM) is an intensively studied topic in a
large variety of applications [1]. Light beams carrying OAM
have a helical wavefront accompanied by a phase singularity
in their center [2]. They show an azimuthal phase dependence
exp(-il¢p), where [ is the topological charge, and ¢ is the azi-
muthal coordinate in the plane perpendicular to the beam
propagation. Such beams carry an OAM of /A per photon
[3]. The most common light beams carrying OAM display
Laguerre—Gaussian modes characterized by a donut-shaped in-
tensity profile. There is currently a large theoretical and exper-
imental effort towards the generation of vortex beams with new
coherent light sources [4-8]. Among the challenges involving
OAM beams, increasing attention is devoted to the fundamen-
tal studies in highly nonlinear light-matter interactions. High-
harmonic generation (HHG) based on frequency upconversion
of a high intensity visible-IR femtosecond laser can generate
coherent beams down to few nanometer wavelength and atto-
second pulse duration [9]. This light source is now very
common, and the underlying mechanisms are well understood

0146-9592/19/030546-04 Journal © 2019 Optical Society of America

for generation in various media, particularly for atomic gases
and plasma targets. Recently, in both media, the transfer
and conservation of the OAM from the driving laser to the high
harmonics has been verified [10-12].

Reported for the first time in 2011 [13], HHG in solids,
namely, bulk semiconductor crystals, has triggered numerous
studies focused on the understanding of the phenomenon, pro-
posing different models, and pushing experimental setups
[14,15]. The harmonic generation mechanism is different from
the dilute matter due to the high density, band structure, and
periodicity of the crystal. Moreover, it requires a relatively lower
intensity compared to HHG in gases, which makes it well suited
for high-repetition-rate (multi-megahertz) nanoscale integrated
light sources [16,17]. An all solid-state HHG source would open
vast applications in science, but also in industry. An interesting
feature specific to the generation of high harmonics in solids is
the possibility to tailor the generation medium; the solid can be
patterned to control the process of generation and the emission
of radiation [18-20]. In comparison to HHG in gases, this offers
a significant additional degree of freedom. Moreover, the pulse
properties can be shaped directly at the source of the HHG emis-
sion by changing the characteristics of the generation medium.

In this Letter, we investigate HHG beams in solids carrying
OAM using two approaches as illustrated in Fig. 1. The first case
considers the generation by means of a Laguerre—~Gaussian laser
beam in a bare crystal [Fig. 1(a)]. Similar to HHG in gases, we
show that the OAM of the harmonic beams is conserved such
that their topological charge /, is a multiple of the harmonic
order ¢ following the relation /, = /; x ¢, with /; being the topo-
logical charge of the driving laser. The second case exploits the
solid-state nature of the generation medium to macroscopically
control the harmonic beams. By patterning the surface of the
crystal, one can design either refractive or diffractive optics.
For example, nanostructured surfaces can be designed
and arranged spatially in such a way that the harmonics gener-

