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Abstract

In the field of integrated optics, the development of new quantum optical devices occupies a prominent
position. For theutilization of various nonlinear effects, ferroelectric materials are used in which the
principle of quasphase m&hing based on periodic domain inversion is exploitdateriatspecific

process parameters are of fundamental importéoic¢he fabrication of tailored functional structures.

This is precisely where the present work comes in, with a focus here onicnalytus, the optical
methods of nonlinear analysis and Raman spectroscopy were successfully applied as noninvasive methods
in the context of this dissertation, and ferroelectric domain structures in potassium titanyl phosphate and
volume crystals or thirfilm systems on insulators in lithium niobate were investigated based on these
methods. The questions regarding physical fundamentals and device development were clarified in close
cooperation with the technology side.

For a clear interpretation of thestdts and the underlying physics, a fundamental understanding of the
occurring measurement signatures is necessary. Thus, within the framework of thisviaoak
experimentatheoretical approacht was possibleto elucidate the contrast mechanisms fonlimear
microscopy, which is based on an analysis of the nonlipetarization linked to theelectric field
distribution generated in the focal plane. On the part of Raman spectroscopy, sBentitige
vibrational modes for the material system pdatasstitanyl phosphate or waveguide structures in it were
fully verified. This was done by exploiting the various mode parameters of intefudlitwidth at half
maximum and relative Raman shift. In this context, the dgptfile respectively-homogeneityof
domains or possibly occurring stress gradients were studied, whereby the vibration analysis was flanked
by the detection of the locally varying nonlinear susceptibility.

The characterization of waveguides as well as periodically poled structurefenerdifmaterial systems
focused on questions concerning dorvaiersion and-dynamics. With respect to a combined
technological/analytical approach, domain structures fabricated by means of different process parameters
were systematically investigated. ihincludes, among others, periodically poled rubidium waveguide
structures in potassium titanyl phosphate and domain structures in lithium niobate. The feedback loop with
the device fabricatiorside thus resulted in optimized quantum optical devices, agla module for
counterpropagating parametridown-conversion A key component of this work was the investigation of
domain inversion in thin film lithium niobate. In particular-cét was applied, which is relatively
insensitive to chemical wet etchingjaking the nosinvasive analytical techniques used here almost
unavailablefor imaging the ferroelectric structure. In this context, the presgssific parameters for the

poling process in thifilm lithium niobate could be evaluated and modified polimgthods derived.

Overall, with the utilized analytical methodgshe fundamental physical issues such as the contrast
mechanisms or the poling dynamiosuld beclarified. The resulting direct process control for different
material systems thus enabled tkalization of nonlinear optical components withipgllengths below
themicronrange.






Kurzfassung

Im Bereich der integrierten Optik nimmt die Entwicklung neuer quantenoptischer Bauelemente eine
herausragende Stellung eiklir die Ausnutzung diversenichtlinearer Effekte werden hierbei
ferroelektrische Materialien verwendet, bei denen das Prinzip der-BRoasenanpassung basierend auf
der periodischen Doméneninversion ausgenutzt Wiiid.die Herstellung maf3geschneiderter funktionaler
Strukturensind materialspezifische Prozessparameter von grundlegender Bedé&igunge hiesetzt die
vorliegende Arbeit anwobeihier der Schwerpunkt im Bereich der Analytik liegt. ®ardenim Rahmen
dieser Dissertation die optischen Verfahren der nichtlimeAraalyse und der RamaBpektroskopieals
nichtinvasive Methodeerfolgreicheingesetzund darauf basieren@rroelektrische Domé&nenstrukturen

in Kaliumtitanylphosphat und Volumenkristalle bzw. Dinnschichtsysteme auf Isolatoren in Lithiumniobat
untersuch Die Fragestellungen hinsichtlich physikalischer Grundlagen und der Bauelemententwicklung
wurdendabei in enger Kooperation mit der Technologiesgaidart

Fur eine eindeutige Interpretation der Ergebnisse und der darunterliegenden Physik ist ein gulesllege
Verstandnis der auftretendéviessSignaturennotwendig. Sakonntenim Rahmen dieser Arbeiurch
einen experimentetheoretischen Ansatdie Kontrastmechanismen fidie nichtlineare Mikroskopie
aufgeklart werdenwelche auf einer Analyse denichtlinearen Polarisation verknipft mit digr der
Fokalebene erzeugten elektthen Feldverteilung basierEeitens der RamaBpektroskopie wurden
struktursensitive Schwingungsmoden fiir das Materialsystem Kaliumtitanylphosphat bzw.
Wellenleiterstrukturen in digmvollstandigverifiziert. Dies geschabnter Ausnutzung der verschiedenen
Modenparameter Intensitat, Halbwertsbreite und relativer Rafeaschiebung.In diesem Kontext
wurdenTiefernverlauf bzw.-homogenitavon Domanen bzw. eventuell auftretende Spagegradienten
studiert wobei die Schwingungsanalyse durch die Erfassung ¢diich variierendennichtlinearen
Suszeptibilitat flankiertvurde

Bei derCharakterisierung von Wellenleitern als auch periodisch gep8trekturenin unterschiedlichen
Materialsystemen lag der Fokus béiagenstellungeminsichtlich Doménerinversion undi Dynamik
Hinsichtlich eines kombinierten technologisch/analytischen Ansatzeden Domanenstrukturen, welche
mittels unterschiedlicher ProzeBarameter hergestellt wurdeystematisch untersuclties umfasstl.a.
periodisch gepolte Rubidiiwellenleiterstrukturen in Kaliumtitanylphosphatd Domé&nenstrukturen in
Lithiumniobat Aus derFeedbackSchleife mit dem Bereich der Bauelementherstelknggben sich somit
optimierte quantenoptische Bauelemente, wie beispielswessie Modul fur die gegenlaufige
parametrische Fluoreszen£in zentraler Bestandteil dieser Arbeit war die Untersuchung der
Domaneninversion inDunnschichLithiumniobatFilmen Dabei fand vor allem der XSchitt
Anwendung,welchergegentiber chemischem Nassétzen relativ unempfindlich ist, sodass zur Abbildung
der ferroelektrischen Struktur die hier eingesetzten nichtinvasiven Analyseverfahren nahezu alternativios
sind. In diesem Zusammenhakgnntendie prozesspezifischen Parameter fur den Polungsproiress
DinnschichLithiumniobat evaluiert werdeand modifizierte Polungsverfahren abgeleitet werden

Insgesamt erfolgte durch die eingesetzten analytischen Verfahren eine Klarfumglamentaler
physikalischer Sdwerhalte wie beispielsweise der vorliegenden Kontrastmechanismen oder der
PolungsdynamikDie daraus resultierenddirekte Prozesskontrollfir verschiedene Materialsysteme
ermoglichte somit die Realisierumgchtlineare optische Bauelemente mit Poluniggsgen unterhalb des
pm-Bereichs
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Preface 1

1 Preface

The combination ofintegrated opticsand microelectronics opened upe novel research fieldef
optoelectronics and photoniddere, a widespread amount of applications like @déatronic couples,
ferroelectric storages, optical filters and modulafdi$[3] have been developed utilizing the various
possibilities to exploit linear as well as tioear properties and effects of light. Dating back to the 1960s
the term integrated optics has been established for the unification of optical effects with integrated circuits
and its miniaturizatiorf4], [5]. The latter advanced tremendously throughout the progress within the
semiconductor industry whereas the opticangdi significance by the emerging research of nonlinear
optical effects like second harmonic generation (SHG) with the invention of the laser in that time and in
the following decades by the utilization of those effects for quantum ¢ftics

Experiments within quantum optics are commonly designed to investigate the nature of single photons,
their detection, entanglemef] or heralded stas. This fundamental research on the aforementioned
issues is projected to form the platform of secure aneprapf quantum communication and shall
supersede classical encryption technologies. The basic requirement for those research fields is the
provisioning of single photons and their appropriate sources. One very important single photon source is
represented bthe effect ofparametric down conversion (PDC) also discovered in the late 186(9]

and applied by Mandel et al. in the 19806]. Here, a pump phoiois split up into an idler and signal
photon, which can have different polarization states among themselves. The application of this quantum
optical effect in turn requires certain precisely tailored devices and hence the understanding of further
nonlinea optical effects. Reasonable PDC efficiencies in the range of 4 photons *pfrilLéor co-
propagating PDC are achieved in periodically poled waveguide structures in ferroelectric materials lik
LiNbOs (LN) or KTiOPQ, (KTP) for instance. This forward directed PDC unfortunately features high
bandwidths and requires elaborated spatial filtering which diminishes the intensity. To circumvent these
drawbacks countgpropagating PDC devices became aiernative. They come up with a high modal
purity as narrowband single photon sources but the technological requirementsofaled processes

within those sourceare ultrashort poling period which represents a big challeiogehe fabrication and
aproper analytics. Amongst other issues this is going to be investigated and tackled within this work.

The choice of the material platform fantegrated optical devicds crucial for the exploitation of the
particular guantum optical effectdence, fundmental studies of different materials are indispensable.

LN such devicehave been fabricated for several decdd@$ and the material became a workhorse for
frequency conversion processes especially ingleeommunication sector. The material features a wide
transparency range and high exploitable elagtic, piezeelectric and especially nonlinear optical
coefficients. As a widespreaahd well understood material system in terms of poling techniques and
waveguide fabrication it is a promising platform for the realization of -shi@t poling periods.
Furthermore, LN is likely to be a basis for ridge waveguides. Common waveguides in LN fabricated via
titanium indiffusion offer advantages like low atteation or the guidance of both TEand TM
polarization but also limitations due to the comparatively low refractive index changd Blere



2 Preface

Besides bulk LN thin film lithium niobate respectively lithium niobate on insulator (LNOI) has drawn
attention within the community of integrated optics in the recent years. In contrastiolkircounterpart,

it comes up with an increased nonlinear efficiency, a higher mode confinement and the precise control of
the refractive index and dispersigh4]i[17]. Thus, its role within integrated optics becomes very
important. The efficienc enhancement arises from the miniaturized waveguide-seat®ons and thus a
higher refractive index difference compared to the bulk material gfi8¢sThis is accompanied with

much smaller bendingadii [17]. Domainengineering in terms of poling techniques and lithography issues
are not elaborated as in bulk LN which presents one of the crucial challenges retygsdiogel material
platform.

Besides the LN platform(s) KTP serves as another platform for integrated nonlinear optical devices since
similarly a broad transparency range and high nonlinear optical coefficients lead to a utilization for
conversion procegs and quantum optical experimegdss], [19], [20]. Low propagation losses for typle

photon pair sources are likely to be fabricated in thiterrad [21], [22]. Furthermore, KTP offers a high
damage threshold and several more advantages in terms of fabrication tr¢28hespecially the lower
coercive field strengtf24] and that it is vey insensitive to photo refraction. However, KTP unfortunately
features a high ionic conductivity due to its crystallographic structure which can turn out as a challenge for
domain engineering.

Tailored nonlinear devices are designed to fulfill the caolifor quasi phasenatching (QPM) for the
particular frequency conversion processes since birefringence-plaasieing comes up with drawbacks

like the lacking addressability of the strongest nonlinear tensor elef@entThose devices are
characterized by various parameters like thpsriod length and duty cycleHence, the design of a
sufficient domain grating is the first step towards a nonlinear optical device with high conversion
efficiencies. The domain inveion in ferroelectrics is nowadays commonly conducted via the application
of an external electric field. Furthenethods like stacked GaAs plates or a domain pattern directly
obtained via the melt within the Czochralski method are @dsa[25]i [27]. In order to provide samples

with a homogeneous domain pattern &feeld is applied in one or multiple certain pulses. The duration

of those pulses and the shape of its envelope are precise parameters which have to be d&eensted.

the efficiency offunctional structureglepends on the quality of the transferfedroelectric domain
structure.A quite established method especially to reveal the periodic domain pattern is chemical wet
etching but on the one hand this method is invasive and on the other hand not applicable onto every
crystal face due to the dependg on the etching raténother technique to study the domain structure
utilizes the piezo force microscopy (PFM), which is limited to the surface and in case of depth
discrimination also invasiveTherefore structure sensitivanethodsallowing for a nonnvasive 3
dimensional analysis with high spatial resolutibke Imaging RamaiBpectroscopy or odhlinear
Microscopyhave to be applied

One part of thighesisdeals withthe fundamental analysis of occurring contrast mechanisms with respect
to the appkd analysis methodddere Raman spectroscopy igtilized characterizehe vibrational
fingerprints, which refers on the one hand to the stoichiometry and on the other hand to seunstitires
vibrational modesThe applied SH characterization considéesnonlinear light matter interaction and the
occurrence of nonlinear contrastthetightly focusingregime The other part athis thesisis connected to

the inspection of the ferroelectric domairstructure and the determination of the important pces
parameterdor different material platforms(structures in: KTP, LN, LNOIl)ia the aforementioned
visualization methods
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Structure of the thesis:

As the first chapter the physical fundamentals related to the topics of the work are explicated. €his relat
to theseconeharmonicgenerabn in nonlinear media as it is the basis & microscopyas well as the
concept of phasmatching to provide the link to periodically poled structures in this context. Further
nonlinear processes like PDC and a briefioetof wave guiding physics are presented since this is also
part of the inestigated devices. Besides this the physicéenobelectric domains and the process of
domain inversiorare discussed he fundamental characteristicsbotth material platformgKTP and LN)

are also given in this chapter.

Subsequently chaptdahree deals withthe methodology and experimental realization of the applied
characterization techniques utilized in this workhese are linear confocal microscoppre
characterizatioy p-Raman spectroscopy atite nonlinear microscopyrurthermorethe relevant systems
parameters(e.g. spatial and/or spectral resolutioa)e givenand specific system extensions are
considered. Last but not ledst each methodn example for applicatiois presented

The main part of the thesis is to be fouithin the next two chaptersf@ur & five). First it starts with a
fundamental explanation of the theticalconcept of the nonlinear contrast mechanism substantiated with
an experimentalalidation of the model by unpoled pristirtulk and periodically polednaterial results

for LN and KTP. This is followed by a general analysis of the vibrational properties of these materials
including comprehensive mode assignments and the investigation of treetsitivgphononmodes. In
chapter five thdunctional structures in tailored nonlinear devices withindifferent material platforms

are examined.

Thelast chapter summarizes the main contents and results of the present doctoral thesis andiadditiona
provides an outloofor further developments
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2 Fundamentals

The investigation offunctional structures in quantum devices for nonlinear applicatitemsands a
thorough understanding of the underlying physics in particular therigkter nteraction as a basis for
nonlinear optics as well dke principles of wawguiding in different media, which is the essential basis
for nonlinear optical devices as studied in thisrk. For this,SHG and further nonlineaprocesses like
PDC are discussd in detail Connected to nonlineatevicesthe concept of quasi phasgtching is
explained Furthermorethe properties oferroelectric materialsaspects ofdomain inversion andthe
physics ofwaveguigsare discussed.

2.1 Nonlinear Optics

Since the invemdn of the laser in 1960 by Maimgg@8] a sufficient intensdight source is available
representing the starting point of nonlinear optics, whereotitical properties of mattennder the
influence of intense radiatioare goingto bechangedin order to understandhé nonlinearlight-matter
interaction one has to start with the induced nonlinear polarization as a material inhereBageaiton

the polarization? 6 the electromagnetic field can obtain newly induced components.

Nonlinear polarization:

Commonlythe polarization® 0 of a certain materiaks defined as the dipole moment per unit volume.
Beyond this, it is contingent on an additionally applied electric fi@d as for the case of nonlinear

optical phenomendhis results in thaf? 0 is technically a response functieither for the timedomain
or for the frequencydomain.In order to quantify how a driving external electric field influendes t

polarization® 0 the expansion within the tirdomain isuseful[29]:

=

o ® o ® o0 ® o E ® o E (2.1)
For the timeinterval’Q athe incremental polarization contribution is given the following:
QP o0 § O oD Qo Qe (2.2)

Here,” O 0DO represents the first order tir®main response tensor which links the electric field and
the polarization ab . For the overall polarization, it follows:

® 0 O oy Qo Q& (2.3)
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Taking into account that only the time delay instead of an absolute valueinspiwgantfactor one can
rewrite the response tensor:

O o0 k'O o o (2.4)

Under consideration of the causality principléO ¢ e O fee 'O it the linear
respectively firstorder polarizatiorns given by

® o 7T O oitiet Qt (2.5)

For ahigher order polarization an analogous method has to be performed including two electric fields

‘@0 andQ® o . The quantification of the polarization depending on the electric field requires a transition
from time- to frequencydomain va a Fourier transformation:

Q0 c% @ tQ O (2.63)
o c% otiq 0of (2.60)

This can be utilized with equati@8.5) to reshape the response function:

» o 1 0 o ttetQti O Tc%'ow Q oot
f g 0 tQ Qi1 Q Q) (2.7)

The evaluation of the integral QO 1 'Q vyields thefirst order susceptibility... 1 D

Since theelectric field O @ 71 and the polarization arealquantites and with (2.3) it follows

z

that the response function is also real. This implies that it holds 1 D| U D1 °.

The linear polarization then yields: {» T ... 1 h 0O (2.8)
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For the description of higher order nonlinear processes like sé@ntbnic generation the susceptibility
has to be extended to the secander:

® o I O th @ 9] Q Q Q Qraor (29

With therestriction 1 1 the secondrder susceptibility then reads:

17 D h QfQr "0 th Q (2.10)

The polarization for this is finally given in equation (2.12):

® 0o T— .. 1 D h tO tO) Q@ Q Q (2.12)

‘[ [—

Generally, the polarization can be expressedéas -@rder polarization with a susceptibility of a general
order £ . Obviously the polarization is representadaaseries of the extethaapplied field

®6 | .. Q06 ..0Q06 ..00 E (2.12)

An estimate of the numerical value of can be given via the relatian ... fO [30]. Here,O
represents the atomic field strength, which is used in this context becheselgctromagneti@adiation
passes through matter, the electric field of this radiation leads to a periodic shift of the electricatharges
the atomswith the frequency of the radiation.

The value of the atomic field strengtthen yieldsO ;T @ ulp ©p ™ V/m. With this for the
secondorder susceptibility follows

. 7O  plwtdpm mV (2.13

Here, he firstorder susceptibility is set as one.
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Nonlinear wave equation:

The quantitative descriptiorof seconeharmonic generation requires not only the fundamental
understanding of how the polarization is connected with the sewoled susceptibility but also the
depiction how electromagnetic waves do interact with nonlinear nmedra,the Maxwelld equations are
fundamental for the description of the light propagation of electromagnetic waves.

If a nonmagneticmaterial without free (no charge densities 1) or moving charge carriers (no current

density o ) is assumefB1], the result is the Maxwéll squations as followwith®@ * @
ne % oae (& oneho oo (219
T o T o
The polarization®®® i s i ntroduced to the Maxwell s equatio
displacementfield® 7 @ ® | p .. Otoit
t noon. @ n 'r_da T—‘ﬂ @ T—“ T—@‘ ‘ T—‘@
0 T 0 T o 0 To
- re 10 (2.15)
1o 1o
y ononp PLO TP (219
w'to T wTo

Reshaping the first term of the lfand side of equation (2.16) from n Qintonf nf@ n Q
and referring to the prerequisites introduced above it also holdsniffat '@ 1 as a simple

transversal plae wave isassumed in an isotropic medium. Henbe, differential operator o® vanishes
and one obtains the following wave equation:

proe ot o (2.17
wTo T wto

In the corext of equation (2.15) the dependence of the electric displacement field has been explicated. For
the case of nonlinear optics this can be extended for the nonlinear polar@ation@ » ®

b
Furthermore the nomlear treatmengalso requires toaccount for eaclirequency fractions resulting in

T €1 . Thenonlinearwave equatiois thenindependent of any constant polarization part:
@ > 3 .
nQ p? T : pr ! : t 10O 17 T—"@ L~I|I—U) (2.19
T wT'lo T w To w To T wto

Based on the nonlinear wave equation the arising of sdtamdonic generation in an anisotropic media
can be derived in theext section
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2.1.1 Second-harmonic generation

Qualitatively the seconéharmonic lightmatter interactionis the consequence of thperiodical
displacement oélectric chargesvith the frequeay] caused by a strong electmagnetic field Hence
those dipoles emit an owreetro-magneticradiation.In case of small intensities of the excitation light
this displacemens negligible smalbnd thereforghe process behaves like a harmonic csail Intense
externalexcitationfields forcethe dipole displacement to act in a Horear potential(¢  for SHG or

g for THG).

For a quantitative description the induced nonlinear polarization of a séw@ontbnic processs
described bya plane wavgonly consideration of the real part; hence the absolute amplitude value has to
be treated bisectedThe amplitude of the secondarmonic lightis denoted a® 'O  and the

corresponding frequency as ¢  with a wave vear Q &7 7T Therefore, in the picture of a
plane wave the electric field of a generated sed¢w@chonic light isnritten as:

% O | aQ CE8 (2.19)

To find an expression for the namdiar intensityO & the nonlinear wave equation (2.18) has to be

considered agairCentrally for the nonlinear polarizati@d ~ which yieldsO o 0 1 Q and
with the later introduced relatiah 1 1 T B B ¢Q O1 0] and equation (2.19) it
follows:

0 D T Q 6 ad aQ (2.20)

Equation (2.18) requiresseconl derivativeof 0 afd and also fol0 4o :

be’ afo 7 7Q 6 ad aQ (2.21)
T T T o
— O aho —0 0 ®—0 a Qo a Q w8 (2.22
Ta Ta T a

From[27] for example one catake advantage afheslowly varying envelope approximatio(SVEA)
—0 a L QO—06 a andtheequation (22) can bereduced to

' od c@ls ¢ 0o a0 88 (2.23
I ra

In the same manner the further derivative yields:

TT—o'O 6 1 b aQ (g3 (2.24)
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In terms of the specifiamplitudes,the nonlinear wave equatiagan be written agollows (note: for
reasons of a clearrangementseveral mathematical intermediate stepsnsértingand canceling out
have been spared canidthe relationQ &1 Tois used)

~ T . . unQ
c'mTT—é() o L(-b—o a0 &Q (2.2

Equation (2.25) is called a coupled amplitude equafBesides the connection of the amplitudes this
equation also yiektthe term for the phasmismatche@Q Q Q Qin the exponent.

