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Abstract 
Nonlinear optical frequency conversion is the key technology for modifying laser output radiation, in order 
to target specific applications. The most powerful technique to obtain tailored second-order nonlinear 
interactions is the quasi-phasematching (QPM) approach. QPM is based on periodic modulation of the 
medium’s nonlinearity and allows versatile and efficient frequency conversion in the whole transparency 
region of the material. QPM is commonly implemented in ferroelectric oxide crystals by periodically 
inverting the spontaneous polarization, so-called, periodic poling. However, in order to achieve QPM 
structures of practical relevance, both the optical properties of the material and the domain engineering 
techniques have to be suitable for the targeted nonlinear interaction.  
Rb-doped KTiOPO4 (RKTP) and vapor-transport-equilibrated stoichiometric LiTaO3 (VTE-SLT) are two 
of the most promising ferroelectric oxides used for nonlinear optics. The former is suitable for high peak-
power applications and for engineering of QPM devices with sub-µm periodicity. The latter shows a short 
cut-off wavelength with low linear absorption, which makes it very attractive for UV-light generation. 
However, in order to fully exploit the potential of these two materials, it is of utmost importance to 
understand the domain dynamics and stability from a fundamental point of view, as well as to investigate 
ways to overcome their limitations.  
This thesis presents studies on domain dynamics and stability in these two materials. A novel method for 
periodic poling of RKTP has been investigated. The method, based on using a micro-structured silicon chip 
as the contact electrode, has been used to fabricate periodically poled RKTP crystals with 9.01 µm period. 
The samples became well-poled and showed high conversion efficiency for second harmonic generation. 
The domain dynamics, when the silicon stamp was used as an electrode were studied, showing potential 
for short-pitch poling and complex patterning.  
Furthermore, the domain stability in RKTP during thermal annealing at high temperatures was investigated. 
The results show anisotropic domain wall motion, with severe domain contraction along the 
crystallographic b-axis when the periodicity was reduced. A technique to suppress this domain contraction 
was developed based on dicing away the edges of the QPM grating so that the domain b-faces terminate in 
air. This gave excellent results for a broad range of periodicities.  
Studies of the domain stability of periodically poled VTE-SLT during chemical etching were performed by 
on-line second harmonic generation, and optical microscopy. The results show that wet etching directly 
after poling leads to domain-wall motion, resulting in back-switching or domain merging.   
Furthermore, the domain wall motion induced by electron beam irradiation was investigated using a 
scanning electron microscope. It was found that domain switching strongly depends on the ratio of 
secondary electrons to incident electrons. These results are discussed in terms of electron beam and 
screening charges interaction.  
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Sammanfattning 
Frekvenskonvertering är en nyckelteknologi som görs i sk. ickelinjära matrial för design av laserkällor för 
specifika tillämpningar. Den mest effektiva metoden för att uppnå skräddarsydda kvadratiskt ickelinjära 
processer är via sk. kvasi-fasmatchning (QPM). QPM-tekniken innebär att materialets icke-linjäritet 
moduleras periodiskt, vilket möjliggör mångsidig och effektiv frekvenskonvertering över hela materialets 
transparenta område. Den här tekniken implementeras oftast i ferroelektriska oxidkristaller via s.k. 
periodisk polning, vilket innebär att materialets spontana polarisation periodiskt inverteras och formar 
laminära domäner. För att skapa praktiskt relevanta QPM-strukturer måste både materialets optiska 
egenskaper och domäntillverknings-teknikerna vara lämpliga för den önskade ickelinjära interaktionen. 
Rb-dopat KTiOPO4 (RKTP) och ångtransporteringsekvilibrerat stökiometriskt LiTaO3 (VTE-SLT) är 
två av de mest lovande ferroelektriska oxiderna som används inom ickelinjär optik. Den förstnämnda är 
lämplig för tillämpningar där höga toppeffekter förekommer samt för tillverkning av QPM-strukturer med 
submikrometer-perioder. VTE-SLT har låg linjär absorption för korta våglängder och är därför av intresse 
för att generera ultraviolett ljus. För att fullt kunna utnyttja potentialen hos dessa två material och framställa 
högkvalitativa strukturer, är det av yttersta vikt att förstå fundamenten i deras domändynamik och 
stabilitetsvillkoren för domänerna, samt att undersöka möjliga åtgärder för att hantera ev. begränsningar. 
I den här doktorsavhandlingen presenteras studier av domändynamik och stabilitet hos de två ovannämnda 
materialen. Vidare har en ny metod för periodisk polning av RKTP tagits fram och  utvärderats. Metoden, 
som utnyttjar mikrostrukturerat kisel som kontaktelektrod, har använts för att tillverka periodiskt polade 
RKTP-kristaller med en period på 9.01 µm vilket resulterade i goda resultat och höga 
omvandlingsverkningsgrader för frekvensdubbling. Domändynamiken då kisel användes som elektroder 
påvisade potential för att också göra gitterstrukturer med dubbla perioden relativt eletrodmönstert. Deta 
skedde då de framväxande domänerna formades som tunna skikt utgående från kanterna på elektroderna. 
För varje elektrodfinger bildades det alltså två nya domäner.  
Dessutom undersöktes domänstabiliteten hos RKTP vid höga temperaturer. Resultaten påvisade 
anisotropisk domänväggsrörelse, med markant domänkontraktion längs den kristallografiska b-axeln då 
periodiciteten reducerades. En teknik för att minska domänkontraktionen, baserad på att skära bort 
ändytorna av QPM-strukturen på kristallen så att domänernas b-ytor slutade i luft, utvecklades. Denna 
teknik resulterade i stabila domänstrukturer även att mycket temperaturer för ett brett spann av 
periodiciteter. 
Domänstabiliteten hos periodiskt polat VTE-SLT undersöktes under kemisk etsning med hjälp av 
frekvensdubbling i realtid och ett optiskt mikroskop. Resultaten visade att våtetsning direkt efter polningen 
leder till domänväggsrörelser, antingen i form av att domänerna flippade tillbaka eller smälte samman. I 
den sista studien så undersöktes domänväggsrörelsen som inducerades när kristallerna bestrålades med 
elektroner i ett skannande elektronmikroskop. Det framkom att domänswitchningen starkt berodde på 
kvoten i energi mellan kristallens sekundäremitterade elektroner och de infallande elektronernas. Dessa 
resultat diskuteras utifrån elektronstråls- och skärmladdningsinterkationer. 
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1. Introduction 
Nonlinear frequency conversion is a powerful method to achieve coherent radiation in spectral 
regions inaccessible by available lasers, leading to potential applications ranging from diagnostic 
and medical treatment to optical communication, spectroscopy, remote sensing, and material 
processing. This process is based on second-order nonlinear effects utilizing the 𝜒𝜒(2) component 
of the susceptibility tensor, which is characteristic for non-centrosymmetric materials, such as 
lithium niobate (LN), lithium tantalate (LT) and, potassium titanyl phosphate (KTP). These oxides 
have relatively high nonlinear coefficients and are useful for applications such as second harmonic 
generation (SHG), sum frequency generation (SFG), or parametric processes like optical 
parametric oscillation or optical parametric amplification. 
Due to material dispersion, the incident and generated waves, at different wavelengths, travel at 
different phase velocities, which inhibits unidirectional energy coupling and hence reduces the 
conversion efficiency. For efficient frequency conversion, it is necessary to maintain 
phasematching. For a long time, the only method for achieving phasematching was to utilize the 
material birefringence and choosing an interaction through the nonlinear crystal in which the 
interacting waves experience a net zero for the momentum vector ∆k = 0. Birefringent 
phasematching has severe limitations in wavelength coverage, phasematching bandwidth, as well 
as the fact that not always the largest 𝜒𝜒(2) coefficient can be utilized. 
The alternative approach, quasi-phasematching (QPM), uses a periodic modulation of the 
nonlinearity of the medium. This creates an artificial momentum vector which resets the 
accumulated phase mismatch between interacting waves. It is thereby possible to phasematch 
almost any conversion in the transparency range of the nonlinear crystal, usually occurring at mid-
infrared to near ultra-violet. Indeed, the QPM technique is essentially free of the drawbacks present 
in birefringent phasematching. While QPM was actually invented prior to birefringent 
phasematching, it did not see widespread use due to difficulties in fabricating suitable crystals with 
the required micron-scale structures [1]. 
In ferroelectrics, QPM is implemented by periodically inverting the orientation of the spontaneous 
polarization. This process is often referred to as ferroelectric domain engineering or periodic 
poling, and it is most commonly done through the application of an electric field in the polar 
direction of the crystal on a periodic electrode structure. The electrode is fabricated via contact 
photolithography with techniques initially developed for the electronics industry. The rapid 
evolution of lithographically controlled patterning of nonlinear media in the late 1980s led to a 
widespread interest in the QPM approach. However, first with the invention of electric field poling, 
which was done for a thin sample of LN by Yamada et al. [2] at Sony Corporation in 1993, the 
field exploded. Since then there has been extensive development in electric field poling of other 
ferroelectric oxide crystals, such as LT and KTP. 
Two of the more prominent materials for QPM applications are Rb-doped KTP (RKTP) and vapor-
transport-equilibrated stoichiometric LT (VTE-SLT). Both of these materials are relatively well 
developed and promise excellent advantages in a wide range of applications. Crystals from the 
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KTP family are known for their excellent power handling capability [3], high damage threshold, 
and wide transparency range. A low Rb dopant concentration of 0.3% grants almost identical 
optical properties as those of ordinary KTP, however, it results in two orders of magnitude lower 
ionic conductivity, which is beneficial for electric field poling and fabrication of large aperture 
QPM structures [4,5]. RKTP is also particularly attractive for fabrication of sub-μm periodicities 
over mm-thick crystals due the large anisotropy in ferroelectric domain-propagation velocity along 
the different crystallographic axes, limiting domain broadening [6–8]. This feature has been 
exploited for several crucial technical applications [9–12].  
VTE-SLT is attractive ferroelectric material, especially for UV-light generation, since it has a 
shorter cut-off wavelength and wider transparency range than LN and KTP isomorphs. VTE-SLT 
is fabricated by post-growth diffusion of Li2O into congruent-composition LT at high temperatures 
to compensate its Li2O deficiency [13,14], and presents a dramatically improved stoichiometry. 
The coercive field for VTE-SLT is reduced up to two orders of magnitude compared to its 
congruent counterpart, which facilitates fabrication of QPM devices [15–19]. This, in conjunction 
with the lower defect density, makes it very appealing for nonlinear optical applications, 
particularly in the visible and near-UV region, where defects are associated with photorefractive 
damage limiting their practicality [20]. 
Although the electric field poling technique, using patterned electrodes on the surface of the 
samples, is the most mature way to implement QPM, it has its disadvantages when it comes to 
fine-pitch poling since it meets the limits of standard photolithography. Moreover, it is tedious and 
has reproducibility issues. Therefore, it is of prime importance to investigate other techniques for 
periodic poling, and many have already been tested, such as electric field poling at chemically 
patterned surfaces [21], etching-assisted poling [22], UV-assisted electric field poling [23,24] and 
e-beam writing [25–27]. Despite their excellent properties, both VTE-SLT and RKTP suffer from 
some drawbacks when they are pressed into extreme conditions. Since some of the characterization 
techniques and even applications of QPM devices include exposing them to high temperature or 
various chemical treatments, it is important to understand the domain dynamics in these materials 
under these conditions.  
The goal of this thesis has been to develop a potentially more versatile technique for domain 
engineering (Paper I) and investigate domain dynamics and domain stability in these two relatively 
unexplored novel materials (Papers II and III and IV). I hope that the results presented here will 
contribute to developing better methods for QPM-device fabrication and assist in understanding 
the limitations of the materials and the ways to overcome them. 
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2. Nonlinear Optics 
In classical optics, interaction of light with matter induces oscillating dipoles with a frequency 
of the incoming light. Nonlinear optics is the field of optics that studies the interaction of light 
with matter in the regime where the response of the material is nonlinear to the electric field 
amplitude of the incoming radiation. If the energy of the incoming light is high enough, the 
properties of the material become dependent on the intensity of illumination. The induced 
oscillating dipoles create photons with frequencies other than those present in the incoming 
light. In the first nonlinear-optical experiment of the laser era, performed by Franken et al. [28] 
in 1961, a ruby-laser radiation with a wavelength of 694.2 nm was used to generate the second 
harmonic in a quartz crystal at a wavelength of 347.1 nm. This work was rapidly followed by 
demonstrations of other frequency conversion processes and by the discovery of a rich diversity 
of other nonlinear optical effects [29]. In order to describe frequency conversion, it is necessary 
to understand the principles of nonlinear optics. In this chapter, the physics behind these 
phenomena will be described and discussed. 

2.1 Linear and nonlinear polarization 
When an electromagnetic wave passes through a dielectric medium, the electric field induces a 
polarization in the material. For low-intensity electromagnetic waves the material response can 
be approximated in the following way: 

𝑃𝑃�(𝑡𝑡) = 𝜀𝜀0𝜒𝜒(1)𝐸𝐸�(𝑡𝑡),                                                    (2.1) 
where ε0 is the permittivity of the vacuum and 𝐸𝐸  �is the electric component of the 
electromagnetic wave. This equation shows a linear dependence of the polarization 𝑃𝑃� on the 
electric field with a proportionality factor  χ(1) (first order susceptibility), which applies to 
linear optical phenomena. When it comes to intense electromagnetic waves, eq. (2.1) can be 
extended to: 

𝑃𝑃�(𝑡𝑡) = 𝜀𝜀0�𝜒𝜒(1)𝐸𝐸�(𝑡𝑡) + 𝜒𝜒(2)𝐸𝐸�2(𝑡𝑡) + 𝜒𝜒(3)𝐸𝐸�3(𝑡𝑡) + ⋯� ,                       (2.2) 
or 

𝑃𝑃�(𝑡𝑡) = 𝑃𝑃�(1) + 𝑃𝑃�(2) + 𝑃𝑃�(3) + ⋯ ,                                        (2.3) 
The parameters 𝜒𝜒(2) and 𝜒𝜒(3) in eq. (2.2) are second and third order susceptibilities, 
respectively.  Regarding linear and nonlinear components, eq. (2.3) can be written as:  

𝑃𝑃�(𝑡𝑡) = 𝑃𝑃�𝐿𝐿 + 𝑃𝑃�𝑁𝑁𝐿𝐿.                                                       (2.4) 
Here, the nonlinear part of the induced polarization can couple out to the far-field, which results 
in the emission of photons with frequencies other than that of the initial light. 