ated in the bulk diffract and build a new mode of the light.
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Figure 1(b) shows a diffractive optic, specifically a spiral zone
plate (SZP) [21-23], etched at the surface of the crystal. The
SZP combines beam focusing, just like an ordinary Fresnel zone
plate, together with the OAM mode conversion to produce fo-
cused optical vortices carrying an arbitrary topological charge.
The first experiment was performed with an optical paramet-
ric chirped pulse amplification laser system emitting at 1550 nm
[24]. It provides pulses with a duration of ~80 fs and energy of
~2 pJ at the repetition rate of 125 kHz. The laser beam is con-
verted from a Gaussian to a Laguerre-Gaussian mode, with a
unitary topological charge, using a ¢-plate combined with a quar-
ter-wave plate (QWP) [25]. The linear polarization recom-
mended for HHG in the crystal is induced by the second
QWP. The laser is focused by a 5 cm focal length off-axis
parabola (f//15) in a 500 pm thick zinc oxide (ZnO) crystal
(laser propagation along the optical axis of the crystal) reaching
intensities ranging from 0.2 to 1.5 TW /cm?. An aspheric lens
(numerical aperture NA = 0.63) and a CCD camera are used to
image the harmonic beams at the exit of the crystal (see Fig. 2).
Figure 2(a) displays the modes at the exit of the crystal for the
fundamental and the generated harmonics h3 (517 nm), h5
(310 nm), and h7 (221 nm). The modes show the expected
ring-shaped distribution with a radius of about 15 pm. The
thickness of the rings decreases with an increase of the harmonic
order, as a consequence of the nonlinear response to the annular
fundamental intensity distribution in the sample. The imperfec-
tions in the fundamental mode are enhanced for high harmonics
and suggest a decrease of the Laguerre~Gaussian mode purity.
To determine the topological charge of each mode we performed
self-referenced  spatial interferometric measurements [26].
The principle is illustrated in Fig. 2(b). A rectangular slit
(15 x 1 pm size) patterned on the crystal front surface diffracts
a part of the harmonic beam generated in the crystal. At a dis-
tance of about 100 pm from the crystal, the diffraction spreads
over the harmonic beam (not affected by the slit) that propagates
outside the crystal. The slit is small enough with respect to the
OAM mode such that the diffracted wavefront does not contain
any phase singularity and can be approximated by a spherical
wavefront. The interference of the latter with the helical wave-
front of the main beam gives a characteristic fork grating pattern,
as depicted Fig. 2(c). The topological charge of the mode is de-
duced directly from the number of bifurcations. Figures 2(d) and
2(e) display the experimental results for the third and fifth har-
monics, respectively. In Fig. 2(d), one fringe splits into four
fringes which gives a topological charge of 3. For the 5th har-
monic, one fringe splits into six fringes, corresponding to a topo-
logical charge of 5. These results validate the multiplicative rule
for the OAM transfer from the generation laser to the harmonics.

(a) (b)

Hay,
",
oy, Ve Szp

©
il
1
pS
s
o

Fig. 1. Sketch of two approaches to create HHG beams carrying an
OAM in semiconductor crystals: (a) transfer of the OAM from the
driving laser to the harmonics; (b) diffraction of the harmonics by
a SZP patterned at the surface of the generation crystal.
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They have been obtained with laser peak intensity estimated (in
vacuum) to 0.8 TW /cm? which corresponds to a Keldysh
parameter near the tunneling limit of strong-field ionization
[14]. We conclude that in this highly nonlinear regime, the
mechanisms related to HHG in semiconductors do not affect
the conservation rules of OAMs for harmonics having photon
energies below and above the ZnO bandgap (3.3 eV).