The intensity expression is obtained via an integration of the left part of equation (2.25). Rearranged it
gives:

N Q N Q Q
28 o5 0 04 2 55 P

— : — (2.26)
Qw ) Qw Q

The amplitude and intensity are connected viaithe-averaged?oynting vectarThe relation is given by

'O ¢ 7 wd and it follows forO

eil Q Q p C . .. 3Q0
I _ 0 i e —/—— 2.27)
00 S OIS O LI c (

0 0 @0 [ EEE O

With this final equation th nonlinear secorbdarmonic intensity is quantitatively described. Its form is
characterized by thie ‘@-function and yields its maximum &fQ Tasseenin Figure2.1.

Normalized SHG Efficiency

T T T T T T T T T
-6 -4 -2 0 2 4 6

Normalized Phase Mismatch Ak

Figure 2.1: Normalized SH intensity as a function of the phagamatchy ‘@®he pump powe
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Symmetry considerations and nonlinear coefficient:

In the following quantitative description dche SHG proces®nly the characteristics of the proptgg
seconéharmonic wave has to be taken into account (period poling lemgtre field distribution within
the focal plane (see secti@ghl) and the nature of the nonlinear tensor of the respective material are

neglected irthis consideration)ith the two frequencigs and]  at hand) looksasfollows:
01 f .1 1 h h 01 tO] (2.29)

From this general formuléor a proces with three involved waves one finds six positive as well as six
negative tensors for the secemdier susceptibility.. including 27 elements enabling for 324 ways for

such an interaction process under the proposition that the conserfagioargy is not violated-or this
formul a it is likely to use the Kleinmands symme
constant frequencies are considered far from resonanceJhis requires that all the parts of equation

(2.28) are ral and provide a permutation symmetry:

7 h h .. 1 h h (2.29

This special symmetry is valid for transparent and-foss media with a vanishing wavelength dispersion
but nevertheless the directional dispersiostiisprevailing[32] and a contracted notatigields[33]:

Q 2. (2.30)
C

Therefore, thepolarizationis given by

01 T ¢Q 01 07 (2.31)

Using symmetricj andk, onegets a 3x6 matrixwith several independent elemenésults.One of the 32
crystal classes governs the amount of tidefrendent elements.

0 o § .. 006 ... 00 0 o (2.32

For a material with a centt®ymmetric crystallographistructurethe change of the sign of the applied
external field causes @hange of the sign of the induced polarizatioh equation (2.32)in the centre
symmetric case this is only fulfilled ib 6 T sothat... vanishes.Hence,the secondharmonic
processequiresa noninversion symmetry
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The polarization astated in equation (2.31) is dependent on the two fi€ldandO . Here, theVoigt
notation[34] is very wseful because itllows to combine the last two indices of the nonlinear coefficient
Q to one with the following set of coordinatesicey phow ¢ & oft w wd Th w Gad

v & w® @. The tensor for SHG then turns out to be:

0
5 N (@) ~
0 o o o e o o % ,01 0
0 q ¢ 2 2 9 0 9 0 ix 1‘0 ~ (2.33)
0 g Q0 Q0 Q @ 9 o &2 P14

¢0O1 O]

¢01 01 O

With theKleinmard symmetrya contracted nonlinear tensor with 10 independent elenferatgked blue
in formula (2.34)rises

Q0 Q Q Q Q
Q 0 O O QO QO Q (2.34)
Q Q 9 Q9 9 Q0

In case of SHG here tif¢ -element is set to b@ Q Q ‘Q andthe’Q -elementis’ Q

Q Q ‘Q . KTP stems from th@oint groupmm2with the space groupna2 [35] and is hence
Cov symmetricwhereas LN features@s symmetry[36]. The bothtensorsof these materialare given by:

T T T T Q 7
Q m 1m o Q m T (2.353)
Q Q 1Q T Tm T
T T T m Q Q
Q Q Q mnm Q LS LS (2.35b)
Q Q 0Q T T T

Based on these rieor elementghe spatial partitionedhonlinear poldzation can be calculateddoth

materials featur€ as theirargest tensor eleme[87], [38]. All tensor element values for both materials
are listed in subchapt@r3.



Fundamentals 13

2.1.2 Aspects of phase-matching

In the last sectiotthe generation of a secohdrmonic of a certain fundamental wave has quantitatively
been considered but without taking into account the phase relationship of such two waves which is crucial
for the SHG effitency for any application or deviceBue to dispersion in the particular material both
waves feature different phase velocities leading to a divergence of the fundaments! iveavihe
excitation laser light, and the driven harmonic walvg.a conseque the waves do not have a constant
phase relation andill ratherdestructivéy than constructiventerfereon average

From equation (2.27his becomes obviousthe intensity of the generated SH waazillates with the
squared sinend does not increa steadilyThis increase is limited to a small range around the ideal point
3'Q T Outside of this regiomlestructive interferenceakes placeThis range is equivalent with the
period of this oscillation for a finite phaseismatch along the excitation axis for a SHG process and
called the coherence lend8i]:

a — (2.36)

The3'Qi also called the phasaismatch- in this equation is crucial for this consideration as it determines
that for eact#’Q Tra phase displacement between both waves is app@henphasenatching condition
for a SHG process is given [@4]:

€1 ¢ (2.37)

Hence, for a perfecSHG) conversion processQ Q Q0 0O 1Q ¢Q T need to be
achievedo obtain a quadratically growing SHG intensityp overcome thigssue several technigs can
be utilized aiming that for ajivenpropagation direction the phase velocities of both waves are identical

The two most prominent techniques birefringent phaa&ching(BPM) as well as quasi phaseatching
(QPM) will be describedn a more precie manner whereas other phasgtching techniquelke modat
dispersion phasenatching Cerenkovtype phasenatching[39] or anomalousdispersion phasenatching
shall only be mentioned at thisipb

Birefringent phaseénatching inuniaxial and kaxial crystals

The refractive index is not only wavelength dependent as it holds for dispersion in general but can also be
dependent on the pailaation of the incident light. Crystals with one or more distinguished optical axis
feature this behavior whicis then called birefringenchn crystals with an optical axis (i.e. the refractive
index is axially symmetric), a plane is defined by this and the direction of propagation of thgViiht.

this prerequisite one can distinguish between light polanzedilel and orthogonal to this plane. The

latter one is governed by therdinary refractive indext whereas the parallel polarized light is
determined by the extraordinary refractive index. In order to utilize the birefringence for phase
matching the two waves have to be polarizedtrarily, i.el 1 - @ . The exact type oindex
dependence of the SH beam is determined by whether the particular crystal is pésitivee( or

negative § ¢ . Hencepne has talifferentiat between two types of phaseatching
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Type | phasenatching in both kinds ofrgstals withequally polarized fundamental waves and Type |l
phasematching with contrarily polarizedriving fields.For the first type the relevance of equation (2.37)
becomes obvioubecausewith a period ofca the SH amplitude performs the silikke behavior
mentioned above resulting in destructive interferendbephase velocity different An overview of the
various types of birefringent phasgtchingis given inTablel.

Positive crystal Negaive crystal
| 08 08 oégq | &1 €1 ©0dq
| 04 ¢1 &g | €1 08 © Qg

Tablel: The different types of birefringent phas@atching in uniaxial crystals.

Those different typesf birefringent phasenatchingare also to be classified in terms of a critical and
noncritical manner. For an orthogonal incidenee (w 1T Jegarding the axis of the nonlinear tensor and a
certain temperature tuning the phasatching is noncritical whereas for angles unliké ®@s referred to

as critical phasenatching.Besides uniaxial crystals birefringent phasatching can also be utilized in
biaxial crystals which represer more complex case due to the ambiguous determination of the two
waves Figure 2.2 illustratesthe phasematching type | via an index ellipsoid in which the harmogic (

is polarized extraordinarfphase propagation along ellipsoidal planes with constant phase retatity
fundamental wave exhibits the ordinary polarizatfphase propagation along surface of a sphaite
phase adjustment angle to the opticgikds in the ntersection of the feactive index ellipse of the
extraordinanypolarized ray of the harmonic and the refractive index circle ofritiaarypolarized ray.

-~
S

~.

-
AL

Figure 2.2: Index ellipsoid to dmonstrate the behavior of ordinary and extraordinary indices for birefringence
and SHG taken fronj0].

This kind of phasenatching on the one hand provides the most efficient SHG intensity exploitation, c.f.
Figure2.3, but is onthe other hand restricted in terms of unsuitable phasehing temperatures as well

as angle$41], the barely addressing of lower nonlinear coeffici¢dig and a Poyntingrector walkoff

[31]. The highest nonlinear tensor elem&ht cannot ke addressed because for this all relevant waves
feature the same polarization. Moreover the entire speatngk is not covered for this technigii®ose
drawbacks lead to the alternative technique quasi phasehing.
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Quasi phasenatching:

A more elabaate but lavish way to achieve a very efficient phaséching regime is the quasi phase

matchingt echni que proposed i n t[H2A [43 k@ Dy thepracttal mst r o n
realization [44] in the next decade The aforementioned siike behavior of the secorgarmonic

amplitude because of unequal phase velocities and thus a phase displacement is resolved within this
technique via a speditreatment of the material properties, i.e. the spaiiakring of the nonlinear tensor.

In contrast to birefringent phaseatching this additional material treatment comprises a periodic
modulation of the tensor with a doubled period of the coherdength a. The technological
implementation of this periodic modulation respectively periodic polarization reversal is referred to as
periodic polingof the investigated materials in this work within the subchapters of ctiaptar

According to the dependence of the SHG intensity on thefgimation (2.38) the intensity only increases

up to the length — — for an unmodified materiand decreases in the rangeef 0 —:
«. 3Q0 . . .3Q0
0 08 0i @ X GBI (2.39)
C 3Q C

This case is illustrateth Figure 2.3 with the blue curve indicating no phas®tching.The approach of
QPM is to reversthe value of the effective nonlinear ten$br into 'Q after the coherence length
Thereforethe SHG amplitude is enhanced insteadexfreasedys the former oscillation would lead to.

The comparisorin Figure2.3 between a QPM amplitude slofgreen)and a BPM ondred) shows the

lowered increase of a QPM amplitude but with QPM one is able to obtain a huge amount of advantages as
most prominently theQ addressing, widespread wasefith regime and different interaction
possibiliesBeyond this the Poynting vect qhefice nodvalloffe ct i on
is at hand and the QPM technique is applicable to isotropic as well as anisotropic materials.

A

AAT ,], T ,L T J, 1‘ J,/T/ phase matched

AL

| guasi-phase matched

%%
//

no phase matching

- -

X

Figure 2.3: Progression of the particularmaplitudes of a second harmonic signal in a qugéiase matched
regime,for ideal phase matching and without phase matching
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The coupled modes diverge at theto the phase difference bf c.f. coupled wave equation (2.25). For
the case of QPM stops at one particular pointthe domain boundary and with the inverted internal
polarization an additional phase difference“ofs added and the med are cophasal again and the

nonlinear amplitude is enharttep tod —. Thiscoherencédength is themivenby [45]:

S -

il 2.39
3'Q ¢¢ £ (2:39

a
Reaching this length the enhancing proass®set and recurs leadingttte characteristic staircatike
enhancement slogmortrayed inFigure 2.3. It should be noted that the respective amplitude is oscillating
with half of the r eslpadercdlculae anyrdésieed geriod erigth to Utllize thet e n c y
advantage of the widespread wavelength window design a particulgeriodically poled structure one
has to consider the spatial dependence of the nonlinear tensor in terms of a Fourier series

Y oo . .
Qa Q tOEGQI éy—‘ Q t 0 tQ (2.40)
This equation features the characteristic vector for the desired pegling Q@ —, whereas the
Fourier coefficient is defineds'O  —O E*l & Oincluding the dutycycleO — for a lengthd with

a positive nonlinear coefficientaking into account a 50:50 dutyclelike in Figure2.3 the maximum of
the inceased amplitude is achieved which also holds for the effective nonlinear@nsor —'Q[39],

[46]. From the coupled amplitude equati¢®.25) one can now derive an expression for the SHG
amplitude with the aforemention@derequisitegnote:6 comprises the negligible rest of eq. (2.25))

Q . e y
gd & oia x E OF£Q 30 Q (2.42)

The amplitude is obtained via integration along the direction of propagation and atrtig pai and the
following relation holds

i

. L Q L. .30
Q Qg ¢i——=——tOE+——10 (2.42)
3Q C
W wen t . .30 .
0 0 otoutQ tOEI—Ac—tu (2.43
The purposeof the QPM mechanism is reacheddd 1tand the amplitude is only dependent on the

length0. This condition is fulfilled for the following equatiaegarding the wave vectors

3Q ° 0 % n (2.44)
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The expression for the domain grating period is calculated by using the expressions for the two wave
vectorsQ

andQ ———. For any given material theemeier equation carbe used to

calculate the desired period length. In thpcoming subsections the respective equations and
corresponding coefficients are stated for the materials investigated in this work. [@&jrihpe final
formula for the grating period is gineas:

A ]

3E 3 : (2.45)

In general it has to be noticed that the QPM mechanism is also dependent on external influences like
temperature and thus an alteration of the material extensions. Furtbettmorefractive index is also
affected from thig47], [48]. Several prominent material&ke Potassium titanyl phospha{&TP) for

QPM via periodic poling unfortunately feature a low damage threshold. Hence, BPM is still applied in
moreresilientmaterials liké -Barium borate or Lithium triboraf@1].

The Sellmeier equation mentioned abovelépendent on different crystal classes. As to be seen in the
section dealing with the respective material characteristics the Sellmeier equaKioR of for example

given via[49]. This material is a positive biaxial crystal, thus all three Cartesian directioeddhe
accounted for resulting in three distinguished refractive indices & £ .

In turn Lithium niobate features a hexagonal crystal structure and is hence uniaxial. The corresponding
Sellmeier equation can be taken frp48]. The differentiationbetween an ordinary and extraordinary ray

is here as crucial as itfisr the calculation of BPM.

All the derivation for the final equation (2.47) holds in general for domain periods in bulk crystals. In this

work not only periodically poled bulk crystals are investigated but also waveguide structures in bulk and

thin film crystals. For those advanced material platforms the calculation is more elaborate and may lead to

a correction of the pump wavelength for example because waveguide stroaturggose a certain shift

of the wavelengthThis issue can be overcome via hes of perturbation theory like th&entzel

Kramer$ Brillouin approximation (WKB)Y50], t he Hocker and Bil)fREMB2,numer i
[53] or a kind of brute force method to obtain the refractive index via each mode.
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2.1.3 Further n onlinear processes

Besides secondarmonicgenerationthe field of nonlinear optics features a widespread palette of effects
of second as well asigherorder thatare the basis for single photon emission or numerous frequency
conversion devicedHere, a brief outline of those fuethnonlinear processes iwen.

Mixing of frequencies:

While SHG describes thdistinguishedformation of overtones of a fundamental frequency or more
precise of two excitation field® and'® whereas the general case of such a frequency mixing is referred

to assumfrequency generation (SFG). Thus, SHG represents a special case of SFG using the same
incoming frequency , but two different frequencigs and] can ke utilized to create the sum of them,

c.f. Figure2.4 a) and b). Analogouslthe same holds for a generated weaassulting inthe difference of

both excitation fields as referred to differencefrequency generath (DFG). According to equation

(2.13) it yields for those two processes:

®f ... OAT O 0o QAT O 06 cOQAITI00AT1006 (2.46)

Both processes can be delineated as a creation and annihilation of the involved photeas, foh&FG
the two incoming low energetic photons are annihilated and a higher energetic photon is created.
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Figure 2.4: Scheme to exemplify the various types of frequency mixing processes ajtsgoooidt generation,
b) sumfrequency generation, c¢) differerfrequency generation and d) parametric fluorescence
taken from40].

The opposite holds for DEGlere,two photons 1 enter a nonlinear medium and is annihilated
in favor for1 and a new phon] , so that it hold3 ] 1 . The lower energetic photon is
amplified since it triggers a stimulated decay of the excited statg from
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Optical rectification:

Based on equation (2.13) and utilizing certain addition theorems thgzation may also comprise the
component®® »® © (?. Besides the obvious linear tefhand the SHG terr® a further constant
and frequencyndependent componen? —... ‘@ arises and is cale optical rectification. That
implies that this term does not contribute to any generation of a newly induced wave, but cseete$ a

DC-field in the particular nonlinear crystal due to the fact that the sign changisohot collinear
respectivey parallel to the respective change of the applied fidiehce, asinusoidal oscillatiorof the
excited ions is observabl€his effect has been discovered in 1962 by Ward et al. in KDP crisqls

Spontaneous parametric dowonverson:

In the course of thisvork, various periodically poled structures are investigditech which some shall
serve as a platform for single photon emission sources especially for hemrdgpedtively entangled
photons.This can be achieved vigpentaneas parametric down conversiq®PDC) In contrast to
seconéharmonic generation SPDC is a fluorescence process seededuymfluctuatiors. A photorr
pair is created yielding thdrequencie§ 1 1 accordingto enegy conservation
Neverthelessthe process also demands an intense radiation field like for 8H®.to SHG a successful
phasematchingis crucial herd in contrast to amplified spontaneous emission (AS&)d furthermore
momentum conservatidorcesthat the two resulting photons propagatelera smallerande.

The type of the SPDC process is distinguished between the particular polarization of either the pump
photon and the polarization state of the signal and idler photon. If all three polaszate parallel to

each othetype-0 SPDC is at hand, whereas the output photonsarallypolarized but orthogonal to the
pump photon it is called type SPDCand typell describes the perpendicular case of the output photons.
Therefore the polarizatio state of the output photons is correlated. For quantum optic experiments this
enables therediction of one polarization state by knowing the other one, which is given by the two
correlated so called heralded photons. For this the technique of grogfiyvetatching can be utilized

[55]. The standard consideration of the propagatidrabi®r of those two photons is the collinear case as
they travel in the same directiafongthe optical axis of the crystalhis standard SPDC experiments can

be found in numerous publications especially for waveguide patterns in bulk crystals exhilstingg

mode confinement withigh efficiencies[56]. Phasematching as a measure to enable SPDC or enhance
its efficiency is often created via birefringent phas&tching including all of its drawbacks like the
determined collinear ppagation for instance&uasi phasenatching also offers more flexible options to
treat a SPDC process. The periodic gratiompensatioQ  ¢* F¥ is necessary to fulfill the momentum
conservationThis leads to thphase mismatcd’ Q Q Q@ "Q ¢ T¥. QPM can also enable a non
collinear propagatiorcase referred to below as SPDC wittbunterpropagation which offers many
advantagesverthe standard cagg7], [58].
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The sign of the idlewave vector becomes positive for this arrangensEf® Q@ Q 'Q — offering
various othecharacteristic$or the heralded outpyshotors (Figure 2.5).

() Typ I G
pump b) & 3

a)

Figure 2.5: Principle sketcksfor SPDCa) in typel phasematching regime showing energetically the course of
the particular photons[59] and b) in counterpropagating arrangement including the QPM
momentum circumstancasad thegrating period L.

A counterpropagation arrangement forces the output photons the exit the crystal in the contrarious
directions in order to not violate momentum conservation because the periodic grating contributes with the
fitting momentum to compensate for the pumppghonés one. The obviously mo
counterpropagating photons is their spatial separation by the retention of the heralded character.
Additionally one can utilize the distributed feedback and distinct narrower frequency spectra which are
helpful fora broad amount dfber opticsdue tothe smallers™Q The group velocity mentioned above has

not be taken into account here so severely because the spatially separated output photons may feature
differentwavelengths and a dichroic element can help to skim the pump photon. Nevertheless a counter
propagabn arrangement makes some demands to the technological feasibility. The utilized wavelength is
dependent on the orden and on the chosen SPDC typdigher orderm processes have been
demonstrated so far but idealty= 5, 3 or 1 isdesired For this, the crucial point is thedbricaton of

ultra-short domairs (submicron range In LN domain periods of several microns have been achieved,
whereas dr KTP a3"“-order conversion proceshallenges the current investigations requinregiods
betweenl,0 um to1,2 pmand al*-order conversion procesequiresy = 0,35 pm- 0,40 um[60]. This

work gives insight into the recent investigation of both malegaliatforms reaching the submicron poling

limit and serve as a basis for SPDC heralded phmtitmsources

Third-order nonlinear optical effects:

Despite the utilization of secosithrmonic generation as &-drder nonlinear optical effect in this work a
brief overview of $-order nonlinear optical effects shall be givAs.motivated in subsectich1.1SHG
requires a noinversion symmetry of the crystdh crystals with an inversieaymmetric composition
even terms withithe Fourier seriesrecancéed out hereleaving the nonlinear cubic term and theher
odd terms noivanishing instead. This cubic term for instance enables for a deperafeheerefractive
indexon the incident intensity € [ SOs . On themicroscopic scaldipoles of the particular medium
are rearranged in the case of intense incident radiation induced by this radiatigmch has a direct
influence on the lightmatter interaction like the refractive index manipulation.
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THG: Besidesan external d.c. fieldas the trigger for3“-order nonlinear optical effects can also be
induced via three involved waves. For the case of thgealwavelengths analogous to SHG with two
incident waves the process is caltbidd-harmonic generatiofTHG) and the relevant tensor is here also
given as... [30]. The case for three different incident wavelengths is portrayed as FWM below. In
comparison to typical SH@aterials like LiNbQ or KTIOPQ: prominent materials for THG are LiBs

or BaB,O4[61].

Kerr effect:An occurrence of '$order nonlinear effects is due to an intense extdield| which can be a
pure optical excitatiomyr also a d.c. field. Theimplesteffect represents the:c. Kerr effect also called
quadraticelectreoptic effect- at which the refractive index is proportionally altered to the squared d.c.
field as outlined abovdt is often to be found in electrmptic shutterg33]. As also mentioned above the
refractive index can also be intensity dependent.