2.2 Second order nonlinear processes 
The term  𝜀𝜀0𝜒𝜒(2)𝐸𝐸�2(𝑡𝑡) in eq. (2.2) describes second-order nonlinear interactions, which are 
illustrated in Fig. 2.1.  
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Fig. 2.1. Second-order nonlinear interaction processes. 

Let us start with Fig. 2.1(a), showing the second harmonic generation process, were two 
incident photons with frequency ω are mixed in the medium to form one photon with doubled 
energy and the frequency 2ω. The induced polarization in the nonlinear medium is as follows: 

𝑃𝑃�(2) = 2𝜀𝜀0𝜒𝜒(2)𝐸𝐸𝐸𝐸∗ + (𝜀𝜀0𝜒𝜒(2)𝐸𝐸2𝑒𝑒−𝑖𝑖2𝜔𝜔𝜔𝜔 + 𝑐𝑐. 𝑐𝑐. ),                              (2.5) 
The first term of eq. (2.5) represents the zero frequency contribution, known as optical 
rectification. The second term represents the generated second harmonic signal with frequency 
2ω [30]. Second harmonic generation is practically useful to access the spectral range of shorter 
wavelengths. 
Figure 2.1(b) shows the case of sum frequency generation (SFG) and difference frequency 
generation (DFG), where from interaction of two incident photons with frequencies 𝜔𝜔1 and 𝜔𝜔2 
propagating through the nonlinear medium, generates one photon with either higher energy, 
SFG, 𝜔𝜔3 = 𝜔𝜔1 + 𝜔𝜔2,  or lower energy, DFG,  𝜔𝜔3 = 𝜔𝜔1 − 𝜔𝜔2. 
Figure 2.1(c) shows yet another possible second-order nonlinear interaction called parametric 
down-conversion or optical parametric generation (OPG). Here one photon with frequency ω1 
propagating through the nonlinear medium is spontaneously split into two photons with (lower) 
frequencies, ω2 and  ω3. If the nonlinear medium is placed in an optical resonator, the 
configuration is called an optical parametric oscillator (OPO). The resonator is primarily used 
to increase the effective length in the nonlinear medium and thereby amplify the down-
converted radiation to large intensities.  

2.2.1 Susceptibility coefficient 

The nonlinear susceptibility,  𝜒𝜒(𝑚𝑚), is introduced as a tensor of rank m+1, but mostly in practice, 
a material-specific nonlinear coefficient is used to describe the nonlinear process, instead of the 
 𝜒𝜒 tensor. It is defined in the following way:  

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 1
2
𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖.                                                       (2.6) 

If the condition of permutation symmetry applies, 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖, we can contract j and k into a 
single index, and 𝑑𝑑 can be expressed as a 3×6-element matrix with each element having two 
indices [30], and the polarization of the generated photons in Cartesian coordinates for SFG is 
given by: 
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⎝

⎜⎜
⎛
�𝑃𝑃𝜔𝜔3

(2)�
𝑥𝑥

�𝑃𝑃𝜔𝜔3
(2)�

𝑦𝑦

�𝑃𝑃𝜔𝜔3
(2)�

𝑧𝑧⎠

⎟⎟
⎞

= 2𝜀𝜀0𝐾𝐾 �
𝑑𝑑11 𝑑𝑑12 𝑑𝑑13   𝑑𝑑14 𝑑𝑑15 𝑑𝑑16
𝑑𝑑21 𝑑𝑑22 𝑑𝑑23   𝑑𝑑24 𝑑𝑑25 𝑑𝑑26
𝑑𝑑31 𝑑𝑑32 𝑑𝑑33   𝑑𝑑34 𝑑𝑑35 𝑑𝑑36

�

⎝

⎜
⎜
⎜
⎛

(𝐸𝐸𝜔𝜔1)𝑥𝑥(𝐸𝐸𝜔𝜔2)𝑥𝑥
(𝐸𝐸𝜔𝜔1)𝑦𝑦(𝐸𝐸𝜔𝜔2)𝑦𝑦
(𝐸𝐸𝜔𝜔1)𝑧𝑧(𝐸𝐸𝜔𝜔2)𝑧𝑧

(𝐸𝐸𝜔𝜔1)𝑦𝑦(𝐸𝐸𝜔𝜔2)𝑧𝑧 + (𝐸𝐸𝜔𝜔1)𝑧𝑧(𝐸𝐸𝜔𝜔2)𝑦𝑦
(𝐸𝐸𝜔𝜔1)𝑥𝑥(𝐸𝐸𝜔𝜔2)𝑧𝑧 + (𝐸𝐸𝜔𝜔1)𝑧𝑧(𝐸𝐸𝜔𝜔2)𝑥𝑥
(𝐸𝐸𝜔𝜔1)𝑥𝑥(𝐸𝐸𝜔𝜔2)𝑦𝑦 + (𝐸𝐸𝜔𝜔1)𝑦𝑦(𝐸𝐸𝜔𝜔2)𝑥𝑥⎠

⎟
⎟
⎟
⎞

,    (2.7) 

where ω3  is the frequency of the generated photon due to the annihilation of two photons with 
ω1and ω2. K is the degeneracy factor, where K=½ when ω1 = ω2  (SHG case) and K=1 when 
ω1 ≠ ω2 [31]. 
It should be noted that second order nonlinear interactions can appear only in non-
centrosymmetric materials, for which 𝜒𝜒  (2) is non-zero, while in centrosymmetric materials  
𝜒𝜒 (2) vanishes. A macroscopic non-centrosymmetric structure can be obtained both for liquids 
under an applied field and poled glasses. But in practice, only a few special crystals with built-
in non-centrosymmetric structure are exploited for second order nonlinear optics.  

2.2.2 The coupled wave equation  
The new frequency components obtained through the nonlinear process can be expressed by 
using the wave equation. If the nonlinear part is added to the standard wave equation, one can 
extract the coupled wave equation between interacting waves by: 

𝛻𝛻2𝐸𝐸 = 𝜇𝜇0𝜎𝜎
𝜕𝜕𝜕𝜕
𝜕𝜕𝜔𝜔

+ 𝜇𝜇0𝜀𝜀0
𝜕𝜕2𝜕𝜕
𝜕𝜕𝜔𝜔2

+ 𝜇𝜇0
𝜕𝜕2𝑃𝑃
𝜕𝜕𝜔𝜔2

,                            (2.8) 
where 𝜇𝜇0 is the vacuum permeability, and 𝜎𝜎 is the conductivity of the crystal.  
Assuming a wave propagation in the x-direction, 𝐸𝐸(𝑥𝑥, 𝑡𝑡) = ½�𝐸𝐸0𝑒𝑒−𝑖𝑖(𝑖𝑖𝑥𝑥−𝜔𝜔𝜔𝜔)� + 𝑐𝑐. 𝑐𝑐. In a sum 
frequency process with plane waves, and an approximation of a slowly varying envelope, 

i.e., 𝑑𝑑
2𝜕𝜕0
𝑑𝑑𝑥𝑥2

≪ 𝑘𝑘 𝑑𝑑𝜕𝜕0
𝑑𝑑𝑥𝑥

 , the three coupled equations for each frequency can be derived as follows: 
𝜕𝜕𝜕𝜕1
𝜕𝜕𝑥𝑥

= −𝛼𝛼1𝐸𝐸1 + 𝑖𝑖𝜔𝜔1
2

𝑖𝑖1𝑐𝑐2
𝐾𝐾𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝐸𝐸3𝐸𝐸2∗𝑒𝑒𝑖𝑖∆𝑖𝑖𝑥𝑥 , 

𝜕𝜕𝜕𝜕2
𝜕𝜕𝑥𝑥

= −𝛼𝛼2𝐸𝐸2 + 𝑖𝑖𝜔𝜔2
2

𝑖𝑖2𝑐𝑐2
𝐾𝐾𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝐸𝐸3𝐸𝐸1∗𝑒𝑒𝑖𝑖∆𝑖𝑖𝑥𝑥 ,                                    (2.9) 

𝜕𝜕𝜕𝜕3
𝜕𝜕𝑥𝑥

= −𝛼𝛼3𝐸𝐸3 + 𝑖𝑖𝜔𝜔3
2

𝑖𝑖3𝑐𝑐2
𝐾𝐾𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝐸𝐸1𝐸𝐸2∗𝑒𝑒−𝑖𝑖∆𝑖𝑖𝑥𝑥 . 

where 𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 is the effective nonlinear element, which depends on the polarization direction of 
the incident field and can be derived from eq. (2.7). The term 𝛼𝛼𝑚𝑚 = 𝜇𝜇0𝑐𝑐𝑐𝑐

2
 is the absorption 

coefficient, and ∆𝑘𝑘 is the total wave vector mismatch for the process, equal to ∆𝑘𝑘 = 𝑘𝑘3 − 𝑘𝑘2 −
𝑘𝑘1 . For efficient interaction and highest output intensity, the total phase mismatch should be 
zero [31]. 

2.3 Phasematching  
Complete phasematching is reached when the phase mismatch is equal to zero, ∆𝑘𝑘 = 0. 
However, due to material dispersion, nonlinear frequency conversion can be inefficient. As an 
example, Fig. 2.2 illustrates the growth of the second harmonic waves under different 
phasematching conditions. For a certain mismatch of ∆𝑘𝑘, the SHG intensity varies as a function 
of the crystal length with a period of 𝐿𝐿 = 2𝜋𝜋

∆𝑖𝑖
 along the crystal. The distance from the crystal 
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edge to the point that the SHG intensity attains its maximum value is called the coherence 
length,  𝐿𝐿𝑐𝑐, and is equal to 𝐿𝐿

2
. Over this characteristic distance, a phase difference of 𝜋𝜋 is 

accumulated between the two interacting waves, 𝐿𝐿𝑐𝑐 = � 𝜋𝜋
∆𝑖𝑖
�.                                                                                    

After one coherence length, the intensity of the second harmonic field starts to convert back to 
the fundamental field (non-phasematching). In this case, the intensity will oscillate back and 
forth between the harmonic and the fundamental waves periodically with the coherence length 
as can be seen in Fig. 2.2(b) [32].  

 
Fig. 2.2. Intensity of SHG for different phasematching conditions. Perfect phasematching (a) No 
phasematching (b) Quasi-phasematching(c) [32].  

Several techniques have been developed to minimize the phase mismatch between the 
interacting waves. Two different methods will be shortly reviewed here, having the main focus 
on the concept of quasi-phasematching, which has been employed in this thesis. 

2.3.1 Birefringent phasematching and quasi-phasematching  
There are several techniques to compensate phase mismatch in the crystal. One technique is to 
take advantage of the natural birefringence of the medium. Electromagnetic waves inside a 
nonlinear material are characterized into ordinary (o) and extraordinary (e) waves depending 
on their polarization direction. In uniaxial crystals, the ordinary wave is one with polarization 
perpendicular to the plane formed by z-axis and propagation direction. It sees the ordinary 
refractive index, no. While, the extraordinary wave has the polarization in plane formed by the 
principal axis and propagation direction, and experiences the extraordinary index of refraction, 
𝑛𝑛𝑒𝑒, which exhibits dependence on the angle between the z-axis and the propagation direction 
[30]. This also applies to biaxial crystals, which have three different refractive indices along 
the axes of indicatrix. By choosing the propagation direction in one of the three principle planes, 
the 𝑛𝑛𝑒𝑒 and 𝑛𝑛𝑜𝑜 can be defined similarly to uniaxial crystals in this case. The direction 
perpendicular to the chosen plane is ordinary, and the one inside the plane is extraordinary.  
In birefringent phasematching, a specific angle for the interacting waves is chosen in which, for 
a given set of wavelengths, the polarizations of the interacting waves are either ordinary or 
extraordinary so that the interacting waves experience the same refractive indices. Figure 2.3 
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illustrates birefringence phasematching for SHG. The circle is the cross section of the refractive 
index sphere 𝑛𝑛𝑜𝑜(𝜔𝜔) for the ordinary pump wave of 𝜔𝜔 frequency. The ellipse is the cross section 
of the refractive index ellipsoid 𝑛𝑛𝑒𝑒(2𝜔𝜔) for an extraordinary wave with second harmonic 2ω 
frequency. Phasematching is achieved at angle 𝜃𝜃 with respect to the optical axis corresponding 
to 𝑛𝑛𝑜𝑜(𝜔𝜔) = 𝑛𝑛𝑒𝑒(2𝜔𝜔). 

 
Fig. 2.3. Birefringent phasematching of SHG. 

