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Abstract

In the context of ferroelectrics spatially resolved Raman spectroscopy is a powerful tool to investigate sto-
ichiometry, defects or the ferroelectric properties, as well as to visualize domain structures or waveguides.
Using Raman spectroscopy for investigations requires a throughout understanding of the spectra and underlying
mechanisms. For example, in the context of the common nonlinear materials, lithium niobate and potassium
titanyl phosphate, no comprehensive understanding of the Raman spectra of the bulk materials is available,
while the underlying mechanism of the domain wall contrast in Raman spectroscopy is not well understood.

In this work, questions like these have been addressed in terms of systematic experimental investigations in
close cooperation with density functional theory. In particular, it was possible to present a complete assignment
of all phonons in the lithium niobate system, which serves as the basis for the understanding of the domain wall
spectrum. Here, the domain wall spectrum can be explained with regard to microscopic structural effects, such
as strains and electric fields, as well as a macroscopic change of selections rules. Both mechanisms are likewise
present in the domain wall spectrum, while being present at different length scales. In the context of potassium
titanyl phosphate the first throughout Raman investigations of domain structure, waveguides and periodically
poled waveguides are presented. In the context of Rb-exchanged waveguides the change in stoichiometry, but
also effects of strain are detected. Here, the Raman analysis provides a method to evaluate these effects.
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Chapter 1

Introduction

The term Integrated Optics was first coined by Stewart E. Miller and his colleagues in four articles in the Bell
System Technical Journal, where they envisioned integrated optical circuitry in analogy to integrated electronics
and microwave circuitry [1-4]. Integrated optical devices offer much smaller footprints, are compatible for
mass production, provide improved thermal and mechanical stability and the absence of coupling losses.
These advantages make integrated optical approaches in particular attractive for nonlinear and quantum optical
applications, which require on the one hand high power densities and on the other hand are restrained by losses.

A major class of nonlinear materials with applications in quantum optics are ferroelectric crystals. Due
to the lack of an inversion center these materials provide a second order nonlinearity with large nonlinear
coefficients. Nonlinear optical frequency conversions have first been investigated in the early sixties shortly
after the invention of the first lasers [5-8]. Among the first materials used for nonlinear experiments were
potassium dihydrogen phosphate (KDP) and ammonium dihydrogen phosphate (ADP) crystals. More durable
alternatives such as lithium niobate were investigated early [9—-11]. Soon the problem of phase matching in
nonlinear processes was recognized, as pump, signal and idler beams are subject to dispersion. Dispersion leads
to a constant dephasing of the interacting beams. This limits the power if not correctly accounted for. Early
solutions were phase matching by exploiting the birefringence or material structuring, i.e. periodic poling to
achieve quasi-phase matching as shown in Fig. 1.1b).

Nowadays, nonlinear processes, such as parametric down conversion (PDC), are one of the primary sources
for light with quantum mechanical light properties, e.g. entangled photons or squeezed light. Ferroelectric
materials, however, are not only employed for their intrinsic nonlinearities. These materials offer the possibility
to employ the quasi-phase matching technique in periodically inverted, ferroelectric domain structures. The
quasi phase matching enables high conversion efficiencies and can in principal be employed over a large
frequency range, as the phase matching spectrum can be adjusted via the period length of the ferroelectric
domain grid. Here, the technological challenge is to create high quality domain grids with the appropriate period
length over a long crystal. The second component for integrated nonlinear optics are wave-guiding structures. In
the context of nonlinear effects waveguides enables to reach the necessary high power densities with much lower
absolute powers. Waveguides are typically formed by doping or ion exchange, which both induces external
defects, or by deliberately creating internal defects, e.g. by ion bombardment or laser damage. Fabricating
a periodic domain grid, a waveguide or subsequently periodically poled waveguides requires a fundamental
knowledge of the material properties, the formation mechanisms and interactions. Recent developments aim
at the fabrication of sub-micron period domain structures, which will allow frequency conversion processes

in the optical regime, as well as completely new schemes, such as counter-propagating parametric down
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Fig. 1.1 a) Sketch of a periodically poled waveguide [17]. b) Amplitude increase of second harmonic generation
for a phase matched, quasi-phase matched and non-phase matched scheme [17].

conversion. Counter propagation PDC offers a more narrow spectrum, as well as intrinsic separation of the
created photons [12—-16]. Efficient devices, however, will require periodically poled waveguides with ultra-short
poling periods and low losses. In this context, a throughout understanding of the fabrication mechanism and
underlying physical properties is inevitable, to assess the limits and possibilities of the fabrication processes
and technologies. This requires methods to thoroughly investigate material properties. Experimentally confocal
Raman spectroscopy presents a method to assess this properties in a noninvasive way.

The Raman effect was discovered in the 1920s, but due to the lack of appropriate light sources in the
early years it was superseded by infrared spectroscopy [18]. The breakthrough of Raman spectroscopy as
a standard characterization tool came with the invention of the laser in the early 1960s, which eventually
resulted in the the first commercially available systems. In a simple picture the Raman effect is the inelastic
scattering of light with low energy excitations in molecules or solid state systems. These low energy excitations
range from phonons in crystal lattices, quantized rotational and vibrational states in molecules, to magnons or
plasmons. As phonons and vibrations are very sensitive to structural changes, Raman spectroscopy enables
the investigations of a very wide range of material properties with a single method. The possibilities range
from stoichiometry, structure and composition [19-21], defects [22], (nano-)particle sizes [23, 24], to phase
transitions [25], strain and stresses [26—30], to magnetic [31-35] and dielectric properties [36, 37] or charge-
carrier-densities [38—40]. Raman spectroscopy usually uses optical or near infrared sources for excitation, while
the signals are in the same frequency range. In contrast to IR spectroscopy, which often uses wavelength up
to tens of microns, this allows to combine Raman spectroscopy with optical microscopy using conventional
optical components, such as microscopy objective lenses and polarizers. This enables to perform Raman
spectroscopy with diffraction limited resolution on the sub-micron scale, which is sometimes referred to as
U-Raman spectroscopy. A typical Raman experiment on periodically poled waveguides is depicted in Fig.
1.1a). In confocal application even three-dimensional resolutions are achievable. Super-resolution approaches,
like tip-enhanced Raman spectroscopy, even can reach nanometer resolution [41-43]. This versatility makes
(confocal) Raman microscopy one of the primary methods for analysis in solid state physics and chemistry.

In this work Raman spectroscopy is employed to extensively investigate the common nonlinear materials
lithium niobate (LN, LiNbO3), lithium tantalate (LiTaO3) and potassium titanyl phosphate (KTP, KTiOPOy). In
the context of those materials Raman spectroscopy has been used to address variety of questions. Fundamental
spectra have been studied, the influence of doping and defects and many other properties [44, 22]. Within
the last decade confocal Raman imaging was used to visualize and analyze waveguide structures [45] and
ferroelectric domain grids [46]. Despite the frequent use and numerous available papers, there are still a lot



of open questions in particular in the interpretation of results. One big issue is the assignment of all phonons
to their respective symmetry groups and displacement patterns. Although lithium niobate has been studied
for more than five decades [44], the phonon spectrum is not entirely understood [47]. This issue is even more
pressing in the KTiOPO,4 material family. The complexity of the single KTP spectra prohibited so far a complete
assignment and most works relegated to the analysis of qualitative features.

The correct assignment is important for multiple reasons. The Raman spectrum is connected to various
physical properties, such as the dielectric functions [36] or the electro-optic properties [48]. A correct
assignment is even more pressing for the subsequent interpretation of spectroscopic analysis. Here, the correct
phonon assignments will allow to better understand the role of defects, their location in the crystal lattice or
involved atoms. Alike, the three-dimensional analysis of changes in spectra in confocal Raman spectroscopy
requires a fundamental knowledge of the Raman spectra. To address this issues not only Raman analysis is
necessary, but needs to be combined with a fundamental theoretical analysis. This can be provided in close
cooperation with atomistic simulations based on density functional theory (DFT). DFT allows to calculate the
ground energy state of a crystal lattice based on a minimal set of input parameters. This results form the basis
for the calculation of any material parameter, e.g. Raman scattering efficiencies and frequencies. A rigorous
comparison of experiment and theory will subsequently lead to a deep understanding of material properties and
the influence of certain parameters. The understanding of the properties of the bulk material will form the basis
to investigate and understand the properties of more advanced structures, such as periodically poled lithium
niobate thin films [49] or Rb-exhanged waveguides in KTP.

While spatially resolved Raman spectroscopy is used for the imaging of ferroelectric domain structures,
the underlying mechanism is not well understood. This limits the use of this method to mere imaging in many
works. In the past the domain walls in lithium niobate have been found to be accompanied with a huge number
of secondary effects like electric fields [50], large strain fields (> 10 um) [51], birefringence and refractive
index contrast [52], non-ising and chiral domain walls [53] or complex defect-domain wall interaction [54]. It
is unclear how all these effects manifest themselves in Raman spectra of domain walls. This is a particular
interesting issue, because Raman spectroscopy allows in a single measurement run to non-invasively investigate
domains walls and waveguides with three-dimensional resolution. Such a full view is inevitable, if Raman
spectroscopy is used to judge and analyze periodically poled waveguides. In the light of ultra-short domain
periods it will be necessary to understand the underlying boundaries and physical mechanisms to ultimately
achieve small domain periods in reproducible fabrication runs.

The immediate goals of this work are therefore to provide an improved understanding of the physical
properties of the mentioned crystals. This includes a better understanding of the underlying mechanisms, which
influence the Raman spectra of bulk crystals as well as domain structures or waveguides. Here, the long term

vision are improved and novel devices based on a broad understanding of the materials properties.
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Structure of this thesis

This thesis is divided in four main parts. Chapter 2 discusses the basic properties of the materials systems
investigated in this work, the LiNbO3/LiTaO3 family and the KTiOPO4 family. A broad background on the
material properties, fabrication methods and defects is an important prerequisite for interpretation of any
experimental results.

Chapter 3 focuses on the background regarding the methods used in this work. Here, first the theoretical
background of the Raman effect is reviewed in the classical, as well as the quantum mechanical picture
including an introduction of the applications of group theory in the context of selection rules. After the
theoretical background, the experimental instrumentation of the confocal Raman setup and the principal
execution of an experiment is discussed. In support of the Raman microscopy, confocal nonlinear microscopy
is performed. Here, an overview of the setup is given in the subsequent section. For both methods several
examples for applications are discussed based on measured results outside of the main context of this work. In
a major part of this work dry, confocal microscopy in highly refracting materials, e.g. LiNbOs3, is performed.
Here, refraction leads to a deviation of the nominal focus position, from the actual focus position. In this
context, a correction method is investigated experimentally, which closes this chapter.

The driving questions in this work can be distinguished into a purely spectroscopic part (Chapter 4), and
a spatially resolved microscopy part (Chapter 5). In this context, Chapter 4 addresses the basic vibrational
properties of both material families and discusses the questions of phonon assignment and identification in terms
of an in depth spectroscopic analysis of LiNbO3, LiTaO3 and mixed crystals, as well as KTiOPO4 and related
compounds. The analysis of the LiNbO3/LiTaOs3 is supported by density functional analysis. The subsequent
Chapter 5 is divided in two main parts. First, the problem of the domain wall contrast is discussed based
on extensive analysis of the spectra of periodically poled LiNbO3, LiTaO3; and KTiOPO4. The second part
discusses the strength of Raman spectroscopy in the context of (periodically poled) Rb-exchanged waveguide
in KTiOPOj4. Each chapter closes with specific concluding remarks, while a general summary and conclusion
is given in Chapter 6.



Chapter 2

Material systems

In the following pages, the general background and properties of the material systems analyzed in this work
will be be reviewed. The goal is to provide the reader with the background and context of research in these
materials systems and to provide a good starting point for more in-depth research about any specific material
related questions.

2.1 LiNbO3 and LiTaO;

Lithium niobate (LiNbOs3, LN) and the isostructural lithium tantalate (LiTaO3, LT) are widely used materials
in academics and industry due to their outstanding combination of physical properties, like mechanical and
chemical stability, piezo-electricity, pyroelectricity, large nonlinear optical, electro-optical or elasto-optical
constants [55, 56]. The applications of these materials range from RF filters in electronics via surface acoustic
wave devices [57] to integrated linear and nonlinear optical devices [58, 59], holographic storage [60—62],
over micro-electro-mechanical systems [63], photovoltaic patterning and general photovoltaics [64—67] to
pyro-electrically driven fusion [68]. This leads to a wide availability of LiNbO3 and LiTaO3, where the annual
production can be estimated in the range of several hundred tons!. In particular, in integrated nonlinear optics
lithium niobate is widely applied, because its ferroelectric properties allows to employ the quasi-phase matching

technique in periodically inverted domain grids.

2.1.1 Crystal structure and crystal growth

In this section, the properties of LiNbO3; will now be reviewed briefly. As mentioned, lithium niobate and
lithium tantalate are isostructural crystals. Here, Nb and Ta can be substituted over the complete compositional
range for each other forming LiNb; _,)Ta,O3 lithium niobate tantalate mixed crystals [69]. The properties of
both materials are very similar and in this chapter LiNbO3 and LiTaO3 may be used synonymously, if not stated
otherwise.

Probably one of the first works mentioning lithium niobate was the famous Norwegian mineralogist William
Zachariasen in 1928, who investigated and identified the crystallographic structure of many ABO3; compounds
in his PhD thesis [71]. However, it was only in 1949 when the ferroelectricity of LiNbO3 and LiTaO3 was
discovered [72, 73]. Its nonlinear properties were probably first discussed and analyzed in 1964 by Boyd et.

I Crystal technology, Inc alone states an annual production of 60 tons LiNbOj as of 2011 business report.
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Fig. 2.1 Rhombohedral unit cells of lithium niobate and lithium tantalate with lattice parameter as calculated in
DFT [70].

al. as a superior alternative to the then mostly used potassium dihydrongen phosphate (KDP) and ammonium
dihydrogen phosphate (ADP) crystals [9, 10], which both are nonlinear and piezoelectric, but soluble in water,
which is a major drawback.

In their ferroelectric phase LiNbO3 and LiTaO3 belong the the Cs3, point group and space group R3c. Their
unit cell is either described in the rhombohedral unit cell as shown in Fig. 2.1. It is the primitive unit cell and
contains two formula units. The small number of atoms per unit cell make it often applied in DFT calculations
[70]. Its character as a primitive cell also does not reproduce extra phonons at the I'-point. As a rhombohedral
cell, it does however not conserve the full symmetry of the crystal. Therefore and for demonstrative purposes it
is useful to take a look at the hexagonal unit cell in Fig. 2.2. Here, it can be seen lithium niobate is build up
by hexagonal layers of oxygen atoms, which are oriented orthogonally to the optical axis c. Viewed from the
side the oxygen layers form octahedrons, where two opposing sides are part of the oxygen layers. This forms
octahedral-coordinated interstitials along the c-axis. In this interstitials the Nb>* and Li* ions reside. In the
ferroelectric phase, the ions are stacked in these vacancies in the following way: after a Nb-ion follows a vacancy
followed by a Li atom. The spontaneous polarization in ferroelectric lithium niobate originates from slight
displacements of the Nb>* and Li™ ions with respect to their symmetric positions in the 0>~ -layers as shown in
Fig. 2.2. This leads to an effective dipole moment along the c-direction. At the ferroelectric-paraelectric phase
transition, the crystal structure changes to the R3c. Here, the Nb>* ion moves to the symmetrical center of an
octahedron, whereas the Li™ moves to the (at least on average) center of an oxygen plane as shown in Fig. 2.2.
During ferroelectric polarity reversion, it is generally believed, that the Nb>* ion moves inside the octahedron,
while the Li™ ion is pushed through the oxygen plane. This seems reasonable due to the much smaller ionic
radius of the Li* ion compared to Nb>*. As seen in Fig. 2.3 the hexagonal crystals structure features three
equivalent x-axes and three equivalent y-axes, which represent planes of symmetry.

The commonly accepted hexagonal lattice parameters for congruent LiNbO3 and LiTaO3 [76-79, 69] are
given by apt = 5.1543 A, ey = 13.7835 A, apn = 5.1483 A and ¢y = 13.8631 A.

LiNbOj3 and LiTaO3 can be grown by the standard Czochralski method from melts of Li,O and Nb,Os or
Nb,Os, respectively. The phase diagram for the case of LiO-Nb,Os melt is given in Fig. 2.4. The diagram
shows the lithium stoichiometry in the melt versus the melt temperature. Here, it can be seen that LiNbO3
crystals can be only obtained in a narrow range of LiO, concentration given in mol% ([Li;O]/[Li;O+Nb,Os])
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Fig. 2.4 Phase diagram of Li;O-Nb,O5 melt system [56, 81].

between approximately 46 mol% and 50.5 mol%. For lithium rich melt concentrations > 50.5 mol% a phase
separation to LiNbO3 and LizNbOy crystals takes place, while for Li poor melts, mixed phases of LiNbO3 and
LiNb3Og appear. Most crystal growth in the LiNbO3 system is performed at the congruent point, where the
melt composition (liquid phase) matches the crystal composition. This enables to grow large boules with a
homogeneous composition over the complete crystal, as crystal pulling does not change the composition in
the melt. Here, commercially grown wafers in optical quality between 3 to 6 inch are available>. However,
the congruent growth comes with a major drawback, because the crystals are not stoichiometric LiNbO3, but
suffer from a lithium deficiency. For lithium niobate the congruent point is at approximately 48.5 mol% or
lithium, while being slightly better in LiTaO3, where values up to 49 mol% are reported [80-82]. In principle,
stoichiometric crystals can be grown from a melt, as indicated by the dashed line on the Li rich side in Fig. 2.4.
This however comes with different Li composition in the crystal and the melt. Therefore, during growth, the
composition in the melt will slowly vary leading to a variable composition along the growth axis of a crystal.

To obtain stoichiometric and near-stoichiometric crystals, several method have been invented [56]. The first
is called Vapor Transport Equilibration (VTE). Here, conventionally grown, i.e. congruent, crystal wafers of 1
to 3 mm thickness are placed together with Li containing powder in a Pt crucible and heated above 1000°C for
several days. Here, the Li vapor will diffuse into the crystal leading to more stoichiometric crystals [83—85].
The growth of stoichiometric crystals directly from the melt is possible with two methods. The first method
uses melts with the addition of more than 10 mol% of K,O, which improves the Li stoichiometry of lithium
niobate by changing the growth conditions and phase diagram, while potassium itself is not found to be included
in the crystals itself in any large quantity [86, 87]. The second method is the a double crucible Czochralski
(DCCZ) technique developed by Kitamura et. al. Here, the crystals are grown from Li rich melt in an inner
crucible, which is connected to an outer crucible, which is constantly and slowly supplied by Li,O powder.
This enables a constant resupply of the growing Li deficiency in the inner crucible, enabling the growth of near
stoichiometric crystals with no significant composition variation over the boule [88]. More recently, epitaxial
growth, usual liquid phase epitaxy, of lithium niobate thin films plays an increasingly important role, not only
in RF electronics [89], but also for optical applications [57].

2Precision Micro-Optics Inc., MA, USA
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2.1.2 Intrinsic and extrinsic defects in LiNbO; and LiTaO3

Due to the easy growth conditions and therefore lower price, the majority of supplied LiNbO3 and LiTaO3 is
congruent material. In this context, in particular the lithium deficiency is the source behind most intrinsic defects
in this material system. As these defects are responsible for many of the (unusual) properties of lithium niobate,
it is therefore useful to review the properties, mechanisms and influences of these defects. The following pages
should give the reader a concise overview about the manifold type of defects in this material class, whereas for
a more detailed analysis about the properties, the many specialized reviews and sources should be concerned,
e.g. Refs. [54, 90, 91, 22, 92].

As we have seen before, the predominant reason for intrinsic defects in (congruent) LiNbO3 and LiTaO3
is the lithium deficiency, which needs to be compensated. Here, in the literature three models are usually
discussed, the oxygen vacancy model, the niobium vacancy model and the lithium vacancy model. In the first
and most simple model, the lithium vacancies (V]jil) are charge compensated by oxygen vacancies (ng). This
oxygen vacancy model is reasonable, because oxygen vacancies are a typical observation for many complex
oxides [56]. For the case of lithium niobate, this would mean that two Viil are compensated by one ng.
However, experimental observation shows that oxygen vacancies are almost not present in LiNbOs3, which is
also confirmed by theory [93-95]. For example it is observed that the density of LiNbO3 even increases with
increasing lithium deficiency [96]. This suggest an involvement of the Nb atom, which occupies the lithium
sites (Nbﬁ“). Indeed, experimental results show Nb antisites to be a predominant intrinsic defect [93-95]. This
anti site then itself needs to be charge compensated giving rise to two fundamentally different models. The
first is the Nb-vacancy model. Here, four Nbﬁr are compensated by five VSNK The second model is the lithium
vacancy model. Here, one Nbii+ anti site can compensate for four Viil. DFT Analysis of single point defects
suggest that the Li vacancy is more stable, than the Nb vancancy [97-99], however more recent analysis suggest
that the various defects, Nb VIS\;E, V]:il and Nbﬁ“, do coexist under certain conditions [100]. However, the
charge compensation here will result in the formation of defect clusters, which are more energetically favorable
than randomly placed, single point defects. And defect clusters have been found to be particular stable for the
lithium vacancy model, because here the defects can be placed much closer [101]. An example for such a defect
complex proposed by Kim ez. al.[102]. In this context, several theoretical studies were performed to analyze
defect complexes [101, 103, 98].

These defect clusters are only formed upon slow cooling of single domain crystal and are virtually stable at
room temperature, even in a frustrated state. Here, the main mechanism of building and reorganization is the
diffusion of Li™ atoms and hence the reorganization of Li vacancies, which has activation energies of 0.6-0.7
eV range [104, 105]. An exponential increase in Li mobility is observed above 150°C, where the defect clusters
start to be destroyed and randomly oriented point defects start to dominate and no three dimensional correlation
is anymore observed.

An idealized picture as proposed by Kim ef. al. of such an (Nbfjr

;- 4XVE11) and its orientation of

polarization with respect to the crystal main axis is displayed in Fig. 2.5b) [102, 54]. Here, Fig. 2.5a) shows
parts of a unit cell of an ideal, stoichiometric crystal, while b)-c) shows two possible orientations of the defect
polarization before and after domain reversal (Switching of the spontaneous polarization). After annealing the
complex in c) will reorient to a state similar to b), where the defect polarization has reoriented parallel to the
spontaneous polarization. This picture should only be seen as an idealized version. Real defect clusters may
have sizes larger tthan displayed here. X-ray data suggest sizes of ~ 11.4 A, which is more than four cation
sites. Furthermore, while DFT theory indeed suggests, that a defect cluster is energetically more favorable and

hence more stable, than randomly oriented defects, theory also suggest, that the intuitively suggested structure
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Fig. 2.5 Proposed structure of a defect complex in the niobium vacancy model. a) Stoichiometric crystal
structure. b) Defect complex in grown material. ¢) Defect complex after polarization switching, where the
defect polarization has not yet switched (after [102, 54]).

by Kim et al. is not the energetically most favorable [103, 101]. Here, for example a positioning of the V™ 1y
vacancies on nearest neighbors sites to the Nbﬁr antisite appears more favorable [103, 101]. Some of the more
stable defect clusters do not preserve the C3 anymore giving rise to an off axis polarization component [101],
which may be of particular importance around domain walls [53].

In contrast to this intrinsic defects, many extrinsic defects are known as well. Among those, the transition-
metal-point-defects are almost omnipresent in the LiNbO3 system, i.e. Fe, Mn, Cu, Cr and many more [56, 106].
In this context, the iron defect, appearing as either Fe>* or Fe3*, is one of the most important one, because it is
one of the major sources behind the fairly strong photorefraction in the LiNbO3 system [107]. Photorefraction is
the name for a multi-step process leading to a change in refractive index and absorption by (high intensity) light
illumination. Here, electrons from donor centers are excited via (one or multiple photon absorption) into the
conduction band. These, electrons then can freely diffuse until they recombine or are bound at acceptor centers
forming polarons. The bound electrons at acceptor sites will lead to absorption lines in the visible and near
infrared limiting the performance of devices [92, 108]. If the illumination is inhomogeneous, e.g. light being
guided in waveguides, the electrons will be trapped outside of the bright areas leading to a net space charge.
This space charge will result in a static electric field in the crystal, which will lead to a change in refractive index
via the electro-optical effect. The generated space charge patterns are stable at room temperature and can be
erased by annealing [67]. In this context, Fe3* represents a particular strong and stable acceptor leading to the
formation of Fe>* bound polarons. In congruent material, the Nbii+ is also a particular good acceptor, knowing
to form Nbﬁr polarons. Consequently, to reduce photorefraction (and the respective power damage thresholds)
many research was directed to either improve the stoichiometry directly by growing stoichiometric crystals or
finding appropriate dopants. In practical application, the photorefractive effect can be used to create erasable
(by temperature), holographic data storages in lithium niobate, or for nanoparticle patterning on surfaces. In
this context, iron doped crystals are used to enhance the photorefraction [67, 109].

Waveguides in lithium niobate have been fabricated with many different methods. Here, prominent methods
include doping/exchange with foreign atoms, e.g. Ni, Ti or MgO indiffusion or reverse proton exchange
[110, 107, 111-113], etching ridge waveguide [114, 115], creating high index barriers by ion irradiation
[116, 117] or laser damage [118, 45, 27, 30]. More, recently ion slicing, sometimes referred to as "Smart
cut", allows to create thin film lithium niobate on foreign substrates, e.g. SiO», so called lithium niobate on
insulator with intrinsic waveguiding properties [119-121]. In the context of waveguides fabricated by doping,
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in particular Ti in-diffusion is one of the standard methods, because it leads to an increase of the refractive
index for both polarizations allowing to fabricate TE and TM guiding waveguides, which is in contrast to
other dopants, which often only increase the refractive index for one polarization [110, 107, 111-113]. For
Ti-waveguide low losses down to 0.05 db/cm have been achieved in a combined Ti-indiffused ridge waveguide
[122]. As many properties also the diffusion is a function of stoichiometry, where the titanium diffusivity
decreases with increasing stoichiometry [112], which suggests that the titanium preferentially occupies Li sites
(Tiﬁr), which are less populated in congruent material [123]. Recent theoretical work suggests that the actual
refractive index increase for both polarizations is not explained by changed electronic properties introduced by
the Ti** ion, but mainly by strain due to the larger size of the Ti ion occupying a Li lattice site [123]. Apart from
the titanium atom on a lithium site (Tii;r), also the defect of Ti on Nb sites (Tifjg) is known. This defect leads to
optical absorption by electronic states within the band gap, but can be prohibited by the appropriate fabrication.
Despite the advantageous features, the Ti*+ defect also has undesirable side effects. Here, a particular issue is
that Ti** ions have been observed to stabilize the iron defect in the Fe2™ state, which is one of the main origins
behind the photorefraction in LiNbO3. This leads to a significant decrease in the optical damage resistance
inside Ti-indiffused waveguides [124, 125].

The photo-refraction in congruent crystals can be influenced by doping, which is easier to fabricate, than
directly growing stoichiometric material. In this context, many doping materials have been studied, such as
Mg, Zn, In or Sc [126-131]. Here, the main mechanism leads to an improved stoichiometry, as the integration
of external defects improves the stoichiometry by reducing the number of intrinsic defects, i.e. Nby; antisites
and Liy; vacancies. In this context, MgO is one of the more prominent doping materials. Here, MgO doped
congruent LN (MgO:LiNbOj3) with typical doping concentrations from 2 to 7 mol% MgO are available from
many commercial suppliers. Due to the improved stoichiometry, the coercive field for MgO:LiNbOj3 is lower
compared to the undoped material and closer to the coercive fields of stoichiometric material [132]. However,
doping also influences nonlinear and electro-optical properties, as well as linear optical properties, i.e. refractive
index and birefringence, which may be disadvantageous depending on the desired application.

LiNbOj3 crystals grown under normal atmosphere suffer from the incorporation of hydroxyl OH™ structures
in the crystals. Here, alike to other properties the hydroxyl absorption band in the 3500 cm ™! range is known to
be heavily influenced by the crystal stoichiometry [133—135]. It is also associated with the origin of internal
electric fields by some authors, as this defect heavily depends on the stoichiometry [104].

The Nby; and Liy; defects and defect complexes are associated with an internal electric field, additional to
the spontaneous polarization. This has two major effects. First, the electric field required for domain inversion
depends heavily on stoichiometry. Here, for congruent LiNbO3 coercive fields up to 21 kV/mm are required,
while this is reduced to 7 kV/mm in near stoichiometric material [136]. Some sources state even fields down to
0.2 kV/mm for highly stoichiometric crystals [137]. Similar has been observed for LiTaO3, where the electric
field strength in congruent material is observed to be in the 20 kV/mm range, while this is reduced to 1.7
kV/mm in near stoichiometric LiTaO3 [138].

While the stated electric fields are enough to reverse the spontaneous polarization of the crystals, this is
often not enough to reverse the internal electric fields of the defect complexes leading to frustrated defects.
This leads to a shifted hysteresis curve with respect to the electric field [104, 102]. Here, in as-grown (or virgin
domains) a higher electrical field is required for reversal, compared to switched domains. This is due to the
stable orientation of the defect complexes. In this regard, for example in congruent lithium tantalate a field
of Ey =20 kV/mm is required to switch a virgin domain ("forward poling")), while for reverse poling a field
of only E, = 12 kV/mm is required [138]. Similar values are observed for congruent LiNbO3 with Ey = 21
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kV/mm and E, = 17 kV/mm [139]. The difference between E, and E; almost vanishes in stoichiometric
material [54]. The magnitude of the internal field Ej,sermq s then given by the simple equation

Es—E,
Emnternat = — ) . 2.1

This suggests, that as-grown domains are more stable, than switched domains. High temperature annealing
> 150 °C enhances the mobility of the Li vacancies, which leads to a gradual reversing of the additional defect
polarization by the rearranging of the defect complex. This significantly enhances the stability of the domains.
Here, the activation energies for the Li vacancy mobility are determined in the 0.6-0.7 eV range [104, 105].

In a completely different context, LiNbO3z and LiNbO3 have been successfully doped with rare earth atoms,
e.g. Erbium, for fabrication of (optically pumped) integrated structures, i.e. lasers or amplifiers [140, 58, 141],
or quantum memories [142]. For spectroscopic analysis, these rare-earth atoms also can be used as a probe
("designer defect") for internal field strength by the investigation of spectroscopic line shifts [143, 50]. Here,
internal fields, which also change towards domain walls, in the order of several kV/mm have been observed.
Here, the electric field around a domain wall for an unannealed sample is composed of a short range (4 pm)
component of 5 kV/mm and a long range component (22 pum) of up to 11.5 kV/mm difference between poled
and grown domains. Part of these fields disappear after annealing, suggesting a connection to the frustrated

defects mentioned above [144].

2.2 KTiOPO,-family

An alternative to LiNbOj in integrated optics is potassium titanyl phosphate KTiOPO4. KTiOPO4 was first
introduced as a nonlinear optical material in 1976 by Zumsteg et. al. [145]. This material class offers a
large transparency window typically from 0.35 um up to 4.5 um for some members of the family [146]. The
nonlinear and electro-optical properties are comparable to other materials, such as LiNbO3 [147]. But KTiOPO4
combines this with a generally higher laser damager threshold - up to three orders of magnitude larger than
LiNbOj3 and four orders compared to KDP [148]. In particular, one of the major drawbacks for the use of
lithium niobate in integrated optics is the effect of photorefractivity [128, 149, 129], which is considerably
smaller in KTiOPO4 enabling two orders of magnitude larger power densities compared to LiNbO3 [150].
However KTiOPO4 comes with its own technological challenges, which result from is crystal structure and
material properties, which will be discussed in this chapter.

KTiOPOy4 belongs to a large material family with isomorphic crystal structure and similar properties. The
generalized compound formula is given by MYOXOy4. Here, M can stand for H, Li, K, Rb, Na, Cs, Tl and/or
NHy4, while for Y Ti, Ge, V, Sn, Zr, Fe, Ga, Nb, Mg and/or Mn can be introduced and X can be P, Si, Ge and/or
As. Many of these compounds have been synthesized in pure, aswell as in mixed crystal form [151-161]. At
room temperature most of these materials belong to the non-centrosymmetric space group Prna2; and therefore
they exhibit piezoelectric and ferroelectric properties. The unit cell of KTiOPO4 contains eight formular units
(64 atoms) compared to 10 atoms in the unit cell of LiNbO3. The orthorhombic parameters for a few selected
compounds are summarized in Tab. 2.1. Here, the influenced of the growing ionic radii can be directly seen, as
KTiOPOy has the smallest and KTiOAsOj the largest unit cell.

Curie temperatures are observed over a large temperature range in these compounds. Here, TISbOGeO4
exhibits the phase transition at 272 K [159], while KTiOPOy4 switches to the para-electric phase (space group
Pnna) around 1218 K [162, 163]. Although even for KTiOPO, curie temperatures as low as 1156 K have been
observed [164], which is shown to be heavily dependent for example on the composition and exact growth
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Fig. 2.6 Sketch of the principal crystal of the ferroelectric phase of KTiOPO4. The crystal is built up by
chains of TiOg octahedrons, which are linked by PO, tetrahedrons. In between this lattice of polyhedrons large
spacings exists, where the potassium ions K* are sited. The potassium ions are weakly bound and can easily be
moved in a hopping motion along vacant K™ sites along the z-axis, which is responsible for the large observed
ionic conductivity in z-direction. The dotted box gives an estimate for the size of the unit cell and contains
eight formula units.

Table 2.1 Orthorhombic lattice parameters a, b, ¢ of KTiOPO4, RbTiOPO4, KTiOAsO4 grown from a tungstate
flux (W), and KTiOAsO4 grown from a arsenate flux (A).