EFISH: In the framework of B-order effects a secodthrmonic can be generated connected to an
external d.c. field. This phenomenon is calléetiic-field-inducedsecondharmonic EFISH). Materials
with a vanishing ®-order nonlinear tensor but.a like Si, SiO; or SgN4 can be utilizedo create SHG

via the control of an external d.c. field according'®: © 0 .. O .. O ©
This EFISH application has been demonstrated -im gunctions for instancg62]. EFISH is also
demonstrated for the nonlinear miatopy setupn this workas outlinedexemplarilyin section3.3.

FWM: Hitherto frequency conversion processes with three involaages have been discuss8é-order
effects alsoenablegeneral fourwavemixing (FWM). Here, in ontrast to SHG two waves propagate
coherentlyin oppositedirections. A third wave cahe bent off by those two waves anenhe, a fourth
wave is generated. This process is also very sensitive to the-mphédang conditions of the involved
waves. Besideslassical applications FWM can also be utilized for entanf&fl and single photon
sourceg64].

Self-focusing:The intensitydependence dherefractive index in the3order effects framework can lead

to an anisotropic changef the refractive index in terms of thiseam profile Due to the spatial distribution

of sud a profile, the refractive index is altered very drastically in the vicinity of the beam waist
respectively the pulse centén. the range of thpulse edges, i.amaller intensitiesthe refractive index
hardly changes. There isphase curvature, singbe optical path length is increased in the center. Thus
the medium acts like a lensvhich may also increase the effect in the beam center as a kind of feedback
loop. Thus, the effect is callelffocusing[65].
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2.2 Ferroelectric domains

The main focus of this work lies on the analyzation of periodically poled ferroelectric materials by means
of spetroscopy and microscopy methods. In order to understand those results and further explanations for
the contrast mechanisfor instanceone has to take a closer look at the fundamental nature of such
ferroelectric and the formation mechanism of domain wakll explicated in the following subsections.

2.2.1 From Curie temperature to spontaneous polarization

As introduced irsection2.1 ferroelectric materials draw their characteristic property from the spontaneous
polarization. The occurrence of such a spontaneous polarization is directly connected to crystals with a
distinguished polar axig.-hose crystals are found within a cluster of 11 classes from the overall 21 non
centrosymmetric crystal classes. They lack arerision center and thus have a polar axis enabling
nonlinear processes like SHG. If a temperature dependence of the spontaneous polisrigegsent,

these crystals are called pyroelectiite temperature dependence of the cry$tdisws the CurieWess

law which sets up a correlation between tptical susceptibility.., the temperature and the so called
Curie-constant:

5
N Y

(2.47)

Two temperature regimes result from this |&elow the CurigemperaturéyY any domain formatiors
longterm stable andhe phase is called ferlectric, whereaat higher temperaturgbe spontaneous
polarization disappearsvithin the paraelectric phasd-or the materials KTiOPQOand LINbQ as
investigated in this workY marks a point of a phastange[66]. If the temperature is equal t¥ the
phase transition is of'2order[67]. KTP features this secorafder transition at a temperatusé about
945 °C[68] and LNat 1140 °(69].

This phase change @escribedwithin the Landattheory. In such a"@ order transitn, a continuous
displacement of atomsccurs,changing the symmetry in the considered regirdistinction is made
between ferroelectricsh which the polarizatioresults fromthe arrangement dahe atoms and non

genuineferroelectrics Ferroelectridy in an electrically crystalarisesfrom adisplacmentQof different
chargs O in the unit cellof the crystal According to[70] the resulting polarizationis the sum of all
dipole momentg within the unit cell

p , .
b= N 3 QD (2.48)
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The spontaneous polarization can be perceived as an analogon of a thermodynamic balanced state. The
equation above indicatedat there is no time dependenclyandautheory distinguishes between
ferromagnetic materials only featuringf @rder transitionsvhereas the electricoanterpart does feature

both orders This discrimination is done via the order paramétewhich may act steadily or like a
Heaviside function. From Landdheory the Gibbgnergy for such an entire transition is given in terms

of the order parameter and local quantities

o (2.49)

The system is characterized via the parametemsdd. The order parameter is always zeror "Y
and for”Y "Y it converges slightly aboveera The transition to the paraelectric phaseerformed as
the order pamaeter and hence the polarization becomes redundarityfofY. Furthermore one can
consider a transition from ordered to orderless states. Hwregrderof they vanish but the dipoles
remain due to the temperature rigeother case is twist of two differentsubordinated crystal lattices
against each othdeading to a generation of dipole momedtse toshifting ions as in perovskites for
example LN features both transition types wheread¥d dependent on alternating-Oibonds.

The occurence of the spontaneous polarization on the atomic scale at this transition point is derived in the
following for both materialsFor LiNbOs in the ferroelectric phasie Li* and NB5* ions are shifted in
relation to the planes of the oxygen octahedrdosgathe opticak-axis, c.f. Figure2.6. Hencea typical

Nb-Li vacancy is apparent which reiterates periodically due to the crystallographic Httcdirection of

the displacement of the polarization equalsdipele momentsThe oxygen atoms are groupadhogonal
towards the @xis.For congruentiNbOs with an excess of Nb some-tacancies and general vacancies

are filled with Nbatomg[71], [72].
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Figure 2.6: Comparison oparaelectric and ferroelectric phase of LiNp@a a ballandstick sketch

The paraelectric phase is characterized byctidigurationthatthe Li- and Nbatoms are not displaced
but either centrally besides the oxygen atoms or centrally in betweenThensalculated valuesr the
displacementvithin Figure 2.6 taken from[73] hint that the cations are moving likewise on both stable
positions
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The occurrence of the spontaneous polarization in KTiDBMased on anotheonfigurationof the
involved atoms. For thease™Y "Y (paraelectric) the material features a higher symmetry within in its
crystal groud35] whereas fof'Y Y the crystal composition is slightly changed and the lattice symmetry
is reduced or lowerFor KTP the potassium ions are capable to occupy two different positions within the
lattice due to the TD bonds These bonds alternately varylémgth c.f. Figure2.7 andhence also the Ti

ions of the octahedral can be on two positiofise potassium ions have a monovalent behavior and
exhibit the possibility to be-8r 9fold coordinated in relation to thexygen abms as indicated by the
two potassium atoms K(1) and K(@) Figure2.7. Togetherwith the Ttions theylead to the spontaneous
polarizationin the material

Ti(1)
1.985

“hl ):|

K(1)

L’" @i

Figure 2.7 a) lllustration of the changedrystallographicstructureof KTPwhen a spontaneous polarization is at
hand within the ferroelectric phase adapted frfd]. Potassium ion®ccupythe spotted locations.
Axisa = x, axish = y. Insetb) sketcles thedisplaced Ti octahednsas the origin of theontaneous
polarization in KTP fronj75]. Axisa = x, axisc = z

a) b)

A comprehensiveinderstanding of the exact reason for the nonlinear propertie¢sd.eccurrence of the
spontaneous polarization is still retthand but two aspects have already been investigated. According to
[76] the alternating FO bonds give rise to an enduring dipole moment along-t#éscThey act as one
dimensional channels with the two possibilities for the titanium as ionstahedrons to occupy a site.
Furthermore the tetrahedrons of the,A@nds as well as the potassiaxygen bonds can also be a
reason for the occurrence of the spontaneous polarizgtignThe repacement of the potassium with
other elements prominently rubidium as it is used for the waveguide fabrication is apparently very crucial
for the nonlinear properties of KTP especidlly the domain inversion characteristics. Since the general
features ofthe occurrence of thepontaneougolarization on an atomistic level and for botlaterials

have beemxplainedthe polarization reversal and the properties of ferroelectric domain willlsow be
examined in the next subsection.
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2.2.2 Aspects of domain i nversion

With the knowledge that ferroelectric crystals are capable of providing atdomgstable phaséor
domainsbelow the Curigemperature one catiscusgheir formation anépplications According to[78]

and [79] the spontaneous polarizatiowhich is inherent in the previousljiscussedmaterials canbe
reversed byexceedingcoercie field strength.For LN this can be achieved by applying an external
electric field in therange of kV per mmA spatially confined area of a distinctly oriented spontaneous
polarization is called a ferroelectric domain and adjoined domains with diff@@arizations are
separated by ferroelectric domain walls.

A full polarization reversal shows a nonlinear behavior and is depicted as a hysteresis Eigue2.8.

The hysteresis behavios related to ferroragnetic materials but shows a steeper shape in general.
Furthermoreferroelectric domains are connected to distinguished axis of the particular digsta, the
possible ways to orientate the polarization are given via the ratio between the synipregit®between

the paraand ferroelectric phase and this leads to the differentiation of uniaxial and biaxial (or multiaxial)
ferroelectric materialsThe hysteresis curve shownFigure2.8 starts inthe origin of the diagranwhen a
pristine ferroelectric crystal is subjected to an external electric ekikceeding the coercive field
strength ‘O and reacheis maximum at a saturated point (hereall dipoles are orientated parallel to
the external fieldIn addition to this the rare case of dielectric charging in a ferroelectric crystal is
indicatedas point(3) in the figure.In order to reverse the polarization the same external electric field has
to be applied but with the opposed polarity passing the point of the contrary coercive @elaihd
eventuallyreacheghe point of saturatiof6 lower left). Coming from point 2/3 theqgint 4 indicates the
value of the residual polarizationd which stays in the material wheretexternal field is turned off.

Figure 2.8: Sketch of the hyastesis loop of a full polarization reversal within a ferroelectric mateiiial
dependence of an applied external electric fieldapted from [80]. It starts in the origin of
coordinates and follows the delineated arrows.

The compensation othe materialsurface charges done via theso called displacement current, which
can be estimatetly the equationd ¢t0 {0, where a chargé is determinedvia the spontaneous
polarizationd and theconsidered areé. Besides the description of a domain reversal in terms of the
hysteresis loop the spatial evolution of an emerging dorsadtlsd very crucial for the understanding of
domain dynamicsTypically electric field assisted poling is the method of choice for domain inversion in
ferroelectrics
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Here, arexternal etctric field is applied vialectrodes in an antiparallel way towastheexistinginternal
polarization(Figure 2.9). The mwling process starts with the growth of inverted domains from nucleation
spots via nanalomains thatgrow in forward and lateraldirection with different growh velocitiesto
finally form a homogeneous domaifor KTP domains grow along theagis with 50 up to 200 um/s
whereas the yand xdirections onlywith 10-30 um/sand0.2-1.2 um/srespectively{81]. In caseof LN
domain growth velocities along theaais are in the order of 30 unj&2].
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Figure 2.9: a) Shematic for electric field assisted poling with detafsthe domain inversioprocess[83].
b) Graph of example pulse for domain reversal in ferroelectrics with course of voltage (red) and
current (black) for a constant slewinrgte [84].

Different samples of one material may feature various coercive fields strengths due to factors ranging
from defects over vacancies to intendeubdificationslike doping.For the characterized material systems
within this work the coercive field strengths are ab@ut kV/mm for flux-grown KTP [81] and
approximately21 kV/mm for congruent LN85] (whereby hesevalues arein the range of thearticular
spontaneous polarizatian).

The design of the electricgbulse shapés one of the crucial aspects for a successful poling process.
Depending on the particular sample and material different poling pulse designs have to be utilized. The
samples analyzed in this work are commyopbled via the higivoltage generator Trek 20/20c. The
corresponding equation for the electrical context here yi&ds 0 6 tQ"YQowhered
describes the capacitive par to theonetohtbe exfeznaleircaitt or 6 s
The derivative is responsible for the steepness of the rising or faltipg[84]. The pulse shape shown in
Figure Figure 2.9 b) is typical for a ferroelectric domain inversio®ne advatage @er a square wave
pulseis the slower risinglope This reduces the current peak that occurs when chargirggpaeitors is
reduced. From a constant slewing rate follows a constant caceortding to formulabove Thus, during
charging and dischargingf the capacitance, r@ctangleis generatedh the currentThe decreasing slope

is necessary to avoid a baswitching of the domains while growing through the material by stabilizing
them, sed84], [86] for further detailsThis can be improved via an additional D@set. Besides the

shape of one sgte pulse the application of multiple pulses has drawn much attention in recent
investigations on poling experiments considering the number and duration of the[®t]s@&fe impact

of these different pulse characteristics is also subject of the samples investigated in this work.

The fabrication of high aspect ratio domain gratings throughout the whole depth -Gglubstkates using
the conventional elegt field is influenced by inherent namiformities and intrinsic defects.
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Furthermore extrinsic doping has additional impact on the poling properties. To circumvent this
problem surfaceear domain inversion has been applied, where the field moduladittrast is highest.

Such surface periodic poling approaches (SPP) are well suited for nonlinear optical waveguide devices
where light is confined to a thin surface guiding layer or stripe. The most important SPP techniques are e
beam writing[88], direct writing using focused Waser radiatiorf89], phase mask assisted-afitical

poling with UV-light [90], EFM based techniqud91], controlled overpoling92], full cover electrode
method[93] and stemper techniqyé4]. Direct ebeam writing promises the highest field modulation
contrast, but the local deposition of electronic charge on a grounded substratedoy éombardment

can easily create local electric fields that surpass theigedreld strength significantl{95]. The direct

writing techniques using Wight suffer from the diffraction limited soft intensity modulation, which
together with defects in theulsstrate leads to strong variatioos the domain duty cycle and wall
imperfections. Contolled Overpoling and the stemper method seems to be promising strict periodicity
without any stitching errors [9].

Switch of polarization:

For applications with per@tically poled domain structures the transition of 180° domains with contrarily
polarity are taken into account. For the evolution of the material polarization throughout a domain
boundary different types of domain walls candedined Figure2.10). Ferromagneticlomain wallsare

mostly formed in the soalled Bloch or Néeltype. The Isingype of domain walls is much more of note

for this work since it describes the behavior of ferroeledimains.

© (@)

A

Figure 2.10:  Collocation of differentytpes of domain walls: (a) Ising
(b) Bloch, (c) Néel and (d) IsingNéel typd96].

Here, the transition from one domain to another is governed by an interplay between the material strain
and the ruling polarization. Such a domain transition commonly takes place in the extent of a couple of
unit cells (severahundreds of nm). Within the scope of optical resolution and measurement methods the
quantification of the domain wall width is also subject of various investigations and a big challenge within
the ferroelectrics community. In real systems such a behavitisturbed by pointike defects and defect
structures which can completely pin a domain wall in terms of an energy exchange.
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Structure sensitive methods:

In order to visualizehe transferredferroelectric domain structure ool of methodss at hand An
invasive method utilizeshemical etchingfor a surface near characterization. Here, erploits the
anisotropic circumstandhat the contrary poled arefeature different etchingates; hence theepiodic
structure is transformed to the surfacpdiogy. The detrimental side of this method is its irreversible
character ands dependency othe crystallographic structure and orientati@pplicable on zut LN, but
hardly in x or y-cut LN).

Another surfacesensitive method is theiqzoresponsdorce microscopy (PFM)As a norrinvasive
methodit uses a backlectrodecontacted sample and sensitively scans its surface with a cantilever by
means of the arising fields. ferroelectric domain structure becomes visible via the material strain which
occus at domain wallsHowever, this method is also limited to the surfaear region. For a depth
dependentharacterizatiof the domain structure here the samples have to bediated and therefore

it becomes an invasive method.

Two established nemvasive methods for the-dimensional analysis are the ®iicroscopy and the-u
Raman spectroscopy which both allow for imaging the ferroelectric domain structure in the confocal
regime. These latter two methods are applied within this work.
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2.3 Ferroelectric material systems

Due to theirversatile propertiesLN and KTP represent well established platforwighin the field of
integrated optics especialfgr ... Tbased nonlinear process@sey exhibitlarge electreoptic, elaste
optic, piezoelectricandnonlinear coefficientsWithin these materials domain grids ereglficient quasi
phasematchingin bulk and waveguide structureAmongst others, such periodically poled domain
structures @ essential for many applications in the field of quantum gpudsere single photon
propagation as well as pure quantum states are criitialgeneratharacteristicof the two material
systems used here are described below.

2.3.1 LiNbO3 platform

Lithium niobate is a prominent ferroelectric material originating from AlB©; ferroelectric cluster
accompanied by LiTafand BaTiQ for instance within the perovskitesd yields the space symmetry
group R3C and the3m point group when considering the ferroelectric phgsg, [98]. This group
obviously features an oxygen octahedrdhe ferroelectric charaatef the material has been confirmed
by the hysteresis behavior of the matepialarization dependemin the applied electric fiel®esides the
optical nonlinearityfurther important properties are its piezand pyroelectricity, electrand acousto
optical traits as well as photefractivity [99]i [103].

LN is pulled via the Czochralski procggs], [104] from the melt consisting of théwo ingredients NBOs
and LpO. One can either fabricate stoichiometric LN §fD}/[Li 20+NIOs] = 50 mol%, c.f.Figure2.11),
which is to be found within the lithium depletedea or congruent LN which features a ratio of
[Li[/[Nb] = 0.969, hence a distinct part of lithium is deficient within the crystal as well as imétte

1300
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Figure 2.11: Plot of phase diagram of LN accorditg its LbO-Nb,Os melt systenil05], [106]

Congruent LN features a mmgeneous ratio of lithium and niobium over the entire crystal along the
crystallographic @xis in the melt, whereas stoichiometric LN depicts variations of this ratio here.
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According to[105] a spread of about £Oof this ratio can lead to crucial influences regarding the
aforementioned optical properties of LN and in terms of the quality commonly congmeistidely

used instead of stoichiometric. The congruent point is reached at a temperature of 1253°C featuring an
equilibrium of fluid and solid phase. Due to the lithium deficiency, the crystal exhibits a larger amount of
antisite defects which leads 4o called LiNbQislands within a phase separated temperature region.

As to be seenn Figure 2.12 the crystallographicc-axis (or zaxis) is determined by the lithium and
niobium cations as well as a vacancy wigispect to the oxygen sub lattice. Hence, the crystal features a
permanent dielectric polarization along this axis and these occurring stacking sequences.

neutral positive
é} é) : 26 pm
N — olf;o _‘L: 71 pm
] (v i ® O
© £ 0 26pm o Li
S © | -
© | © Nb
g _“9_| 71 pm o V
ol B
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a) paraelectric phase b) ferroelectric phase c) hexagonal unit cell

Figure 2.12. Sketches of the crystallographic stuiet of LiINbQ adapted from[40]: a) paraelectric phase, b)
ferroelectric phase, c) unit cell

The oxygen atoms are placed orthogonal to thrig. Below 1145°C LN is ferroelectric and the inversion
symmetric paraelectric phase is settled above. Here, the lithium aterskifsed to be central within the
oxygen planes and the niobium ones are between them in contrast to the ferroelectric phase. The direction
of this shift from the parato ferroelectric phase is directly correlated to the spontaneous polarization, so
tha the positive direction of this axis is determined via cooling induced positive charge surplus, whereas
the yaxi s6 positive direction via a negative <charg
aforementioned properties like pyroelectricitye ateduced from the resulting anisotropy of this shift.
Since the position of the crystallographic axes for the trigonal crystal symmetry is not unambiguous, there
are also several peibilities for lithium niobat¢o define the crystallographic axefeseare then arranged
rhombohedral, hexagonal and orthohexagonal. For the optical observation the @goolaéxsystem is
generally usetb which all tensors of the lithium niobate refer.
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CongruentLN shows a dependency of the Curie temperature frostaishiometric ratio in accordance
with the relation’Y wmn @& o e8UEO T8 ¢ p [107]. The coercive field strength is given
amongst other crucial materiadopertiesn Table2 whereaghe internal electric field iapproximately21
kV/mm for congruent LN Furthernore congruent LN shows a distinct asymmetric behavior when
multiple pohrization reversalsire performed; alsthe coercive field strength riseHere, the internal
electric field is equal to half of the difference of forth and bpelng field strengt{85]. This behavior
does not apply for stoichiometric LN whose internal field is deperatetiie niobium concentration.

Material trait Stoichiometric LN Congruent LN
Dielectric constants,7  for low 54, 42 84, 30
Dielectric constants,T  for high 42,41 44,29
Refractive index n.(for_= 633 nm) 2.288, 2.190 2.286, 2.203
NL coefficienier_=633nmQ ,Q ,Q DIiT6 42,5,25 34,6,3
Coercive field strengttai | 0.2-4 21
Curie temperature (°C) 1206 1140
Pyroelectric coefficiengfi + - 95
Sellmeier coefficiemtsdo ,0 ando fore 4.9048, 0.11775, 0.21802, 0.027153
Sellmeier coefficiemtsd ,0 andd fore 4.5820, 0.09921, 0.21090, 0.02194(

Table2: Overview of crucial properties of stoichiometric and congruent LifNbiTh values taken frorf69], [72],
[85], [108]i [113].

Further propertiesof LiNbOs are its optical transparency range which is between 350 nm where
absorption begins up to the point of phorarsorption at about 5000 r@0]. Due to the uniaxial optical
built-up of the crystal the materiad birefringent andeatures an ordinary and an extraordynafractive
index¢ and¢ , whereas the latter one is lower than the first and both can be calculateel Selltheier
equatiorwhich yields[111]:

& 0 (2.50)

These calculated refractive indices are used in combination with the definition of a wave(éatdhe
determination of a desired domain periofbr quasi phasenatchirg.

The utilization of very intense light fields may cause optical damage to the material which manifests as a
light induced refractive index change. According[1d4], [115] a doping with MgO for instance can
drastically reduce the photo refractivity and hence increase the damage threshold.
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2.3.2 KTiOPOy platform

Sincethe first synthetization of KTRt the end of the 19century by Ouvrard116] and the nonlinear
optical characterizaon in the 1970sby Zumsteg et al[76] the material has lseme amajor material
platform for themodernfields of integrated and quantum optid%], [81]. Besides the aforementioned
material properties it features a very higptical damage threshold and a wide transparency range
specal propertyof the material is its ionic conductivif23], [75], [117]

KTP is classified to a crystal family with the general notatiolY'Qd dwhich then includes all its
isomorphs. The place markér can include elements like potassium, thallium, rubidium or ammonium
for instance, whereas the place markerolds for phosphorus or arsenia.case of rubidium exchanged
waveguiles in KTP the most likely notation here i$ 'Y “Y'Q®O For all combinations an
orthorhombic structure is presentand they belong to the pointgroup mm2 (room temperature);
respectivelyspace groufPna2 [35]. Figure2.13 showsa brief overview of the crystallographic structure
of KTP and indicates within itsatted frame that the unit cell is built up of 64 atoms.