When the interacting waves experience different refractive indices, the phasematching scheme 
can be characterized into: Type I phasematching process - the case in which the output waves 
polarization are perpendicular to the polarization of the pump waves, i.e., input sees 𝑛𝑛𝑒𝑒 while 
nonlinear signal sees 𝑛𝑛𝑜𝑜. Type II phasematching is the case where the polarizations of output 
waves are orthogonal [29,31]. 
Several factors can limit the applicability of birefringent phasematching. First, conversion 
efficiency is limited when the angle is not 0° or 90°, since the ordinary and extraordinary wave 
diverge through the walk-off process. Second, birefringence phasematching is limited to a range 
of wavelengths that does not cover the whole transparency range of the material. Moreover, 
when the frequency conversion is angle dependent, it is not always possible to use the highest 
nonlinear coefficient.  
Another phasematching technique, based on compensation of the phase velocity differences 
between interacting waves, is quasi-phasematching (QPM). For this technique, the sign of the 
nonlinear susceptibility is modulated spatially to prevent accumulation of phase mismatch. 
Such spatial modulation can be obtained in ferroelectric crystals by periodically altering the 
crystal orientation and in this way the effective nonlinearity changes between −𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 and 
+𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒. The interacting waves still propagate with different phase velocities, but when the 
accumulated phase mismatch reaches π, the sign of the driving nonlinear susceptibility is also 
reversed so that the phase difference is reset to zero. This creates a step-like growth in the output 
power along the crystal length as can be seen in Fig. 2.2(c). Ideally, the modulation of the 
nonlinearity is done after each coherence length,  𝐿𝐿𝑐𝑐, and is referred to as the first-order (m=1) 
QPM. One can also use higher order QPM where the material is modulated with a period of 
several coherence lengths at the cost of reduced efficiency. Besides giving access to the largest 
nonlinear coefficient, by properly designing the modulation pattern, QPM allows to tailor any  
nonlinear process within the transparency window of the material [33]. The nonlinear 
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coefficient, 𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒, for the QPM case can be written in the spatial coordinate by a Fourier 
expansion: 

𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥) = 𝑑𝑑𝑖𝑖𝑖𝑖 ∑ 𝐺𝐺𝑚𝑚 𝑒𝑒𝑥𝑥𝑒𝑒�𝑖𝑖𝑘𝑘𝑚𝑚𝑚𝑚𝑥𝑥� ∞
𝑚𝑚=∞ ,                                     (2.10) 

where 𝑑𝑑𝑖𝑖𝑖𝑖 is the nonlinear coefficient, 𝑘𝑘𝑚𝑚𝑚𝑚 is the 𝑚𝑚𝜔𝜔ℎ order grating vector which satisfies the 
phasematching condition, and 𝐺𝐺𝑚𝑚 is the Fourier coefficient of the 𝑚𝑚𝜔𝜔ℎ harmonic defined as: 

𝐺𝐺𝑚𝑚 = 2
𝑚𝑚𝜋𝜋

𝑠𝑠𝑖𝑖𝑛𝑛(𝑚𝑚𝜋𝜋𝑚𝑚),                                                (2.11) 
Here 𝑚𝑚 is the duty cycle, which is defined as the ratio of reversed domain width and the structure 
period. From eq. (2.11) follows that the most efficient phasematching will be for the first order 
QPM (m = 1) and a duty cycle of 50 % (D = 1/2). Whereas for second-order QPM the most 
efficient phasematching is gained for a duty-cycle of 25 % (D=1/4) or 75 % (D=3/4). 
When 𝑚𝑚=1/2, the Fourier coefficient is written by following: 

𝐺𝐺𝑚𝑚 = �
    0,              𝑓𝑓𝑓𝑓𝑓𝑓 𝑒𝑒𝑒𝑒𝑒𝑒𝑛𝑛 𝑚𝑚
2
𝑚𝑚𝜋𝜋

,             𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑑𝑑𝑑𝑑 𝑚𝑚   ,                                        (2.12) 

and the effective nonlinearity is: 
𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑑𝑑𝑖𝑖𝑖𝑖

2
𝑚𝑚𝜋𝜋

,                                                     (2.13) 

2.3.2 Quasi phasematched second harmonic generation 
The most common nonlinear interaction is second harmonic generation (SHG) from a Gaussian 
laser beam. SHG is used in this thesis to monitor the polarization reversal process and also to 
characterize the periodic domain structure. The wave vector mismatch for QPM SHG can be 
written as: 

Δ𝑘𝑘𝑚𝑚 = 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 − 2𝑘𝑘𝐹𝐹 − 𝑘𝑘𝑚𝑚𝑚𝑚,                                          (2.14) 
where 𝑘𝑘𝑚𝑚𝑚𝑚, the so-called 𝑚𝑚𝜔𝜔ℎ harmonic grating vector, is defined as:  

𝑘𝑘𝑚𝑚𝑚𝑚 = 2𝜋𝜋𝑚𝑚
Λ

.                                                     (2.15) 
When the SH and fundamental waves are quasi phasematched, i.e.,Δ𝑘𝑘𝑚𝑚 = 0, the grating 
structure period can be written as:  

Λ = 2𝜋𝜋𝑚𝑚
𝑖𝑖SHG−2𝑖𝑖𝐹𝐹

= 𝑚𝑚𝑚𝑚
2(𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆−𝑛𝑛𝐹𝐹)

       𝑚𝑚 = 1,2,3, …                        (2.16) 

Focusing the beam into the nonlinear medium limits the interaction length since a tighter focus 
results in a smaller length over which the beam intensity is highest. During the SHG process 
due to diffraction of the Gaussian beam, the interaction length gets smaller. In order to optimize 
the conversion efficiency, a trade-off between the intensity and interaction length in the material 
is needed. Boyd et al. [34] estimated the optimized conversion efficiency by defining the 
focusing parameter as: 

𝜉𝜉 = 𝐿𝐿
𝑏𝑏
,                                                         (2.17) 

where 𝑏𝑏 is the confocal parameter and 𝐿𝐿 is the crystal length. In the absence of walk-off (𝐵𝐵 =
0), i.e., QPM process, the optimum 𝜉𝜉 = 2.84. For a Gaussian beam, the conversion efficiency 
of SHG, as the ratio of second harmonic power to the pump power, is: 

𝜂𝜂 = 𝑃𝑃𝑆𝑆𝑆𝑆
𝑃𝑃𝐹𝐹

= �
2𝜔𝜔𝐹𝐹

2𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒
2 𝑖𝑖𝐹𝐹𝑃𝑃𝐹𝐹

𝜋𝜋𝑛𝑛𝐹𝐹
2𝑛𝑛𝑆𝑆𝑆𝑆𝜀𝜀0𝑐𝑐3

� 𝐿𝐿ℎ(𝐵𝐵, 𝜉𝜉).                                                    (2.18) 
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𝜔𝜔𝐹𝐹 Pump beam frequency 𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆  SHG frequency 
𝑘𝑘𝐹𝐹 Pump beam wave vector 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆 Refractive index for SHG 
𝑛𝑛𝐹𝐹  Refractive index for pump beam 𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆 SHG power 
𝑃𝑃𝐹𝐹  Pump power 𝜀𝜀0 Permittivity of free space 

𝑐𝑐 Speed of light  ℎ(𝐵𝐵, 𝜉𝜉) Boyd-Kleinman focusing factor maximum value: 1.068 

Effective nonlinear coefficient can be extracted from this formula from experimental value. The 
normalized conversion efficiency with respect to the crystal length and pump power is defined 
as: 

𝜂𝜂𝑛𝑛𝑜𝑜𝑛𝑛𝑚𝑚 = 𝜂𝜂
𝑃𝑃𝐹𝐹𝐿𝐿

  ,                                                        (2.19) 

It is particularly handy for comparing the performance of different QPM devices. The 
phasematching is sensitive to many parameters, such as wavelength, temperature and 
polarization of the interacting waves. The acceptance bandwidth, also called the phasematching 
tolerance, is defined as the relative change in the parameter that causes a drop of output power 
to half of the maximum value. For a fixed wavelength, the temperature bandwidth can be 
expressed as [35]: 

∆𝑇𝑇𝐹𝐹𝐹𝐹𝑆𝑆𝐹𝐹 = 0.4429𝑚𝑚𝜔𝜔
𝐿𝐿

� 𝜕𝜕
𝜕𝜕𝜕𝜕

(Δ𝑛𝑛) + 𝛼𝛼Δ𝑛𝑛�
−1

,                                    (2.20) 
where 𝛼𝛼 is the thermal expansion coefficient in x-direction, 𝛥𝛥𝑛𝑛 is the difference in index of 
refraction, and L is the length of the structure containing uniform periods. A common problem 
in implementing QPM is merging of neighboring domains or missing domains. If a 𝑛𝑛 fraction 
of domains are in the wrong orientation, the efficiency of the QPM will reduce by a factor of 
(1 −  2𝑛𝑛)2, i.e. if 4% of domains are in the wrong orientation, the efficiency reduces by ~15%. 
On the other hand if there is variation in position of domain boundary (period errors or duty-
cycle error), the normalized conversion efficiency can be used to understand the tolerance to 
errors. Fejer et al. [35] introduced a form for the normalized conversion efficiency suitable for 
statistical analysis as a function of mean variance of error, 𝜎𝜎2, and 𝐿𝐿𝑐𝑐. For duty cycle error, they 
find: 

< 𝜂𝜂𝑛𝑛𝑜𝑜𝑛𝑛𝑚𝑚 > ≈ 1 − 𝜋𝜋2𝑐𝑐2

2𝐿𝐿𝑐𝑐2
.                                                 (2.21) 

Therefore, in order to maintain more than 50% of the ideal efficiency, the tolerance of the error 
in duty cycle is  𝑐𝑐

𝐿𝐿𝑐𝑐
< 0.3 . For period error the normalized efficiency is: 

< 𝜂𝜂𝑛𝑛𝑜𝑜𝑛𝑛𝑚𝑚 > ≈ 1 − 𝜋𝜋2

6
 𝑁𝑁(𝑐𝑐

𝐿𝐿𝑐𝑐
)2,                                           (2.22) 

where 𝑁𝑁 is the number of domains along the propagation direction. Thus, a less than 50% 
reduction in efficiency gives a tolerance of  𝑐𝑐

𝐿𝐿𝑐𝑐
< 0.72

√𝑁𝑁
. This means duty cycle errors have 

relatively less impact on the efficiency than period errors.  
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3. Ferroelectrics 
The structure and the symmetry of a material strongly affect its properties. If the structure of a 
material with respect to certain symmetry elements is constant/invariant, all its physical 
properties are also invariant with respect to the symmetry elements. Therefore, materials which 
share the same structure also exhibit similar physical properties. This chapter describes the main 
concepts of ferroelectricity and polarization switching. 

3.1 Crystal symmetry  
A crystalline solid is a material with a regular arrangement of atoms, ions or molecules. If we 
define the crystal as a perfect, infinite structure of atoms and ions with no defects, we can 
categorize them into seven different crystal classes depending on the unit cell shape, and 32 
point groups depending on their symmetry operations. The symmetry operations of a crystal 
are those operations that bring the crystal back onto itself such as translation, rotation, and 
reflection. The symmetries of crystals determine many of their properties. According to 
Hermann-Mauguin notation rotation axes are denoted by a symbol 𝑛𝑛 (𝑛𝑛 =1,2,3,4,6), rotation 
inversion axes are denoted by 𝑛𝑛�, mirror plane symmetry is denoted by 𝑚𝑚. By these notations, 
KTiOPO4 (KTP) belongs to the 2𝑚𝑚𝑚𝑚 point group with two rotational axes and two mirror 
planes [36]. LiNbO3 (LN) and LiTaO3 (LT), on the other hand, belong to the 3𝑚𝑚 point group 
with three rotation axes and one mirror plane [37]. Among these 32 point groups, 11 are holding 
a center of symmetry. A centrosymmetric crystal is a crystal in which a point at x, y, z, can be 
transformed to a new point at -x, -y, -z, without recognizable difference in the crystal structure, 
which means that centrosymmetric crystals are nonpolar and thus do not possess a finite 
polarization or dipole moment. Twenty of the 21 non-centrosymmetric crystal classes exhibit 
electrical polarity when subjected to stress. The effect (and also its converse, the production of 
strain by application of an electric field) is linear, and is termed the piezoelectric effect [38]. 10 
classes out of these 20 possess spontaneous polarization, so they are permanently polar and thus 
exhibit piezoelectric as well as pyroelectric effects. The pyroelectric effect is the change in the 
polarization of the material due to a temperature change. There is a subgroup within these ten 
classes that possesses spontaneous polarization which can be switched at least between two 
orientation states; this subgroup, in addition to piezoelectricity, and pyroelectricity, exhibits so-
called ferroelectricity. Ferroelectricity is a distinct phenomenon from piezoelectric and 
pyroelectric effects in that a reversible polarization can exist in the crystal [39]. 
Based on the optical properties, these systems can be classified into three major optical groups: 
biaxial, uniaxial and isotropic. Isotropic crystals have same refractive indices in all directions. 
Crystals from the LN family are negative uniaxial (𝑛𝑛𝑒𝑒 < 𝑛𝑛𝑜𝑜), while KTP is a positive biaxial 
crystal 𝑛𝑛𝑥𝑥 < 𝑛𝑛𝑦𝑦 < 𝑛𝑛𝑧𝑧. 