KTiOAsO4(W) KTiOAsO4(A) RbTIOPO4 KTiOPO4

Source [157] [157] [154] [159]  [154]
a/ A 13.138 13.130 12974  12.814 123819
b/ A 6.582 6.581 6.494 6.404  6.399
¢/ A 10.787 10.781 10.564 10616 10.584

conditions [165]. This already hints, that the exact properties of this crystal are very susceptible to defects and
slight variations in composition, which is related to the complex crystal structure [166].

The principal crystal structure for the example of KTiOPOy is sketched in Fig. 2.6. In this simple picture
the crystal is built up by chains of TiOg octahedrons, which are separated by PO, tetrahedrons. One very
particular feature of the crystal structure are exceptionally short Ti-O bonds observed along the z-axis. In detail,
There are alternating short and long Ti-O bonds reported, which are directly involved in building the chained
TiOg octahedron. These have length of 1.72—1.74 Afor the short bond and 2.0-2.1 Afor the long bond. While
the four bonds, which are not involved in building the chains have a medium length of 1.95 to 2.07 A[159]. The
high polarizability of the short Ti-O bond was believed to be one main contributor to the exceptional nonlinear
properties [167], although some recent studies show a contribution of the K-O bonds [168], as well as the P
tetrahedrons [169]. However, this further depends on the exact composition and hence on the family member
[166].

In between the tetrahedrons and octahedrons, the potassium ions K are located in cavities on two high
coordination sites, commonly referred as K(1) and K(2). They are coordinated by eight or nine oxygen atoms,
respectively. The KT ions are only weakly bound to their sites. If K-vacancies are present, which is usually
the case, K™ ions have a high mobility, which is indicated by the dashed line. The movement is understood as
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a hopping type of motion from vacancy to vacancy. The activation energy for hopping at room temperature
is on the order of 0.3 eV [170]. Therefore, a high ionic conductivity is observed, which is several orders of
magnitude larger along the z-axis, than in the x- or y- directions. At low temperature, the ionic conductivity
can be suppressed by five orders of magnitude, which may simplify poling processes (10~7 Q! em~! at 300
Kvs 10712 Q! cm~! at 170 K) [171]. From the view point of fabricating periodically poled crystals this
ionic conductivity presents a challenge [172], as the successful domain reversal cannot be monitored by the
poling current, which usually is several orders of magnitudes smaller than the ionic current and depending on
pulse length will not be detectable. Therefore, optical methods have been developed to monitor the successful
domain reversal in situ [173, 174]. However, the high mobility of the K™ ion in z-direction also allows to easily
fabricate highly confining waveguides via ion exchange, e.g. by exchanging K+ for Rb™, effectively fabricate
Rb;_,K,TiOPO4 mixed crystals embedded in KTiOPO4 [175, 176]. Due to the high ionic conductivity, the
exchange mainly is limited to the z-direction, which allows for controllable waveguide fabrication in x-y-
direction. In this context, previous work suggest that the larger Rb™ ions prefer the K(2) site in Rb; K, TiOPOy
mixed crystals [177], because the K(1) site is about 25% smaller compared to K(2) [178].

The type of the phase transition is believed to be of mixed order-disorder and displacive nature [179, 161,
166], somewhat comparable to LiNbO3 [180, 181]. One main contributor to the spontaneous polarization in the
ferroelectric phase is the alternating short and long Ti-O bonds along the z-axis. Here, the Ti is continuously
displaced from its symmetrical, central position in the octahedron below the Curie temperature [159]. The
order-disorder part of the phase transition is presented by the K™ ion. Below the Curie temperature, it is
observed that the K™ ion can occupy two alternative sites, commonly referred as K(1)s and K(2)s. Depending
on the temperature the K* ion is distributed between those sites, leading to an order-disorder type transitions.
At the ferroelectric-paraelectric phase transition, the four sites K(1), K(2), K(1)s and K(2)s become a group of
four sites, two K(1) and two K(2), each [161].

The growth of KTiOPOy crystals is quite challenging, because these crystal cannot be grown from melt like
LiNbOs. The reason for this is that KTiOPO,4 decomposes into different components before melting and hence
it is not possible to create a congruent melt [160]. Instead this crystals are grown from solutions, which is more
demanding in terms. There are two main methods, which are usually employed - the anhydrous flux method
and the hydrothermal growth method. In the flux method the crystals are grown from a waterless KTiOPO4/flux
solutions made of halides, phosphates, arsenates and/or tungstates in the respective composition at elevated
temperatures of 700 to 1000 °C. Growth and crystallization takes place under atmospheric pressure. When the
flux is slowly cooled down crystallization begins, which can be spontaneous and by the help of a seed crystal.
The process is slow and - depending on the desired crystal size - can take from two weeks to several month. As
crystallization happens close to the curie temperature, single domain crystals are not always achieved. The
hydrothermal growth happens under high pressure (2 - 108 Pa) in an inert gold or platinum tube, which can
withstand the high pressure and corrosive solvents. Between the tube-ends a temperature gradient is established
(typically 550°C on the cold and 600°C on the hot side) and a crystal seed is placed on the colder side, where
the crystallization takes place. Typical growth times are also between weeks and several month. Hydrothermal
growth in general yields crystals of higher quality with less defects, however the technology and time required
makes the growth of large crystals difficult and hence, more expensive.

As certainly in most materials, defects influence and define the material properties, which is also the case for
the KTiOPO4-family. In general all members of the MTiOPO, are never entirely stoichiometric [31, 182] and
in particular show a non-stoichiometry of M atoms, which is the main reason behind the high ionic conductivity.

This is somewhat similar to the Li vacancies observed in congruent LiNbOs. In this context, in KTiOPO4 K™
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vacancies with concentrations up to 500 to 800 ppm have been estimated from observed ionic conductivities
[183]. This stoichiometry can be described by a chemical formula of the form

. X
K1, TiOPOy(;_y5) + 5K20. 2.2)

The K™ vacancies need to be charge compensated, where two mechanisms are observed. Here, positively
charged oxygen vacancies are proposed [183, 184], as well as trapped holes at the oxygen atom bridging two
titanium atoms (Ti-O-Ti) [185]. The latter describes a form a bound polaron and is also suspected to be one of

the mechanisms behind laser damage in KTiOPOy, usually referred as gray track formation.






Chapter 3

Methods

This chapter provides the reader with the necessary background to understand the used methods. The first
section deals with the basic theory of the Raman effect in a classical, as well as quantum mechanical picture.
Raman spectroscopy is the main method used for investigation in this work and therefore is discussed in detail.
The second part provides a basic overview over the experimental setups. The chapter closes with several
examples for applications of Raman spectroscopy and second harmonic microscopy. Here, a model for the

depth correction in microscopy in highly refracting media is investigated experimentally.

3.1 Introduction to Raman spectroscopy

The Raman effect describes the inelastic scattering of light with low energy excitations in molecules or solids,
such as vibrational states. As these vibrational properties are deeply influenced by the material properties,
analyzing the scattered light offers a way to probe material properties on a deep level. Raman spectroscopy is
one of the foremost and widespread methods to study molecular, as well as solid state systems [186, 187]. The
strong sensitivity of the vibrational properties to changes in structure and stoichiometry allows to study a wide
range of effects. Examples for the applications of Raman spectroscopy range from the study of defects, over
the identification of materials, analysis of phase transitions and magnetic properties to the determination of
charge carrier densities.

In a simple picture the Raman effect is the inelastic scattering of a photon with a quasi-particle or low-energy
excitation in a molecule or solid, such as a phonon. The photon typically carries an energy two or three order of
magnitude larger than the phonon. Optical photons carry energies in the 1 to 4 eV range, while zone-center
phonons in most solid states have energies of 10 to 100 meV. A two-level low energy excitation is shown in Fig.
3.1a) labeled as {ng| and (n;|. The energy difference between these levels is given by E; — Eg = hQ,, and {n; |E.
This energy levels represents any two energy levels of a quantum mechanical harmonic oscillator. If a photon
h; with an energy larger than the direct transition is incident to this two level system, three processes can
happen. The first is elastic scattering. Here, in a simple quantum mechanical picture the phonon or vibration
is lifted to a short-lived virtual state (ny| (a vacuum state), from which it almost immediately relaxes to the
original state by sending out a photon with the same energy 7®;. The only thing, which may has changed is the
direction. This process is known as Rayleigh scattering. In contrast to this, in the inelastic processes an energy
transfer will happen. Again, the incident photon is absorbed, which leads to an excited virtual state, which will

quickly decay to (ng| or (n|. Two processes are now possible. In the first process, the low energy excitation
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Fig. 3.1 a) Principle sketch showing the excitation paths for the three processes associated with the Raman
effect. b) General Raman spectrum showing the position of the Stokes and Anti-Stokes line with respect the
Rayleigh line.

can end up in a state higher, then the original process. Then the photon has transferred energy by creating a
vibration or phonon. A scattered photon i(®; — Q,,) with less energy is emitted. This process is called Stokes
scattering. The opposite process can happen, if the vibration or phonon is already in a excited state. Then the
vibration is annihilated and a new photon i(®; 4+ ,,) with higher energy is emitted. This is called Anti-Stokes
scattering. Stokes and Anti-Stokes scattering form the (spontaneous) Raman effect. The energy of the scattered

photon 7@, than can be described by

hos = ha; =1 3.1)

A typical Raman spectrum is shown in Fig. 3.1b). It consists of a strong elastically scattered Rayleigh
peak at the frequency of the incident Radiation with weak, frequency-shifted side bands on both sides of the
Rayleigh line. The value of the frequency shift of the side bands is usually independent of the frequency of the
incident radiation. The side bands are characteristic for the molecules or solids interacting with the incident
radiation and therefore immediately allow an identification of the material via their vibrational fingerprint. One
word should be given about the intensity. Compared to the Rayleigh scattering, the Raman effect is a very weak
effect. Typically, the intensity of the Stokes and Anti-Stokes peaks are 6 to 10 orders of magnitude weaker than
the Rayleigh peak, which immediately explains the necessity of spectral filtering of the Rayleigh signal [188].

Besides energy conservations, also momentum conservation applies. It holds

ks = ki+q, (3.2)

where kg and k; are the momenta of the photon after and before the process and ¢ is a momentum associated
with the vibration. Because phonons have no rest mass, the momentum difference is very small. In the case of
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molecule scattering this momentum is believed to be carried by the complete molecule, because the molecular
vibrations have no dispersion relations. Momentum conservations, however is very important for crystals, where
the scatterers are phonons, magnons or plasmons. Each of these quasi-particle has a distinct dispersion relation.
Because the momentum change of the photon is very small, this means that usually only quasi-particles with
g ~ 0 take part in scattering, i.e. zone center phonons. Scattering with phonons from the rest of the Brillouin
zone is usually not possible. That only zone center phonons can take part in scattering also has the interesting
consequence that the propagation direction of phonons can be distinguished. For polar crystals this means
that longitudinal optical (LO) and transversal optical (TO) phonons can be distinguished based on scattering
geometries.

The Raman effect is named for Indian physicist Chandrasekhar Venkata Raman, who is credited with
discovering the effect and who also was awarded the Nobel Prize in 1930 for his study of the effect [189].
Although C.V. Raman is credited with discovering the effect, many more scientist have been involved. The
history of the Raman effect begins in the 1920s, where a first theoretical description of inelastic light scattering
was developed by Adolf Smekal in 1923 [190] and refined by Kramers and Heisenberg in 1925 [191]. Inelastic
scattering with optical radiation was discovered by Landsberg and Mandelstam on solid quartz in 1928 [192]
independently from Raman, who studied the effect from 1925 on more than 50 different fluids and molecules
[189]. C.V. Raman published his results independently from Landsberg and Mandelstam in 1928 [193, 18]. Due
to this multi-discovery the effect sometimes was referred to as Smekal-Raman-effect [194], Smekal-Raman-
Mandelstam-effect or more neutral "combination scattering”, which was also the name C. V. Raman preferred
[189]. Nevertheless, due to the Nobel prize and C.V. Raman extensive work on the effect, this physical effect
is almost exclusively connected to has name. Already in 1928 more than 16 papers have been published on
the topic - most of them by Raman and his colleagues - and a conference was organized in London in 1929
dedicated to this new effect [189]. In the time of its discovery, the Raman effect and the discovery of inelastic
scattering was an important experimental puzzle piece towards quantum mechanics [195], because the effect
is best explained with quantized photons and other quantized (quasi-)particles and excitations. The Raman
effect is a very weak effect, which nowadays can fairly easily be studied due to the availability of highly intense
monochromatic light sources in the form of lasers. Only the invention of the first Lasers in the sixties provided
the necessary power, which enabled Raman spectroscopy to become one of the standard methods in solid state
physics and chemistry. In contrast to this, Raman and his colleagues made use of either with collimated sunlight
using a 7 inch telescope [193] or very strong mercury arc lamps [189] in their first attempts to study the effect.
Raman often used the adaptability of his naked eye to identify and find the lines, before using photographic
film. Nevertheless, often several hour long exposure time on photographic films were necessary to identify the
weak side bands [192].

3.1.1 Classical approach

So far, we have discussed the Raman effect in a phenomenological manner. To treat the Raman effect more
strictly, i.e. to make predictions of intensities and Raman selection rules, we consider a molecule as depicted in
Fig. 3.2 with Q vibrational degrees of freedom. The molecule is irradiated by an electromagnetic wave in the
visible or IR wavelength range. Here, we can assume a wavelength much larger than the usual molecule size.
Therefore, we can describe the field as a stationary oscillating electric field of the form E(¢) = Epcos(wt). The
oscillating field induces an oscillating dipole moment p in the molecule depending on the polarizability ¢;j of
the molecule
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H=p+aE(®)
E(t) = E, cos (wt) < E(t) = E, cos [(w,=Q)t]

«~——+—>q=q,cos (Qt)

Fig. 3.2 Principle of light scattering by a molecule.

u :(xijE(t). (3.3)

The polarizability ¢;j is a second order tensor reflecting the symmetry of the molecule. Further, a molecule
may have a permanent dipole moment p, which results in a total dipole moment of

U=p+oE(t). (3.4)

The polarizability and the dipole moment are a function of the nuclei and electronic coordinates. If we
assume no electronic resonance at the frequency @, we can assume the displacements involved to be small.
Therefore, we can expand both, the polarizability and dipole moment, in terms of the normal coordinates ¢, of
the n-th nucleus at its equilibrium position gg

/0
p=po+2<ap> g+ (-5
n "/ a=q0

2 /oy
%Z%m+z<a]> g+ (3.6)
7/ q=q0

Here, the sum runs over all normal modes n. As mentioned in the previous chapter, the Raman effect is
an inelastic scattering process of photons with molecular vibrations, for example. For small amplitudes a
molecular vibration can be described as a harmonic oscillation with the frequency Q, of the nucleus around its
equilibrium position, which can be written as

q = qocos(Q,t). 3.7

If we now insert Equ. 3.6 and 3.7 in Equ. 3.4 and make use of the trigonometric identity for multiplied
cosine functions, we obtain:

p(t) = Po+ZnQ(§p> qocos(Qnt) + 0;j 0Egcos(mt)
n /) g=qq ' 3.8)
+E0y0 (S5)  foos((@— Q) +cos((@+Qu)r)]
an / g=qo

This easily obtained equation now allows us to explain several effects related to molecular scattering [196].
In electrodynamics any oscillating dipole moment gt (¢) will itself emit radiation of the same frequency. The
first term pg just refers to the permanent dipole moment of the molecule. The second term is associated with IR
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activity of a molecule. Here, a molecule can emit or absorb radiation of the vibrational frequency Q,,, if this
vibration is associated with a change in dipole moment 37’; 2 0. Vibrational modes satisfying this relation will
be called infrared-active (IR-active) due to the frequency range of normal vibrational modes, which typically
is in the electromagnetic infrared regime. The next term o;;0Eocos(wt) describes the so called Rayleigh
scattering (named after Lord Rayleigh). Here, the molecule emits an electromagnetic wave at the incident
frequency proportional to the constant polarizability ¢;; ¢ of the molecule, i.e. elastic scattering of light. The
last term gives an explanation for Raman scattering. If the vibration is connected to a change in polarizability,
side bands will be observed at shifted frequencies @ =+ €,,. All vibrational modes, which satisfy % =0, are
called Raman-active vibrations.

Molecule a) b) e ~

Vibration «o—o> «o—@> | <o Qo> | o P ?—é—g

a a a a
da a

I AVARIIVI
ey v v v X X
I A | R | [
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Fig. 3.3 Raman and IR selection rules for a two-atomic and three-atomic molecule (after [197]).

This simple mathematical model now gives an explanation for the typical observed Raman spectrum as
shown in Fig. 3.1. Here, a Raman spectrum is comprised of a central Rayleigh line, which represents elastically

scattered light, and side bands, which are displaced by the vibrational frequency of the Raman-active, vibrational
aOC,' j

dqn
Based on this considerations, we can now discuss the Raman and IR-activity of typical vibrations observed

mode. The principle intensity of the Raman mode is directly proportional to the change in polarizability

in two and three-atomic molecules. Fig. 3.3 a) shows a symmetric vibration of a two-atomic molecule
comprised of two atoms of the same type, e.g. N,. This vibration leads to a change in polarizability, but due to
the symmetry no dipole moment and no change in dipole moment is possible. Hence, one will observe only
Raman-activity, but no IR-activity. If this molecule comprises two different atomic species (Fig. 3.3b) and
c¢) the molecule may be observed in IR spectroscopy. In a three-atomic molecule, e.g. CO», as displayed in
Fig. 3.3c different vibrational modes each with different selection rules will be observed. Again, a symmetric
vibration will only be Raman-active, but not IR-active. On the contrary assymetric vibrations will be IR-active
due to the change in dipole moment, but not Raman-active due to the symmetric change of polarizability.

A close look onto the different combinations ot Raman and IR activity in Fig. 3.3 hints that the symmetry
of the molecule and the vibrations play an important role in predicting the Raman or IR activity of a molecule.

In particular in can be seen that only one vibration actually is Raman and IR active at the same time. Indeed,
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Fig. 3.4 Stokes spectrum of crystalline NaCl (a) versus the Stokes spectrum of crystalline Silicon (b) to illustrate
the connection of the Raman effect to the covalent nature of materials. While for the covalent bonded Si a very
strong first order TO peak is observed, no first order Raman feature is visible for the ionically bonded rock salt.

according to group theory one vibration can only be Raman and IR active at the same time, if it is lacking a
center of symmetry, either Raman or IR activity is possible. This is called Rule of mutual exclusion. In this
regard, Raman scattering and IR scattering are complementary to each other. The immediate application of this
rule allows to determine, if a molecule or solid state material has a symmetry center. For this the IR and Raman
spectra can be compared, whether or not vibrations at the same frequencies are detected.

Classical electrodynamics not only allow to predict and understand the Raman or IR activity of molecules,
but also can describe the observed intensities. The radiation source is treated as an emitting dipole. In crystal
lattice the classical description is very similar. Here, the polarizability is changed for the susceptibility. The
polarizability is usually a second rank tensor given by a 3 x 3 matrix. Therefore, the Raman polarizability
change is usually also a second rank tensor, which is called Raman tensor. For practical Raman experiments
this means that an excitation with one light polarization (one direction of the incident electric field) can induce
a dipole moment along a different axis and hence the Raman scattered light may be detected in a different
light polarization. For scattering with liquid or gaseous molecules this is of no concern, because molecules are
usually oriented randomly. In solid state materials with defined symmetry axis this may be used to identify and
orient the crystal based on the Raman spectrum.

The Rule of mutual exclusion can be seen in Fig. 3.4 for solid state materials. Here, the Stokes-Raman
spectrum of a crystalline silicon wafer (diamond structure) is compared to the spectrum of powdered rock
salt (NaCl). It should be noted that the spectra are not in the same scale. The Raman spectrum of NaCl is
significantly weaker, but enlarged in this plot to present the features in more detail. Here, NaCl as a pure
ionically bonded material, has no Raman active modes in contrast to silicon, which is purely covalent bond.
Here, silicone, in analogy to the molecule in 3.3a) shows Raman activity, but no IR activity (not shown here).
However, in NaCl still shows some features in the Raman spectrum. These structures refer to two-phonon
process, where a Raman scattering process happens with two phonons. If symmetry allows such processes,
this allows to analyze also non-zone-center phonons with Raman spectroscopy [198]. Similarly, in silicone
two-phonon peaks can also be identified. In Fig. 3.4 some of these peaks have been labeled [199, 200].
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3.1.2 Quantum mechanical description

As seen in the previous chapter the classical description of the Raman effect allows for the explanation of
observed intensities and overall Raman activity of certain vibrations by introducing the polarizability change
(0¢tij/9qn)q—q,- However, the classical description fails, when rigorously trying to explain more advanced
problems in Raman scattering, such as the intensity ratio of Stokes/Anti-Stokes lines, the rotational Raman
effect or resonant Raman techniques, such as CARS ("Coherent anti-Stokes Raman Scattering") or SARS
("Stimulated anti-Stokes Raman scattering"). These problems can be accounted for a more rigorous quantum
mechanical description.

In quantum mechanics resonant absorption and emission phenomena are described in terms of transition
rates as described in Fermi’s golden rule. Here, the transition rate P, in the presence of a small, time
dependent perturbation A’ between two quantum states |1) and |m) and their energy density of states py is
given by [201]

T N 27
2712| (n|A'|m) |* (E, — Ep £ 1i03) po = ?|H,’m|2 (E, — E, £103;) po. (3.9)

In this notation of Fermi’s golden rule only such transitions are efficient and allowed, where the incident

Bm=

photon energy 7@ is resonant with the energy difference of the initial and end state E,, — E,,,. For an incident
electromagnetic field the perturbation A’ is usually represented as an oscillating electrical dipole

H' = —fiEycos(wit), (3.10)

where Ej is the electric field amplitude. Here, fl = g£ is the dipole moment operator given be the charge g
and the position operator X. In this form Fermi’s golden rule is able to describe resonant absorption or emission
in a two state system, such as between electronic energy levels in an atom or vibrational states (IR-spectroscopy)
in a molecule, but it can not account for the Raman effect. As shown in Fig. 3.1 the spontaneous Raman effect
involves at least three levels, where one usually is a short-lived virtual state, and is off-resonant, which means
the scattering phonon has a much higher energy than the actual transition between the vibrational levels.

Fermi’s golden rule, as discussed above, can be obtained by first order perturbation theory [202, 201].
Here, one main assumption is, that the eigenstates of the system are not altered by the perturbation. This is
changed, if we want to account for the Raman effect. In that case, we have to implicitly assume an alteration
of the wavefunctions ‘I‘,SO) of our system by the perturbation. This alterations will explicitly account for the
polarizability, which in classical electrodynamics means nothing more than a changed dipole moment (charge
distribution) in the presence of an electric field.

The eigenstates of our system are described by the time-dependent Schrodinger equation [202, 201], which
will be the starting point of our analysis.

A
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To account for the alteration of the wavefuntions, we assume that the total wave function W¥,, can be

@3.11)

expanded in a series as follows [203]

@, =w gl (3.12)



24 Methods

In this context ‘P,(lo) is the unperturbed ground state wave functions, while ‘Py) describes the first order

perturbation. We insert now the perturbation from Equ. 3.10 and allow the alteration of the eigenstates, we
obtain the following equation

(0)
(H(O) n H’) ) (H<°> —[Ey COS((Dit>) w0 _ 52 - (3.13)

Solving this equation allows to formally define a new operator, called the polarizability operator ¢&;;, which

describes the Raman effect. This operator is formally structured in a way, that Raman selections rules and
scattering efficiencies can be calculated in analogy to Fermi’s golden rule (Equ. 3.9). The derivation can for
example be taken from Ref. [203]. The polarizability operator is given by

= L (B ) 1 )

@y — O; Wrpy + O;

ny

and the transition probability is proportional to

Py o< | (n] 6 |m) |*. (3.15)

The transition matrix (n|&;;|m) formally describes first a two part transition from (n| to |r) with the
transition dipole moment fI; and from |r) to (m| with the dipole moment f1;. This is the first term in Equ. 3.14
r)

is a non-specified intermediate state, which can the previously described vacuum state, but may also coincide

and can be identified as the Stokes process, while the second term describes the Anti-Stokes process. Here,

with real energy states in molecules or crystals. This second case yields without any preliminary assumptions
the above mentioned resonant Raman scattering. The indices of the dipole moments i or j refer to Cartesian
coordinates, as a dipole moment may be oriented in x, y or z-directions. Equations 3.14 and 3.15 show, that
two dipole moments are associated with Raman spectroscopy. From the view-point of group theory this means
that the transition moment transform as x?,y?,z%,xy,xz,yz. This is in contrast to the direct transition in IR
spectroscopy, where only a single dipole transition transforming as x,y,z. This explains completely different

allowed selection rules for Equ. 3.15 (Raman scattering) and Equ. 3.9 (Fermi’s golden rule — IR transition).

3.2 Experimental Instrumentation

The main experiments in this thesis were performed via three experimental setups. The central part for optical
analysis and spectroscopy was given via the confocal Raman Imaging setup. Its construction enables 3D-
spatially resolved analysis of a wide range of sample types. Its spectrometer offers a high-throughput combined
with adequate spectral resolution for most questions. For higher spectral resolution a low temperature Raman
setup was built using a double monochromator. Here, samples can be cooled in cryostat down to liquid helium
temperatures leading to a reduction of thermal broadening, which enables the analysis of more subtle effects.
The Raman imaging analysis was supported by Second harmonic microscopy, which offers a different contrast
mechanism - namely the second order nonlinearity of the material - combined with a fast image acquisition and
better optical resolution, in particular in depth. In the following part the characteristics of these setups will be

briefly reviewed and some measurement examples will be given.
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Fig. 3.5 a) Measurement geometry for the analysis of ion-exchanged waveguides as presented in Sec. 5.2.1.
The coordinates are given in lab frame of reference. b) Overview of the Confocal y-Raman setup used for
Raman Imaging.

3.2.1 Confocal Raman imaging

The confocal Raman imaging setup and a typical sample geometry are sketched in Fig. 3.5b). For excitation a
continuous wave frequency doubled Nd: YAG laser at 532 nm with an output power of up to 50 mW is used.
The laser light is focused via an infinity-corrected objective lens onto the sample. The objective lens usually
used is a /00x M Plan Apo SL with a numerical aperture of NA = 0.7 and a long working distance. Depending
on the task other lenses are available and can be changed. To ensure a complete illumination of the entrance
pupil of the respective objective a telescope is added in the excitation path. The scattered light is collected
in back-scattering via the same objective lens. The scattered Raman light is split from the Rayleigh light via
a dichroic beamsplitter (Semrock RazorEdgeT M) with a sharp transmission edge ensuring that Anti-Stokes
scattered light with Raman shifts larger than 100 cm ™! can pass. For spatial filtering a Confocal pinhole is
added, which is mounted to a custom-built positioning unit. Typically a pinhole diameter of 10 ptm is chosen,
but sizes down to 2 um are available. A 10 um pinhole represents a good compromise between signal strength
and depth resolution. The spectral analysis is performed in a spectrometer by Kaiser Optical System (Holospec
f/1.81) with an integrated Notch filter an attached CCD camera (Andor Newton BI). The Notch filter attenuates
the Rayleigh scattered light by up to six orders of magnitude in 4+ 100 cm~! band around the laser frequency.
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Fig. 3.6 a) Example for a raster scan in x-y direction of a periodically poled samples. At each individual point
Raman spectra are recorded and saved with respect to the spatial coordinates, leading to a multidimensional
spectral data cube. b) Example for a 1D data cube, showing 6 spectra taken at different positions. For each
individual spectra properties such as spectral positions, FWHM or integrated mode intensities can be examined
with respect to the data cube coordinates.

For spectral analysis a first order Anti-Stokes holographic grating with spectral coverage of 0 cm™! to 4000
cm~! is applied. The spectrometer offers a spectral resolution of typically 2.3 cm~! with an entrance slit of 25
um and the specified CCD chip. For polarization dependent analysis a half wave plate (HWP) is added in the
excitation path and an analyzer in the detection path. For sample inspection and to identify the relevant scan
areas, a simple CCD camera and a LED for illumination can be coupled into the optical path via a flip mirror,
which is not sketched in Fig. 3.5b).

The samples are mounted on a two-stage positioning unit. The first stage consist of a lifting actuator (z) and
two piezo-actuators of CN110 type. The lifting actuator offers a moving range of 25 mm and a precision of 1
um and is used to position the relevant sample layers in the focus, while the piezo-driven CN110 actuators
offer 35 mm moving range in x- and y- direction with a precision of 50 nm. These are used to reach the
relevant scan areas. Scanning is realized via a nanopositioner by Piezosystem Jena (Tritor 200/20 SG). In
closed loop it offers a scan area of 180 um x 180 um x 20 um (x, y, z) with a precision of 2 nm. To realize
angle-dependent measurements of phonon modes, i.e. the angle dispersion and analysis of mixed LO-TO
phonons, the nanopositioner can be replaced with stepper motor, which serves as a goniometer.

All relevant components, the polarizers, the CCD camera and the actuators are computer controlled and
enable the realization of scanning routines. During the imaging procedure individual Raman spectra are
collected in a coordinate Raster on a sample, as shown in Fig. 3.6a). The data is then saved as a spectral data
cube, as shown in Fig. 3.6b). Spectral data cube in this context means, that Raman spectra are saved with
respect to their spatial coordinates (x,y,z), as well as with respect to the excitation and detection polarization.
Combined with the angle of the sample, this results in an up to six dimensional data cube in our experimental
system. The recorded data can then be evaluated post experiment and be used to generate false-color images
based on various spectral properties, such as FWHM, peak position or integrated intensities of spectral channels.
For accurate spatial resolution, the typical distance between two points in scanning should be less than the
spatial resolution as defined by the microscope parameters. In lateral direction (x-y) a resolution of better than
< 350nm is achieved, while in depth the focus has a size of 2000 nm. For an accurate reconstruction of any
structure the scanning routine should allow a slight overlapping of adjacent points, which results in typical step
width in the order of 250 nm.
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The scattering geometry in Raman experiments is typically given in Porto’s notations (named for Brazilian
scientist S.P.S. Porto). This is also used throughout this work. the scattering geometry in Porto’s notation is
ki(eies)ks. Here k; and k; denotes the k-vector of the incoming and scattered photon, while (e;,e5) defines the
light polarization (vector of the electric field) for (excitation, detection). The vectors are usually given with

respect to the crystal coordinate system.

3.2.2 Second-Harmonic Microscopy
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Fig. 3.7 The figure shows b) the sketch of the nonlinear microscopy setup and a) a closeup of a typical sample
measurement geometry for the analysis of periodically poled waveguides.

The Raman imaging analysis is supported by second-harmonic microscopy, which has been proven to be a
very sensitive method to visualize periodically poled materials [74, 204, 205]. Second harmonic microscopy
makes use of the second order nonlinear effect. Here, in the photon picture two photons at frequency @, are
used to create a new photon at Wsjgnar = 2 X Wpump- A second order nonlinearity is only allowed in systems
lacking inversion symmetry and is highly sensitive to changes in material symmetry. In contrast, to the
spontaneous Raman effect presented above the created light is coherent. In this context, in the vicinity of
ferroelectric domain walls the symmetry of the crystal is broken, which will result in a modified SH signal and
hence in a contrast for structures, such as domain walls. Because this method is mainly used supportive in this
work, for a more detailed background the literature should be concerned. As second harmonic microscopy is a
second order nonlinear effect, its intensity scales quadratically with the pump power. This requires a pulsed
laser source, which provides the required high power pulses.

The setup sketched in Fig. 3.7 represents a typical nonlinear microscopy setup. Excitation is provided

by a pulsed laser system, in this case a femtosecond titanium sapphire laser (Femtosource Compact) pumped
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Fig. 3.8 a) Comparison og the spectrum of the substrate and of the spectrum of a 475 nm c-GaN layern grown on
the substrate. Only one line and a weak shoulder can be attributed to the cubic GaN spectrum. b) Comparison
of the c-GaN sample from a), which has only a very low density of hexagonal phase (< 0.5 %) and a sample
with up to 3 % hexagonal inclusions (1000 nm).

by a continuous wave frequency doubled Nd: YAG laser (Coherent Verdi V6) with up to 6 W of pump power.
The femtosecond pulses have a pulse length of down to 100 fs at a repetition rate of 80 MHz with wavelength
centered at 800 nm. The average excitation power, which is focused on the sample, is in the order of 100 to 200
mW. The excitation pulses are focused via an objective lens onto the sample, which is mounted to a piezo-driven
actuator system similar to the Confocal Raman setup. Depending on the experimental question, objective lenses
up the NA = 0.95 are available. Alike to the Raman setup the SH light is detected in back-scattering geometry.
The SH is separated from the pump beam via a dichroic beam splitter reflecting the 800 nm and transmitting
the 400 nm wavelength. To further filter the signal in the detection path, color filters are inserted. For confocal
operation a pinhole module is included with a diameter of down to 500 nm. Together with the NA = 0.95
objective lens, an optical resolutions in lateral direction of < 300nm and < 500 nm in depth is realized. The

actual detection is then provided by a photon counting module.

3.3 Selected experimental applications

During the course of this work Raman microscopy and second harmonic microscopy have not only been
performed in the context of ferroelectrics, but on other material systems and questions. This chapter gives a
brief overview about some selected topics conducted during the course of this thesis. At the same time the

examples demonstrate the versatility of the used investigation methods.