Figure 2.13: Texture of KTP crystallographic structure as seendr the xzplane. Ptassium ion channelare
indicated with dotted line g@sponsik# for the ionic conductivitj118].

The crystallographic structure consists of phosphorus oxide that forms tetrahedrons and the titanium oxide
which builds octahedrons. Additionally the figure also indicatéh the dotted sindike line that the

hedral texture leads to the situation that the remaining highly coordinated potassium ions are set up like a
rope that has the effect of a channel. Regarding its bonding those ions either connected te tre tetra
octahedral oxygen atoms. These positions are cH#lledor K2-site. Such a ropkke sequence of the
potassium ions redslin a polar behavior which might loennected to the ionic conductivityiginating

from a translation of the potassium vacanciescakding to[81] this conductivity is much stronger along

the crystallographic -axis (zaxis)ascompared to the other t wo axes.
conductivity is governed bigs certain stoichiometry. For thisne has to distinguish between figrown

or hydrothermally grown KTP.

Due to the nosstoichiometricstructure of fluxgrown KTPmore potassium ions are at haarttl therefore
theionic conductivityincreases. Thisanbe circumventeavith an immersion in a KN©bath[119] or a
lowered terperatureduring the growth procesgl20] which may lead to an almost disappearing ionic
conductivity at theexpensef an increaing coercitivity[121].



Fundamentals 33

The fluxgrowth process igslefined within atemperatureregion between 700°C and 1000°@se of
admixture) A very accurate growth temperature control is required here to prevent the emerging of
defectsand to precisely aim for the Curie temperature pomnorder to obtain a single domain crystal
[122]. For the hydrothermally proceasubstantially lowetemperatureegion betweei350°Cand600°C

is used123]. Whereas flul\grownKTP can be fabricated at normal air pressure the hydrothermal process
requires severadrdersof magnitude highepressure. The advantage of this process is the fabrication of
high quality KTP in terms of its stoichiometry and especially the absence axftsleind vacancies and
hence a lowered ionic conductiviyt this requires longgrowth durations.

At a Curie temperature of 945968] KTP undergoes a secowtder phase transition to the ferroelectric
phase Here the ferroelectricity of the material is induced via the long and sh@tbbinds leading to an
almost negligible altered crystal symmetry compareddqtraelectriphasa-igure2.14. Thissequential
arrangement of those -0 bonds affords the potassium ions to either take place in the residual vacant
sites. Those sites are indicated with dotted rings in thedfig
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Figure 2.14: a) Depiction of the changed crystallographic structure of KTP when a spontaneous polarization is at
hand within the ferroelectric phase adapted frfd]. Potassium ions occupy the spotted locations.
Axisa = X, axis b= y.Insetb) sketches the displaced Ti octahedrons as the origin of the spontaneous
polarization in KTP froni75]. Axisa = X, axisc = z.

The potassium positienK(1,2) and the possible other sites h(tgthainusuallyfixed in the paraelectric

phase which also leads to an increased symmetry in that phase. This is not the case for the ferroelectric
phase. A similar behavi@ccountdor the alternating FO bond. The titanium octahedron can occupy

either the position Ti(1) or Ti(2) leading to the optical nonlinearity due to the dipole moment created by

this periodic alternation ofthis® st ri ng | ength pas all el to the crys

Within KTP the processfaray tracking[124] can be foundvhich is induced by the application of very
intense radiation like tightly focused lagesids, externaly applied electric fields, c.f. periodic poling, or
X-rays retrieving electron color centers in a phdtemicallydevelopment ofYQ ions Gray trackdead

to an internal damage of the material the overall destruction of the materigdspectively[125].
Darkened tracks feature a very increased optical absorption and this may alter the anisotropy of the linear
materialcharacteristic§126].
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Regarding the poling characteristics of KTP its inherent pyroelectricity has to be taken into account since
it may also influence the poling when temperature variatbccur[127]. A correct determination of the
dispersion of KTP is crucial for the fabrication dfi@ent nonlinear optical devices since the desired
QPM period has to be calculated with[&3]. For this one can approximate the dispersion via the
Sellmeierequation49]:

0 (0]

5 s 251
€ _ O 5 o (2.51)

Since KTP is an optical biaxial material the relevant refradtisices are listedable3.

Material trait Valuefor KTIOP®

Dielectric constdnts, ,7 ,for high 119 0.211.3 0.217.5>04
Dielectric constdnts,] ,7 ,for low 11.6 0.2,11.0 0.2,154 0.3
Refractive index n, n.(for_ = 1064 njn 1.740, 1.748, 1.830

N, n, n(for_= 800 nm) 1.750, 1.758, 1.844

N, N, n(for_= 532 nm) 1.779, 1.790, 1.887

Ny, N, re(for_= 400 nm) 1.827, 1.844, 1.965

NL coefficiener_=880 nmQ ,Q ,Q fQ fiQ Dir6 18.5, 4.74, 2.76, 3.92, 2.04|
NL coefficienter_= 1064 nmf2 ,Q ,Q FiQ KQ D iT6 16.9, 4.35, 2.54, 3.64, 1.91
Coercive field strendithgi | 2.1

Curie temperature (°C) 945

Pyroelectric cliefentA #  + 7

Damage threshold7 7A 500- 1000

Band gap (eV) 3.2

Table3: Overview of crucial properties of KTIOR@vith values taken froff87], [68], [81], [128] [130].

Besides the deliberate treatment of KTP with an ion exchange for the waveguide fabrication other forms
of defects \ithin the material can alter its characteristics. It is reported that annealing can trsfisfer
ions to"YQ [74], which has a crucid@hfluence on the SHG efficiency.
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2.3.3 Waveguide fabrication

In general the guiding of electromagnetic waves within a medium is governed by the concept of total
internd reflection. This is achievedia a refractive index difference between a core and the surrounding
cladding. The refractive index of t he gui ding | ayer or & ccdFigurei s hi g
2.15. Commonly light is coupled into a waveguide via one of the end facets and is then confined in the
higher index region. Thissidescribed via the conditign O E“TT¢ %0 ¢ including the opposite

angle%oof the incident angle~Hence, it follows for the incident angleE+ ¢ OB4 ¢ ¢ and
the angular limit for the coupling is given undiee assumptioa¢ i1t p

— AOAGET: — £ ¢ (2.52)

Analogto objective lenses, the front facet of a waveguide features a numerical aperture. This is equivalent

to the maximumlight accepance angle— 0 Oe ¢ NCa3E . According to[131] typical vaues are
aboutd 0 TI® pwith — p ¢ahd3e T8t p
kn, A
Phase front n,
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Figure 2.15: Principal sketch of refractivindex profile and phase fronts within a waveguide adapted fi&t].
Note that the coordinate system is settled for the typical wave propagation aloneptiwe of a
ferroelectric crystal and a periodic poling would be along thexis here.

Regarding the optical guided modes within a waveguide with their phase fronts normal to the propagation
direction the wavenumber is given & with Q ¢“7_ and _ _ 7¢ . One obtains the two
propagation constants for the lateral direction '@ A TnCandll @ O B4 Furthermore a (complex)
reflection coefficient can be derived to obtain the phasefshift ¢cOAT ¢3¢TOE %o p.

From geometrical considerations one dafinethe distanc® 0 &  ¢FO A O A% A T %
cOpTOBD cOBd as well as the distance 6f"Y & ¢ O B4 Since waveguides are often
utilized for SHG applications successful phasatching is given for both light rays here via:

Ba ¢cg @a ca (2.53)

Additionally also a condition for the propagation anilkean be derivedEach light ray fulfillingthose
conditions is then denominated a mode.
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Optical waveguideare distinguished by the walyey are implemented in the particular substrate material.
Figure2.16 shows two major types of waveguides employed iroédectric crystals.

lon-Exchanged
Waveguide Segments

= KTP Crystal
0

’X(a “~n, n 7? z4 X

Y Pump Wave ™ lon-Exchanged Waveguide

a) Channel waveguide b) Ridge waveguide c) Waveguide in PP-KTP

Figure 2.16: Overview of waveguides types adapted ff@B82] and [133]: a) In-diffused channel waveguide in a
ferroelectric, b) Ridge waveguidm ... -materialand c) principal sketch of periodically poled ion
exchanged waveguide in KTP.

Channel waveguides as also analyzed in this woik attain the refractive index difference via the
surfacenear indiffusion of another element into the subwrenaterial like Ti in LINbQ[134] or Rb in
KTiOPQ;, [135]. The replacement of such alkali ions in the latter leads to an alteration of the coercive field
whereas the ionic conductivity and its dielectric characteristics are also changed. Further techniques for
waveguide fabrication in KTP is laser writicpanging e refractive index via the material strdih36]

and implanted Heions in the KTP substraf@37] amongst others.

Ridge waveguides can also be fabricated.iM, LNOI and KTP Quch waveguides come up with an
increased modewumber since the mode confinement is quite high. This method provides highest
efficiencies in LN[138] and enable for an improved optical wave guiding, higher efficiencies for
nonlinear devices as well as lowered thresholds tegmatedoptical lasers. In this materifdbrication by
inductively coupled plasma (ICRJching[139] or annealed proton exchange (AREJ0] can be utilized.

KTP ridge waveguides have been developed first via a combination the implantaticion$ &hd a
dicing method[141]. Such a dicing is performed via a diamond blade and can also be combined with a
carbonion irradiation[142)].

Waveguide fabrication inN:

For the fabrication of (periodically poled) waveguides in LN a-esthblished method is to use congruent
z-cut LN and indiffuse Ti to create the refractive index differenekich is described in the following
according td143]. Additionally rareearth elements like Bium canbe used to enhance the waygding
properties especially for the telecom rafité4].

The principal process sketched irFigure2.17. Firstthe aystals are cut along the crystallographiaxis
owing to the hexagonal crystallographic structurbe additional doping witlerbium is done via the
deposition of an approximately 30 nm thiekbiumlayer on to thé z surfacginset a) This is done in the
temperature region of the Curie temperatinee the dopant features a very slowdiffusion. During this
step the Erbiunpxidatesand one obtains a certain diffusion profile whereby the diffusion depth is
sufficient to provide the desired mode profiles in the waveguide.
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The actual waveguide is fabricated via the deposition of Ti on to thiofad surface with a depth of
around 100 nm. In order to define the waveguides in their width the deposited Ti lalefimisd bya
lithography step. For that photo resist is deposited on the layer andlphogoaphically strips with the
desired waveguide width are defined and e@aia a subsequent wet etching Siapet b)

Figure 2.17: Schematically steps for tHabrication of a periodically poledhannel waveguida LiNbQO; via the
in-diffusionof Tiadaptedfrom [143].

This width is chosen to fulfilthe particular demands for th&rgetedmodes.n the following the Ti is in

diffused at a temperature of 1060 °C for 7.5 hdinset c) The substrate is then-oxidized in a pure
oxygen atmosphere for one hour at the same temperature. As beforbedtidiffusion of erbium, the
process must take place sealed in order to prevent, as far as possibld;didfusion of Li,O. As
indicated with a red arrow in the figure a tiny domain inverted layer is formed in this process and has to be
grinded down(inset d) After the fabrication of the waveguide the sample has to be periodically poled.
This is done in two steps. The entire crystal represents a single domain at that point and thus the
spontaneous polarization is completely reversed in a first stefglér to ensure that the waveguides are

on the +z surface (inset e). Analog to the waveguide fabrication a metallic periodic pattern is placed
oriented orthogonal to the waveguid®es top ofthosevia a photelithographical procesgor alternatively

via liquid electrolyte)}o apply the electric field poling throughout the sample.

According to[145] waveguides in sxcut LNOI are commonly fabricated as rib loaded waveguides. They
are dry etched with an Aplasma instead of reactive ions due to a selective etching behavior of the latter
one. Further techniques for waveguide fadio;m in LNOI are ridge waveguides via diamond blade
dicing [146], chemical mechanical polishiri47], wet etchingj148] or probn exchanggl149]. Within

the chosen technique a Silyer is deposited as a mask on top of the LN thin film, whereas the height of
the layer § connected to the etching depitia reactive ion etching the mask is transferred on to the thin
film. The width of the SiQ maskis determined by the etching depth. This etching also affectshitine

film and leads toinclined sides with a certain anglseeFigure 5.27). Hence,the mask width directly
determines the bottom width of the waveguide. With the further parameters namely the sidewall angle and
the etching depth one can determine the waveguide top wigthovements of the fabrication parameters

give rise to reach much smaller sidewall angles and hence provide flexible new tailored integrated optical
deviceq145].
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Waveqguide fabrication in KTP:

In KTP waveguides with marginal losses can usually be fabricated via laser vti&@Y He'-ion
implanting [137] or ion exchange besides further more experimental methblds. waveguides
investigated in this work have been fabricated via a surfeee Rbexchange.Here potassium is
exchanged by rubidium ions which are provided via a meltingatb a defined region with higher
refractive index.The waveguide itself is designed and determined via predefined grooves within the
fabrication mask so that the exchange takes place only at those unsealed areas.

Figure2.18 shows thefabrication steps towards such channel waveguides. A 80 nm thick titanium layer is
used as mask material to avoid any oxidation impact in contrast to aluminum for instance. The waveguide
areas are determined via a structured phsistrpattern on top of the -Tayer. Using EDTA as an etchant

the remaining resist and the laid bare titanium is removed after a finished development. The fabricated
strips scales (here 1.5 um to 4.5 yum) are adapted to the utilized wavelength.

The exchang of potassium with rubidium alters the unit attensions, whicleads to a warpingf the
sample. To circumvent thtke opposite side of the sample is fully covered with-E&yér[83].

EDTA-etching

\ § "Photoresist

+c
exchange mask t EIE

definition ‘\

P S
b o2
51% RbNO3 \
51% KNO3 \

01% Ba(NO3)2 z

Rb:KTiOPO4
channel waveguides

Figure 2.18: Schematically steps for the channel waveguide fabrication in KTP via a selective exchange of
rubidium taken fronj83].

After the photolithographic patterning Rubidium exchange is performed via a melt consistang of
composition of RobNg Ba(NG;). and KNQ (prior to the melt process the potassium is soaked in a&KNO
bath to decrease the influence of the ionic conductj¥it@] which enables for more homogeneous initial
wafers). Depending on thiargeted applicatioof the waveguides the particular stoichiometry of this
composition has to be adapted.

For integrated waveguide structuraperiodicallydomain invesion is appliedFor thiseither the crystal

is entirely periodically poled before the waveguide is fabricated or an existing waveguidedisTiee

former procedurgields a more homogeneous domain pattern throughout the aryttains of duty cycle

but a chemical backswitching of domains has been observed here. The latter procedure delivers
waveguideswvhich arerather homogeneous atige poling areais constricted tathe waveguide extents.

This is an advantage for sequentighdgraphy methods like-eeam or laser lithographylevertheless,

the periodicpoling is conductedn a nonhomogeneous substratdiich features &arying coercive field
strength
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The chosen poling technique here is electric field polidgre the polingstructure is also defined pheto
lithographically. The sample face is contacted with an electrolytérietiure of saltdeionized wateand
isopropyl alcoholpr any metal contact and on the opposing face a-bladtrode is created via a mixture

of goldand palladiumThe waveguide front facets, i.e. thdéace of the sample, ammmonlypolished.

This is necessary for determining tBelG efficiency with a monitoring technique aadsuccessful in
coupling in generalAs scheduled from the fabricationogess the waveguides shall featualepth
extensions(z-direction) between 5 and 10 um. This corresponds to the penetration depth of the Rb
exchangewith distinct profiles The analysis ofsuch Rbconcentration profilegan be found in[151].
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3 Characterization techniques

3.1 Pre-characterization via confocal microscopy

In the course of this thesis different material platforms are mainly investigated in terms of Raman
spectroscopy and SHG onoscopy for a profound insight intbeir ferroelectric domain characteristics,

but before those main investigations a-pharacterization of the samples has been perforfteatefore,
optical (confocal) microscopimplemented on the particular setupelfsas well as via a commercial
confocallaserscanningmicroscope is utilized.

The fundamental concept of confocal microscopy has been developed by Minsky in the 1950s resulting in
a paten{152]. Further improvements lead to the nowadays commonly known pointwise acquisition of
intensities via a confocal applicatifhb3]. Confocal microscopy also comes with an increased resolution
compared to common microscopy. This has been shown in the [Be4gisand is discussed below.
Widespread applications of this technique have become possible since the advent of the laser.

Confocal principle:

Conventional microscopy is characterized by a simultanemmpectivelyparallelacquisition of all points

of signal intensitywith the Rayleigh criterion as its general resolution lirfite idea of the confocal
principle on the contrary consists of the pointwise excitation/illumination and detection. Inevitably a
sample has then aldo be scanned pointwis&€he confocal regime offers an effective resolution in all
three Cartesian coordinates and enathiesefore thehreedimensional scanning of samples.

Dichroic
mirror

Objective <_———> [Tube Pinhole Lens Detector
lens = C lens

Focal 8 @

plane =

----- Excitation light

= F|lUOrescence from focus

Fluorescence from position in
focal plane outside of focus

‘‘‘‘‘‘‘‘‘ Fluorescence from position
outside of focal plane

Figure 3.1: Schematic illgtration for the explanation of the confocal princifl®5].

As to beseen inFigure3.1 the crucial part of theconfocal principlés a pinhole in front of the detector set
in the optical path confocal to the excitation psdtthat both plaes are conjugated to each other.
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This leads to a spatial filtering because information below or above the focal plane are louaddition

to this, the lateral and axial resolution is increased as well as a particular filtervetteetn attenuatioof
diffuse light[156]. Hence, the resulting images are richer in contiespending on the sizaf the utilized
pinhole theaxial resolutionrespectively the degree of confocalitgn be determined.he largedepth of
field enableson the one hanébr a high lateral resolutioand on the other hand ftine acquisition of
axially confocal slicesThis makestomographyof transparent specimguossible

Confocal microscops can operate in two differestanning mode Either the sample imoved under a
fixed illumination or the latteris varied for the scanning procedure. This technique is also caiaed fl
spot microscopelechnically,it is performed via a scamirror thatallows for the scanning of the plane
parallel to the objective len§.he automated scanning via the mirror yields the advantage of a high
scanning speed under the premise of a safftcstrong signalThis scanning mode is utilized within the
Olympus LEXT OLS 40G&xemplified in a paragraph beloWhe reversed mode uses a fixed illumination
path while the sample {gint wiselytranslatedHere, the accuracy of the entire measurersgstem is
only dependent on the sample actuators hence all optical paths areTimednode is used in the
nonlinear microscopy as well as in the Raman spectroscopy setup.

Diffraction limited resolution power

In order to quantify the enhanced resolataf the confocal regime compared to common microscogy

has to derive the resolution power in general and adapt it to the confocal rEgirtigs, the Huygens
Fresnelprinciple has to be taken into account for the diffraction at a circular aperthesHliygens

principle describes in the wawptical picture that each point on a wave front serves as an origin for a
newly created wavelet. From Fresnel comes the consideration of interference phenomena. Those two
aspects can be coectedwithin the Kirchltoff theory of diffraction.As a special case of the Fresnel
description the Fresn&lirchhoff diffraction integral based on a homogeneous wave equation can be
stated157]:

Y0 S AT &h Al & QY (3.1)
G It

Here,_ denotes the wavelength, is the amplitude and andi distances from the point source to the
circular aperture. One can adopt thegifications that the focal lengti®of the lens is larger than the

aperture itselfThat corresponds @ converging of the spherical wave froofghe formO i fd S

Q and especially the paraxial approximation, i.e. diffracted waves only feature small incident
angles. With those presumptions one can derive #igy®integral which depicts a field consisting of the

superposition of plane waves in the solid angle element'ny

YO -0 Q iy (32)

Following a more elaborate notation of the vectp@nd P via dimensionless coordinates and the solid
angle element tany QFQ " Q"Q TAthe integration along—is the same like th diffraction
integral within the Fraunhofer diffraction theory.
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The remaining integration is alofigand the resulting integral yields:

- “Qto,_ _ . ., _ i
'YL’) c_ “Q -Q t t 0 y 0n 'Q t » 'Q ” (33)
Here, ' " denotes the Besstinction of zeroth order. This integral containing Bessefunctioncan

be solvedi either numerically or via generabmmelfunctions™ 6 andw 6h) - to obtain the so
called mint spread function(PSF) The overall amplitudéY 0 at one certain spatial point can be
calculated with those Lommdélinctions leading to an entire intensi@Hh) in the detection path:

)6 SYOR s % g v o Y 6D (3.4)

This expression for the overall intensity can be used as the bgsie ® quantitativeleterminatiorof the
resolution power of either a common microscopy system as well as of ol thilconfocal regime. For

this, thePSFis consideredlt has to be noted thakdiant to the theoretical ideal case the effecBh&

consists of all superposed PSF fractions emerging in the entire optical paths, hence the resolution and

imaging capabity of respective setup is determined by those. In the following an ideal objtuaisis
assumed and the PSF is calculated with the two normalized coordireaids introduced above.

. Focal plane

NPy
o Tm\l /

Figure 3.2: Normalizedintensity distribution in the focalear region with stipulated areas of equal luminosity
taken and adapted frorfil58] with the normalizedcoordinate 6 along the optical axis and
orthogonal to it.