3.2 Main concepts of ferroelectricity 
Crystals are formed of positively and negatively charged “particles”. For a centrosymmetric 
crystal, symmetry prevents the existence of a permanent dipole moment. An induced dipole can 
exist under application of an external field. The induced dipole between positive and negative 
charges is called polarization. For a given volume 𝑉𝑉, the polarization 𝑃𝑃 is: 
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𝑃𝑃 = 1
𝑉𝑉
∑ 𝑞𝑞𝑠𝑠𝑠𝑠 𝑓𝑓𝑠𝑠,                                                         (3.1) 

where 𝑞𝑞 is the charge and 𝑓𝑓 is the charge position. For a crystal that belongs to one of the polar 
point groups, there is a direction along which the net charge gives rise to a dipole moment even 
in the absence of an external electric field. Such a dipole moment is called spontaneous 
polarization, 𝑃𝑃𝑠𝑠. The polarization can change in response to mechanical forces; when external 
stress is applied to a piezoelectric material the polarization changes according to the 
piezoelectric effect, 

Δ𝑃𝑃𝑖𝑖 = 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖Δ𝑋𝑋𝑖𝑖𝑖𝑖 ,                                                       (3.2) 
where 𝑑𝑑 is the piezoelectric tensor and 𝑋𝑋 is stress. As discussed above, the spontaneous 
polarization can also change with temperature 𝑇𝑇 and result in a pyroelectric effect: 

Δ𝑃𝑃𝑠𝑠 =  𝑒𝑒𝑖𝑖Δ𝑇𝑇,                                                          (3.3) 
where 𝑒𝑒𝑖𝑖 is pyroelectric coefficient. The converse piezoelectric effect, results in induced strain 
when an electric field is applied over the crystal [40],  

Δ𝑆𝑆𝑖𝑖 = 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑖𝑖𝑖𝑖,                                                        (3.4) 
where 𝑋𝑋 is the stress tensor. If 𝐸𝐸 is the intensity of the external electric field, the linear relation 
between displacement and electric field is defined as: 

𝑚𝑚𝑖𝑖 = 𝜀𝜀0𝐸𝐸𝑖𝑖 + 𝑃𝑃𝑖𝑖,                                                       (3.5) 
where 𝜀𝜀0 is vacuum permittivity and 𝑃𝑃𝑖𝑖 includes both the induced and spontaneous parts. The 
surface charge can be written by the Poisson equation: 

∇ ∙ 𝑚𝑚 = 𝜌𝜌.                                                            (3.6) 
For an ideal infinite ferroelectric crystal ∇ ∙ 𝑃𝑃𝑠𝑠 is zero, and therefore similar to any non-
ferroelectric: 

∇ ∙ 𝐸𝐸 = 𝜌𝜌
𝜀𝜀𝜀𝜀0

.                                                          (3.7) 

However, for a finite size crystal, 𝑃𝑃𝑠𝑠 = 0 at the surface, or might deviate from ideal case near 
defects, and therefore ∇ ∙ 𝑃𝑃𝑠𝑠 ≠ 0. This gives rise to bound polarization charges and an electric 
field called depolarization field which opposes the spontaneous polarization [40]. The energy 
associated with the depolarization field is [38]: 

𝑊𝑊𝐷𝐷 = 1
2∫ 𝐷𝐷∙𝜕𝜕 𝑑𝑑𝑉𝑉 

𝑉𝑉
.                                                      (3.8) 

In real materials, this field gets compensated by a flow of free charges inside the crystal or by 
adsorption of mobile charges through the surrounding environment [40]. Many applications of 
ferroelectrics rely on the polarization not being homogenous throughout the material and 
instead divided into regions of uniform polarization orientation. Such regions with uniform 
polarization are called ferroelectric domains. The interface between two domains is called 
domain wall [41]. 
The phase transition of a ferroelectric material is defined as a change in the crystal structure, 
usually occurring at a well-defined temperature, called the Curie temperature, which alters the 
orientation or magnitude of the electric polarization, or both. Below the Curie temperature, the 
material is in the ferroelectric phase, and above this temperature the spontaneous polarization 
vanishes and materials enter the paraelectric phase [40]. When the material goes through a 
phase transition at high temperature, in the absence of applied field, it tends to configure 
domains to minimize the overall depolarization field [38]. There are two types of phase 
transition to the ferroelectric state: ferroelectric phase transitions are said to be of the first order 
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when the spontaneous polarization changes abruptly at the Curie point. Second-order phase 
transitions are characterized by a smooth disappearance of 𝑃𝑃, while approaching the Curie point 
[39]. Barium titanate is an example of a ferroelectric with a first-order phase transition; LN, LT 
and KTP are ferroelectrics with a second-order phase transition [42].  

3.3 Thermodynamic description 
By using thermodynamic functions, it is possible to describe many important features of 
ferroelectric materials without going into the microscopic mechanisms of ferroelectricity of the 
material under consideration. It follows from the basic thermodynamic relations that the stable 
phase under a given set of independent variables is the one which minimizes the corresponding 
free energy [42]. Normally the most convenient potential to use is the elastic Gibbs function G 
expressed as a function of temperature, stress, and displacement. Note that one can choose 𝑚𝑚 
or 𝑃𝑃 as a variable since 𝑚𝑚 =  𝜀𝜀0𝐸𝐸 +  𝑃𝑃 and 𝑚𝑚 =  𝑃𝑃𝑠𝑠  for ferroelectric materials in the absence 
of an external electric field [38,42]. 
If we assume that the displacement and polarization are only in one direction, all the stresses 
are zero, and the non-polar phase is centrosymmetric, the free energy 𝐺𝐺 can be expressed in the 
very simple polynomial form [38]: 

𝐺𝐺 = 𝐺𝐺0 + 1
2
𝛼𝛼(𝑇𝑇 − 𝑇𝑇𝑐𝑐)𝑃𝑃2 + 1

4
𝛽𝛽𝑃𝑃4 + 1

6
𝛾𝛾𝑃𝑃6,                                    (3.9) 

where 𝐺𝐺0 is the background energy and the coefficients α, 𝛽𝛽, 𝛾𝛾 are positive constants [38]. To 
find the values of 𝑃𝑃 for which 𝐺𝐺 is at the lowest value (minimum free energy), we differentiate 
Eq. (3.9) with respect to 𝑃𝑃 [43]: 

𝐸𝐸 = 𝑑𝑑𝑆𝑆
𝑑𝑑𝑃𝑃

= 𝛼𝛼(𝑇𝑇 − 𝑇𝑇𝑐𝑐)𝑃𝑃 + 𝛽𝛽𝑃𝑃3 + 𝛾𝛾𝑃𝑃5 ,                                      (3.10)     
where 𝐸𝐸 is the field (parallel to 𝑚𝑚). In the absence of an electric field, 𝐸𝐸 = 0, eq. (3.10) has two 
solutions: 𝑃𝑃 = 0 describing the paraelectric phase and 𝑃𝑃 ≠ 0 describing the ferroelectric phase. 
Figure 3.1(a) shows the free energy as a function of polarization for temperatures below, at, and 
above the Curie temperature. When 𝑇𝑇 < 𝑇𝑇𝑐𝑐 the curve acquires a double-minimum form, with 
minima corresponding to the equilibrium values of the spontaneous polarization 𝑃𝑃𝑠𝑠. It is clear 
that 𝑃𝑃𝑠𝑠 undergoes a continuous (second-order) phase transition as the material passes through 
the Curie temperature 𝑇𝑇𝑐𝑐 [38,41]. 

    

Fig. 3.1. Gibbs free energy as a function of polarization at, below and above Curie temperature (a) 
Typical hysteresis loop of a ferroelectric material (b). 

At a constant temperature (and below the Curie temperature, 𝑇𝑇 < 𝑇𝑇𝑐𝑐), eq. (3.10) defines a 
hysteresis loop which is an important property of ferroelectrics [39,40]. Figure 3.1(b) shows 
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the hysteresis loop and the reversible spontaneous electric polarization of ferroelectrics which 
can be observed experimentally by using an AC circuit [43]. At low or very high electric fields, 
a change in the electric field causes a response in the form of induced polarization, just like 
ordinary dielectrics. At field below a critical field, known as the coercive field, the behavior is 
nonlinear; at zero electric field, there are two nonzero unequal spontaneous polarization values. 
The electric field required to switch the polarization from this value to zero is defined as the 
coercive field 𝐸𝐸𝑐𝑐  [40]. The spontaneous polarization 𝑃𝑃𝑠𝑠can be taken as the intercept of the 
polarization axis with the linear segment at high electric field [39].  

3.4 Polarization reversal 
If a field larger than the coercive field is applied in a direction opposite to the spontaneous 
polarization, the polarization switches to the opposite orientation. The experimentally 
determined coercive field of a ferroelectric crystal depends on its thermal and electrical history, 
mechanical stress, preparation conditions, temperature, pressure, type of electrodes, magnitude, 
and wave shape of the applied switching voltage [39]. Moreover, the distribution of 
nonstoichiometric defects in the crystal affects the internal field and therefore the coercive field 
[44]. During the polarization switching, the external electric field should provide enough 
charges through the electrodes to displace the screening charges and switch the polarization in 
a given area, 𝐴𝐴. The corresponding charge is given by: 

𝑄𝑄𝑠𝑠𝑠𝑠𝑖𝑖𝜔𝜔𝑐𝑐ℎ𝑖𝑖𝑛𝑛𝑖𝑖 = 2𝑃𝑃𝑠𝑠𝐴𝐴.                                                      (3.11) 
Since external or internal free-charge carriers screen the generated bound polarization charges, 
these charge carriers have a total charge equal to the switching charge for insulating 
ferroelectrics.  
The dynamic process of polarization reversal is called 'domain switching' [40]. Domain 
switching has been studied for several decades. One of the most accepted models was suggested 
by Merz and has later been further developed [45,46]. In this model, domain reversal starts with 
an applied electric field through nucleation of small domains at the crystal polar surface, already 
below the coercive field [47]. The nuclei of new domains have a triangular shape along the 
polar direction which always points opposite to the direction of polarization, thus minimizing 
the depolarization energy. The nuclei then expand along the polar axis, keeping a spike shape. 
This theory predicted unreasonably low probabilities for nucleation due to the high energy 
associated with each nucleus [48]. Later it was found out that the crystal defects and the sample 
interface play an important role in the switching process, lowering the nucleation energy [49]. 
For instance, the choice of electrode material can have a significant impact on the nucleation 
probability; differents metal can promote nucleation differently due to formation of various 
interfaces [50]. 

The growth of nuclei, sideways expansion and domain coalescence usually happens at the same 
time, although the growth speed along the polar axis is usually larger. Lateral motion of the 
domain walls (DWs) has high activation energy, and therefore, domain sideways expansion 
starts by domain nucleation along the edges of the existing domains. These nuclei will also have 
the energetically favored shape depending on the material, see Fig. 3.2. The relative importance 
of each of these steps depends on the material and the applied field [38].  
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Fig. 3.2. Schematic of possible nucleation sites during domain merging for crystals of LT. 2D 
polarization in-plane (a), 3D (b) [51]. 

The energy associated with the nucleation of new domains is proportional to the domain 
surface. If nucleation starts at an existing domain wall, the total change of domain surface area 
is lower than nucleating far from the existing walls, and therefore it requires less energy. 
Furthermore, walls with sharp edges, curved edged and irregularities have larger surfaces and 
consequently higher energy. Nucleation at such walls will acquire a smaller total change of the 
wall surface area than nucleation at smooth walls. Since the wall energy is dependent on its 
surface area, nuclei at sharp edges will have lower formation energy, and consequently, rough 
domain walls are more mobile than their smooth equivalents [51].  
Generally, nucleation of these small growth steps defines the speed of the domain wall lateral 
motion. Since the nucleation rate is exponentially dependent on the applied field strength, the 
speed of the polarization reversal process is also exponentially dependent on the field strength 
in the so-called low field regime. The kinetics of polarization reversal may be described by 
measuring the switching time 𝑡𝑡𝑠𝑠 for different amplitudes of electric field pulse, 𝐸𝐸. Switching 
time 𝑡𝑡𝑠𝑠, is defined as time needed to complete the switching process. At low field regime the 
switching time follows: 

𝑡𝑡𝑆𝑆  ∝  𝑒𝑒𝛼𝛼 𝜕𝜕�                                                           (3.12) 
Where 𝛼𝛼 is the so-called activation field [42]. The velocity of motion of the domain wall 𝜈𝜈 can 
then be described by:  

𝜈𝜈 ∝  𝑒𝑒−𝛿𝛿 𝜕𝜕�                                                         (3.13) 
Where 𝛿𝛿 is a constant up to 300 𝑉𝑉𝑐𝑐𝑚𝑚−1 , which appears to depend on the defect concentration 
in the crystal [41,52]. Therefore, in the low field regime, domain switching is governed by 
nucleation. At high electric fields (high field regime), the switching time and velocity relation 
changes to a power law of form ∝  𝐸𝐸−𝑛𝑛, where 𝑛𝑛 depends on the material. Therefore, in the 
high field regime, the growth speed of the steps becomes the limiting process. The above 
analysis is reported for BaTiO3 and crystals of KTP family [9]. However, the analysis is correct 
for many ferroelectrics; domain velocity being exponentially dependent to nucleation in low 
field and being related to the material properties in high field. In this thesis, short electric field 
pulses with fields higher than coercive field were used for polarization switching. 
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3.5 Domains and domain walls 
As discussed before, in the absence of an external electric field material can be split into areas 
with uniform polarization called domains. At the boundary between the domains, so-called 
domain walls (DWs), the orientation of spontaneous polarization changes.  
The bound polarization charges of the formed domains create a depolarization field which will 
increase the energy of the system. In case of polarization reversal by applying external field this 
field gets compensated by screening. However, during the phase transition, the depolarization 
field can be reduced by splitting the sample into domains. However, domain formation itself 
increases the energy of the system due to the stored energy in the DW. Therefore, the final 
equilibrium state of material in the ferroelectric phase is a balance between these two 
contributions. 
The magnitude of the depolarization energy 𝑊𝑊𝐷𝐷, depends on the crystal geometry and on the 
geometry of the domain configuration at the crystal surfaces. In general, the depolarizing field 
inside a ferroelectric is proportional to the polarization. For a simple periodic domain structure, 
𝑊𝑊𝐷𝐷  has been evaluated to be [47]: 

𝑊𝑊𝐷𝐷 = 𝜀𝜀∗𝑑𝑑𝑃𝑃02𝑉𝑉
𝜔𝜔

 ,                                                        (3.14) 
where 𝑑𝑑 is the domain width, 𝑡𝑡 is the crystal thickness, 𝑃𝑃0 is the polarization at the center of a 
domain, 𝑉𝑉 is the crystal volume, and 𝜀𝜀∗ is a constant depending on the dielectric constants of 
the ferroelectric. If the energy per unit area of a domain wall is 𝜎𝜎 then for the domain wall: 

𝑊𝑊𝑠𝑠 = �𝑐𝑐
𝑑𝑑
� 𝑉𝑉.                                                           (3.15) 

Minimizing the energy 𝑊𝑊𝐷𝐷 +  𝑊𝑊𝑠𝑠 generates the equilibrium value of the domain width: 
𝑑𝑑 = ( 𝑐𝑐𝜔𝜔

𝜀𝜀∗𝑃𝑃02
)1/2.                                                        (3.16) 

The depolarization field suppresses domains of a width greater than this, while domains smaller 
than this are suppressed by the domain wall energy. If the crystal thickness decreases to the 
point where the domain width is comparable to the domain wall thickness the depolarization 
energy can no longer be minimized by domain formation and ferroelectricity may cease to exist 
in the crystal [38]. However, periodically poled domain structures with a much higher aspect 
ratios than what is predicted by eq. (3.14) can be achieved [12]. This is since DWs can lower 
their energy by interacting with defects in the material. Due to the polarization discontinuity at 
the DW, free charges may get attracted to the DW area and decrease the DW energy. If the 
charges get trapped at these spots, wall motion will be restricted and DW will be pinned [42] 
Through this pinning process, it is possible to achieve domains smaller than what is predicted 
by the model [53]. 
The physical properties of domain walls can substantially influence poling and polarization 
switching. For ferroelectrics like KTP and LT, the polarization on both sides of the wall is 
antiparallel, i.e., 180°. However, the angle of the wall in these materials can vary, influencing 
the wall stability and charge-transport properties. Three qualitatively different configurations 
are possible for 180° domains (Fig. 3.3). In the first case, the domain wall is parallel to the 
direction of the spontaneous polarization inside the adjacent domains; and there is no bound 
charge on the wall following the ‘electric neutrality rule (Fig. 3.3(a)). In the other two 
configurations, the domain wall is non-parallel to the direction of the spontaneous polarization. 
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At these domain walls, the polarization is discontinuous, and therefore there are bound charges 
that increase the wall energy. Usually, mobile charges and ions can neutralize these bound 
charges in the crystal [54], or they can be a source of instability for nonconductive crystals. 