3.3.1 Investigation of cubic GaN

Due to their large band gap, nitride semiconductors, i.e. AIN, GaN and InN, form todays basis of optical and
UV optoelectronic components. The nitride semiconductors usually crystallize in the hexagonal wurtzite phase.
While it is the natural phase of this material class under ambient conditions, it comes with a built-in polarization
field, which leads to a bending of the band structure and the quantum-confined Stark-effect. This can limit the
performance of devices, e.g. due to decreases mode overlap in quantum wells. One straightforward method
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to overcome the issue of the internal fields is to grow the material in the meta-stable zinc-blende phase, also
known as the cubic phase. Due to the symmetry no built-in electric fields do exist. The growth of cubic nitrides
is typically performed on an appropriate substrate, which offers a cubic symmetry and a low lattice mismatch.
Here, the preferred substrate is 3C-SiC grown on silicon, which is also in zinc-blende structure and has a
favorably small lattice mismatch for cubic gallium nitride (c-GaN) and cubic aluminum nitride (c-AIN). A
typical sample geometry is shown in the inset in Fig. 3.8a). Typical layer thicknesses of c-GaN are between
100 and 1000 nm and for c-AIN less than 200 nm. The cubic GaN and AIN samples for this study were grown
in the group of Prof. As and the main collaborators were S. Blumenthal and T. Wecker.

In this context a typical task of Raman spectroscopy is the determination of the quality of grown layers.
Depending on the growth conditions, the substrate and many more properties these layers typically can be
prone to typical defects. Figure 3.8a) shows a typical spectrum of an approximately 475 nm thick c-GaN layer
on the 3C-SiC/Si substrate compared to substrate spectrum without any deposited layer. The spectra have been
normalized to the silicon TO peak. Due to the fairly thin films, the diffraction limited depth resolution and the
fairly low scattering cross-section of c-GaN compared to the other materials, peaks from silicon, as well as the
3C-SiC are present in the spectrum. The comparison allows to unambiguously identify one peak at ~738 cm™!
and a weak shoulder at ~551 cm™! to be c-GaN related peaks [19, 20, 206]. Cubic gallium nitride has only
two atoms per unit cell, hence only three optical phonons are expected, which can be distinguished at the zone
center into a twofold degenerated TO mode and one LO mode. The higher frequency peak is the LO, as LOs
usually have the higher frequency due to the additional restoring force of the long range interaction. The TO
appears much weaker in intensity compared to the LO, due to selection rules. In back-scattering geometry
scattering with the TO is forbidden in zinc-blende material. The same effect is seen for the TO and LO peaks
of the SiC at ~796 cm~! and ~970 cm ™!, respectively [207, 208]. The c-GaN and 3C-SiC TO modes are
nevertheless present in the spectrum due to defects in the layer relaxing selection rules or by the detection of
some forward scattering due to multiple reflections [209, 40]. All other peaks in the spectra can unambiguously
be attributed to two-phonon scattering in Si [200, 210]. Two-phonon overtones of the 3C-SiC are also present,
but are mostly overlapped by the Si spectrum or are found at higher frequencies (> 1000 cm™!) [207].

Because the cubic phase is only metastable, one of the typical intrinsic defects are inclusions of hexagonal
gallium nitride. In this context yu-Raman spectroscopy is a very powerful to detect hexagonal inclusion of
very small amounts (1 %), but also to do this on a local scale. The zinc-blende structure (cubic phase) has
just two atoms in the unit cell, while the wurtzite phase has four atoms per unit cell. From the perspective
of Raman spectroscopy this immediately means, that additional lines will be present in the spectrum due to
the larger number of vibrational degrees of freedom. Due to the larger scattering cross sections even smallest
contributions can be detected. Figure 3.8b) shows a spectrum of a 1000 nm thick sample with ~3 % hexagonal
inclusions, which have been determined previously by x-ray diffractions. In the spectrum an additional line at
566 cm™! is clearly visible, which can be attributed to the E%, peak of wurtzite GaN [211, 212].

Another typical task of Raman spectroscopy in the context of semiconductors is the determination of charge
carrier densities. Due to the polar nature of longitudinal optical modes they will couple with free charge
carriers and form an new type of quasi-particle called longitudinal optical phonon-plasmon coupled mode often
abbreviated as LOPC. In the Raman spectrum this leads to a blue-shift and asymmetric distortion of the LO
phonon peak. The expected line shape can be expressed analytically in a semi-classical approach and fitted to
determine the plasmon frequency as well as the damping constant. The respective formulas can be taken from
literature, e.g Refs. [39, 38, 20]. The plasmon frequency is directly connected to the free charge carrier density,
while the plasmon damping constant is a function of the charge carrier mobility. Figure 3.9 shows the enlarged

spectral region of the c-GaN LO phonon for three different samples. The spectrum of an undoped sample with



30 Methods

T T T T T “ T T T T
—=— Exp. data || i‘
—— Lorentzian fit |
~| —— LOPC fit |

| _a) defect doped GaN

- b) undoped c-GaN

4
| A |
5 W n>10" cm® S
A TP RPN A SR | W ]

650 700 750 800 850 900 950
Raman shift (cm™)

Intensity (Normalized)

—a %
>

A
a
OA
>

o)
3:
&

Fig. 3.9 Comparison of the Raman spectra of three samples with different charge carrier densities. Here, a)
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an almost symmetrical Lorentzian shaped line is shown in b). The spectrum of a) belongs to a sample with
a slight background doping due to oxygen defects, which can act as an donator in c-GaN. Here, the peak is
clearly shifted to a higher frequency and shows a slight asymmetry. From fitting the analytical LOPC function
a plausible doping level of 7 ~ 8.5'7 cm™3 is determined. In contrast to this Fig. c) shows the spectrum of a
highly Si-doped sample. Here, the LO mode has vanished completely due to the almost metal-like electronic
properties of the film.

3.3.2 Second harmonic microscopy of c-AIN on 3C-SiC

Recently, photonic crystal resonators with embedded GaN quantum dots in AIN layers have been fabricated
[213]. For this the AIN membranes need to be underetched. MBE grown layers are usually strained due to
the lattice mismatch to the substrate. Because the AIN layers are lifted from their contact with the substrate
layer, a relaxation might occur. To measure this relaxations nonlinear microscopy is perfectly suited, because
the nonlinear effect is very sensitive to symmetry changes in the crystal structure. Therefore, such a change in
strain should be detectable. In this context a line scan over multiple rows of photonic crystals in c-AIN were
performed as shown in the inset in Fig. 3.10. The rows of photonic crystals are approximately 1 ym apart and
have a width of 600 nm. This fits well with the periodic signal enhancements between 10 and 25 yum. Each
small peak has a width of ~600 nm and correlates to the underetched crystals. This may be understood in terms
of a relaxed crystal structure.

However, beside these weak periodic signals also large signal enhancements, which appear to have no
apparent connection with any visual or known structure. A subsequent analysis of several samples with c-AIN
and c-GaN layers showed also no connection to the deposited layer. Therefore, the origin of theses peaks has
to be connected to the substrate. Figure 3.11a) and b) show two scans on a substrate sample. Here, Fig. a) is

taken on the optical surface of the 3C-SiC layer. Nonlinear signal enhancements of considerable intensity can
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Fig. 3.10 Second harmonic microscopy line scan over a group of underetched photonic crystals in AIN.
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Fig. 3.11 Second harmonic scans of the 3C-SiC substrate used to grow cubic nitrides. Both scans were taken on
the same location, but in different depths. Fig. a) was taken with the focus placed on the optical surface, while

b) was taken in a depth of 3.7 um.
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Fig. 3.12 On top of the thin film, an aluminum electrode (40 nm) structured by maskless optical lithography is
deposited with gaps along the z-direction. The ferroelectric domain orientation is reversed between the two
opposing electrodes by applying multiple HV pulses. The effective domain inversion was verified ex situ by SH
microscopy. A typical scan area is highlighted by the dashed rectangle.

be seen arranged along lines. These lines appear to enclose specific regions. One explanation could be that
the lines of increased signal represent the borders of so called anti-phase domains. Any zinc-blende material
can grow along a [001] direction in two crystallographic distinctly different orientations. In one, the top layer
is comprised of a Si layer, while the second is comprised of C on top [214, 215]. These regions are called
anti-phase domains. From the viewpoint of crystal symmetry one domain represents a zinc-blende crystal,
which is rotated by 90° compared to the other domain type [214]. It seems reasonable that such a domain
border will results in an increased SH signal due to the change in crystal symmetry. The second measurement
in Fig. 3.11b) was performed at the same location, but the sample was lifted by 3.7 um along the optical axis.
Taking the depth correction from Sec. 3.3.4 into account with a refractive index of n(SiC) = 2.75 [216] this
measurement is taken in a depth of approximately 10 ptm close to the surface of the silicon wafer. Here, we
detect point-like enhanced nonlinear signals. A possible explanation for this may be two-photon absorption
in point defects in the SiC layer. These defects are mainly located at the back-side of the SiC layer. Further
spectral and power dependent measurements are indicated to investigate these phenomena further. Nevertheless,
this demonstrates the power of second harmonic microscopy and its sensitivity to local changes in symmetry.

3.3.3 Domain imaging in thin film LiNbO,

Thin film lithium niobate is a promising material system for applications in integrated optics. Lithium niobate
thin films of thicknesses down to 200 nm are typically bonded to a low index refractive index substrate,
such as Si0;. Therefore, this technology is sometimes referred to as silicon on insulator [119]. This system
features inherent wave guiding properties with high optical mode confinements due to the large index contrast
[121, 217, 120]. A typical sample structure is depicted in Fig. 3.12. The thin films are fabricated by a process
called ion-slicing. Here, a thin film can be ex-foliated from a bulk crystal by creating an amorphous defect layer
by ion bombardment [218]. Numerous optical devices have already been demonstrated in this material system,
such as waveguides [121, 219], grating couplers [220], photonic crystals [218] or resonators [221, 222]. More
recently periodic poling and second harmonic generation was demonstrated. One of the most recent ideas is
the combination of silicon photonics with lithium niobate (thin films) leading to hybrid silcon-lithium niobate
photonics [223, 224].

One of the most important prerequisites for any nonlinear frequency conversion process in integrated optical
structures is phase matching, which in ferroelectrics is usually achieved by the quasi-phase matching technique
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Fig. 3.13 (a) Optical micrograph of the 20lm period electrodes after poling. (b) Confocal SH image of the same
area as shown in (a). (c) Cross-section of the SH signal along the solid, green line in (b).

in periodically inverted structures. To demonstrate the fabrication of periodically poled thin films a metal
electrode was deposited on top of a x-cut thin film as shown in Fig. 3.12 and HV pulses above the coercive
field have been applied [49]. The x-cut geometry is of particular interest for practical applications in integrated
optics, as any structuring can be performed on top of the thin film and no removing of back electrodes is
required. Poling in x-cut lithium niobate in comparable methods was demonstrated before [225-228, 205], but
on x-cut thin films only recently [49, 229, 230].

Important for domain inversion is an examination of the inverted domain structure. In this context nonlinear
microscopy offers a high sensitivity for domain inversion. Figure 3.13 shows a result on a typical electrode
structure. An optical micrograph with conventional microscopy is shown in the top image. Here, the visual
inspection shows no differences of the lithium niobate in the small gaps compared to the large gaps. The
situation is different in the second harmonic image. Here, in the gaps the overlapping second harmonic
signatures of many domain filaments can be seen. These observations are similar to previous investigations on
comparable samples in bulk and ridge structures in x-cut lithium niobate [205, 225, 74]. The filaments appear
wider and broader on the + side electrodes, which indicates that domain inversion started here. This is in line
with the usually idea of domain inversion in lithium niobate, which is believed to start on the + side [231].

3.3.4 Depth correction in microscopy

In this work, we employ confocal Raman microscopy. During these studies, we not only intend to visualize 2D
structures, but aim at the three dimensional visualization of ferroelectric domain structures and waveguides.
The three dimensional analysis requires to focus through an interface between refracting media, e.g. from air
into lithium niobate, which results in a refracted beam. Here, refraction will lead to a distorted and stretched
focus, and to an altered direction of the beam. Usually measurements will be performed orthogonally with
respect to the sample surface. Therefore, no deviation on the direction is expected. However, focusing through
the interface will lead to an elongated focus and more severe, the focus position in the material will be different,
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from the position expected without the interface. The principle situation is sketched in Fig. 3.16. For 3D
scanning this means moving the sample an amount x along the optical axis, will lead to excitation and detection
at position d. An example from this work is the analysis of periodically poled waveguides, here it is imperative

to know how deep the waveguide is with respect to the surface. For this it is necessary to find a quantitative

relation of x vs d.

Interface

x
1 -
o

Fig. 3.14 Gaussian focus refracted at an interface between two refracting media. Due to the interface the real
focus position d (light red) will differ from the focus position x expected without the interface (light gray).
Furthermore, the focus will be elongated, which results in lowered depth resolution determined by the Rayleigh

parameters zg | and zg 2.

This problem can be described in a Gaussian beam and ray transfer matrix formalisms [232, 233]. Any
Gaussian beam is completely defined by the position and size of its beam waist for any given refractive index
[234]. In the ray transfer matrix analysis the beam is described by a two component vector v,

[ (@)
vy = (a(@) , (3.16)

where r(z) defines the distance of the ray with respect to the optical axis and a(z) the angle between the
beam and the optical axis. Based on ray matrices the effect of any optical component or propagation on this

vector can be described. The matrix for propagation M, and refraction M,y is given by [234]

1 x 1 0
Mpr()p = 0 1 and Mref = o ™) (3.17)
ny

The goal of our calculation is now to find a relationship between the "real" focus position d as shown in Fig.
3.14 and the position of the respective focus in a homogeneous medium x now needs to be determined. For this
we assume a beam starting at the interface, which is refracted at the interface and then propagated the distance

1 d\ (1 0 1 dZ‘)
: _ 2 . (3.18)
(O 1) (0 ) (0 o

d, which is described by the matrices



3.3 Selected experimental applications 35

In contrast to this, the beam propagating in a homogeneous medium is not refracted, but only propagated,

1 x
Myom = (0 1) (3.19)

for this situation. Both beams have at the interface the same properties in terms of their Gaussian beam

leading just to the propagation matrix

parameters. This means at the interface z = 0 it has to hold

1 x 1 dit
(o 1>-v,(0):<0 22>-vr(0). (3.20)

Here, one can already see this can only be fulfilled for any given «, if

dt —xoa="2y (3.21)
ny ni

which is a reasonable results and can be understood in terms of optical path length conservation. Therefore
the difference between the focus position in air, and therefore the movement of the piezostage with respect
to the fixed focus, and the "real" focus is determined by the quotient of the refractive indices. To obtain
this result for normal incidence and focused beam, the Gaussian beam parameters need to be determined in
the ABCD formalism. Here, this more rigorous treatment will as well compute Equ. 3.21. The relation in
Equ. 3.21 between the Actual Focus Position (AFP) and Nominal Focus Position (NFP), as they are called in
literature [235], have also been obtained in literature [235-237]. Here, they found that for large aperture, e.g.
oil immersion objective with NA = 1, deviations of more than 20 % from this relation are observed. However,
we detect no such deviation in our experiment discussed below, suggesting that this relation yields good results
for NA < 0.7 as applied in the Raman experiment and may still be accurate enough for most analysis in the
second harmonic microscopy experiment.

Furthermore, this allows for the determination of the change in depth resolution as determined by the
Rayleigh parameters zg | and zg>. Here, the calculation yields

o =, (322)
where the depth resolution is decreased by the quotient of the refractive indices, which again is explained
by optical path length conservation.

The Gaussian beam analysis has revealed a direct connection between the refractive indices of the materials
and the "real" focus position. For the experimental investigation of this problem, fused silica (SiO,) films on
silicon substrate have been grown via PECVD with layer thicknesses between 1 um and 15 pm have been
achieved. The layer thickness have been controlled and determined in-situ via the growth rate. Measurements
should be performed at the center of the samples, where homogeneous thicknesses are expected, as the growth
conditions change towards the sample border. The typical sample geometry is sketched in the inset in Fig. 3.15.
This sample know allows to analyze the connection between positioner movement required to see reflected
signal at the air/SiO; interface and from the SiO,/Si interfaces. For the experiment axial lines scans orthogonally
to the surface of the sample have been performed with the regular Raman imaging setup. For the experiment an
objective lens with NA = 0.7 and a beam expander was used, to ensure a complete illumination of the entrance
pupil. In the experiment Raman spectra have been recorded in steps of 250 nm. Fig. 3.15 shows a typical
spectrum. At 0 cm~! Raman shift the reflected laser light ("laserline") is visible as a strong peak, while we
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Fig. 3.15 The inset shows the sample geometry for this study with SiO, layers of various thickness d deposited
on (100) silicon wafer. The Raman spectrum recorded on this samples show two major lines. The strongest
signals are the reflected laser light and 0 cm ™' Raman shift and the silicon TO at 520 cm™!.

detect the silicon TO at 520 cm~! [199]. Detecting not only the reflected light, but also the silicon line enables
the unambiguous identification of the reflection of the SiO,/Si interfaces, where not only in the laserline a
maximum in intensity is expected, but also in the silicon signal.

For the analysis, the intensity of the laserline, as well as the silicon TO is mapped as a function of positioner
movement x. For comparability both plots are then normalized to the maximum. The inset in Fig. 3.16 shows
such a plot for the 10 um SiO; sample. Here, we see two maxima in the laserline intensity, the first at 10 um
movement and the second at 16.5 ym movement. The maximum at the air/SiO, interface shows only about
15 % of the intensity compared to the intensity of the reflection observed at SiO,/Si interface. This can easily
explained by the different reflectivities. Fused silica has a refractive index at 532 nm of n(SiO,) = 1,4607
[238, 239], while silicon has a much larger index of n(Si) = 4.143 [240]. Calculating the reflectivity R for

normal incidence via the Fresnel-equation

2
R= <”2_”1> (3.23)

ny +ny

yields at the air/SiO, interface R = 0.035 and R = 0.23 at the SiO,/Si interface. Here, the reflection at the
air/Si0; interface is only about 15% compared to the second, which fits very well with the observed intensity
ratio.

The main Fig. 3.16 shows the thickness of the SiO, layer as a function of measured thickness by the
positioner movement x. According to Equ. 3.21 the points should be on a linear slope with the slope
n(SiOy)/n(air). Because n(air) ~ 1, which is indeed fulfilled. Fitting a linear slope reveals n(SiO;) =
1.45+0.05, which fits well with the literature data for SiO,, which is given as n(Si0;) = 1,4607 for 532 nm
wavelength [238, 239].

Figure 3.17 shows a scan on a multilayer structure with 500 nm cubic GaN grown on 10.4 um 3C-SiC
on a silicon substrate. Here, between the surface signal and the signal from the silicon substrate a positioner
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Fig. 3.16 Layer thickness d as a function of positioner movement x required to see the maxima in the reflected
laser light from the air/SiO, and SiO,/Si interfaces. The inset shows the line scan obtained on the 10 um
sample.
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Fig. 3.17 Result of a axial confocal Raman line scan on a multilayer structure of 500 nm cubic GaN grown
on 10.4 um 3C-SiC on a silicon substrate. Scanning the complete multilayer structure results in about 4 um
positioner movement to scan the complete structure.
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movement of 4 um is required. Taking the refractive index for 3C-SiC of n(3C-SiC) = 2.675 [216] into
account, yields a thickness of d = n(3C-SiC) - 4yum = 10.7um, which is a reasonable well result taking the
depth resolution into account.

With this model we are able to obtain the right depth in most experiments. The model was verified for the
numerical aperture NA = 0.7 and due to the nature of Gaussian optics the model should be correct for numerical
aperture smaller than this. However for larger NA one should be cautious. Here, Gaussian optics is not the right
tool anymore to describe focused beams. Instead one has to consider point spread function models to accurately
describe intensity distribution in the focus. One could speculate, that due to the universal nature of optical
path length conservation, the correction for depth may still hold true. However, large numerical apertures
combined with high refracting and/or birefringent materials, will result in heavily distorted foci (compared to
a Gaussian beam), which has been analyzed in many simulations [241-243]. Large birefringence may even
result in polarization dependent focusing or a double focus for a given system.



Chapter 4

Spectroscopic analysis

After the discussion of the basic background of this work in the previous two chapters, this chapter will now
present the first major experimental results. In this chapter the results of the spectroscopic analysis on the two
material systems, LiNbO3/LiTaO3 and the KTiOPO4 material family will be presented. This analysis presents
the basis for the interpretation of the spatially resolved analysis on waveguides and domain structures in the
following chapters.

A short notice is given regarding the units and nomenclature. In many works concerning Raman spectroscopy
the frequency shift - usually called Raman shift - with respect to the Rayleigh scattered laser light is noted in
wavenumbers in units of cm~! instead of frequency. Frequency and wavenumber are directly proportional to the
energy and each other. Due to this fact in many works frequency and wavenumber, although not being exactly
the same thing, are used synonymously to name the Raman shift. If not noticed otherwise, this nomenclature
will also be used here and frequency, Raman shift and wavenumber will be used synonymously in this work.

4.1 LiNbO3 and LiTaO;

LiNbO3 and LiTaOj3 are studied for several decades with Raman spectroscopy in numerous publications.
Nevertheless, there is still an ongoing debate about the correct assignment and spectral positions of phonon
modes in this material system. Therefore the first part of this section is dedicated to the assignment of phonons
in this material. The second part will then deal with the spectral signatures of doping in LiNbO3 and its
interpretation. The correct assignment of phonon modes to the symmetry species and the identification of their
longitudinal or transverse character, as well as the exact knowledge of their spectral position is important for
further analysis and the general understanding of the material system. In particular the phonon frequencies and

intensities are directly connected to the electro-optic constants [48] and the dielectric properties [36, 37].

4.1.1 Phonons in the LiNbO3 system

In their ferroelectric phase LiNbO3 and LiTaOs3 are described in an orthorhombic unit cell containing two
formula units. This results in 30 vibrational degrees of freedom and hence 27 optical phonons. With respect to
group theory the vibrations for this system at the Brillouin zone center can be subdivided in the irreducible
representations A1, A and E as follows

i, =4A1 (R, IR) 4+ 54, + 9E(R, IR). 4.1
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Table 4.1 Observable phonon modes and Raman tensor elements for back scattering configurations in LiNbO3
and LiTaOs.

. . . Tensor element
Scattering configuration =~ Symmetry species

TO LO
x(y,y)X A-TO,E-TO  a*+¢c2
X(y,2)X E-TO d?

x(z,y)X E-TO d?

x(z,2)X A;-TO b?

y(X,X)y A1-TO, E-LO a? 2
y(X,2)y E-TO d?

y(z,X)y E-TO d?

y(2,2)y A;-TO b?

2(X,X)Z A;-LO, E-TO c? a?
Z(X.y)Z E-TO 2

z2(y,X)z E-TO c?

7(y,y)Z A1-LO, E-TO 2 a?

Here, the four A| modes are infrared (IR), as well as Raman active (R) and represent vibrations, which
conserve the crystal symmetry during the vibration. The five A, vibrations are completely silent in Raman and
IR. The nine E type phonons are twofold degenerate. They are IR, as well as Raman active. Because both, A4
and E modes, are both Raman and IR active, the vibrations are associated with long range electric fields. This
results in the lift of the LO-TO degeneracy at the zone center. Therefore, the usual way of numbering Raman
modes in LiNbO3 and LiTaO3 counts four A;-TO modes, four A{-LO modes, as well as nine E-TO modes and
E-LO modes. In total 22 fundamental Raman modes are expected to appear in the spectra.

As discussed in Sec. 3.1 polarization-dependent Raman scattering in crystals can be described in terms of
Raman tensors. LiNbO3 and LiTaOs3 crystallize in the symmetry group C3,. The Raman tensors for this group
is given by [196, 197, 244]

a 0 0 c 0 O 0 —c —d
Ai(2)=10 a O|,E()=|0 —c d|.E(—x)=|-—c 0 0 |. (4.2)
0 0 b 0 d 0 —d 0 0

Here, the letter in brackets denotes the direction of propagation of the phonons. The A| phonons, for example,
propagate in z-direction. Knowing the propagation direction allows further to distinguish TO and LO modes
depending on the scattering geometry. The scattering configurations and the corresponding symmetry species
for LiNbO3 and LiTaO3 are summarized in Tab. 4.1. One can see, that E-type phonons are mainly expected for
crossed polarizations, while A-type phonons are expected in parallel configurations. Due to symmetry reasons,
E-LO modes can only be observed in a single scattering configuration. Overall, by comparing the available
scattering geometries one should be able to unambiguously distinguish E- and A-type modes.

The basic Raman spectra for all scattering configurations in LiNbO3 and LiTaO3 are shown in Figs. 4.2 and
4.1, respectively. Each spectrum is labeled by the respective scattering geometry in Porto’s notation and the
expected symmetry species according to Tab. 4.1. For a better comparability of the spectra, the dark count level
has been subtracted and the spectra have been normalized to maximum. For better visibility the single spectra
are then plotted with an offset of 0.5. Because the Raman tensor (and the dielectric tensor) is symmetric, there
is no difference expected between crossed polarizations, which is confirmed in the experiment. It holds z(x,y)z
= z(y,x)z. Consequently only one of each spectrum is shown.
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Fig. 4.1 Complete set of back-scattering Raman spectra of LiTaOs3.

At first glance one can immediately see, that the spectra of LiNbO3; and LiTaO3 show many similarities
with respect to peak position, relative intensities and general spectral shape. This can be expected, because both
materials are isostructural at room temperature as discussed before in Sec. 2.1 and the main difference is the
substitution of tantalum ions with niobium ions.

A closer examination of the spectra reveals four clearly identifiable A;-TO phonons for both materials.
They can be best identified in the x(z,z)X and y(z,z)y configuration, which exclusively is expected to show
A1-TO modes. In the recorded spectra for LiNbO3 these peaks are centered at 252, 273, 331 and 632 cm~! and
at 206, 252, 357 and 598 cm ™! for LiTaO3, respectively. Commonly these modes are enumerated A;-TOg to
A1-TOy4 from low to high wavenumbers. The measured Raman shifts are in very good agreement with literature
[245, 76, 22, 246-248, 44] and can unambiguously be identified.

A similar observation is made for the A;-LO modes. Longitudinal A; modes propagate along the z-axis.
Therefore, the corresponding A1-LO modes can only be observed for z(x,x)z and z(y,y)z in back-scattering
geometries. Due to the selection rules also E-type phonons are present in these spectra. By careful comparison
the Raman shifts of the A;-LO modes are detected at 274, 330, 422 and 871 cm™! for LiNbO3 and 255, 355,
403 and 866 cm™! for LiTaO3. The enumeration is alike to the TO modes with A;-LO; to A;-LO, from low to
high wavenumbers. The A;-LO appear generally weak in intensity compared to the E-TO modes of the same
scattering geometry, with the exception of the A;-LO4, which dominates the spectra and is even visible as a
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Fig. 4.2 Complete set of back-scattering Raman spectra of LiNbO3.

leakage mode in z(x,y)Z crossed polarization geometry. Overall, again the vibrations can be clearly assigned to
the A;-LO symmetry and correspond with the observations in literature [245, 76, 22, 246248, 44].

These things are different, when the E-type phonons are concerned. The E modes are best observed in the
crossed polarization geometries, where no A; modes are present, e.g. z(X,y)z or x(y,z)X which show E-TO
modes. But the modes are also present for parallel polarization, e.g. z(y,y)z together with the A; species.
Therefore, by carefully comparing all geometries, a concise identification should be possible. However, this
analysis reveals only seven peaks unambiguously belonging to E-TO modes in LiNbO3 and eight peaks in
LiTaOs3 out of the total E-TO modes expected. These are centered at 150, 237, 263, 320, 367, 432 and 580 cm~!
in LiNbO3 and 144, 210, 255, 315, 383, 462, 592 and 660 cm~! in LiTaO3. Indeed, when we look into
literature the modes noted above are agreed on by most authors to be E-TO modes, whereas the missing
modes are proposed to be at various spectral positions. And this issue has been pointed out by several authors
[249, 47, 245, 250].

Indeed if we examine the spectra in Fig. 4.2 and 4.1 in closer detail there are still multiple candidates for the
missing modes. In the z(y,y)z configuration both materials show a peak around 740 cm™~!, where selection rules
suggest an E-TO. Alike in z(x,y)Z shows for both materials a peak in the range between 150 and 200 cm ™!,
which is shown in detail later in Fig. 4.15. A shoulder in this range is also visible for LiTaO3 in x(y,z)X,
while in LiNbOj3 a strong candidate for a missing E-TO mode is a shoulder at 610 to 620 cm™! in z-incident
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configuration. This is of particular interest, as this spectral range has been found to be very sensitive to the
presence of ferroelectric domain walls and can be used for Raman imaging [54, 46, 251, 252]. Because none of
these features appear in all geometries, it is difficult to assign them to fundamental modes, as other explanations,
e.g. defect or stoichiometry related modes or combination bands, are possible.

Thus, in literature many authors have tried to assign the missing modes. In the first extensive Raman analysis
of LiNbO3 and LiTaO3; Kaminow and Johnston (1967 and 1968) assigned two peaks at 92 and 620 cm ! in
LiNbO3 [48] and 74 cm™! [253] in LiTaOs to the missing E-TO modes. In the same year Barker et. al. [44]
suggested the fundamental E-TO modes in LiNbOj3 at 299 and 880 cm ™!, while they suggested the feature
at 177 and 610cm™! to be a mixed phonon propagating at 45° with respect to the z-axis. In IR spectroscopy
they observed an E-TO at 660 cm™!, but they could not verify whether the structure in their Raman spectra
at 670cm™! is fundamental or a combination band. The spectral features in IR they observed at 686 and
692cm~! they suggested to be combination bands. In 1972 Claus et. al. [254] identified the structures
at 668 and 743cm~! to be E-TO modes, while Yang et. al. (1987) [246] suggested these structures to be
combination bands in LiNbO3 and LiTaOs3 . Instead they concluded based on their directional analysis of both
materials that the E-TO modes at 152cm ™! (142 cm ™) in LiNbO3 (LiTaO3) are the superposition of two E-TO
modes and therefore explain the apparent absence of one mode in both systems. Based on their spectroscopy
on stoichiometric and congruent LiNbO3 and a temperature dependent analysis Ridah et. al. (1997) [247]
concluded any structures in the 100 cm ™! and 700 cm~! ranges to be related to two phonon processes, while
the fundamental modes are at 177 and 610 cm~!. Alike Repelin et. al. (1999) [76] named the frequencies of
the missing E-TOs to be 180 and 610cm™! in LiNbO3, while suggesting 180cm™! to be the frequency of the
missing mode in LiTaO3. But in their comparison of ®LiNbO3 vs ’LiNbO3 and LiTaO3, they concluded no
E-TO in the region above 650 cm™! in LiTaO3, but instead two overlapping E-TO modes at 597 cm~!. In 2006
Shi et. al. [47] noted the problem of many different assignments. In their analysis of LiTaO3 they detected
no band at 90cm ™! in LiTaO3; and a fundamental mode at 190 cm™~!. In their review article Fontana and
Bourson [22] named modes at 186 and 738 cm ™" to be the missing E-TOs and did not mention the contradictory
assignments in literature.

Just like in experiments also in theoretical work many contradicting assignments have been stated. For
example Caciuc et al. [255] and Parlinski et. al. [256] calculated 167 and 617 cm~ ! and 423 and 690 cm ™! to
be fundamental E-TO frequencies. Based on calculated Raman spectra and a detailed literature review Hermet
et. al. (2007) [249] concluded that one missing mode at 677 cm~! has a vanishing intensity in LiNbO3 and
therefore cannot be detected. The other missing mode they concluded to be part of two superpositioned peaks
at 370 and 384 cm~!, which usually cannot be detected separately in Raman or IR-spectroscopy, because one
is strong in IR spectroscopy, while the other is dominating in Raman experiments. Hence, in either experiment
one always dominates and superimposes the other mode. This suggestion was experimentally checked by
Margueron et. al. [245] in 2012 by low temperature Raman spectroscopy, where they could show that the peak
at 370 cm~! in LiNbO3 and 380 cm~! LiTaO; can indeed by separated into a weak and strong peak in a low
temperature environment, however only for stoichiometric material. Alike the peak at 660 cm~! was shown to
vanish in intensity with growing Nb-content in mixed crystals, while in IR a signature of a TO phonon remains
at 660 cm~! for LiNbOj3. For E-LO modes the situation is even more complicated, as they appear in only one
back scattering geometry. They are generally weak in intensity compared to E-TO modes and the spectrum
containing E-LO modes is therefore prone to leakage modes [245].

The goal of this work is now to review the assignments made by Margueron et. al. and Hermet et. al. based
on our data and to make a definite assignment of phonon modes. We address this issue with calculated Raman
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Fig. 4.3 The graph shows how the experimental data was corrected for comparison with the calculated spectra.
For the correction, the measured spectra have been fitted with a Lorentzian function and all non-fundamental
and LO related peaks have been neglected.

spectra (intensity and wavenumber) by ab-initio-theory and by the analysis mixed of crystals by experiment
and theory in the next two chapters.

4.1.2 Theoretical calculation of Raman Spectra

As we have seen, there is a major unclarity about the correct assignment of phonons in the LiTaO3 - LiNbO3
crystal system. Therefore, to gain more insight the Raman spectra - i.e. intensity and spectral position - have
been calculated in a DFT framework. The calculation was developed and performed by S. Sanna and S. Neufeld
and so far successfully applied to LiNbO3 and LiTaO3 [70] and Au nanowires on silicon [257]. As we will
now discuss, the calculated Raman spectra enables to understand some of the peculiarities in assignment as
discussed above and helps to establish a concise assignment of the phonon modes.