The second experiment was performed with a commercial
all-fiber (oscillator and amplifier) femtosecond mode-locked laser
emitting at 2100 nm [27]. It provides pulses with a duration of
~85 fs and energy of ~8 nJ at a repetition rate of 18.66 MHz.
The laser beam is directly focused at the rear side of the sample by
a 2.5 cm focal length off-axis parabola (f'/6) at a peak intensity of
0.3 TW /cm?. The sample is a ZnO crystal with various SZPs
etched at its surface using a nano-focused ion beam. The image
of the beam diffracted by the SZP is obtained with an objective
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Fig. 2. OAM conservation of HHG in semiconductor crystals.
Sketch of the experimental setup; a g-plate between two QWPs imparts
an OAM with a topological charge / = 1 on the laser. The beam is then
focused by a parabolic mirror in a ZnO crystal. The generated harmon-
ics are collected by a lens to image the mode at the exit of the crystal (a).
Each harmonic order is selected using bandpass filters. (b) Topological
charge of the modes is defined using self-referenced interferences.
(o) Simulation result with the experimental parameters of the self-
referenced interferogram for harmonic h5. (d) and (e) Experimental
results for harmonics h3 and h5. The insets show the detail of the fork
pattern. The green dots highlight the extremity of each fringe.
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lens (numerical aperture NA = 0.65) coupled to a CCD
camera (see Fig. 3). The desired SZPs are pure phase objects
computed numerically by combining the phase profiles of a
helical and spherical waves following the relation P =
exp(~ilp) exp(i2z~/R* + * /1), where 1 is the wavelength of
the spherical wave of the radius of curvature R (determining the
focal length of the SZP), and 7 is the radial coordinate. All the
SZPs have been designed to generate optical vortices with a topo-
logical charge / = 1. From the computed phase P, two types of
etching profile have been defined: the non-binary SZP directly cor-
responds to the wrapping of P within 0 - 27, and the binary SZP
is the binarization of the latter at 0 and 7. For below bandgap
energies, the harmonic radiation is generated in the bulk, and
the etching depth 4 in the crystal can be defined as
d = AP/2n(n - 1), where n is the index of refraction of the
ZnO material at the relevant wavelength. For the data in
Figs. 3 and 4 showing harmonic h5 (420 nm), » ~ 2.1.
Figure 3(a) shows the binary SZP and the intensity distri-
bution measured at the focal plane of the first diffraction order
located at 6 pm from the sample. Although imperfect, the
mode shows the characteristic donut-shaped profile. The main
cause of the imperfection is the restricted number of illumi-
nated zones (grooves) of the SZP that limit an efficient
build-up of the diffracted wave. Indeed, only the central part
of the structure is actually illuminated by the 3 pm diameter
(FWHM) harmonic beam generated in the bulk. Increasing the
number of illuminated zones would imply either increasing
the size of the laser beam or decreasing the zone periodicity.
In the first case, one has to ensure that the laser intensity stays
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Fig.3. Spatial beam shaping using a SZP that combines beam focusing
and OAM manipulation. Sketch of the experimental setup; a microscope
objective is used to image the focal plane of the SZP. Experimental results
for (a) a binary and (b) a non-binary SZP etched at the surface of a ZnO
crystal. Scanning electron microscope images of each diffractive structure
(diameter = 10 pm; (a) normal incidence and (b) perspective view) and
resulting intensity distributions at the focal plane for harmonic h5.
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large enough for HHG, while the latter would result in decreas-
ing the focal length of the SZP, leading to a tighter focus.
However, the design of the SZP was a tradeoff between the laser
energy available and the image resolution allowed with our ob-
jective lens. Another source of imperfection is coming from the
fabrication defaults; the etched depth is about 205 nm, induc-
ing a phase step about 7% larger than requested. Moreover, the
gallium ions contamination and the ruggedness induced by the
etching process with the focused ion beam might have modified
the transmittance of the optics. The last source of imperfection
is coming from residual aberrations in the generating laser and
misalignments. Figure 3(b) shows the design of the non-binary
version of the previous SZP and the resulting mode. This non-
binary SZP is not rigorously a diffractive optics, because it is
based on the principle of a Fresnel lens. For this reason, it does
not suffer from the problem of the limited number of illumi-
nated zones, and the donut-shaped profile, with a radius of
380 nm, is better defined. However, due to small errors in
the etching depth, it also shows a diffractive behavior with pres-
ence of diffraction orders, which explains the parasitic signal
surrounding the main mode similar to the binary SZP.
Figure 4 displays the results obtained with a binary and a non-
binary off-axis SZP. The computed pattern of off-axis SZPs is
achieved by a transversal shift between the centers of the spherical
and helical waves. The shift is of 6 pm for a radius of curvature of
10 pm. Consequently, the first order of diffraction is tilted from
the main optical axis by an angle of 31 deg (see sketch in Fig. 4).
Figure 4(a) shows the etched binary off-axis SZP and the intensity
distribution in the focal plane of the first order of diffraction.
Compared to the previous binary on-axis SZP, the mode quality
is significantly improved, because the off-axis design leads to a
larger density of zones illuminated in the center of the optics.
Off-axis SZPs have other advantages: the diffraction orders are
spatially separated, so there is no parasitic signal surrounding
the main mode; for properly chosen parameters, beams from dif-
ferent harmonic orders can be split as well. The latter is particu-
larly interesting for fully integrated and compact sources of optical
vortices. Notice that OAM beams from adjacent harmonic orders
are generated from the same SZP and share the same topological
charge. However, the efficiency is rather low, because the etching
is not optimized for a broad wavelength range. For the non-binary
off-axis SZP [Fig. 4(b)], the blazed grating profile optimizes the
flux diffracted in the first order, which contains 76% of the de-
tected photons, when this number is only of 9% for the binary
case. Finally, we performed interferometric measurements in order
to verify the topological charge of the beam shaped by the SZP. In
this case, the reference beam is provided by the zero order that
spreads over the first order by means of a knife edge, as depicted in
Fig. 4(c). We find a fork grating pattern with one bifurcation,
which confirms the unitary topological charge of the OAM beam.
In conclusion, we reviewed and demonstrated two different
methods to generate high-harmonic photons carrying an OAM
from a semiconductor crystal. First, the conservation rule of
OAM beam is verified for below and above bandgap harmonics
in the strong-field regime of interaction. Then, we show that the
integration of a SZP to the generation medium can produce fo-
cused optical vortices with sub-micrometric size. Structured sur-
faces have been established for below bandgap harmonics.
Shaping the crystal surface can change the intensity distribution
of the driving laser with the appearance of local field confine-
ments that modify the properties of the generated harmonics
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and possibly enhance the emission [20]. This is particularly rel-
evant for above bandgap harmonics that are not efficiently gen-
erated in the bulk crystal due to absorption. Therefore,
structured surfaces for above bandgap harmonic generation have
to consider together the action on the generating laser and on the
harmonics. The resulting 2-in-1 design can combine enhance-
ment and spatial shaping of the harmonic emission. Pushing
the idea of integrated devices can also merge with other
nano-technologies such as nano-plasmonics [28]. For example,
the generating medium could be arranged as a metamaterial.
Planar devices based on metasurfaces enable various manipula-
tions beyond the simple light diffraction, including the control of
the polarization (spin) and orbital angular momentum of light
[29]. HHG in solids would take advantage of the numerous pos-
sibilities offered by the metasurfaces for the control of the light.

