Universita degli Studi di Napokederico |l

DOTTORATO DI RICERCA IN

FISICA

Ciclo XX XV

Coordinatore: prof. Vincenzo Canale

Second Harmonic Generation on 2D
ferroelectrics

Settore Scientifico Disciplinare FIS/01

Dottorando Tutore

Rohit Kumar Prof. Andrea Rubano

Anni 2019/2023






Abstract

Recent years have seen growing interest in the study ofdwensional (2D) ferroelectrics due

to their potential applications in electronidevices The stable layered structures and reduced
surface energy of 2D materials offer a path to explore-tbmensional ferroelectricity and make
ultra-high-density devices possibleln complementary metabxidesemiconductor (CMOS)
technology, 2D ferrelectrics can be used as capacitors, transistors, and memory devices, among
others.

In our work,Second harmonic generation (SH&honlinear optical processvas used to study

the 2D ferroelectricsSHG has been widely used as a tool to study the fexobdc materialssuch

as their polarization and domain structure. SHG can be used for the detection of ferroelectric
domains and for characterizing ferroelectric devices, providing crucial information for the
development and optimization of 2D ferroeleictbased electronics.The study of 2D
ferroelectricsthrough SHG has two main objectivdgst, to investigate their intrinsic nonlinear
optical properties andgecondto utilize nonlinear optical technigques to examine the symmetry,
structure, and electroit properties of2D ferroelectrics, particularly near phase transitions. The
use of SHG provides a powerful tool for exploring these propel§iei&ds alsoused to study the
phase transition oD chalcogenides such asire and dopedsermaniumrelluride (GeTe).

In conclusion, 2D ferroelectrics and their use in CMOS technology, as well as the application of
SHG, are significant research topics in the field of electronics and materials science. These
materials and techniques have the potential tevolutionize electronics and lead to the
development of novel, lowpower, highperformance devices.
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Introduction

In this thesis we will review the experimental results of my doctogakarchthat have been

obtained mainly by applying two advanced optical spectroscopic techniques: Second harmonic
generation (SHG) and Terahertz (THz) spectrosddmythesis is dividkin two partsLJ- NI  W! Q
deals with the SHG on 2D ferroelectrics and plaris@evoted towards study of diatoms using

THz spectroscopy.

Second harmonic generation (SHG) is a nonlinear optical technique, possible only after the
invention of the lasers. Is noninvasive, nondestructive, and noantacting and can probe the
whole volume of thin film structures, including buried heterostructurgsovided that the
medium is transparent at optical frequencida two-dimensional (2D) ferroelectrics, SHG can
be used to probe the structural and electronic properties of these materials. This can be done
by measuring the intensity of the second harmonic light as a function of the crystal orientation,
temperature, and applied electric field’he temperature dependd measurement usually
provide the information about parameter and type of phase transitidhe SHG signal is
sensitive to the orientation of the ferroelectric domains and the strength of the ferroelectric
polarization, making it a useful tool for charadking these materials. Additionally, SHG can be
used to study the properties of 2D ferroelectric interfaces and heterostructures, as well as to
probe the dynamics of ferroelectric switching.

On the other handTerahertz timedomain spectroscopy (THADS)s a powerful technique for

the study of thelow frequency excitations in materials, including lasgale vibrations in
biological matter. In this thesis we applied this technique to the investigatisivmof diatoms.
Diatoms are a diverse group ofermalgae that are widely distributed in aquatic environments,
and are characterized by their unique siliceous cell walls-TDH& can be used to probe the
absorption and transmission of terahertz radiation by diatonihie technique is non
destructive, anctan be used to study both living and fossil diatoms-TBI8 measurements can

be carried out on whole diatom cells or on isolated silica frustules, and the results can be used
to identify different diatom species and to study the effects of environmerietidrs on diatom
physiology and ecologioreover, THZTDS can also be used to study the optical properties of
diatom-based materials, such as biogenic silica, which has potential applications in a wide range
of fields, including optics, electronics, anidiedical engineering.

In chapter 1 we generally introduce theoncept of ferroic materialderroelectricity,and the

types of ferroelectric materiald3Ve also introduce théheory of ferroelectricityby introducing

the Landau theory.We also emphasize on the Rashba effect and FerroElectric Rashba
SemiConductors (FERSC). By introducing the structure of our materials such as Hafnium



Zirconium Oxide (HZO) and Germanium Telluride (GeTe). At the end, we introduced the
literature on NLO uskto studyHZO and GeTe.

Inchapter 2 First we focused on the theory of NLO and related concepts and then we introduced
the concept of SHGVe present the deposition techniques such as Pulsed Laser Deposition (PLD)
and Molecular Beam Epitaxy (MBE). Aebimtroduction of electrical characterization methods
such as PUND and DLCC have been preseitede end we introduced the basic idea®HG
symmetry analysis application on point group mm2 and 3m.

In chapter 3, we discuss about the fabrication of thliim by PLD and present a brief explanation

on characterization by XRD and ferroelectric measurements. Themmeducethe SHG results

on HZO thin film. We explain the effect of HZO thickness on different polarization combinations.
Furthermore, we intrduce the concept of operando electrical measurements on HZO thin film
and provide some important results.

In Chapter 4, fabrication of pure and doped GeTe thin film by MBE is explained briefly and for
characterizing the film we use XRD and linear spectimg. We also explain the basic SHG
measurements such as SHG signtnsity vspump power, SHG spectra, SHG fixed Incident
wavelengthand incident angle vs SHG intensity. Then we move onto the comparison part where
we explain the basic difference amg the SHG response of silicon, pure GeTe and doped GeTe
during the temperature scans. Finally we measure the SHG images of both the samples and
concluded that the ferroelectric domains haaeanometric size

In chapter 5, generation, and detection of &kertz (THz) by air plasma is explained briefly. We
introduce some important detection methos such as Ele€tic Sampling (EOS)hen we
provide with a short introduction on Terahertz Time Domain Spectroscopy-TD8} with
experimental seup. Teravidn: a LabVIEW software is also explained in different
functionalities. We also provide the brief overview of diatoms and we explain why they are
important for aquatic environmenginally, we introduced the sample preparation methodology
and important resultsWe have demonstrated the ability of THIDS in sensing the diatoms in
agueous model systems
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Chapter 1Theoretical Background

1.1 Ferroic materials

Ferromagnetic, ferroelectric or ferroelastic materials comes under the category of ferroic
materials and are defined by an order parametergerromagnetic materials show an ordering

of magnetic moments (spins) below a certain temperature, while ferroelectricity and
ferroelasticity are induced by a distortion of the atomic structure or ions, leading to a net electric
dipole moment (ferroelectdity) or a spontaneous strain (ferroelasticity). To qualify as ferroic,
the order must be switchable by the application of a conjugate field (i.e., magnetic field, electric
field, or stress). In case of a ferromagnetic material, we can switch this ordsriagplying an
external magnetic field, similarly in ferroelectrics and ferroelastics the atomic displacement can
be reoriented by either applying an external electric field or stress. Because of the switching
property of ferroic orders, these materials S Sy 2NX¥2dzad | LILIX AOF GA2Y AY
example, ferromagnets are used for digital data storage and are used in hard drives and
magnetic tape.

Materials that exhibit more than one primary ferroic order in the same phase have been defined
as mutiferroics in 1994 by Hans Schmid{.[Materials having more than one order can lead to
new interactions like the magnetoelectric effect, i.e., changing the Magnetizatiody an
external electric fieldor vice versa, altering the polarizatidrby an external magnetic field®

(see arrows in Fid..1b).

(a) (b) P

space N
time P invariant change

ferroelastic ferroelectric

invariant 0’@ %%

ferromagnetic ferrotoroidic

T .
e e
—

Figure 11. Primary types of ferroic orders and their coupling in multiferroics. a) Fewaiers and their
transformation properties under parity operation®][ b) Ferroic orders and coupling, ordering include polarization
(P), magnetization (M) and spontaneous strain.

The ferroic state of a material evolves during ferroic phase transitibenvit goes from a high
symmetry to a lonsymmetry phase upon cooling below a critical temperafixe

We can define multiferroics in two main types depending upon how simultaneous magnetic and
ferroelectric orders emerged. These are tylpar typell mutiferroics [3].




1 In typel multiferroics, the electric polarization and the magnetic order emerge in two
separate phase transitions.

1 In typell multiferroics, theferroelectric polarization and magnetic order emerge jointly.
These are thosmaterials in which the magnetic ordering breaks the inversion symmetry
and directly causes the ferroelectricity. Sometimes we also call it spin driven
multiferroics.

Anexample of typd multiferroics iBiFeQ ("Y=1100 K), with théerroelectricity driven by the
active lone pair of the Biion and the magnetic ordering caused by the suprchange
mechanism 4]. TbMnQ (Tc = 28 K), is one of the famous examples of #Hipeultiferroic in
which a noncentrosymmetric magnetic spirakrdlaks the inversion symmetry and causes the
ferroelectric polarizationg].

1.2 Ferroelectricity
CKS g2NR WFSNNBStEt SOINROQ o0C90 Ay &az2vyYS asSya
ferroelectric materialsThe historical reason for this name lieslire similar character between
ferroelectricity and ferromagnetismwhich was evident since the discovery of this kind of
behavior (1920) in the scalled Rochelle sal6], whose piezoelectric properties were known
since the beginning of the Nineteenth ceny and so th@analogous to the magnetic hysteresis

in the case of iron7], gave the name to ferroelectric materials. A FE is defined as a system with
two stable or metastable states where a npero electric polarization exists even in absence of
an exernal applied electric field. In analogous with ferromagnets, this polarization is called
ospontaneoud ElectricPolarization in a finite system can be defined as the dipole moment per
unit volume for a given charge distribution.

(@) (b) ()

P T>T,
+ ; :
; o :
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Figure 12. a) Hysteresis of a neideal ferroelectric. b) The lattice structure of ferroelectric and paraelectric BbTiO
[8]. ¢) Free energy as a function of polarization.

Inaddition to this the spontaneous polarizatiomustbe switchableby an external electric field
as happens for the magnetization under external magnetic field in case of ferromagutkts
ferroelectric and ferromagnetic materials shaavhysteresisor hystereticbehavior. Fig.Ra




showsa typical FE hysteresis loagf HZO thin films measured in bottetap configuratio
(Bottom-Top approach is explained in Chpt. 2).

ThisFEpolarization can be switched by an applied electric field (E). The relationship between
the polarization (P) and the external electrical field of the material is often represented by a
hysteresis curve (Fig-2a), which shows the coercive field: and pontaneous polarization

(Ps). The spontaneous polarization fiarroelectricshas two or more orientational states and
may be switched from one state to the othey Bn external electric field, or in some cases, by a
mechanical stressFerroelectric materials are characterized by the presence of spontaneously
ordered domains within the material, which can be switched between different configurations
by the applicaton of an external electric field. The coercive fiddg (s a measure of the strength

of an external electric field required to switch the polarization of a ferroelectric material
between its two stable states. The coercive field is an important propeftjerroelectric
materials, as it determines the minimum electric field that must be applied in order to switch
the material between its two stable states of polarizatiddhen the coercive field is reached,
the polarization is permanently reversed throughcombination of domain nucleation and
domain growth bydomainwall movement. Ferroelectricity arises from a ferroic phase
transition, which can be either firstor second order.The frst-order transitions are
discontinuous and involve the formation dfié stable phase through nucleation and growth
while in secondorder transitions, the stable phase evolves smoathly

The Curie temperature”Y is the temperature at which certain materials undergo a phase
transition from a ferroelectric to garaelectric state. In ferroelectric materials, the electric
polarization can be reversed by the application of an external electric field. Abové tilee
material becomes paraelectric and loses its spontaneous electric polariziatiomer toexplan
how the”Y depends on the crystal structuré, S take d3he example of lead titanatepTiQ).
The crystal structure d®bTiQis shown in Fid.2b. PbTiQis a tetragonal below itsY, which is
typically in the range of 49893 °C 9]. Above"Y, it becomes cubic and paraelectric. The
polarization of PbTi€is shown by the displacement of the Ti atom in the O octahedi®h [
Above™Y, this displacement disappears and there is no spontaneous polarization.

In Figl.2c, Gibbs free energy () is plotted as a function of spontaneous polarization. One
stable state exists in the prototype phase, (dark blue curve) when'y). and two energy and
displacement equivalent states are present in the ferroic phase (orange curve). In external field
below Y favors one ferroic state over the other (dashed-tkye curve) which means in the
presence of an electrical field that is coupled to the order parameter, the two domain states of
the system become energetically nonequivalent. The thermodynamicoagprcan be usetb
calculate the energies of these states and understand the behavior of the system under these
conditions (explained in section 211) In order to do this, it is necessary to specify the
thermodynamic potential that will be used for thalculations. This potential is a function that
describes the energy of the system as a function of various variables, such as the temperature
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and the order parameter. By using this potential, one can understand how the energy of the
system depends on theate of the system and the external parameters that are being varied.

1.2.1Proper and improper ferroelectricity

Ferroelectricity is a property of certain materials that exhibit a spontaneous electric dipole
moment in the absence of an externally applied eledfield.In general, we categorize FE in two
types, proper and improper FE, depending on the driving force which causes the polarization.

In proper ferroelectrics the spontaneous polarization that develops during the ferroic phase
transition is represerdd by the primary order paramete@ne example of a proper ferroelectric
material is barium titanate (BaT4#J11].

Ferroelectricity in barium titanate arises due to the asymmetrical arrangement of the titanium
and oxygen ions in the crystal structure. When an external electric field is applied, the direction
of the polarization can be reversed, leading to a changeh dlectrical properties of the
material. Second such example is lead titand@®®,TiQ(PTO)8] which is shown in Fi2b. The

loss of inversion operation during the phase transition results in the formation of two possible
ferroic states with distincbrientations. In this case, the shift of theetallic cations directly
determines the direction of polarization.

The ferroic phase transition of a proper ferroelectric can be described using Landau[thfory
In this approach, a secoratder phase transion is considered and the interaction between the
polarization ) and its conjugate electric field) is includedHere we use a thermodynamic
potential! , called the Gibbs enerd§2] which is a function of polarization and stress tensor
, asindependent variables. Its different@dn be written as:

Q o - 1Q, (1.1)

whereO stands for the electric field and for the strain tensorThe differential of a potential,
by definition, is a function of the differentials of its independent variabled can be written as:
1.2
o (12)

(13)

The expansioof! with respect to the order parametar, in generalcan take the form:
[ [ -1 0 T 00O (124

Where! is thed independent part of thepotential.| andf are expansion coefficients and
in principle depends on the temperature.




To determine the stable ground states of the homogeneous system, we omit the last term in eq.

14 and determinel— nand—I L

Above the phase trasition temperature (Y "Y), only one stable state exists, corresponding to

a minimum in thedark bluecurve shown in Fid..2c. This stable state has a polarization of zero

(P = 0). In the ferroelectric phas&’'( "Y), there are two degenerate solutishas shown by the
minima in theorangecurve. These solutions correspond to different stable states of the system.
Landau theory can be used to describe the phase transition and determine the stable states in
the ferroelectric phase.

In the ferroelectrigphase “Y “Y , we find the two degeneratsolutions.
0 Y Y T (15

which leads to theotential distribution in the ferroelectric phasdescribed by the blue curve

in Fig.1.2c. This curve has two minima, corresponding to the two degenerate stable states of
the system. The spontaneous polarizati@n) in these states shows a squawt dependence

on temperature, which is characteristof proper ferroelectrics. An external electric field can be
applied to the system, lifting the degeneracy of the two ground states. This is shown by the
dashedskyblue line in Figl.2c, which shows the potential distribution with the appliéeid.

The electric field favors one of the stable states, leading to a switch in the polarization of the
ferroelectric. This is the basis for the switching behavior of ferroelectrics under external fields.

Improper ferroelectricsare a class of materiakhat exhibit ferroelectric behavior, but in a
manner that is distinct from that of proper ferroelectrics. Unlike proper ferroelectrics, which
have a spontaneous electric polarization that is reversible by the application of an external
electric field, impoper ferroelectrics exhibit ferroelectric behavior due to the coupling of two
or more order parameterd-erroelectric phase transitions for which the order parameter is not
the polarization, but a quantity having another physical meaning and possessimg oth
transformation properties are called improper ferroelectric phase transitions. Ferroelectrics
with such transitions are called improper ferroelectrics. Improper ferroelectrics differ
significantly in many of their properties (dielectric anomalies, ctirgstics of the phonon
spectrum near the transition point, the nature of the twinning, etc.) from the ordinary
ferroelectrics L3].

The electric polarization improperferroelectricscan be described by the following equation:
0 | O1 © (16)

where0 is the electric polarizatiorQis the electric fieldQis the lattice distortion, and and
f are constants.




1.2.2 Microscopicorigin of ferroelectricity

Ferroelectricity can be driven by various microscopic mechanisms. In the case of proper
ferroelectrics,one of the sources of ferroelectricity is the distortion in tbebic perovskite
structure AB@ Within this structure, twodifferent displacive mechanisms can lead to the
breaking of inversion symmetry and the formation of permanent dipoles. These mechanisms are
responsible for the development of ferroelectricity in proper ferroelectrics.

Thetwo mechanismsire:

1 Covalent bondig between the dorbitals of the B cation (such agTZr%, or NB*) and
the 2p orbitals of the surrounding oxygen atoms can cause the B cation to be displaced
from its central position, as in the case of BaloOKNbQ.

1 Longrange ordering of thelectron lone pairs of A cations with &@snfiguration (such
as Bi*or PI?*) can create polarity, as in the case of BieO

Thus, these two mechanisms can facilitate ferroelectricity in proper ferroelectrics with the cubic
perovskitestructure. Displacive mechanisms usually results in the large values of polariation.
aK2dzf R 60S y20SR GKIFI{G LISNR@alAGS &a0GNUzOGdzZNBE R2S
GeTe both are ferroelectric but not perovskite.

Ferroelectricity in impoper ferroelectrics can be driven by various microscopic mechanisms,
including geometric, chargerder, and magnetic mechanisms. In the case of geometric
ferroelectrics, ferroelectricity arises from buckling or rotation of atomic polyhedra, which causes
non-polar distortions of the lattice that break inversion symmetry. These distortions are often
accompanied by an increase in the volume of the unit cell. Below a certain transition
temperature, a spontaneous polarization begins to develop due to a nonlooegaling between

the polarization and the lattice distortionExamples of geometric ferroelectrics include
hexagonal manganites RMa{14] and the RuddlesdeRopper compound (Ca, $rO; [15]
which belongs to a class of materials known as hybrid imgrderroelectrics, in which the
combination of two norpolar lattice distortions leads to ferroelectricity.