The method used in this analysis allows to calculate fundamental Raman spectra of TO modes [70].
However, it does not include the long-range electric fields that accompany longitudinal phonons. For this
reason, we limit ourselves to the investigation of transverse modes. Therefore, to have an accurate comparison
of experimental and theoretical data, the experimental data needs to be corrected for any LO modes, as well as
any non fundamental modes, e.g. multi-phonon scattering peaks. Here, the procedure is displayed in Fig. 4.3.
All features in each analyzed spectrum were fitted with a Lorentzian function. Then all features, which were
identified as non-fundamental or LO related, are neglected and the corrected spectrum has been recalculated
based on the fitting parameters.

Figure 4.4 shows a comparison of the calculated Raman spectra for all tensor elements of both material
with the measured spectra. Here, the calculated modes can be assigned and named unambiguously, while

the modes in the experimental spectra are labeled with respect to the assignment by Margueron et. al. and
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Hermet et. al. (see Sec. 4.1.4). For the calculated spectra it should be noted, that the ab initio theory yields
the intensity as a scalar and the center frequency for each mode, but no value for the FWHM, which even in
the experiment is dependent for each mode on many properties, such as temperature, crystal composition and
stoichiometry. Therefore, for the simulated spectra a FWHM of 12cm~! was assumed for every mode. A
FWHM of 12 cm™! represents a typical average observed also in the experiment for stoichiometric material,
where FWHM between 10 cm™! for the E-TO; and 20 cm ™! for the A;-TOy, for example, have been observed
in our analysis for stoichiometric LiNbO3. Qualitatively the calculated spectra show a good agreement with the
experiment and the calculation is able to reproduce the typical observed spectral shapes. Quantitatively the
calculation yields frequencies with a typically deviation of 10 cm™'. The calculated and measured frequencies

are summarized in the section summary in Sec. 4.1.4 and will not be further discussed here.
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Fig. 4.4 Calculated Raman spectra based on the method from Ref. [70].

In the previous section it was stated, that in lithium niobate only seven of nine E-TO modes are consistently
identified in literature. One of these modes is the highest frequency E-TO mode, the E-TOg. This discrepancy
can be solved by comparing the calculated and experimental spectra of LiNbO3 and LiTaO3. Theory predicts
for LiTaO3 the E-TOy to appear at 669 cm~! with a fairly high intensity comparable to the neighboring E-TOg



46 Spectroscopic analysis

(x.z)

(y>y)

289—A1 TO2 353»A1 T03

| | | | | | | |
300 350 400 450 300 350 400 450

Raman shift (cm_l)

Fig. 4.5 Enlargement of the calculated LiNbO3 Raman spectra of Fig. 4.4a) for all scattering configurations
allowing the detection of the £-TO modes. The red line corresponds to the spectra shown in Fig. 4.4, the black
curve shows the exact position of the Raman peaks. The Raman intensity is expressed in arbitrary units.

or even higher in some scattering configurations, e.g. in z(y,x)z. This is confirmed for the experiment, where the
E-TOy is observed as a fairly intense peak at 661 cm™!, as seen in Fig. 4.4c in the z(y,x)Z configuration. If we
now observe this mode in lithium niobate, theory shows the E-TQg at almost the same frequency (667 cm™1),
but with almost vanishing intensity for all scattering configurations. Therefore in the experiment, the E-TOy is
usually not detectable and other features, such as a multi-phonon related peak around 740 cm ™! or a shoulder
centered about 620 cm™~! has been mistaken for this particular vibration. As we will see in the next chapter for
mixed crystals we can demonstrate that this peak vanishes with increasing Nb content confirming the behavior
of the E-TOy.

Why does the E-TOg behave so differently in LiNbO3 compared to LiTaO3? As seen from the atomic
displacements patterns shown in Figs. 4.9 and 4.13 in the next chapter the E-TOg represents a distortion of
the oxygen cage and is a pure vibration of the oxygen cage. Because no Nb or Ta is involved in the vibration
and the electronic binding forces are similar, this mode has almost the same frequency in both materials. Yet,
the mode shows a massively different behavior in terms of intensity. This may be explained by the different
bond length and electron affinity of Nb vs Ta. While the Nb-O bond length is 2.02 A the Ta-O length of about
1.99 A is slightly shorter. Here, in LiTaO3 the E-TOy represents a larger relative distortion of the Ta-O bond
length. The electron affinity of Ta is smaller, than those of Nb - meaning the Ta-O bond is of more covalent
nature, which may be associated with a larger change in polarizability and hence a larger Raman scattering
cross section.

The story of the second mode with unclear assignment in both, LiNbO3 and LiTaOs, can also be solved
with the help of the theoretical calculation. In the theory as well as the experiment it is possible to identify the
first four Raman modes (E-TO; to E-TOj,) for both materials by comparing the spectra. When we examine
the next two E-TO phonons in the theoretical analysis, we find for both materials the E-TO5 and E-TOg to be
adjacent and only to be separated by 11cm~!. A detailed view of the calculated spectra for LiNbO3 is shown in

Fig. 4.5. Here, one can clearly see that the E-TO5 and E-TOg do overlap in the calculated spectra (solid red
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line) for an arbitrary width of 12cm~!. The overlapping should allow a separation in the experiment. However,
for neither configuration both modes have comparable intensity and one always dominates the other. This can
be seen from the black curves, which show the exact position and intensities of the modes. In total this results
in apparently one detectable band in the experiment. Indeed in the experiment it was not possible to fit the
peak conclusively with two Lorentzian, therefore it was treated as a single peak. Although we are not able to
distinguish both peaks in our investigation we can still spot minor differences. While theory suggests for the
(y,x) and (y,y) geometries a dominating E-TOs, the E-TOg¢ should be of higher intensity in the (x,z) and (y,z)
geometries. Indeed in the experiment on LiNbO3 we find for the z(y,x)z geometry the fitted peak centered at
367 cm™!, while for x(y,z)X the peak is centered at a slightly higher frequency at 369 cm~!. Our theoretical
investigation is confirmed by recent low temperature spectroscopy [245] and previous theoretical results [249].
In conclusion the combination band of the E-TOs and E-TO¢ will be labeled E-TOs s for the remainder of this
work.

So far, we have established a mode assignment and have identified the "missing" modes. To confirm
our mode assignment and to further study the material systems, LiNb(; _,)Ta,O3 mixed crystal will now be
analyzed over the complete compositional range and the measured frequencies will be compared with DFT
based calculations.

4.1.3 LiNb(;_, Ta,O3; mixed crystals

In general, mixed crystals offer a way to control material properties via composition. For example in the
field of semiconductors mixed crystals, e.g. AlGaAs oder AlGaN, are a standard procedure for material
property tailoring, in particular the band gap. Also in the more relevant field of ferroelectric piezoceramics, e.g.
Pb(Zr, Ti;_,)O3, components are mixed to control piezoelectric and many other properties [258]. Alike in (lin-
ear) integrated optics, silicon oxynitride (SiONy) is widespread used to fabricate high index contrast waveguide
structures. This enables high mode confinements and small bending radii [259]. However, mixed crystalline
materials for use in nonlinear (integrated) optics mixed have not been studied extensively. LiNb(; _,Ta,O3
mixed crystals presents a perfect model system for such a study. What makes LiNb(, _,)Ta,O3 particular
interesting is the control not only of the refractive index, but of the birefringence by composition. LiTaO3 is
positively birefringent, while LiNbO3 is negatively birefringent. Therefore, a compound with x = 0.93 — 96
exists with vanishing birefringence at room temperature, which has been shown in experiment and theory
[260-262]. The resulting material is an optically isotropic crystal that retains the exclusive advantages of
ferroelectrics, such as the large electro-optic and nonlinear coefficients [263].

However, there are not many studies dealing with LiNb(; _,)Ta,O3. Most studies have focused on crystal
growth and lattice parameters [264, 263, 69], as well as the thermal expansion characteristics [263] and
Curie temperature of the systems have been determined [263, 265]. Furthermore, the refractive indices and
birefringence have been determined [261, 260]. More recently, crystals growth with alternative methods has
been investigated. Here, near-stoichiometric mixed crystals have been obtained [69, 265]. The Li stoichiometry
has been determined experimentally and found to be between the values observed for . The linear and nonlinear
optical susceptibilities have been calculated by the chemical bond method [266] and ab initio theory [262].
Furthermore, the zone center frequencies of A; phonons have been calculated [267].

To study the phonons and Raman spectra of the LN material system further, LiNb; _ ) Ta,O3 mixed crystals
have been grown and studied by Raman spectroscopy and theory. The mixed crystal used in this experiment
have been grown by the group of Prof H. Zhang by Y. Wang and H. Yu (all Shandong University, Jinan, PR

China) and precharacterized with x-ray diffraction, before being sent to Paderborn to be studied by Raman
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Fig. 4.6 a) Measured and b) DFT LNT lattice parameters as a function of the Ta concentration. The red squares
are the measured lattice parameters plotted with respect to the melt composition y. The solid line shows the
crystal composition x as extrapolated from Eq. 4.3.

spectroscopy. The theory was provided by S. Neufeld and S. Sanna. Due to the high computational demand for
calculating the large unit cells required to represent mixed crystal, the theoretical results represented in this
chapter will be limited to calculated gamma-point frequencies. More details regarding the calculation method
can be found in the respective publications [70, 267, 268].

Crystal growth and lattice parameters

The niobium atom can be substituted by the electronically almost identical Tantalum atom leading to LNT
mixed crystals over the complete compositional range [263, 69, 260]. The crystals in this study have been grown
by the Czochralski method from a melt, which was obtained from mixed commercial LiNbO3 and LiTaO3
powders as discussed in more detail in Ref. [268]. The crystals were pulled from the melt by using a c-axis
oriented lithium niobate crystals as seed. Melt compositions with LiNbO3/LiTaO3 proportion of 0.125:0.875,
0.25:0.75, 0.375:0.625, and 0.625:0.375 were used. The obtained crystals were then cut and polished along the
main axes. The set of mixed crystals was completed by commercially obtained congruent LiNbO3; and LiTaOs.

The samples were pre-characterized with XRD measurements. The XRD measurements confirm well
formed crystals in the lithium niobate crystal structure and allow to determine the (hexagonal) lattice parameters,
which are summarized in Tab. 4.2. For lithium niobate tantalate mixed crystals it was previously observed by
several authors, that the crystals grow tantalum rich, which means that the tantalum atom is more likely to be
built into the crystal, than to remain in the liquid phase [264, 263, 69]. Therefore, the initial melt composition y
is not identical with the actual tantalum percentage x = [Ta]/([Ta] + [Nb]) in the crystals and as a prerequisite
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Table 4.2 Measured LiNb;_,Ta,O3 hexagonal lattice parameters with respect to the Ta concentration in the
melt y and the actual Ta concentration in the crystals x.

Ta concentration Ta concentration Lattice parameters
in melt y in crystal x cin A ain A
0.125 0.261 £0.02 13.837 £0.002 5.150
0.375 0.553 £0.04 13.812 £0.003 5.150
0.625 0.839 £ 0.06 13.793 £0.004 5.152
0.75 0.841 £ 0.03 13.792 £0.002 5.153
0.875 0.967 £ 0.03 13.785 £0.002 5.153

for the Raman analysis the tantalum percentage x needs to be determined. The hexagonal lattice parameter c is
known from literature to heavily depend on the crystal composition in LiNb;_,Ta,O3 and the exact composition
dependence of c is known in literature. This information can be used to calibrate the crystal composition.

In their work Bartasyte ef. al. have analyzed the relationship for stoichiometric and congruent mixed
crystals [69] and found the following non-vegard relationship with a slight bowing of the form

p(x) = xprr + (1 —x) pL~ +bx(1 —x), 4.3)

where prr and ppy describe the lattice parameters for pure LiNbO3 and LiTaO3. For congruent material
Bartasyte et. al. determined the bowing parameter b = —0.03 for the lattice parameter ¢ and b = —0.007
for cell parameter a. Based on the commonly accepted hexagonal lattice parameters for congruent LiNbO3
and LiTaO3 [76-79, 69] we have determined the tantalum percentage in our crystals, i.e. arr = 5.1543 A,
cir = 13.7835 A, apn = 5.1483 A and cpn = 13.8631 A.

The calculation is graphically displayed in Fig. 4.6a). Here, the measured lattice parameters are plotted
with respect to the melt composition and projected on the assumed literature behavior shown as a solid line.
Based on the standard error in the measurement, also the error in the determined crystal composition can be
estimated by projecting the confidence interval of the measurements on the assumed behavior. The results are
summarized in Tab. 4.2. The observed differences in crystal composition versus the melt compositions are
largest for small Ta percentages, where a y = 0.125 result in a more than double as large crystal composition
x = 0.261, while gradually decreasing to the Ta rich side. This is a behavior also observed by other authors
[263] before.

The experimentally determined lattice parameters, the calibrated Ta crystal composition and the results
from the theoretical calculation are plotted in Fig. 4.6a) and b). Here, the theoretical calculation reveals an
almost vegard-like decrease of the lattice parameters c in accordance with the experimental data. In contrast
to this, the lattice constant a is only affected in a minor way by mixing. The decrease in the lattice constant
can be explained in terms of a smaller covalent radius of the Ta>* vs Nb>* (1.46 A vs 1.47 A), as well as
stronger, and therefore shorter Ta-O bonds compared to Nb-O bonds (1.997 A vs 2.038 A), as revealed by
the calculation. Interestingly, the lattice parameter a shows an opposing behavior in the calculation vs. the
measurements, which may be explained by the congruent nature of the grown crystals, while the calculation
only refers to stoichiometric crystals. The calculation suggest an vegard-like behavior with no pronounced
bowing, which is in agreement with Bartasyte et. al., who show that the bowing is much less pronounced for
stoichiometric mixed crystals [69].
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Fig. 4.7 Normalized Raman spectra obtained in x(z,z)X scattering geometry showing the behavior of A;-TO
modes in LiNb;_,Ta, O3 mixed crystals. For better visibility the spectra have been separated by an artificial
offset proportional to the Ta content x. Four A;-TO modes predicted by the theory can be identified in all
spectra. The inset shows the measured FWHM of the A;-TO4 mode as a function of the Ta concentration,
showing a clear decrease for Ta rich crystals.
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A1-type phonons

As the Ta ration x in the crystals is now determined, the vibrational analysis can be performed and the previously
established phonon assignment from Sec. 4.1.2 can be verified and further refined based on the mixed crystal
analysis. Figure 4.7 shows the x(z,z)X spectra of the grown mixed crystals compared with the spectra of LiNbO3
and LiTaO3. As seen before, these geometry provides exclusively A;-TO phonons, which are easy to identify.
For comparison, the dark count has been subtracted and the spectra have been normalized to the maximum.
For better visibility and to highlight the influence of the stoichiometric position, the spectra a separated by an
artificial offset proportional to the Ta composition x. Here, the spectra of LiNbO3 and LiTaO3 are separated by
a constant offset, while the mixed crystals are plotted in between with their baseline offset shifted proportional
to the value of x.

For each composition, four peaks in a similar spectrum to the LiNbO3 and LiTaOj3 can clearly be identified.
The peaks all show a systematic shift with respect to composition and no change in general peak structure.
Only for high Ta compositions an additional feature labeled with an asterisks is visible, which will be discussed
further below. The inset shows the FWHM of the A;-TO4 mode as a function of Ta concentration. The FWHM
was obtained by fitting a Lorentzian to the A;-TO4. The FWHM shows a clear decrease towards LiTaO3. This
observation can also be made for other modes (also E-type phonons) and may be explained by a better Li
stoichiometry for Ta rich samples. The FWHM of the phonon modes has been established in previous studies
to be sensitive to the crystal stoichiometry [69, 269, 22]. This is in agreement with the observation of a better
Li stoichiometry for congruently grown LiTaO3 compared to congruent LiNbOs3.

The observed peak frequencies of the A;-TO modes, as well as the A;-LO phonon, which have been
obtained in z(y,y)Z and z(y,y)z configurations, are plotted for each phonon in Fig. 4.8a) and c) versus the Ta
composition and are compared with the theoretical predictions in Fig. 4.8b). Here, the frequencies of the
A1-TOq, A|-TO, and A{-TOy4 and the respective LO modes decrease, while the A;-TOj3 increases in frequency.
A general decrease in frequency should be expected, when the Nb atom is substituted by the almost double
as massive Ta atom (92.92 a.u. vs 180.948 a.u.). Here, the three decreasing modes all involve displacement
patterns involving directly or indirectly the Ta/Nb atom as shown in Fig. 4.9, where the atomic displacements
are shown. The A[-TOs3, however, involves a rigid rotation of the oxygen cage in the xy-plane. It increases in
frequency due to the stronger Ta-O bonds and shorter Ta-O bond lengths. Theory generally suggest the same
trends and the same magnitude of the shift, however does not suggest a shift for the A;-TO; mode. This may
be explained by the congruent nature of the crystal, as the A;-TO, mode involves the oxygen cage, as well
as the lithium atoms as shown in Fig. 4.9 all in a motion along the z-axis of the crystal. Therefore, it may
be more affected by the presence of Li vacancies and Nb antisites, as discussed in more detail in the paper
[268]. The LO-phonons show a similar behavior compared to their TO counterparts, however the LO,4 shows a
much less pronounced shift. This can be easily understood due to the dielectric properties as predicted by the
Lyddane-Sachs-Teller relation and discussed at the end of the chapter.

E-type phonons

Figure 4.10 shows the spectra taken in x(y,z)X geometry, where selection rules only allow for E-TO phonons. In
agreement with the discussion in 4.1.1, only seven out of nine E-TO modes can be identified for LiNbO3, while
for LiTaOj3 eight modes can be identified. The spectra show that the E-TOg mode vanishes with decreasing Ta
percentage, but does not show a pronounced shift. This is also seen in other scattering geometries, e.g. in Fig.
4.16 below. This is in very good agreement with the previous discussion based on the intensities. Indeed, also
no pronounced shift is predicted for the E-TOg as shown in Fig. 4.11.
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Fig. 4.8 Experimentally measured phonon frequencies of the A{-TO modes as a function of the Ta concentration
x (a) and corresponding theoretical predictions (b). In (c) the experimental measured A;-LO phonon frequencies
are displayed, which are not covered by our model.
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Fig. 4.9 Eigenvectors of the transversal phonon modes with A} symmetry (top) and A, symmetry (bottom).
Nb/Ta atoms in white, Li in gray and O in red. The arrows represent the atomic displacement direction [268].

Using the same approach as in the previous chapter, one can calculate the intensity of the E-TO9 mode in
mixed crystals. As a prove of concept, this was performed LiTag sNbg 503, which can be realized in a single
rhombohedral unit cell containing two formula units. Indeed, a decrease in intensity for the mixed compound
in both shown configurations in Fig. 4.12. The intensity decrease seems to be proportionally larger than the
composition would suggest, in similar to the experimental observation in Fig. 4.16. Here, the E-TOg only
becomes dominant compared to the E-TOg intensity for x > 0.5. This behavior confirms the assignment of the
E-TOg previously established.

The other disputed assignment regards the E-TOs and E-TOg modes. Instead of two modes, at room
temperature only one broad peak is visible, which is created from the overlap of both modes, as discussed in
the previous chapters in more detail. This combined feature was labeled E-TOs 5 before. Indeed, if we follow
this peak with the Ta percentage in Fig. 4.10 we see, that it shifts with increasing Ta concentration from about
370 cm~! in LiNbO3 to 380 cm ™! in LiTaO3 without changing shape. This suggest, that the two underlying
peaks do shift together in unity. Indeed, this is also what the DFT theory for mixed crystals suggest as seen in
Fig. 4.11. Here, the measured position of the E-TOs 4 is plotted together with the values for the E-TOs and
E-TOg determined by Margueron et. al. [245]. Here, one can see that the interpolation of the literature values,
as well as the center frequency determined in this experiment fit well with each other and the theory behavior.
Here, theory suggest that both peaks shift by about 10 cm~! from LiNbO3 to LiTaOj3 in unity without changing
the difference in position.

Again, the observed shifts of the different modes can be best explained and understood based on the
displacement patterns displayed in Fig. 4.13. Most modes show a reduction in frequency, such as the E-TOy,
-TO,, TO3, TO4, and TOy, which all involve the Nb/Ta atom. Therefore these modes react to the increased
mass of the Ta atom compared to the Nb atom. The E-TOs, -TOg, TO7, and TOg mainly involve the oxygen
cage and are therefore heavily influenced by the stronger Ta-O bond, compared to the Nb-O bond in a similar
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Fig. 4.10 Normalized Raman spectra obtained in the x(y,z)X scattering geometry showing the E-TO modes
in LiNb;_,Ta,O3 mixed crystals. The spectra have been separated with an artificial offset proportional to
the Ta content x. Besides the E-modes, an A;-TO4 leakage mode can be seen at high frequencies, resulting

from an incomplete suppression of detection light. Peak assignment is carried following recent investigations
[245, 70, 249].
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Fig. 4.11 Experimentally measured E-TO phonon frequencies in LiNb;_,Ta,O3 mixed crystals as a function
of the Ta concentration x (a), and comparison with the calculated values (b). E-TO5 and E-TOg can only
be resolved in low temperature Raman spectroscopy. Recent literature data of this resonance is shown for
comparison [245].
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Fig. 4.12 Comparison of the theoretical intensity of the E-TOg9 mode for LiNbO3, LiTaO3, and LiNbg 5Tag 503.
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Fig. 4.13 Eigenvectors of the transversal phonon modes with £ symmetry. Arrows represent the atomic
displacement direction, color coding as in Fig. 4.9.
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Fig. 4.14 Experimentally measured E-LO phonon frequencies in LiNb;_,Ta,O3 mixed crystals as a function of
the Ta concentration x. E-LO modes can only be detected in a single scattering configuration and are weak in

intensity. For the sake of completeness our results are complemented by recent literature data [245].

way as the A1-TOs3. The theory in general predicts the magnitude and direction of the shifts correctly. The

only exception are the E-TO3 and E-TOy4, which both do shift in the experiment, however show no or a slight

opposing shift in the theory. Both modes involve a large displacement of the lithium ion. Here, the difference

between experiment and theory may be atleast partially explained by the non-stoichiometric nature of the

experimentally investigated samples compared to the simulated crystals, which are perfectly stoichiometric due

to the small supercell, which does not allow to accurately account for the real stoichiometry in crystals.

The E-LO modes have also been investigated experimentally. They can only be detected in y(x,x)y and do

generally appear weak and often in a spectrum with E-TO leakage modes, as also observed by other authors

[245]. In our spectra we observe E-TO leakage modes apart from the A-TO modes, which both may overlap

with the weak E-LO modes. Nevertheless, in our experiment we can unambiguously detect the E-LO¢, -LOs3,
-LOs, -LOg, -LOg, and -LOg. While the E-LO, and -LO7 could only be detected for Nb rich samples and will
be masked by merging with generally stronger A-TO modes and leakage E-TO modes. The E-LOy4 could not be

detected in our experiment. For these modes, the literature values from Ref. [245] have been added to obtain a

complete set of data. For the incomplete sets, such as the E-LO;, the literature data fit well with the projected

behavior. This suggests also a vegard-like behavior for all E-LO modes. Here, we observe for several modes

shifts of different magnitude or even direction, when compared to their TO counterparts. This is a result of the

different dielectric properties of LiNbO3 and LiTaOs3 in the xy-plane and will further be discussed in Sec. 4.1.3.
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Fig. 4.15 Detailed view of the frequency range between the E-TO; and E-TO; modes. A broad structure
shifting to lower frequencies on Ta rich samples is labeled by a dagger. This spectral feature is related to a two
phonon process and heavily depends on stoichiometry [270, 247, 47]. Small variations in stoichiometry explain
the slightly varying shapes obtained for different compositions.

Further spectral features

Up to this point we have assigned all first order peaks and have confirmed the assignment established in the
previous chapter based on the analysis of LiNb(; ) Ta,O3 mixed crystals. Apart from this first order Raman
features the spectra of LINbO3, LiTaO3 and LiNb(; _ ) Ta,O3 show more features, as highlighted by an asterisk
in Fig. 4.7. Several of such features are known and have been observed by many authors and have even been
identified as the "missing" first-order peaks, as discussed in 4.1.1. We will now briefly discuss the compositional
behavior of these features. In the low frequency range (< 200 cm™!) we can identify two structures. The
first structure appears for z-incident configurations at around 190 cm™~! in LiNbOs. It is also visible in the
fundamental spectra in Sec. 4.1.1. The compositional behavior of this feature is displayed in Fig. 4.15 for
z(x,y)Z geometry. The feature appears to shift to about 160 cm~! in LiTaOs. This feature does not fit with any
first order Raman feature. Previous research has suggested that it is related to a two photon process due to its
temperature behavior [270, 247]. Furthermore, the complete E-TO; range including this feature has been found
to be sensitive to Li stoichiometry [47, 271].

In the low frequency another feature can be observed in x- or y-incident spectra. Here, as displayed in Fig.
4.7 for Ta rich samples (< 0.553) a feature at 190 cm~! becomes visible, which does not appear to shift, but
increases with increasing Ta content. A feature in this range has been observed before for LiTaO3 even for
stoichiometric material [245, 246]. Its intensity behavior is somewhat similar to a peak around 740 to 750 cm~!
observed for z-incident spectra in both, LiTaO3 and LiNbO3, which previously has often been misinterpreted as
a first order peak. As seen in Fig. 4.16 and in Sec. 4.1.1 it is much more pronounced in LiTaO3. Therefore,
it often has been assigned to the missing E-TOg. In our analysis, this peaks seems to be at a slightly higher
frequency in LiTaO3 than in LiNbO3. It even appears for some mixed compositions, that it is composed of two
features. Alike the feature in the 190 cm ™' range, these features are attributed to two-phonon processes due to

their temperature and stoichiometry behavior [270, 247].
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Fig. 4.16 (a) Close up of the spectral range from 535 to 770 cm™! in z(y,y)z. The spectra have been normalized
to the E-TO8 mode intensity to warrant comparability. (b) Lorentzian fits of the represented spectral range,
which highlights the shift of the features in the 600 - 620 cm™! range. (c) Shift of the central frequency of the
E-TOg and A-TO4-like mixed LO-TO mode.
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Fig. 4.17 Calculated frequencies of the A-phonons with respect to Ta concentration x.

In the context of imaging Raman of ferroelectric domain walls, probably the most interesting feature is
the broad shoulder of the E-TOg visible in z(x,x)Z and z(y,y)Z in LiNbO3 centered around 620 cm™!. This
range is shown in more detail in Fig. 4.16. For comparison the intensities have been normalized to the E-TOg
intensity. In the spectrum the compositional dependence of the E-TOg, as well as the discussed shifts can be
seen. The intensity of the 620 cm~! feature has been found to be very sensitive to the presence of ferroelectric
domain walls [46, 251, 272-274] enabling high contrast images of domain walls. It should be noted, that such
a feature has not been detected in LiTaO3, where apparently only fundamental modes appear to be sensitive to
domain walls. Furthermore, this feature was found to be very sensitive to stoichiometry and becomes sharper
in stoichiometric material [76, 247]. Due to these observations and its frequency position in the > 600 cm™!
range lead to the assumption, that this peak was the missing E-TOg, because it somewhat fitted with theory and
IR spectroscopy results [249, 255]. However, as seen in this work, it is no first order Raman peak. As seen from
the analysis in Fig. 4.16 it shifts to lower frequencies with increasing x and finally overlaps with the E-TOg
peak.

Therefore, we suggest that this peak is an A;-TO4 mixed E-TOg mode, which propagates at oblique angles.
It is excited due to the k-vector and polarization distribution in the focused laser beam [275-277]. The shoulder
shows the same shift behavior as the A|-TO4 mode, which is for LiTaO3 at almost the same frequency as the
E-TOg. The idea of this mode to be a mixed mode fits very well with observation of the angular dispersion
behavior of the E-TOg and A;-TO4 mode as observed by Yang et. al. [246], which shows no directional
dispersion for LiTaO3 and a mixed mode for LiNbO3. Therefore such a shoulder is not visible in LiTaO3, while
being strong in LiNbOs3. In LiTaOs it is superimposed with the E-TOg. Recently it was demonstrated that
the intensity of this shoulder, as well as the E-TOg peak position depends on the focusing in LiNbO3, i.e. the
chosen numerical aperture [278]. Furthermore, this explains, why this peak was detected by various authors in
a broad frequency range from 610 to 630 cm™! [76, 247, 48] and why it strongly reacts to the Li-stoichiometry
[247]. Here, the different experimental setups and the numerical apertures are the reason.

For completeness, also the I'-point frequencies of the optical silent Ay modes have been calculated and
are shown in Fig. 4.17. Alike the previously discussed A and E-type modes, we see a frequency dependence,
which can be understood in terms of the displacement patterns previously shown in Fig. 4.13. In this context,
the A>-TO1, A>-TO; and A,-TO3 decrease in frequency due to the involvement of the Nb/Ta atoms, while the
A-TO4 and A;-TOs5 decrease due to the stronger binding forces in the Ta-O bonds.
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Fig. 4.18 The compositional dependence of the static dielectric permittivity estimated by Eq. 4.4. The
extraordinary permittivity €, shows a strong dependence on the Ta content, while the ordinary permittivity €,
is almost constant.

Dielectric properties

The complete assignment of all phonon frequencies allows also to analyze the behavior of the dielectric
properties with respect to crystal composition. In this context, the well established Lyddane-Sachs-Teller (LST)
relation [36, 37] provides a way to estimate the phononic contribution to the permittivity. In contrast to methods
based on the IR reflectivity spectrum, the LST only requires knowledge about the phonon frequencies (both LO
and TO), but no information about phonon damping. In its generalized form the LST connects the frequencies
of the LO wI{O and TO phonons a)%o with the ratio of the high-frequency €. and static permittivity &. It is
given by

J
e =e[] <“’L0> , (4.4)

_ j
i \ D70

The dielectric tensor for C3,, symmetry of lithium niobate is given by

& O 0
E=]10 €, O 4.5)
0 0 g

and reflects its birefringent nature with a value along the ordinary and extraordinary axis, respectively. To
estimate the static permittivity and the phononic influence on it, the high frequency dielectric permittivity of
Lithium niobate and tantalate needs to be known. As lithium niobate is an insulator, it can be estimated from
the refractive index in the optical range, which is on the order of nyy ~ 2.3 and nyr ~ 2.2, which would yield a
high frequency permittivity on the order of ~ 5 for both materials. For a more refined calculation of the static
permittivity, the high frequency permittivity has been calculated with hybrid DFT for LiNbO3; and LiTaOs.
Here, for LiNbO3 the calculation results in &, = 4.77 and &, = 4.35, while for LiTaO3; we obtain &, = 4.29
and &, = 4.40. These values slightly underestimate the values from literature, however shown similar trends
and differences as the literature values, as summarized in Tab. 4.18. Our approach even accurately predicts and
optical isotropic material for x = 0.8, which is in good agreement with previous experimental and theoretical
approaches. For the calculation we now assume a vegard-like behavior for €. as displayed in Fig. 4.18b).
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Table 4.3 Summary of the high frequency and static permittivity calculated for the end compounds LN and LT,
respectively. The obtained values are in good agreement with literature [245, 44, 279, 48, 280, 55].

&0 €
This work Literature | This work Literature
&y (LN) | 39.2£5.7 40.2-42.5 4.77 5.0
&, (LN) | 23.6+£1.8  23.7-26 4.35 4.6
&y (LT) | 34.7£52 39.6-42 4.29 4.50
&, (LT) | 35.84+2.7 359440 4.40 4.53

Table 4.4 Summary of the experimentally and theoretically determined Raman shifts for all fundamental modes.

The corresponding experimental determined LO frequencies are also noted. Because the E-TOs and TOg can

not be distinguished in the experiment, the sum peak frequency is noted. All Raman shifts in wavenumbers in
-1

cm” .

LiNbO3 LiTaO3
Experiment  Theory LO Experiment  Theory LO
A;-TO; 252-255 239 274 209-210 209 255
A;-TO, 275-276 289 330 256-257 286 355
A;-TO3 333-334 353 422 359-360 376 403
A-TOy4 633 610 871 600 591 866
E-TO, 150-151 148 191 143 144 190
E-TO, 237 216 237 210 199 -
E-TO3 262-263 262 297 254-257 253 279
E-TO4 320-321 320 - 315-317 319 -
E-TOs 6 367-369 380/391 369/428 383-384  409/420 381/453
E-TO; 432 423 428/456 460-465 459 -
E-TOg 580-581 579 - 592 590 660
E-TOq 664 667 877 661-662 669 866

Within the approach, we obtain static permittivity values for LINbO3 &, =39.2+5.7 and €, =23.6 1.8
and we obtain &, = 34.7+5.2 and &,; = 35.8 2.7 for LiTaO3, which are in good agreement with observations
in literature [245, 44, 279, 48, 280, 55]. The data for the mixed crystals displayed in Fig. 4.18 suggest a
vegard-like behavior with no pronounced bowing within our confidence bars. On the Ta rich side, one can see
an almost isotropic crystal in the static frequency regime, similarly to the observations in the optical (high)
frequency regime.

4.1.4 Conclusion

In this chapter we have now established a complete assignment of all phonon modes in the LiNbO3/LiTaO3
material system. Based on a rigorous theory and experiment comparison, we show that this assignment is able
to explain all observations in good agreement with observations from literature. This demonstrates that a rigid
theory combined with the experiment allows to understand observed spectra unambiguously. The determined
experimental and theoretical phonon frequencies are summarized in Tab. 4.4. The assignment and complete
understanding of the phonon spectrum in the LiNbO3/LiTaO3 material system now forms the foundation for

further analysis in the next Sections.
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Table 4.5 Raman selection rules for the complete set of back-scattering geometries calculated based on the
Raman tensors for the KTP family. The last column gives a relative estimate for the tensor element squares
deduced from the experiment. The observed intensities are normalized to d’-element from A,-symmetry.