The resolution can be determined either along the optical axis which is connected to the normalized
coordinated and also in the lateral directions referringotd.e. within the focal plane. For thettier case

one has to consider equation (3.4) and assufert This yields theAiry function which is analogous to

the case of Fraunhofer diffraction on the circular apeffiLs6):

. to v
w, \ "O c l‘) (3.5)



44 Characterization techques

According to[159] the lateral resolution is obtained via the full width at half maximum of the Airy

function "Ortfy Mo 0 -—— with0 p® p,@.f. Figure3.2. Thereference

further states the normalized coordinatesbas — - & and0 — - i and it follows with the

dispersion relatio) £ — for the lateral resolution with a given numerical aperiie

T® T 65 (3.6)
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Referring to[158] the overall intensitydistribution along the optical axis described via a siAtinction
‘ot "0 - ¢OE#+ ‘0t OET-A andhenceaccording to the FWHM criterioi yields for
0 v® @.@nalogously the axial resolutidior a common microscopy reginethen given as

U PR X €5 (37)

It should be noted that such a Aconfocal microscope is only capable of an improvement of its resolution
power by the ratio of the utilized excitation wavelength to the detection wavelength (in the case of SHG
microscopy forinstance as used in this worRhe two characterizing functiomamely the Airyfunction

andthe sinefunction arenormalizeddepictedin Figure 3.3. The Airy-function for both lateral directions
forms the generathape of the PSF, c.f. sectidrl for the detailed treatment of the PSF and the-sinc
functiondescribes the intensity behavior along the optical axis.

—— 1(x,0)=(Sinc(x/4))?
1 ——1(0,x)=(2J,(x) / x)?

Normalized intensity (a.u.)

X (a.u.)

Figure 3.3: Airy functims as alculatednormalizedintensity distribution along the optical axis (black curve) and
in the focal plane (red curve)
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The Airy-unit is equivalent to the diameter of an ailigc and is calculated via the Rayleigfiterion
0 'O p& ¢—. In the confocal regime lateral quantities are often specified in AE and axial extents in

Rayleighunits via'Y O t for an independent depictiohe appication of a very small pinhole, i.e.

below a quarter Ainunittheopt i cal systembs two point spread fun
are in the same size and can be treated as superimposed. Hence, the PSF respectively the intensity of
equation 3.5s squared a second time

(3.8)

Its shapés shownin Figure3.3 (sharp maximum, weak side lobeghe resulting PSF of the amplitude of
the utilized objective lens can thée taken for thaeterminationof the resolution power in a confocal
i

regime analogously as done above Viasepresumptions, i.e. he&: with 0
p® p gnd theFWHM criterion
. ™ T pp —
O — = _ T® 05 (3.9
Mg VO 00
The same procedure has to be calculated for the axial resolution
tud “ Lo €
SRS e a xEGE & U -G (3.10)
N 11 O

Hence,a confocal regime offers an increased resolution pdwer factor ofpZVi¢ compaedto common
microscopy due to the superimposed illumination and detectionIPi$as to be noted that the resolution
power in the confocal regime is dependent on the eli@anof the chosen pinhole giving a certain prefactor
which has to be adapted to the equations above if the pinhole size exceeds rouglimy-and.

Olympus LEXT OLS4000:

For the precharacterization a commercial confocal laser scanning microg€&ifgeM) LEXT OLS4000
from the vendorOlympushas been utilizedlt features an operating wavelength of 405 nm from a

semi conductor | aser to obtain a high resolution
lower the wavelength the higher the resolu o MacQrding to its official data sheet for planar
measurements the repeatability is given with T8t AG for an objective lens with a magnification

of 100x and the accuracy is given witly pof the measurement value. For height measurements a scale
resolution of 0.8 nnmrespectively 1.0 nm for display resolutiquoted The CLSM comes up ih a
revolving set of five objective lenses (NA = 0.15, 0.30, 0.60, 2x 0.95esmkctive working distances).

For standardneasurements eitharmicrograph image or a more elaborated fasanning image can be
obtained, whetay the CLSM works in a refl@edlight mode.On the basis of an image acquired via the
laserscanning a vastcope of evaluation techniques can be performed to analyze the samples in a more
detailed fashion, e.g. step or area/volume measurements considering geometric tools, tiomestiga



46

Characterization techniques

referring to surface roughness or particles and via performing @eaxe of transparent samples film
thicknesses can be retrievédoreover the CLSM offers the opportunity to applffetence interference
contrast(DIC) to highlight transparent phasaffected objects and thus enhance the imagjuality.

t he

Figure 3.4 shaw s
acquisition modes.

t he schemat.i
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Figure 3.4: a) Optical pathway of Olympus LEXT OLS4000, and comparison betweesonfatal and confocal
application of the LEXT OLS4000 taken frdda60], b) image of theOLS4000 as used in the
cleanroom facilities of the University Paderborn.

To exemplify the scope of operation of the CL3M tesult of a deptican mentioned aboveshownin
Figure 3.5. LNOI wedge samples in-gut as well as in-zut have been measured in terms of the
inclination of the sawed wedge structures by means-etams mentioned above. From theasuredaw

xz-data fits can begeneratedand furthermore evaluated afterwards to extract information about the

opt

inclination and layer thickness. Hence, this has been used to quantify the coherent interaction length of
seconéharmonic microscopy for thifilm lithium niobate in contragb bulk lithium niobatd161]. In this

measurement modehd native CLSM software also provides angle measurements, refractive index
correction and direct thinlfh layer thickness information.
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Figure 3.5: Different types of measurement performed with OLS4000 CL&8&r scanning cross section arf
(a) xcutLNOI sample and (b)-zut LNOI sampleafter wedge fabdation c.f. supplemental ¢161].
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3.2 Raman spectroscopy

One of the two major methodology parts utilized in this work to analyze the various samples is Raman
spectoscopy.This subchapter briefly outlines the underlying Raman e#fadigives an overview of the
experimental instrumentation and various extensions. thh finally closes with example applications
which have also been conducted in the framework of tiiésis but thematically overreach the central
measurements of this work.

Raman effect:

The Raman effechas been discovered in 1928 by C.Vankan[162], [163] whereas a theoretical
prediction of the effect dates from 1923 by A. Smdkél]. Both showed that light can be scatteasd

not only be absorbed wheamsonanceprocesses aréaken into accountBasically the Raman effect
describes the emany of an inelastic scattered light in addition to the elastic scattered Rayleigh light
from a specimenAn external alternating field, i.e. laser for instance, is responsible for the oscillation of
the valence electrons of the excited molecules. A dipaenent featuring the same frequency as the
incident light is inducednd leads telastic scattered Rayleigh light. Raman discovered inelastic scattered
light parts which have either a decreased (Stok&sattering) or increased (Aritokesscattering)
frequency compared to the Rayleigh light. He reasdhatl the frequencghift corresponds to distinct
oscillation or rotationfrequencies of the particular moleculehas to be noted that the Raman scattered
light is not coherent in contrast to the elastiattered one because the frequestift only stems from the

mol ecul e properties and is independent from the
a) A A < v | 3 Zigtueal
- hw hlw-Q,)
2| \V\» >
= excited
w <e| state
d
— Sl =
b) A
£l
T
=
D
c
3
IS k

w I— Q, w w ; Q,
Stokes Rayleigh Anti-Stokes
scattering scattering scattering

Figure 3.6: Schematic illustration for the explanation of Ramscattered light, which is distinguished between
Stokes lines (less energetic than incident light) and-3tukes lines (more energetic that incident
light) for a) the energetic/quantum mechanical description and b) corresponding Raman spectrum
with thethree types of scattered light in this process.
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The quantitative mathematical description of the Raman effect can be made with a classical appeoach.
induced dipole moment introduced above can be stated as

“o 0] HEE D (3.11)

The external field is characterized by the frequancgnd amplitud€o and,) is the polarizability of the

particular molecule which is a second order tensor and direatlywnect ed t o t he mol ecul
molecule can offer an own permanent dipole moninthich also contribies to the entire dipole

moment* 6 1 | OO0 leading toan amplitude modulated dipole oscillation implicating that an
additional eletromagnetic wave is generated apart from-somdifferencefrequenciesBoth parts of this
equation are dependent on the moleculebdbs coordir
simplification no resonance at a certain frequéndg assumedhusthe electronic contribution vanishes

and dipole moment and polarizability can be expressed in coordinates normalized with respeaetiio the
nucleusequilibriumpositionny via a Taylorseries whem or|  are dependent on the distanice

—a
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—— E AT : — E (312
Ao 7 n A1k T n

With these two equatiorfer both terms a comprehensive equation for the dipole momentcan be

given under the presumption of a harmonic oscillation of the frequemcegf the particular nuclei
resulting in slight amplitudes in the vicinity of their respective equilibrium positions. The particular
vibration has the formy 1 A @n 0. The comprehensive equation ford is then obtainedyy
utilizing an addition theorem for multiplied cosine functions and inserting equation (3.12) in the vibration
equation above:
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The different parts of equation (3.13) describe varadtects occurrig when a electromagnetic radiation

is scattered at a molecy65]. Permaneindipoles do emit their obvious radiation indicated with the first
termr) . The second part apparently comprises the dependentgdrof the coordinateq , hence a
change of the dipole moment. This is connected to an absorption fretjuencyn) and refers to an
infrared activity of he respective vibrationahode. Reflected radiationsame frequency as incident light

- respectively elastic scattered light is described via the third term and encompasses the Rayleigh
scattering. Finally, the Raman effect is treated within the last term due to the changpalatizability.
Here one can account for two kinds rafdiation, which can be expressed adelands of the entire
scatteredlight: the increased frequengy m as AntiStokes scattering and m as Stokes
scattering c.f. Figure3.6. Eachvibrational mode is Ramaactive when its polarizability changesll this
refers to the Raman effect of* brder. Highe order ranks in the equations above lead to anharmonic
behaviorsOne distinguishes between longitudinal optical (LO) and transversal optical modeJ €Sy
branches occur in crystals without a symmetry center and LO modes may induce an adeiteddahe
piezoelectric crystals changing the bond energies and thus the frequéiscimsling to[166] these two
mode brancheareconnected via theydanneSachsTellerrelationb 70 T X 8,



Characterization techniques 49

For an exemplification of the different adties of vibrationalmodes, Figure3.7 givesan overview.The
easiest case a) comprises a symmetricdtemic molecule where the given vibration only changes the
polarizability but not any displacement of the cleacgncentration. Case b) offers both changes, whereas
for the molecule in ¢) the particular vibration is crucial for the so called selectionlruteany cases the
rule of mutual exclusion cancels out one of the two activities because many moleculesyacketry
center. Thus, both spectroscopy methods should be used complementary.

Molecule a) b) &

Vibration «o—O» «o— > | «o—~ —o» | «o— »© 9—6—9

R | N AV VIS
aw | N NN XX

%% T > q T/wq T > q fﬁé’q };L’

oy | XN X | A V

Figure 3.7. Tabulation of the selection rules for the Ramand IRactivity of a molecule with two and three
atoms (adapteérom [167]).

A comparison between the intensity of Stokes and-8tdkes can be givelby a quantum mechanical
treatmenton the Raman effectAccording to the energy relationship derived above Raman lines
originating from Stokes scattering are settled from a lowered vibrational quantum ruareincrease

in it. The opposite holds for AnStokes scattering. Stokes lines feature a higher intensity than Anti
Stokes lines when considering thecupation probabilityithin the quantum mechanicaéatment, which

is different for the twqorocesses due to the Boltzmann statistissto beseenin Figure 3.6 the Anti-
Stokes process starts from an excited state implyingcaeasing occupational probalyiliat lowered
temperatures. Thereby the intensity ratio can be stated as:

) -
E 2 9 3.14
g o) (314

By means of a quantum mechanical descriptlum Stokes/AntiStokes intensity ratio, the treatment of
rotational vibrations for the Ramaeffect omitted above and any resonance phenomena like coherent
respectively stimulated aritokes Raman scattering can be explaifiéi is done by taking into account

Fermi 6s golden rule to descri be an yannerbistransifoh i on
ratesanda certain perturbation theory approach.

or
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Experimental setup:

The Raman measurements within thisrk have been performed via aRaman spectroscopy setup
which enables for a noninvasive investigation of the samples.odtined in Figure 3.8 the
instrumentation is set up in a backscattering geonagttlyconsists of four principal parts
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Figure 3.8: Sketch of the confocaltRaman setuptilized for Raman imaging. The setup can be sectioned into an
excitation path, acanningunit, a conventional microscope as a display unit and the spectrometer as
the detection part (including the pinhole module for confocal application).

The excitation pth features aontinuous waveliodepumped solid state (DPSS) lasgequency doubled
Nd:YAG with _ v ok ifd vt 7 . To obtaina narrow linewidth a laserline filteis used.
Furthermore the beam is expandedstrurea homogeneols illuminated objedve lens (nfinity
correctedM Plan Apo 100x / 0.70, f = 200Qwvhereas the beam passes a dichroic beamsplitter before.
Between theneutral density filter bench and the begptittera motorized polarizewith a halfwave plate

is set in as well as a motoed analyzer at the beginning of the detection path to obtain polarization
resolved measurements.

The collimated beam reaches the sample on top of the scanning unit consistinfieztsystem Jena
Tritor 200/20 SGwhich is responsible for the fine scampproceduregchy YA [, 3a ¢ 1A | for
closedloop mode, accuracy of 1 nm) in all three dimensions, and thec@bner with twaCN110piezo
actuatordor approximate lateral movement (each lateral rangani®5 accuracy: 50 nm) andstepper
drivenactator for height adjustment (axial range: 25 mm, accuracy: 1 pm).
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In this backscattering geometry the Raman signal and Rayleigh scattered light passssteplitter

again and is coupled into the detection path beginning with a motorized polarizatigreafollowing an
(optional) pinhole module with a diameter of 10 um. This is used to enhance the axial resolution as
outlined in subsectioB.1 In the spectrometahe Rayleigh scattered light is attenuated via the notig fil

by six orders of magnitudi& order to avoid any blooming from the laser lighite spectra are commonly

plotted from100A  onwards The entireHolospec f/1.&pectrometer is from the manufactukaiser

Optical Systemand features a holographi@nsmission grating that splits the incident beam (formed by a

slit) into two spectral lines from 0 chto 2000 crt and from 2000 crhto 4000 crrt on the Andor

Newton BICCD camera.

Splitting into two separate lines on the detector through the griavgably leads to higher resolution.
According to equations 3.9 and 3.10 the best optical resolution with the pinhole module can be estimated
to 3afto ouvimi and 3 ¢ mrm which is crucial for imaging RamanFor single point
measurements, the spectral resolution is the striking parameter. This is obtained via the linear dispersion
of the grating given wittt’Q ¢ oA  and the equationi 3w TQ CHA

with a pixel size™Q ¢ @i and the slit size ofo ¢ W I. Decisive parameters for those
estimations for this setup are the numerical aperture, the slit size and tlieafafctr imaging Raman
smaller steps than the optical resolution are used to provide a small overlap of the measured points to
resolve the typical structures.

In the courseof this work the aforementioned Raman setup has been augmented in terms dfrivaltec

setup by implementing a goniomettr tilt the samples along one distinct axis. This opens a more
widespread analysis because the directional dependence of the Raman effect due to the tensor leads to
different emerging modes as well as to changedbkanintensity or its ratio according [p68]. The plain

spatial tiltingis performed byntermediate steps with the goniomefEne different scattering geometries

are describedsi a t he Portods not at i oscatteved lighf®; andattkeetmo i nt o
polarization unitX; . The notation then read® ‘QQ Q. Hence, for backscattering geometry a ftald

set of polarization states can be used for the standard polariziEmndentmeasurements and on
purpose any intermediate steps in betw@dre Raman tensor is then connected with this notation via the
relation® Qt'YtQs.
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Figure 3.9: lllustration ofthePor t o6s not atacopshakt ésds ndilmintident dirgcéoo met r y
(i), the scattering direction (s) and the directions of the polarizer (p) and analyzer (a) are specified to
the crystallographic axeédapted fronj169].
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Furthermore the investigations with this Raman setup have been refined by improving the data processing

afterwardsTo extract the relevant information from the acquired spectra a numerical approach is utilized
whichfits each distinct Raman peak with a Lorentzian funct@n

For this]

depicts
frequency of it.The two other parameters are required to describe the integrated intensity trea at
FWHM while w is the linear offsetThis postprocessings based on th@onlinear least square fits

algorithm.

t he

Usage example: 2D materials:
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Besides the established ferroelectric materials whiclaaasyzedin this work and also within the work
group of Prof. Dr. Zrenner the continuative work group part &frof. Dr. Jonsalso investigated 2D
materials namely heterostructures based on different chalcogeviitiethe longterm goal to fabricate
and work with moiré patterns out of those overlaicholayers To determine and verify the structural

composition and the layer thickness respectively the layer number Raman spectroscopy and also SHG
microscopy have been used. In the following a heterostructure of one layer tungsten selenide and one layer

molybdenum selenide on a silicon dioxide / silicon substrate/fBe/1L-MoSe on SiQ (90 nm)/Si) has
been investigated in order to identify the two differ@vierlaid) flakesvia their Raman spectrum and give

a mode assignmenn a first step a 1iMoSe flake is transferred onto the SI(®0 nm)/Sisubstrate via
exfoliation. The same has been performed with a tungsten selenide monolayer onto the oth&r flake.
specified region of those overlaid flakes has been measured on the particular perceivetldleSthe

WSe flake and the overlappinggion, c.f.Figure3.10.

3500

3000

2500

2000

1500

Intensity (a.u.)

1000

500

0

244

A1g\
MoSe,

——WSe,
— WSe, / MoSe,

MoSe,

250 A, WSe,
435 - 456
MoSe,
375/ 400
WSe, | | s23si0,/si
288 E,, /
1
357 B, 584 4LAMM)
MoSe, MoSe,

a)

T
100 200

T T " T
300 400 500

4 T % T
600 700

Raman-shift (cm™)

857; PDMS (?)

800 900 1000

b)

e ad ] JL
T T T s K L5 ol B B B
236 238 240 242 244 280 290 350 360
Raman Shift [cm™]
Loy

Raman Shift fem™]

Figure 3.10: Collocation for measurements on 2D material flakes: a) overlaid measured Raman sietttea
three different flakes, b) corresponding cetmded measurement locations of the flakes and c)
Raman spectra for comparison from Tonndorf ef1a10] for the two single flakes.

As a reference Tonndorf et §L70] can be used for a mode comparison to clearly identifyithrational
modes of MoSgas well as of WSe A reasonable polarization dependent analysi®isappropriate for

this sample because the arbitrary orientation of the particular flakes during the exfoliation process cannot

be reproduced or determined.

p
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As to beseen inFigure 3.10 the flakestructure has @ measured on three different spots to obtain a
spectrum for the MoSe the WSeflake and the heterostructure (see catoded dots and colaroded
spectra). Additionally the results on those two single flakes in terms of the layer numbergstdlso
Figure3.10 c) by Tonndorf et al[170]. Especially for the WSdflake it becomeslwvious that the samples
featurea monolayer because a two lagerbulk spectrum diverges in terms of the Raman shift as well as
the additional peak shoulder. From the comparison a$pketra irFigure3.10 a) one carlearly identify

the heterostructure area due to the féafMoSe peak as well as the Wgia the shoulder in the spectral
range betweer240 A and 270A . Furthermore the spectrum gives a hint for the used
polydimethylsiloxane (PDMSsed in the fabrication process at 887 . The modes of the separate
monolayers are to be found at the modes given by various literature. This spediic assignment
performed for the heterostructure analyzed here is given in the following table.

h(cm)  Mode | Assignment Reference

244 0 MoSe Tonndorf et aDptics Express, \adl.No. 4, 4908 (2013)
255 0 WSe Tonndorf et al., Opfitxpress, V@, No. 4, 4908 (2013)
288 (@) MoSe Ghosh et all, Mater. Res., \&1l, No. 7 (2016)
357 o MoSe Liu et al., RSC A8yv25514 (2018)
: Zhao et al., Nanosc§/&€677 (2013)
e AN © WSe Wang et al., SciéintReportg 46694 (2017)
435-456 | 3LA(M) MoSe Nam et alScientific RepoBsl 7113 (2015)
. . Borowicz et.aSci. World J., 208081 (2013)
2 ; SIeis Borowicz et al., Adv. Nat3%2012) 045003
584 4LA(M) MoSe Zhang et al., Nano Lett9218 9, 62845291
847857 - PDMS (?) CruzFelix et al., Heliy®(2020) e03064

Table4: Assignment forthe measured phonon modes k-
WSe/1L-MoSe on a Si0x(90nm)/Siheterostructure



54 Characterization techniques

3.3 Nonlinear microscopy

Alongside thepre-characterization and Raman investigations this work consists of the nonlinear analysis
performed via a confocal second harmonic microscegtp whih is presented in this section by
introducing the primary function of the setup and its basic paraspeitehancements like the scanning
pinhole module or the pulse compressor application examples

Experimental setup

The SHG microscopy setwonsists of three significantodularbased partand features a backscattering
geometryasdepicted inFigure3.11. Thatimplies in general that pulsed laser light is focused according to
the confocal principle introduced in subsect®f via an objective lens. This corresponds to a pointwise
exdtation. All of the information respectively second harmonic generated light is here collected via the
same objectiveA detectori here realized as a single photon detector (avalanche photo tioeisives

this spatially filtered, i.e. pointwise detamti- information. Besides the spatial filtering a spectral filtering

is applied for the distinction between linear and nonlinear generated light. The pointwise detection is
enhanced via a positioning unit for all three dimensiohsturther metrological pameter is the
employment of polarization optics for various polarimeaalyses
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Figure 3.11: Schematic depiction of the secemarmonic microscopy setup used in this work.

Starting with the excitation gth the first partexhibits the generation of the intense laser light via a
titaniumsapphire oscillatorfemtosourceeompactfs2Q 0 500 mW, modelocked at_ 800 nm)
pumped via a diodpumped solid state laseCg¢herent Verdi V6_  532nm, 5W cw).
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The pulseduration is factoryprovided with20 fs and a repetition rate of 80 MHBY means of a neutral
density filter bench the output power of the pulse laser can be reduced in order to avoid irreversible
damaging of the samples dependorgtheir particular damage threshold value. A typical chaséal

power is about to be 40 mW. Next to the oscillator a broadband optical igdlateport ISG05-800-BB)

is placed to avoid back coupling from theiogt system into the oscillator folleed by atwo-prism pulse
compressor APE femtoControl KIY for maintaining the desired pulse duration. Detailed information
regarding the compressor and pulse duration are given below this paragraph. The filter bench and a
keplerian beam expander are sehind the prism compressdefore reaching the dichroic beasnplitter

the excitation polarization is determined giaanglecontrolled_/2-platewith subsequent linear polarizer.