Chargeorder driven ferroelectricity can beealizedby combining symmetry breakiraj charge
ordering with symmetry breakingf layered cation ordeng to generate polar variant3here

are a few examples of charge ordering and one of thelbai&@/SrvVQ, in whichlayered charge
ordering of\#*andV** combines with the layered ordering of La and Sr to breakdopn
symmetry normal to the layers, gerating 2 polar variant$16]. Ferroelectricity driven by
charge ordering is characterized by a switching polarization that results primarily from the
transfer of electrons between ions when the charge ordering pattern is changed. This type of
ferroelectricity is distinct fronrgeometricferroelectricity, in which the switching polarization
arises from a displacement of the atoms within the crystal structure.

The magnetic mechanism of origin of ferroelectricity can be explaindizpgloshinskMoriya
interaction (DMIY17]. The (DMI) is a type of sporbit coupling that arises in magnetic




systems with broken inversion symmetwyhich is a prerequisite for the emergence of polarity
in magnetically induced ferroelectricitRMnQ, RMnGs (R: rareearths), CuFe©®MnWQ etc.
are some examples ohagnetic ferroelectric.

1.3 Ferroelectricity in D

Ferroelectric films were previously thought to be stable and retain their polarization only when
they were above a critical thickness of around tens of nanonsadeie to combined behavior of
electric dipoles 18] and depolarization effects caused by uncompensated interfacial charges
[19]. However, with advancements in perovskite oxide thin film fabrication, it is now believed
that ferroelectricity can beetained at reduced dimensions, such as 1.2 nm for PH2@) 2.4

nm for BaTi®@[21], and 3 nm for BiFe{J22]. In some cases, ferroelectricity can even be
enhanced at low dimensions, as seen in stifaege SrTiEfilms [23]. Recently,tiisobservedhat

the aitical thickness for BFO and BTO toléwger than4-unit cells usingSHH24]. However,
maintaining the functional properties of ferroelectric oxides at reduced dimensions often
requires careful selection of oxide substrates with a shattice mismatch to the ferroelectrics,
limiting their potential use in nanoelectronics. Additionally, defects such as oxygen vacancies,
which are often introduced during higiemperature thin film growth and nanostructure
fabrication, can degrade the intrisic ferroelectric properties B. Recently, binary oxides such

as HfQ and ZrQ [26] doped with elements like Si, Al, Y, Ga, La, and Sr have also received
attention for their robust ferroelectricity/antiferroelectricity7].

Ferroelectricity has been bserved in thin fiims of H§Zs0, down to a thickness of
approximately 2.5 m [28]. This type of ferroelectricity is significant because it has the potential

to be integrated into van der Waals heterostructures and because 2D materials, such as those
made of graphene, do not have dangling bonds, which can lead to benefits such as high carrier
mobility [29], tunable band gaps3p], and structural flexibility 31]. The discovery of 2D
ferroelectrics has been an important area of research in recent yeéttsthe first report of 2D
ferroelectricity in PVDF organic polyme8g][dating back to two decades ago. However, it was

not until the discovery of graphen83] in 2004 that the search for 2D ferroelectrics really took

off.

1.4 Fluorite Hfo 521050,

Hfo.5Z10.50, based materials are binary oxides with a fluorite like structure shovkmgih.3 and

have been used in semiconductor industry for many years as a high dielectric matafralm
oxide (HfQ) can be found in three different crystal systems:nuoolinic, tetragonal, and cubic

as shown inHg.1.4. Monoclinic is the only one, which is stable at room temperature. The
transformation from monoclinic to tetragonal occurs at 1700 °C and from tetragonal to cubic at
2700 °G34).




Figure 13. The basic cubic fluorite structure is depicted. The cations (yellow) occupy the positions of a face centered
cube, while the anions (in grey) occupy the interstitial sites.

In bulk, the stable form of HE{and ZrQ@) basedcompounds crystalize in a monoclinic phase
(P2/c, m-phase) at room temperature. Other common phases exist at-prglssure and high
pressure namely, tetragonal (PPdmc, t-phase) and cubic (F3m, cphase) phases.

\»{' b VP\" Tetragonal (P4,/nmc)
%0
4 N Rhombohedral (R3m)

Monoclinic (P2,/¢) ¢ rthorhombic (Pca2,)

Polar

Figure 14. Crystal structures observed in common bifiiins [35].

Ferroelectricity in HfsZ1h.s0, based materials was found a decade ago by doping Wfth Si
[36]. This discovery was unexpected since bulk:dfd ZrQat room temperature and ambient
pressure adopts a nepolar monoclinic phase and the predicted phases at different
temperature and pressure were found to be npolar. Ferroelectricity in these types of
materials has been a milestone for the developmehtievices based on ferroelectrixides

(Hf, Zr) Qcan be stabilized in different structural phases, both polar andpaar as shown in
Hg.1.5. Ferroelectricity has been ascribed to the orthorhombic polar phrss.
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Figure 15. Sketch showing the (a) paraelectric monoclinic (b) Ferroelectric orthorhombic (c) antiferroelectric
tetragonal phases. Adapted frof87].

HfQ is a material that can exhibit various structural phases, such as monoclinic, tetragonal,
cubic paraelectric, and polar orthorhombiéda2) (Figl.5). ThePca2 phase is often assumed

to be present due to the ferroelectric polarization of therfs, although it can be difficult to
identify by xray diffraction due to degenerated reflections from other polymorphs. The
stabilization of the ferroelectric phase rather than the Rpolar polymorphs can be influenced

by various factors, including daoyg, deposition conditions, surface energy, and grain sizez HfO

can be doped with elements such as Zr, Si, Y, Sr, or La to tune its properties, such as polarization
and fatigue[38]. Epitaxial films of HOgrown on perovskites have been less studied than
polycrystalline samples.

The recent discovery of ferroelectricity in extremely thin layers of ;Hi@ed materials
represents a significant advancement in the field. It suggests the existence of a newftype
ferroelectricity that only emerges at the nanoscale and becomes more robust at smaller sizes.
Furthermore, their compatibility with silicon, straightforward chemistry, and low toxicity makes
them highly desirable compared to other commonly used feeogilc layersHafniabased thin

films are a popular choice for integrating ferroelectricity at the nanoscale into future memory
and logic devices, as their ferroelectric polarization becomes more stable when reduced in size
However, thetype of ferroeletricity HZOis not yet fully understood

1.5 Introduction to Germanium Telluride (GeTe)

1.5.1Rashba effect

Before explaining the GeTe, we must explain what is Rashba effect and why it is important in
spintronics. The Rashba effect, also called ByciRashba effct, is a momentuntdependent
splitting of spin bands in bulk crystals and {dimensional condensed matter systems (such as
heterostructures and surface states). The splitting is a combined effect afogpihinteraction

and asymmetry of the crystal patéal, in particular in the direction perpendicular to the two
dimensional plane (as applied to surfaces and heterostructures). Emmanuel Rashba discovered
this effect B9], hence the Rashba effect.

The Rashba effect is most easily seen in the simple mddediltonian known as the Rashba
Hamiltonianwhich can be expressed as:
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where| is the Rashba coupling,is momentum,, is Pauli spin vectomwhere ¢ is the unit
vector along the -axis

In crystals lacking an inversi@gmmetry, electronic energy bands are split by spibit (SO)
coupling. The Rashba SO coupling, a SO coupling linear in momentum p, was originalgdpropos
for non-centrosymmetricwurtzite semiconductor$40]. Bychkov and Rashba applied it to the
SO coupling in a twdimensional electron gas (2DEG) with structural inversion asymmetry such
assemiconductor heterostructurestp].

The origin of Rashba effecan be described by the presence of spolarized surface or
interface states 42]. Indeed, a structural inversiosymmetry breakingi.e., a structural
inversion asymmetry (SIA)) causes Reshba effedio occur: this effect breaks the spin
degeneracy of the energpands and it causes the spin polarization being locked to the
momentum in each branch of thdispersion relatiofj43]. In the casef a bidimensional Rashba
gas, where this band splitting occuf44] this effect is calledRashbgEdelstein effect42).

If we now add the Rashba Hamiltonian and the dispersion relation, we will get a global
Hamiltonian as:

"O o} | é 8 i r\] (18)

with eigenvalues:

O ju Z | §§$ (1.9

Figure 16. Spinrmomentum locked surface states. (a)Energy dispersion and (b) Fermi contours resulting from
Rashba effect [42].

Thus, the Rashba Hamiltonian produces an energy term liné€@ik A OK aLX Ada m | YR
68AY3I mn YR @ GKS & LiNayto QIA sketdtdoritHe inferpretation lafs N1IS Y R |
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splitting can be shown in thEig.1.6a. In Fig. Bb, the Fermi surface of the Rashba gas be
seen.

1.6 Ferroelectric Rashba SemiConductors (FERSC)

The study of modern materials science often involves the combination of multiple functionalities
into a single compound in order to discover new properties, effects, and mechanisms.
Semiconductor spintronics is no exception to this. Researchers have finatdwhen a
significant spirorbit coupling is paired with ferroelectricity in a material like GeTe, new
multifunctional materials called FerroElectric Rashba Seomductors (FERSC) are created.
These materials have unique spin textures that can be ctiatt@nd switched by an electric
field due to a large Rashba sgplitting. This specific spiglectric coupling is particularly
effective in smaibgap insulators such as chalcogenides and can bring new capabilities to the field
of electrically controllegemiconductor spintronics.

FERSCanbe consider as an integration of different fieldfter the remarkable results on GeTe.
Some of them are:

1 Ferroelectricitygranting the switchabilityof ferroelectric polarization by an electric
field, traditionally exploited in nowolatile memory elements),

1 Rashba effectébringing in spirdegrees of freedom and usually exploited in logic
semiconductingbased architectures),

1 Semiconductor Spintrorsi¢granting the integration with existing semiconducioaised
technology)[45].

GeTe has been predictediq] to show a giant Rashba sgaplitting. GeTe itself, however, has
several pitfalls from the experimental point of vieag it shows a high tendencip form Ge
vacancieg47]. This in turn leads to a-geegenerate semiconducting behaviahus it is highly
unlikelyd 2 a6 A 00K GKS FTSNNRStESOGUNRO adladsS Ay &adzOK
control of spintexture via an electric field

However, ferroelectric switching of GeTe has only been demonstrated at the nanoscale using
PiezoresponseForce Microscopy (PFM) of thin films4§], using transmission electron
microscopy with nanometrscale crystals[49] and nanowires[50], and using X-ray
spectroscopy51]. The screening of the external electric field by the large density of free carriers
prevents the penetration of external electric fieldlsus preventing theolarization reversal and
resulting in high dielectric log%2]. Althoughthere are some reportshowing evidence of
ferroelectric inversion even in polar metd&3,54], it should be noted that there are only a few
reports on SHG studies on polar metals. One of the first material which is considered to be polar
metalwas LiOsewhich issimultaneously nofcentrosymmetric and metallic.
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1.7 Structure of GeTe

GeTe, withits unique combination of ferroelectric, Rashba, and semiconductor properties, ha
the potential to be used in spiRET devices for nevolatiie memory storage and lag
operations. In these devices, the Rashibduced spin precession of the injected current is
controlled by the ferroelectric state of the GeTe material. By utilizing normal magnets as spin
injectors and detectors, the spins within the ferromagnetic elatsecan be coupled through

the current, and the resistance of the device can be controlled by the ferroelectric polarization
of GeTe.

GeTe is a phase change material (PCM) that exhibits a reversible transition between an
amorphous and crystalline state whesubjected to electrical or optical field. This property
makes it wellsuited for use in rewritable optical data storage due to its-fsitching speed and
large contrast in properties between the amorphous and crystalline states. At room
temperature, G&e has a distorted rhombohedral Na@be crystal structurewith space group
R3m. In its amorphous state, GeTe has a covalently bonded, fourfold coordinated sp
tetrahedron configuration, which is common among amorphous semiconductors. As shown in
Figl.7, GeTe can exist in two different crystal structures: a rhombohedral structure and a cubic
or rock salt structure. In the cubic structure, the Ge atom is locatedhe center of an
octahedron formed by six Te atoms. In the rhombohedral structure, the Ge atom is positioned
off-center within the octahedron, which leads to an asymmetry in theT&donds. Specifically,
there are three longer bonds (shown in greerttéd lines) and three shorter bonds (shown in
red lines) in the distorted octahedral structure of the rhombohedral GeTe, as depicted in
Figl.7a.

b (a) b (b)

-
aC

Structural transition

%

€
.
Rhombohedral structure Cubic structure

Figure 17. GeTe Structure: a) rhombohedral structure; b) cubic structure [55].

1.8 Nonlinear optics and ferroelectrics
In photonics, nangohotonics, and bigphotonics technologies, nonlinear optical materials are
essential. Thin filmgprovide the added design advantages of minimal volume and strong
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compatibility with the manufacturing of waveguide and integrated nonlinear photonics devices.
It's intriguing to note that the majority of ferroelectric thin films have physical traits inctud
high dielectric constant, high optical transparenkeygenonlinear responseNonlinear optical
properties of a ferroelectric not only depend on the material itself but alsolaser pulse
duration and excitation wavelengtfhere are some reports d8HG being used to study HZO
thin films [56]. Composition dependency oBHG refractive index, extinction coefficient, and
optical bandgap is describe@hey are found that wh increasing Zr@content, the refractive
index generally rises, with all valuiedling between 1.98 and 2.14 between wavelengths of 880
nm and 400 nm. The indirect optical bandgap shows composition dependence, falling from 5.81
eV for HfQ to 5.17 eV for HfsZrn.¢O.. For compositions with x > 0.6, the bandgap rises and
reaches 5.3V for Hb.1Z1.¢0>. The measurement of second harmonic signals for incident light
at 880 nm.It has been reported that ferroelectric Y:Hf®ased hybrid nonlinear optical
metasurfaces exhibit higlsHGproduction. SHG is increased by three times at the incident
wavelengthcompared to theferroelectric Y:HfO2 to neferroelectric HfG-based devicefs7].

Metal chalcogenideare promising materials for nonlinear optical (NLO) applications working in
the infrared (IR) region of the electromagnetic spectruline synthesis of new materials in the
chalcogenide class during the past 20 years has produced a number of novel compounds with
exceptionally high NLO respongés]. In particular, GeTe has been recenstudied by SHG
where they foundthick film contairs large domains visible in SHG images, and a thin film in
which the domains' size is below the SHG resolution liffiey also used athine learning
assisted methodand proved thathat both samples exbit four domain variants of the same

type [59]. In my thesis our approach is to study HZO thin flipSHG polarimetry. Also, we are
going to use the same technique to study fhigase transition in GeTtin films.
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Chapter 2Experimental methods

2.1 Introduction

The development of lasewas one of the most important technological advancensgntthe

20" century. Lasersrid their applicatiorsin everyday life ranging from medical, such as surgery,
industrial, cutting and welding, barcode scanners, reading disk naalaser pointersBeing
monochromatic, coherent, and highly intense, laseffer a suitable tool to study high field
physics such as Ndrinear Optic§NLO).Such properties of lasers are achievable throtigh
exploitation of a controlled population inversion astimulated emission processes, allowing
lasers to be the ideal tool for spectroscopic studies. NLO is the branch of physics in which the
electric polarization density of the medium is studied as a nonlinear function of the
electromagnetic field of light. dhlinear interaction between light and matter leads to a wide
spectrum of phenomena, such as optical frequency conversion, optical solitons, phase
conjugation, and Raman scatterifid. Before the advent of lasers, NLO was not possible due to
the weak intasity of incoherent light source€harles Townes was the first to develop a
successful sebustaining stimulated emission source in 1954 using excited ammonia molecules
in a resonant cavitj2]. In fact one year laterthe first NLO phenomenon was diseved. In this
experiment [3], the first frequency doubled light was detected usimgby laser and quartz as

a nonlinear crystalThe fundamental lighat 694.3 nmwavelength was partially converted into
light with a wavelength of approximately 347.2 nBecond Harmonic Generation (SHGyas

born (Fig2.1). It was surprising that the data point showing the SHG, was removed by the
publisher as they thought it was an error in the image. The advancement of NLO and the use of
different nonlinear crysta make a significant development in many areas of science and
technology, creation of new laser sour¢cesd the understanding of lightnatter interaction.

The scope of this field includes all phenomena in which the optical parameters of materials are
changed wih irradiation by light. Generally, this requires highly intense optical sources, which
is the main reasowhy NLO grows alwaysn parallel with laser techrlogy.
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Figure 21 SHG signal at 3784 A indicated by an arrow. The wavelength scale is in the units of 100 A [4]

In Fig2.2, blue, light blug and salmon pink represent types of higkheder nonlinear
susceptibility, nonlinear processes corresponding to different NLO stilstép and their
applications, respectiveldn principle light-matter interaction can be described by classical
means. In the first order, these interactions refer to models formulated by Fresnel, Huygens,
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and Maxwell inthe 19" century. The basis dhese elementary laws lies grounded in the
superposition principle. Howevewhen the incident light intensity becomes high enough, i.e.,

F YFOGSNRALFE QA RASESOGNARAO NBalLkrRyasS 06S02YSa aidN
nonnegligible, superpositionrbaks down producing a variety of wave mixing and multi

photonic effects. In order to visualize the nonlingdiects for scientific measurements, strong

electric fields are necessary. Lasers are the only source otlightan produce electric fields

as high as 1& V/m and this field is enough to produce nonlinear effects in the medium.
Bloembergen et al [5] estimated the scaling ratio efhnorder multiphoton processes as
(Binea/Emuttiphoto)™® CNR Y KA & S&GA YLl (dieléctfirespofise Is onVile Briledzy Q& f
of unity, then the second order correction will be roughly®0the third order 16?4, and so on.

Nonlinear optics
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Figure 22. Different applications of Nonlinear Optics (NLO).

2.1.1Linear optics

Light is an kectromagnetic wave, which means there is an electric and magnetic oscillating field
perpendicular to each other and the direction of propagatiorthe wave is perpendicular to
both. Generally, we only considered the electric part of the optical wave in optics. When an
electric field is applied to the material medium, it responds to the field linearlgonventional
optics many basic mathematical equats are linear Toapply those equations in order to
understandphenomena such as refraction, reflection, dispersion, scatteand so on we
should consider an important physical quantitye electric polarization induced in the medium.

In the regime ofconventional optics, the electric polarizatioector P of a medium is simply
assumed to be linearly proportional to the electric field strengtbf an applied optical field,

ie.
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where is the freespace permittivity an@ isthe susceptibility of a given medium.

Unpolarized material Electrically Polarized material
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Figure 23. Response of dielectric medium to the electric field. (a) without applied electric field (b) with electric
field.