Symmetry Scattering  Tensor ~ Norm. Intensity in KTP

species geometry  elements (Experiment)
A;-LO 2(X,X)Z a? 1.8
A;-LO 2(y.y)Z b? 9.0
A-TO y(X,X)y a? 42
A(-TO X(y,y)X b? 11.2
A-TO x(z,2)X 2 26.3

A, zZ(X,y)Z d? 1.0
B;-TO y(X,2)y e? 1.9
B,-TO X(Y,2)X 12 10.2

4.2 KTiOPOQ, family

The second material system, which is analyzed in this work is the KTiOPO4 material family. As discussed in
chapter 2.2 the crystal structure of the KTP family is fairly complex. In particular the unit cell of KTiOPO4
contains eight formula units, which leads up to 189 vibrational degrees of freedom. From the viewpoint of
group theory all of these vibrations can be further subdivided into several irreducible representation [281]

i, = 47A1 (R, IR) +484,(R) +47B; (R, IR) +47B, (R, IR). (4.6)

As seen from equation 4.6 all of the phonons are Raman active. Unfortunately no symmetry reduces, e.g.
by degeneracy, the total number of observable phonons. Therefore, complex spectra are expected. The Raman

tensors for the orthorhombic point group C,, are

a 0 0 0 d 0

Ar=10 b 0].A=|d 0 0],

0 0 0 0 0

0 0 e 00 0
Bi=|0 0 o|.Bo=|0 0 f]. 4.7)

00 0 f 0

The experiments will be performed again in back scattering. Similar to Section 4.1.1 the scattering
configurations and expected phonons are summarized in Tab. 4.5. As seen from the table in each scattering
geometry only one symmetry species will appear. Longitudinal optical phonons can only be observed in back
scattering for A| symmetry, because only this symmetry species has tensor elements on the main diagonal.

Fundamental spectra for KTiOPO4, KTiOAsO4 and RbTiOPO4 have been recorded in all geometries. These
spectra are displayed in Figs. 4.19, 4.20, and 4.21. For qualitative comparison all spectra have been normalized
to the maximum, after the dark count level had been subtracted. The spectra have been recorded between
100 and 1200 cm ™!, where the lower boundary is determined by the absorption edge of the notch filter. No
additional spectral features has been recorded above 1200 cm ™! in neither spectrum. For better visibility the
spectra are separated by an offset of 0.5 and labeled with the respective scattering geometry and symmetry

species.
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Fig. 4.19 Complete set of back-scattering Raman spectra of KTP.

As suggested by group theory, each spectrum in any symmetry species shows a complex shape with many
overlapping peaks. In close examination, the more than 40 expected peaks can be identified in the individual
spectra. Despite the complex shape many similarities, not only between the individual materials, but also
between the various symmetry species can be observed. One key feature in all spectra is a dominating peak in
the 650-800 cm ! range. The second most intense features are usually located in the 200-400 cm ™~ range, while
the area in between (400-600 cm ™), as well as the low frequency range (< 200 cm™') shows no prominent
features. Of particular interest is the high wavenumber range. Here, KTiOPO4 and RbTiOPOy4 show frequencies
up to 1120 cm™~!, while for KTiOAsOy4 no features for wavenumbers larger than >950 cm™! can be detected.
This indicates that the exchange of arsenic for phosphorous has a larger effect on the crystal properties, then the
exchange of rubidium and potassium. Overall, the detected spectra agree well with the observations made in
literature [281-284]. Apart from the spectra, also the relative intensities of the single scattering configuration
have been determined for KTiOPOy, which are summarized in Tab. 4.5. Here, as expected, the strongest signal
is observed from the A{-TO symmetry phonons detected parallel to the z-axis. This can be expected as the
largest polarizabilities are parallely oriented to the spontaneous polarizations. The weakest signal comes from
A phonons, which display only 5% of the strongest A;-TO intensity. This should be somewhat explainable by
the fact that A, modes are Raman-active only and are not to be expected to show LO-TO splitting. Hence, the
induced dipole moments are smaller, than in the other species leading to a lower intensity.
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Fig. 4.20 Complete set of back-scattering Raman spectra of KTA.

We now want to examine the spectra in more detail and see, whether we can understand the similarities and
differences of the spectra. In Fig. 4.22 several spectra of KTiOPOj, (black), RbTiOPO4 (red) and KTiOAsO4
(green) are plotted together, which were taken in the same scattering configuration, respectively. Again, the
spectra have been normalized and are displayed with a slight offset for better visibility.

Fig. 4.22a) shows the A1-TO spectra taken in y(z,z)y. The spectra look very similar with the dominant
peak in the 600 to 700 cm™~! range and a group of four roughly equally-spaced medium intensity peaks between
200 to 400 cm™'. While the spectra of KTiOPOy4 (black, bottom) and RbTiOPOy (red, center) are almost
identical with regards to major peak positions and intensity, the spectrum of KTiOAsOy4 (green, top) shows
larger differences. Here, the dominating peaks appear all shifted to lower frequency for the y(z,z)y spectrum,
while pronounced differences especially in the high frequency range are visible. Similar observations can
be made for the other symmetry species. For example for the second most intense B,-TO symmetry species
(Fig. 4.22c) the spectra of KTiOPO4 and RbTiOPO, appear almost identical, while most peaks only show a
slight red-shift of typically less than 10 cm~!, while the KTiOAsOy4 shows larger differences. For the case of
the A1-LO spectra the spectra of each material looks more distinct and different (Fig. 4.22d). This may be
understood in terms of different dielectric properties of the materials, because the LO-TO splitting is directly
dependent on the dielectric properties, as formulated in the Lyddane-Sachs-Teller Relation [36, 37].

The fairly slight differences in the spectra of KTiOPO4 and RbTiOPO4 can easily be explained based on
the crystal structures. The only differences in terms of crystal structure between those materials is the exchange
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Fig. 4.21 Complete set of back-scattering Raman spectra of RTP.

of the potassium ion for rubidium ions, which are situated in cavities in between the PO, tetrahedrons and TiOg
octahedrons. The Rb*™ and K™ ions are only weakly bound to their sites and do not have a major influence on
the overall bonding structure in the crystal. Therefore, the spectral signature of both materials appear almost
identical in most symmetry species. Nevertheless for many dominating peaks a slight red shift is observed for
RbTiOPO4 compared to KTiOPOy. This can be explained in terms of the larger crystallographic unit cell and
larger lattice parameters due to the larger ionic radius of the Rb™ ion, as sumarized in Tab. 2.1. This leads
to longer bond lengths and therefore to a decrease in frequency for many features. The vibrations involving
directly the Rb™ ion are also expected to have a lower frequency due to the almost doubled mass compared
to the potassium. Because the Rb™ and K ions are only weakly bound to their sites, the frequency of their
respective vibrations are expected to be in the lower frequency range, which has also been observed in literature
[282, 158]. The spectrum of KTiOAsO4 shows larger differences. Here, in general a large redshift for all modes
can be seen. This large redshift observed in many features can be explained in a similar way. The larger mass
and ionic radius of the As ion leads to even larger lattice parameters and lower overall frequencies for many
dominant vibrations.

As we have seen, overall differences of the crystal spectra can be understood, without microscopic insight
on the actual vibrational patterns. Nevertheless, a theoretical investigation similar to those performed in LiNbO3
would be very helpful for a deeper insight in the vibrational properties of of KTiOPO4. However, so far no DFT
investigation of the vibrational properties for any member of the KTiOPO,4 family is available. To get at least
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Fig. 4.22 Comparsison of the Raman spectra of KTiOPO, (black, bottom), RbTiOPOy4 (red, middle) and
KTiOAsOy4 (green, top) taken in the same scattering configurations.

some more insight in the vibrational properties an internal mode assignment can be done for KTiOPO4. An
internal mode assignment means, that the spectral features observed in the Raman spectrum will be related to
vibrational modes of substructures of the crystal lattice. In the case of KTiOPOy, the crystal can be divided in
the TiOg octahedron, the PO, tetrahedron and the potassium ion residing on sites in between. We will now
briefly discuss this model, as it was proposed by Kugel ez. al. [282] with respect to our data.

A free and symmetric octahedral molecule has six independent vibrations usually referred to as v{(TiOg) to
Vs (TiOg ), of which three are Raman active while the others three are infrared active [282]. These are displayed
in Fig. 4.23. The octahedron inside the crystal is distorted in the ferroelectric phase, with its symmetry lowered
to C. It further occupies two crystallographic sites. In detail four medium length Ti-O bonds in the range of
1.95t02.07 A are reported. Along the z-axis one short length bond of about 1.7-1.8 A anda long bond of about
2.0-2.15 A are observed [282, 159]. As a result all selection rules are broken and modes of all six types are
observable in Raman spectroscopy. Further the lowered symmetry results in a break-up of degenerated modes.
In detail from the non-degenerated v;(TiOg) mode up to two peaks are expected due to the two crystallographic
sites of the octahedron [282]. The v»(TiOg ) vibration is twofold-degenerate in the molecular case, hence,
taking the two crystal sites into account, up to four Raman bands may be connected to this vibration in the
Raman spectrum of KTP. Similarly the three-fold degenerated v3(TiOg) to Ve(TiOg) might be connected to
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Fig. 4.23 Vibrational modes of a free, symmetric octahedral TiOg molecule. Here, the Raman and IR activity
and the degeneracy is denoted.

A, (R):
v,(PO,)
0" ©
ps* Q

F,(R, IR):
v,(PO,)

Fig. 4.24 Vibrational modes of a free, symmetric tetrahedral PO4 molecule. Here, the Raman and IR activity
and the degeneracy is denoted.

up to six peaks each. The v;(TiOg) vibration is a total symmetric breathing mode of the octahedron. Due to
its high symmetry and intrinsic Raman activity in the molecular case it is expected to be of high intensity. In
literature it is unambiguously identified [281, 282] to arise as the highest peak in most spectra. For KTiOPO4
this is, for example, found at 693 cm™! in the A;-TO spectra and 764 cm~!' KTiOPOy as the corresponding
A1-LO. It further might be connected to the high intense peak in the B, spectrum. The assignment of the other
vibrations is less consistent in literature. Based on a review of different scattering experiments by several
authors in KTP and related compounds, e.g. KTiOAsO4, CsTiOAsQOy, or TITiPO4 [158, 281-287, 25], we
suggest the following assignment: The v»(TiOg) and v3(TiOg) are usually referred to some low intensity peaks
surrounding the high intensity v;(TiOg) peaks at 600-690 cm~! and 830 - 840 cm™ !, respectively. The other
vibrations V4(TiOg) to v¢(TiOg) are said to be related to medium to high intensity peaks in the 200 to 400 cm™!
range. Here, the v4(TiOg) is stated to be most likely connected to peaks appearing at various frequencies in
all configurations at 200-220 cm ™!, best seen as a double feature in the B,-TO spectrum. The v5(TiOg) is
connected to high intensity peaks around 260-270 cm ™!, while the v4(TiOg) related signatures are found to be
of medium intensity in the 300 to 340 cm~! range.
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Of probably more interest is the POy tetrahedron, because the spectra in Fig. 4.22 allows for a direct
comparison of the KTiOAsO4 and KTiOPO4 spectra. In contrast to the TiOg octahedron, the POy tetrahedron is
nearly symmetric with average P-O bond length of 1.54 A in the KTiOPO,4 crystal [288]. A free, symmetric
tetrahedral molecule has four vibrational normal modes numerated v;(POy) to v4(PQOy), of which all are Raman
active. These are displayed in Fig. 4.24. The POy tetrahedron v;(PO4) mode is a total symmetric breathing
mode of A symmetry, while the v,(POj) is of E-symmetry. Just like the TiOg octahedron the POy tetrahedron
occupies two indifferent crystallographic sites inside the KTiOPOy crystal structure. Therefore, two peaks
are expected in the spectrum for the v;(PO4) and v,(PO4) modes, each. The v3(PO4) and v4(PO4) vibrations
are of Fp symmetry and are both triply degenerated. Due to the two crystal sites of the tetrahedron and the
break-up of degeneracy, up to six peaks are expected from each of these modes. Comparing the Raman spectra
of KTiOAsO, and KTiOPOy reveals main spectral changes in the ranges of 300 - 550 cm ™! and > 900 cm™!,
while other features are less affected [284, 281]. This is in agreement with calculations by Herzberg, who
calculated the frequencies of a POy tetrahedron from v; to v4 to be 980 cm !, 363 cm™!, 1082 cm ™! and
515 cm~! [289]. Based on this we suggest the v,(POy) to be related to some medium intensity peaks at 360 -
400 cm-1, e.g. the dominant feature in B; symmetry. Up to six peaks are expected to arise from the v4(POy)
mode, which are found as several low intensity peaks in the 450 to 600 cm~! range. Due to the large number
of peaks in the different scattering configurations a more precise assignment is difficult. This is different in
the high wavenumber range, where only the v;(PO4) and v3(POy) are expected. Comparing the obtained peak
frequencies in the area, in fact shows several groups of peaks in the respective spectral ranges. Comparing
KTiOAsQy4 spectra with KTiOPOy spectra in the > 900 cm ™! range also shows a heavy modification of this
spectral ranges, clearly showing the origin of these peaks in the PO, vibrations. However, due to the largely
different intensities in the scattering geometries it appears difficult to clearly assign the peaks.

The potassium ion is only weakly bound to its site. Hence, only low frequency contributions are expected
[282]. Comparing the spectra of KTiOPOy4, TITiOPO4 and RbTiOPOy4 reveal low intensity peaks mainly located
in the region < 350 cm ™! to be related to the K* ion [282, 158]. This is also seen in the spectra in this work,
only minor differences are observed, where the global shift of most modes is attributed to the slightly larger unit
cell, while certain modes are modified more largely. It can be speculated, whether further features in the low
frequency region are related to vibrations of complete substructures, e.g. chains tetrahedrons and octahedrons,
which displace as a whole with respect to the lattice. Such vibrations are expected to be low frequency, due to
the large masses involved.

In conclusion, the internal mode assignment allows to understand the qualitative structure of the spectrum,
as well as to some degree quantitative statements. Alike, some general considerations, such as the atomic
masses and unit cell parameters, allow to understand the differences and similarities between the three materials.
However, for a deeper understanding of the Raman spectrum and involved changes and the material properties
of the material family in general, it will be inevitable to perform investigation with ab-initio theory. The internal

mode assignment, as well as the spectra presented here, present a good reference for further investigation.
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Fig. 4.25 Typical angular resolved spectra for a) KTiOPO4 and b) LiTaO3. The 0° spectrum is taken in the
geometry specified at the bottom, while the other spectra are obtained by tilting the sample in five degree steps
and keeping the polarization fix with respect to the 0° measurement. The specified angle is measured with
respect to the inner angle 8 as given in the inset in b).

4.3 Directional dependent Raman spectroscopy

In polar crystals, like LN, LT or KTP, the phonon spectrum will change as a function of the propagation angle of
the phonons, which is called directional dispersion. In the context of directional dispersion [290, 254, 246, 291—
293] two types of phonons are distinguished. The first type are ordinary phonons, which do not shift and vary
in spectroscopy under various angles, and the second are extraordinary phonons, which shift under angular
observation. This is a prominent effect in polar materials, such as ferroelectrics, and can be understood as some
phonons do couple to long range electric fields and is directly related to LO-TO splitting. The terms "ordinary"
and "extraordinary" are chosen in analogy to the ordinary and extraordinary optical axes. Here, in particular
phonons propagating parallel to the extraordinary axis, the axis of the internal field, are subject to changes,
while in particular phonons in the ordinary plane are usually not subject to change. In this context KTP is a
biaxial material, therefore extraordinary phonons are also expected in the xy-plane. For the total symmetric
A1 phonons in our three crystals this means for example that pure A;-LO can only be observed parallel to the
extraordinary axis (z-axis), while pure A;-TOs can only be observed in the ordinary plane. For all other angles
phonons of mixed type are observed. Therefore, measuring the angular dispersion allows to unambiguously
identify all LO type phonons, as those will shift are vanish. This is very helpful in identifying and assigning
phonons. As seen in the next Chapter, the angular resolved spectra are an important feature in the explanation
of the domain wall contrast.

For the measurement procedure the samples either need to be polished to obtain facets with various angles
or the sample is tilted with respect to the fixed measurement axis. If the latter is performed, it should be noted
that the outer tilt angle 3 does not represent the angle o at which the phonon is excited. Due to refraction at the
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Fig. 4.26 Complete angular dispersion in the xy-plane of the KTP crystal. Here, one can clearly see that a)
A1-TO phonons in y(x,x)y to x(y,y)X show no change, while the B; phonons y(x,z)y show a clear angular
dispersion to B, in x(y,z)X geometry.

surface, the angle is changed according to the inset in Fig. 5.3. The angles however can easily be corrected by
using Snell’s law

NLuft Sln(ﬁ) = NMaterial Sin(a)~ (4.8)

For example lithium niobate has a extraordinary refractive index at 532 nm of approximately n = 2.23. This
means that the spectrum at & = 20° means the sample needs to be tilted by 47°. Alike, the corrections can be
performed for KTiOPO4 or LiTaO3. The biggest disadvantage of this issue is that due to internal reflection only
maximum angles of approximately 27° for LiNbO3 and LiTaO3 and 33° for KTiOPO,4 can be achieved. To
measure a complete set with angles in the 30° to 60° range at least one facet with a 45° angle with respect to
the desired axis needs to be polished.

Figure 5.3 a) and b) show a series of spectra taken every 5° of internal angle for KTP and LT. The spectra
are simply normalized to maximum after the dark counts had been subtracted and separated by and artificial
offset. Both 0° angle spectra show A[-LO phonons in z(x,x)z (in the case of LT also E-TO modes). The theory
of directional dispersion says now that this is the only geometry in which pure A;-LO can be detected, as
detection and excitation is parallel to the optical axis. If the sample is tilted mixed LO-TO modes at intermediate
frequencies are seen. Indeed, when the sample is tilted shifts can be observed for LiTaO3 and KTiOPOy4. The
observations for lithium tantalate is in agreement with observations in literature [254, 246]. For KTP so far
no observations exist. The presented measurement shows the dominating peak at 765 cm™! is clearly an
extraordinary A1-LO mode.
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In the case of directional dispersion, KTP is an interesting case, because it is a biaxial material. Here,
extraordinary phonons are also expected in the xy-plane. In parallel polarization configurations (y(x,X)y,
y(z,2)y, x(z,2)X and x(z,z)X) always pure A;-TO phonons are expected and therefore no directional dispersion
is expected. However, in the crossed polarization configurations either B (y(x,z)y) or B, (x(y,z)X) can be
detected, therefore a directional dispersion is expected. Figure 4.26 shows a complete set for A;-TO phonons
and B1/B; phonons. Here, the spectra for the A; phonons is almost independent of the angle with small except
for some minor intensity variations and no shifts apparent shifts can be detected. For B{/B, phonons in Fig.
4.26b), however, many clear shifts and intensity changes can be seen. Here, extra-ordinary phonons clearly

appear in the xy-plane.



Chapter 5

Imaging Spectroscopy

In the previous chapter, we have focused on the spectroscopic analysis of the materials. Here, general properties
of the materials were analyzed, where a spatial analysis and mapping was not necessary. Now, the imaging
capability of the setup is used. In the context of integrated nonlinear optics in ferroelectric materials there are two
major topics, where spatially resolved, imaging spectroscopy can provide useful insight into material properties.
The first topic is the visualization of ferroelectric domain walls. Since the first experimental demonstrations of
Raman imaging on ferroelectric domain walls, this technique has proven to be very useful due to its non-invasive
nature and three dimensional resolution. Despite the widespread use, the actual mechanism providing a contrast
to domain walls in Raman spectroscopy is not well understood.

In this chapter, we analyze periodically poled LiNbO3, periodically poled LiTaO3 and various periodically
poled and unpoled KTiOPO,4 samples with and without waveguides. The LiNbO3 and LiTaO3 analysis were
mainly performed on two commercially acquired samples. Both samples were poled and fabricated by Deltronic
Crystals, Inc. The various KTiOPO,4 samples were fabricated and provided by the group of C. Silberhorn.
The main cooperation partners were C. Eigner and L. Padberg. Details about the samples, if necessary for

understanding, are provided in the respective sections.

5.1 Unraveling the DW contrast mechanism in Raman spectroscopy

In the last decade Raman microscopy has been applied to visualize and analyze ferroelectric domain structures
in numerous materials [50, 252, 46, 273, 269, 272, 251, 54, 294, 295, 274, 296-299]. A connection between
the phonon spectra and domain walls (DW) was probably first noted by Dierolf et.al. in 2004 [50], while
performing luminescence microscopy on periodically poled Er-doped lithium niobate. In particular in lithium
niobate (LiNbO3) and lithium tantalate (LiTaO3) this method has seen widespread use in many experiments
since then. This method makes use of the fact that in particular the intensity - and to a lesser extend the frequency
or FWHM - of certain Raman modes is heavily influenced by the presence of domain walls. These intensity
variations can then be mapped to create an image of the domain structure. In confocal application, Raman
microscopy offers an intrinsic three-dimensional resolution and is non-invasive, which are great advantages
when compared to other widespread methods for domain imaging like selective etching or piezo-response force
microscopy techniques. Despite the use of Raman microscopy for imaging of ferroelectric domain walls the
mechanism, which results in a changed phonon spectrum at the DW, is not entirely understood. A detailed
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understanding of the underlying contrast mechanism is inevitable for an interpretation of results and identifying
possible deviations from the usual behavior.

The first explanation for the contrast was given by Fontana et. al. [269] shortly after the first papers showing
domain wall imaging by Raman microscopy appeared. In the years preceding the first Raman experiments on
ferroelectric domain walls, large strain fields in the vicinity of domain walls in LiNbO3 and LiTaO3 have been
observed [51, 300], as well as predicted theoretically [301]. Furthermore, luminescence mapping experiments
revealed large internal fields along domain walls [50, 295]. The model by Fontana et. al. now suggests that
these strain fields and/or the local electric fields will lead to changed Raman scattering efficiency, which they
identify as elasto-optic and electro-optic coupling. In classical theory the Raman intensity of a certain vibration
n is associated with the polarizability change dot/d Q" with respect to the normal coordinates Q" of the vibration
[196, 197]. Fontana et. al. showed that strain ds and local electric field dE will lead to additional terms in the

polarizability change. The total polarizability including strains and electric fields is then given as [269]

dOC,'j ddij 8oc,~j aOC,'j 1
= d —=dE . 5.1
dor do" < Sim + 8Ek k dor G.D

Taking the aforementioned strains and local electric fields at domain walls into account [51, 300, 301], this

aSlm

model in principle can explain why a change in intensity is observable with Raman spectroscopy, because
any local strain or electric field will influence Raman intensity. However, the predictability of the model is
limited at first glance. Many factors need to be known to calculate the response of specific phonons, such as the
local strain and electric field, as well as the polarizability change (or susceptibility in the case of crystalline
materials). Here, a particular issue is also that some suspected non first order peaks also show sensitivity to
domain walls, most prominent the 620 cm~ ! line in LiNbO3 formerly thought to be the E-TOg [70, 268, 249]
(See also Sec. 4.1.1). Another somewhat open question is the size and magnitude of the strain field around
domain walls. Experiments show that with applied electric fields, strain fields spanning up to 100 yum are
observed by Bragg topography [51, 300], however Ginzburg-Landau-Devonshire theory only predicts strain
fields only to be a few unit cells wide [301, 144]. Alike, ab-initio analysis of ferroelectric domain walls, show
domain wall width - defined as the sign change of the spontaneous polarization - to be only a few unit cells wide
[302, 303]. These theory results are in agreement transmission electron studies, showing domain transitions
to be a few unit cells wide [304—-306]. Nevertheless, people observed with Raman microscopy domain wall
signatures, which are larger, than their optical resolution [54, 294]. Their observation fits with high resolution
mapping of the refractive index and birefringence or electric fields around domain walls, where signatures on
the order of several microns around a DW have been detected [52, 50, 295]. Measurements with nonlinear
microscopy even suggest that the width of DW signatures depend on material properties and fabrication, e.g.
annealing [204]. As we can see here, the observations are manifold and complex.

A completely different explanation for the contrast behavior of domain walls in Raman spectroscopy was
presented in 2012 by Stone and Dierolf [251]. In their model they understand the domain wall as a large, planar
defect. Planar defects are associated with a quasi-momentum gpw normal to the defect plane, as shown in Fig.
5.1. This will lead to a change of selection rules. In particular, oblique-propagating phonons, some with mixed
LO-TO character, can participate in the scattering process. If we analyze the momentum conservation within
the bulk material for back-scattering situation, as in a typical Raman Imaging experiment, we get the situation
displayed in Fig. 5.1a). Here the momenta of the incident k; and scattered k; and the phonon g, are all collinear.
The situation changes, if a domain with a quasi-momentum is concerned. Figure 5.1b) shows the situation for
z-cut incident scattering at a 180° domain wall, which is a typical geometry for the investigation of periodically
poled LN or KTP. Here, the additional defect momentum gpw now will result in phonons g;, to participate in
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Fig. 5.1 Contrast mechanism as proposed by Stone and Dierolf [251]. In their model, they understand the DW
as a large planar defect associated with a quasi momentum. This leads to a relaxation of selection rules at DWs
giving rise to a changed Raman spectrum.

the scattering process, which are propagating at oblique angles with respect to the crystals axis. As Yang et.
al. experimentally demonstrated [246] in their analysis of the directional dispersion of LiTaO3; and LiNbO3,
Raman spectra - intensity and peak positions - change heavily, when measured at different angles. The effect is
in particular large, when changing from z-incident, which allows for observation of strong A;-LO peaks, to x-
or y- incident direction, which allows for the observation of the respective lower frequency A;-TO phonons.
This fits with the observation that A;-LO phonons decrease in intensity at domain walls. In their discussion
Stone and Dierolf could then connect specific spectral ranges and phonons with changes observed by Yang et.
al. [246]. The apparent major advantage of this explanation for the contrast mechanism is that the substructure
of the domain wall is of no concern for the model.

We have now two different models, which both provide an explanation for the contrast observed at domain
walls. In this context, Fontana et. al. model connect the spectral changes to the microscopic structure of the
DW, while Stone and Dierolf see the contrast in the DW as a macroscopic object, where the micro-physical
properties of the domain wall play no role. In our work we have investigated the spectra of the domain walls
in z-cut and y-cut of LiNbO3 and LiTaO3, as well as KTiOPOy in the context of these two models. Here, we
have measured angular dependent Raman spectra for a systematical comparison with DW spectra to address the
macroscopic model of Stone and Dierolf, while the microscopic model is addressed based on DFT approach.

5.1.1 Raman Imaging and Directional dispersion

For this work three samples were analyzed. The periodically poled lithium niobate and lithium tantalate samples
are obtained commercially via Dohrer Elektrooptik and fabricated by Deltronic Crystals, Inc.. The lithium
niobate crystal features a period length of A = 28.3um and a duty cycle of 60 : 40, while the Lithium tantalate
crystal is poled with a period length of A = 28.9um with a duty cycle of 50 : 50. Both samples are fabricated
from congruent material. To enable the optical analysis both samples have been polished on one z-face and
one y-face, respectively. Here, the polishing step also makes sure that any etching pattern remaining from
fabrication is removed. The KTP sample was fabricated in the in-house technology in Paderborn by electric
field poling from a contact electrode. A similar sample has been analyzed before [294]. It features a period
length of A = 16.7um and a duty cycle of approximately 70 : 30. Again, for optical analysis the z-face and one
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Fig. 5.2 Raman imaging is demonstrated for the LiNbO3, LiTaO3, and KTiOPO4 sample. Each image is created
using the integrated intensity in a specified spectral range of the Raman spectrum, which was identified by
previous authors to give high contrast images of domain walls. The graph below each image, gives a cross
section along the red, dashed line. Here, typical FWHM of the domain wall signatures between 600 and 800
nm are seen.

y-face has been polished. Here, all samples have domain walls oriented parallel to the y-axis according to Fig.
3.7.

Figure 5.2 demonstrates Raman imaging of ferroelectric domain walls on all three samples. Here, on
each sample spectra in a 60 by 40 um? (x by y) region were recorded every 100 nm orthogonal to the DW's
(x-direction) and 250 nm steps parallel to the DWs (y-direction) with integration times of 1000 ms. For the
scans, the focus was placed typically 5 to 10 um below the sample surface, to ensure that no surface related
effects will interfere with the measurements. The spectra were taken in a defined polarization described in
Porto’s notation as z(x,x)z. For each material, certain parts in the spectrum are known, which show a systematic
decrease or increase in intensity at a DW relative to a bulk spectrum. A straightforward and convenient method
to generate images of domain wall is to integrate the intensity in such a spectral range. This integrated intensity
is then plotted in a false-color image to reveal the domain structure. For our images we chose spectral ranges,
which are known to provide an increased signal at DWs for each material. In detail, for LT we chose the range
of 570 to 610 cm~! [274], in LN the region from 560 - 630 cm~! [46, 269, 252] and for KTP the region of 560 -
630 cm~! is chosen [294], which all are known to provide a good contrast. Figure 5.2a) - ¢) shows the obtained
images for our three samples. Here, the period length differences as well as the different duty cycles can be
seen. Below each image a plot of the intensity profiles along the red, dashed line is given. Here, the signatures
of the domain walls can be seen to clearly stand out from noise. The DW signatures show full width at half
maxima (FWHM) of 600 to 800 nm. Here, the width is moderated by the resolution limit of optical microscopy
and not by the size of the domain wall, which is significantly smaller than this. This already fits well with the
idea and observations with other methods, e.g. PFM, where the domain transitions has been determined to be
20 - 80 nm for LN or KTP [307].

Based on the images and line scans performed in Fig. 5.2, the positions of single Domain walls were
identified. On these locations Raman spectra were taken and compared with spectra taken in the bulk regions in
between. In Figure 5.3¢) and d) two examples for a DW spectrum for KTiOPO4 and LiTaO3 in z(x,x)Z geometry
are shown. Here, the DW spectrum is given in dashed green lines, while the bulk reference spectrum is plotted
as a solid black line. Here, the differences appear only very minor, which is consistent with literature. To better
highlight the differences, it is convenient to plot the difference spectrum. Here, the spectrum of the bulk is
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Fig. 5.3 a) and b) show the angular dependent Raman spectra of KTP and LT. Here, the crystal is tilted with
respect by an angle with respect to the x- and z-axis, while the light polarization is kept fix according to the 0°
scattering geometry z(X,X)Z.

subtracted from the DW spectrum (/(DW) — I(bulk)). This plot highlights, how the spectrum at the domain
wall changes. For even better visibility this spectrum is multiplied by four and plotted beneath. This now allows
to spot the differences quite easily. In KTP, for example, the region around 700 cm ™! from approximately 680
to 730 cm~! shows an enhanced signal at the domain wall. This is exactly the region and behavior, which is
used to create the plot in Fig. 5.2¢).

As discussed above, the contrast for domain walls is explained by Stone and Dierolf in terms of a relaxation
of the selection rules by treating the domain wall as a large, planar defect. Here, phonons propagating at
oblique angles with respect to the wall will also participate in the scattering. To reconstruct the spectra expected
at domain walls it is therefore necessary to actually measure the spectra of phonons propagating at oblique
angles. For this, the samples were mounted on the goniometer stage and the sample was tilted around the
y-axis according to the inset in Fig. 5.3b) with respect to the fixed optical axis. In Fig. 5.3 a) and b) show
a series of spectra taken every 5° of tilting. Due to internal reflection only spectra up to approximately 25°
in LN and LT and 30° in KTP could be taken, see Sec. 4.3 for more details. The light polarization in the
experimental setup was kept fixed according to the starting scattering geometry, which in this case was x(z,z)X.
The spectra are simply normalized to maximum after the dark counts had been subtracted. For better visibility
they are separated by 0.5 with respect to the normalization maximum for a first, qualitative comparison. This
enables to compare the changes in the directional dependent spectra with the spectra of the domain walls. For
easy comparison some spectral features have been highlighted. Here, the modes in LiNbO3 and LiTaO3 are



78 Imaging Spectroscopy

assigned with numerations, which are usually used in literature. And the assignment is based on the most recent
works [245, 268, 70, 249]. For KTiOPO4 no generally accepted assignments and numbering of all phonons are
available, therefore the approximate mode frequencies are given, which allows for the convenient comparisons.

In the DW spectrum of KTiOPOy (Fig. 5.3¢) one of the most prominent changes is the decrease and shift to
lower frequencies of the 765 cm™~! phonon, while the mode at 700 cm~! increases relative to this dominant
peak. Alike, smaller changes for the 545 or 995 cm™! can be spotted. In LiTaO3 similar is observed, when
comparing the angular dependent spectra (Fig. 5.3b) and the changes in the DW spectrum (Fig. 5.3d). Here, the
most drastic changes at the DW spectrum are observed for the A;-LO;, LO3, LO4 and E-TOg modes. Indeed,
these can be connected to the changes, which are observed in the angular resolved spectra. Here, the A;-LO;,
A1-LO3 and A-LOy4 decrease and shift, as they are all extraordinary modes [246, 254]. The A1-LO3 shifts to
higher frequencies and presents a LO-TO mixed mode, which at 90° eventually will merge with the E-TO7
peak. Similar to this, the E-TOg shows a slight shift in the DW spectrum to higher frequency and an intensity
increase. At 90° angle this mode will become the A;-TO4, which explains the strong reaction of this mode at
the domain wall. Our observations allow - in agreement with the model by Stone and Dierolf - to explain most
features of the domain wall spectrum.

Now, we investigate this behavior systematically for all geometries in z-cut and for all three materials. The
top panels in Figs. 5.4a)-i) show the measured DW difference spectrum and a respective bulk spectrum for
reference. The measured DW difference spectrum is calculated as described above and again multiplied by four
for better visibility. It should be noted that it is in the correct proportion to the bulk spectrum. Only the bulk
and the difference spectra are given, because the difference of the DW to the bulk spectrum is only minor.