 
Fig. 3.3. Different kinds of domain walls: neutral DW (a), HH DW (b) and TT DW (c) [55]. 

These walls can be characterized as head-to-head (HH) or tail-to-tail (TT) walls. If the 
spontaneous polarization directions face the domain wall, it is named HH wall with positive 
bound charges. If the polarization directions on each side of the wall point away from each 
other, it is called TT wall with negative bound charges [56] as it is depicted in Fig. 3.3. 
These bound charges need to be compensated through internal screening with free charges, 
otherwise, they can create a very large electric field. Moreover, the electrical conductivity of 
the material defines the possibility of having charged domain walls. In a material like KTP, the 
high ionic conductivity increases the probability of having stable inclined charged walls.  

3.6 Role of defects  
Defects in any crystalline lattice generally cause deformation of the surrounding volume and 
create strain field which modifies the local fields. The crystal deformation is hard to measure 
since it depends on the nature of the defect, its location in the crystal and the host-defect 
interaction. A defect creates a dipole moment of [38]: 

∆µ���� = ∆µ𝑑𝑑 + ∑ 𝑞𝑞𝑖𝑖∆𝑥𝑥𝑖𝑖𝑖𝑖 ,                                                 (3.17) 
where ∆µ𝑑𝑑 is the change in the dipole moment and ∆𝑥𝑥𝑖𝑖 is the displacement of the charge 𝑞𝑞𝑖𝑖 in 
the surrounding lattice due to the existence of the defect. When the defect concentration N is 
small enough, the interaction between defects can be neglected. The macroscopic polarization 
change can then be written as: 

∆𝑃𝑃 = 𝑁𝑁∆µ.                                                         (3.18) 
The external electric field that reverses the spontaneous polarization of ferroelectric crystal, 
does not necessarily reverse the ΔP of defects. In this case, the coercive field will change 
according to the field required to switch the defect; i.e., the coercive field increases due to the 
existence of defect-related internal fields [44]. If ΔP does not reverse by applying an external 
field, defects may affect the domain structure stability. Moreover, following the same logic, the 
presence of structural defects slows down the domain wall motion. The domain wall is pinned 
when it does not move because it is paired with defects of the crystal. Domain pinning may 
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result in HH or TT domain, violating the electron neutrality rule [47]. Pinning can be suppressed 
by a larger electric field, longer pulse duration or by thermally assisted switching.  

3.7 Screening 
The process of polarization switching occurs through atomic displacements in the crystal lattice. 
Due to this displacement, the generated polarization charges are a source of depolarization field 
and instability. For the polarization switching to become stable, screening of the generated 
polarization charges must occur. This happens either via free mobile charges inside the crystal, 
so-called internal screening or by mobile charges through the surrounding environment, so-
called external screening [57]. In reality, the depolarization field gets compensated by a 
combination of both external and internal screening, and depending on the material and the 
environment one of the two is the dominant phenomena [40].  
The external charge compensation relies on adsorption and diffusion of charged species from 
the environment [58]. The internal screening, although it is minor in low-conductive 
ferroelectrics, can occur due to defects and vacancies in the crystal, band bending at the 
interface, ionic motion [59], or high-energy processes up to, and including X-ray emission 
[60,61].  
The internal screening, is limited in low conductivity ferroelectrics such LT and in 
stoichiometric materials. This makes the external process via surface charges almost solely 
responsible for the screening in these materials. Therefore, stabilization of a newly grown 
domain structure can take a certain amount of time. If the stabilization time is not long enough, 
the unstable domains will back-switch to the original state. On the other hand, for conductive 
ferroelectrics like crystals of the KTP family, the screening process is both external and internal, 
and the internal screening happens through the ionic species and vacancies inside the material 
and plays a major role in the stabilization process. 
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4. Material properties of LT and RKTP 
This chapter summarizes the main material and optical properties of the ferroelectric oxides 
that are used in this work. RKTP and VTE- SLT belong to two families of ferroelectric oxides 
which are mostly used in implementing QPM for nonlinear optical applications. Crystals of the 
KTP family are suitable for one dimensional and short pitch domain grating QPM. They also 
have very good power handling and are used for higher power applications. Whereas LT is 
suitable for medium power applications. Due to wider transparency range, LT potentially can 
be used for QPM UV generation in the 260 nm range, and is cheaper to produce. 

4.1 LiTaO3  
LiTaO3 (LT) is a perovskite which has relatively high piezoelectric, pyroelectric and the 
nonlinear optical coefficients, making this material attractive for nonlinear optics, infrared 
sensors, terahertz generation and detection, and surface acoustic wave applications. Because of 
the successively higher demands of LT for these applications, the growth techniques have been 
dramatically improved over the years, and they are now produced in 3-inch large wafers. Single 
crystals of this family can be grown from a congruent melt, i.e., when the liquid and solid phases 
have the same composition. Near-stoichiometric composition is also commercially available 
where the ratio of different atoms follows closely the chemical formula. 

4.1.1 Crystal growth 
The most common growth technique for LT is the Czochralski (CZ) method which is optimized 
to obtain congruent material (CLT). The phase diagram of LT is shown in Fig. 4.1 [62]. The 
congruent composition corresponds to the highest point on the melting temperature line, and 
has then approximately Li2O 48.5 mol% [63]. Since the ratio of Li:Ta:O is not 1:1:3, almost all 
LT produced by this method contain a large amount of Ta anti-site defects and cation vacancies 
[64]. The origin of the deviation from 1:1 ratio (stoichiometry) of Li:Ta is reported to be due to 
the fact that the TaO6 octahedrons possess a high degree of covalency which makes it possible 
to accommodate the lithium vacancies with a small energy cost [65,66]. 
The optical properties of LT are strongly dependent on the Li/Ta ratio. Lithium deficient CLT 
has major limitations for optical applications, especially for its use in the visible-region and, it 
is of great importance to address these restrictions.  
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Fig. 4.1. Phase diagram for LiTaO3, from [62].  

One approach to overcome this problem is to dope the crystal with MgO in order to fill in the 
Li+ vacancies. Using this technique, MgO concentration has been employed up to 8 mol% with 
associated higher photorefractive damage (PRD) resistance and a wider transparency band than 
in the congruent material, as well as one-order of magnitude lower coercive field [67,68]. 
However, the growth of MgO-doped congruent LT still suffers from several difficulties such as 
crystal inhomogeneity due to the high MgO content. 
A second promising way to improve the crystal properties is to try to make stoichiometric 
composition crystals [63]. The so-called stoichiometric LT (SLT), is expected to have definite 
advantages in terms of better resistance to optical damage, as well as a lower concentration of 
defects resulting in reduced coercive field [64,69,70]. The first method developed to grow SLT 
was the double-crucible Czochralski growth (DC-CZ) method [63]. In the DC-CZ method a 
mixture of Li2O and Ta2O5 in powder form with almost stoichiometric composition is added to 
the melt of the growing crystal to compensate for the Li2O deficiency. Although the DC-CZ 
method still does not provide a perfect stoichiometric composition crystal, near-stoichiometric 
LT (NSLT) with more than 49.90 mol% Li2O concentration has been demonstrated from a 58 
mol% and 61 mol% Li2O melt composition, respectively [71]. However, NSLT growth is 
complicated and challenging since it requires extraordinarily precise control over the melt 
temperature and the melt composition [63].  
A second method to fabricate SLT is by the vapor transport equilibration (VTE) technique. 
VTE is a simpler technique that transforms regular CLT wafers into near-stoichiometric ones 
[13]. Congruent samples or wafers are heated in a crucible with a Li2O rich powder. At a high 
temperature lithium diffuses from the powder into the crystal through vapor transport and, it 
continues until the crystal composition reaches the near-stoichiometric phase. This equilibration 
method provides homogeneous crystals, and the process does not require precise control of 
powder composition or temperature for achieving reproducible results [15]. Crystals treated 
with this technique have one order of magnitude lower coercive field than NSLT, which 
facilitates fabrication of QPM devices. However, the low field required to switch the 
polarization, also makes the crystal treatment and domain stabilization problematic. 
Nevertheless, these crystals show a higher damage threshold [72–74]. In this thesis, commercial 
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SLT crystals treated by the VTE technique (VTE-SLT) were used to study domain dynamics 
and domain stability.  

4.1.2 Crystallographic structure  
LT and LN are members of XYO3-type ferroelectrics, where X and Y can be various ions 
building the perovskite crystal structure [75]. Perovskite is a class of compounds which have 
the same type of crystal structure as the mineral calcium titanate (CaTiO3). A perovskite 
structure is essentially a three-dimensional network of YO6- octahedra with a close-packed 
arrangement of X and O ions with Y ions filling the octahedral positions [41]. Crystals from 
this family despite their differences share a lot of properties. LT belongs to the trigonal system 
and can be abstracted as two very different unit cells: hexagonal or rhombohedral. The 
conventional hexagonal unit cell contains six formula weights. The lattice parameters for the 
CLT are a=5.1543 Å and c=13.7808 Å [55]. The orientation of the crystal in reference to 
Cartesian coordinate system x, y, z is as follows: the x-axis is along the a-axis of the hexagonal 
crystal cell, the z-axis is along the c-axis of the cell and the y -axis is perpendicular to both the 
x- and z-axes [41]. 
The schematic of the lattice structure of LT is shown in Fig. 4.2. The LT structure can be 
considered as the “stacking” of oxygen octahedrons along the z- axis with Li and Ta ions filled 
in them [76]. The octahedrons are coplanar along the z- axis and connected along the edges 
perpendicular to the z- axis. The octahedral spaces are filled by Li ions or Ta ions or are vacant 
in the following order: Ta, vacancy, Li, Ta, vacancy, Li. In the paraelectric phase, the Ta ions 
and Li ions are all centered between oxygen layers, achieving charge balance in the crystal unit. 
The space group of the paraelectric phase is 𝑅𝑅3�𝐶𝐶. Below the 𝑇𝑇𝑐𝑐, the Li+ ions slightly shift to the 
z+ direction away from the oxygen triangle, and the Ta5+ ions also shift slightly in the z+ 
direction from their respective centers of the oxygen octahedron. These displacements are 
responsible for the spontaneous polarization effects, which can only occur along the z-axis, 
entering the ferroelectric phase of the crystal with a spontaneous polarization  the 𝑃𝑃𝑠𝑠 = ∼51 
µC/cm2 at room temperature [77]. This shift of the ions also reduces the symmetry of the cell, 
and the space group changes to 𝑅𝑅3𝐶𝐶.  

 
Fig. 4.2. Schematic of LiTaO3 crystal structure for +𝑷𝑷𝒔𝒔 (a) and as seen along the z- axis (b). 
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4.1.3 Polarization switching 
The coercive field of CLT is ~21 kV/mm and the value of Curie temperature 𝑇𝑇𝑐𝑐, is 
approximately 601°C [78]. When the compositions of the Li/Ta-ratio become close to the 
stoichiometric value, the Curie temperature, increases to 693°C and coercive field greatly 
decreases. For NSLT was reported to be 𝐸𝐸𝑐𝑐 =1.7 kV/mm, and for VTE-SLT the reported 
coercive field values ranges between 80 and 250 V/mm [15,79]. 
From a fundamental viewpoint, the domain morphology observed in this material shows 
interesting properties related to the preferred domain-wall orientations [80]. LT exhibits 
triangular shape domains, with domain walls parallel to xz planes, termed as x-walls (Fig. 
4.3(a)). The domain morphology in NSLT changes to six-sided polygonal shape, with domain 
walls parallel to crystallographic yz planes, so called y- walls as shown in Fig. 4.3(b). The 
preferred domain-wall orientation of LT can be analyzed by taking into account the free energy 
of the system as discussed in Chapter 3. A theoretical study analyzed the contributions of strain 
and polarization in domain wall energy [81]. It concluded that for stoichiometric composition 
of LT, the y-walls show a minimum in strains, and a minimum total free energy. Note that in 
congruent LT with lithium deficiency in the crystals, the neighboring regions of domain walls 
show increased optical birefringence and strains, compared to those in stoichiometric crystals 
[53]. Hence DWs are easier to observe under crossed polarizers in optical microscopy [82]. 

 
Fig.4.3. Domain morphology in congruent LT (a), and near-stoichiometric LT (b)[80]. 

4.1.4 Optical properties  
As mentioned before, the efficiency of the second-order nonlinear interaction in the material 
depends on its 𝑑𝑑-matrix elements. For QPM applications, usually the largest element of the 𝑑𝑑-
coefficient is exploited which is 𝑑𝑑33 for LT, i.e., all the interacting waves are polarized along 
the polar axis. The value of 𝑑𝑑-coefficient depends on the wavelength region of the interaction 
and has been measured with several methods with different accuracy resulting in slightly 
different values. Ito et al. reported that CLT has a 𝑑𝑑33-coefficient of 15.1 pm/V for 852 nm 
wavelength [83]. Increasing the stoichiometry in LT, does not have any significant impact on 
the 𝑑𝑑33-coefficient in the material, therefore, for the VTE-SLT that is used in this thesis, we 
consider the nonlinear coefficients to be the same as for CLT [13]. 
LT is a negative uniaxial crystal and it has two refractive indices: the ordinary one along (x, y) 
and the extraordinary one along (z), respectively. Below is the temperature-dependent Sellmeier 
equation for the extraordinary wavelength of SLT derived by Brunner et al. [19]: 



26 

 

𝑛𝑛𝑒𝑒2(𝜆𝜆,𝑇𝑇) = 𝐴𝐴 + 𝐵𝐵+𝑏𝑏(𝜕𝜕)

𝑚𝑚2−�𝐶𝐶+𝑐𝑐(𝜕𝜕)�2
+ 𝜕𝜕

𝑚𝑚2−𝐹𝐹2
+ 𝑆𝑆

𝑚𝑚2−𝑆𝑆2 + 𝑚𝑚𝜆𝜆2.                           (4.1) 

The Sellmeier coefficients for wavelength range 0.39 µm to 4.1 µm can be obtained from table 
4.1 [84].   