Fig2.3bshows that thegpresence ofinelectric fidd displaygositive and negative charges within
individual atoms and moleculemd thus theyry to separate from one another resulting &
shifting of electronic clouds relative to their nucléit this moment when the separation of
charge happens, the dielectricedium is polarizedWe should note that, this is particularly
called as electric polarization. Although, there are other ways to polarize the materials such as
ionic polarization (sometimes referred to as atomic polarization) and orientational polarization
All nonconductive materials can become electronically polarized, which is why they are all
dielectrics to some extent. In contrast, materials with ions or permanent dipoles are the only
ones that can exhibit ionic or orientational modes of polarizati®pace charge, or the
accumulation of mobile charges at structural surfaces and interfaces, is another factor that can
contribute to polarization. However, this only occursinfaces andheterostructures and is not

a property of a single material.

2.1.2Non-linear optics

Fig2.4 shows the potential energy of a charge in the material as a function of positibhe
sharp increase of the potential shows the repulsive forces that acts on the charge. The bottom
of the curve represents the equilibrium positionof the charge. When the incident light energy

is low, the oscillation of each dipole can be viewed as harmonic in the linear dofxidirgh
incident intensities, (e.g., laser light) the oscillations in the dipoles may not accurately follow the
frequency of the incoming wave and the radiated wave can contain different frequency
components. This gives the higher order (nonlinear terms) in the induced polarization.

When the intensity of the light source is sufficiently high as in the case of a laser, \eeget
higher order terms in the total polarization and the basic equation can be written as

0 0 0 (2.2)
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where 0 is a linear function and is a nonlinear function of the applied field, respectively.
The nonlinear polarization is a source for the generation of new waves. It can be expressed as a
power series expansion in the applied field as

0 .. 0 .. 0O .. 00X E (2.3)

where .. corresponds to the linear susceptibility tensor of the medium and it is responsible
for all the linear phenomea in optics such as reflection, refraction, etc. anfd is the
susceptibility tensors cf-th order €  ¢fofB). It should be noted that the magnitude of the
elements of the susceptibility tensor decreases with the increasing power.as ( ..

.. E ). It should be emphasized that thé? and ..®) are responsible for the
nonllnear optical phenomena such as SHG, Third Harmonic Generation, Kerr sééct
focusing etc. It is important to mention here that.. is an effective thd-order nonlinear
susceptibilitywhich we are going to use when we explain the generation of THz in Chpt.5.

Electrical potential V(r) Light Energy

High Harmonic Generation
Non-Linear Domain

Harmonic approximation
Lingar Domain

Figure 24. Electron potential (red curve). In linear domain (green area), the charge oscillation epphoximate
by a harmonic potential (black dashed line). For higher electric fields, the response becomes anharmonic, entering
in nonlinear domain (light blue)

2.2 Second Harmonic Generation (SHG)

The main technique used throughout my.Bhwork was Second Harmonic Generation (SHG).
SHG is well developed optical technique to investigate the emergence of polar phases, which
probes thematerial symmetry. It idoackgroundfree, non-invasive,and highly sensitivgit can

be employed in differentexperimental fashions such as pump probe for dynamical
measurements or SHG Microscopy for lateral spatial resolution, althousfamdlard casethe
resolution isrestricted by diffraction to aboutl pm or slightly less, depending on the
wavelength It isalso possible to apply near field techniques to improve the resoluSéiG is a
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under investigation and reemitted as a single photon wttenelectrors go backo theground

state. Here, we should emphasize that SHG is possible even without absorbing the photon. In
thiscasel KS SEOAGSR adGlradS Oy 06S @GANIdzat Ay GKS
and emission of the photon happens at the same tise that the time in which the system

stays in the virtual state is approximately zero. Photons will be only absorbed when the excited

is real and, in this case, SHG has a resonance. It is clear thatehghotonwhich is emitted

must have double energgompared to the incident photons in order to fulfill energy
conservation and thus it must have a frequency which is exaetige the fundamental
frequency 8This process is sketched in Ei§. Using the time dependent perturbation theory,

each transition probability can be derived in the framework of quantum mechanics and spectral
dependences of the SHG can be calculated. Keeping in mind that we only used SHG spectroscopy
to maximizethe signalyield, a detailed discussion about spectral features will not be discussed
here.

Q)X

Excited State

Ground state

Figure 25. Sketch of the energy levels and the transitions at play in the SHG process.

Two photons from an incident light pulse (e.g., 800 ane)simultaneously absorbed and excite
an electronic state. The excited state then decays via the coherent emission of a single photon
of the doubled frequency, which in total leads to second harmonic phqto@

Let us use a classicalavepicture, in which lighimatter interaction is described by the
oscillating electric field of the light wave.

~

0O 0€Q ¢ 4)) (2.4)

whereO 5 representghe incoming electric fiel that displaces the electrons and thus induces
an oscillating dipole momerit in the material. For the case of high electromagnetic fields, the
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spatial components of this induced polarization can be expanded in poweds of Let us
rewrite here Eq.2.3 with explicit dependence on the frequency variablas:

0 S Yo ¥8 ... 05 .. 050 .. 05050
E (2.5)

Here, denotes the vacuum permittivity,.  are the spatial component§I@Q  atudnx

of the corresponding ¢  p -ranked susceptibility tensor. TReq  in the above equation is
responsible for the SHG frequency oscillatind@uble the incomrmg light frequency and is also
one of the most relevant for our experimental method.

We can writethe second order polarization term as

~

0 ¢ 071 O] (2.6)

E0.2.6 represents theSHGprocesswhich can be showrschematicallyasin Fig2.5. Both the

OGNl yaardazya G . | yR Hthe edited stateSdoed RoNddrdzspbnd to NI y & A
any of the available higenergy states for the electron system. In this casedlsetronic state

is occupied for a time determined by the tire@ergy uncertainty relation [6], hence we call the

adl 4SS I af op ?é otfiednlarid éthe excited state is real, the process yield is greatly
SYKFyOSR FTYR Al A& NBFSNNBR (G2 a aNBazylyidz:
resonant proceses are favorable because of a strong and d¢asjetect signal, they often

display features which are related with that particular material resonance rather than with
general features of the material, and therefore the choice of the excitation frequbeeayy

resonant or not (and what resonant transition to choose in the former case) is a delicate task
which depends on the type of measurements as well as the experimental conditions.

Until now, we only considered electric dipole transitions that usuadiyithate the generation
of anSHwave as shown ikg. 2.7. However, if this process is forbidden by symmetry, we should
take account of higher orders of the multipole expansion of the electromagnetic field.

Let us briefly discuss the higher order termstsas magnetic or quadrupole contribut®n

We begin by considering an electric fie@ i i of polarization '‘Q it at positioni and
time o radiated due to the interaction of an incident field with a medium. This radiated field
O i is gven by the inhomogeneous wave equation as:

pT 2.7)

x o s 'O ‘l Fb “Y‘I Fb
w' o
where c is the speed of light antY i hb is the induced source in the sample generated by the

incident field. In the plane wave approximatio®, ifdo 0'Q ! and the radiated field
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strength is proportional to the induced sources. To the lowest order in the multipole expansion,
Yiho is given by

Yifh A m A —0 i A —D (2.8)

where A is the vacuum permeability) ifd is the induced polarization (electric dipole
moment/unit volume) of the medium, is the LewiCivita symbolp if is the induced
magnetization (magnetic dipole moment/unit volumapd0 i is the inducedjuadrupolar
density. The elddc field term ¢ 0) is the leading term iq.2.8 and is typically 174 times
stronger than the second order magnetic dipdfe 0 ) while the electric quadrupole term is
proportional to(® 0), where 1 is the wavelength of light andéeeis the lattice constant.

It should be noted that, both the electric and magnetic components of incident radiation can
interact with the sample. The induced dipolar/multipolar densities can be expressed as linear,
second and higher order nonlinear express of electric© 5 andO S fields of the incident

light and ca be represented as:

0e ..o ..O ..0O .. 00 .. OO

E (2.9
be ..o ..™O .. 00 .. 00 .. OO

E (2.10)
and
O ¢ ... 0 ... 0 .. oo .. OO0 .. O

E (2.11)

Let us now tryto understand the meaning of above equat®hby taking EG.9 as an example.

This equation describes the polarization of a medium, denoted bwhich is proportional to a
combination of electric and magnetic fields, denoted®wnd O, respectivelyThe subscripts

on the O and 'O, symbols indicate tb direction ofthese fields applied tesystem The
proportionality is determined by the matil's susceptibility, denoted by, which is a measure

of how the material responds to an external fiethe subscript&iQand™Qon the ...symbols

indicate that these tensors have multiple components, dmel superscripts of..refer to the
operatorNB & LR2yaA ot S FT2NJ 0KS St SOGNBYAO GNIQAAGAZY
NBLINB &Sy ila RN SagnégtNtipblé kansktieng. a = W

The terms on the right side of the equation can be understood as follows:

T The term... 'O represents the contribution to the polarigan due to the particle or
system being subjected to an electric fi€d
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1 The term ... "O represents the contribution to the polarigan due to the particle or
system being subjected toraagneticfield O.

1 Theterm... OO represents the contribution to the polarizan due to the particle or
system being subjected to the product of two electric fieldsandO .

T Theterm... ‘OO represents the contribution to th@olarizationdue to the particle
or system being subjected to the product of an electric f@ldnd a magnetic fieltD .

T Theterm... OO represents the contribution to the polarization due to therpele
or system being subjected to the product of two magnetic fi€ldsandO .

In short, this equation describes how the quantityis influenced by the electric and
magnetic fieldSOandQ as well as the susceptibilities that describe thepmasse of a
material to these fields. Similarly, we can also explain the other two equations.

2.2.1Second order nonlinear susceptibility tensor

Before going thesusceptibility tensor, let us define electrical susceptibilityisla dimensionless
proportionality constant that indicates the degree mdlarizationof adielectricmaterial in
response to an appliedlectric field which meanghat the electric susceptibility will be large if
the response of a material to the field is largée susceptibility tensor connects the polarization
vector to the electric field vector and is composedamt p components... is a second

order nonlirear susceptibility and is a third rank tensor (3x3x3) composed of 27 components.
[@6IQ corresponds to the crystallographic axes of the crystalitx 8...  can be written as:

(2.12)

2.2.2Reducingt  via symmetry

Thissymmetry property can be used a frequency range in whidihe absorption isnegligible.

Let us note that this symmetry should not generally apply to resonant SHG, although sometimes
the absorption is still sufficiently small to leave the approximation unaffeciéé. frequencies

can befreely permuted without permuting the corresponding subscripts, and vice versa, and
the susceptibility remains unchanged. This is known as Kleinman symitietry

I OO2NRAY3I G2 bSdzYlryyQa LINAYOALX S (GKS a2 YYSiNE
physical propertie$8]. Applying the symmetry operations to the susceptibility tensor reduces

the number of independent elements. For the second order susceptibility tensor of rank three,

this is achieved with the following transformation operation:
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Y Y Y ... (213

where 'Y is a transformation matrix, ... is the untransformed tensor and

is the tensor after transformatioriet us nowdemonstrate one of the key symmetry
properties of SHGhe system must break inversion symmetry for SHG to occur.

The inversion operation is given:by

p T T
Y T p T
m T p (2.19)
which represents the transformations of coordinate as:
w°
wWo  w
a°  a
Let us define a Kronecker defta as:
; de Q@ jQ (2.15)
ph "QQ Q
After applying inversion operation, E213 takes the form:
| 1 ) (2.16)

Here we draw a very important conclusiahthe system possess a giversymmetry it must be
left unchanged after undergoingny transformation of that symmetry. Therefore inhose

system having inversion symmetry we find that which is true only if the all

the tensorcomponentsare vanishing ... 1, thereby demonstrating that SHG cannot

occur in centrosymmetric systemi.is worth noting that this result is true only under dipole
approximation. A centrosymmetric matal can still produce a significant SHG signal if the
guadrupole or other higher order terms are sufficiently strong and/or if something is there to
naturally break the inversion symmetry, as it is generally the case of surfaces or interfaces
between diferent centrosymmetric materials.

Depending on the symmetry involved, the number of independent components can be
calculated.Let us explain the procedure with a practical exam@ensider the symmetry
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operation of4-fold rotations, (Point group, 4)A medum possessethis symmetry when it is
unchanged by a rotation ahultiples of9(° aroundits symmetryaxis. In the case of rotation
around theg-axis the transformation matrix is given by:

T p T (2.17)
Y —@ “T¢ =p T T
mT p T

It would be extremely time consuming to solve the equations in order to find the number of
components survived after the applicationalftransformations. But we can also appldirect
inspection method in which we operate on each tensor elemedividually.

For 4fold rotational symmetry, the operations are:

W% W

Wl w

ac a
These operations can be applied directly to the ited of a tensor element, such as
WO Owd O wodwhichmeansh w® © wdhis is possible onlydf @@ T
After applying the same procedure for alktiensor elements, we get the susceptibility for the
LI2AYy(d BANPdzZL) ¥Yn Q

TT TT Tt (b(bd(b(bd Tt (2.18)
T =T T T OO owa T
GO aan T ado

This tensor presents only 8 nemnishing elements out of 2#itial ones. This clearly
demonstrates the effectiveness of applying symmetonsiderations when dealing with any
SHG process.

2.2.3Prerequisites for a material to be SHG active

SHG can occpuas we have seen abowaly in norcentrosymmetric crystals, i.e., in crystals that

do not have inversion symmetry. In centrosymmetric material, all elements of-exdsr
susceptibility tensors are equal to zero and consequently such materials cannot produce SHG.
Centrdsymmety is also the reason why the SHQusallynot active inliquid and gaseus
phasesas well aamorphous solids (such as glags)these cases, something needs to happen
which can break the random distribution of molecules, i.e., a symmetry breakingaddycan
external field or by phase transitionsll the crystal structures in 3D belongsdoe ofthe 32
crystalclasses or point groups. Outtbiem, 11 possess inversion symmetry, sosamaterials

are SHG inactive, at least in the dipole approxinmgtshown as green in Tali2€l.
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Table2.1. Centrosymmetric and nomentrosymmetric point groups

Non-centrosymmetric Non-centrosymmetric
groups(ferroelectric) groups (nd ferroelectric)

P p SIS

¢Ta 2 O ¢

aaa 3 ¢o

4/ 4 a a 4 TCC

o 64 TO0C

6/a ad a ag ¢CC

a ad T

aga T4 4 ¢

4/ & oA a TGa

o <PCf3(

6/ & 100

mo

Out of the remainin@1-point groups, 10 groups do not possess inversion symmetry and can
develop an electric polarizatioThesepoint groups shown in blue are narentrosymmetric

and eventuallybe defined agolar groups and consequently thmaterials belonging to those
groupsare SHG activd he point groups shown in red are noantrosymmetric and SHG active,
but they do not show ferroelectricity as they possess inversion symmetry. For any material to
be truly ferroelectric, thekey pointis the ability to switch the ferroic order in presencef
external electric field.

2.2.4Direction of SHG polarized light
Using matrix form, th&q.2.6, can beexpanded as:

y
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\\\\\\\\
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5 U@ UWUOUgUaWeUY, O 09,
11 GO 505 g
u GOS0 YU
Depending on the specific form of the nonlinear tensor, i.e., on the material symmetry, and
according to the input polarization of the incident light, the emitted SHG light will be generally
polarized, and not necessarily in the same direction of the &mnental beam. Let us now
elucidate this important feature with a typical SHG transmission experimental layout shown in
Fig2.6.
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Let us assume that a given material belongs to thed point group at room temperature,
which allows the following nomero components of the SHG susceptibilities:
h.. h.. and...

The indices of the nonlinear suscéylities are related to the polarizatiors]. 2.6)

Suppose our analyzer is fixed along thelirection 1 and we adopt the geometry as shown
in Fig2.6, then the incoming light is propagatingdmirection. In this case we can only see
and ... (... e ).

Thus, equatior2.19 will take the form

g .. 071 0] ..07 O] c... 01 0] (2.20)

Let us consider the electric filed vector in this form

~T[
0O O wési
i Q¢ o
Wewill obtain:
0 ¢ C... OWE( o0 Q&0 Q¢ (2.21)

The intensityO + would depend upon the rotation angke 1t ho @ T10f the polarizer
rotation in the following manner:

0 0 ¢ ... O Qtce (2.22)

As defined earlier the analyzer is fixed along the y directidi. (Osually, these types of
measurements where yofixed the analyzer (outgoing polarization) and rotate the incoming
polarization is called polarizeneasurements. IIChpt. 3, we have defined them as scans,
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where| isinput optical polarization anglézig.2.7 shows an example of the polar plot given
Eq.2.22.

Figure 27. SHG response of 4mm point group in polar coordinates.

2.3 Thin film depositin

In my PhD worktwo techniques has beemsedto growthin films, the first one is Pulsed Laser
Deposition (PLD) and second Molecular Beam Epitaxy (MBE). In the coming sections we will
explain both techniques briefly.

2.3.1Pulsed Laser Deposition (PLD)

We have used the Pulsed Laser Deposition (PLD) for the lygai4ZO thin filmsPLD was the
technique of choice for the growth of HZO films since this is usually considered the best
techniques for the deposition of complex stoichiometry as the one of ternary oxitlés a
physical vapor deposition technique wieea highpower pulsed laser beam is focused to strike

a target. It reproduces target stoichiometry in an oxidizing ambient of the desired composition.
The PLD process can be divided into three stages:

1 Laser ablation of target

1 Dynamic oplasma

1 Film nucleabn and growth
The lasettarget interaction (electromagnetic energy) is converted into electronic excitation and
then into thermal/mechanical energy to cause ablation. Ablation is a process that involves the
removal of material from a surface by means diigh-energy beam, such as a laser beam or an
ion beam. In thin film deposition, ablation is used to vaporize a target material, which is then
deposited onto a substrate to form a thin film. The interaction of the laser beam with ejected
material leads tathe formation of high temperature expanding plasma, called the plume. A
plume (atoms, molecules, electrons, ions, clusters, partig&s), expands with hydrodynamic
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flow characteristics and finally reached the substrate. The growth processes depene on th
surface energies of the substrate, film, and the f8obstrate interface. As soon as the atoms
land on the substrate, depending on the substrate temperature, they arrange on the surface,
but a too high temperature can lead to-mvaporation of some spés from the substrate.
Therefore, for the quality and stoichiometry of a thin film, the substrate temperature and gas
pressure are the key parameters.

Ablation is a technique that allows for precise control of the thickness and composition of thin
films,making it a widely used approach in a range of applications, including in the semiconductor
industry and in materials science.

There are several different mechanisms by which ablation can occur, depending on the type of
energy beam used and the propertied the target material. One common mechanism is
photothermal ablation, in which the absorbed energy from the laser beam is converted into
heat, causing the target material to vaporize.