The explanation for the contrast mechanism now associates the spectra of oblique propagating phonons
with the DW spectrum. To systematically analyze this behavior, we have measured the angular resolved spectra
at 0° and 25° and plotted them in the bottom panels in Figs. 5.4a)-i). Here, the 0° spectrum is identical with
the bulk spectrum in the respective geometry, while the 25° spectrum represents the largest angle spectrum,
which could be measured for all samples. The model for the contrast mechanism states that at the domain wall
oblique-propagating phonons will be present in the Raman spectrum. Therefore, we now assume that the 25°
spectrum is the spectrum of an ’ideal’ domain wall and calculate the difference spectrum of the two spectra
(1(25°) —I(0°)). The result is plotted below for an easy comparison with the measured DW spectra. For this
calculation, the 0° and 25° spectra, both, have been normalized to maximum. As the domain wall region is
smaller, than the focus spot size, this difference spectrum needs to be reduced. This is done by dividing it by
four. This normalization provides a similar intensity of the calculated difference spectrum compared to the bulk
spectrum, as the measured DW spectrum in the top panels show.

This goal of this calculation is to highlight any differences and to provide a spectrum for a quick and
easy comparison. It should not be understood as an unrestrained, quantitative way to calculate the domain
wall spectra. Here, two major limitations arise from our simple approach. First, we assume that only the 25°
spectrum does represent the domain wall. For a more accurate modeling, more than just a single spectrum
may need to be weighed in. Here, the weighing factor may depend on the quality of the domain wall and the
actual magnitude of the DW quasi-momentum gpw. However, the biggest issue, which prevents an accurate
calculation, is the normalization of the spectra before the calculation. In our plot, the angular resolved spectra
have just been normalized to maximum, because in absolute intensities, the 25° spectrum usually is much
weaker in intensity, due to the large excitation angle. Here, a lot of intensity is lost due to reflection (see the
inset in Fig. 5.3). This requires a normalization. As however, no mode can be assumed to be unchanged during
the angular resolved measurement, any normalization may induce artifacts. For a better normalization in the

future, for example, the Rayleigh peak may be used, which in our setup is blocked by a Notch filter.



5.1 Unraveling the DW contrast mechanism in Raman spectroscopy

79

LiTaO, LiINbO, KTiOPO,
a) z(x,x)z d) z(x,x)z g) z(x,x)z
Bulk spectrum Z(x,X)Z —— Bulk spectrum Z(X,X)Z Bulk spectrum 2(x,X)Z
—— DW difference spectrum —— DW difference spectrum j\ —— DW difference spectrum
[N, A /| she J’JL\/MMJ S
T x4 x4 v \ [ x4
—0° z(x,X)Z J— z(x,X)Z —0° z(X,X)Z
——25° ——25° —25°
| —— Difference spectrum 11 — Difference spectrum j\ | | ——Diference spectrum |
A A Ug Mm@dﬂu M
YV X0.25 %025 [ X0.25
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 1200
Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)
b) z(x,y)z e) z(x,y)z h) z(x,y)z
z(x,y)Z Bulk spectrum z(x,y)z —— Bulk spectrum —— Bulk spectrum z(x,y)z
—— DW difference spectrum M DW difference spectrum —— DW difference spectrum
‘LAJ\AM JL i Mook R o H k vy LA, U ]
7 e ) ey T T V 02
2(xy)z p— z(xy)z — Z(x,y)Z —
I - ﬁ —25
[ — Difference spectrum | | | — Difference spectrum L — Difference spectrum
X0.25 N NS £0.25 v x0.25
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 1200
Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)
c) z(y.y)z f) z(y.y)z i) z(y,y)z
T T ]
z(y,y)z —— Bulk spectrum — Bulk spectrum 2(y.y)z —— Bulk spectrum z(y,y)z
—— DW difference spectrum —— DW difference spectrum —— DW difference spectrum
W\J(\ P A Jk J\\\& N ! LAM» N
T N \V/‘" x4 T V ~ ( x4
—o 2(y.y)z —o 2(y.y)z —0 2(y.y)z
25 o ——25°
L — Difference spectrum | —— Difference spectrum —Difference spectrum |
J\NL/UJ NV, Jk N MMM
X0.25 x0.25] v X0.25
0 200 400 600 800 1000 0 200 400 600 800 1000 0O 200 400 600 800 1000 1200

Raman shift (cm™)

Raman shift (cm™)

Raman shift (cm™)

Fig. 5.4 The figure shows the spectral signatures of domain walls on z-cut for all three materials in the top
spectra. Here, in black a bulk spectrum is given for reference, while the red line denotes the difference spectrum
calculated from the measured DW spectrum (I(DW) — I(bulk)). Below are the 0° and 25° angular resolved
spectra, where 0° is the spectrum in the given scattering geometry. Here, to highlight differences, also a

difference spectrum is given (1(25°) — I(0°)).
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Despite these limitations, the accordances we achieve with this approach are surprisingly large. Let us
take for example the spectra of LiNbO3 in Fig. 5.4 d) and f). Here, the measurement of the DW shows an
increase in the 620 cm ! region, while the A-LO3 at ~ 430 cm~ ! and the A-LOy4 at 870 cm~! show a decrease.
This is well reproduced in the difference spectra of the angular dispersions. Similar, can be seen for LiTaO3 or
KTP, where several very pronounced modes of A;-LO character decrease and shift, while the spectral regions,
where after full rotation to y- or x-incident strong A;-TO peaks are expected, strong increases are seen and
predicted. That A;-LO modes show a particular pronounced reaction, is easily understandable, because pure
A;-LO modes are only allowed for scattering geometries parallel to the optical axis [290]. Therefore, a strong
shift and mixed LO-TO character for these modes is expected with any off-axis scattering. Alike, the A;-TO
counterparts will appear as the most intense modes in scattering geometries parallel to the xy-plane.

The predictions for the crossed polarizations (z(x,y)z) in the center row are somewhat less conclusive for
LN and LT. This is however, expected as they show E-TO modes. The E modes for LN and LT should have no
pronounced directional shifts as expected, as the E-TO modes are ordinary modes and also will appear after the
respective full turn. However, at crossed polarization geometries from x- or y-incident different E-TO modes
with different intensities (a different tensor element) will be excited, which explains the changes in intensities.
Shifts and certain features, like the shoulder at 620 cm~! in LN also appear for this polarization, which are
observed are mainly due to not fully suppressed depolarizations or due to focusing [278]. The problem that
normalization will influence the calculated angular difference spectra, can best be seen in Fig. 5.4 f), where the
strong mode at 860 cm™! is expected to decrease in the top panel, however does not decrease in the bottom
panel, as it is the mode used for normalization in the 0° and 25° spectrum. Instead a slight shift of the mode
center of a few cm™! is indicated, which is also observed in the top panel DW difference spectrum. Overall,
this model appears to be able to explain most of the peculiarities.

So far, the model by Stone and Dierolf can explain the changes observed at domain walls fairly well and
allows to predict the contrast behavior. The differences between our prediction and the actual DW spectra
are mainly explained by the difficult normalization of the angular resolved spectra, as well as by the arbitrary
selection of just the 25° angular resolved spectrum for comparison. The next questions is, if this model can also
be applied to y-incident investigations of domain walls.

5.1.2 Domain walls on y-cut surfaces

As far, as we know all Raman studies on ferroelectric domain walls in either of the discussed crystals here, have
been performed for z-incident Raman spectroscopy only [50, 46, 273, 269, 272, 251, 54, 294, 295, 274, 296—
298, 252, 299]. Here, most images in literature have been obtained by either making use of one the A;-LO
phonons, the E-TOg phonon in LiTaOj3 or the 620 cm™~! region in LiNbO3, all of which behaviors at the DW
can be explained by the model of Stone and Dierolf and linked to the directional dispersion, as discussed before.
In principal, also a contrast for domain walls in x-cut or y-cut geometries as shown in Fig. 5.1c) should be
observable, if the directional dispersion will show significant changes at the DW. In this contest, Figure 5.1c)
shows that scattering at the DW may excite mixed phonons propagating in the xy-plane (or ordinary plane) of
the crystal. Here, for A; phonons purely TO phonons will be excited, for which no directional dependence do
exist, e.g. tilting from from y(z,z)y to x(z,z)X will give the same spectra. Alike, E-TO phonons in crossed as
well as parallel configurations show no directional dispersion. Phonons, which have no directional dispersion,
are knows as ordinary phonons in the sense of Ref. [290]. The only exception for LN and LT are the E-LO
phonons, which are however very weak and difficult to detect [245]. This is also seen in the Raman tensors

for E-TO and A-TO phonons, where in y- or x-cut always the same elements are addressed. The ordinary
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Fig. 5.5 a) Raman spectrum taken in y(z,z)y for LINbO3. The A-TOy4 line has been fitted with a Lorentzian
function. The inset demonstrates the measurement geometry, in which y-cut domains have been investigated. b)
Fitting results of a line scan on the LiNbO3. The domain walls are associated with a clear shift of the peak
frequency, while in the intensity only a light imprint can be seen.

nature of the phonons in the xy-plane has been experimentally demonstrated for Lithium niobate and tantalate
[246, 254] and is in line with our observations, when measuring angular dependent spectra. If the model of
Stone and Dierolf entirely describes the contrast at the DW, only very slight changes are expected at a DW,
and these will only be seen for the weak E-LO modes. In this context KTiOPOQy is different, because it is a
biaxial crystal described by a three index ellipsoid, rather than a two-index ellipsoid. This also means that
extraordinary phonons, i.e. phonons with a directional dependence [290], for rotations around the z-axis do
exist. This is indeed what we have demonstrated in Sec. 4.3, where a phononic dispersion for the crossed
polarizations between B and B, phonons is observed, but not for A; phonons. Therefore, for the scattering
geometry of y(x,z)y a contrast based on the model by Stone and Dierolf is expected as the only geometry.

To verify these ideas, line scans are performed in y-cut geometry for all samples and in all geometries as
shown in the inset in Fig. 5.5a). As we expected only a small contrast for the DWs, the intensity this time
has not just been integrated in the convenient method in various, but selected lines have been fitted with a

Lorentzian function of the form

(o) = A 0
27 (0% — 2) + 82 /4’
where the prefactor A gives the integrated intensity of the line, @, is the resonance or peak frequency and
0 specifies the full width at half maximum (FWHM) of the line. This allows to investigate line shifts, the
intensities and FWHMs with respect to the domain structure. Figure 5.5 shows the result of such an investigation
of a line scan of 100 um for LiNbO3. Here, the A;-TO4 line highlighted in Fig. 5.5a) has been investigated.

While the intensity A only shows a slight connection to the domain walls, in the peak frequency @, a clear

(5.2)

shift can be seen. The period length of 28.3 um and the 40:60 duty cycle are reproduced very well, which
demonstrates that domain wall imaging on y-cut is indeed possible, however the observed contrast here, is
different from what we have expected and have previously seen for z-cut.

For each sample, such line scans have been performed in all three scattering geometries and several modes

have been investigated for connections to the domain walls. Here, Fig. 5.6 shows an example for one mode in
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Fig. 5.6 The figure shows examples of results of lines scans for all three materials. Here, each phonon gives
rise to a specific signature related to the presences of domain wall. While the DW signatures in LiTaO3 and
LiNbOs3 appear wider in y-cut, than z-cut, the DW signatures of KTP is of the same order. Here, however only
a contrast for y(x,z)y is observed.
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Fig. 5.7 The figure shows the spectral signatures of domain walls on y-cut for all three materials in the top
spectra. Here, in black a bulk spectrum is given for reference, while the red line denotes the difference spectrum
calculated from the measured DW spectrum (/(DW) — I(bulk)). Below are the 0° and 25° angular resolved
spectra, where 0° is the spectrum in the given scattering geometry. Here, to highlight differences, also a
difference spectrum is given (1(25°) —1(0°)).
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y(x,x)y and y(x,z)y polarization. Based on these line scans, the locations of individual domain walls could be
identified and the respective spectra could be taken.

Like in the previous section, Figure 5.7a)-i) shows in the top panels the measured difference spectra and
a bulk spectrum for reference, while in the bottom panels the respective difference spectrum based on the
angular resolved spectra is presented. Here, the difference spectra have been calculated in the similar manner,
as discussed above. While we see in the top panels for all geometries significant changes in the difference
spectra for LiTaO3 and LiNbOs3, the angular resolved difference spectra indicate almost no changes, except for
slight changes in E-LO modes in the y(x,z)y spectra in LN and LT. This is in agreement with the expectations
discussed at the beginning of this section. In agreement with our predictions in KTP we only observe significant
changes in the domain wall spectrum for y(x,z)y geometry in Fig. 5.7h), which also shows as the sole geometry
a significant change in the directional dispersion in the bottom panel. In this context, it appears that the
directional dispersion can only explain the behavior of KTP and to a slight degree of the weak E-LO in LN and
LT, while the major changes in the LN and LT spectra remain not explained. To explain this behavior, we need
to take a look again at the line scans of DWs presented in Fig. 5.6.

While the signatures of the domain walls for KTiOPO,4 show in y-cut a similar width of KTiOPQO4 of 700
nm in y-cut, we observe half widths between 1000 nm and 2000 nm in Figs. 5.7 and 5.5 for LiNbO3 and LiTaO3
. Which is significantly larger, than the results previously observed in z-cut (Fig. 5.2). It should be stressed
again at this point that the results for z-cut and y-cut, both, have been obtained on the same samples and with
the same experimental setup. Despite that, we observed apparently larger domain wall signatures depending
on the geometry and analyzed parameter. Indeed, even for z-cut these different ranges can be observed, if the
right phonons and parameters are analyzed, as demonstrated in Fig. 5.8. The suggests that we have a different
mechanism (with longer range) being responsible for this type of contrast, than the mechanism previously
discussed by Stone and Dierolf. And this mechanism is at least in our experiment only present in LiNbO3
and LiTaO3, but not in KTiOPO,. Indeed, if we take a look at the domain wall spectra (Fig. 5.7), we see
significant changes in the DW spectra in all geometries for LiNbO3 and LiTaOs3, but for KTiOPO4 only in
the y(x,z)y geometry in agreement with the presence of directional dispersion in this geometry. In contrast
to this, the changes in the domain wall spectra for LiNbO3 and LiTaO3 can not be connected to the angular
resolved spectra. Here, the explanation may be the aforementioned strain and/or electric fields, which have
been discussed together with the microscopic model for the DW contrast of Fontana et. al. [269].

Indeed, in particular in congruent LiNbO3; and LiTaO3; a multitude of effects have been observed in the
vicinity of domain walls. Here, strain fields in the order of 10 microns have been observed by x-ray topography
spanning around domain walls [51, 300]. As LiNbO3 and LiTaO3 are piezo-electric this strain will likely be
associated with an electric field. Indeed electric fields are present in the region of domains walls in congruent
lithium niobate, as demonstrated by Dierolf et. al. with luminescence microscopy [144, 54]. Here, they
detected fields of up to 6 kV/mm in a 4 um range around the domain wall, while they could detect a long
range electric field of up to 10 kV/mm before and still 4 kV/mm after annealing in a up to 20 um wide region
around the domain wall. These strain and electric fields are usually believed to be the reason behind changes in
birefringence and refractive index from 3 to 20 um around domain walls have been observed for both materials
[52, 308, 54]. Alike, it is very reasonable that these strain and electric fields will influence the Raman spectrum,
which is exactly the background of the first model for the DW contrast proposed by Fontana et. al. [269], which
was discussed in the introduction [269]. The longer range of up to 2 um fit well with the idea of strain being
behind the contrast. Why is no such behavior observed for KTiOPOy in our experiment? Here, the reason may
lay in the specific material properties of KTiOPOy4, which is known for its very high ionic conductivity [159].

If now any strains (inducing an electric field by the piezoelectric effect) or electric fields in general are present
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in KTiOPOy, they will be masked soon by a charge rearrangement. Some authors even report smaller domain
wall width for KTiOPOy, than LiNbO3 [307].

The presence of (large) electric fields and their influence on the Raman spectrum in lithium niobate also
allows to understand another observation. In the line scans of lithium niobate in Figs. 5.6c), d) and Fig. 5.5
one can see in the peak frequencies of the respective modes, do not only show a contrast for the domain
wall, but apparently also a difference between domains of a different polarity. Here, for the A{-TO phonon
a difference of Aw, = 0.1 cm~! is seen, while for the E-TO, phonon a shift of Aw. = 0.05 cm™! is detected.
This fits very well with the result of an experiment made by Stone et. al., who analyzed the Raman spectrum of
z-cut stoichiometric and congruent lithium niobate under applied electric fields before and after poling [309].
Therefore, they applied an electric field along z-direction and measured the Raman spectrum from this direction.
They detected for all of their analyzed phonons a linear shift of the mode frequency with respect to the applied
electric field, as well as a frequency difference between domains of different orientations. Depending on the
phonon they detected differences Aw, between 0.24 and 0.64 cm™!. These differences they interpreted in
terms of known residual fields in recently switched domains. Here, a lot of previous poling experiments in
lithium niobate and tantalate have shown that the coercive field for forward and backward is different [136-138].
This is explained in terms of defect complexes with a defect polarization, which is not inverted during poling
[102]. Therefore, the effective spontaneous polarization is different between recently switched and grown
domains. This easily explains the frequency difference in domain of different polarity. According to Stone
et. al. the proportionality constants between frequency shift and electric field 8 have values between 0.01
to 0.03 cm™!'mm/kV for most modes. Unfortunately, they did not provide data for A;-TOy4, because they
measured from z-cut, which only shows A;-LO modes. However, a 8 between 0.01 to 0.03 cm™'mm/kV will
correspond to an internal field of 3 - 10 kV/mm based on the A|-TO4 of Aw, = 0.1 cm~ !, which is certainly a
reasonable magnitude for the internal fields in congruent material [136—138, 144]. Taking their proportionality
constant for the E-TO; and assuming it can also be applied in y-cut spectra, we obtain an internal electric field
of 2 kV/mm with B = 0.024 cm™!'mm/kV and A®, = 0.05 cm~!. Certainly, defect complexes and internal
fields are also known from lithium tantalate [136—138]. Why is then no different peak levels in the domains
observed for lithium tantalate in our experiment? The reason here, may be the different sample fabrication,
which we unfortunately can not comprehend, as the LiTaO3 and LiNbO3; sample were commercially acquired.
From literature, it is for example known that defect complexes can rearrange with high temperature annealing
[102, 54] and therefore this leveling will likely do vanish. These are things, however, which can be addressed
in future work.

As mentioned, even for z-cut incident it can be shown that both mechanisms are present. Here, different
response length can be observed. Figure 5.8 shows an investigation of the peak frequency, integrated intensity
and FWHM for the E-TOg (~ 580 cm™') and TO; (=~ 151 cm™") phonon from z-cut in lithium niobate in
z(y,y)Z and z(x,y)z. Here, for the E-TOg in z(y,y)Z we detect an increase in all three properties. In particular,
the peak frequency shift is one of the largest, which we have detected in this work of 1.5 cm~!. Here, these
properties only change over 600 - 700 nm, which is in the limit of optical resolution similar to Fig. 5.2. The
increase of peak frequency, integrated intensity and FWHM can easily be understood in terms of relaxed
selection rules based on the model by Stone and Dierolf. Here, the shift, intensity increase and even the FWHM
increase is expected. For the E-TO; in z(y,y)z geometry, we only detect very minor influences of the domain
wall. Both observations are agreement with the spectra in Fig. 5.4. The situation, however is different for the
spectrum in z(x,y)z crossed light polarization/detection. Here, the same peaks have been analyzed, which yield
completely different results. In agreement with the difference spectrum in 5.4e) the E-TOg shows a decrease

at the domain wall, while in the intensity an asymmetric shift to higher frequencies is observed. Here, the
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Fig. 5.8 We have investigated the peak frequency, integrated intensity and FWHM for the E-TOg and TO,
phonon from z-cut in lithium niobate in z(y,y)z and z(X,y)z.
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spatial width of the domain wall signatures are larger (< 1000 nm) than in z(y,y)z, which again indicates that
these shift can not be understood in terms of directional dispersion and lifted selection rules. As mentioned
already before, the E-TO modes detected z(x,y)z should not show a pronounced directional dispersion, as these
modes are of ordinary type. Even, better an unusual behavior is seen for the results of the E-TO; in crossed
polarization in Fig. 5.8c). While the point spectrum in Fig. 5.4e) suggested a slight shift to higher frequencies
at the domain wall, we now see here that we actually see a sawtooth pattern, where the frequency apparently
increases towards the domain wall and decrease within 1200 nm across the DW. This is definitely not explained
by a change in selection rules. According to the data of Stone et. al. [309] the frequency drop of Aw = 0.25
cm™! refers to a drop in electric field of approximately 10 kV/mm, which according to our data then rises
again towards the next domain transition. Although, it should be noted that Stone et. al. only applied field
along the z-axis of the crystals. Here, the direction of the E-field is currently unclear and it is possible that the
E-TO phonons in z(x,y)z geometry may couple to off-optical-axis electric fields. The range of the influence
of the domain wall, appears in this case to be in the order of 10-20 microns, which is in agreement with the
observations by Dierolf et. al. [144]. This hints that many things are left to understand in the substructure of
the domain transition in lithium niobate and tantalate, as well as the role of fabrication history (annealing) or
defects.

In conclusion, we have demonstrated that both models for the contrast of domain wall are needed to explain
the effects observed. It depends on the scattering geometry, if the macroscopic or microscopic effects, and the
specific phonon and property, i.e. shift, FWHM or intensity, if the macroscopic or microscopic effects will
define the contrast. This raises two question for further investigation. Is the strain and field related domain wall
contrast for LINbO3 and LiTaOj3 different, i.e. less pronounced, for stoichiometric and/or annealed material
or even vanishes completely, which seems likely at this point? Alike, one can speculate if the physical width
of the domain wall signatures of LiNbO3 and LiTaOj; is influenced by annealing or stoichiometry, i.e. in
stoichiometric or annealed material the signatures will appear as small as the optical resolution permits (< 600

nm).

5.1.3 Atomistic simulations

We have seen that electric fields and strain are an likely explanation DW contrast in at least LiNbO3 and LiTaO3,
which is in agreement with the view of Fontana et. al. [269]. In order to enable an actual qualitative and
quantitative prediction based on this view, we study the effect of aforementioned influences of strain and local
electric fields in the vicinity of domain walls on the Raman spectra in terms of a simple atomistic model. The
model was developed in cooperation with S. Neufeld from the group of S. Sanna. The basic idea is that we
assume that the crystal structure at the domain wall is an extrapolated structure between the paraelectric (PE)
and ferroelectric (FE) phase of the rhombohedral unit cell. This is somewhat reasonable as the spontaneous
polarization needs to vanish at the domain transitions, which is a quasi-paraelectric state. The lattice vectors as
well as atomic coordinates are linearly interpolated between their respective PE and FE values by

ﬁ(é):(§~ﬁFE+(1—§)~apE. (5.3)

This is displayed in Fig. 5.9. The calculations are then performed similar to Ref. [70], where the Raman
spectra of TO modes are calculated. More details will be found in the to be published paper.

Since the changes of strain and internal polarization in the vicinity of a domain wall are considered to
be relatively small (in the order of 1074 [54)), only values of & = 1 (pure ferroelectric state) and x = 0.95

are considered in this work. A lattice distortion of that size accounts for strain values of €, , = 3.8 - 10~ and
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»

Reaction coordinate ¢

Fig. 5.9 Rhombohedral unit cell of LN/LT for different states along the reaction coordinate £ between the
ferroelectric (§ = 1) and paraelectric phase (§ = 0). O atoms are indicated in red, while white and black circles
represent Nb/Ta and Li respectively. Note the displacement A zp between the oxygen octahedron and the central
niobium along the ferroelectric z-axis as well as the displacement A z;; of the lithium sublattice. Rhombohedral
lattice constants ¢ and a are indicated.

& = —7-107* in the case of LN and &,y =33" 10~% and &, = —3.7-10~* for LT. The internal polarization
additionally decreases by AP,y = 33.77 mC/m? and AP;r = 25.73 mC/m? with respect to the ferroelectric
phase. Raman spectra as well as difference spectra between the two geometries are summarized in Fig. 5.10.
The largest contribution to the difference signal in (x,x) as well as (z,z) polarization can be observed to stem
from A;-TO modes. This can be explained by generally larger overlaps between the A;-TO eigenvectors
and the paraelectric-ferroelectric displacement vector (94 % and 69 % in case of the A;-TO;-mode of LN
and LT respectively). A stronger overlap would result in a weakening of the restoring force and thus in a
higher modulation of the phonon frequency. Frequency shifts between 2 cm ™! and 13 cm™! can be observed
throughout all spectra. Noticeable intensity shifts of A;-TO modes appear exclusively within the A;-TO, mode
at 255 cm~! (x = 1) and 250 cm~! (x = 0.95) with an intensity increase from & = 1 to & = 0.95 of up to 31 %
and 40 % for LN and LT respectively.

Comparing the results for theory, suggest an influence of strain on almost all modes. In particular large is the
effect on the A{-TO modes, which are directly associated with the ferroelectric properties (soft mode behavior
[310-313]). Therefore, a strong and pronounced reaction of these modes is very reasonable. Comparing the
results from the model spectra in Fig. 5.10 with the measured spectra indeed show a lot similarities on the
A1-TO modes. Here, the theoretical model suggests a shift to lower frequencies for all A;-TO modes, which is
also observed in the experiment and yields an explanation for the observed behaviors. Theory also suggests
effects on nearly all E-TO modes. Here, however the accordance is less distinct. In the experiment, we observe
first of all for all modes a decrease in intensity, while theory also suggests a shift. Here, the theory however
suggests shifts of smaller magnitude, which may not be resolvable in experiment. Here, the largest shift is
predicted for the E-TOs s double peak at approximately 350 cm~! for LT and 340 cm~! for LN, which shows a
shift to higher frequencies in contrast to all other modes. Indeed, this is also observed in Fig. 5.7b) for LT and
to a lesser degree also for LN.
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Fig. 5.10 Theoretical Raman spectra of LN/LT in three different polarization configurations. Spectra of
both materials in their ferroelectric phase (£ = 1) as well as in a distorted geometry corresponding to a
displacement of 5 % along the ferroelectric-paraelectric reaction pathway (& = 0.95) are depicted alongside
their corresponding difference spectra. Peak centers of Aj-TO modes are indicated by black/red lines.
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In conclusion, we can see that even such a simple model already has explanatory qualities. Of course, a
refining of the model including different types or directions of strain is indicated, which may in the future

allows for a deeper understanding of the domain wall surroundings in LiNbO3 and LiTaOs3.

5.1.4 Limits and open questions

As seen in this work, we have been able to understand the contrast at domain walls by a combination of a
macroscopic model, where the DW modifies the selection rules, and a microscopic model, where microscopic
strain and electric fields influence the Raman spectrum. Although our work is able to explain the general
behavior of the contrast mechanism in poled, volume crystals, there are many peculiarities, which may be
considered in future work. The first question is the role of surfaces. For example, in previous works there has
been a contrast observed between recently switched (’as-poled’) and virgin (’as-grown’) domains [272, 252].
In these works, the contrast to the domain polarity has been explained in terms of residual surface charges,
which is likely taking the work of Stone et. al. into account [309]. Related to this, different Raman spectra for
+z and -z surfaces on lithium niobate have been predicted theoretically and observed in the experiments [314].
As aresult a different contrast or spectrum for certain phonons may arise when measuring close to the surface.
In previous work even a change in the sign of the contrast has been observed, i.e. the E-TOg showed a decrease
at the domain wall measured close to the surface, while a decrease at the DW in depth was observed [315]. In
our work here, we have deliberately analyzed data measured well away from the surface to exclude any surface
related effects. Therefore, further studies may be carefully performed and interpreted, when analyzing contrast
or the signatures of specific phonons in surface near regions. Alike, the imaging of ferroelectric domains in
thin films [49] or ridge structures [225, 205] may vary from volume crystals due to pronounced surface effects.
In the past, domains of head-to-head, tail-to-tail or arbitrary inclination have been observed with PFM and
Cherenkov second-harmonic generation [316], which may will yield a different contrast mechanism in Raman
microscopy.

But even in bulk regions, well away from surfaces, other factors may influence the Raman imaging of
domain walls. In this context, previous work has also shown that point defects allocate at and in the vicinity of
domain walls and domain walls do interact heavily with defects [54]. In this context, recent work by Nataf
et. al. on Mg-doped LiNbO3 could show that the actual domain wall signature also depends on defects and
defect concentration [317]. Defects may influence contrast and sensitivity to domain walls or may even more
alter the spectrum itself. In the context of defects, Raman spectroscopy is one of the prime methods to analyze
doping, defects and stoichiometry in lithium niobate or tantalate [22]. In this work, we have analyzed domain
structures in congruent material and no qualitative differences were observed in comparison to the previous
work by Stone and Dierolf, who analyzed domain walls in near stoichiometric material [251]. This fits with the
macroscopic nature of this explanation, where the substructure of the domain wall is of no concern. However,
the contrast observed for y-cut LiNbO3 and LiTaO3 may completely change in stoichiometric material due
to the absence of defects or fields, somewhat similar to the absence of contrast in y-cut KTiOPO4 for some
geometries. Indeed, there is a lot of experimental work, which shows that the internal fields in LiTaO3; and
LiNbOj; are significantly smaller in near stoichiometric material [137, 136, 138]. In the context of defects, also
the influence of annealing may be studied. Previous works based on nonlinear microscopy has shown that
the DW-related signatures may be broadened before annealing, suggesting a more inhomogeneous domain
interface [204]. Here, the question is, how this may affect the contrast in Raman spectroscopy, because of the
changed defect structure and hence a changed quasi-momentum.
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Related to the question of defects in the context of domain imaging by Raman spectroscopy are also wave
guiding structures, which can be created in lithium niobate and tantalate by in-diffusion of metal ions, e.g.
titanium, proton exchange or ion bombardment. Here, all these methods do nothing else than to deliberately
create internal or external defects. Here, the localized presence of defects will likely influence the Raman
spectrum. As seen in literature, not only domain structures will be visualized in Raman imaging, but also the
waveguides structures themselves. Here, it is likely that domain wall contrast will change. In KTP waveguide
fabrication is done by ion-exchange of the potassium ions, e.g. by rubidium. Due to the high mobility of
the potassium ions along z-direction large rubidium concentrations are possible, which results effectively in
K;_xRb,TiOPO4 mixed crystals, which will result in heavily modified Raman spectra. Here, images of domain
structures in waveguides may be analyzed with caution, as the contrast mechanism will be influenced.

Lastly, the experimental setup itself may influence contrast and imaging. Here, of particular importance is
the numerical aperture. Using a high NA objective lens results in a distribution of k-vectors in the excitation
field in the focus area. Therefore, phonons propagating at oblique angles may be excited even in the bulk
area. Here, a change in the Raman spectrum for different NAs in LiNbO3 and KTiOPO4 has been nicely
demonstrated by Tuschel [278]. This may influence the contrast observed for domain walls, as signatures of
oblique propagating phonons are already present in the bulk spectra. This effect may be considered in further
work. In this context, it may be interesting to investigate domain walls by z-polarization microscopy via radially
polarized light [276, 275]. This will allow to access y-cut and x-cut spectra from z-cut directions by radially
polarized light, which will completely circumvent the mechanism of Stone and Dierolf, or investigate y- and
x-cut spectra only by azimuthally polarized light.

5.1.5 Summary and Conclusion

In this work we have systematically performed Raman spectroscopy on ferroelectric domain structures in
LiNbOs3, LiTaO3 and KTiOPO,. Here, the goal was to obtain an extensive insight in the mechanism, which
alters the Raman spectrum in the vicinity of domain walls and allows for visualization of domain structures. In
the past, two opposing models have been proposed to explain the contrast mechanism. One model suggests
microscopic changes at a DW, e.g. electric fields, strain fields or defects, to be responsible for the difference in
the Raman spectrum, while the second model proposes a macroscopic change of selection rules, which enables
oblique phonons with mixed LO-TO character to participate in scattering. Our research demonstrates that both
models play a role in domain wall contrast and need to be employed for a throughout understanding of the
domain wall spectra. Here, the macroscopic model best explains differences seen in A{-LO phonon, which are
of extra-ordinary character (see Refs. [254, 246, 290-293]) with a pronounced directional dispersion. Basically
by measuring angular resolved spectra, one can quickly predict the behavior of certain phonons at domain
transitions. Microscopic changes in electric fields and strain manifest themselves mainly in micrometer-scale
shifts of phonon frequencies and changes in intensity, which are qualitatively different from any changes due
to relaxed selection rules. A microscopic model best explains differences in the spectra of ordinary phonons
at domain walls, which show no directional dispersion. We can even identify two different response length
scales for each effect. While strains or electric fields may span several micron around the domain wall, the
change of selection rules appears to be localized only at the domain transition itself. Here, the width of the
domain wall signature in the measurements is only limited by the diffraction limit of microscopy. Different
response length indeed have been proposed in the past for different methods and properties [54]. In the context
of the microscopic model, we present a simple atomistic model of strain and electric fields. While we can

connect several changes in the spectrum to our atomistic model, it certainly does not fully comprehend the
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system yet. Nevertheless, this proposes the path, how to simulate and understand the domain wall spectrum on

a microscopic scale.
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5.2 Investigation of KTiOPO,4

5.2.1 Rb-exchanged waveguides in KTiOPO,
Introduction

Low loss waveguides allow the interconnection of passive or active optical structures without any coupling
losses and therefore form the foundation of any integrated optical device. In integrated nonlinear optics
waveguides allow to reach the high power densities necessary for any nonlinear effect with low absolute powers,
while at the same time efficiently collecting the (sometimes) weak signal and idler beams. In the KTiOPO4
material family waveguide fabrication has been demonstrated with various different methods. The methods
range from depositing high refractive index material strips, e.g. tantalum pentaoxide Ta;Os, on top of KTiOPO4
[318], creating index barriers of damaged crystalline material, e.g by ion irradiation [319-321] or high power
laser beams [322], to ionic exchange methods. In particular, the ion exchange offers practical advantages and
low losses. Here, one makes use of the possibilities offered by the large material family and the high mobility
of the potassium atom, which can easily be exchanged by other similar atoms to effectively create mixed
crystals. This has also the particular advantage that the nonlinear properties are retained. To create waveguides
in KTiOPOy the potassium can be exchanged either by monovalent atoms, like rubidium, cesium or, thallium,
or by divalent atoms, like barium or strontium [323, 324, 175]. Compounds with the named monovalent
atoms are also part of the material family. This means that the ion exchange may effectively be understood
as the formation of mixed crystals, e.g. Rb,K;_,TiOP4 mixed crystals will be created for Rb exchange in
KTiOPOy. In contrast to monovalent atoms, the divalent barium comes with a peculiarity. barium exchanged in
KTiOPOQy is accompanied with domain inversion on -c surfaces [324-326]. In the past this has been used to
create segmented, periodically poled waveguide in on fabrication step. However, the segmented nature of the
waveguide will lead to comparatively high losses, as well as the domain inversion is often not as deep as the
waveguide segments [325], which further limits the efficiency. In contrast to this for Rb exchanged waveguides
losses down to 0.4 db/cm have been achieved [175]. And for Rb waveguides poling has been demonstrated by
various methods [327, 326], which therefore is the method of choice for this work.