Table 4-1 Sellmeier coefficients for eq. (4.1) 

coefficient  coefficient  
𝑨𝑨 4.502483 𝐹𝐹 0.199595 
𝐵𝐵 0.007249 𝐺𝐺 0.001 
𝐶𝐶 0.185087 𝐻𝐻 7.99724 
𝑚𝑚 -0.02357 𝑏𝑏(𝑇𝑇) 3.483933X10-8(𝑇𝑇+273.15)2 

𝐸𝐸 0.073423 𝑐𝑐(𝑇𝑇) 1.607839X10-8(𝑇𝑇+273.15)2 
 
Non-stoichiometry and defects in the crystal structure induce absorption, pushing the 
transmission cut-off at the high frequency side to longer wavelengths [63]. Congruent LT offers 
transparency into near-UV, with the absorption edge at 277 nm [85]. The transparency window 
of its near-stoichiometric counterpart shifts the absorption edge towards the shorter 
wavelengths down to 265 nm, as shown in Fig. 4.4 [64]. VTE-SLT is shown to have even 
shorter cut-off wavelength ~256 nm, making the material potentially suitable for UV 
applications [86]. On the long range, LT is transparent up ~5.5 µm [69,77]. There are 
absorption bands between 2-3 µm which are due to OH vibrations, and it can be suppressed by 
annealing [87].  

 
Fig. 4.4. Transmission range for congruent and near-stoichiometric LT at the high frequency end 
[63]. 

The amount of absorption in nonlinear materials sets a limit on power handling. This absorption 
can arise either from impurities, defects, or intrinsic inter-band or multi-phonon absorption [79]. 
One serious issue for this material is the photo-induced changes of the material properties, 
namely photorefractive and photochromic effects. Photorefraction is a light-induced change of 
the refractive index. When a high intensity light enters a ferroelectric material, part of it gets 
absorbed and produces photocarriers, which get trapped by defects, creating electron and hole 
pairs. The trapped charges produce a space-charge field and, through the electro-optic effect, 
change the refractive index locally. These index changes distort the wavefront of the laser beam 
and scatter optical radiation. On the other hand, the photochromic effect is the change in 
absorption when the material is irradiated with certain wavelengths.  
For CLT, for every four lithium vacancies, there is one Ta4+-ion on a lithium site, to preserve 
charge neutrality [15]. This defect, known as a Ta4+ anti-site, is associated with photorefractive 
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damage (PRD) and green induced infrared absorption (GRIIRA) [70]. Therefore, the congruent 
material has limitations for optical applications, especially for use in the visible region with a 
low reported damage threshold fluence of 7.3 J/cm2 [79]. VTE-SLT crystals, on the other hand, 
show higher photoconductivity, two orders of magnitude reduction in PRD, and less 
susceptibility to GRIIRA [20,88]. Hum. et al. [79] showed VTE-SLT has a 100-fold reduction 
of the saturated space-charge field compared to CLT. This has enabled demonstration of 
efficient and stable frequency conversion at high average and high peak powers at near room 
temperature [15].  

4.2 KTP and RKTP 
KTiOPO4 (KTP) is known for its important nonlinear properties and is a preferred crystal for 
medium to high power nonlinear optics in the visible and near IR. For example, all green laser 
pointers contain a KTP crystal for second harmonic generation from the 1.06 µm, and many 
OPO systems and compact visible lasers are based on frequency conversion in KTP [5,89]. 
Moreover, KTP is the primary crystal for nonlinear frequency up- and down-conversion, while 
its isomorph KTiOAsO4 (KTA) is used at longer wavelengths for down conversion [90,91], 
thanks to a wider transparency range than KTP. RbTiOPO4 (RTP) is used in electro-optics 
because of its high dielectric resistance [92].    

4.2.1 Crystal growth 
KTP is an incongruently melting compound, therefore, it cannot be grown by the Czochralski 
method. The most commonly used technique to grow KTP isomorphs is by flux growth. The 
seed crystal cannot be pulled up from the melt since KTP decomposes before the melting point 
is reached. Instead, crystals are grown inside the melt solution. There are several types of flux 
solutions which have been investigated: tungstate, arsenate or phosphate. Various dopants can 
be added to the flux in order to modify the properties of the crystals to be grown, and, depending 
on the flux, various temperatures may be used. KTP crystals can be grown from K6P4O13 flux 
between 928°C and 840°C. By placing a seed in the coldest spot of the flux, the growth starts, 
and it continues while the temperature decreases gradually [93].  
Since the flux solution is non-stoichiometric, the grown crystal usually contains defects and 
vacancies. The concentration of defects depends on the range of temperatures used for the 
crystal growth [94]. At elevated growth temperatures oxygen tends to escape from the crystal, 
and in order to compensate for the charge imbalance, K ions have to be expelled from the 
crystals, leaving behind potassium vacancies together with oxygen vacancies, which are the 
main responsible for the high ionic conductivity. The ionic conductivity of flux grown KTP is 
of the order of 10-4 S/m. By introducing Rb-dopants in the melt (RKTP), Rb+-ions can form 
bottlenecks in the ionic conduction channels within the crystal lattice and thereby substantially 
reduce the ionic conductivity even when their concentration is very low.  
The commercially-available RKTP crystals used for the experiments presented in this thesis 
were grown by the flux growth technique and approximately 1.5 % of the K+-ions in the melt 
were substituted for Rb+ [95], giving rise to a substitution rate of 0.3 % in the as-grown crystal 
[96]. The ionic conductivity of these crystals (10-7 S/m) is three orders of magnitude lower than 
that of KTP. 
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4.2.2 Crystallographic structure 
KTP and RKTP belong to the isomorphic crystal family MTiOXO4, where M =(K, Rb, TI or 
Cs) and X =(P or As)[97]. These isomorphs all have similar crystal structure, but their optical 
and conductive properties are slightly different. The isomorphs also can exist in mixed form, 
i.e., one of the elements is partially substituted for another one, like in Rb1- xKxTiOPO4 (RKTP), 
then the physical properties can be changed significantly. For example, for RKTP which was 
used in this thesis, x was 0.003, i.e. a very small portion of the K+-ions were substituted for 
Rb+, but still the ionic conductivity decreased by almost three orders of magnitude, while at the 
same time the resistance to photochromic damage increased.  
KTP has an orthorhombic crystal structure and belongs to the point group 𝑚𝑚𝑚𝑚2 [97]. Each 
primitive cell contains eight formula units of KTP and the lattice constants are, a = 12.819 Å, b 
= 6.399 Å and c = 10.584 Å. The rigid structure consists of two main building blocks: TiO6 
octahedra and PO4 tetrahedra with large cavities in between occupied by the K ions, see Fig. 
4.5. The octahedra form chains along the [011] and [011�] axes that are bridged by the PO4 
tetrahedra. The TiO6 octahedra are distorted due to the asymmetric displacement of Ti in the 
Ti-O bonds [98]. The bond-distortion is partially responsible for making the material non-
centrosymmetric [99]. The asymmetry in Ti-O bonds also contributes to the high optical 
nonlinearity of KTP. This is partly identified from a study on the isomorphic KSnOPO4 in 
which the Sn-O bonds are much less distorted than their Ti-O counterparts in KTP which 
revealed a 98 % reduction of the SHG intensity as compared to KTP [100]. However, based on 
calculations of the contributions from each chemical bond in the structure, it has also been 
claimed that the K-O bonds and PO4 tetrahedra are the primary sources of the nonlinearity 
[101]. 

 
Fig. 4.5. Crystal structure of KTP. TiO6 octahedra are given in purple, PO4 tetrahedra – in yellow, 
and K+ ions – in red color. Structure along the b- axis (a) and along the c- axis (b). 

The cavities that are holding the K-ions are stretched along the polar c-axis, forming open 
channels along it. The anisotropic ionic conductivity in KTP is due to the motion of K-ions 
within these open channels via a vacancy hopping mechanism. There are two non-equivalent 
sites within the cavity that can be occupied by the K-ions, one 8-coordinated (K1) and one 9-
coordinated (K2). The two K-ion sites in the cavity are equivalent in the centrosymmetric, 
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paraelectric phase [102][95]. The crystal symmetry breaks during the phase transition by 
displacement of these ions along the c-axis. In RKTP, where K is partially substituted with Rb, 
the Rb-ions preferentially occupy the K(2) site, and partly blocks the hopping motion [100].  

4.2.3 Polarization switching  
The coercive field for KTP is ~2 kV/mm. It has been proposed that during polarization reversal, 
the K-ions that are 8-coordinated shift to the 9-coordinated sites, while the 9-coordinated K-
ions shift to 8-coordinated sites with a slight relaxation of the surrounding lattice [103]. Then 
the crystal structure is reproduced with the inverted polarity. However, despite a low coercive 
field, it is not straight forward to periodically pole the commonly available flux grown KTP due 
to high ionic conductivity, which screens the applied electric field during poling and causes 
domain broadening. On the other hand, for RKTP, its reduced ionic conductivity facilitates the 
poling.  
In KTP and RKTP, the DWs preferentially form parallel to the (100) plane, since this 
orientation does not intersect the Ti-O chains of the crystal structure, which are partially 
responsible for polarization along the c- axis [104]. Moreover, it is shown that by having walls 
along a-plane, the structural transition of domains through domain wall can occur without 
breaking the PO4-TiO6 chains and only by a small rotation of the PO4 tetrahedra [105]. 
Polarization switching in RKTP was first demonstrated by Jiang et al. [6], while Wang et al. 
[4], demonstrated periodic poling of RKTP.  
DW velocity in KTP isomorph is known to be anisotropic. Canalias et al. [9] estimated the DW 
velocity to be at least two orders of magnitude larger along the c- axis than along a-b plane, and 
the velocity along the b- direction is ~30 times higher than along a- axis.   

4.2.4 Optical properties 
Similar to LT, the largest element of the 𝑑𝑑- matrix for KTP is 𝑑𝑑33 and it has a value of 18.5 
pm/V for frequency doubling at 880 nm [106]. Although KTP has similar 𝑑𝑑33 value to LT, it 
has the advantage of higher resistance to optical damage at room temperature and higher surface 
damage thresholds [107]. Since the RKTP that is used in this thesis has very low substitution 
rate of K with Rb, we have assumed that its 𝑑𝑑- coefficients have similar value to that of KTP. 
The refractive index change as a function of wavelength for KTP is reported in a Sellmeier 
equation by Fan et al. [108] to be:  

𝑛𝑛2 = 𝐴𝐴 + 𝐵𝐵
1−𝐶𝐶𝑚𝑚−2

− 𝑚𝑚𝜆𝜆2.                                                    (4.2) 
In order to take into account the temperature-dependence of the refractive index following 
relation can be used [109]: 

𝑑𝑑𝑛𝑛
𝑑𝑑𝜕𝜕

= 𝑎𝑎
𝑚𝑚3

+ 𝑏𝑏
𝑚𝑚2

+ 𝑐𝑐
𝑚𝑚

+ 𝑑𝑑,                                                    (4.3)     
Where suitable coefficients A-D for wavelengths below 1 µm and the coefficients for 
temperature dependence relation a-d are listed in Table 4.2. For wavelengths above 1 µm, the 
data reported by Fradkin et al. [110] with corrections by Eamanuelli and Arie [111]are more 
suitable. Due to the structural similarity between KTP and RKTP the same coefficients apply 
reasonably well to both materials.  
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Table 4-2 Sellmeier coefficients for KTP 

𝐴𝐴 2.25411 a 12.415 
𝐵𝐵 1.06543 b -44.414 
𝐶𝐶 0.05486 c 59.129 
𝑚𝑚 0.0214 d 12.101 

 
The transmission range of KTP is shown in Fig. 4.6. KTP is transparent from 360 nm to 4 µm 
and therefore the material can be used for frequency conversion applications in the visible and 
part of the infrared spectrum. 

 
Fig. 4.6. Transparency range for KTP [112]. 

Materials from the KTP family present relatively high optical damage thresholds at room 
temperature [107]. Reported damage threshold fluences for KTP and RKTP are 12 J/cm2 and 
10 J/cm2, respectively [113]. The high resistance of KTP to PRD might be due to its relatively 
high conductivity, which mainly screens out the internal and the induced electric fields. On the 
other hand, KTP isomorphs show photochromic damage; so-called gray tracking. When a high 
intensity, visible laser beam is launched through the material, color centers are generated inside 
the crystal. These color centers are associated with an increased absorption and they will absorb 
light which in turn can lead to permanent damage. In addition, increased absorption may lead 
to thermal dephasing, resulting in unstable and less efficient nonlinear frequency conversion 
process. Gray tracking can be a reversible phenomenon if the absorption does not exceed a 
certain limit and the grey tracks can be annealed away. Presence of color centers is associated 
with Ti4+ electron traps and O2- hole traps, which get stabilized by mobile stoichiometric defects 
such as K- and O2+ vacancies. By lowering the defect mobility, the stability of the color centers 
can be lowered. Indeed because of its much lower ionic conductivity, RKTP is far less 
susceptible to blue-induced infrared absorption (BLIIRA) [114]. 
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5. Periodic poling 
To be of practical relevance a periodically poled crystal needs to have a uniform domain grating, 
with an accurate duty-cycle and domains uniformly extending through the whole thickness of 
the sample. Many parameters influence the poling, including the crystal homogeneity, number 
of defects, crystal conductivity, the magnitude, shape and duration of the electric field pulse, 
type of electrode, etc.  
There are several techniques for switching the spontaneous polarization inside a ferroelectric 
crystal in order to implement a periodic structure for QPM. These include electric field poling 
via patterned electrodes at room temperature [115], or  at elevated temperature [67], as well as 
at low temperature [116], electric field poling at chemically patterned surfaces [21,117], UV 
assisted electric field poling [23,118], chemical etching assisted poling [22] and e-beam writing 
[25–27]. In this chapter periodic poling of RKTP and SLT crystals at room temperature is 
described. 