Material is vaporized and deposited as a thin film on a substraiadabe target. This process

can occur in ultréhigh vacuum or in the presence of a background gas, such as oxygen when
depositing films of oxides. This technique allows crystallizing very complex crystalline structure
by ablating material from a polycngdtine target using a highly energetic pulsed laser. The
vacuum chamber is filled with oxygen at a given pressure (normally in thedl® mbar range),
which can be used to control the energy of the atoms in the plume as well as to avoid oxygen
deficiercy in the film. The total number of pulses are set to obtain a specific film thickness if the
setup is not equipped with RHEED.

Deposition KrFlaser  sputtering
system1 (b)

Vacuum chamber

Figure 28. PLD set up. Picture (a) and scheme (b).

Fig.28a shows the picture of Reflection High Energy Electron Diffraction (RHEED) assisted PLD
which consists of deposition chamber, KrF excimer laser source, RHEED and sputtering system
used for the deposition for the electrodes. The PLD process utilizes-pdwggr-pulsed excimer

YNC !+ fF&ASNJ 6< I Hny VYyYO0OX GKS NROGFIGAY3 GF NB:
mounted atD 4 ¢ 5 cm from the target (Fig. &). The distance between target and substrate

can be varied by displacing the substrate holder
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2.3.1.1Reflection High Energy Electron Diffraction

Reflection higkenergy electron diffraction (RHEED) is a surface analysis technique that uses a
beam of highenergy electrons to probe the surface structure of a material. RHEED is typically
used to studythe growth of thin films, such as in the deposition of materials by physical vapor
deposition (PVD) or chemical vapor deposition (CVD), MBE etc.

In a RHEED experiment, a beam of tagkrgy electrons is directed at the surface of the sample.
The electronsare diffracted by the crystal lattice of the material. By analyzing the diffraction
patterns, it is possible to obtain information about the surface structumd quality.

RHEED is commonly used to study the growth of thin films intireal allowing forthe
optimization of process conditions and the characterization of the film properties. RHEED is also
used to monitor the surface morphology and crystallinity of the film during growth, as well as to
identify the presence of defects or impurities. The RPIRE&ttern is typically visualized using an
oscilloscope or a camera and can be seen as in %ig.2.

Intensity (a.u.)

0 ' 1000 ' 2000
Time (s)

Figure 29. RHEED oscillations for the LAO layer grown on a STO substrate. The inset shows the RHEED pattern after
growth [9].

These intensity fluctuations can be used to monitor the progress of the growth process and to
determine the thickness of the filmms shown in Fig.2.E€ach peak in the intensity oscillation
corresponds to the formation of a new monolayer of filen. At this point, the degree of order

in the film is at a maximum, and the diffraction spots will have maximum intensity because the
maximum number of diffraction centers in the new layer contribute to the diffracted beam. As
the film grows, the over&intensity of the oscillations will decrease because the electron beam
is focused on the original surface and becomes less focused as more layers are added.

2.3.1.2 Advantages and disadvantages of PLD

PLD has a number of advantages over other thin film dejposiechniques, including:
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PLDcan be useccuratelyto reproduce the filmswith the stoichiometry of the target,
especially for complex compounds with three or four elements. This differentiate PLD
from the other techniques

PLD can achieve high depasitirates due to the high energy of the laser beam and the
ability to adjust the laser pulse width and repetition rate.

PLD can produce higturity films due to the higlvacuum growth conditions and the
ability to vaporize the target materidirectly from a solid target.

PLD can be used to deposit a wide range of materials, including metals, semiconductors,
and oxides.

PLD allows for precise control over the film properties, including thickness, composition,
and microstructure, through the mapulation of process parameters such as laser
energy, pulse width, and targaéb-substrate distance.

PLD can be used to deposit films on a variety of substrate materials, including metals,
ceramics, and semiconductors.

While PLD has a number of advantagbsre are also some limitations to consider:

T

PLD requires specialized equipment, including a-biggrgy laser source and a UHV
chamber, which can be expensive compared to the other deposition such as CVD or
Magnetron sputtering.

PLD is typically limitetb depositing thin films with thicknesses ranging from a few
nanometers to several hundred nanometers.

The size of the substrate that can be used in PLD is limited by the size of the vacuum
chamber.

PLD can be a complex process, requiringoit@nization of multiple process parameters

and the maintenance of highacuum conditions.

While PLD allows for good control over the film thickness and composition, the film
morphology (the surface and internal structure of the film) may be lesscwealiolled.

2.3.2Molecular Beam Epitaxy (MBE)

Molecular Beam Epitaxy (MBE) is an epitaxial deposition technique carried out in Ultra High
Vacuum (UHV) conditions that allows the growth of high quality epitaxial heterostructures of
metals, semiconductors, and inators. The MBE shown in Fid.@.is a Physical Vapor
Deposition technique (PVD), in which the deposited material goes from a vapor phase to the
condensed one, while no chemical reaction occurs in the gaseous phase of materials to be
deposited.MBE is a Ighly precise and controlled process that allows for the growth of-high
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quality, singlecrystalline films of materials such as silicon, germanium, ard ¢tbmpound
semiconductors (such as gallium arsenide and indium phosphide).

MBE was used for the deptien of Tin Telluride (SnTe) and Germanium Telluride (GeTe) thin
films discussed in chapter 4. It is possible to define three main physical processes taking place
during deposition as:

1 The target material (i.e., a high purity metallic rod or a metallicitie containing the
material) is heated up in UHV causing either its evaporation or sublimation. InlLBig.2.
the rectangular boxes shown in green, blue, and orange are act as target material called
as effusion cells.

1 Propagation of the molecular beam tewds the sampl®f the surface.

1 andinthe last step, the depositant beam reaches the substrate surface whitatigely
at high temperature and interacts with it and this process is called crystallization.

In MBE, UHV conditions allow us to reduce ¢bataminant agents inside the chamber,

a very large mean free path for atoms emitted from the target and eventually guarantee
almost zero scattering events to them. It turns out to be a highly directional process and
allows for the growth of ordered epitdal thin films and is also commonly used for the
growth of singlecrystalline metals and oxides. To achieve this crystal quality, deposition
rates are of the order of few A/min.

Substrate Holder

BEAM SHUTTER
1 SUBSTRATE

COOLING SYSTEM EFFUSION CELLS

Figure 210. Schematicepresentation of a Molecular Beam Epitaxy setup.

MBErelies on the migration of individual atoms or molecules, rather than the bulk movement
of materials, which can lead to defects and impurities in the film. MBE is also highly flexible,
allowing for the growth of a wide range of materials and the abilitgteck multiple layers of
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different materials on top of each other to create complex multilayer structugsesne of the
main disadvantages of MBE include the high cost of the equipment (more expensive than PLD)
MBE is also a relatively slow process, witi@h limit its practicality for some applications.

2.4 Characterization of thin films

2.4.1 X-Ray Diffraction (XRD)

For structural characterization, we useeRdy Diffraction (XRD), discovered by Max von Laue, in
1912. He suggested that crystalline substances attirag-dimensional diffraction gratings for

X-ray wavelengths like the spacing of planes in a crystal lattice. XRD is now a common technique
for the study of crystal structures and atomic spacing. The basic schematic of XRD can be shown
as in Fig.A1. Itis based on the interaction of monochromatigays and a crystalline sample.
These Xays are generated by a cathode ray tube, filtered to produce monochromatic radiation,
collimated to concentrate, and directed toward the sample. The interaction ofnitident rays

with the sample produces constructive interference (and a diffracted ray) when the conditions
aldAaFe . NI3I3IQa Loy

2d QE & _ (223)
NR S NJisavaveléhgtiFoFieils @iesikh2 shacing between two planes
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Figure 211. Schematic representation ofray diffraction [L0].

XRD is a nedestructive techigue which reveals information about the crystallographic
structure and physical properties of materials which are in the form of powder, bulk, and thin
films. Xrays have wavelengths of the order of an angstrom (A1, in the range of typical

inter atomic distances in crystalline solids. Thereforegayé can be diffracted from the repeating
patterns of atoms that are characteristic of crystalline materialsayXdiffraction is based on

the elastic scattering i.ethe change of direction of the electromagnetic waves without any
energy change. The diffracted intensities are plotted against the detectorgrgle . NI 33 Qa
states the condition for sharp diffraction peak from the crystal. Actual diffraction peaks ha
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finite width resulting from imperfections, in addition to the natural broadening. As crystallite
dimension enter the nanoscale, the peaks broaden.

2.4.2Electrical characterization of ferroelectric thin films
In principle, there are two measuremenbnfigurations for electrical characterization of thin
films, the bottomtop and toptop. The bottomtop configuration, which can be visualized in Fig.

2.12.

Pt
Thin film ﬁ o

Bottom
Electrode

Figure 212. Scheme of bottortop configuration.

In the bottomtop approach, the bottom electrode, usually a conductor (in HZO thin films we
used LSMO) is connected to the top electrode, Platinum (Pt) in our case. This is an asymmetric
configuration as the top/film interface and the bottom/film interface are differentn A
asymmetric contact configuration could result in asymmetric PE loops.

Pt

Thin film

Bottom
Electrode

Thin film

Pt

Figure 213. Scheme of toflop configuration.

The toptop configuration can be shown in the Figl2.This approach was used for measuring

the Hafnium Zirconium Oxide (HZO) hysteresis loops explained in Chpt.3. in which top electrodes
were contacted.In the toptop configuration for measuring the capacitance of a thin film
capacitor, the two identical capacitors are connected in series throughotittom electrode.

This configuration is equivalent to measuring the capacitance of a single capacitor with double
the thickness of the original thin film. The advantage of this configuration is that any
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asymmetries caused by the different metatulatorinterfaces are cancelled out, resulting in a
more accurate measurement of the capacitance.

A net up/down polarization will produce accumulation of screening negative/positive charges
at the top surface, and opposite charges at the bottom. Upon switcimadgiced by the applied
electric field, these screening charges are also reversed by flowing through the circuit. In an ideal
ferroelectric film and considering an initial zero polarization, the polarization can be defined as:

5o  O00QMA (224)

Where 00 is the current and can take positive or negative values, and A is the area of contact.
According to the equation above, the polarization of a ferroelectric material can be obtained by
measuring the current associated to the switching of ferroelectric dios while switching is
induced by an electric field. FE loops have been performed using a TFAnalyser2000 platform (Aix
ACCT Systems GmbH. Co.). It can measure the current vs voltage up to 25 V at frequencies
between 5 x 168 Hz and 2 x 10OHz. The most basic method used to measure hysteresis
dynamically is known as Dynamic Hysteresis Measurement (pE8{ishown in Fig.24. It
consists in applying four bipolar triangular voltage pulses with a time frequenagpd a delay

time between thedifferent pulsesz. The first pulse serves to polarize the film in the down state,
while the second pulse measures the switching from up to down. The third and fourth pulses do
the same for the inverse polarity of the applying filed, completing the ma#dn hysteresis

loop.

measuring

‘ Bias DHM

by A
V

measuring

Time

Figure 2.14. Voltage train pulses are applied in DHM, shaded areas correspond the pulses where current
measurement is performed.

There are, in general, two ways to extract the arant polarization: (iPositive Up Negative
Down (PUNDJ]11] (ii) Dynamic Leakage Current Compensation (DLCC). These two approaches
are described below.

() PUND is a well establish method to reliably measure the remanent polarizbitjom[PUND
measurement, fivaroltage pulses are applied the sample as shown in Hi§. Bhe first pulse is
negative and pregolarizes the sample to a negative polar state. The second and third pulses are
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positive, the second (P) polarizes the sample and therefore the corresponghiregntccontains
the ferroelectric and notferroelectric contributions, while current in the third pulse (U) only
contains the norferroelectric contributions.

Bias PUND

AA__ .
(A

Figure 215. Voltage train pulses during PUND (Positive Up NegBtown).

Therefore, their subtraction allowisolate the ferroelectric contribution to a certain extefithe

same applies to the fourth (N) and fifth (D) for the negative state. PUND current only contains
the switchable ferroelectric contribution and alé other contributions are excluded. This
compensation technique is only used if accurate values of remanent polarization are needed or
in the presence of large leakage currents.

(i) DLCC is a wédhown compensation method developed by Mayatral. [12]. This is used
when only the leakage contribution is desired to be removed from the polarization. In DLCC, the
I-V curves obtained by DHM are corrected for leakage effects using two assumptions: that the
leakage current is independent of frequency and thelectric current and the current due to

the ferroelectric switching both depends linearly on frequency. Under these circumstances, the
DHM cycles at two frequencies ( and’ #¢) as shown in Fig. 26 allow the subtraction of
leakage current and only displacement current remains. DLCC allows to measure the reliable
parameters from the EE loops.

| Bias DLCC

L I LW
! VY

Figure 216. Voltage train pulses during DLCC (Dynamic Leakage Currenté)eakag
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Figure 217. Ferroelectric polarization from different metho{l5]

A comparative hysteresis loops obtained by the above discussed techniques can be vissalized
in Fig.2.17 1t can be seen thadby using DHM, ferroelectric switching peak for positive voltage at
around3 V andanincreasing current for higher voltagksdingto the leakage current. A similar
current peak is observed when we applied negative voltdigshould be also noted thahe
leakage contribution widens the ferroelectric lodfhis widening could be solved by using DLCC
as it reduces the leakage current contributidnhis still not free fronextrinsic contribution.In
PUND, the current is nerero during the switchingeaks As mentioned above, @nly contains
switchablepolarization It is not perfect since it usually provide an overestimation.

2.5 Symmetry analysis
For HZO

HZO and GeTeelong to the mm2 and 3m point group symmetry respectively. In order to find
the SHG response frorm an SHG experiment, the frequency of the incident light is doubled by
the interaction with the material and can be written as:

0 ¢ .. 071 07 (2.25
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Hered is the nonlinear polarization induced by incoming field, is thevacuum dielectric
constant,O 1 and O 7 arethe incoming electric fields oscillating &equency , and is

the secondorder susceptibility tensor that couples the fundamental and the second harmonic
fields. The indice® " @%3ume the values of the system coordinaiee)a@nd a sum is assumed
over repeated indices.

It should be noted that the Eg.25iswritten in the lab coordinates. Therefore, we should know
the ... tensor in that coordinate system. It is much more convenient to write it in the crystal

principal axeso @coordinate system, where symmetry vanishes most of the elements.

The dectric fields in EQ.25 are written inside the material. We will write it as a function of the
external fields, by introducing to the Snell law. To introduce the Snell law in vector form, we

make use of the Fresnel tensarThis tensor couples the tramitted'@ and incidentQ® electric

fields through the relation@ 083 . Let us now refer to Fig.3.3&hapter 3¥or the notation.
In that system, it is possible to write the diagonal term® afs a function of the inpubutput
angles and th two indices of refraction across the interface:

ct Qe .26)
Qg £ 08I

ct Qe .27)
EQEI £ QI

& WETI .29
E E gl £ QFi

Using the Fresnel tensor, we can now define an effectivetensor (in the following we
will remove the superscript (2) for simplicity.) which contains all the information abou
geometry of the incident and emitted fields. Only the amplitude of those fields will be
outside. The effective tensor..  tensor will be than a function of the frequency and t
polarization of the incident and emitted light:

~

i Q W .1k 0 0 Q @ (2.29)

Fig2.18 represents the interface between two media with index of refractiorand ¢ .
The incident plane corresponding to th@ § plane, in ad ) deference system of the
laboratory.

42



LSMO a

Figure 218. Experimental Layout. Note, here incident angle is —as in Fig.3.3a). Taken fron8[1

The fundamental light in our case was 800 nm wavelength (red line) and the SHG light emitted
from the sample is represented by klline and has a 400 nm wavelength. The incidence angle
isT and the refracted angle into the medium i§ . The angle between the laboratoryw
direction and we can change the crystal principal axis/ rotating the sample around the
normal to its surface, while different input and output configurations can be set by using a
Polarizer and an Analyzer. Hexis the direction parallel to thencident planegesés parallel to

the sample surface ariQis at 45 between the two. The general polarization w@ttor Qforms

an angle with respect to thesaglirection in then iplane.

In Egs.2.26, 2.27, 2.27 and 2.28 the incident anglg , the indices of refraction are depending

2yte 2y (0KS FTNBljdsSSyoe . 2y0S 6S YIRS (KS OK2A
anglegl is given as a function pf and¢ by the Snell law. Therefore, the value of a specific

tensor element) will depend only on the frequency, which is in our case either ¢ . Thus,

in the following we make use of a simplified notatian:] 0 andd ¢ 0 . Finally,

Qdire the unit vectors representing the direction of the incomargl outcoming fields and the

angles and| represent the input and output polarizations respectively, as depicted in

Fig. 3.11R, i and'Qdirections correspomds to the 11, w 1T L respectively. The emitted

SHG light intensity will be then proportional to the square modulus of the emitted SHG electric

field, and thus it will be in turn proportional to the square modulus.of . So, for a given
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choice of the input and outputgdarization angles, we basically measure. and therefore
we can go back to the.. We have an arbitrary scaling factor,for our measurements, due to
the response of the experimental setup. In general, we can write that our SHG Signabk
given by:

‘0 88 .. (2.30)

From here, we can start our calculations and the experimental layout is sketched is shown in
Fig2.18. In this figure, we hav@U & ¢4 B)HU i "Q8& Hior both input and output. Also, for the
input we haveHu @ & i & [ "N&XtandiHU wand for the output we have same notation
but with changed sign in thg component. Therefore, we have:
Wi Qfi WEi Wi
U [ Q¢ n au [ Q¢ (2.31)

~

wfii Ne gl it

Thus, the scalar product for the input waves is written like this:

0 m 1w A 0 Ogi Ogi
0 & m 0 T QU 0 i Q¢ (2.32)
m 1 O ‘U 0 i ogi

Similarly:

0 &aru 0 i Q¢ (2.33
0 Ogi wgi
Finally, we have to apply a rotation by an anglaround the ¢ axis in order to bring the vector
in the crystal coordinate system. Let us ¢athe rotated vector:
Géi i Qe 0 0l 0l
Y [ Q¢ eé | o1 L i Qe (2.34)
L1 T p U wfiwgi

Again,’Y is obtained by the aboveentioned substitutions and changing the sign of only
the first term of thewand the wcomponents of? .

Now it is possible to rewrite E229in terms of ¥ and '? as:

ﬁ Y Q. 1hg Y U 0Q (2.35)

44



The Eq2.35is written in the crystal system, so we should use the coordinabes) fnstead of
(SR
We know 6HZO belongs to the space groRpad which corresponds to the orthorhombic point

groupmmz2and the allowed tensor components are shown in Taakelt should be noted that
the above analysis is true for all materials having mmz2 point group symmetry.

Table2.2 Allowed tensor components for orthorhombic, monoclinic, and tetragonal HZO.