In this work, we have investigated Rb-exchanged waveguides fabricated on a flux grown KTiOPOj, substrate.
The sample was fabricated by C. Eigner. Here, waveguides of various width have been fabricated on a single
substrate based on the process established by other authors [175, 170]. In preparation of the ion exchange, the
fKTP substrate is covered on both c-surfaces in a titanium layer deposited by e-beam evaporation sputtering.
Exchange is possible on either +c or -c surfaces. The titanium layer on the desired surface is then structured by
a photo-lithographic mask and subsequent EDTA etching. As a result strips of various width (from 1.5 um up
to 40 um) running along the x-axis are left uncovered by the titanium on the +c surface of the sample. The ion
exchange is then performed in a melt of RbNO3/KNO3/Ba(NO3), at approximately 330 to 350°C for typically
60 minutes [326, 327, 175, 328]. Depending on the desired depth and profiles the process parameters need to
be adjusted. Typical depth of a few pum are achieved with the aforementioned parameters. The addition of
potassium nitrate in the melt should slow the Rb diffusion and serve as a buffer against potassium out-diffusion,
because one of the main defects in KTiOPOy is a potassium non-stoichiometry [31, 182]. The Barium in low
concentrations has been observed to serve as a catalyst for diffusion, as well as to homogenize diffusion profiles
[170, 328, 323]. After waveguide fabrication, the Ti layer is removed completely and the end facets (x-faces)
have been polished for the subsequent microscopy investigations.

Now, the goal is to investigate the properties of the waveguides of various width with (t-Raman spectroscopy.
It is expected that mixed crystal of the form Rb,K;_, TiOP,4 are formed. In this context, Raman spectroscopy
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Fig. 5.11 a) Micrograph of a 3.5 um wide waveguide, which is back-lit by a white LED. The light from the
LED is coupled in the waveguide and excites guided modes. Here, guided light is not only seen in the upper
part of the waveguide, where the strongest Rb-concentration and the largest refractive index change is expected,
but also along the waveguide/bulk interfaces (dashed lines). This indicates a large, unexpected refractive
index increase at the interface, which may be caused by strain [329, 330]. b) Typical Rb-concentration profile

measured by EDX. Here, clearly the expected complementary error function profile is seen, which yields a
depth of 3.82 um [331].

should in principal enable to determine the Rb stoichiometry x based on the line shift, similar, for example, to
the lithium niobate mixed crystals [268] (See Sec. 4.1.3). However, Raman spectroscopy is not only sensitive
to stoichiometry. Any changes in crystal properties should have an imprint also in the Raman spectrum, e.g.
strain, dielectric properties or disorder. Strain may manifest itself in line shifts [29, 28, 25, 287] and/or intensity
variations [269] (See also Sec. 5.1), more disorder and a worse (K/Rb) stoichiometry in change in FWHM of
Raman lines. Within this chapter, we will explore the possibilities of Raman analysis in this context and present
the first extensive study on this topic.

In this context, previously two observations have been made, where the Raman analysis may provide
additional insight [329, 331, 330]. Previously, EDX measurements have been performed by L. Padberg on
similar samples to determine the diffusion depth and the Rb concentration profiles. This measurements confirm
that the diffusion profile yields the expected complementary error-function as shown in Fig. 5.11b). However,
it was noted that the diffusion depth for Rb-exchanged waveguides also depends on the waveguide width. In
particular, small waveguides (1.5 um width) appear to show a stronger diffusion and therefore larger depth,
compared to wider waveguides. Here, a systematic decrease in diffusion depth is observed with increasing width.
Can something similar also be observed with Raman spectroscopy? Related to this is a second observation.
Here, the waveguiding in the waveguides have been investigated with microscopy by M. Santandrea. For this a
white light provided by an LED was coupled into the waveguide and the guided light was imaged on the other
sight by projecting the image on a CCD chip. The white light from the LED should excite many superimposing
guided modes. An example for a 3.5 um wide waveguide provided by M. Santandrea is shown in Fig. 5.11a).
The EDX measurements suggest the largest Rb-concentration at the surface and decrease with depths. Hence,
the most strongly confined guided modes are expected close to the waveguide surface. However, also strongly
guided light is seen stretching deep into the crystal along the waveguide/bulk interface as highlighted by the
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Fig. 5.12 a) Measurement geometry for the analysis of the diffusion profiles in Rb-exchanged waveguides in
KTiOPOy4. b) Comparison of typical Raman spectra in x(z,z)X geometry for bulk KTiOPO4 and bulk RbTiOPOy,.
Highlighted and fitted are five different modes, which are analyzed for the imaging procedure.

dashed lines in Fig. 5.11a). Here, more light is guided that in the central node. This indicates that there might
be an additional refractive index enhancement at the waveguide/bulk material interfaces. It should be stressed
that the EDX measurements show no difference in Rb distribution with respect to the lateral dimension of
the waveguide (y-axis). Similar Rb-diffusion profiles are obtained independent of the x-position of the lateral
position in the waveguide. Here, the refractive index change may be caused by a strained interface, which is
somewhat likely due to the large ionic radius of the Rb™ ion compared to K™ and the absence of lateral diffusion.
For the Raman experiments this means that strain may result in additional shifts of phonon frequencies at the
interfaces or that the strain induced dielectric changes will also result in intensity changes in Raman intensity
along the interface.

While Raman studies on KTiOPO4 and related compounds have been performed regularly, studies of ion
exchanged waveguides are rare. So far, other authors have observed the appearance of new lines in Cs:KTiOPOy4
and Rb:KTiOPQy, as well as a broadening of the lines [332-334]. In a Raman imaging study by Tuschel
segmented waveguides were analyzed three dimensionally with confocal Raman spectroscopy. However, the
images were attained by fitting a complete reference spectrum to the obtained spectra. This allowed for easy
and fast visualization of the segmented waveguides, but limits the further insight in crystal properties [335]. In
lithium niobate the situation is different. Here, confocal Raman imaging was applied to laser-written waveguides
by several authors. Here, based on a detailed analysis of the modes and numerical simulations it was possible to
fit the strain and damage profiles based on the Raman spectra [45, 27, 336, 337]. The goal of this present work
is now to provide the foundation for a similar level of understanding of Rb-exchanged KTiOPOy.

Figure 5.12a) shows the measurement geometry of the -Raman experiment. No pinhole was applied
for this measurement series, due to the depth homogeneity of the sample in this geometry. The samples are
mounted upright with their x-axis parallel to optical axis of the objective lens. This enables to investigate the
samples with the best (lateral) resolution offered by diffraction limited microscopy. Here, the lateral width of
the focus spot is smaller than < 500 nm. This is compatible with the previously performed EDX analysis [331].
Furthermore, it can be assumed that the samples are homogeneous along the x-axis. For better optical axis
the x-faces have been polished. The waveguides chosen for analysis are identified in the optical microscope

mode of the Raman setup. They can be made visible in the microscope by diffuse illumination provided by a
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Table 5.1 Summary of the mode frequencies of modes for KTiOPO4 and RbTiOPQy,, as measured in the

experiment and compared to literature. All Raman shifts in wavenumbers in cm™".

Experiment Watson [281]
KTiOPO4 RbTIOPO4 KTiOPO4 RbTiOPO4
208.0 208.0 212.8 211.6
264.2 269.2 268.0 270.8
306.2 vanished 309.2 vanished

367.0 359.7 370 361.4
692.1 686.9 692.8 687.2

simple LED mounted below the samples similar to Fig. 5.11. For maximum Raman signal the focus was placed
approximately 1 um below the surface, which was determined by the maximum of the reflected laser light. We
have performed Raman scans on four small (1.5, 2.5, 3.5, 4.5 um, respectively) and one wide waveguide (40
um width). For the small waveguides Raman images of 25 by 15 um? (Y by Z) and 25 by 50 um? (Y by Z) for
the 40 um waveguide. The step width was 200 nm in each direction. The measurement is performed in a fixed
excitation and detection polarization, here the scattering geometry in Porto’s notation is x(z,z)X. Here x and -x
denotes the k-vector of the incoming and detection direction, while (z,z) defines the light polarization (vector of
the electric field) for (excitation, detection) all given in crystal coordinates. This scattering geometry allows for
the detection of the phonons with the largest Raman scattering cross-section and shows A1-TO modes. This
geometry was chosen, as it is dominated by only a few, very intense peaks, which allows for easy analysis and
fitting.

For reference, two bulk samples of KTiOPO4 and RbTiOPO4 were spectroscopically investigated in x(z,z)X
geometry. This provides a baseline for interpretation of the Raman spectra of the waveguides, for example if
shifts or intensity variations originate from the Rb exchange or from strain. Figure 5.12b) shows a comparison
of the Raman spectrum of bulk KTiOPO4 and bulk RbTiOPO, taken in the 0 cm ™! to 800 cm™! range. No
peaks below 100 cm™! can be detected due to the Notch filter suppressing the elastically scattered light in
the spectrometer. The intensity of both spectra appears very similar in the original experiment, where the
RbTiOPOy spectrum appeared about 20% stronger, which can be seen as very similar. Here, the spectra are
normalized to the maximum peak for better comparison. The spectrum of KTiOPO4 shows five highlighted
peaks at 208, 264.2, 306.2, 367, and 692.1 cm~!. The spectrum of RbTiOPO4 looks almost identical, which is
expected because only the Rb atom is switched, while the crystal symmetry and structure remains the same.
Consequently, the many peaks are subject to slight shifts or intensity variation due to the changed bonding
length (larger unit cell of RbTiOPO4) and doubled mass of Rb compared to K. Hence, no large differences
are seen for the general shape of the spectrum. However, many peaks have shifted to lower frequencies due
to the larger mass of the Rb, as well increased bond length. The peaks detected for KTiOPOy, appear in
RbTiOPO4 now at 208, 269.2, 359.7 and 686.9 cm™!. The peak formerly seen at 306.2 cm™~! has shifted to
lower frequency and has almost vanished. If we now assume that the Rb-K exchange is the only thing, which
influences the spectrum of the waveguide, we can now expect that the 208 cm ™! shows no shift, while the other
modes are all subject to shifts and further the 306.2 cm™! peak is expected to vanish. The measured intensities
of KTP compared to RTP is observed to be comparable, which can easily be understood due to the very similar
electronic properties. Therefore, for the analysis of the waveguides no large differences will be expected.

Watson compared the spectra of RbTiOPO4 and KTiOPO4. He detected the 208 cm ™! mode at 212.8 cm ™!
in KTiOPOy, while at a slightly lower frequency at 211.6 in RbTiOPOy, which contradicts our observation. The
264 (367; 692.1) cm~! mode he detected at 268.0 (370; 692.8) cm~! in KTiOPOy and shifted to 270.8 (361.4;
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Fig. 5.13 a) Plot of the integrated intensity of the 264 cm~! and profile lines at three different positions. b)
Relative shift of the 264 cm™! band with respect to the bulk value.

687.2) cm~! in RbTiOPOy, in agreement with our observation. Alike, the peak at 306.2 cm ™! is at 309.2 cm ™!
in KTiOPOy4 and vanished in RbTiOPOy4. He detects a slightly different magnitude in most shifts, this is either
explained in a different stoichiometry (quality) of the crystals compared in our experiment and study. Here, the
most common defect in the KTiOPO, family is a potassium deficiency, which may influences the position of
the peaks. Secondly, Watson performed the experiment in a 90° scattering configuration (x(z,z)y), which may
also explain some differences. The results are summarized in Tab. 5.1. Nevertheless, with the exception of
the 208 cm™!, he detected the same general trends for the other four modes. Because the wafers, where the
waveguides have been fabricated in, and the KTiOPO4 and RbTiOPO,4 sample are from the same vendor, we
assume a comparable quality (stoichiometry) for both materials. Therefore, we use our measured values as

reference for the upcoming analysis.

Results on 4.5 ym waveguide

With this baseline the waveguides can now be investigated. For the evaluation now, in each spectrum the
specified lines are fitted with a single Lorentzian profile

_A r
T 21 (07— w2) +12/4°

I(w) (5.4)

where A is proportional to the amplitude (or integrated intensity below the line), @, denotes the resonance
frequency (in this case the Raman shift of each mode) and I" quantifies the full width at half maximum (FWHM)
of the line. As a result, we can now plot the intensity, FWHM and peak frequency for each mode as a function
of spatial position.

Figure 5.13 shows the plot of the integrated intensity (a) and relative shift of the 264 cm~! with respect to
the KTiOPOj4 bulk frequency exemplary for the 4.5 um waveguide. The intensity and shift are represented as

false color images, where red denotes a high intensity (large shift) and blue a low intensity (no shift compared to
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the bulk frequency), respectively. In 5.13a) the waveguide appears as a region of increased intensity compared
to the bulk KTiOPO4 below and adjacent to the waveguide. The plotted profile lines show three intensity
profiles. One profile measured over the bulk region (green, solid), one through a hot spot in the waveguide center
(blue, large dashes), where the intensity is almost enhanced by 100 %, and a profile along the waveguide/bulk
interface (red, short dashes). Here, the influence of exchange is detected much deeper in z-direction, compared
to the center hot spot. The overall plot also demonstrates how we define the air/crystal interface in this and
the following plots. It is defined as the point, where the intensity in the bulk region has reached a constant
level. This line is then highlighted as a white, dotted line in the relative shift and FWHM plots to provide
an equal baseline for all plots. A particular striking feature in Fig. 5.13a) is the shape of the waveguide in
the intensity plot. Here, the waveguide appears in a pronounced inverted u-shape shape, very similar to the
micrograph of the waveguide in Fig. 5.11 . In contrast to this, the inverted u-profiled shape can not be seen for
the peak frequency plot. Here, we see a systematic increase in the frequency towards the surface and in the
waveguide region, which one can expect for a Rb-exchanged area. However, the region, where a frequency shift
is seen, is larger than the actual exchanged area. Here, we see a trapezoid shape of increased intensity. This may
indicate a strained region, which we will later discuss in more detail. In the profile lines, it can be seen that the
frequency stays almost constant in the bulk outside of the waveguide (green solid line), while decreasing from a
value of about 4.5 cm™! relative shift at the surface to the bulk level within 7-8 um. Above the highlighted
surface line, the fit indicates a heavy increase in mode frequency. This is an artifact in fitting due to heavily
decreasing intensity, the fit does not converge anymore. In this region typically a diverging FWHM and shift is
seen. Therefore, above the highlighted surface line (white, dotted line), the values have no physical meaning.

Figures 5.14 and 5.15 show now the complete set of results on the 4.5 um of all five previously identified
modes. Here, the analysis and definition of surface has been performed as described above. The first row shows
the integrated intensities, the second row the respective shifts and the last row the determined FWHM for each
mode. The fit of the intensity shows for all modes, except the 306 cm™!, a general increase with only minor
differences. Remarkably, the relative intensity enhancement appears to be a general effect for all modes and
appears to have no dependency on the analyzed modes. The intensity enhancement appears to be similar in
magnitude for any mode and is seen for nearly all modes, as displayed in Fig. 5.19. In contrast to the other
modes, the 306 cm~! mode vanishes in the waveguide region (Fig. 5.14c), while adjacent to the waveguide a
region of significantly enhanced intensity is observed. The vanishing is in agreement with the prediction for
Rb,K|_xTiOPOy.

The situation is different, if we concern the peak shifts. Here, we see a specific and distinctly different
behavior for each mode. As discussed above, the 264 cm™! reacts in the expected way, so do the 306 and 367
cm™! peaks. Both show a slight decrease in frequency, as suggested before. The other two modes, however,
show a different behavior. The 208 cm~! mode shows a steady increase of up about 3 cm™! in the waveguide
region, which was neither expected from the bulk crystal analysis, nor the literature. This may suggest that the
shift is not explained by the formation of mixed crystals, but possibly by strain. Similar is observed for the 692.1
cm™!. Here, we have expected a distinct shift to lower frequencies, yet we see an even increased frequency of
about 2 cm~! in the waveguide region. Here, the shift appears not the be moderated by the Rb-exchange, but
by strain. It is very likely that these waveguides are strained, due to the different lattice constants of RbTiOPOy4
and KTiOPOy and the different ionic radii of Rb™ and K, respectively [154, 159]. Here, a material with a
larger lattice parameter and unit cell size (RbTiOPQy) is positioned in a matrix by a material with a smaller
lattice constant (KTiOPO,), which results in compressive strain. Here, compressive strain leads to shorter bond
lengths and increased frequencies in the majority of modes [287], which is exactly what we observe here. The

trapezoid shape of several peak frequency plots also fits with this idea. Here, the strain is larger in magnitude,
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Fig. 5.14 The figures shows the fit results for the integrated intensity A, peak shift @, and FWHM I for the 208,
264 and 306.2 cm~! modes. Each mode and parameter gives rise to specific signatures.



100

Imaging Spectroscopy

a) Fit results for 367 cm’

b) Fit results for 690 cm’

25 25
—~ s
20 5 20 .
e 2
1 = <
5 15 <<
—_ <
3 z g
= 7} c
N 10 ‘93 10 Sé
= -
- I8
0
3650 %° 690.5 ~
K €
e 3
3653 690.8 ‘8’
S 691.1 =,
> (6]
365.6 © c
Surf_ac_eeffector o) 6914 g
strain field? S o
3659 § 6917 2
LI: Surface phonon B
spectrum? -—
366.2 £ y 6920 =
I S I692.3 o
366.5
25 22.60
_— | 22.80
~ N, 23 ‘T/\
5 3.00 5
~ 23.20 ~
% s
T
23.40
z z
_ 23.60
i I 23.80

5 10 15
Y (um)

5 10
Y (um)

Fig. 5.15 The figures shows the fit results for the integrated intensity A, peak shift @, and FWHM I for the 367
and 692.1 cm~! modes. Each mode and parameter gives rise to specific signatures.
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as well as physical dimension, closer towards the surface. This can be explained by the larger Rb/K contrast
closer to the surface at the waveguide/bulk interface. Strain will lead to an additional effect on the (linear
and nonlinear) dielectric properties, i.e. the refractive index [338]. This would explain the inverted u-shaped
refractive index profiles, but also Raman intensity plots, because the Raman intensity alike depends on the
susceptibility. Previous work on laser written waveguides in lithium niobate or deposited silicon oxynitride on
silicon suggest that strain fields may stretch 10-20 um around waveguides [337, 28, 29]. The question is, if the
structures seen in the shift of the 367 cm ™" or the second harmonic microscopy analysis, are also due to similar
large strain fields around the waveguides.

In terms of changes in FWHM, we can distinguish two different behaviors. Here, the 208 and 264 cm !,
both, show an change in FWHM at the waveguide/bulk interface, which suggest particular disorder in these
region. This is somewhat reasonable, as this is also the strained region. In contrast to this, the other three modes
show a change in the FWHM restricted to the waveguide region. Here, in particular for the non-vanishing 367
and 692 cm~! we see an increase in FWHM, which is very typical for formation of mixed crystal or doped/ion
exchanged material [333]. The basic idea is that the in-diffusion will disturb the long range crystallographic
order, which relaxes the selection rules leading to an increased width of modes. In particular for Rb:KTiOPO4
it is even known that the Rb will - at least in low concentrations - primarily occupy only one of the two
crystallographically distinct lattice sites for K ions [177, 178]. This will likely lower the symmetry of the
crystal and lead to higher disorder. This also fits with the results from second harmonic microscopy shown
below.

Additionally to this, we see for the 306 cm~!' mode an increase of the FWHM in a 1-2 um wide layer
close to the surface. Similar observations can be made for the intensity or center frequencies of some modes as
marked by arrows and comments in several plots in Figs. 5.14, 5.15 and even for the SH microscopy images in
Fig. 5.18. Here, the effects length scales range from 1-5 um along the z-direction. This result indicate that
the polar surface of KTiOPOy is physically and/or chemically different from bulk material. Here, physically
different can, for example, mean that the surface has a distinctly different phonon spectrum, as it was observed
for lithium niobate. Here, the +c and -c surfaces have different reconstruction and distinctly different Raman
spectra and properties [314, 339]. If one measures spectra close to the surfaces, it sounds reasonable that
influences are visible. Even the measurement geometry used in this experiment was similar to the previous
investigation of polar surfaces in LiNbO3 [314]. However, also chemical differences of the surface layers in
contrast to bulk material are possible. KTiOPOy is a ferroelectric. The spontaneous polarization will lead
to a surface charge compensating for the outer electric field. As KTiOPOy4, however, features a large ionic
conductivity, this surface charges will be screened by charge transfer. Here, either K™ ions diffuse to the surface
or away from it (depending on +c or -c orientation), leading to a compensating electric field. Obviously, this
will change the K™ stoichiometry in a surface layer, which may explain the effects we see in our plots. Alike, it
is possible that the availability of K-vacancies, may lead to an in-diffusion of adsorbed air molecules.

The observation of surface effects means that one has to be particular cautious when using Raman spec-
troscopy for the investigation of diffusion profiles, because this surface effects on the Raman spectrum will
overlap with effects from Rb-exchange. This may be the reason, why the 367 cm™! (Fig. 5.15a) shows almost
the same frequency in bulk, as in the waveguide region. From the bulk analysis we expected the mode to
lower its frequency by more than 7 cm™! for very high Rb concentrations. At the same time, we observed a
frequency increase adjacent to the waveguide in a surface region. So both effects may cancel each other, which
complicates the analysis as both effects can not unambiguously be distinguished. Further studies are required
to analyze and understand the surface effects in this material, e.g. comparing +c and -c surfaces or analyzing

effects of different treatments, which is however beyond the scope of this study.
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So far, we can conclude that the majority of the analyzed modes and properties react in the way, which
is expected for the formation of Rb,K;_, TiOP4 mixed crystals. The observations are in agreement with the
predictions based on the comparison of RbTiOPO4 and KTiOPO4 Raman spectra. Here, in particular the line
shifts show a systematic behavior, which fits with the expected diffusion process. Alike, the FWHM of some
modes shows an increased value in the waveguide region, which is typical for ion-exchanged and the formation
of mixed crystals. This indicates an increased disorder in line with previous observation [333].

Width dependent results

As we have seen, every phonon we have analyzed so far shows a specific behavior with respect to the ion
exchange. However, the analysis has shown that only the 264 cm~! reacts to the Rb-exchange in the way,
we expected and shows no pronounced surface related behavior. Alike, its FWHM only shows a pronounced
influence at the waveguide/bulk interface, while it is less affected in the central region. Hence, for further
analysis of waveguides of different width, we will restrict the analysis to the 264.0 cm™! line.

Figure 5.16 shows the 264 cm ™! mode evaluated for all small waveguides (1.5 - 4.5 um). The intensity plots
in the first row show the waveguide region dominated by surface near hotspots, where a heavily enhanced Raman
signal is observed. In the intensity plots we see for each waveguide, except the smallest, an inverted u-shaped
intensity profile, where the intensity enhancement stretches deeper into the material at the waveguide/bulk
interface, than in the center. For the 1.5 um this cannot be resolved anymore, because the widths of the
bulk/waveguide interface in the other plots are larger than 1 um. Due to the color scale it is difficult to see
that the intensity enhancement shows a systematic behavior with waveguide width. Here, the hotspots in the
center of the waveguide appear brighter, the smaller the waveguide is. This behavior is plotted in Fig. 5.20.
The FWHM for all modes shows a pronounced reaction at both sides of the waveguide, as previously observed.
The area of increased or decrease FWHM is larger than 1 ym and therefore cannot be resolved for the smallest
waveguide. Probably most interesting are the plots of the relative shifts. Here, again the trapezoid shape is
observed fo every waveguide. Regarding the depth the plots indeed suggests a systematic behavior of width
versus depths, similar to previous observation with EDX [331]. Here, the smallest waveguide is significantly
deeper, than the larger ones. Alike, the maximum shift observed at the surface also appears to be dependent on
the waveguide width. Here, the largest shift is seen for the smallest waveguide (Fig. 5.16, ~4.4 cm™!, orange
color), while gradually decreasing to the 4.5 um (Fig. 5.16, ~3.6 cm ™!, yellow color), which is also plotted in
Fig. 5.20.

The picture is completed with the analysis of the 40 um waveguide depicted in Fig. 5.17. Here, hotspots
are only visible at both waveguide/bulk interfaces, while the center of the waveguide is almost invisible in the
intensity plot, as seen in Fig. 5.17a). This suggest that the intensity enhancement is not a sign of strain, but
appears in regions of a strain gradient, which lowers symmetry and relaxes Raman selection rules. Therefore,
we see only a marginal intensity variation in the middle of the waveguide, while the waveguide borders show
significantly more Raman intensity. That we have an exchange region in between those hot spots and not two
single waveguides 40 um apart, can clearly be seen at the frequency shift of the 264 cm™! phonon. Here, a
gradual changing in frequency along the z-axis can be seen in the 40 um wide center of the waveguide. At the
same time, the FWHM plot again shows enhancements at the waveguide/bulk interface, while showing only a
slight enhancement in the waveguide region. The comparison to the results of the 1.5 um waveguide shows
that the small waveguide has to be treated like a completely strained region, which is in size comparable to the
hotspots of the 40 um waveguide.
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Fig. 5.16 a)-d) Integrated intensity of the 264 cm™~! mode for different waveguide width. e)-h) Determined shift
of the 264 cm™! with respect to the bulk frequency. Here, blue (0 cm™') would refer to KTiOPO,, while red
(5.2 cm™!) would be expected for RbTiOPOy (see Fig. 5.12b). Fig. i)-1) shows the FWHM as determined by
the fitting. The black and white bars are scale bars at the length of the respective waveguide width for easy size
comparison.
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Fig. 5.17 The figure shows the results for the 264 cm™~! mode on the 40 um waveguide. For comparison, the
results of the 1.5 um waveguide are shown.
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Fig. 5.18 The figure shows second harmonic maps of the 40 um channel (a) and two scans of a 3 um waveguide
(b&c) in two different polarization. For better comparability, the counts of a few selected coordinates are
highlighted. While x(z,z)X geometry allows for SH generation, the x(y,y)X should give no signal. Yet a nonlinear
signal in the waveguide is detected, which can be understood by lowering the crystal symmetry by ion-exchange
or strain [17].

Second harmonic microscopy

To conclude the Raman analysis, the 40 pum and a further 3 ym wide waveguide are investigated with Second
harmonic (SH) microscopy. Second harmonic generation is very sensitive to changes in crystal symmetry [53]
and therefore may provide additional information. The general measurement geometry is the same, as for the
Raman analysis. The scans were performed with a numerical aperture of NA = 0.65 and step width of 200 nm
in y- and z-direction. The relatively low NA should give no rise to a polarization component along z-direction,
otherwise observed for strong focusing (VA > 0.9). The samples are mounted with their x-face parallel to the
optical axis of the objective lens, similar to Fig. 5.12 and the detection is performed in backscattering geometry.
Further information about the layout of the setup may be found in Refs. [116, 204, 205, 74].

Figure 5.18a) shows a 75 by 30 um? (SH) scan of the 40 um channel in x(z,z)X geometry. Please note
the logarithmic intensity scale on all figures. Again, intensity hotspots appear at the waveguide/bulk material
interface. Here, an intensity of > 2.0- 10° counts is detected compared to ~ 7- 10* in the general bulk level. The
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detector dark count level is ~ 500. The enhancement at the hotspot is almost three orders of magnitude! This
may be understood in a breaking of crystal symmetry due to a strain gradient. Additionally, in the waveguide
region an increased signal is detected, highlighting the breaking of symmetry. Outside of the waveguide region
a thin surface layer of enhanced signal is detected, which may indicate a chemically or physically different
surface layer similar to previous observation based on the evaluation of some Raman modes, e.g. Fig. 5.15b). It
appears as if from the hotspots two lobes of enhanced signal spread into the bulk material (=~ 5 - 10° counts).
This may be interpreted as large strain fields induced by the waveguide. The strain fields lower the symmetry
of the crystal and change the susceptibility, which leads to an increased SH signal. The strain fields have
dimensions of more than 10-20 um, which is, however, not suprising. For laser written waveguides in LiNbO3
strain fields (and changes in refractive index) of a similar dimensions have been detected around the laser
damaged region [337].

Figures 5.18b) and c) show two scans of a 3 um waveguide in x(z,z)X and x(y,y)X geometries. The x(z,z)X
geometry shows qualitatively the same result, as the 40 um waveguide. Again, we see a hotspot of significantly
enhanced SH signal, which is in magnitude and diameter even larger, than the hotspots of the 40 um waveguide.
This suggests an even stronger strain gradient in a small waveguide, compared to the large waveguide and is
in agreement with the observations from the Raman analysis, e.g. Fig. 5.20. More interesting is the x(y,y)X
geometry. Here, second harmonic generation is forbidden for the mm2 orthorhombic crystal class, as the
dyy = 0 element is zero, which is shown in the following equation. An excitation along y-direction only induces
a polarization in z-direction, but no signal in y-direction, which is detected in this scattering geometry. Indeed,
outside of the waveguide only the detector dark count level of ~ 500 counts is detected. However, in the

waveguide region a clear signal of 5000 - 6000 counts is detected. This can be explained that according to

0
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0

the d», needs to be nonzero (dy; # 0). This can be understood as a lowering of symmetry in the crystal.
The next lower-symmetry crystal class with da # 0 is the triclinic crystal class 1, which has nonzero elements
overall. This suggest that the exchange will increase the crystal disorder, which is in agreement with the
observation of increased Raman mode FWHM in the waveguide region. However, the changes in Fig. 5.18c)
are rather small compared to the several orders of magnitude intensity increase supposedly introduced by
strain. Overall this first SH microscopy results suggest that appropriate analysis of the nonlinear data, including
additional polarizational scans, can supplement the Raman measurements and may allow to understand the type

and direction of strain by symmetry arguments. However, further analysis is indicated.

Discussion

Figure 5.19 compares the spectra of bulk and from a hotspot in a waveguide for the 1.5 um (a) and 40 um (b)
waveguides. Additionally a spectrum from the waveguide regions of the 40 um is also given. The spectra are
normalized to the intensity of the highest bulk peak (264 cm~!). The spectra show that the hotspot spectrum is -
apart from the reported slight shifts - almost identical in terms of peak intensities and structures. For the hot spot
spectrum just a general increase by the same factor in intensity for all modes is observed. This explains, why all
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Fig. 5.19 The figure compares two as-measured spectra from bulk and a hotspot for the 1.5 ym and 40 um
waveguides (WGQ). For the 40 um waveguides (WG) further a spectrum from the waveguide region is taken.
The positions of the spectra are highlighted in Fig. 5.17.
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intensity plots (except the 306 cm™') in Figs. 5.14 and 5.15 look almost identical. Interestingly, the spectrum
of the 40 um waveguide region (5.19b) shows almost the same intensity as the bulk spectrum. This suggest that
the intensity enhancement here, is a phenomenon related to the strain gradient at the border of the waveguide,
and not directly connected to the Rb-exchange. Therefore, the intensity enhancement represents no category to
measure the Rb-content. Figure 5.20 compares the relative hotspot intensity for all five measured waveguide
(black squares). Here, a systematic increase for smaller waveguide is seen substantiating the connection to the
strain gradient. Apparently nearly no intensity enhancement is seen for the waveguide center of the 40 um
waveguide. Here, the measured data point is almost at the bulk intensity line.

One of the driving questions of this whole analysis was, if measuring the behavior of certain Raman lines,
allows to determine the rubidium concentration. The analysis of the LiTa,Nb;_,O3 mixed crystals in Sec.
4.1.3 has shown that the determined Raman frequency of certain modes should exhibit a Vegard-like behavior
with respect to concentration [268]. Rb-exchanged waveguide should also be representable by Rb,K;_, TiOP4
mixed crystals. Therefore, the Rb concentration x = [Rb]/([Rb] + [K]) should also be measurable based on
peak frequencies. For the 264.0 cm ™! mode we expect a shift to 269.2 cm~! in RbTiOPOQy. Therefore, the
concentration may be interpolated with a Vegard-behavior as

@, = (1 —x)- axrp—x-Orrp =264.0cm ' +52cm ™! - x. (5.6)

In the 40 u waveguide, we determined a relative frequency shift for this mode of 2.8 cm™! (see Fig. 5.19).
This yields an x = 2.8 /5.2 & 0.53, which sounds reasonable. However, in the hotspot we detect a larger shift
of 3.3 cm~!. This can mean either that we have a higher surface concentration in the borders or we see an
additional effect of strain. The EDX analysis suggests no location dependent Rb-concentration profile, therefore
strain is the likely explanation for the hotspots.