The dichroic beam splittds designed to feature a reflection of 95 % for wavelengths above 700 nm
whereas the transmission is about 80 % for the wavelength range of 40680mm.Both hold for an

angle of 4° andp- as well ass-polarized light.Focusing is performed viananfinity correctedobjective

leng. In order to enhance the pointwise excitation and to perform multidimensional scans the particular
sample is fixed om twofold nanepositioning unitA raw adjustment of the laser focus on the sample is
performed via two coupled pieaxtuated linear stageméchonics a@N11Q safto v ™m, range: 35

mm) anda spindlestroke adjugr (3¢ p pm, range: 20 mm)lhe actual scanning is precisely done via a
Piezosystem Jena Nanocuf@sduitn ¢ nm, range: 80 pm)Due to the backscattering geometry the
linear and nonlinear signal emging from the focal interaction volume is collected again from the
objective and passes the beam splibgvards the scanning pinhole modubdter thata bandpass filter

cuts out the linear fractiorOptionalthe signal can beoupkdinto a common didpy unit via a motorized

mirror. A wire-grid polarizationanalyzeris usedto determne the excitation polarizatiorkinally the

signal is fibercoupled into the singiphoton detector§PCM, id10eMMF50, ID Quantiqug basel on a
Si-avalanche photodiode.

Many of the aforementioned optics especially the optical isolator, the objective lens and the polarization
optics unfortunately add positive dispersion to phistine ultrafast laser pulse. Hence, the setup has been
extended with the pulse compressor migda twograting sequence in order to compensate this positive
dispersion via an equivalent amount of negative dispersion for the original pulse durapoincilple,

one makes use of the dispersion created by the two prisms P1 and P2 dependingstantteeddithe two
prisms to each other and the type of glassFigure3.12. The consequena# the arrangement is that the
spectrally split up laser pulse via P1 then shows its spelit@igence. Thus, theedk refracted red part

has to travel a longer distance through P2 than the blue part leading to a time delay, which equals a
negative group velocity dispersig@VD) [171]. The desired dispersion can be adjusted by changing the
distance between the prisms. Without the compressor the pulse duration on the sanmipéenhas
determined via an optical auto correlat®E Carpe) to be about 1 ps instead of the pristir®f&
factory-given respectively measured 76&disectly after the oscillator out couplintn order to estimate the
required amount of negative dispersitie group dispersion delay of the systénit® and of the
compressor have to be zero togeteione cardetermine the prism distanbg:

"0 0® 2 Q ctQ ; 0@ ctQ
{0 "0 (319

LIf not stated otherwise &@DLYMPUS MPLAPON100X M Plan Apochromath NA = 0.95 has been utilized.
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According to thedisperson values given from the compressor vendor for 800tmenprism distance has
been set to b& 40 cmwith anestimatedGDO 2500 f€. With the pulse compressor set

up in this arrangement thaulse duration ist @ Tfs respectivelyt T ¢fs (measuredn
resolution edge of auto correlator) dmetsample. Hence, the extension of the metith the pulse
compressor restores theigtine pulse durationThe advantage afising short pulse lengths is amongst
othersthat the nonlinear sigh@ncreases due toigherelectric field amplituds enabing the excitation of

the desired intensgs -fields and that the SNR and sample lifetime is enhanBeshdened pulses or not

to mention continuous wave radiation with low amplitudes in the same power regime like a pulsed
excitationinstead require higher output powers arid ey harm the samp[&72].
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Figure 3.12 Collage of the pulse characterization: a) Linewidth and center wavelendjtie of: Sa-laser emission,
b) pristine pulse shape and duration of emission from a) as optical auto correlated delay without
utilization of pulse compressor, ¢) schematic sketch of pulse compressor artbd)pensated pulse
duration with use of compressor on sample.

One central feature of this setup is the scanning pinhole module, which enables at first glance for
providing aconfocal regime via the utilization of a 0.5 um aperture. This improves the possible resolution
of the system according to the aforementioned theory in subctsaptém addition tothis, the module is

able to scan thentensiy distribution within thefocal planevia a threedimensional sectionindzor this
distinguished measurement technique the pinhole lenseslpustablen all three directions so that this
corresponds to a movement of the pinhole assMstched irFigure3.13. Thepinhole aperture consists of

a Ni-substratéthickness 2.5 pm) and a lens adjusting mechanibased orteramicpiezeactuators
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The maximum adjustment range is 6 um x 6 pm with an accuracy of S5mae the setup delivers a
pointwise excitation the utilization of the scanning pinhole module gives the opportunity to create a false
color image of the focus of the objective lens represented within the back focal plane between the pinhole
lenses.This imag represents the cohereb intensity distribution in the focal plandts scale is
contingent on the objective lens focal length and the one of the first pinhol&@ temadditional imaging
technique can be utilized for unraveling domain wall contristsnstance when the overall integrated
intensity changes due to interence effects at domain walsdescribed irdepth insubchaptes.2

@ I(xo,Y0) @ I(xo,YotAyY) ® I(Xo,Yo+24Y)
[ t 1 ‘( )
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Figure 3.13: Schematical preseation of the twedimensional mode of operation of the scanning pinhole module.
Step 1 indicates the central position within the scanning coordinate system at x = 0 and y = 0 of the
pinhole; the maximum intensity is transmitted through the pinhole. ThHeefuxo positions show a
translation of the pinhole in-glirection for instance which is accompanied with a decreasing intensity
since the intensity distribution within the back focal plane is centrosymmetric in this example.

The system resolution is @eimined for its best values in the confocal regime according to equations (3.9)
and (3.10) with the system parameters of the highest numerical aperture of NA = 0.95 and the excitation
wavelength of_ = 800 nm Hence, for the lateral resolution power it yields:

3 W ¢ O i (3.16)

The axial resolution power within the confocal regiamel a dry objective lens (n = dyfolds to
. _£ g
3 PEUE—S— ppTim (317)

These theoretical values can be surveyed via predefined test structures for the lateral resohetion

which are experimentally with approximatesyj 310 nm in the range of the theoretical value
Regarding the axial resolution a depth scan along the system defmasl @an a mirror delivers the

required FWHM which is an immediate indication of the depth resolufibis. can be performed in the
linear and nonlinear excitation regime. With a @t the occurring sinéunction the theoretical value can
be confirmed.
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Use caseEFISH:

As a demonstration of the usability of the nonlinear microscopy setup and the second harmonic generation
process electrifield-induced second harmonic generat{&kISH) in silicon dioxideis briefly presented.

For more detailed information sgEr 3].

Besideghe investigation of ferroelectrimaterialsthe SHG as part of the third order nonlinear process of
electricfield-induced seconcharmonic generation is investigated due its promising qualities for
backgroundree nonlinear electroptical sampling for instancend the fact that the nonlinearity can be
adjusted via the external electric fieliG; is a material with a disappeagirsecond order nonlinearity

and a noreero... . From theory it is known that in this EFISH process an applied electric DC field
between two electrodes leatb a strong SHG signal in relation to the commonly obtained background
signal in those samples without an applied field. The measurearenperformedn the same setup used

in this work but without the utilization of the scanning pinhole maddHlence, this EFISH experiment
serves as a use caskethe setupSiO; as the material of choice is used here duiéstavidespread use in

the teleommunication field and because of its larger bandgap compared to silicon and the acceptable
values in terms of optical bandwidth, low absorption and dispersion and also itsnhdtakéeng
conditions.

As a sample a 1 mrthick uncoated /10 fused silica substrate is used on which 100 nm thick gold
patterns as the electrodes on a 10 nm thin chromium film as an adhesive layer are fabricated via electron
beam lithographyThe fabricated sample gown inFigure 3.14 in four different waysThe electrodes

are wirebondedto the voltage supplyAs to be seen in the inset d) of the figure the SHG signal is
obtained via single point measurement in between two electrodes in dependence of an appéétl DC f
Hence, the following results do not depict liner areascans which delineate one or two spatial
dimensions as scanning directions with the SHG signal as the intensity but connect the SHG intensity at
the distinct point with the applied voltag&owng the characteristic quadratike course of the SHG

signal.

Figure 3.14: Overview of the Sigsample layoufor EFISH investigation with a3ketched device layout indicating
the process, b) SEM recordj of one threefold electrode structure before wire bonding, c)
photographic image of the entire connected sample and d) micrograph of measurement are between
two selected electrodes-gitu with the 800 nm laser of the SHG microscopy setup.
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From the theaatical point ofview, the externally applied DC field is responsible for a breakup of the
inversion symmetry of the thirdrder nonlineamaterial, whichleads to the generation of the second
harmonic light which can then be measurElde detailed theoretal treatment for the simulation results
presented in the following figures are also to be founfili#8]. Regarding the experimental side any
phase mismatch influencing the SHG signal is negligible in contrast to the inteitatian light and also

due to the fact that theresolution of the setup is way below the coherence leagth¥ ¢ ¢

€ 24 um. The simulated static field distribution between two electrodes is deickegure3.15 a)

for a voltage of 250 V whereas inset b) shows the course of the squared effective nonlinear polarization
with respect to the applied voltagehe deviation especially in the lower voltage region here is due to the
dark count ratef the photon detector (50 cps) and also occurring surface contributions to the SHG
signal. The measurement paramefieom b) to the axis of ordinates is also chosen for inseha) shows

the depth dependence of the nonlinear difimrasimulation and experiment. A good actance can be
stated here, but one has to note that the disparities of the latter two insets ardifdéremt integration
volumes and the intense confined SHG region in the surface vidisipecially from the insets b) and c)
one can grasthe functioality of the SHG microscopy setup from basic -ometwo-dimensional scans
which distinctly characterize the nonlinear behavior of the investigated material. It should déarete
that the setup asutlinedFigure 3.11 is usedfor these experiments withsinglemode fiber with a core
diameter of 2 um instead of the scanninghgile module which leads to a@solution of30 1.6

um instead of the calculated value in equation (3.17).
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Figure 3.15. Collage of simulation and experimental results on ;SEY means of SHG microscopy three
dimensional finite integration technique (FIT): a) Simulatiorih@fexternalstatic DC electric field at
an electrode vedge of V = 250 V, b) Delineation of squared internal polarization against
respectively SHG intensity against the applied voltages for experiment and simulation and c)
Measured and simulated depth profile of the both values from inset b).
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Additional measurements are perfoed with the setup on the sample @slined in Figure 3.16. The

insets a) and b) distinctisonfirm that the SHG signal intensity can be adjusted via the externfieRIC

since a nonlinear beluior is characterized by the typical parabolic curve which is seen for higher voltages

in the course of a rising excitation powEurthermorea powerlaw dependence is observed that for

higher voltages the expected exponent of 2 can be reached.cGimeence of this powdaw is still

subject of investigation at this point but can possibly be related to a further polarization witBi@ihe

higher voltages since one has to take into account that the morphological structure of the material is not
comprehensively investigateonethelesghis deviation does not affect the detectability of the nonlinear
signal here and also the purpose of the material for future applications.
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Figure 3.16: Collage d SHG intensity functions: a) linear delineation of excitation power dependence, b)-double
logarithmic delineation of excitation power dependence, c) voliegpendence ai 11 pyW and
d) polarization dependence with respect to thiéekel orientation.

Furthermore, the expect@alarization dependence of the SHG signal in terms of the external DC field is
confirmed with the setup via its utilization of the polarizer andlyzer.Figure 3.16 d) showsthat the

SHG signal is very strong for a linearly polarized state parallel to the orientation of the DC field. This also
substantiates the fact that successful ER#8t#d be demonstrated
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4 Fundamental studies

4.1 Nonlinear light matter interaction

In the framewdk of confocalSHG microscopyhe nonlinear light matter interactionithin the aforesaid
ferroelectricshas to be clarifiedor the tight focusing regimecf. [174]. The theoretical concept is based

on a vectorial model instead of a scalar wave @ppration, which is not suitable anymore tbe high
focusingregime Due to the strong focusing the various electric field constituents are able to couple with
additionalelements of the nonlinear tens®herebre thefocal field distribution othe exdtation light, the
nonlinear light matter interactiofgHG) as well as thé®SF of the nonlinear answer with their respective
parameters has to be consider@d.the experimental side mapping the nonlinear field distribution in the
back focal plane is reakd by an adapted scanning pinhole module.

4.1.1Model development:

For the vectorial modeling the entire beam path has to b&ideoed in four sectioned steps beginning

with the primary Efield distribution of the excitation laser beavhen it enters thenaterialalso called the

illumination PSE Secondaryhe model takes a look at how the material affects this distribution and finally

the PSF within the detection path is determined v

Part 1:lllumination P$:

The entire consideration begins with the fundamental li@ht which hasa distinguished linear
polarization state and is assumed as a plane wave. Via a dichroic beam splitter the signal is coupled into a
(dry) objective lens which is characterizby its numerical aperturé 6 O E-}; | . The plane

wave character makes its amplitude independent from the displacement from the optical axis. In order to
ensure thisthe beanwaistis enlargedvia theKeplerianbeam expander.

For the mathematical treatment thdi&ld distributionQ as well as theOmaateri al 6
the interface air/samplare delineated via a vectorial diffraction integriaére as the vectorial Debye
integralwith a dependence on the polar coordinatesy and%. and Fresnefransmission coefficients

ando for both polarization states. It follows as:

€] weti o 0 tQ Q
(4.1)
OB+ 0
€] QO th 0 0O i 08 (4.2)

Before entering the material at the aforementioned interface theiebjkecrts alters the incident light field
by its refractionincluding the angle—. Using the beanexpanderit is valid to assume thiacident field

‘@ asa constant vector. Hence, the polarizaboentationis also determinedia it.
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This leads toQ 0 tb ® ATO 0 ib &® AT O and equation 4.1 carbe
rearranged by the help sfiort formsof theintegrals and solved fdg:

0 7 kot "0 OAT o
€] " o X 0 " Meohy © ‘0 O Eq%o (4.3)
0O " ko CD AT %

The overall intensityf the excitation is then the sum of all three entfB3smeans of common numerics
the 1DintegralsO | "Q® Q6 | EB Qo & d3w3d B Qo 3mare solved with the

number of pointsQ . Via a selfcoded MATLAB algorithm the Hield distribution within this focal
plane can bedeterminedc.f. Figure4.3 a).
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Figure 4.1: Visualization ofthe usedsimulation parameters according to an idealized experimental s&tup
incominglight (800 nm) is coupled into the objective via a dichroic beam splitter and within the

material frequency doubled light (blue) is emitted in backscattering geonietnysmitted through
the beam splitter it is focused on the pinhole.

It gets obvious thafior a tightly focused system new elements within thigelel distribution occurThe
exemplary case for anpolarized excitation and its newly induced elements iriviteeother directions is
shown simulatedh Figure4.2. For the case of NA = 0.95 as it is commonly used in this work especially
the zelement sharesre responsible for the enlargement-divection ofthe overalintensity[175].
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Thus, one has to keep the resulting relations of ampliindeid:

i A I A®D . I A® 4l

A PN Tap XAl Aggp T 49

Furthermorejt should be noted thdtom the aforementioned consideration the shapeefth nt ensi t y ¢
profile line is different for x and ydirection due to the refraction of the lenghich affects radial
components differently than the angular ones. This eventually leads to an elliptical shape of the
distribution

The three single integvithin equation 4.3 finally yield

O . AITBO0EL o 0ATH 0Q OEF Q Q—,
0 . AITOB 00E+L OE+ 0 Q" OEF Q Q—
andO . ATH O0E+L o 0AT©H 0 Q OE+ Q Q.

Within these three particular exponents the certain funationis new and accommodates for a real
system with phasmismatch leading to further phase stakes. Such an aberrati®sdsbed by
0t AT 6 & AT -6 .Here Qserves as a kind of offset between the sample position and the focus

outofit. Thetwaangl es arise from Snell s | aw.
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Figure 4.2: Simulated twecolored contour plots for the excitationsker light separated for its three polarization
components within a tightly focused system (NA = 0.95), whereas foictimaponent its real part is
shown. The wavelengthsetto be_ 800 nm Different signs are analogous to a phase chawige
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Part2: Light matter interaction:

Since the focus has entered the optical nonlinear mateinabur casé SHG takes place as outlined in
subchapter2.1.1 The material s nonlinear t ensowvously s f or
calculated tensor product of equation 4.3. It yields a 3 x 6 matrix form. In its general form the product has
the form of equatioii4.5) but one has to note that the tensor for the investigated materials in this work do
feature a different tensdndn depicted in this equationf. equation$2.35) a) & b):

0

G'QQ’QQQ’Q“’,,NO?’
» 0 QO O Q Q 9 Q9 ia09 X (4.5)
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This step adds the particular material properties to the model anefitid #istribution with this received
polarization from the focal volume finds its way to the detector.

Part 3:Detection PSF:

The obtained Hield distribution is now translated towards the pinhole respectively the detector.
According to[176]t hi s can be model ed v isamesthe®catmintdvishinthea nct i o
material as the infinitesimal origin of the radiation that inherits the spatial dipole radiation properties and

also the fact that in the tightly focused regime a determined objective lens pror@iseeing, this
digtribution is called the detection PSF. Hence, the felgiven by[176], [177}

(€] b ¢t ObPPQI (4.6)

The Greends function i s '®®hpeoftdiededamnpatia it kad to besnoteadh e dy

that for"O b hp its parts for are omitted due to the difference in NA between objective and pinhole lens
[176] and the dyadic PSF constitutes as

6 6 Al 6 O Ed%o ¢a Al %
0P 6 O Ed%o 6 6 Al @ ¢@ OE% (4.7)
T T T

From[178] one gets the particular integrals

6 . ——0Ed— o 0AITH 0 Q" OE+ Q Q—,
6 . —— 0 O0E+ OEd—0 Q" OE+ Q Q—
andd6 = ——O0EdJ— o 0AIT©6 0Q OE+ Q Q.

Again 06 ando delineate transmission coefficients, wherags is the negative aberration function.
are F'kind Bessefunctions with the particular ord&®
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The dyadic PSF is only cangent on the distance of both poimnts 1. Finally the overall square of the
values of all detection PSF points gives Eéield distibution of the nonlinear signal in the back focal
plane

4.1.2Model results:

The corresponding modeled resulty fihe linearexcitation PSF Kigure 4.3 a), the nonlinear material
polarization within the focusHgure4.3 b) andthe SH answer in the back focal plarfé@qure4.3 c) are
presentecexempéurily for x-polarizedexcitationlight. The intensityratio from equation (4.4)within the
excitation fieldis also obviouhere

x-polarization y-polarization z-polarization
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Figure 4.3: Calculaed set of respectively normalizedfiéld distributions of a) the linear incident light in the
focus region without any material, b) contribution of the nonlinear material polarizltibiy within
the focus and c) convoluted nonlinear sigfiail) within the pinhole (back focal plane).

The split pattern of the-golarization part within the SH signal originates from the lack of possible entries
within the nonlinear tensor which can couple to the squaimponents. Thus, the pattern is created via
the conbination of x and zcomponents connecting to the -ofigonalQ element. From this one can
directly determine the symmetry of the particular material polarization. -Sangponents for the SH
signal are shown since only polarization parts withinplhee are contributing.
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Figure4.4 showsthe according SH signal in the back focal plane for KTP.

X-polarization y-polarization z-polarization
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Figure 4.4. Calculated set of respectively normalizedidld didributions of a) the linear incident light in the
focus region without any material, b) contribution of the nonlinear material polariz@K®R) within
the focus and c) convoluted nonlinear sig(&rP) within the pinhole (back focal plane).

4.1.3 Experimental validation of vectorial modet

For LINbO; and KTiOPQ bulk crystals the theoretical model is experimentally validateohbgining the
nonlinear answer in the back focal planethiafocal imaging techniqueAs outlined before the combined
approachmakes use of the backscattering geometry and the chosen measurement geometry of the crystals
is zcut. According toequations 2.35 one can obtain the effective-tensorsQ and’Q  for both

materials and fill in the particular elements with values given by literg®®e [37], [38], [69] Besides

these material inherent paratees further values are taken into account: NA = 005, p 7,

T 100 ms and linear polarized lighthe integrals from equation (4.3) have to be squared to fulfill the
form of equation (4.5)

O c¢COOTAT @ Othé ¢%o
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In this equation an approximatias to be found which only accounts for integrals with a superior order,
i.,e.'O 1 'O 1 "O here for the exemplary-eomponent excitatiofifogether with the particular material
polarization tensor hereLiNbOs - the approximated final polarizatidield yields

O
0 n m o m om Q Q Z 8 G T@ O0AT %
0 Q Q m Q LIS m A~ . = Q O (4.9)
0 Q o o n n n &004 0 O
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Figure 4.5 recapsall the previous steps for LiNRCGn the scattering geometry z(xx)for instance
According to the Por tdé sxcitationt light is galarizedn Thus,honlg thee x a mp |
combined x and rather weak-zomponents frong OO are induced via th€® element The tensor

given in Figure 4.5 is more precise than the one iaquations (2.35b) or (4.9). Those equations are
simplified by using symmetry arguments according3@| and all equal elements are labeled the same,

.e.Q Q .
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Figure 4.5: Sketch for the explanation of teenergence of the-field distribution within the back focal plane in
bulk LiNbO; for z(xx}z. a) Formation of the excitation field as a split pattern doghe O andO
components. obMaterial polarizationcreatesa split patternd oscillating in xdirection From the
dyadi c Gr e e-digbles afelgatheet vieotime elemenriO . ¢) In the back focal plane the
eventual split pattern is obsevle.