Symmetry Nonvanishing elements
0-HZO, mm2 U@ U

uuuduuu

UN%)%)

Uuu

uuu

m-HZO, 2/m Each element vanishes.

t-HZO, 4/mmm Each element vanishes.

We use the methoaexplaned aboveto get the final formulas in order to fit the experimental
data. The same method was used to write a MATLAB code (Appendix Al) and the output

r  for different point groups shown in Tab®B2 can summarize as:
Form22,
L

0i Q¢ Omési O Qe

oi Q&
5 &béde
where| representsimPA T ‘@and|  cantakei AT fonly. The simulated results can be

seen in the Fig.2a

For 4/mmm and 2/m, the... j is zero as all the tensor components in the corresponding
point groups are zero.
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Figure 219. Simulation for mm2 point group.
For3m point group symmetry:

In centrosymmetric systems , electric dipl@e2 Y G NA 6 dzi A 2y (2 @inthoseh & 1 SN
material is zeroGermanium telluride (GeTe) belongs to the 3m point group which is non
centrosymmetric fgolar) in nature. In this polar 3m phaséthe mirror plane is perpendicular

to Y, the tensors wirch are allowed are

WAOOA OVOOADWA
00w O
Suppose we are incident the laser beam in near normal incidence onta tiane (Fig.4.4)
we can only access thiedand @ w & w & Gcomponents.

The measurement where we measure SHG signal as a function of rotation of input and output
light polarization gives rise to what we call anisotropy measuremgits4.6) The number of
tensor components detected depends on tegperimental geometry. Most of the tensors can

be probed in reflection (4% geometry. An anisotropy measurement also allows to identify the
crystallographic directions if the orientation of the crystal axes is unknown.

The intensity of the generate8HG signal can be obtained by taking the square of the second
harmonic polarizationi.e.,

)¢o 8 0 ¢

where
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0 ¢ 258ad Oqd ; (indicesi, j andk denote the polarization of the optical
field).

Now , if we use the allowed tensor components of 3m point group symmetry , the susceptibility
tensor takes the form as:

WwWww Tt wWwa
LIS Www T .
(04 , oy
L R
A T WO T oA
= ~ WWww Tt W W ek
f:* T wwa mn oA
O dow i o
LI AW T
O m T ad &

YCeS o d OB 0B

It should be noted that, for polarizer = Analyzer®-afd Polarizer = Analyzer =%9@e got the
same formula as given in the above equation.

For doped GeTe, we used theftinction from reference [4], which can be written as:

Y¢S5 ® ?! AToBe O6AT Or %o

where %ds the polarization angle ardis principal of strain orientation.
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Chapter 3Second Harmonic Generation atfo 521050,/ Lao.67S1.33MNOs
Interfaces

3.1 Introduction
The part of the chapter 3 [section 3.4) was done at ETH Zurich with Marvin Muller and Morgon
Trassin

Doped Hafnium oxide thifims have received significant attention in recent years due to their
unique electrical and dielectric properties. Thddms have a great technological importance,

as they exhibit ferroelectricity (FE) at room temperaturdilims thinner than 5 nm [1,2]. Bag

fully compatible with CMOS technology, it is expected to have large impact on microelectronics
[3]. When hafnia is doped with zirconium, the FE varies with composition, but around a 50%
doping level, HfsZrhs0, (HZO) shows the highest polarizatioB].[ HIQ (ZrQ)- based
compounds adopt a monoclinic paraelectric {fe phase but at highemperature and high
pressure tetragonal or cubic phases can be stabilized by doping [4]. It is rather surprising to have
a FE in hafniasedfilms, first becausehlie above phases are nguolar, second because it is
well-known that the FE is often suppressed upon decrease of the film thickness. HZO has been
shown to have good ferroelectric properties, including a highand a large remnant
polarization. It has alsbeen found to have good stability and can maintain its ferroelectric
properties even after being subjected to high temperatures or mechanical stress [5]. In addition
to its potential use in electronic devices, HZO has also been investigated for its pbtesatias

a protective coating for a variety of materials. The high dielectric constant and good electrical
conductivity of HZO make it an attractive material for use in energy storage applications, such
as supercapacitors [6]. Overall, HZO has shown m®as a ferroelectric thin film with a range

of potential applications in electronics and other fields.

SHG is noninvasive, nondestructive, and noncontacting and can probe the entire volume of thin
film structures, including buried heterostructures. Time of second harmonic generation on

thin films and interfaces has become a very popular research direction in recent lygarface

SHG (iISHG) can be extremely important to study the interfaces which are hidden and are not
possible to detect in other djral techniques. At interfaces, there is always as breaking a
symmetry breaking giving rise to iSHG signal. In our case it is HZO/LSMO interface which is going
to explain in upcoming sections.

In the next sections we will explain tt@brication of films using Puldé_aser Deposition (PLD),
their electrical characterization (hysteresis measurements) and optical second harmonic
polarimetry on HZO thin films in particular HZO/LSMO interfaces.
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3.2 Experimental section

3.2.1Growth of HZO thirfilms

The HZO thin films, buffered with aole#56.33MNOs (LSMO) bottom electrode, were grown by
reflection high energy electron diffraction (RHE&BYisted pulsed laser deposition (PLD), using

a KrF excimer laser (wavelength 248 nm) on S(BDO) (001substrates. Two sets of films were
fabricated. Set 1 consists of different HZO film thicknesses and a fixed LSMO thickness, while Set
2 consists of different LSMO thicknesses and a fixed HZO thickness. Set 1 is composed of a

reference sample (LSMO/ST@,RA O G SR Ay (KS F2ftft2gAy3a & an

HZO/ LSMO/STO samples with HZO thicknesses of 4.6, 9.2, and 18.4 nm. In sample Set 1, we
keep the LSMO thickness constant (25 nm). Sample Set 2 is composed of two HZO/LSMO/STO
samples, with LSM@icknesses of 8 and 20 nm and a fixed HZO thickness of 9 nm. The growth
details are as follows: LSMO films were grown at a laser repetition rate of 5 Hz, substrate
temperature T= 700 °C, and oxygen pressuee=P0.1 mbar, HZO layers were grown wit+ T

800 °C and&= 0.1 mbar, and samples were finally cooled wishP0.2 mbar and the heater

off.

For the set 2 of films, LSMO layers were grown at a repetition rate of Ts biz770 °C, & of

0.1 mbar and HZO was grown at repetition rate of 2Tdaf 800 °C andd2 of 0.1 mbar. At the

end of the deposition, the samples were cooled down at 10 °C/min in the oxygen background of
Po20.1-0.2 mbar. The structural characterization was performed by Rigaky diffractometer,

/ dz Yh NI RAAGAZY omdpnnc

3.2.2 Structuralcharacterization

Fig.3.1. shows the-XJ @ RATFTFTNI OGEAQIYY &40 - WBDF A'YISR® Ay GKS

configuration for sample Set 1. The highest peaks mark the (001) Bragg reflections of the STO
substrate and the LSMO bottom electrode in all the three samples (Fig.8.amrd e).

¢CKS YIAY FSIFGdzZNBE Ay GKS CATdodndl s O Sz Aa
thinnest film (4.6nm), this peak appears at a slightly smaller angle, an indication of the
elongation of the oubf-plane spacing di axis. This isonsistent with the fact that the thinner

film undergoes compressive-plane strain, leading to an elongation along the-ot#plane di1
direction. Previous reports suggested that this could be assigned to the orthorhombic phase [7]
and also to the rhornohedral phase [8]. The presence of Laue fringes clearly indicates the high
crystal quality of the grown films and a wdkfined interface. With the increase of film
thickness, the film gets relaxed, and the dpeak shift decreases. Moreover, for 9.2 ninck

films, a new weak peak appears285° which is ascribed to the ndfE (002) monoclinic phase

of HZO [9]. For HZO films thicker than 9.2 nm, this peak becomes stronger. We can see from the
Fig 3.1 epitaxial-61Z0O(111) crystals grow across the entilra thickness as the peak is getting
sharper. The "HZO(002) peak seen in 18.4 nm film is an evidence of an increasing fraction of
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the monoclinic phase with respect to the orthorhombic phase with thickness. Whereas the
monoclinic phase is not detectedtine t = 4.6 nm film the thickest film.
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Figure 31. (a),(c) and (e) shows-NIF @ RAFFNI OlGA2y ‘“bwu' a0Fya F2N | %h (GKAY
NI y3aS 2F H' @I fdzSad CA3Ido ®shdrhoinbid)phased(lRrioeldctyicR indicatéd as d NB NI a
HZO(111).
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3.2.3Electricalmeasurements

Ferroelectric polarization loops for different thin films are shown in FR).There is hysteresis

in all of the samples, and there are nwakeup effects as observed in polycrystalline films in
previous reports [3,10]. The measurement was conducted at 1 KHz using TFAnalyzer2000 as
described in the chapter 2 (tepottom configuraton, with Pt and LSMO as top and bottom
electrodes respectively). The top electrodes were deposited using the magnetron sputtering.
The 9.2 nm HZO thin film has the highest remnant polarizatidgh P ROfcn? significantly high

with comparison with thinnefilms.
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Figure 3. Polarization loops of different HZO films.

3.3 SHG on HZO thin films

3.3.1Experimental methodology

WS YSI &adz2NBR GKS {I D aArAdaylrt +a I TFToxp@gwverr®y 2F (|
or Soutput polarization angle) and as a function of the sample azimuthal angfer given

Ay Ldzib 2dzi LddziG L2t FNAT FGA2Yy | y3t Sa45%. AsketchloB SLIA v 3
the experimental geometry is shown in Fig. 3.3a. Red arrows regdrésemcoming photon<

= 800 nm) and blue arrows the SHG<&t nnn yY® ¢KS AyOARSYyOS | y3t
output polarization angles, the label P represents incidence plane polarization, while the label S
represents a polarization parallel to éhsample surface. The iISHG signal is measured as a

Fdzy OliA2y 2F GKS AyLddzi 2LIGAOFE LREFNARTFGAZ2Y |y
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parallel to S) and the sample azimuthal angl@he nonzero incident angle geometry is required

in order to ob&rve a linear combination of all the components of the nonlinear tensor, so to

include those involved with the direction normal to the sample surface, as the surface has a
GSEFE1ISNI O2yGNROGdzii A2y G2 GKS A{ | BDncidldick Geondelryt A A Y 2
¢KS tAIKEG LREFINRTIFIGAZY Fy3tsS h xa Gl 1Sy G2 068
(P) and 90° in the direction parallel to the sample surface plane (S), whereas the intermediate

45° angle has been labeled with letter D. Bxperimental setup is shown in Fig. 3.3b. A laser

source , a series of waveplates (WP) and polarizers (P) is used to set the incident and reflected

light polarization, filters (F), and a monochromator (MC) are used to remove the fundamental
frequency befoe signal detection. The fundamental light has an 800 nm central wavelength (red

line in Fig. 3.3b), and the iISHG light emitted from the sample has a 400 nm central wavelength
(green line in Fig. 3.3b). and a photon multiplier tube (PMT) (not shown) istoskstect the

signal. The angle between the laboratorywdirection and the crystal principal axiscan be

changed by rotating the sample around the axis normal to its surface, while different input and

output configurations can be set by using agraer and analyzer half waveplates.

a)

Figure 33. (a) Optical geometry with levels diagram. (b) Experimental s§Mp.: Waveplate, P : Polarizer, L :
Lens, F : Filter, MC : Mona@mator].
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—#— SHG spectrum of HZO0-9.2 nm thin film B Experimetal data -
Simulation
204
— — 15
5 S
o d
& ©
© 1.0 4
z ?
n 0]
0.5
380 385 390 395 400 405 410 415 420 425 0.0 ' . . . .
0 2 4 6 8 10 12
Wavelength (nm) Power (mW)

Figue3® {1 D GSNATFAOFI(GAZ2Y (Sadad oFrv {OFryyAya 2F (KS Y2y2(
2dzNJ AG ¢l a ynn yYO NBadzZ G6a Ay | LISl Fd <.kH onnn yYo
(b) SHG power dependence (black curaell the expected quadratic curve (red line).

The first step in every SHG experiment is to verify whether our sigmalbe really ascribed to

SHGHigh light intensities of fs laser pulses have the potentiaxcite many nonlinear optical
LINEPOS&aasSa GKIFG FNB OF LI of S U 2ighHgdnératiid andwef A I K (|
photon luminescence are some examples. Timake surethat our signal has SHG origin, we

follow:

(a) Spectral dependencethe SHGinteh A G & Kl a | ALISOGNIf LISF{ i
that is given by the bandwidth of the incident light pulses. In contrast to fluorescence or
white light that feature a broad emission spectrum, the spectral shape of the emitted
light is analyzed by scamg the monochromator for a fixed wavelength of the
fundamental light with a result similar to the one shown in Fig. 3.4a

(b) Intensity dependencethe SHG intensity scales quadratically with the incident pulse
energy. For both the tests we used 9.2 nm Hi&(a reference. We used fundamental
wavelength 800 nm and monochromator was fixed at 400 nm and the potential applied
across PMT was 1.5KV which was measuring the SHG. Moreover, the polarizer and
analyzer were fixed at®@Gnd measurement was done in reftion geometry shown in
Fig. 3.3b. The output SHG intensity was quadratically dependent on input laser power as
Oq % 01

In this experimental setup as shown in Fig. 3.3b, a titarsapphire laser is used as the light
source. It generatepulses with a repetition rate of 1 kHz, an average power of 4 W, a duration
of 35 fs, and a central wavelength of 800 nm. The beam spot size is approximately 150
micrometers in diameter, and the energy per pulse is around 10 microjoules. This results in an
estimated average laser intensity of 5.7 ¥ W¥/m? and a peak intensity of 17 x ¥ON/m?.

These values are considered weak enough to not significantly affect the fundamental properties
of the material being studied. These numbers, provided that the gdtem length at 800 nm is
much larger than the film thickness [11], ensure that the optical excitation is weak enough to
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assume a negligible effect on the fundamental properties of the material. The iISHG signal is
generated when the beam is reflected bhetsample surface.

Two motorized halvave plates are used to adjust the input and output polarizations angles.
Filters and a monochromator are used to remove any unwanted fundamental wavelength light,
and a photon multiplier is used to detect the iISHGalg

The monochromator is used to scan the iISHG line and ensure that no unwanted optical noise is
present, and the iISHG signal is measured as a function of the incident laser power to confirm
that it behaves quadratically as expected (Fig. 3.4b). The f@BH&nNs are also measured at
different laser powers to ensure that there are no unwanted laseuced effects. In order to
minimize systematic errors, the samples are measured in a random order and several times, and
the setup is completely realigned heten different sets of measurements. The resulting
standard errors are used as error bars in the data.

3.3.2Results

(a ) 2 ( b) _,__._—90_____5(_{-in S-out

e-in P-out )
——46nm
——9.2nm
——18.4nm

270

Figure 35. iSHGY S| adzZNBYSy Ga 2y alyvyLwxsS &aSi wm & | FdzyOiAazy 27F
polarizations, namely P (a) and S (b). Circles represent data points, while solid lines represent emyfitricupess.

Colored straight lines represent the mayi iddzii b 2 dzii Lddzii L2 € F NAT F GA2y O2Y0AYyl A2y
green for DS, pink for PS, and orange for SS. Different colors refer to the HZO thickness according to the legend, the

black curve represents the LSMO (0 nm HZO).

iISHG measurements asfadzy OG A2y 2F Ay Llzi LRtFNART FGA2Yy Fy3
directions are labeled with lines of different colorsi/Pout is dark blue andisdPout is winered

Fig. 3.5a), R'Sout is green, R/Sout is pink, and §Sout is orange (Fig. 3.5b). The same color code

applies in Fig. 3.6. According to Fig. 3.5, we get a significant iSHG sign#Péar(fPom now

on, PP for simplicity),inPout (SP), and B Sut (DS) combinations, while thanS.ut (PS) and
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S/Sout (S$ ISHG yields are more than 1 order of magnitude smaller. In order to correctly
GradzZ £t AT S (GKS O0SKI@GA2NI 2F GKS &aAA3ykt FWR S OK
measurements as a function of the HZO thickness (i.e., for each measured sacipténg the

reference sample).
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the standard error on repeated measurements and are smaller than the g@nieter, if not visible.

It is evident that the ISHG components are affected by the HZO coverage but not all in the same
way. In particular, for the thinnest HZO sample (4.6 nm), the PP component shows a maximum
where the SP component has a minimum. Bodmponents are relaxing back to values similar

to the reference for thicker HZO films, i.e., where the paraelectric monoclinic phase starts to
appear (see Figure 3.1). Besides this, it is worth noting that the FE polarization in HZO is well
knowntohavd Y I EAYdzy @I fdzS§ F2N OSNE G(GKAYy TFAfYas | N
from HZO grown by atomic layer deposition (ALD) on TaN/Si substrates is known to correlate
with FE as a function of chemical Zr doping [11]. This makes us to think that wiesam®ing a

signal correlated with the FE order parameter in HZO. The DS, PS and SS component seems to
be very much unaffected and in particular PS and SS are hardly visible on the scale. This
observation demonstrates that the variation of iSHG in the otlm® components cannot be
ascribed to experimental artifacts or to some overall enhancement of the iISHG signal due to a
structural change in the HZO/LSMO interface compared to the air/LSMO interface. On the other
KIFIyRX (KS &skah loisks qissimifaikoSerall between the reference (LSMO only)
sample and the HZO films. This suggests that the main features we observe are coming from the
LSMO side of the interface. In order to understand the origin of iISHG, we performedsiten
measurements show in Figs. 3.7 and 3.8. Considering the geometry of the experiment, it is
evident that the rotation of the sample will also slightly change the direction of the outcoming
ISHG beam, since the surface plane of the sample and the rotation plane of the ¢tentdesver

be perfectly parallel to each other. Therefore, the iISHG signal has been manually maximized on
every single point to recover a correct alignment. This explains why the-pgipbint noise of

these measurements is larger than the one of a typieatan.
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Figure 37. iISHG measurements on sample Set 1 as a function of the azimuthal dogldifferent samples: (a)-P
input/P-output polarizations (PP); (b}iSput/P-output polarizations (SP); (c}iBput/S-output polaizations (DS).

Note that the 4.6 nm sample PP curve shows a stronger isotropic contribution with respect to all other curves.
Circles represent data points, while solid lines represent empiric-fitestirves. Different colors refer to the HZO
thickness acording to the legend.

In Fig.3.7, it is seen that not only the amplitude but also the ratio between the isotropic
contribution and the anisotropic contribution does change for the thinnest HZO sample (4.6 nm)
with respect to others. In other words, therga constant term (appearing as a circle in the polar
plot) that is larger compared to the lobes in the 4.6 nm sample with respect to the other samples,
including the reference. The SP component, on the contrary, does not show a particular change
in shape as the curve is reasonably wd#scribed by a circle (isotropic constant term) for all
samples. Finally, the DS component shows a clear fourfold structure, and it does not show any
particular trend by changing the HZO coverage. These results cleavytkabthere are not
definite changes in the symmetry of the samples, as it would result if a direct iISHG signal was
detected from HZO with a nonvanishingglane polarizatiorcomponent.