The small waveguide all have similar dimensions, as the hotspot of the 40 tm waveguide. For the smallest
waveguide we see a systematic increase of the surface-near mode frequency of up to 4.4 cm~! (Fig. 5.20). This
raises the question if the systematic behavior of higher frequency shift in a smaller waveguide is either caused
by a systematic increase of strain or by a systematic increase in surface concentration or by both. Therefore,
one has to be cautious if equation 5.6 is true for the small waveguides or if a correction factor for strain needs
to be applied.

The results suggest that the change in Raman frequency of the 264 cm™! line is directly proportional to
the Rb concentration. However, as strain also heavily influences the line positions, such an analysis may only
be performed in the supposedly unstrained central region of the 40 um waveguide. If the frequency change
is proportional to the Rb concentration, then this will allow to determine the diffusion parameter. As a proof
of concept, a line profile is obtained from the central region of the 40 um waveguide as highlighted in Fig.
5.19c¢). This is shown in Fig. 5.21. Here, z = 0 was positioned according to process described in Fig. 5.13. The
solution of Fick’s law of diffusion for the case of one dimensional diffusion and with the boundary condition
of a constant surface concentration is given by a complementary error function 1 —erf = erfc. This is the
appropriate description in this case, as lateral diffusion can be neglected in KTiOPO,4 [175]. The fitted function

is given by

y(z) =yo (1 —erf(z/b)) +Yoffser- (5.7)

Here, b denotes the diffusion depth. The function describes the observed behavior fairly well. The actual

surface concentration may even be higher, than shown here, but can not be determined due to limited optical
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Fig. 5.20 The graph shows the determined relative shifts of the 264 cm™! at the surface and the hotspot
intensities with respect to the waveguide width. For the 40 um waveguide two values are given, one from the
hotspot and one from the waveguide center.
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Fig. 5.21 The graph shows the frequency shift of the 264 cm™~! line as a function of relative depth taken from
the 40 um waveguide. The origin of the profile is highlighted in Fig. 5.17 c).
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resolution. From the fit, we obtain b = 4.4 um, which is reasonable compared to the 3.82 um shown in the
EDX profile. It holds

b=/2Dr, (5.8)

where D is the diffusion parameter and ¢ is the diffusion time, which was ¢ = 60 minutes in this case. Based
on this, we calculate a diffusion parameter of D = 0.08 um?/min ~ 1.3-10~? cm?/s. The obtained depth
b =4.4 um and diffusion constant for an exchange time of 60 minutes and exchange temperature of 350 °C lie
well in the range of values typically reported in literature [175, 324, 323]. This shows that Raman microscopy
is in principle capable of determining diffusion profiles. However, we have also seen that the position and shape
of peaks is influenced by chemical or physical surface effect, strain or possible by stoichiometry and defects,
which will overlap with effects induced by a Rb-K exchange.

Conclusion

We have investigated Rb-exchanged waveguides in KTP of various width with imaging Raman spectroscopy and
nonlinear microscopy. Here, we could detect signs for structural changes related to the Rb-exchanged, but also
changes which are allegedly resulting from strain and, which are not limited to the Rb-exchanged region. The
previous analysis with EDX has shown that for neither waveguide width a connection between diffusion depth
and position in the waveguide is observed, i.e. the Rb-exchange depth at the WG/bulk interface is the same as
in the center of the waveguide [331]. This effects we do not see with Raman spectroscopy or second harmonic
microscopy. On the contrary, we often see systematic changes in the spectrum (FWHM, peak shift or integrated
intensity) which are not explained by the ion exchange alone, for example by unexpected or contradicting
phonon behavior and much larger physical dimensions of spectral changes compared to waveguide sizes. Here,
the results from Raman spectroscopy and SH microscopy suggest strain fields. These are likely due to the
large compositional change and size differences between the Rb™ and K™ ions. Even more, the Rb-exchange
lead to a more disordered system, e.g. seen in increased mode FWHM or broken SH selection rules. We have
seen that we can determine diffusion parameters from Raman spectroscopy. However, as the phonon modes
are not only influenced by the Rb-exchange, but by many other effects, the pure determination of diffusion
parameters should be left for methods, which are specifically and only sensitive to chemical elements, like
EDX or mass spectroscopy techniques. The power of confocal Raman spectroscopy and nonlinear microscopy
lie in the combination of a noninvasive measurement with real three dimensional resolution with a combined
sensitivity for stoichiometry effects, strain, disorder, but also periodic poling [294]. This combination can
provide very valuable insight in the interaction of these effects. For example, one of the next steps should be
three dimensional analysis of poled waveguides. In this context first results are shown and analyzed in the next
section.

The analysis of the waveguides have revealed strains. Previous work on lithium niobate or in silicon
oxynitride structures have shown that the connection of strain fields and refractive index changes can be
modeled [30, 28, 29, 337, 45, 336, 27]. Here, these models may be transferable to KTiOPOy4, however the
spectrum of KTiOPOy is much more complex. A major issue is the missing complete assignment of phonon
modes to certain atomic displacement patterns. Furthermore, the magnitude of certain material properties, e.g.
the Griineisen parameters, are not known. The Griineisen parameter basically connects the frequency shift of
any phonon with the strain (or pressure). However, only one study of the pressure dependence of the Raman
spectrum of KTiOPOy exist so far [287], but no estimation of the Griineisen parameters have been given for any

modes. In this context, DFT simulation can provide a solution, as they would allow to predict the changes in the
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Raman spectrum in strained material, as well as provide displacement patterns for each mode. This information
can be used to quantify the strain in the waveguides, which in turn may be used as input parameters for further

DFT simulations to model and understand the changes in refractive index.

5.2.2 Perdiodically poled Rb-exchanged waveguides

So far, we have demonstrated that confocal Raman spectroscopy can be used to visualize ferroelectric domain
structures in KTiOPOy, as well as to analyze the stoichiometry and other effects, e.g. strain, in Rb-exchanged
waveguides. The simplest integrated nonlinear device is the combination of both, i.e. a periodically poled
waveguide. In this context Raman spectroscopy represents a method, which is sensitive to both, the stoichiometry
change, i.e. the waveguide, the periodic poling, as well as other effects, such as strain. Furthermore, the three
dimensional resolution of confocal microscopy enables to investigate these properties non destructively and
without any specific sample preparation in layers below the sample’s surface, while methods like PFM [340] or
selective etching [341] reveal only the quality of the surface near domain structure. This is a major limitation of
those methods, as the quality of poling in the complete waveguide affects the conversion efficiency.

In the following analysis a Rb exchanged poled waveguide will be analyzed. Periodically poled waveguides
in KTiOPOy4 can be obtained in two possible ways. Either, a previously exchanged waveguide is poled, or
a previously poled crystal is exchanged afterwards. Both methods have been demonstrated and come with
their own technological challenges [327, 326]. The sample in this study was first exchanged, than poled. Here,
the Rb exchange will lower the conductivity in the regions of exchange, e.g. the conductivity of RbTiOPO4
is two to three orders of magnitude smaller than KTiOPO,4 [342, 174]. For bulk doped Rb:KTiOPO4 with
doping concentrations of 0.3 % a reduction in ionic conductivity of two orders of magnitude was observed
[343]. Furthermore, the exchange may improve stoichiometry further lowering the conductivity. Therefore,
during poling the main potential drop will be observed at the (only surface near ~ 10um) waveguides, where
the coercive field will be reached much earlier than in the rest of crystal. As a result, the waveguides will be
periodically poled, while the bulk crystal is not inverted. This opens the questions, if the domain inversion
reaches as deep as the Rb-exchange, which can not be answered by surface sensitive methods.

For the analysis, a40 um by 10 um (x by y) was taken over a 1.5 um wide waveguide. For the scan the
focus is placed slightly below the surface (about 1 ptm), which is determined by the maximum of the laser line.
Here, Raman spectra with an integration time of 3000 ms per spectra were taken with step width of 200 nm in
x-direction and 400 nm in y-direction. The spectra were taken in z(X,X)z geometry, which is known to provide
information about domain walls [294]. Figure 5.22 shows three confocal Raman images based on the integrated
intensities of a different line. The lines are highlighted in the spectrum in Fig. 5.25. To obtain these images,
the spectral channels in a + 10 cm™! interval around these lines were used, which is the convenient method
to visualize ferroelectric domain walls in KTiOPO4 and other materials [294, 46, 274, 272]. The obtained
intensities are then used to generate false color images.

Figure 5.22a) is based on the 150 cm~! line, which has not been observed to be sensitive to ferroelectric
poling in KTiOPOy in previous work by the author [294]. Due to its low frequency and intensity this phonon is
assumed to be connected to the K™/Rb™ ion [281, 282]. Indeed, in the image one can identify the 1.5 ym wide
waveguide centered running from left to right in the image. The waveguide itself appears as a region of slightly
enhanced intensity compared to the bulk crystal signal and is highlighted by two dashed lines. Furthermore,
an area of decreasing signal adjacent to the waveguide is found. These regions are about 1.5 um wide and
follow the waveguide. Similar observations are made for the other two modes in Figs. 5.22b) and c). A possible

explanation may be a strain field spanning around the waveguide. Because the Rb-exchange mainly takes place
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Fig. 5.22 Confocal Raman images of a periodically poled 1.5 ym wide Rb-exchanged waveguide in KTiOPOy,
which was poled after waveguide fabrication. The images are based on the integrated intensities of the named
modes in a & 10 cm™! interval. Figures a) to c) are based on different phonons, each showing a different
behavior.

along the z-axis due to the high conductivity, it is likely that the waveguide and its surrounding regions are
strained. Here, the strain comes from the massively different lattice parameter of RbTiOPO4 compared to
KTiOPOy due to the much larger Rb™ ion [154]. And as observed in the previous Section, Rb,K; _,TiOPO4
with x up to 0.9 is possible. This will likely result in large strains, especially in small waveguides. Strain has
been observed before, to be responsible for changes in intensity in Raman spectroscopy [269].

In contrast to the 150 cm ™!, the intensities of the 690 cm~! and 760 cm ™! lines, which are displayed in Fig.
5.22b) and c), have been observed to change in the vicinity of ferroelectric domain walls. Here, the 760 cm~!
decreases, while the 690 cm™! mode increases [294] at a domain wall. Indeed, we see for both modes in the
1.5 um wide waveguide region a periodic variation of their intensities. In this context five periods are visible,
which allows to estimate the poling period on the order of A = (7.8 £0.3) um, which fits well the production
parameters. Even more, we can clearly see that both phonons react complementary to each other as expected.
This behavior is highlighted by the white, dashed rectangles in Figs. 5.22b) and c¢). Together with the fact that
other phonons, e.g. the 150 cm™! phonon, do not show any periodic behavior, this confirms that the periodic
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Fig. 5.23 Second harmonic scan of the same 1.5 um waveguide as presented before. Again, we can not
distinguish between domain walls and the waveguide, but rather see only a general enhancement of the signal
in the apparently poled regions. However, we see again also a signal variation adjacent to the waveguide, this
time however pronounced around the poled areas. This may be explained by strain field stretching far out of the
actual waveguide region, which are further modulated by the poling. Here, the actual mechanisms remains
elusive so far [17].

signal can only be explained in terms of periodic domain inversion. It should be noted that previously Raman
spectroscopy was observed to be mainly sensitive to domain walls [294]. Instead, we see here a complete signal
enhancement or decrease for the whole inverted domain. Here, two domain walls are expected to be parallel to
the waveguide border, while the other two domain walls are orthogonal to the waveguide. An inverted domain
should resemble therefore something like the dashed boxes in Figs. 5.24. This discrepancy can be explained
first by the limits of optical resolution. Even for an infinitesimal small domain wall, the convolution of the
optical beam with the (infinitesimal wide) domain wall will result in minimum width for a domain wall of
A ~ 600 — 800 nm. This can be seen in 5.1, where the smallest DW signatures were A ~ 600 nm. Because the
maximum width of the domain here is limited by the waveguide width of 1.5 m, it is clear that this may only
be incompletely resolved. Nevertheless, Fig. 5.24 d) and e) suggest a slightly enhanced signal at the suspected
domain interfaces. Taking then also the strains induced by the waveguide interface into account, it becomes
clear that the actual substructure of the combined domain-wall-Rb,K;_, TiOPO4-waveguide-bulk-KTiOPO4
interface is very complex and will overlap with each other. This is also seen in the unpoled region, where the
signal is enhanced compared to the bulk signal, despite the absence of domain walls. This is also seen in the
difference Spectra in Fig. 5.25.

More important, than the surface structure of the periodic poling, is the penetration depth of the inverted
domains. To answer this question two cross-sections as denoted by the black dashed line in Fig. 5.22¢) were
taken. Here, one cross-section parallel to the waveguide and one orthogonal through a poled region were taken.
Here, for the two scans the step-width along x and y was chosen to be 200 nm, while in depth (z-direction)
steps of 250 nm were chosen. The scan was started about 2 um above the surface, which was determined by
the maximum of the laser reflection. The results for the two cross-sections are shown in Figs. 5.24 d)-f). Here,
the plot of the 690 cm™! line is shown for the orthogonal scan, while two plots for the parallel cross-section
are shown based on the 690 cm~! and 760 cm~!. For this analysis the focus is only on the DW sensitive lines.
The dashed lines define the surface as determined by the maximum of the laser reflection in a different plot not
shown here. When focusing through a refraction surface, the actual focus position (AFP), does differ from the
nominal focus position (NFP) [235-237]. To accurately determine the penetration depth of the waveguide and
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Fig. 5.24 Confocal cross sections through the waveguide and along the lines shown in Fig. 5.22¢) based on the
domain wall sensitive 690 cm ™! and 760 cm™! lines.

poling, this needs to be corrected. Here, basically optical path length conservation applies and the AFP can be
calculated by multiplying the NFP, which is determined in this experiment by the actuator movement, with the
ratio of the refractive indices ngrp/nqir(532nm) /= 1.78 [344]. Therefore, the z-scaling changes at the surface
as shown by the dashed line. Below the dashed line one tick refers to 1 ym, while above to 0.55 um.

Figure 5.24 d) shows the orthogonal cross section of a poled area. Here, a large signal enhancement and a
drop-shaped structure can be seen down to 15-20 um. In the upper 10 um the outer boarders are almost parallel
to the z-axis, suggesting a homogeneous inversion parallel to the Rb-exchange area. Close to the surface, even
two slight increase along the y-axis can be seen, which may can be interpreted as the domain boarders. Below
10 um the area of signal increase gets smaller and somewhat resembles the typical structure of surface near
domains having a tapered structure into the materials.

To determine the penetration depth of the poling, the 5.24 e) and f) are more useful. Here, again the two
complementary behaving 690 cm~! and 760 cm~! are shown. In both images a periodic signal variation
indicating the poling down to 13 m depth can be seen, which presents an upper boarder of the inverted domain
depth. Depending on, where the XZ cross section was taken, the actual poling may even reach somewhat deeper
as seen in Fig. 5.24 d). Nevertheless, a depth of 13 um coincides well with the typical penetration depth of
significant amounts (> 1%) of Rb, which shows that the waveguides are completely poled. As an interesting
note, the two phonon modes apparently have their maximum intensity in different depth. Here, the 760 cm™!
can be considered a LO mode due to its shifting behavior in angular resolved spectroscopy (4.3), while the 690
cm™! line appears to be a TO phonon, only visible in the spectrum due to z-polarization components in the
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Fig. 5.25 Exemplary difference Raman spectra for each region in the scans in Fig. 5.24. Here, the black line
shows a typical bulk spectrum. The other three spectra show the difference of a poled region, an exchanged
region and the strained region with respect to the bulk spectrum. For better visibility the difference spectra are
multiplied by five and the bulk spectrum has an artificial offset.

focused beam [278]. Its strong sensitivity to the waveguide and poling period, may be explained by relaxed
selection rules at domain walls or the waveguide border [251].

In conclusion, we have demonstrated that confocal Raman spectroscopy allows to visualize and distinguish
poled waveguides in a simple and reliable way. Here, it was found that domain inversion appears to reach through
most of the exchanged region in depth, which is a prerequisite for efficient nonlinear devices. Furthermore,
signs for strain adjacent to the waveguides region are detected, which may be expected from the different unit
cell parameters of RbTiOPO4 versus KTiOPOy4. Here, further work with Raman spectroscopy may will allow
to quantify and analyze the strain in more detail, as it had been done in other materials such as silicon/silicon

onynitride, lithium tantalate or lithium niobate [27-30].






Chapter 6

Conclusion

In this work confocal Raman spectroscopy supported by DFT and second harmonic microscopy was applied
to investigate specific problems in the common ferroelectric materials LiNbO3, LiTaO3; and KTiOPO,. The
overall goal was to achieve an improved and deepened understanding of the material properties, the role of
defects and domain boundaries. On the long term a throughout understanding of the material properties and
various influences is a corner stone towards improved fabrication and sophisticated devices.

In the context of fundamental Raman spectroscopy in the LiNbO3 family the driving question is the contra-
dictory phonon assignments, which introduces an uncertainty in any analysis based on Raman spectroscopy.
Based on an extensive analysis of Raman data of pure and mixed crystals, as well as atomistic simulations and
an extensive review of literature data it was possible to explain all fundamental features in the Raman spectra of
both, pure crystals and mixed crystals. Here, the theoretical results could be brought in excellent agreement
with the experiment. This enabled to solve the case of the "missing" phonon modes, to thoroughly understand
the spectra of mixed crystals, as well as to analyze the dielectric properties of the crystals. In conclusion, this
analysis serves as an excellent example of the explanatory power of a combined experimental and theoretical
approach.

In the field of imaging Raman microscopy of ferroelectrics one of the major questions concerns the
differences of the spectra of ferroelectric domain walls compared to bulk material. Here, in this work it could
be shown in this work that the spectral difference between domain wall and bulk spectra can be traced back
to two distinctly different effects. First, there is a change in selection rules at the domain boundary, secondly
local strains and electrical fields, which are known to exist in the vicinity of domain walls in LN and LT for
some time, induce distinct differences in the spectra. In this context a simple atomistic approach even allows
to qualitatively and quantitatively address these changes. The understanding of the underlying mechanism
finally allows to use Raman spectroscopy of domain walls for more than mere imaging. An analysis of the
underlying contrast mechanism provides a firm basis for more in-depth analysis of domain boundaries with
Raman spectroscopy.

The second part of the Raman imaging chapter evaluates Raman spectroscopy for the analysis of Rb-
exchanged waveguides and addresses the issue of suspected strain in those waveguide structures. While
methods such as EDX are only sensitive to the Rb/K stoichiometry, Raman effect analyzes the phonon spectrum,
which is sensitive to strain, stoichiometry or crystal quality. In this context, we could find that Raman is not
just sensitive to the stoichiometry, but provides information about the previously suspected strain. Because
Raman spectroscopy is a noninvasive method and is also sensitive to domain structures, it is an ideal method to
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assess the quality of periodically poled waveguides in its entirety. This is clearly demonstrated on a study on a
periodically poled waveguide.

Outlook

In the context of spectroscopic analysis, a joint theoretical-experimental investigations greatly contributed to
a throughout understanding of the Raman spectrum of the LiNbO3-LiTaO3 system. In contrast to this, the
understanding of the Raman spectrum of the KTiOPOy4 family is still in a rudimentary state. Here, the presented
internal mode assignment allows to understand some general features of the spectra. However, to reach a
more mature level of understanding atomistic modeling is inevitable. This will also greatly contribute to the
analysis of the spectra of waveguide. In this context a clear assignment of phonons will help to distinguish
stoichiometric effects and quantify the effects of strain. Alike, theory can provide Griineisen parameters to
quantify the strain. Which in turn may be used as an input parameters to calculate the refractive index changes,
which are suspected to be induced by strain. On the long term this might allow a full modeling of the effects of
strain similar to Refs. [45, 336, 345, 337, 28, 29].

The work on the domain walls has provided a general understanding of the contrast mechanism at domain
walls. In particular it has revealed a likely presence of strain fields and strain at domain wall. In this context
however, the magnitude, orientation and type of the electric fields and strain are still not clear. This is crucial
for more accurate DFT simulations. This raises the question, whether the effects of this strain and the electric
fields, respectively, can be influenced by doping or annealing in lithium niobate. Furthermore, the question is, if
they are also observable in stoichiometric material. A further important consequence, may be that these strain
or electric field will have an effect on the smallest possible period length in the fabrication of domain grids. We
have observed signatures of domain walls with widths in the order of 1000 - 2000 nm. The question is, if this
range also defines a type of DW-DW interaction length limiting a smallest domain period in regular LN. Here,
certainly annealing, poling at elevated temperatures (to prevent the building of frustrated defect complexes)
or use of stoichiometric material maybe investigated. In this context possibly in-situ observations of Raman
spectra under the application of electric fields not only along the polar direction, as in Ref. [309], but along all
axis are necessary for the refinement of the atomistic model.

An improvement of the experimental methods can be achieved by making use of radially or axially
polarization, which can be used for a z-polarized excitation and detection scheme [276, 275]. This will give
access to the larger tensor elements in Raman even in a z-cut geometry. The data analysis process can be
improved by deconvolution based on a better knowledge of the light distribution in the focus. These methods
will be in particular needed in the context of ultra-short domain periods and thin films.
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the geometry specified at the bottom, while the other spectra are obtained by tilting the sample
in five degree steps and keeping the polarization fix with respect to the 0° measurement. The
specified angle is measured with respect to the inner angle 3 as given in the inset in b).

4.26 Complete angular dispersion in the xy-plane of the KTP crystal. Here, one can clearly see that
a) A;-TO phonons in y(x,X)y to x(y,y)X show no change, while the B; phonons y(x,z)y show a
clear angular dispersion to B, in x(y,Z)X geometry. . . . . . . . .. ..o

5.1 Contrast mechanism as proposed by Stone and Dierolf [251]. In their model, they understand
the DW as a large planar defect associated with a quasi momentum. This leads to a relaxation
of selection rules at DWs giving rise to a changed Raman spectrum. . . . . . . ... ... ..

5.2 Raman imaging is demonstrated for the LiNbO3, LiTaO3, and KTiOPO,4 sample. Each image
is created using the integrated intensity in a specified spectral range of the Raman spectrum,
which was identified by previous authors to give high contrast images of domain walls. The
graph below each image, gives a cross section along the red, dashed line. Here, typical FWHM
of the domain wall signatures between 600 and 800 nmareseen. . . . . . . .. ... ... ..

5.3 a) and b) show the angular dependent Raman spectra of KTP and LT. Here, the crystal is tilted
with respect by an angle with respect to the x- and z-axis, while the light polarization is kept fix
according to the 0° scattering geometry Z(X,X)Z. . . . . . v v v v v e i e e e e

5.4 The figure shows the spectral signatures of domain walls on z-cut for all three materials in the
top spectra. Here, in black a bulk spectrum is given for reference, while the red line denotes the
difference spectrum calculated from the measured DW spectrum (I/(DW) — I(bulk)). Below
are the 0° and 25° angular resolved spectra, where 0° is the spectrum in the given scattering
geometry. Here, to highlight differences, also a difference spectrum is given (I(25°) —1(0°)). .
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a) Measurement geometry for the analysis of the diffusion profiles in Rb-exchanged waveguides
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Appendix A

KTP wafer homogeneity

In Section 5.2.1 the Raman spectra of Rb-exchanged waveguides have been studied. Here, it was found
that many modes react to the exchange of potassium for ion, as well as to strain induced by the exchange.
Additionally, some hints were found, that the spectrum in the surface region shows its own peculiarities.
Similarly, changes in the spectra have been observed from domain walls have been discussed in Secs. 5.1 and
5.2.2. In all cases, small changes in the Raman spectra have been used for visualization of said properties.
The samples in this work are all fabricated from flux grown KTiOPQOy4. For flux grown KTiOPO4 previous
work suggests, that certain properties can vary globally over the a complete wafer, e.g. the ionic conductivity
[346, 347] or refractive index [348]. In particular, the ionic conductivity was found to have a parabolic
distribution with a maximum in the center of a KTiOPO4 wafer, while it decreases by almost a factor of two
towards both sides. These variations was only dominant along the y-axis [346, 347]. This is explained by
variations in K™ stoichiometry induced during growth. Flux-grown, single KTiOPOQj crystals are often grown
from on seed on multiple sectors. This means, the crystals growth takes place in multiple directions around
the central seed [165]. Due to different solubility of the components in the liquid and solid phase, as well as a
temperature gradient towards the center of the crystals, this can result in a systematic variations of defects and
stoichiometry from the center to the outer parts of a crystal, where the crystals is generally considered of better
stoichiometry in the outer parts, leading to a decreasing conductivity [346, 347].

For the wafers analyzed in this work, no such variation in the conductivity was observed. Nevertheless, this
could mean, that the defect concentration and stoichiometry, e.g. the K™ vacancies, may have a systematic
variation, over a wafer, which do not modify the ionic conductivity, but are still detectable by Raman spec-
troscopy. Here, indeed in literature differences in the spectra of KTiOPO,4 grown from different fluxes have
been observed, which are thought to be from different stoichiometry [349]. Similar, doping RbTiOPO4 with Nb
ions leads to broadening of the Raman lines [350]. Therefore, it can be expected that Raman spectroscopy is
sensitive to any systematic stoichiometry or defect variations.

To check, whether or not global variations over a complete waveguide can be detected, spatially resolved
Raman spectroscopy was performed to analyze the homogeneity of the wafer. For the analysis, the focus was
placed more than 20 um below the surface in each measurement to avoid any surface related imprint on the
spectrum. For this, Raman spectra 1 mm apart were taken over a complete RTP, as well as a KTP wafer, as
shown in the insets in Figs. A.2 and A.1. Here, one scan was performed over the center of the waveguide
parallel to the x and y-axes, respectively. In these spectra then the peak position, as well as the FHWM
have been analyzed for multiple peaks, which both are typical criteria for stoichiometry in other materials.
The exemplary results for one mode are plotted below each spectrum. Here, for neither mode we detect any
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Fig. A.1 Z-cut Raman spectra of a KTiOPO4 wafer with the dimensions of 36 mm (x) by 20.3 mm (y) have
been taken at a line parallel to the x-direction (a) and y-direction (b), as indicated by the dotted lines in the inset
in b). Here, no significant variations in the spectrum, i.e. spectral positions and FWHM of modes have been
detected. As a representative, the determined peak positions and FWHM for the 216 cm ™! is plotted below for
each plot.
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Fig. A.2 Z-cut Raman spectra of a RbTiOPO4 wafer with the dimensions of 8.4 mm (x) by 10.3 mm (y) have
been taken at a line parallel to the x-direction (a) and y-direction (b), as indicated by the dotted lines in the inset
in b). Here, no significant variations in the spectrum, i.e. spectral positions and FWHM of modes have been
detected. As a representative, the determined peak positions and FWHM for the 216 cm ™! is plotted below for
each plot.
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significant positional dependence or variation over the wafers. This result is a strong hint, that the used wafers
have a homogeneous structure atleast with respect to Raman spectroscopy, which fits the previous observations
on the ionic conductivity, which appears similar over the complete wafers. For further Raman measurements
this enables a comparability of spectra taken on different places of the wafer.



Appendix B

Investigation of y-cut PPKTP

As demonstrated in Sec. 5.1 domain walls in KTiOPOy can also be visualized for y-cut. This is a particular
achievement, because the usual standard method for visualization - selective chemical etching - is not applicable
for x- and y-face. The so far only practical methods has been piezo-response force microscopy, an AFM
derivative [340]. As a AFM method it offers a very high spatial resolution (<< 100 nm) - limited only by the
AFM tip size and shape. However, as an AFM derived method it is only surface sensitive. In this regard confocal
Raman spectroscopy and Second harmonic microscopy offer an alternative due to their three dimensional
resolution, while both methods also offer a sensitivity to structural changes, e.g. defects or waveguides as
demonstrated in the sections above. Studies of domains on y-face or x-face of any uniaxial ferroelectric
materials are of particular interest, as this allows to investigate the domain growth process including properties,
such as nucleation sites, growth directions and velocities or shape of growing domains.

In this analysis we have investigated a sample, which was fabricated by contact poling (stamper technique).
Here, the electrode is not directly deposited on the sample or has direct contact via an liquid electrode, but is
deposited on a separate substrate. The stamp for this sample consisted of lithographically patterned titanium
strips on a glass substrate (SiO»). For poling this stamper is pressed against the sample and serves as the front
electrode. The back electrode is provided by a deposited Chromium layer deposited on the complete back side.
Details regarding sample fabrication can be found in literature [294, 343]. The period length of the analyzed
samples was A = 16.7 um with a duty cycle of 10/6.7, where the 10 ym region are inverted.

Figure B.1 now shows several measurements performed from z-cut on this sample. While a) displays a
Raman image based on the intensity variation of the 693 cm™! line, subfigure b) shows a different area of the
same sample investigated by nonlinear microscopy. For both images one can see two general regions. One is
a fairly homogeneous domain of 4-5 um width, and a large region of 10-12 um, which further shows small
inclusions of domains. Here, apparently the large regions are the inverted ones, while the smaller represent the
pre-poling domain orientation. As it is sometimes observed for contact poling small domain fragments in the
otherwise inverted domains have not been inverted, which may be, because of an uneven contact [294, 343]. It
also can be seen that the obtained duty cycle of ~ 12/4.7 slightly differs from the targeted duty cycle, which
may be due to field enhancements at the edges of the contact electrodes. This has been also observed in
literature [343]. Figure B.1c) shows an xz-scan obtained with confocal Raman spectroscopy also from the
z-direction through two domain pairs. Here, one can see that the domain pattern is also reproduced well in
depth. Here, it should be noted that the z-scale only shows the z-actuator movement. The approximately 16 um
positioner movement represents actually a range of 16-1.78 =~ 28.5 um due to refraction. Here, 1.78 is the

refractive index of KTiOPO4 and the correction was performed according to Ref. [235].
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Fig. B.1 Images of ferroelectric domain walls obtained in z-cut on a sample fabricated by stemper technique
[294, 343]. Here, Fig. a) shows a result obtained by Raman imaging, Fig. b) shows a different area analyzed in
the Second harmonic microscopy setup and c¢) a depth (XZ) scan performed with Raman microscopy.
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Fig. B.2 Second harmonic image of the y-face of a periodically poled crystal close to the surface, where the
electrode was applied. The air/crystal interface is visible in the lower side of the image. Here, the domain walls
appear as dark lines. The domain pattern clearly followed the electrode structure duty cycle.

For the analysis of domains in y-direction a similar sample was fabricated, which was cut along x-direction
and directly through the suspected poled area. In this context Fig. B.2 shows a second harmonic microscopy
scan performed from y-direction of the edge of the sample surface. Here, two domain wall pairs appear as
regions of decreased intensity. The results are very similar to the observation made with the z-cut Raman
scan presented in Fig. B.1c) and shows that the domain structure close to the surface reproduces the electrode
structure very well. Further analysis have now been performed with Raman microscopy.

We have demonstrated previously that domains also on y-cut can be visualized with Raman spectroscopy.
This was apparently only possible for y(x,z)y geometry with Raman spectroscopy. Here, it was found that it is
most convenient to use the peak frequency of the 783 cm™! to visualize domain walls, as shown in Fig. B.3.
This figure shows a spectrum obtained at a domain wall versus the spectrum of bulk KTP. The strong shift of
the 783 cm™! is clearly seen. That this mode offers a contrast to domain walls can be understood by a breaking
of selection rules at the domain walls. The up-shift of this mode can be explained by the directional dispersion,
which is only prominent in the crossed polarization geometries in KTiOPOy as discussed in Sec. 5.1.2. Figure
B.4 shows the result of such an investigation. Here, according the subfigure d), which shows the measurement
geometry, three measurements have been performed. First, a line scan approximately 50 ym below the top
surface has been performed and is shown in Fig. B.4a). Here, the domain walls are visible and reproduce the
period length of 16.7 um well. However, also domain incursion in the inverted range are seen, which fit with
the observations made from z-cut. The results are different, when the measurements somewhere in the middle
of the sample and close to the back side. Figure B.4b) shows a 2D plot (xz) scan. Here, the domains, which are
visible, show no relation to the period length anymore. At x =45 um even a domain is seen, which appears to
vanish. Here, we may have observed the end of a domain fragment, which is not grown through the complete
sample. Close to the back side (subfigure c) no clear period length can be identified and an almost chaotic

domain structure is observed.
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Fig. B.3 This figure shows two as-measured spectra obtained at a domain wall versus the spectrum of bulk KTP.
To easily spot the differences, a difference spectrum is given (blue).

In conclusion we have demonstrated that domain walls on y-cut KTiOPOy4 can be visualized with Raman
spectroscopy, as well as nonlinear microscopy. This is a particular achievement, because the usual standard
method of selective etching can not be applied to y or x-faces in KTiOPO4 [340] and AFM based methods
have been the only practical alternative so far. Our measurements indicate that the domain pattern in KTiOPO4
closely follows the electrode at the surface (> 50 um), while towards the back only an irregular pattern is
achieved, where no short range periodicity is observed. Towards the center of the crystal slab we observed signs
for v-shaped domains (v-shaped), which do not reach the back side.
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Fig. B.4 Subfigure d) shows the sample and measurement geometry. Three measurements are performed to
investigate the domain structure along the z-direction: A line scan close to the front face approximately 50 ym
below the surface, a 2D image in the center of the sample (b) and a line scan close to the back side (c). While
close to the surface, the period of ~ 16.7 um is conserved, no short range periodicity is visible towards the

back side anymore.
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