5.1 Sample preparation  
The steps involved in sample processing for regular electric field poling are presented in Fig. 
5.1(a-d). Before patterning, the wafers are cut into smaller pieces. For KTP isomorphs this step 
is necessary in order to ensure less conductivity variation over the whole sample. Since the 
preferential orientation of the domain walls in KTP isomorphs is in the bc-plane, the grating 
vector and the direction of light propagation are chosen perpendicular to this plane. Therefore, 
the wafers are normally cut into rectangular samples with the long side parallel to the a- axis. 
For VTE-SLT, on the other hand, the preferential domain wall orientation is along the 
crystallographic y-axis and therefore wafers are cut into rectangular samples, with the long side 
parallel to the x- axis. VTE-SLT is technically nonconductive and the reason for cutting the 
wafer is to have more samples for different investigations. The typical dimensions for our 
crystals are 10 x 6 x 1 mm3 along the x-, y- and z- axes for VTE-SLT and along  a-, b- and c- 
axes for KTP isomorphs, respectively. The x- faces (a- faces for KTP isomorphs) are then 
polished to an optical finish to permit laser excitation. 
First, the samples are cleaned and one of the polar faces is patterned through standard contact 
photolithography to create a periodic photoresist pattern with the desired periodicity. 
Afterwards, a metal layer is deposited on top of the photoresist, forming a periodic electrode 
where the remaining photoresist works as an insulator. It is important to prepare a defect-free 
electrode structure on the sample surface in order to get a uniform domain structure. 

 
Fig. 5.1. Sample preparation schematic. cleaning (a), spin coating photoresisit (b), contact 
photolithography (c), metal deposition (d) and electric field application (e). 
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5.2 Poling circuit and monitoring 
After sample preparation, the crystal is contacted to the poling circuit using a liquid electrode 
(LiCl for VTE-SLT, KCl for RKTP) and one or several electric field pulses are applied across 
the sample, causing polarization inversion in the electrically-contacted area. The schematic 
circuit is shown in Fig. 5.2. The pulse shape is designed by a programmable waveform generator 
and is amplified with a high voltage amplifier. A serial resistance R1, is used to monitor the 
current. The electric field across the sample is determined by measuring the voltage across a 
resistance, R3= 100 kΩ. 

 
Fig. 5.2. Schematic of poling circuit. 

The outcome of the periodic poling may vary depending on the individual crystal properties 
and the shape, length, and magnitude of the applied field. Therefore, monitoring of the poling 
process is of utmost importance. For low-conductivity ferroelectrics, like LT and LN, it is 
common to monitor the switching current, which corresponds to the amount of charge provided 
by the external circuit that will be used for displacement of ions in the crystal structure, and 
thus for polarization reversal. The total area under the current curve is equal to: 

∫  𝑖𝑖(𝑡𝑡)𝑑𝑑𝑡𝑡 =  2𝑃𝑃𝑠𝑠𝐴𝐴,𝜔𝜔𝑠𝑠
0                                                        (5.1) 

where 𝐴𝐴 is the area of electrodes and 𝑡𝑡𝑠𝑠 is the switching time. Unfortunately, current monitoring 
cannot be used for KTP isomorphs due to the relatively high ionic conductivity, as it is difficult 
to distinguish the switching current from the ionic part. Therefore, other alternative monitoring 
methods must be utilized. Below, two different monitoring techniques that have been used in 
this thesis are explained: the first one is based on the electro-optic effect [119] and the second 
is based on in-situ second harmonic generation [4]. The poling setup including both monitoring 
techniques is illustrated in Fig. 5.3.  
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Fig. 5.3. Poling monitoring set-up. 

For the electro-optic technique, He-Ne laser light is linearly polarized at 45° relative to the z-
axis and launched through the crystal. When an external electric field is applied across the 
crystal, the output polarization of the laser light will vary due to the electro-optic effect during 
the rise and fall of the electric field pulse. When the voltage is constant, the polarization state 
will change in time only if the sign of the electro-optic coefficients is reversed, meaning that 
the crystal is poled. By measuring the intensity of the HeNe beam, the change in polarization 
state can be monitored. Using this technique, it is possible to determine whether poling occurs 
in the crystal when the electric field is applied, but, unfortunately it does not give any indication 
of the quality of the poled crystals. 
 In order to evaluate the optical performance of the QPM grating, in-situ SHG monitoring can 
be used. A tunable continuous wave Ti:Sapphire laser beam is set to the phasematching 
wavelength for SHG and focused into the crystal. Depending on the poling period either the 
first, or higher order SHG peaks can be monitored. The SHG output after each poling event is 
recorded using a power meter. By scanning the crystal aperture with the laser beam and 
measuring the SHG output, the quality of the QPM grating can be assessed. 

5.3 Polarization switching  
When an external electric field is applied to a periodically patterned sample, domain inversion 
starts with nucleation at the edge of metal electrodes, where the electric field is the highest, the 
sharp edges between the metal stripes and the photoresist cause fringing fields to appear. This 
field has vertical and transversal components. The vertical one is responsible for preferential 
domain growth along the polar directions, while the transversal component contributes to 
charge injection under the insulating photoresist, causing unwanted switching under the 
insulating layer (so-called domain broadening) [120]. The nuclei rapidly propagate along the 
polar direction, and, at the same time, new tips nucleate under the electrodes. Finally, due to 
domain sideways expansion the domain tips merge under the electrode fingers, and a periodic 
domain structure is obtained. Although this is the general accepted model of polarization 
reversal, domain switching and domain broadening depends not only on the transversal 
component of the electric field, but also on the crystal structure and the material. In reality 



35 

 

polarization domain broadening is originated from a combination of sources: crystal structure, 
electric field amplitude, electrode design and fringing field shape.  
For KTP isomorphs, it is necessary to simultaneously supply an electric field higher than the 
coercive field of the material, together with a sufficient amount of charge, in order to 
compensate the ionic current that screens the switching process. This can be achieved by 
designing the shape and the length of the electric field pulse such that it prevents unnecessary 
ion mobility in the crystal, while at the same time inducing a large domain propagation along 
the polar direction. Domain broadening in KTP isomorphs is mostly attributed to the high ionic 
conductivity [9,121]. Lindgren et al. [122] investigated high field regime poling with square 
and triangular pulses for RKTP, and reported that using relatively short triangular electric field 
pulses mitigates the domain broadening problem and results in overall high quality QPM 
grating. In the high field poling regime, the switching is not nucleation limited. For triangular 
pulses most of the nucleation is happening close to the peak of the pulse where the nucleation 
rate is highest. Therefore, domain broadening and side-way expansion is also only happening 
in this short time. Moreover, varying field achieves nucleation even in the area of defects and 
inhomogeneity. On the other hand, square pulse provides constant field, constant nucleation 
probability, but would switch different areas with different stoichiometry or defects at different 
times. This gives possibility of broadening for already nucleated domains and will result in less 
homogenous final domain gratings. 
The PPRKTP crystals fabricated in this work have been poled with this method. In order to see 
the applicability of this technique for other materials, similar triangular pulses with different 
field amplitude were tested for poling VTE-SLT in this thesis. Figure 5.4 shows two short 
triangular pulses with their corresponding switching current curve for (a) a 1 mm thick RKTP 
sample and (b) 0.5 mm thick VTE-SLT sample.  

 
Fig. 5.4. Switching field and current using a short triangular pulse for RKTP (a), and VTE-SLT (b). 

By designing the metal electrode correctly, the technique worked perfectly for poling of 30.26 
µm grating period samples. Figure 5.4 represents two images from different polar faces of a 0.5 
mm VTE-SLT sample poled with 450V/mm field amplitude. Domain structure on the patterned 
face (Fig. 5.5(a)) and non-patterned face (Fig. 5.5(b)), reproduced the metal electrode, showing 
almost no domain-broadening. 
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Fig. 5.5. Periodically poled domain structure of a VTE-SLT sample with 30.26 µm periodicity on 
former z+ face (a), and former z- face (b). 

However, for shorter periods other difficulties affecting the domain uniformity arise during 
poling. I addressed the issue with mechanically polishing the polar surfaces of the sample and 
the poling result was satisfying for 12.13 µm grating period which is used later, in Chapter 9. 
Any imperfections like missing domains or domain merging might lead into reduction in the 
efficiency of the final QPM structure. Thus, obtaining a uniform domain structure with an 
accurate duty-cycle requires control over sideways domain expansion outside the metal 
electrode in comparison to the forward growth. It is also important to maintain uniform 
nucleation under the metal electrode in order to prevent missing domains. Nucleation 
probability on the sample interface can be enhanced by the right choice of material electrode, 
and metal deposition on the right polar face. It has been shown that nucleation from z+ polar 
face is higher for crystals from LN and LT family, while for KTP family better nucleation can 
be obtained by patterning the c- polar face [9,50].  
Different metals can be used as electrode material (Fig. 5.1(step 4)), and each have different 
effect on the domain nucleation. For KTP crystals, aluminum deposition on c- polar face shows 
the highest density of nucleation. For crystals of LN family, it is reported that sputtered 
nichrome on z+ polar face gives the highest nucleation sites density [50]. For VTE-SLT, since 
nichrome alloy was not available, I tried several different metals on the z+ polar face of the 
sample, and studied their effect on nucleation sites density including: aluminum, tantalum, 
chromium, and titanium. Among these, aluminum seemed to be least suited, since it peeled off 
after electric field pulse application. Tantalum, chromium and titanium all showed relatively 
similar results in terms of nucleation density and poling. In this thesis work I used aluminum 
and titanium as the metal electrode for electric field poling of RKTP and VTE-SLT crystals, 
respectively. 
If the magnitude of the applied electric field is too large, domain switching under the insulating 
photoresist occurs, causing domain broadening and domain merging, and the crystal becomes 
overpoled. Figure 5.6 (a-b) represent different polar faces of an overpoled sample. The domain 
structure is reproducing the patterned electrode on the contact face (Fig. 5.6(a)), while domains 
on the non-contact face are merged due to the excessive sideways domain expansion in the 
bulk. On the contrary, if the magnitude of the applied electric field is too low, the area under 
the electrodes is not fully reversed and the crystal is underpoled. Figure 5.6(c-d) show an 
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example of underpoled sample, where domains did not completely reverse under the electrode 
and domain tips, nucleated at the electrode edges, did not reach the opposite polar face. In both 
cases domain walls will have final inclined orientation, meaning that DWs are charged in HH 
or TT configurations. The charges on the wall create large electric fields, which might 
contribute to the depolarization field and need to be compensated for through a screening 
process for the domain to be stable. If they stay uncompensated, these charges might contribute 
to additional domain switching (sideways expansion), or reversing of the domains to the 
original state, a phenomenon called backswitching, and in general result in samples with 
unstable domain regions.  

 

Fig. 5.6. Examples of over-poled (a-b) and underpoled (c-d) samples. (a) and (c) are the faces with 
patterned electrode. 

The best poling results are therefore obtained when there is a balance between achieving enough 
domain merging under the metal electrodes to avoid underpoling, while at the same time 
avoiding domain broadening leading to overpoling. However, crystal inhomogeneity may lead 
to nonuniform poling, i.e. different parts of the sample reaching the different poling steps at 
different times, resulting in a combination of over-poled and under-poled areas.  
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6. Charachterization techniques  
All domain visualization techniques are based on the differences of the crystal structure 
between the neighboring domains. Some techniques are based on the surface properties of 
samples; they give essentially 2D images of ferroelectric domains as they terminate on sample 
surface. These include techniques such as etching, scanning electron microscopy (SEM), 
scanning probe microscopy [123], electrostatic toning [124], light reflection microscopy, and 
diffraction method [125], which could also provide information about the domain walls. 
Another large group of methods is based on the differences in tensor properties of domains i.e., 
polarized light microscopy [45], on-line second harmonic generation [126] or other methods 
based on nonlinear optical properties. In this chapter, I review the techniques that I have used 
the most in my work. 