P-in S-out 0 —Lsmo S-in S-out 9o
——4.6 nm
——9.2 nm

Figure 38. iSHGsignals as a function of azimuthal angléor PS (a) and SS (b) components. Different colors refer
to the HZO thickness according to the legend. Circles represent data points, while solid lines represent empiric best
fit curves.
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Overall, these resultaidicate that the changes in the iISHG signal observed for the thinnest HZO
sample are primarily due to the influence of HZO on the LSMO layer, rather than a direct iISHG
contribution from the HZO itself.

Let usnow turn our attention to the PS and SS compatseof Hg. 3.8, we see that those
components do not change in shape or amplitude, but the shape in this case is quite different
with respect to the other three components, and the amplitude is more than 1 order of
magnitude smaller. In particular, bothrres show an eighlobe structure, separated in four
large and four small lobes by a 45° rotation. Finally, we note that none of the above shown
results are consistent with the threefold and sixfold symmetries that are expected to dominate
the signal of thg111)oriented HZO thirilm [9,12]. From Figs. 3.7 and 3.8, it is quite apparent
that the iISHG signal mainly comes from the LSMO film. The LSMO/STO interface has been
previously studied by means of iSHG polarimetry by Zhao et al. [13] which showedhé¢hat t
output signal is a combination of isotropic and anisotropic terms, originating from the LSMO
surface and LSMO/STO interface, respectively.

The impact of the HZO film on the iISHG from LSMO is clear from the results shown in Figure 3.6.
In order to undertand the separate contributions of LSMO and HZO to the signal, additional
samples were grown using pulse laser deposition (PLD). These samples had the same HZO
coverage of 9 nm, but different LSMO thicknesses of 8 and 20 nm (detail in section 3.2.1). The
ht | ySRurves were measured for these samples, as shown Bi&ignd the ratio between

the curve measured on the thicker LSMO sample and that measured on the thinner LSMO
sample was calculated.

o-in P-out_° —onmHzZO/enmLSMO | @-inS-out *°
—— 9nmHZO/20nmLSMO

(a) 135

180

270 270

Figure 39. (a) alphan Pout and (b) alphdn Sout for the set 2 samples.
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If the iISHGsignal was perfectly proportional to the LSMO coverage, the resulting curve would
be a perfect circle with a radius equal to the scaling factor between the two curves. In Figure
3.10, the Soutput curve (blue) and Butput curve (black) are shown, alongtiva reference

circle of radius 1 for comparison. While there are some minor variations, -th&gbit curve
appears to be similar to a circle with a radius of 3, while theuput curve is significantly
elongated along the PP direction. The SP componamtthe other hand, is located almost
exactly around a radius of 1. These results suggest that the observed iISHG signal cannot be
generated solely within the bulk LSMO film, but rather has a significant contribution from the
interface, at least in the casd the PP component.

—>Sout
—Pout

Figure 310. Ratio between LSMick and LSM@hin samples in sample Set 2, in the case-ofiput (blue circles)
and Routput (black circles) polarizations. The red circle represents the unity, deramee for the eye.

Now if we compareur simulated result§Fig.2.18with the Fig.3.7we can see that PP and DS
components are well fitted with the theoretical model but in the case of SP (Fig.3.7b) we have
a circle which contradicts thteoretical resultsn which it is shown that PP and SP components
are similar in shape. Moreover, our results also contradict the PS and SS components (not
shown). In our experimental results we have et lobes in case of PS and SS as shown in
Fig.38. But after applying the symmetry analysis we found that SS component should be zero
and PS should have four lobes as shown i Ai§.(Chpt 2)So, the presence of eight lobes in
these cases might have another origin. It is clear now from the abovgsamahat if we apply
electric dipole SHG approximation, it is not possible to fit the experimental data.

We tried the second way by considering the electric quadruple SHG contribution to our signal.
In particular we used the results from de la Tagtel. [15]. Keeping in mind that the point group
they have chosen was tetragonal 4/ifhe fitting results can be seen in Bi§.
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For 4/m, we found the following fit functions:
01 D& Owétd 6
Oi B¢ O6wége 6
i@t Owét 6
Of = dwéte 6
01 D O6wét 6

Where0, 6 and0 are fitting parameters and are defined in such that the final formulas should
fit the curve. It should be noted that, in case.of we have changed the formula as it was in
[15] in order to fit the experimental data.

3.4 SHG studies on the wakep effectof HZO
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Figure 311. (a) Hysteresis loops obtained by integrating the current in PUND measurements on 9.2 nm HZO thin
films (b) Pt electrodes deposition using photolithography (c) AFM image of single (d) Height of electrode during
AFM scanning.

From the above symmetry analysis, it is clear thatdikenot get the origin of SHG even after
applying the eHZO point group symmetry (mm2) and quadruple 4/m tetragonal point group.
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In order to solve this issue, we tried a different approach [16]. kniethod, Marviret al.used

the noninvasive optical SHG on-kabstituted BiFegXilms. It is shown that a weak net4plane
polarization remains imprinted in the pristine films despite the apparent domain disorder. They
test the functionality and the performance of capacitors by applying the elefiggld training

and performing ferroelectric fatigue tests and then they perform an operando study of the
dynamics of the itplane polarization component. We will use the same procedarsee if there

is any polarization emergence during cyclifgrthese measurements, we deposited platinum
electrodes of different thicknesgneasured using AFM shown in Figl8ljl The polarization
loops were measured in tefpp measured explained inh@t.2.

For the SHG measurements, an amplified Ti:sapphire laser /optical parametric amplifier emitting
130 fs pulses with a repetition rate of 1KHz was used. For the experiments, a fundamental
wavelength of 1300 nm (0.95 eV) is chosen. The polarizatitreahcoming fundamental light
beam was rotated using a halfave plate (polarizer). The polarization of the detected SHG light
was selected with a Glan Taylor prism (analyzer). The SHG light was detected with a liquid
nitrogen-cooled CCD camera. ForetlSBHG microscopy experiments, a long working distance
microscope objective was used. All the measurements were performed in normal incidence
geometry. Anisotropy scans were obtained by rotating the polarization of the fundamental light
and of the projectedolarization of the SHG light simultaneously i 4@ps.The scans were
repeated several timdor each SHG measuremeint order to get the more statisticsSThe
experimental setup can be shown in the FigZdAdapted from]

L III_=|
Incoherent light source f D IJ
®
Function generator
-

P L RG sample KG A IF 8
M’ °
|_| 5x — 50x

Figure 312. Schematic for SHG wake up effect measurements on HZO thinAittapted from 7]
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For in situ electrical characterization of HZO thin film, the optical set up was connected to a
ferroelectric tester via a function generator and voltage source as shown in BigS&lwe ged

the optical SHG setup to measure the response of a thin film during the cycling. The response of
film depends on many factors such as direction of ferroelectric polarization, the setup geometry,
the incoming laser wavelength, etc. We will discuss tHas®rs inupcoming section.

After measuring the hysteresis loops (Figla)l we also measured the fatigue in an optical SHG
setup keeping pulse width and pulse duration constant and try to find the best values of applied
electric fields (Fig 33). We bund that there was not much influence on fatigue with voltages,
but we saw that higher voltage induce earlier breakthrough. So, we decided to keep a fixed
voltage (16 V) for further measurements. Remember thatdRe= Switching? (black curvesy
Non-switching P (blue curves)Keeping the voltage fixed at 16 V, we changed the pulse width
and duration and we found there was a remarkable effect of pulse width on fatigue. The shorter
the pulse, the later the fatigue onset (Fig.3)1At larger pulsavidth, we did not see any big
change in the polarization but it affects the leakage current contribution and hence the
breakthrough.
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Figure 313. Fatigue measurements at different voltages.
¢tKS 0Sad NBadzZ §a 6S F2dzy R 4 A (pise dudsiod) &nd tha R (i K
remanent polarization alwayafter cyclingstays at 24 uC/cni. During the measurements

electrodes seems to be fairly stable against light pulses up to 3 pJ. Repeated electrical pulsing ,
especially with high pulses, seems to bthia electrode away.

62

x



—— switching P — — dP —— non-swilching P —— switching P ——dP —— non-switcmng P|

—— 1318 and 5 s PUND 5 jis and 5 us PUND

rs
=3

~

——
‘—-—___/ 40 \\ _—

—_ - - | — —_—

"5 20-;—-"—_;—‘_';--...::-__,,_,_-——'/ “g 20 __.:.“*.-::,;_ ) ——

3 —_— ) _—— [

S s i

§ 0 50

3 —

] — g el —

g - o0 o

o — L
—— \ -40 — —_—

404 o —

—_— 80

1E+00 1E+01 1E+02 WEj+D3 1E+04 1E+05 1E+06 1E+07 1E+00 1E 01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07

Switching cvcles (s) Switching cycles (s)

—— switching P — — dP ——non- swwlchmg P == swiching P —— dP —i—non- switching A

10 ps and 5 us PUND 100 43 puses
404 .——_- 10 ps PUND
20 >_'—"“"====a\ f S— \ - V
~~ ;ﬁ — /w<:3--—-=__’

-
—20~——__——-—74;'—_ —
404 / —_

@
3
@
]

a
S

n
S

o

Polarization (;ncfcrnz)
Polarization (uCiem?)

lés
\\
AN
\
i
A

-80 r
1E+00 \E 01 \E 02 \E 03 |E 04 |E 05 |E 06 1E+07 1E+00 1E+01 1E 02 IE 03 IE 04 IE 05 1E+06

Switching cycles (s) Switching cycles (s)

Figure 314. Fatigue measurements at different pulse width and pulse duration keeping voltage constant.

Our final goal was to make an SHG anisotropy scan of the electrode before pulsing and then
repeat the SHG anisotropy at evesgint of the fatigue measurement. By subtracting the SHG
anisotropies of the fatigue test from the pristine (measured before), we expect the emergence
of polarization. For these measurements, what we call operando SHG, we lapped the substrate
and roughly emoved 2 mm of STO in order to enhance transmission.

In the optical setup (Fig.3l}, we mount the sample and reproduced the electrical
characterization and then we try to measure in transmission but we saw almost no SHG signal,
then we rotated the samplend around 45 incidences angle we saw a very small signal.
Therefore, every data point of a SHG anisotropy was averaged over 9500 laser pulses. Still, the
Signal to Noise Ratio (SNR) was very bad. Thus, 10 SHG anisotropies were averaged and
eventually wefound double lobe peak maximum along®nd 270. i.e., along the normal
direction, pointing to a predominant role of the surface contribution (Fi§gB.lh Fig.3.3b, the

black curve represents the SHG signal which can be extracted from the GagaS:1

Y YOOQQ&H@ 0 & i iooQQiHGan 6 ai Qi )(3.1)
and same for the red circles (190 cycles) and green triangles (8440 cycles). This was done in

2NRSNJ (2 aS8S GKS OeOf Ay 3 s&uany &insefrgm thanfatertdh T | G A
(emergence of ferroelectric polarization).
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Figure 315. Anisotropy of HZO thin film in optical set up at different cycles.

3.5 Discussions

These results suggest that the LSMO thickness has a dramatic effecubnusves (such as DS,

PS, and SS in thescan), which are on the other hand not affected by the HZO coverage. As for
the Pout curves (PP and SP), the effect is negligible for SP, while it is quite strong for PP. We
should not forget here that the LSMO comge has a significant impact on the HZO
ferroelectricity,[18] so that a layer of about 20 nm of LSMO is required to build an optimized FE
HZO layerwhereas the 8 nm LSMO layer is not sufficient. Therefore, we conclude that the
negligible increase in S®due to the competition between two opposite tendencies: the onset

of FE behavior in HZO is lowering the SP component accordirgy 3c6-while the larger LSMO
thickness tends to increase the signal. Regarding the PP component, its increase by aoughly
factor 3 is the result of the larger LSMO thickness and the onset of FE in HZO together. The PP
and SP components appear thus to be those more influenced by FE in HZO, but the mechanism
through which it happens still remains to be clarifi€dperando ofical SHG measurements
suggests either the polarization is out of plane or the wavelength we are using is not suitable for
these experiments and we need to properly scan the sample in broad wavelength region (SHG
spectroscopy)Possible explanatiorfer the above doubtful behavior of HZDe ranging from a
relatively simple electrostatic effect to the possible presence of oxygen migrdfieh
Particularly intriguing would be the possible interaction between the FE phase of HZO and the
ferromagnetic phasefd. SMO, similar to what was already reported in the case of lead zirconate
titanate LSMO/PZT heterostructure0,21] where substantial changes in the transport and
magnetic property of LSMO ultrathin films under the influence of ferroelectric polarizhawe

been reported. Similar experiments on HZO/LSMO interfaces would be beneficial in order to
explore this possibilityRecently, a theoretical approach has been carried out in which they
showed ferroelectric phase of hafnieelated materials, potentially including fieldand
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temperaturedriven transitions They alssuggested that the introduction of an orthorhombic
Pbcm centrosymmetric higtemperature phase would solve some inconsistenciesiefHiafnia
system and HZO should be considered a proper ferroeld2&jclt is also important to mention
GKFG GKS@& 02 idrfg&anding problenis @ueh akikeSc originand ferroelectric
switchingin HZOThe switching of the FE polarizationHZO by applying an electric field while
monitoring the iISHG response could, in principle, help to disentangle different possibilities.
Although this idea presents some important experimental difficulties, it will be pursued certainly
in the future. A moe detailed analysis of the iISHG spectrum, phase, field effects, and
temperature will help to shed light on the microscopic origin of the observed coupling
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Chapter 4Second Harmonic Generation on Germanium Telluride thin
films (GeTe)

4.1 Introduction

Germanium telluride (GeTe) is a functional material with a range of urpogueerties.It is one

of the most known material for its ability to change between crystalline and amorphous phases,
which have different physical characteristids2]. Both crystalline and amorphous phases of
GeTehave been extensively studied throughpeximents and computational techniqué¢3,4].
GeTeis a polar material, which means that it has a net electrical polarization along a particular
direction in the crystallt is alsoa p-type semiconductoy meaning that it has a high
concentration of holeqpositive charge carriers) that give at significantconductivity [5].
Ferroelectricproperties are unusuah highly doped semiconductors and in metals, since the
screening is usually responsible for a rumiar nature of materialfs]. The ceexistence opolar

and metalliqproperties inGeTegives rise to exotic phenomena such as the Rashba effect [7] and
multiferroicity in magnetically dope@eTesystems [8].

4.2 Experimental section
4.2.1Growth of GeTe and SnGeTe thinrfi

The main focusvasto create and study ultrdhin film of the ternary alloy G&n,Te with
varying levels din (Sn) In our case we grow GeTe and SnGeTe films for the studies of SHG. The
growth and Xray Photoelectron Spectroscopy (X®&p done at Politecnicdi Milano (Polimi)

under the supervision of Prof. Christian Rinaldi. We will briefly describe the growth conditions
and characterization herdt was found that the interdiffusion of Ge atoms into the SnTe matrix

is significant wherwo layers of GeTe an8inTe are grown one in contact with the other, if the
sample is annealed @emperatures aboveb20 K Thus, the deposition of a bilayer and its
subsequent interdiffusion of thstructurewas the technique of choice for the growth of GeSnTe
films with a vaiable concentration of Ge and Slhwas discovered that the doping of the surface
layers can be controlled by adjusting the thickness of the deposited SnTe layer, for example, a
thicker SnTe layer results in a lower concentration of @& of the majobenefits of growing
similar crystal heterostructures is that it results in minimal lattice constant differences, which
reduces crystal defects during the process. In the case of SnTe deposited onto GeTe, the
mismatch is only about 4%, with lattice constsuwfacere= 4.373 A andsnte= 4.537 A.

GeTeg(24 nm) thin filmsvere epitaxially grown by MBE &@tm x5 cm sized Si(111) substrates
(p-type Bdoped, resistivitygmn  m OY X YA aOdzi f nodmcI mMThe YY
substrates wereleanedbefore loading them into the MBE system.

SnTewasgrown on top of &4nm thick GeTe film using molecular beam epitaxy (MBE) from a
single crucible containing Snpellets To achieve high crystal quality during growth, the
deposition ratewaskept low (about 2.44/min) and the temperature of the sample should be
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around473 K A higher substrate temperature improves the surface mobility of the deposited
material, leading tdiigher crystal qualitybut also increases the rate of desorption. Téfere,

the optimal temperature for SnTe growthas 473 K Additionally, the high concentration of Sn
vacancies in th&nTegrowth process also results in adpped character, allowing the dopants
to fill the vacancies during the diffusion proceghis praess is pictorially shown in the Figd.1
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Figure 41. (a) Epitaxial growth of SnGeTe thin filth) : XPS spectra of the §rGeaTe alloy

XPS measurements were used to determine the concentrations of Te, Sn, and Ge in the alloy
Sn.xGeTeas shown in Fig.4.1he spectra were collected at various photon energies and the
peaks analyzed were the low binding energy peaks of Te4d, Sn4d, addT&e3presence of

the Sb4d peak in Ey1bis a result of the mixing of a layer of antimony with the GeTe substrate

on Si(111) during the process of Van der Waals epitaxy. This occurs during thermal annealing of
the sample.

4.2.2Linear spectra and XRD of Ge=and Silicon (111).

Fig.4.2 shows the XJ & RA T T NJ Oldcany obtained By Panalytiedl X'Pert
rhombohedral structure The highest pealat around 28.4 corresponds tothe (111) Bragg
reflections of thesiliconsubstrate[9] and the other two peaks at around 25.5and 52.04
corresponds to the GeTe peaks [1Bpbr a basic optical sample characterization we use a micro
spectrophotometer(Jasco MS370)in which inear spectroscopy can be performed over a large
spectral range starting in the ultraviolet regime at a wavelength of 190 nm up to the near
infrared with a wavelength of 2500 nm. The migpectrometer can perform bothin
transmission as well as in reflection geometRor GeTe thin film, we used transmission
geometry and the results are shown in Fig.4.2b. The curve in blue drops abruptly at around 1100
nm corresponds to the band gap of Si (111) [11]. The drop in case ef(f@iak curve) is earlier

than Si and its around 1750 nm{.70 eV), corresponds to the band gap of GeTe.
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Figure 42. (a) XRD of GeTwin film (b) Linear spectroscopy of Silicon and GeTe.