Laser 2.1 pm; ~85 fs; ~8 nJ
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Fig. 4. Off-axis SZP. Sketch of the experimental setup; the micro-
scope objective is tilted by an angle of 31 deg to be aligned along
the optical axis of the first diffraction order. Experimental results for
(a) a binary and (b) a non-binary off-axis SZP. Scanning electron micro-
scope images of each diffractive structure (diameter = 10 pm) with the
resulting intensity distributions at the focal plane of the first order, show-
ing the zeroth and first orders of diffraction. The first order is magnified
in the inset. The zeroth order shows strong aberrations due to the cou-
pling with the microscope objective. (c) Sketch of the procedure used to
measure the topological charge by the interference of the first order with
the zeroth order and the resulting fork grating.
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Polarization Spectroscopy of High Order Harmonic Generation in Semiconductors

high harmonic generation, semiconductors, polarization, anisotropy, nonlinear ef-

laser interaction with the crystal, which can sig-
nificantly influence the high harmonic genera-
tion efficiency. Although this presents major
limitations, we show that in some cases it turns
out to be an advantage.
strate the manipulation of the harmonic radi-
ation at the source of the emission by pattern-
ing nanostructures to confine and enhance nano-
joule laser pulses, and generate harmonic beams
carrying orbital angular momentum. Lastly, we
successfully image a micrometer-sized sample
by the coherent diffractive imaging (CDI) tech-
nique based on solid-state harmonics.

Finally, we demon-
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