As depictedn Figure4.5 a) thez-component is already split up from the excitation side in terms of phase

and ampliude and hence the product with the rotational symmetdemponent gives qualitatively the

split pattern fronD in Figure45b) . The translation of this pattern
"0 generallyintroduced before. Finally the emission split pattern for this scattering geometry is to be
seen in the back focal planef. Figure4.5 c).

With the gotical components on the one hand and the pulsedieaistics as well as the assumption of a
monochromatic wave within the simulation on the other hand one obtains a temporal and spectral
incoherence. This is the reason for scaling differences seen between simulation and experiment.
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For y-polarizzd ecitation light thematerial polarization oscilles in z-direction stemming from the
coupling ofQ to'O which is quite stronger than the other elements incibrigext(Figure4.6).
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: E E, |
LiINbO, z(yx)-z y (um) y (um)
b) P, G, c) 0.0
I0.1 —
© i
03 |8
'é ’E\ - A 04 |2
s ® 5 A fos5|2
3 = - 06 |8
08 £
09 |®
1.0
y (um) y (Um) e I
2 0 1 2 -1.0 -05 0.0 05 1.0
y (Hm) y (um)
Material Pol. Green funct. Experiment Theoretical model

Figure 4.6. Sketch for thexplanation of theemergence of the-field distribution within the back focal plane in
bulk LiNbQ for z(yx}z. a)Formation of the excitation field as a rotational symmetric pattern due to
the squared’O component.b) Material polarization createsa rotational symmetricpattern 0
oscillating in z-direction From t he dy adzdpoles are gathéresl vid thenetemnéanto n
"O . ¢) In the back focal planéé eventual split patterdueto "O is observable

Theypol ari zed components are rotational symmetric d
provides a split pattern when a high NA is used andmponents are observed within thpatts via its

"0 element andts typical dipole emissiarit should be noted that such a high NA enablddressingf

oscillating components along the optical aaied therefore in LNhe strongest nonlinear coefficient is

taken into account whereas the remaining other coefficieetsneglected to zero for the qualitative
explanation. The simulations include all coefficients and thosbviously influence the pattern
quantitatively.
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Materialsystem LN:

The experimentally captured intensity distribution patterns for the diffesscattering geometries are
depicted and compared with thdeled data ifrigure4.7. Thenonlinear tensor for LiNbgyields

O
0 n o om mQ Q 9 !O & T@ O0AI %
0 Q Q mae n o omn oa~Cf X Q 0 (4.10)
0 Q Q Q @m o om mn (ZYQ!O lO & 0 O
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As explained above splitting paths are observable forpolarized detection. In contrast to low NA
experiments thaigh NA focusing leads due to the cosine temf. integration in equation (4.3), to a split
pattern (for bw NA no xpolarized light would occur here becaude O -integral to be the only
contributing oneandno split pattern would be at hgnd

Experiment LN

z(yy)-z

Norm. SH-Intensity

Theory LN

4 0 1 -1 0 1
y (pm) y (um)

Figure 4.7: Comparison of calculated and measured intensity distributions of the SH answeutdiuwk LiNbQ
within theback focal plane. An excitation close to the surface is assumed. The maximum of the graphs
is normalized to the highest intensity of the detection polarization.

Theresultsdemonstratgoodagreement betweanodel and experimenivhereas besideforemenioned
simplifications other nonlinear effects like sétusing e.g. can also vary the outcome of the results.
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Materialsystem KTP

The resulting nonlinear field distributions in thack focal planere also calculated and experimentally
obtainedfor KTiOPQy. Corresponding results asiown inFigure4.8. KTP only exhibits split patterns
differentto LN. This is due to thdessnonlinear tensoelementscoupling to zincident light. For x-
polarized excitation ligt the according polarization fieid given by

0O
0 n n m o on Q "18 0 1@ 0O0AT %
v T T m Q n A . =x T (4.11)
0 Q 0 @ n om nd%% 90 CO0IAi %

¢00

4¢O00Q

It gets obvious that the material polarization features adebsplit pattern for the .component with this
excitation, whichs also apparent within the mparison of experiment arsiimulation inFigure4.8.

‘ Experiment KTP ‘

Norm. SH-Intensity

Theory KTP

X (um) ) X (um) ' X (um) ) X (um)

Figure 4.8 Comparison of calculated and measured intensity distributions of the SH answerubfbalk
KTiOPOy within the back focal plane. An excitation close to the surface is assumed. The maximum of
the graphs is normalized to the highest intensity of the detection polarization.

Regarding the split pattern of the z(>@)geometry the explanation becomes marphssticated. An

intense Zpolarized component is the reason for the latter one, hence it couples @a #lement of the

dyadic PSFX(6 OBé tothe ypo!| ari zati on and a split pattern
responsible here thétis term is not really striking but it can still be noticed under the circumstance when

no I order ycomponent polarization is found within the focal area. With respect to the nonlinear tensor
actually no’Q -elements areaddressed in this scattegi geometry, but since they are so high
contribution cannot be fully neglected/hen a low NA (< 0.55) for the excitation is assumed experiments

also verified that the split terms in KTisappear due to noise.
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Interim summary

To clarify the nonlineacontrast mechanism in domain mapping of ferroelectric materials a theoretical
concept especially for the tightly focused regime based on a vectorial model has been developed. For
experimental validation thgpatial distribution of theonlinearresponsevas directly mappeth the back
focal plane. Based otine numerical modethe observed data can leeplaired and interpretedwhereby

the experimental data are in good accordance to the theoretical predictioissshownthat the split
pattern of electrichfield components couplto offdiagonal elements of theonlinear susceptibility
resulting in a detectabl@onlinear split-pattern in the bacKocal plane.Therefore, this technique is
sensitive to the nonlinear susceptibility tensor asmhtial variation of it and thusallows for an
assignment of specific tensor elements to certain features of the nonlinear dfgslegrmore distinct
coefficients can be separately addressed wihiohple in collinear beam direction topolarization
componentsWith the ombined theoretical and experimental approdbk symmetry of the nonlinear
optical susceptibilitycould be identifiecdaind the ratios of its coefficient®uld be estimated qualitatively
Overall, a powerful tool for the structural elucidation of ferrogt®cdomain structures based on the
locally varying symmetry of the nonlinear susceptibility at the domain transition is available.
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4.2 Nonlinear contrast mechanism

SHG microscopy represenacommon technique for the visualization of ferroelecatidenainstructures.
Thereby thee noninvasivemethodsexploit the confocal regimeespecially for tightly focused regimes

the surface neanonlinear contrast mechanidms not been understood so faistands to reason that the
presence of domain walls &ssociatedvith a local change in susceptibility, such that their symmetry or
strength is altered or the emerging of new tensor elements is indicated. In recent studeeslthe |
symmetryhas been investigated Ipolarimetric measurements on domain walls like -feomg types

[179]. Such a local modification of the nonlineausceptibility can explain the appearance of dark and
light lines as the DW contrast in principl®ften SHG contrast is commonly explained by interference
effects[180]i [182]. Consideringnterferencesffectsone can assume a domain wall with nanormetde
extensions which is illuminated by a linear polarized laser beam with a typical beam waist in the range of
200 )M up to 300 nm. Due to the inverted spontaneous polarization on the one side of the DW half of the
laser beam induced SH intensigatures a different phase to the other SH light which ends up in a
destructive interference of both parts and eventuallg iark DW contrast considering the far field.
According to the vectorial model introducéd subchapter4.1l axial components of the excitation
polarization do also feature a certain phase distribution and give rise to graoiatifibute to the Hield
distribution within the back focal plane when illuminating domain walls. A positive or bright SH contrast
can be anticipated when taking into account phase leaps or triggering tensor elements layiaxien off
positions, e.g. Wwen several components of the polarization are mixed. In order to consider all of those
possible effects to clarify the origin of the SH contrast on domain walls the upcoming presented results
obviously feature the already introduced high numerical amedfi0.95 in order to trigger those newly
induced componentsf. [183].

In a first step the ferroelectric domain structure and the corresponding nonlinear contrast behavior is
obtained via confocé8HG microscopyn backward scatteringegmetry Regarding the methodology and
especially the pinhole mode of operation one has to distinguish between two general procedures here.
Within the confocal regime typical linearea and deptbcans are performed by varying the sample
positionwith regect to both a fixethser foecisandpinholeposition(Figure4.9 a).
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Figure 4.9: Schematics for a lateral linscanwith respect taa static pinhole (a) andfor an axial linescan(in
depth) allowingto determinethe definition of thesurfaceregion (b). Additionally a scalar paraxial
approach is includeth the depth profileto comparedata fromvectorial model and experiment
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The subsequent presented resatts obtained ahe surfacenear regionObviously, the phasmismatch
increases in this constellation witHQ x & t&a | mfor 3Q ¢Q "Q with 'Q 1 due to the
backscattering. Hence, the strong obtainees®jdal just arises from the interface area.

Furthermore, all this implies that in contrast to a transmission geoitig€ly [180]) birefringence or
wavelength dependency can be neglected since all wave vectors poeéeguti direction. The two latter
references quote the following integral to describe the signal traveling back from the interface:

L

The integral limits and the phas@ismach have to be adapted for the backscattering ddses &
corresponds to the depéixis whereaso '@ is the confocal parameter of the assumed Gaussian beam
and0 serves as the opposite interface on the sample reafTsideneans for a backattering geometry

that0 is equal to infinity as the crystal is too bulky and hence the only dependence lies on the Gaussian
focus positiong with respect to the medium. This treatment is a paraxial approximation of the model
featuring alarger full width at half maximundue to thedeficient consideration of the influence of the

high NA in contrast to the full vectorial approach used in this wmket of Figure 4.9 b). Also the
experimental data show a largeWHM becauseof deviations from a perfect illuminatiors the
vectorial approach assumes a plane wave for the excitationibegresents a moidealized case

Domain structures ihiNbOs:

In order to study the nonlinear contrast mechanism withinagtostructures iriNbOs typical confocal

images of periodically poledaut LN have been acquired. The investigated specimen featapesified

period lengthof ¥  28.8 um whereby domain inversion alternates disection Nonlinear images of
the zface for the standard scattering geometaieshown inFigure4.10.

e
o

5

(n'e) Ausuaju-HS
(n'e) Aysuelul-HS

N z(vx)-z
0

(n'e) Aususiul-HS
(n'e) Aususiul-HS

30
X (um) X (um)

Figure 4.10: Set ofsurfacenear SHarea scans of the periodically poled LiNb€amplefor different scattering
geometriesevealing various contrast behaviors concerning the domain wall signal

One can clearly perceive the distinct contrast of the domain walls to the domains whereasankx)
z(yx)-z show a positive (enhanced) signal at the donvails and the remaining two scattering geometries
feature a lowered signal.
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The outcome of such standard image®BLNis also commonly known in literatu{@84]i [186], which

partly confirms this behaviorSome different previous studiesport only gpositiveDW contras{179], in

which measurementzave not beeperformed in the surfaegear region (focus depth: 1300 um).To

clarify this issue depth scans for different focus depths (at surface and in 35 um depth) have been
performed.Theresult for the z(yyr scattering geometiig depicted inFigure4.11.
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Figure 4.11: Comparison of two linscans performed on the surface and more tB@pm within the sample for
z(yy}z scattering geometry indicating a contrast flipe todifferent prevalent contrast mechanisms.

It can be confirmed that ithe depththe contrast switches from dips to peaks which is also affirmed by
Florsheimer et al[186]. It is also reported that this may relabeeither the backscatteraderenkoviike
SHG[187]i [189] or newly induced tensor elemefis9]. Due to he phaseelated contrast contribution

in a deeper crystal position a domain wall sarve as an origin for reversed momentum contributions that
may successfully fulfill the phaswatching condition which would refer to the transmission geometry set
L erenkovlike SHG. Furthermoré can act as a dept#xpanded area of enlarged nonlineacsptibility
values For tightly focusedsurfacenear measurementsis is hardly visible due to the interference
contrast as the most contributing parameter here.

The central part of the nonlinear contrast mechanism clarification utilizes the theeefieamental
approach performed via the vectorial model and the focal mapRegardingthe material polarizatign
the aforementioned tensor from equation (4.9) in its contracted notstEmployed for the simulations.
On the basis 0f38] and[69] one can estimate the magnitude ratio of the relevant tensor eléents
o epm/V, Q ¢ pm/V and Q o pm/V to Q dQ dQ p ¢dp which is crucial for the
simulations. The calculated results are presented in arbitrary units and normalized.
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In order to represent the domain walls correctly withie simulations the spatial behavior respectively
allocation of the... -tensor has to be taken into account. As a tradebffieglecting any further
sophisticated compositions of the domain wall like[179], the tensor is modeled with a Heaviside
functioncharacteristic, i.ehat at a domain wall the tenstip§ its sign. Mathematically this yields

W
O O (4.12)
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For all scattering geometries tisH intensity distributions in the back focal plam@ve beeracquired
experimentallyvia the scanning pinhole moduie the transitionregion between two contrarily poled
domainsand compared with thensulationresults Figure4.12, Figure4.13).

In the presence of a domain wall, the signal pattern looks different to the bulk case, which is present in all
four scatteringgeometriesFigure 4.12 exhilits thetwo scattering geometries withpplarized detection
(rotational symmetric intensity distribution for a single domain).
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Figure 4.12. Experimentallyacquiredand simulatedsH intensiy distributiors in the back focal planéor LN at the
transition region of contrarily poled domairisr y-polarized detectionin the particular topmost row
of both figures the bulk back focal plane signal without the presence of any domain wall is shown.

According to the vectorial model one can explain this due to the couplii@ od the’Q -element
respectivelyO to the’Q -element. Ideally focused on the domain wall the center of the back focal plane
shows no intensity in betweéine split pattern. Due to destructive interference at this position the domain
wall leads to a phase flip 6f because the nonlinear tensor is assumed to be rotatestjuation (4.2).
Therefore these two scattering geometries are supposed to exHipitrespectively lowered signat a
domain wallwithin standard scanningpnlinear microscopy.
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The corresponding nonlinear patterns fepolarization defined detection adepicted inFigure4.13. In

case ofx-polarized excitation their-xand zcomponents are connected with te-element leading to the
two-fold pattern in phase as well as in amplitude for a single domh@scattering geometry z(yx)also

shows a tweold intensity pattern in the back focal plane for no domain wall since-teenponent of the
incoming pdarization is a nossplit one convoluted with the twoo |l d dyadi ¢ GlOeends
element, c.fFigure4.6. Thiselement arises from the combination of the-element with ycomponents.
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Figure 4.13. SH intensity distribution within the back focal plane of LiNla©quired experimentally and simulated
on and besides a domain wall and on bulk f@ofarized etection scattering geometries.

For the z(xxjz scattering geometrthe presenceof a domain wallleads to a threéold splitting of
previous twefold pattern due to constructive interferenddferencesbhetween experiment and simulation

in this case may probably rely on experimental imperfectionstiae weak integrated signal which may
then be very sensitive to those small local variations within the nonlinear.tensor

The case z(yxx shows also a traformation ofthe twofold pattern into a thretold one because some
amount of phase is added ahe phase adjustment enables for an increased signal at the back focal plane
center.n contrast to z(xxg the highestsignal is to be found on theentral maximum of the pattern (at the
domain wal) for this geometry

For a comparison of these result#hathose of recent publications working with larger (> 10 pm)
pinholes, linescans have been performed for all scattering geometries without the scanning pinhole
module (diameter: 0.5 pum). In this case the fibare serves as a large pinhole instead. &xtperimental

data are validated via the previously utilized vectariatiel (sed-igure4.14).
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For all scattering geometries the full vectorial model matches very well the experimental behavior. A
comparisorof these linescans in terms of the expected type of domain wall contrast with the nonlinear
patterns of the bactocal planeshown inFigure4.12 andFigure4.13, confirmsthe intensity dip for y
polarized detection as well as intensity peaks fppbarized detection at the domain boundaries. One has
to note, that the intensity of the liseans is normalized to the particular maximum intensity of the bulk
case without angomain wall apparent.
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Figure 4.14: Set of linescans for each scattering geometry acquired on the sample surface experimentally (red) as
well as calculated (black) with a large pinhole (> 10 um). A quéliea match of simulation and
experiment regarding contrast sign and its characteristics is apparent.

Thenonlinearcontrastfor the casef y-polarized signaéxhibits a congruent manner whican obviously

be explained by the direct coupling of the incitkaser polarization to the respective tensor elem&hts.
experimental captured domain wall sigeédr the case of Jpolarizationshowa barely lower signal than

the corresponding simulations, which can be ascribed to the stronger influence of thmlaxization
components, explained above. Furthermore, it has to be noted that the two latter gednietiies
z(yx)-z) only feature more than a twentieth amount of entire integrated intensity than the other two
geometries. Thus, these lower intepgiésults are more likely prone to discrepancies to the idealized
model including especially a perfect illumination and the spatial characteristics of the particular tensor
elements Previous workhas also reportedboutsuch aberrations for these geonestfiL79]. Apart from

those deviations the combined experitaérand theory approach delivers qualitatively and mostly
quantitatively good accordance.
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The linescans also provide information about the resolution of the applied SHG microgamoyding
to [176] and[158] the resolution can therefore be readsbs 0.514_ /McH dwith the pump wavelength
_and a given numerical apertured As the setup is working at 800 nm and high focusing NA = 0.95
is employed theesolution yieldssi 306 nmhere.In Table5 for the FWHM of domain wall signals
experimental and theoretical data are compared for the four scattering geometries.

- z(xxz 214 3 nm 225 3nm
Z(xy)z 325 7nm 300 3 nm
Z(yx)z 325 13 nm 325 2nm
z(yyxz 344 16 nm 287 3nm

Table5: Compilation of the FWHM values of the four scattering geomel
from the experimental as well as caldeld domain wall
signatures presented Figure 4.14.

Apart from z(xx}z the geometries yield mexperimentaFWHM nearby theaesolution limitof the setup.

For these cases the incoming polarization field is limedrand the contribution of any axial respectively
right-angled components is quite lowor thez(xx)-z caselinear x and orthogonal -zomponents are
mixed. Due to the high NA-components are underneath the calculated resolution limit as also reported
the literature[190] for linear microscopy Subsequently a domain wall is represented with a lowered
FWHM. This finding can give an opportunity to perform measurements on the edge of the common
resolution limit and beyond if the experimental prerequisites allova faelldefinedaddressingf the
scattering geometre.g. viafocus shaping
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Domain structureqiKTP:

The analysis of domain structures in KTP are performea periodically poled zut sample witha

period length off 7.6 um. Hewge, the domain walls are oriedt along the crystallographicaxis.

Likely to the analysis ohiNbOs; the domain walls and the surrounding aagainvestigated via SHG
microscopy.In order to obtainnformation abougeneralSHG contrast behavior of KTP, line- and area

scans ar@erformed for the different scatteriggometries (seBigure4.15). Heresolelyfor all scattering
geometries a positive SH contrastsfound.
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Figure 4.15: Set of four linescans on periodically poled KTiOR@cquiredwith showing the thoroughly positive
domain wall contrast in this material.

This typical behavior is also reported and confirmed in literafi®d]. For this positive contrast the
magnitude bsignal enhancement depends on pheticular scattering geometridowever, as to be seen
later (analysis of the back focal plantiis seemdike a discrepancyo the theoretical prediction, since a
negative contrast for the scattering geometries zband z(yy}z is expected.
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For nonlinear aalysiswithin the back focal plane the nonlinear tensor in its contracted nofatjoation
2.35)is used The strengths of thieensorelenents yield Q p®pmV,Q ¢& gom/V andQ

¢8t tpm/V [37]. Likely to LN the contrast mechanism can be explained via a phase cadnalsined

with a rotated tensor. Furthermore structural changes at the transition neguce locally new tensor
elements whicthave a strong influence on the material polarization and therefore on the nonlinear field
distribution in the back focal plan&he corresponding patterns at tin@nsitionregion of domains with
opposite polaty are gathered fothe relevant scattering geometries and compared to the particular
theoreticadata(seeFigure4.16 - Figure4.19).
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Figure 4.16. SH intensity distribution within the back focal plane of KTiQP&2quired experimentally and
simulated on and besides a domain wall and on bulk for-z(sgpttering geometries.

For the z(xx}z geometnithe nonlinear field distbiution undergoes a change from a ot split pattern

(single domain) to a rotational symmetric pattern at the dob@imdary Figure 4.16). Hence one can

expect a positive contrast due to the accumulated pieireending up in a positive interference. The
central spotexhibits an intensityseveral timesstrongercompared to the single domain sign@he
discrepancy concerning different intensity ratios between experiment and simulation could be explained
by direct coupling with an emerging elem&t  T1tat the domain wall (discussed later).

A slightly different casean be observefbr z(yx)-z scatteringgeometry Figure4.17). Herethe contrast
also turns out to be positiva the domain wall originatedy a central peak flankeoly two sidepeaks
with a lowered intensity forming also a th+ieéd pattern.
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Figure 4.17: Experimental acquired and simulated SH pattern for the ZsQattering geometnyithin the back
focal plane of KTiOP®at the transition region of contrarily poled domains

For the z(yxJz geometry the nonlinear field distributi@volves fom atwo-fold split pattern (single
domain) tothreefold split patterrat the domainvall. For the heoretical predictiothe nonlinearsignalof

a single domainis about 5 times smaller compared ttee central peak intensity within the field
distributionwhich arises from the domain boundaHere he positive contrast is only present for the high
confacal application (small pinhole diameteentral positiopotherwise thentegratedsignalshouldlead

to a regativecontrast.On the contrary the experimental data feature a flipped intensity ratio, here the
center peak intensity is about 5 times highempared to the single domain signal resulting in a steady
positive contrastThis can give rise to the assumptions that new elements may have been locally added to
the nonlinear tensor of the matendhich coupks wth thecommonly zerelement2 andQ . For this

case new tensor elements for the simulations have to be taken into account.