4.3 Experimental setup

The layout of SHG setup is shown in Fig.W8 used light pulses from Optical Parametric
Amplifier (OPA)pumped by a Ti:Saphire laser amplifier system (central wavelength 800 nm,
Lzt &S S6ARGK Fmun TFand avéddgd jidviek Sy Bhy beddit sp@& siza is1 | 1
approximatelyl00 micrometers in diameter, and the energy per pulse is ardiBdnicrojoules.

These values are considered weak enough to not significantly affefunidamental properties

of the thin films. The measurementwere performed with a fundamental wavelength of 1000

nm. The laser light passed through a variable neutral density filter, a linear polarizer, and a half
wave plate, reflected by a metallic mirrceind focused by a lens onto the sample. Anisotropy
measurements were obtained by simultaneously rotating both polarizer and analyzer over 360°.
The angle between polarizer and analyzer was fixed at 0° or 90°.

Fig.4.4 shows the sketch of the SHG normaéctibn geometry used in all our measurements.
Although, we vary the incident angle) (depending upon the experiment we were doing, e.g. In
case of temperature scans, the incident angle was arodrach@ in SHG imaging measurements

it was around 1% For heating measurements, a heating/cooling stage (Linkiam THMS 600) was
used in reflection geometry. We changed the temperature with different rates (1K/min, 3K/min,
5K/min) and measured the corresponding SHG signal with different polarizer/analyzes angle
order to rule out possible artifacts and/or systematic errdtshould be also noted that some

of the heating experimemts were done under different gas atmosphere such as helium and
nitrogen. This was done to avoid the oxidation of film in air agphesse.
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4.4 Experimental results
4.4.1Prerequisites to be SHG active

To verify that a signal is truly from SH@veral protocols are followed. The first step is to check
GKS &ALISOGNIf RSLISYRSYOS> 6KAOK &aKz2dzZ R KI @S
incident light's bandwidth. This is done by scanning a monochromator at a fixed wavelength of
the fundamental light. Next, the intensity dependence is checked, which should scale
guadratically with the incident pulse energy. This is done by measuring the SHG intensity using
a GeTe thin filmas a reference, with a fundamental wavelength 00 nm and a
monochromador fixed at500 nm. The measurement is donenarmalreflection geometry using

a polarizer and analyzer set t8 &nd a potential applied across a PMds 2kV The output SHG
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intensity should be proportional to the square of the input laser povi@g, © “O7 . This
was done several times in order to get more statistics.
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Figure 45. SHG verification tests. (a) SHG power dependence (black squares) and the expected quadratic curve
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4.4.2 SHG vs Wavelength

We also perform some anisotropy scans at different incoming wavelengths in order to find the
maximum signaWe used the normal reflection geometry as shown in Fig@@el.e was chsen

as a referenceWe choose four different incoming wavelengths to measure SH& polarizer

and analyzer was fixed af (Parallel). By rotating both, we measure the SHG response from the
film and we found the signal at 1000 nm was maxim(ig.4.6, rd curve)so we choose this
wavelength for further measurement$he signal at 1100 nm was small and we have to multiply
it by some factor in order to see it on the graph.
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Figure 46. SHG Anisotropy at differemtavelengths.
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4.4.3SHG dependence on incidence angle
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Figure 47. (a) SHG dependence on angle of incidence. (b) SHG spectraespondingncident angles.

We also measurethe SHG response as a function of incidence atmlend the direction of
ferroelectric polarization in thin filnfig.4.7a represents the SHG signal as a function of incident
angle and it can be seen that as we increase the &HIB signal also increas#ds a common

fact that more we increase the incident angle more tensor components will be seen by incoming
light hence more SH@®@/Aoreover, it also gives us an idea about the direction of ferroelectric
polarization.If this direction is out of plane withespect to the crystal surface, the SHG signal
should be zero in case of perfect normal reflectéord once we increase thengle SHG should

also increaselig4.7brepresentghe SHG spectra at corresponding incident angtesthe shift

in SHG peak isué to the artifactin the apparatusand it could be the beam hitting the
monochromatoropeningwas not perfectly aligned when we changed the incident angle.

4.4.4 Comparative SHG results of GeTe and Si (111)
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Figure 48. SHG signal from GeTe and Silicon.
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The SHG anisotropy from both the GeTe and Si (111) was measured in order to find the strength
of the signal As we know GeTe hasombohedralstructure and possess3m point symmetry

and the esponse of GeTe is shown in Figadn which black squares are data points and red
curveonly representhe pointsbut not the fitting formula. ymmetryanalysiss exgained in
section4.6). Fig.4.8bpresentsthe SHG anisotropy of Si (11drdthe six lobexorrespondgo

the surface contribution to SHG [12Me shoulcemphasizehere that the signal from the GeTe

film was around 30 timestrongerthat of the substrate ashown by black arrow in Figé.8vhich

is direct proof that the SHG signal in Fig4.8a was coming only from the GeTe film.

4.4.5Temperature dependent SHG
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Figure 49. Temperature scans of (a) GeTe and (b) Silicon.

We compare the temperature dependent SKi@nalboth from the sample and substrate as
shown in Fig. 4. It can be seen that th&i (111) SHG sigrniakxtremelysmall as compared to
the signal from GeTe.

GeTe undergoes a ferroelectric phase transition from the temperature rhombohedral

a0 NHzO-GSIINS da LI OS 3INER dzLJ weGeTe (spage gddpoFmn®m) at thaldzO G dzi
critical temperature (€) around 700 K13]. In our measurements in case plre GeTe, the

phase transition is quite sharff-ig.49), possibly indicating a first order phase transitid4].

For comparison, we have measured the SHG signal of the Silicon Si(111) substrate (blue
triangles) pure and doped GeTas shown in the Fig.4.108here is a striking qualitative
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Figure 410.(a) SHG vs Temperature for doped GeTe (red dots), Pure GeTe (black squares) and subst
triangles).(b) Polarization aisotropy of Pure GeTe and doped GeTe are shown by black and red circles resp
(Circles represent data points, solid lines represent best fit curves according to the 3m point group).

difference, as thesignal slightly increases over the investigated temperature ramgase of Si
(111).

We started from measuring the anisotropy curve of GeTe thin films to confirm the rhombohedral
phase at room temperature (Fig1() and we found six lobes at about 60°, confirming the polar
3m point group. It is very interesting to observe that the presewé Sndoping seems to
significantly introduce stress/strain in the system, as shown by the peculiar shape of the
anisotropy curve of the doped sampl@sd circles)Once sure that the SHG signal displays the
correct symmetry, we accessed the phase traols by measuring the temperature dependence

of SHG as shown in Fidda. We found a sharp decrease in the SHG signal, corresponding the
phase transition of GeTe at 711K (black squares). Doped GeTe (red dots) display a 6 times lower
signal and a transiin at lower critical temperature 50K. In addition, the SHG yield is more
than 30 times lower in Silicon, the reason being that it is cesymmmetric and therefore it
shows no SHG from the bulk, only from the surface where the centrosymmetry is naturally
broken.

4.5 SHG Imaging

Finally, to visualize possible ferroelectric domains we did SHG imaging at room temperature. All
the measurements were done guasinormal incidence (reflection) with an incidence angle of

15°. The SHG signal was ireddy means ofa liquid nitrogen cooled CCD. The fundamental
wavelength was chosen 1000 nm and the average laser power was around 3 mW. A long working
distance (2 cm) microscope objective was used having spatial resolution of are2indnl
Fig4.11 (a) and (b3hows theSHG image of GeBad SnGeTerespectivelylt can be seen that

the ferroelectricdomainsare innanometersize and are difficult to resolwith the optical
microscopy.The corresponding anisotropy was measured with CCD keeping polarizer and
analyzer parallel teeach other andby rotating both withinterval of 10 we measured the
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anisotropy.It clearly shows thesixfold pattern confirming the 3m point group symmetry dfet
material
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Figure 411. (a) and (b) SHG image of GeTe and SnGeTe respectively and (c) andqaetp®ndinganisotropy
measured with CCD.

4.6 Discussion

GeTe is polar metalwhich means that it has a neero dipole moment and metallic
conductivity.The area fewreports where they use®FM ancelectric pulsing through metallic
gate to switch the polarizatiom GeT¢g17]. We used SHG to study the pure and doped GeTe.
We also compare the SHG signal from silicon vinithgample. It was found that the signal from
silicon substrate was very \ake as compared to GeTe because in the earlier case it was mainly
coming from the surfaceSHG imaging suggests ferroelectric domainsnaresized Thiswas
well expectedas he size of domains iferroelectricsis usually comparable to their thickness
[15]. We also measured the temperature dependent SHG and it can be seen in théFibat
with increasing concentration of Ge, Curie temperature can be @té In case opure GeTe,
Tcisapproximately 711 kéndit fits well with plot shown in Fig.4.1Although, in case afoped
GeTewe saw a little shiffrom the predicted value
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Chapter 5 Terahertz Time Domain spectroscopy (FH2S) studies on
diatoms

5.1 Introduction

The term "terahertz" (THz) refers to a unit of frequency used for the electromagnetic radiation,
with 1 THz equaling 1®Hz. The THz range, which spans from 0.1 to 30 THz, lies between the
microwave and infrared portions of the electromagitespectrum. In the past, this spectral
range was known as the "THz gap" because of the lack of effective emitters and detectors [1,2].
However, with the development of advanced technologies, it is now possible to generate and
detect continuous and pulsezbherent THz radiation, enabling the use of THz spectroscopy with
sub picosecond THz pulses. This form of spectroscopy began to emerge in the 1980s thanks to
the availability of intense femtosecond laser sources [3,4], and has since been further developed
using techniques such as optical rectification [4] in nonlinear crystals and transient
photocurrents in photoconductive antennas [5].

THz radiation, with its photon energy ranging from approximately 1 to 100 meV, has a strong
interaction with physical proesses that have lifetimes in the picosecond range and energy in
the meV range. Examples of such processes and systems include phonons in crystalline solids
[6], relaxation dynamics in aqueous liquids [7], weakly bonded molecular crystals [8,9], transient
molecular dipoles [10], excitons [11], bound electrical charges [12], free charge plasmas [13],
and more. These interactions can provide valuable insights into the properties and behavior of
these systems, making THz spectroscopy a useful tool for stualyide range of phenomena.

5.2 Diatoms

Diatoms are small, eukaryotic phytoplankton that carry out about -bite of the
photosynthesis on Eartilflf]. They can be found in waters worldwide where there is enough
light and nutrients. Diatoms get their name fraime Greek word "diatomos,” meaning "cut in
half," referring to their cell walls, which are made of silica and consist of two parts that fit
together like a box. These cell walls are called frustules. Diatoms are important for the aquatic
food chain and a used to monitor environmental conditions in various settings. Diatoms are a
type of algae that are found in a wide range of aquatic environments, including oceans, rivers,
and lakes. Diatoms are important members of the aquatic food chain, serving a@asource

of food for many small aquatic animals. They are also important indicators of water quality and
are used to monitor environmental conditions in a variety of settings. For example, changes in
the types and abundance of diatoms present in a boflwater can indicate changes in water
guality, such as the presence of pollution or the effects of climate change. In addition to their
ecological importance, diatoms have also been used for a variety of practical purposes.

Diatoms, which are a type ohptosynthesizing microorganism found in the sea, play a vital role
in the global carbon cycle. Each year, diatom photosynthesis generates a significant amount of
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organic carbon, which is equivalent to the amount produced by all terrestrial rainforests
comhned [15]. This organic carbon is rapidly consumed and serves as a base for marine food
webs, particularly in coastal waters where diatoms support some of the most productive
fisheries. In the open ocean, a portion of the organic matter produced by diasorks rapidly

to deeper waters and becomes food for deegter organisms16]. A small fraction of this
sinking organic matter is not consumed and instead settles on the sea floor, where it is
eventually sequestered in sediments and rocks and contribicteéle formation of petroleum
reserves over geological timescales. Due to the importance of diatoms in the carbon cycle, there
have been plans to intentionally fertilize certain areas of the ocean with iron in order to
stimulate the growth of diatoms, witthe goal of reducing atmospheric levels of carbon dioxide,

a greenhouse gas that contributes to climate chanfjg.[However, this approach has been
controversial.

Human activities such as climate change, eutrophication, and pollution are having an
increasingly negative impact on the global marine environmé&8}.[Pollution, in particular, can

have serious consequences for aquatic environments and the organisms that live there. Heavy
metals are a type of pollutant that pose a significant threat becausg tire hondegradable
elements that accumulate in water and soil, and they are present in many industrial, civil, and
agricultural discharged 9,20]. Some heavy metals are essential for biological proce23¢X7,

but they can become toxic at higboncentrations and cause damage to cells and their
metabolism R3]. Exposure to heavy metals can affect the physiological state of microalgae,
leading to changes in silicon metabolis?4]] damage to the photosynthetic apparatuzbf27],
alterations in cdland organelle morpholog®§], and the production of oxidative streszd.

5.3 Generation of THz

The THz frequency range was one of the least studied areas of the electromagnetic spectrum
due to the challenges in generating and detecting fiddmtion.In the 1980s, photoconductive
antennas were commonly used for both generation and detection of THz radiad@dn [
However, in recent years, various techniques have been developed for generating and detecting
THz radiationThesemethods, inclué photoconductive antennas3[l], electro-optic materials

such as ZnT&p] and LINb@[33] and through the generation of plasma in &d]. THz emission

from gas plasma using femtosecond lasers has become an active area of research due to the
high peak Hz electric field strength and broad bandwidth that can be achieVkdre are three
primary methods for generating THz radiation from lageluced plasma in gases:

1. Singlewavelength optical excitation: This method involves using a singleslength
beamto create gas plasma and generate THz waves through the ponderomotive force.

2. TwoO2f 2NJ YAEAY3AY ¢KA&d YSUiK2R Ayg2f 0S&a ¥F20dza
0SdF O6FNARdzY 02N} GS o6..h0o ONRAGIET G2 3ISYSNI
then mixedwith the residual fundamental beam in the gas plasma to generate THz
radiation.
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3. Dichroic mirror: This method involves using a dichroic mirror to combine the
fundamental and second harmonic beams to generate THz radiafibrthe three
methods can be showbelow in Fig.5.1.

(a)

E,(t) ?.iff’?m[\r
Ern,(t)

®) BBO

Ea(®) el

Eryz(t)

Figure 51. Schematic illustration of threechemedor THz wave generation in gagd8s]

Hamsteret al.[34] was the first to demonstrate the generation of THz radiation from a-one
color photoinduced plasma in gaseous needising a femtosecond pulse with an energy of a
few tens of microjoules, it is possible to reach the threshold intensity for ionizing gasunes,
resulting in the formation of plasma. This plasma can emit frequencies in the THz range through
the mechanism of ponderomotive forcek this thesis, in particular, we used the method
defined in Fig.5.1bI'Hz radiation from air involves the nordar interaction of the fundamental

and second harmonic beams in a lagenerated plasma in air. This process involves strong field
ionization, plasma dynamics, and nonlinear optics propagalibis is a twecolor femtosecond

laser mixingeffectwhich carbe explainedhs aFour Wave Mixing (FWM) process:

0O © .. 000 (5.1)

whereO , 0O andO are the THz, the fundamental and the second harmonic electric field
respectivelyand... is an effective thirebrder nonlinear susceptibility of the plasma filament.

There are two main models that have been proposed to explain the generation of Thlzomadi

from plasma: the fouwave mixing (FWM) model and the asymmetric transient current (ATC)
model. However, neither of these models can fully explain experimental observations, such as
the origin of the thirdorder nonlinearity, the threshold behavioand the phase dependencies

of the THz emission efficiency. For example, the FWM model cannot explain the phase
dependencies of the THz emission efficiency, and the ATC model cannot explain the threshold
behavior. Additionally, the phase matching conditidasmaximum THz intensity are different

in the two models: in the FWM model, the maximum THz intensity is achieved when the phase
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matching between the fundamental beam and its second harmonic is zero, while in the ATC
model, the relative phase for maximuénl T SYA a8 .2y A& ~ KH

While the phenomenological model described above can explain many of the key features of
THz emission from gas plasma, the physical origins and effective magnitude of thertt@rd
nonlinearity ... are still the subject of intense debate. There is also debate about the role of
higherorder nonlinear contributions in THz generatif8v]. In 2007, Kimet al. [38] proposed

the asymmetric photocurrent model as a theoretical framework for more accurdesgribing

the broadband THz emission from twolor femtosecond lasenduced air plasma. According

to this model, gas molecules experience tunnel ionization in the presence of strongoteo

laser fields, resulting in the formation of a plasma filatnand the emission of THz radiation
through the successive acceleration of free electrons under the influence of temporally
asymmetric laser field oscillations.

5.4 Detection of THz (Electroptic sampling)

THz Pulse

Laser Pulse EO crystal M4 Wollaston

polarizer
| Iﬁ[\ T I //\ [\\ H cand Balanced
\f l// U ~— Detection

—

35-100 fs

Figure 52. THz detedbn using balanced detection method

Electreoptic sampling (EOS) is a technique that uses the elaxgitic effect to measure the
electric field strength of electromagnetic waves, such as terahertz (THz) radiation. The-electro
optic effect refers tathe change in the refractive index of a material when an electric field is
applied to it. In EOS, a sample of the electromagnetic wave is passed through a crystal that
exhibits the electreoptic effect, and the resulting change in the refractive indexefdrystal is
measured.

In Fig.52, a THz pulse is generated and passed through a crystal that exhibits the -@pttro
effect. Hectric field of the THz pulse causes a change in the refractive index of the crystal. This
change in the refractive index cdoe measured using a detector.
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The detector is typically a photodetector, which measures the intensity of a probe beam that is
passed through the crystal. The probe beam is typicallylsedlaser beam with a wavelength
that is different from the THz psé. The intensity of the probdgeam is modulated by the change

in the refractive index of the crystal, which is proportional to the electric field strength of the
THz pulse.

To quantify the electric field strength of the THz pulse, the change in the tiefandex of the
crystal is measured using a leckamplifieror signal integratorwhich is synchronized to the
THz pulse. The loék amplifier measures the amplitude of the modulated signal at the
frequency of the THz pulse, and the electric fiel@sgth can be calculated using the equation:

% & & 0 (5.2)
where%is the electric field strength of the THz pul&és the refractive index of the crystal after
the THz pulse has passed througlttit,is the refractive index of the crystal without the THz
pulse, and) is the Pockels coefficient of the crystal. Tloelels coefficient is a materiapecific
constant that describes the sensitivity of the crystal to the applied electric field.

5.5 Terahertz Time Domain Spectroscopy

Terahertz timedomain spectroscopy (THDS) is a spectroscopic technique usedngasure

the absorption and transmission of electromagnetic radiation in the THz frequency range, which
is between microwaves and infrared radiation in the electromagnetic spectrumTDISzuses
ultrafast lasers to generate short pulses of THz radiation¢hvlare then sent through a sample
and detected on the other side. By analyzing the time delay and intensity of the THz pulse as it
passes through the sample, it is possible to determine the absorption and transmission
characteristics of the material at féterent THz frequenciesTHzTDS has a number of
applications, including characterizing the dielectric properties of matdi3@ls detecting trace
chemicals and explosivdg0], and imaging biological tissugd1]. It is also used in the
development andesting of THz communicatiof42] and imaging technologid43].

There are several ways to conduct TH2S, including through transmission, reflection, and
attenuated total reflection (ATR). In a reflection configuration, the reference signal can be
obtained by using a reflector such as a dielectric or metallic surface, or by attaching a window
to the sample. The THz beam reflected by the front surface of the window can be used as the
reference signal, while the THz reflected from the interface betweesémeple and the window

can be used as the sample signal. Researchers have used these techniques to measure the
complex conductivity of materials such atype GaAs and-type Si wafers, and to investigate

the temperaturedependent farinfrared spectrum ofvater [44,45]. In crystalline materials, the

THz properties are determined by the lerange order of the atoms, while in polar liquids, the
THz spectrum is dominated by the relaxation of permanent dipoles. In nonpolar liquids§PBHz

can be used to inwtigate the collisionnduced dipole moment446]. THzZTDS has seen
significant developments in the last 20 years, but there is still room for improvement in terms
of spectral resolution and spectral range. In the near future-TBI& technology is expedtto
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be a powerful tool for studying ultrafast phenomena in a wide range of scientific fields, including
physics, chemistry, and biology. At the same time, the decreasing cost of lasers, the
development of more efficient THz emitters and detectors, andateancement of compact

and advanced optical design are expected to increase the commercial potential -GfDSHz
technology{47].

5.6 Experimental setup

The experimental set up used for the generation and detection of THz is shown i8.Hige.
femtosecondaser is a Ti:Sa modecked seed laser, amplified by a regenerative cavity. The fs
laser pulse, after passing through the beam splitter, is divided into a Pump (transmitted) pulse
and a Probe pulse (about 10% of total power). The Pump is chopped by anatithopper

Pump Probe
PM4 L P™T

Laser

S F
P
BS | A \
| L= l: Delay Line
HW1 Purge Box 7
Chopper PM1

PD
PM2 PM3
BS: Beam Splitter HW: Half Wave Plate P: Polarizer f: focus
DL: Delay Line PM: Parabolic Mirror PD: Photodiode L:Lens
WP: Wollaston Prism PMT: Photon-multiplier S: Sample F: Filter

Figure 53. Experimental setup of THDS.

locked to half of the laser trigger frequency in order to block every second pulse. The pulse train
chopping is very important because it allows measuringdiiference between THON and
THzOFF signals, as it will be further explained in the following. The pulse is then sent on a
Y2YEAYSENI 2LIGAOFt ONBBO®)whdre about2a4 of theloptiBatipywer i2 NI ( S
converted in SHG and then both fundantal and doubled pulses are focused on air by an
achromaticdoublet. In the plasma filament, usually about 1 cm long, the generated plasma is
producing THz pulses via fewaves mixing processes in which the maximum THz amplitude
depends on relative phadeetween the fundamental and second harmonic lig2@][ The Probe

is sent to a delay stage in order to introduce a controllable delay between Pump and Probe
pulses and then it is incident on the detection crystal (usually ZnTe, GaSe or GaP, or just air fo
ABCD technique) together with the THz pulse in a collinear geometry, through a hole in the last
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parabolic mirror. In the detection crystal the polarization state of the optical pulse is altered by
the presence of a transient birefringence created by Tit¢z electric field, and this change can

be detected by separating two orthogonal polarizations of the pulse with a Wollaston Prism and
measuring their signal difference in a balanced photodiode. As the delay between the two pulses
is adjusted, the amplituel of the THz pulse can be sampled in time, and the full THz waveform
can be reconstructed. In a standard TH2S experiment, the sample will be placed in the first
focus (f1) of the parabolic mirror and the detection crystal is placed in the second fagu® (
measure the THz waveform transmitted through the sample. The complex transmission
coefficient is then obtained by measuring the signal without the sample in place, as an estimate
of the incoming electromagnetic wave, and finally the complex raBbwben the Fourier
Transforms of those two measurements will deliver the complex transmission coefficient
spectrum.

5.7 TeraVision: a LabVIEW software for THz Hygeaman Spectroscopy

In order to retrieve the data from the experimental setup, we wrot®@ RS & ¢ SNI £ A 4 A 2
LabVIEW environmentThe TeraVision software is designed to perform four types of
measurements: 1) timelependent THADS, 2) time and wavelengtlependent THYR, 3)
wavelengthonly spectrum, and 4) input/output polarizatiestlependent ggnal anisotropy.
These measurements can be performed with or without a THz pulse applied to the sample. In
addition, the software includes features for optimizing the signal, monitoring the performance
of the delay stage, and observing re¢imhe scans othe signal on the screen with a large noise.
The software also includes a sigeghbnnel monitor that displays the actual values of each
channel of the DAQ before averaging. Finally, the software can be used to manually measure
the signal as a function odiny variable that is not controlled by the software, such as
temperature, external electric, or magnetic fields, etc. This reading can only be done by
comparing the THON and THOFF pulses, as the signal is revealed as the difference between
these two puse trains.

The TeraVision software is designed to manage the creation of folders and data files for saving
experimental results, and it includes an initialization procedure that collects data from all
devices to set safety limits and ensure that all pagtens are within a safe range. It also rounds
every value to the minimum time/angle/wavelength resolution to avoid overlap between
subsequent points. The software automatically numbers measurement files incrementally to
ensure that two runs with the sameapameters and names are stored in different files, which
can be saved or deleted at the end of each run according to the user's command. The software
also includes a feature that rings a bell to alert the user when the measurement is finished but
stops rirging as soon as the mouse is moved or a key is pressed. This allows the user to focus on
other tasks while the measurement is running, without losing any time at the end of each run.
The overall goal of the TeraVision software is to make measurements efbiceent and
convenient by eliminating unnecessary tasks and allowing the user to focus on the measurement
itself.

87



The TeraVision software produces three separate files for each measurement: a large data file
with every single point of every scan saveddoe averaging, a short data file with only the
average of all points and scans saved, and an image file with a summary of the measurement
including graphs and relevant parameters and comments by the user. This allows the user to
quickly find the informatin they are looking for, easily analyze the averaged dataatsal
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Figure 54. TeraVision front panel

perform a detailed analysis of individual points if necessary while maintaining the full
information content of themeasurement. The data files are saved pdigpoint during the run

to prevent data loss due to system crashes, electrical outages, or other unforeseen problems.
Fig5.4 shows the front panel of the TeraVision software. The upper line of the panel includes
the software name and version, as well as a Quit button that initiates the correct quitting
procedure for the software. If the user quits the software in any other way, they will need to
manually close all ports used by the program and all set paramé&tars the current session

will be lost, with the software loading the previously saved parameters at the next startup. The
front panel has two main sections: a central Tab panel, which is the core of the software, and a
lateral column that is always dispky for any selected Talfhe explanation of each tab in
explained in annexturé5.
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5.8 Materials and methods

5.8.1 Sample preparation

The marine diatoms Skeletonema pseudocostatuere collected from the Sarno River mouth

in Naples, Italy using the capillary pipette methd@][and identified using 18s and 28s rDNA
genes which has been previously reportetd,50]. The microalgae (initial concentration:
900,000 cells/mL) were mairiteed in an f/2 medium41] prepared with sterile, filtered (0.22

pum), natural seawater collected from the oligotrophic areas of the Gulf of Naples. The diatoms
$SNB SELRA&ASR (G2 n oWO2y(iNREtQ &l YLX S0 mMnX 2NJ
copper concentration was obtained by dissolving appropriate amounts of copper sulfate
pentahydrate in the culture medium. The concentration of living diatoms in the samples was
determined using a Burker chamb&?2] and each experiment was repeated three timégter

adding metals to the culture medium, 10 mL samples of each sample were taken for THz
absorption spectra analysis. A 10 mL aliquot of the culture medium was also used as a reference
for THz measurements.

5.8.2 THzTDS experiment

A femtosecond laser (Gerent Legend) was used to generate THz pulses through a process
called fourwave mixing. The laser had a central wavelength of approximately 800 nm and a
bandwidth (full width at half maximum) of approximately 80 nm. A portion of the laser beam
was focusd through a lens and then passed through a nonlinear crystal {b&tiaam borate)
where it was converted into its second harmonic. At the focal point, these intense beams
created a plasma through the ionization of air, which generated broadband and wttaBHz
pulses. The THz pulse's bandwidth was limited by the laser's bandwidth, with the highest
generated frequency being 40 THz. The remaining, less intense portion of the laser beam was
sent to an adjustable delay line and used to probe the generatedplitse in time using the
electro-optic effect in a crystal (LAP@3] for coherent detection of the THz electric field
(amplitude and phase) up to 10 THz.

The spectrometer is closed in a chamber filled with kpghity (99.999%) nitrogen when
collectingthe time domain signal. A diagram of our THz spectrometer is reported in bjg. 5.
while in Fig. % an example of power spectrum of a THz pulse propagating in nitrogen and
detected by EO sampling in LAPC is reported in logarithm scale. Note that takisigather

good well beyond 6 THz. However, both the siliondows of the sample holder and the water
absorption strongly reduce the transmitted signal, so that the sigmatoise ratio is good only

up to 6 THzLiquid samples are placed in a homemadeiablepath cell with silicon access
windows. Silicon is used because it has a good and flat transmission up to 20 THz. The cell path
can be continuously varied from 1 mm down to few microns with an average step of about 14
>m. For technical reasons,dfruler ticks are not equally spaced. However, each step is finely
calibrated by measuring the temporal delay from the main pulse of the THz pulse replica
transmitted after reflections from the two asilicon interfaces internal to the empty cell. Then,
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we measure the THz pulses transmitted through the liquid samples for different thicknesses
(Appendix A3)

J BS

VPLC

Figure 5. Experimental setup used in the generation and detection of the THz.

10° p
=
=]
=
[0
8, -1
c 10 =
2 3
g g
o 2
P “
o =
g 8
0- w _
102 1
H Time [ps]
0 2 4 6 8 10
Frequency [THz]

Figure 56. THz E@etection with LAPC. The FFT spectrum is shown in the main panel and the pulse temporal
profile is shown in the inset.
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5.9 Results
In the main panel of Figure®.the THz absorption spectra of SBCM (blue curve) and SBCM with

RAIFG2Ya ONBR OdzZNBSUOU | NBE NBLRZNISR® 2SS AYyRAOLI

samples, respectively. In the inset of the figure, the corresponding refractive indices are shown
too. The faded areas represent the measurement of statistical errors at a confidence level of

ccr 602yS T0d LG A& ¢2NIK y2iAy3 GKIG GKS OdzNX

larger at the highest frequencies due to an overall decrease in the smymalise ratio. These
oscillations introduced peaked structures in the absorption spectra that were unphysical for
liquid samples. Therefore, in the highest frequency portion of the spectra, we applied a spatially
variant moving average filter, analogots the one proposed by Pupeza et ah4]. The
absorption coefficient in the "control" sample was higher than the "baseline” sample across the
entire frequency range, with the exception of around 4.2 THz where the two samples showed
overlapping results. Inhe frequency range of 0.5 to 5 THz, the absorption increase was
particularly strong, with an absorption "excess" of about 30% at 2 THz. The corresponding
refractive index spectra showed only small deviations within the error bars, indicating that THz
abgorption spectra are sensitive to the presence of diatoms in SBCM, but refractive index spectra
are not. These results demonstrate that THz absorption spectroscopy can be used to detect
diatoms in aqueous environments.
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Figure 57. The THz absorption spectra of SBCM (blue curve) and diatoms in SBCM (red curve). In the inset, the
corresponding refractive indexes are shown. The shaded areas indicate the measurement statistical error with a
O2yFARSYyOS t S@St 2 deas a&lapaviEthyfhi® markerdsizetuld ® 3.5 K. ©S the uppgis

we report the light wavenumber in crh
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Therefore, in the following, we will focus our attention mainly on the absorption spectra. We

note that the initial cell concentration (900,0@@lls/mL) used in this work is much higher than

those found in nature, but the main goal of this work is to validate a new methodology to detect
diatoms and the coppeinduced effects on them in rediime, rather than mimicking what

happens in their natudaenvironments. However, the large absorption enhancement we have
measured showed that detecting lower densities of diatoms is highly feasible. This will be
484SaaSR Ay FdzidzNB SELISNAYSyiliad az2NB2@SNE K
sufficiertly high concentrations. Therefore, the use of high concentrations allows us to find
possible signatures of this effect in the THz spectra. Now, let us turn our attention to the
variation of the absorption spectra when the samples are doped with pentatgdrapper

sulfate (CuS§). In this study, we used two different concentrations of copper: 10 and 100 uM.

To compare the different samples, we introduced a new parameter that measures the
Foaz2NLIiA2y QOFNRARFGAZ2Y O2YLI NBR FIVAI(IK S  Woolk 3aSStt Ay,
alkYLXES adlFyRa F2N WO2yGNREXQ Wmn xaQ3X 2N Wmnan
WRSTSOGQ 6KSYy kh Aa LRaAGAGS 2N yS3IAlIGABSE NBa
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Figure 58. THz absorption variation &2 YLJ NBR (2 (KS Wol aStAySQ aLlSOdNuzy F2N
and doped (green and purple lines). The-dashed blue line represents the zero level.

CKS FT0a2NLIiA2y QOFNAFGA2Y kb & mhMdcardérse WitiKtheS S a | Y
LINBGOA2dza 20aSNBIFGA2Y Y GKS WO2yGNREQ alYLXS RS
whole frequency range. Although in a range where fluctuations became stronger, we observed

- aA3dYyAFAOLYy G LISIF]T 2F kh | NP dpgriherpwas anlevidentt y 6 2 i
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NBRdAzOGA2Y 2F kh O2YLI NBR (2 GKS WO2yiNRtQ aly
region around 4.2 THz where the three curves almost overlapped with the zero level (blue
RFraKSR fAYyS0® ¢KS I Nhtialiods stigly &verlaghet Nddidating that 6 2 02
starting from a concentration of 10 uM the effect of the metal doping on the reduction of the
F6a2NLIiA2y WSEOS&aaQ KIR |t NBlIRée &l GdzNF SR Ly
lower concentrationsi 2 GSNATFeé GKS SEA&aGSYyOS 2F I GNBYyR A
the concentration.

5.10Discussion

One of the main findings of this work is the ability of ITHS to detect the presence of diatoms

in agueous solutions. To the best of our knowledfes is the first time THZDS has been used

to study living diatoms in a complex aqueous medium that mimics their natural environment.
This was not a given, as it is often difficult to extract information on solutes dissolved in aqueous
solutions due to e strong absorption of water in the THz range. For example, the absorption
coefficient of most dried biomolecules is around 10t 1 THz, while the absorption
coefficient of liquid water at the same frequency is around 206 chhis leads to the quéen:

what is the source of the observed "absorption excess" in Fg.5.

If water and its solute do not interact, the THz spectrum of the solution will be similar to that of

pure water, with a decrease in the overall absorption coefficient due to the ceptent of

water volume by the less absorptive solute (known as the "vohdimsplacement" effect). This

decrease in absorption becomes more significant as the solute concentration increases.
However, research on proteins in water has often observed a 8iffei NB adz G +y WSE
absorption in the THzrangé$ ® ¢ KA a STFFSO0 KIFa 06SSy aONROSR
AaKSEtftQ | NRdzyR (KS &a2tdziS GKFdG YlLe SEGSYR F2NJ
0KA& WKe&RNJI A 2¢gnthafrins thdseQin theS &K, disBlayiRghaTdfnamic that may

be both faster or slower than that in the bulk. This dynamic strongly depends on the nature of

the solutegg G SNJ AYGSNF OQiAz2y YR KSyOSsI dzy RSN a2YS
becomean indirect probe of the solute behavidsq].

The observed absorption enhancement in our samples, which contained unicellular
microorganisms known as diatoms, was much larger than in previous research on proteins in
water. This is likely due to theomplexity of the diatoms, which are significantly larger than

single proteins and have intracellular organelles and compartments where water molecules can

be strongly confined. These water molecules behave differently from bulk water, similar to
moleculesin the hydration shell§7,58]. In addition to the complexity of the diatoms, we must

also consider the "matrix" effect, in which diatednatom interactions mediated by water
molecules can lead to a structural reorganization of the hydrogen bond netwodk aen
enhancement of specific collective vibrational modes in the THz range. In literature, all these
F2NX¥a 2F ol GSN) OKIGO Ay oAz2zaeaitSya o0SKFE@S RATFT
g I G S8Nmt this stage, we are not able to weigh thessjfic contribution of all these effects,

ADPSPr KE@RNIGA2Y &AKSTt X OevsftisglcarRhatdnliyind pi@sengeN WY I i
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strongly infllenced by the water diatom and diatongdiatom interactions. Therefore, our THz
absorption spectra carried information on these interactions and hence on the diatom viability.

When copper was added to our solutions, we observed a significant reduction atsoeption
excess across the entire frequency range, with a residual enhancement of absorption around 4
THz. The addition of copper sulfate at the low concentrations used in this experiment is unlikely
to have affected the spectra of SBCM through volunseldcement, due to the small ion volume

and low copper molar attenuatiofb9]. Therefore, the observed reduction of the absorption
excess in the doped samples is likely due to the effect of metal doping on the diatoms, causing
a disturbance of the "biolagal water" in the doped samples. Our results also showed that THz
TDS can detect structural changes in diatoms that are still alive but whose functionality has been
affected by the toxic effects of metals. While the first spectrum was recorded a few aftars
sample preparation due to logistical reasons, it is possible to monitor diatom viability almost in
reaktime with a single measurement taking less than one minute. We plan to explore this
possibility in future experiments. Despite the large statetiluctuations at higher frequencies,

S 20aSNBSR (GKIFIG Ay GKS LRNIA2Y 2F (KS aLISOdN
the spectra of doped samples perfectly overlapped with that of SBCM. This must be compared
GAUK (GKS LISFH]{GKS WO29aABNBSRI ¥YJ S® 2SS KAIKE AT
of the spectrum was largely influenced by the HB stretching maogigis Therefore, our results
suggest that the diatoms poisoned by the metal were no more able to maintain the HB structure
with a consequent loss of the spectral weight associated with these vibrational modes. This point
deserves to be explored more in the future from both an experimental point of view, by
increasing the signdb-noise ratio at the highest frequencies, andrfra theoretical point of

view to single out the contributions to the THz spectrum of specific collective vibrational modes.
The theoretical model for absorption coefficient is explained in Appendix A4.
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