Based on the theory side tBeattering geometries z(xg)and z(yyjz feature a foufold splitting at a
domain wall which can be attributed amewly addecphase.The eperimentalvalidation for the z(xyy
geometry isshownin Figure4.18.
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Figure 4.18. SH intensity distribution within the back focal plane of KTiQP#&2quired experimentally and
simulatedat and besides a domain wall afat a single domain for z(xy? scattering geometry
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In accordancavith the theory the experimental data show a changeover from-fokvpattern (single
domain) to a foufold one wherapproaching a domain wall with differences in the intensity ratiese,

the intensity evolution also shows a contrary behavior. For the experimental data the signal increases
when approaching the domain wall, whereas the simulation data predict a dezadgseFrom the

model sidea negative contrast would be expected whereby the involved intensities are extremely small
and would vanish within the signal noise. The small positive contrast arising from the experimental data
again stands for the reasontbé presence of new induced elemdii?s 1 within the susceptibility
tensor. An analogous behavior can be found for the z@/gratteringgeometry Figure4.19).
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Figure 4.19: SH intensity distribution within the back focal plane of KTiQP&2quired experimentally and
simulated on and besides a domain wall and on bulk for-z(ggattering geometries.

Again the fouffold pattern for the nonlinear intensitysttibution at the domain wall becomes visible.
Attributed to the mixture of the pattern itself originating from the aforementioned phase contrast and the
new element(s)@ 1) occurring on the domain wall the experimentally acquired-folar patern
appears to be disfigured.

The principle functionality of the vectorial model especially the phase contrast aspect could be validated
via the experimentally acquired nordar intensity distributions within the back focal plaméhe vicinity

of a domain wall Deviations of both the field distributions and the intensity ratios give rise to new
emerging tensor elements within the domain wall region. Hence, one can expglasolely positive
nonlinear contrast within KTP and if applicable determine the strength of the particular tensor eléments.

a lowrsymmetry tensor is assumed, which for KTP means a transition framzasymmetry to a mixed
symmetry for example of-andm-symmetry, new directly coupling elements in the nonlinear tensor arise
(equation 413). In this tensor the previously identified elements are includibd. altered tensor has six

new elements being unequadro, which are not as high as the pristinenelets but are still responsible

for the obtained distinct contrast due to the-apparent direct coupling foraut KTP.

Q T Q m m Q T Q
Q Q m Q T T Q Q Tt
Q Q Q T T

(4.13)

443
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Exemplarily such a tensor modification is presented for the Z(scattering geometry. Ftnat the direct
coupling’ Q -element Q ‘Q ) is implementedwithin the tensor.The results from the adapted
simulation are subsequently shown opposed texperimentatata (seéigure4.20).
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Figure4.20: SH intensity distribution within the back focal plane of KTiQR® z(xx}z scattering geometry with
altered simulation parameters regarding the newly indueedor elerant’Q .

As a resultof the implementation of the new tensor element the nonlinear contrast is in the same
magnitude for experiment and simulation and the patterns are more congruent now.

Interim summary

The nonlineatighti matterinteraction in the vicinity oflomain walt has beeranalyzel and modeled for

the surfacenear region ofboth, periodically poled LNand KTP. For both material systems the
experimentally acquired nonlinear response in the Hachkl plane is in very good accordance to the
simulation data gathereéfom a numerical calculationvéctorial approach,consideringpointspread
functions and SHGHere, adetailed analysis shows that the main nonlinear contrast mechanism is based
on the sign change of the nonlinear susceptibility at the domain transitlwms, the characteristic
contrast patterns are a result of constructive or destructive interference in thesudace region.
Another important contrast mechanissrepresented bpolarization componentsducedby the strong
focusing and a coupling afifferently polarized light components to-affis elements. Furthermore, the
local appearance of new tensor elements could be identified as a third effect on the nonlinear contrast,
which dominates when smalleumerical apertures areonsidered
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4.3 Vibrat ional properties

In order to conduct detailed Raman investigations on periodic structures or devices like waveguides a
basic knowledge of the vibrational modes is necessary. In the following two subchapters the fundamental
Raman fingerprintef LN and KTP are presented for different scattering geometries. Furthermore certain
structure sensitive modes for Raman imaging are shown and discussed.

4.3.1 Raman analysis of LiNbO3

Lithium niobate is also investigated in terms of its fundamental Raman active viatatiodes for the

use of further measuremeniBue to the rhombohedral unit ceN features two formula units with each 5
atoms which lead to 5/and 5 A mode clusters and 10 E modes. It has to be noted that.onede and

the two of thewo-fold degemrated E modes are acoustic phonons. This resudtsin =~ 10 00

o0 = 27 optical phononsThese modes have to be distinguished whether they are infrared or Raman
active. A vibrations account for both. The same characteristic haldshE E modes, whereas the A
modes are not perceptible in both casesthermorea certain degeneracy between the longitudinal and
transversal optical vibrations is present for LN. Hence, the aforementioned sum leads to 27 optical
phonons when LO andO phonons are considered for each cluster. Since the material belongs to the
symmetry groupd the dependence of the particulailized polarization or scattering geometecgn
foreshadow the behavior of the vibrations when the Raman t&hsds consideredil65], [167}

O W T T W Q
0 & monmhoo T wQh W T T (4.19)
Tnw mTQn QT oT

From the diagonal filled axis one can see for instance thatAthenodes are moving alonthe
crystallographic axis. Further information like the occurrence of either A or E vibrations in the particular
scattering geometries can be extracted from the Raman t&hsoelation’® $Q t'Yt'Qs provides the
basis for the prediction of theccurringmodes i n t er ms o ©.f.[11B]éy lifkkmgtheo 6 s n o
relevant Raman tensoreghents to the geometry species.

In order to provide an overview of the filammental modeall three crystallographic faces azensidered.

The spectra of lascattering geometriesf z-incident light are given in Figure 4.21. For the sake of
completeness the spectra of the two crossegrigations are presented although both are expected to look
alike since the Raman tensor is symmetric. This behavior is validated within the spegtraming with

the set of #ace Raman spectra one can identifyL® modes as well as-EO modes. The foner ones

are distinct features of these scattering geometries since those longitudinal vibrspi@as alog the
crystallographic saxis. From the spectra one can read thé.®@ modes at 274n?, 330 cmt, 432cntt

and 871 cm. The latter vibration istriking especially for the parallel scattering geometries due to its
overall highest intensity. This is also apparent in a weaker peak for the crossed polarizations. These
findings conform with previous findings in the matefie32], [193]
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In contrast to the parallel polarizations 88O modeswhich originate here from the selection rules of

the materialare more detailetb be seenvithin the crossed polarizations foipz( ps)-z. The Emodes are

to be identified at 15¢m?, 237 cm!, 263cm?, 321cm?, 367 cni?, 581cmt and 664 cm whereas the

last mentioned vibration is very barely visible and often discussed in the literature whether it accounts for
an ETO mode. This is often accompanieithwthe identification of the weak mode below 750'dit94].

This scattering geometry set ofrcident light connects the@ element with the TO vibrations and to

the A-LO modes.
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Figure 4.21: Fundamental (normalized) Raman spectra of LiNb©r comparison inall fours <attering
geometies of zincident light

They(pi , ps)-y side features longitudinal-Ebrations and ATO modes since the particular LO and TO
modes never occur together in one symmetry specie for &. Theresponsible Li and Nb ions for the
TOs of the A specieare phasaligned in theirmovemet. Figure 4.22 showsthe four fundamental
spectra of yface LN with the A-TO modes a254cm?, 276 cm', 333 cm' and 633 cm. Exemplarily the
first TO vibration at 254 crhis very distinctly visible for the grallel polarizationsHere, the Nb atoms
are propagating contrarily to the oxygen at¢#®5]. The Ai-TO. accounts for oscillating Lions whereas
the two further TO modes amdigned in their movement along the crystallographi@amd yaxis and
conduct a flexural respectively aetching vibration of the oxygen niobium bofi®5]. This turns out in
so called breathing modes.

The other vibrations in here ateetELO modes which only occur in thepy(, ps)-y scattering geometry
It can be stated that these modes are likely inconsiderable since they fdatueeed intensity than their
E-TO counterparts. From the literature it is known that thge \yfs)-y scattering geometry is therefore
often linked to the occurrence of leakage mddes].

The y(x, X}y scattering geometry is connected with the Raman tensor elématthe TO modes an@
for the LO modes. For the crossed polarizations ihé< element and/(z,z)y links the® element to
the A-TO vibrations.
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Figure 4.22. Fundamental (normaliz Raman spectra of LiNkOfor comparison in all fours scattering
geometries ofyncident light.

The set of X6 , ps)-x scattering geometries features B vibrations as well as ATO modes. The HO
modes are mostly present for crossed polarizationseas inFigure 4.23 which underlines the
aforementioned behavior of these modes fimcment light and crossed polarizatioi®gegarding the
Raman tensor x(y,y¥ is connected with the elemenés @, x(z,zZ-x with @ and the crossed
polarizations witiQ .
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Figure 4.23: Fundamental (normalized) Raman spectra of LiNb@r comparison in all fours scattering
geometries of-incident Ight.
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An overview of the observable occurring vibrational modes Nhi& given in Table 6 connectingthe
experimentdy obtained modes with the particular scattering symmetry and spEaithermore,
comparableiterature values are given in the talBesides all these unambiguously identifiapleonon
modes in IN several modes are missing in this listing which are accounted by several flLAbB{Hr99].

Symmetry specie

Raman Shift (cith Raman shift (cf) l

experimental literature
252255 | 274 239 A-TQ /| ALOL
273274 | 330 289 A-TQ | ALO
331333/ 432 353 A-TQ | ALGs
632633 / 871 610 A-TG [ ArLOy
150151 / 192 148 ETQ / ELO
237 | 237 216 ETGQ / ELO
262263 / 297 262 ETQ / ELGs
320321/ - 320 ETQ / -
367369 / 366, 426 380/391 ETQs / ELOss
432 | 456 423 ETG /| ELO,
580581 / - 579 ETQ / -
664 / 879 667 ETQ / ELOs

Table6: Comprehensive werview of occurring TOand LO Raman
modes inLN comprising all relevant symmetry species for
three backscattering polarization geometriasd comparable
literature value4200].
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4.3.2 Raman analysis of KTIOPOq

In contrast to LN with its 27 optical phonons the description of the fundamental Raman fingerprint is more
elaborate for KTiOPQ Analog to LN the theoretical prediction leads &o T T®

TP TP =189 optical phonong01] which is due to thergstal built up of KTP introduced before
featuring eight units. Not analog to LN any of these phonons can be omitted since it does not come to any
degeneracy her&his leads to a Raman tensor from the symngrioyp6  (orthorhombic):

(I)EITIV mTQm nmQ T T T
0 Twmnh Qmnmnho mm T ho TTnQ (4.15
T T T T Qm m Qm

The Raman tensor gives several hints what iset expected for the fundamental speatrd it connected
symmetry types by again using the equatfioh sQ t'Yt'Qs, which connects the intensity with the
Raman tensor and thus all scattering geometrield, k8].

In order to give a basis for the further presented detailed Raman spectroscopy akes(li8 a
comprehensive set of the Raman spectra for the different scattering geomefriesiis Figure4.24. For

the sake of completeness it has to be noted that the crossed polarizations are only given once per scattering
geometry group since both crossed polarizations show the same spectra, cf. Raman tensor. The spectra are
normalized and corrected farbackground.
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Figure 4.24: Delineation of the fundamental (normalized) Raman speatrKTiOPQ for comparison in each
symmetry specie (left lable) respectively the scattering geometry (right lableift8in
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For KTP it is also differentiated between TO and LO phonons. In terms of the symmetry types one can
only observe LO phonons within tide group and TO phonons in each group. Since group theory predicts
189 optical phonon modes for KTP it is obvious that each scattering geometry features many phonon
modes. For that one can account for typical features of the symmetry groupbasitBegroup shows
intense peak areas around 209'c@67 cmt and 691 cn whereas this holds for the LO one only for 760

cnt! for instance. All spectra are comparable in terms of the appearance of several spectral areas. Below
200 cm! no intense featureare at hand, whereas up to 350'caome strong peaks characterize this
region followed by a mean intensity area to 690%cihe outstanding KTP peaks visible in each
symmetry group are localized in between 690'@nd 800 cm. Several further peakseafound in the
remaining area up to 1200 dmit should be noted that a similarity of some of dheLO peaks (625 crh

and 693 cm) and thed -TO andd -TO spectra are due to the certaimdctor allocabn of the excitation

optics, ¢. [118].

Since the two striking bonds within the KTP crystallographic structure are theott@hedron and the

PQu tetrahedron the vibrational modes are likiglyoe ordered for these bonds.

The octahedron is agsed to perform six different vibrations. According[292] in general half of them

are Raman active and the others IR active but for KTP the crystallographic structure is diffetieat
transition from the parato ferroelectrt phase which leads to six-O bonds with different lengths
resulting in altered selection rules. As a consequence all vibrations can be measured in terms of Raman
spectroscopy. These six vibraticare sketched iRigure4.25.
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Figure 4.25: Ball-andstick model of the six Ti¥ctahedron vibrations of KTP with black arrows indicating the
movement direction of the respective atroording to[199], [202]

According to[202] the first mode provides two peaks since the octahedron offers two sites. The next
vibration is likewisealso linked to the double sites of the octahedFoam its movement the first mode is

a very suitable exanhg of a breathing mode because the octahedron is stretched uniformly and symmetric
in all directions. This results in the intense and prominent peak at around 698epending on the
scattering geometry. The first three vibrations are responsible féws peahe range above 400 2m
whereas the other vibrations are found in the range between 200 and400 cm



90 Fundamental studies

A list of the particular modes for thabrations’ (TiOs) to’ (TiOg) is givenin Table 7 with literature
values for comparison and the respective symmetry species.

Raman Shift (cB | Raman shift (c/)

TiG vibration experimental literature SIS e
5 G 691 692.8 ALx); 4Y)
697 698.8 B (yX)
t (TiQ) 627 629.4 A(zz)
5 T 814 818.6 Az(}’x)
830 832 Al(zz),Bz(yx)
_ 306 309.2 Azz)
t (TIQ) 339 341.3 A(yX)
B (yx
+ (1) 208 2892 o0
t (TiQ) 209 212.1 A(zz)

Table7: Overview of occurring Raman modes iiQPQO, related to the Ti@octahedron with
literature valueq201], [202]and its symmetry species

The PQ tetrahedron does not lead to differernOPbondsin terms of their lengths in contrast to the
octahedron due to its symmetric shp@3]. Likewise to the octahedron the occurring four vibrations of a
tetrahedron are sketchéat KTP in Figure4.26.
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Figure 4.26: Ball-andstick model of ta four PQ tetrahedron vibrations of KTP with black arrows indicating the
movement direction of the respective atom accordin@38], [202]

All four modes’ (PQy) to’ (PQy) are observable in a Raman spectrém to be seen in the figure the
first vibration is again the prominent breathimgpde. Analog to the octahedron the tetrahedron also
demands two sites within the crystallograpbicucture of K'P. Hence, the first two vibrations are
responsible for respectively two peaks in the spectra.
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As indicated in the figure the othé&wo vibrations are of F symmetrythe particular modes for the
vibrations* (PQy) to © (PQy) are given in Table 8 with literature values for comparison and the
respective symmetry species.

Raman Shift (¢ | Raman shift (c# | Symmetry

PQ vibration

experimental literature species
; 972 975.2 A3
983 980.5 B,(2)
; 369 369.1 Az2)
399 400.1 Al(zz)
; 1000 1003.8 B(yx)
1044 1045.9 A(z2)
514 516.1 AYX)
+ 545 544.8 A(yX)

Table8: Overview of occurring Raman modes in KTiQP@lated to the P®
octahedron with literature vaks[201], [202]and its symmetry species.

Besides these two components of KiIé> crystal structure the potassium ions cannot be omitted here. In a
low frequency region below 350 cthey are responsible for some pef32], [204]

Raman imaging of KTP:

Likewise to LN typical structure sensitive modes for Raman imaging in KTP are to be found in the range
of 6801 730 cm* (seeFigure4.27), at760 cm! or 783 cmt.
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Figure 4.27: Example of Raman imaging (area scanXaiP generated by the integrated intensity of the vibration
at 6807 730 cm! (upper inset)Domain walls feature an increased Raman intensity for this mode
which also becomes evident in the corresponding line scan (lower ifibetfWHM ofa DW signal
is also indicated with 600 nf205].
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Interim summary:

The vibrational properties were recorded in the form of Raman fundamental spectra for bulk LN and
KTP, which form the basis for further analyses such as those using Raman imaging. A polarization
dependent angkis was performed and the various scattering geometries were presented in a coherent
manner. Furthermore, a tabular overview of the occurring vibrational modes is given for both materials,
which shows the literature values as well as the relevant symrspayies in addition to the
experimentally measured wavenumbers. The occurrence of the modes is explained in connection with the
respective crystal structure, which, for example, is explained in more detail for KTP with the TiO
octahedrons as well as tiRO, tetrahedrons.
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4.4 Fingerprints of domain structures

Based on the fundamental spectra and the knowledge of structure sensitive vibrational modes periodically
poled ferroelectric structures are investigated in this subchapter. Such an analysis givdsngemtal
understanding of the particular response of the Raman signal for domain inversions and at domain walls
which helps for the understanding and interpretation of further studies on functional structures like
periodically poled waveguides for instan Furthermore a mode assignment for these fingerprints of
domain structures is provided here.

4.4.1 Structure sensitive modes in L iNbOs

In lithium niobate distinct modes are very sensitive to crystallographic changes especiakhaiige

during a domain inersion process. This sensitivity is the basis for Raman imaging of ferroelectric domain
structures. Such sensitivity can turn out in a varying Raman intensity, a different Raman shift or different
half widths for the area of the domain compared taltiredn walls. Table9 lists the fundamenta&aman

modes and emphasizes the ones which distinctly feature any change at a domain wall.

Raman shift (ct) .

Raman Shift (cith
experimental

252255 | 274 239 A-TQ [ ALO
273274 | 330 289 A-TGQ [ ALO
331333/ 432 353 A-TQ [ A-LGs
632633 / 871 610 A-TO [ ArLOy
150151 / 192 148 ETQ / ELO
237 1 237 216 ETQ / ELO:
262263 /| 297 262 ETQ / ELG:
320321 / - 320 ETG / -
367369 / 366, 426 380/391 ETQs / ELOss
432 | 456 423 ETO / ELO,
580581 / - 579 ETGQ / -
664 / 879 667 ETQ / ELO

Table9: Comprehensive overview of occurring Raman modes invith\
all relevant symmetry species for the three backscatte
polarization geometries and comparable literature valiz89].



94 Fundamental studies

Analogous to the soaing principle used in SHG microscopy, a line or area is scanned point by point to
obtain a complete spectrum for each poifhe gray scaleimage is then generated by plotting the
integrated intensity for the previously chosen sensitive mode for instararee of the other parameters.

As aforementioned the results for these parameters can be improved by using a fitting routine by means of
a Lorentzian function. Since the material is thoroughly studied in terms of Raman spectroscopy and recent
publicatiors dealt with the assignment which modes are structure sensitive for LN this subchapter should
give a comprehensive overview of it.

Since a domain inversion respectively the emerging of domain walls proceeds along the crystallographic
z-axis Raman imageare taken by standard for theiz(ps)-z scattering geometries. From the fundamental
spectra it is known that-EO modes and ALO vibrations occur here. The sensitivity for DWs of the y

face of LN is for example investigated[R05]. In principle, most of the modes show a certain sensitivity

but several modes are more prominent to be used for imaging.

LN phonon modes which provide a very good contrast can for exdmedteund in the range of 560 ¢m
to 630 cm' [206]i [208]. This includes prominently the-EOs mode. Furthermore the-EOs and ETOq
vibrations are often used for the visualization of periodic domain structutbssimaterial. Figure 4.28
shows an example of @mea scan taken for theTEg vibration and a corresponding line scan.
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Figure 4.28: Example of Raman imaging éa scan) of LN generated by the integrated intensity of tA€©df
vibration at each scanned point which is to be found betweer B30 cm! (upper inset). Domain
walls feature an increased Raman intensity for this mode which also becomes evident in the
corresponding line scan (lower inset). A FWHM of the DW signal is also indicated with 6[ZD&M

The domain walls appear in this delineation as white lines indicatngicreased integrated Raman
intensity. Ths is also clearlgeen in the line scan. Furthermore the FWHM of the DW signal is given with
600 nm here. The known domain period lengthr of 28 pm and the duty cycle of 60:40 can be clearly
resolved with Ramaimaging here.
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4.4.2 Structure sensitive modes in KT iIOPQO4

A fundamental study of the vibrational fingerprints of periodically poled domain structures i KTP
accompanied analogously with SHG measuremeistindispensable for the comprehension of the poling
sequence in order to control it for the development of tailored nonlinear optical devicesobased
periodically poled structures. Since the domain inversion runs along the crystallogragigcand the
investigated sample is fabricatedth walls parallé to the yaxis it seems likely to analyze these two
crystal facescf. [209].

For the analysis of-as well as the nepolar ysurface alOx6x1 mm (x by y by z) piece of a fligrown
singlecrystalline wafer is used as the sample with a prior check of the homogeneous stoichiometry of the
wafer toavoid any local deviationS.he sample is provided with a periodic poling made visgaadard

optical lithography process. The aimed poling period hese=ss7.6 um on thd z surfa@ as sketched in
Figure4.29.

Figure 4.29: Collage of principle sketches: a) Explanation of poling and its monitoring settingatt)of the
periodic poling procedure in which the inverted domains emerge from nucleation sites below the
contacted poling grid with the first pulse, when several pulses are applied those domains have
grown deeper or entirely through the crystal to the +Zawe and an adjusted duty cycle is achieved
in the monitoring area, d) illustration of the various measurement areas and its geometries

According to the coordinate system as inset within the figure it becomasus that thelomains are
aligned paralleto the yaxis. Hence, the electrical contacting is on thsurfaces on which several high
voltage pulseshave beerapplied. This corresponds to the fabrication process for periodically poled
waveguide structures in KTBubsequery to the fabrication proess an optical monitoring is performed

to verify a successful poling. Usually this is done in the sunf@ee regime since waveguides feature
typical depth of 10 um and the periodic poling should at least be adequate for this depth.


















































































































































































