6.1 Selective etching  
The principle for selective chemical etching relies on the fact that the etch rates of the polar 
surfaces depend on the orientation of the spontaneous polarization, i.e., the orientation of crystal 
structure with respect to the surface. The etch rates are also expected to be different at crystal 
defects and thus chemical etching have been used as a powerful technique for revealing 
dislocation lines, low-angle grain boundaries, impurities in the form of etch pits and hillocks at 
the crystal surface [47,127]. Thanks to this different etch rates for the two polar surfaces, 
etching can also be used to identify preferential orientation of the domain wall, the domain 
polarity and the distribution of ferroelectric domains [127,128]. For the LN family a number of 
etchants has been investigated with the conclusion that a HF and HF:HNO3 mixtures provided 
the highest selectivity. When the polar faces are etched for a few minutes in these mixtures, 
adjacent domains show different surface structure and etch at very different rates, with the 
negative polarity end being etched much faster than the positive one [47,129]. It has been shown 
that same etching solution gives similar results for CLT, and NSLT, however with a slower etch 
rate for NSLT crystal, whereas the surface morphology was similar to that of CLT [130].  
The origin of selective etching with different etch rate on the z+ and z- side can be explained by 
means of chemical interaction with different surface charges, or open channels and diffusion 
rate of solvent ions inside the crystal structure. Collin et al. [131] suggest the etch rate of LN in 
aqueous HF involves an initial dehydroxylation of the negatively charged surface by proton 
attack, followed by an electrostatically-enhanced reaction of the subsequent positively-charged 
surface with 𝐻𝐻𝐹𝐹2−anions. Due to the internal field in LN and LT, the etch rate can be different 
for a virgin z- face and newly poled z-, which may give rise to variation of the etch rate in 
different z- domains on the two different polar faces. Xue et al. [132] proposed that the higher 
etch rate on the z- face of LN, which has very similar structure to LT, is due to the weak Nb-O 
bonds of NbO6 octahedron and large opening channel of LiO6 octahedron on their z- sides.  
For KTP isomorphs, Laurell et al. [124] reported that molten salts containing hydroxides attack 
the negative face c- of the material, while the positive face is left untouched. These etchants 
were found to be very active, rapidly etching the crystal. A mixture of KOH and KNO3 with a 
2:1 (mole ratio) at high temperature found to be very active and very rapidly etch the crystal 
with most reproducible results. This melt had a comparatively low melting point and it became 
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liquid enough to work with easily, while some of the other mixtures stayed gelatinous. In the 
studies presented in this thesis, a solution of KOH and KNO3 at 100°C has been used for all 
selective etching of RKTP, and a 48% HF solution with etch rate of ~0.15 nm/s has been used 
for etching of VTE-SLT after poling. When the etching process is finished, the sample surface 
will present a relief-structure, with a topography, allowing the different regions to be clearly 
seen, for example using an optical microscope or a profilometer.  
Repeated etching of the same surface can be used to study shapes of growing or shrinking 
domains as well as to determine the velocities of domain walls [47], as demonstrated by Miller 
and Savage [52]. In this technique the sample is first etched to reveal the initial domain 
structure. Afterwards, by applying the external stimulus of interest, i.e., annealing, or 
application of an electric field, domain wall motion is induced. Then a second etching event is 
done, creating a double-relief structure, showing both the initial and the final domain wall 
positions. Examples of such a structure are shown in Fig. 6.1 (a) for a PPRKTP samples with 
9.01 µm period which is annealed at 730°C and etched in a KOH+KNO3 solution; and for a 
PPSLT sample with 12.13 µm period etched with HF at room temperature (Fig. 6.1 (b)). The 
pre-processing domain walls appear dimmer while post-processing domain walls appear with 
higher contrast. 

 
Fig. 6.1. Annealed PPRKTP with 9.01 µm periodicity (a) etched PPSLT with 12.13 µm periodicity 
(b). 

Although the wet etching process is the most common technique for reliable and unambiguous 
detection method for domain structures, it is of destructive nature, which to some extent might 
affect further experiments with the samples.  

6.2 Scanning electron microscopy 
A different technique that is not surface destructive and that is suitable for studying ferroelectric 
domain structures is SEM. The principle of electron microscopy is based on the interaction 
between high-energy electrons and materials. When an electron beam passes through a 
specimen, different types of interaction products are generated, including auger electrons, 
backscattered electrons, secondary electrons and characteristic x-rays. It is possible to acquire 
structural and compositional information by collecting and analyzing electron–specimen 
interaction products. In SEM, backscattered electrons and secondary electrons are used for 
imaging to obtain structural information and the surface morphology of materials while 

(a) (b) 



40 

 

characteristic x-rays are collected for compositional analysis. The penetration depth of 
incoming electrons on the surface may be estimated according to the expression known as the 
Kanaya-Okayama range [133]: 

𝑑𝑑 = 0.0276𝐹𝐹𝜕𝜕01.67

𝜌𝜌𝜌𝜌0.89 ,                                                       (6.1) 

where W is the atomic weight in g/mole, 𝜌𝜌 is a density in g/cm3, 𝐸𝐸0is the incident electron 
energy, and Z is the atomic number (the beam should be incident at a right angle to a sample 
surface).  
When the electron beam interacts with a conductive specimen on the surface, some secondary 
electrons are generated. These secondary electrons are weakly bound, conduction-band 
electrons that possess relatively low energy. Some secondary electrons are absorbed by the 
specimen, while others escape from the specimen’s surface. The escaped secondary electrons 
that carry information about the sample surface will then be captured by a secondary electron 
detector. As the generation of secondary electrons’ signal is affected by the topography of the 
specimen surface, the edges of the sample surface produce more secondary electrons, which 
make them brighter than other parts of the image [134]. 
Imaging ferroelectric domains with SEM is challenging because all ferroelectrics are by nature 
dielectric materials that are highly insulating [135]. However, by operating the SEM with low 
acceleration voltage, 180° domain patterns in TGS, LiNbO3, BaTiO3, KTP, and GASH have 
been observed in the secondary electron emission mode [136–138]. Ferroelectric domains can 
be observed in different kind of contrast using SEM: domain contrast and boundary contrast; 
and the images have been explained by means of secondary emission coefficient, defined as the 
ratio of SEs  to incident electrons [135,139,140]: 

𝛿𝛿 = 𝐼𝐼𝑆𝑆𝑆𝑆
𝐼𝐼𝑝𝑝𝑝𝑝

.                                                           (6.2) 

In order to obtain a good domain polarization contrast with SEM, the secondary emission 
coefficient, 𝛿𝛿 should be close to 1. In this case, the sample surface does not charge up, and e-
beam exposure contributes to local heating and pyroelectric effect. The pyroelectric effect 
decreases the magnitude of the spontaneous polarization, and results in a difference in surface 
potential [141,142]. Domain polarization contrast is attributed to the surface potential 
difference between up and down polarization.  
Some reports explain the domain contrast based on electrostatic interaction; secondary electrons 
are emitted from a certain depth below the surface. At the positive end of the dipole, some 
primary electrons are captured; hence, there is a stronger secondary emission and therefore a 
brighter contrast compared to the negative end [135,143]. For KTP it is proposed that the 
domain contrast is due to an asymmetry of elementary electron processes based on a broken 
symmetry in the material [144].  
Domain polarization contrast usually appears at a certain acceleration voltage, here we call it 
Vdc, which is different for different materials since it is associated with pyroelectricity. Figure 
6.2 shows an examples of domain polarization contrasts in VTE-SLT acquired by SEM with 5 
kV acceleration voltage. Areas with bright contrast are upwards polarization domains and areas 
with dark contrast are downwards polarization domains.  
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Fig. 6.2. Periodically poled SLT imaged with an acceleration voltage of 5 kV, showing clear domain 
contrast.  

Below, or above Vdc, domain boundary contrast (DW contrast) appears for certain materials. It 
is suggested that domain boundary contrast is due to charging of the ferroelectric crystal, 
causing the appearance of the converse piezoelectric effect. This leads to the elastic deformation 
of the crystal, giving a topographic change that translates into DW contrast. When the 
acceleration voltage is higher than Vdc, the DWs appear dark. When the acceleration voltage is 
lower than Vdc, domain walls appear brighter [137,138]. Although the different contrast 
mechanism in SEM imaging is still under discussion, the method can be used to visualize 
domain patterns with submicron resolution [145] without destroying the crystal surface. 

6.3 Nonlinear optical characterization  
A convenient way to assess the poling quality is to measure the nonlinear conversion efficiency 
of the periodically poled structure. The second harmonic conversion efficiency for a Gaussian 
beam was described in chapter 2. According to eq. (2.16), the conversion efficiency increases 
linearly with the fundamental power 𝑃𝑃𝐹𝐹, and the crystal length 𝐿𝐿. Figure 6.3 shows the 
experimental setup for measuring the conversion efficiency [4,146].  

 
Fig. 6.3. SHG setup for measuring conversion efficiency. 

In order to compare the conversion efficiency in two different samples, it is common to use 
their normalized conversion efficiencies. Figure 6.4 shows an example of graph for comparing 
conversion efficiency of two poled RKTP samples. 
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Fig. 6.4. Conversion efficiency versus pump power for two poled RKTP samples. 

Measuring the temperature tuning characteristics of the SHG nonlinear interaction is another 
way of estimating the quality of domain grating. First of all, the phasematching wavelength is 
adjusted by changing the crystal temperature in order to match it to a light source with a fixed 
wavelength. The temperature bandwidth measurement setup for frequency doubling is similar 
to the conversion efficiency setup (shown in Fig. 6.3). The sample is usually wrapped in an 
indium foil in order to improve the thermal contact and then placed in a temperature controlled 
holder which is stabilized at a certain temperature. Figure 6.5 illustrates a temperature tuning 
curve for a PPRKTP crystal with a period of 9.01 µm. A temperature acceptance bandwidth 
(FWHM) of 5.9°C was measured when the sample temperature was tuned around the 
phasematching point. The solid line is a theoretical function, which fits the experimental data 
well. This confirms that a high-quality QPM structure was obtained.  

 
Fig. 6.5. Temperature tuning curve (black dots) and simulated phasematching bandwidth for a 
7.7mm long PPKTP sample. 

If the poling quality is low and there are missing domains in the structure, the effective 
interaction length of a periodically poled crystal will be reduced. According to eq. (2.20), the 
effective crystal length can be estimated by measuring the temperature acceptance bandwidth. 
Comparing the experimental value of effective nonlinear coefficient with the calculated value 
based on eq. (2.13), is another way of evaluating the QPM structure. For crystals of KTP and 
LN families, the highest efficiency is obtained when the nonlinear coefficient 𝑑𝑑33, is utilized 
[69,106]. Eq. (2.18) can be used to extract the effective nonlinear coefficient based on 
experimental values. 
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7. Silicon stamp poling 
One of the main advantages of RKTP is that its anisotropic crystal structure facilitates the 
fabrication of dense 1D domain gratings. Many applications such as frequency conversion in 
the blue spectral region [147], spontaneous parametric down-conversion [148], backward 
second harmonic generation and mirrorless OPO require periodicities that range from 2-3 µm 
down to 400 nm or less [10,11]. Although standard electric-field poling technique is the most 
mature way to implement QPM, it becomes challenging for periodicities below 1 µm [12]. 
Standard photolithographic techniques are not suitable for sub-µm periods, and for 2-3 µm it 
becomes time consuming as repeatability becomes an issue. Recently, a new technique based 
on laser interferometry followed by chemical patterning has been successful in achieving bulk 
periodically poled sub-µm domain gratings [7,8]. Nevertheless, this technique involves many 
processing steps, which makes it expensive. One of the goals of my work has been to investigate 
an alternative technique based on poling with a micro-structured silicon as one of the electrodes. 
With this technique, one can gain control over the geometry of the electric-field distribution on 
the crystal surface. Moreover, it shows potential for short-pitch poling and complex patterning. 
Silicon is a mature, widely available material with well-established processes for micro- and 
nanostructure fabrication, offering the possibility to fabricate fine-pitch structures with very 
high precision [149]. Here periodic arrays of silicon are used as electrodes for applying voltage 
over the RKTP crystal. In order to explore the feasibility of this technique one-dimensional 
(1D) and two-dimensional (2D) gratings with different periodicity were fabricated on a silicon 
wafer. The stamp-poling technique has several advantages over traditional poling. The mature 
silicon fabrication technology guarantees high accuracy and reproducibility in the electrode 
fabrication. In addition, when a more complicated electrode with small features (sub-μm) and 
different geometry is required, a contact electrode can be formed in Si using, for example, 
electron-beam lithography and then used for poling. Furthermore, as the Si-electrode is 
reusable, it will speed up the poling process and thereby reduce the costs. Kintala et al. [150] 
have reported poling of a thin (0.15 mm) slab of LN with structured silicon as a contact 
electrode, however they did not report on the quality of the resulting domain structures. In the 
work described below, the feasibility of periodic poling of RKTP crystals using micro-
structured silicon as a contact electrode has been investigated.  

7.1 Stamp fabrication  
A 4-inch, p-doped, high-conductive, 500 µm thick, silicon wafer with <100> orientation was 
used for fabrication of the contact electrodes. The relatively high-conductivity (σ = 33.3 S/cm) 
was chosen in order to avoid power drop in the poling set-up and to get a necessary charge 
injection for polarization-reversal under the contact area. The fabrication process of the silicon 
electrodes is illustrated in Fig. 7.1. 
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Fig. 7.1. Fabrication process for the Si contact electrode: wafer oxidation (a), photolithography (b), 
isotropic dry etching (c), photoresist and oxide layer removal (d). 

First, the silicon substrate was wet-oxidized in a thermal furnace to obtain a 470 nm thick SiO2 
layer. Photoresist grating with different periods (with a duty cycle of 30% for the photoresist 
openings) was then patterned by means of standard photolithography, and transferred to the 
SiO2 by anisotropic dry etching. Afterwards, isotropic silicon etching was performed in a 
magnetically enhanced reactive-ion-etching machine in two steps: first, 80 sccm flow of CF4 
gas attacked the surface for 10 seconds, followed by a combination of 100 sccm SF6, 40 sccm 
CHF3, 100 sccm O2 and 100 sccm Ar for 30 seconds. In both steps, the pressure was 30 mTorr, 
while ICP power was 900 W and the RF bias 400V. Then, the remaining layers of photoresist 
and SiO2 were removed by oxygen plasma and HF etching, respectively. Finally, the processed 
Si wafer was cut out into chips with dimensions 4 × 8 mm2. Silicon wafers with 1D and 2D 
arrays were processed separately. Figure 7.2 shows an example of a 1D silicon array imaged 
by SEM. The ribs seen in Fig. 7.2 have a 2.65 µm wide unetched top, separated by 6.36 µm 
wide and 2.71 µm deep valleys. 

 

Fig. 7.2.  Side view of the 9.01 μm period 1D Si-contact electrode. 

In a separate fabrication process, 2D arrays of silicon electrodes were fabricated with 5 µm and 
20 µm periodicities. Figure 7.3(a) illustrates the 2D array pillars with 1.97 µm top dimeter, 
separated by ~ 3 µm spacing and 2.8 µm deep valleys and Fig. 7.3(b) shows a 2D array of 
silicon spikes with 20 µm periodicity and tip diameter of 50 nm. 
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Fig. 7.3. Side view of the 5 μm period (a) and 20 µm period (b) Si-contact electrode. 

One of the main advantages of this method is that several crystals could be periodically poled 
using the same Si electrode chip, which would be cleaned in an ultrasonic bath of acetone 
between the poling events.  

7.2 Periodic Poling  
The silicon electrodes were put in contact with one of the polar faces of the crystal, while a 
tight, homogeneous contact over the whole contact area was ensured by means of controlled 
pressure. The opposite polar face of the crystal, as well as the Si electrode were contacted to 
the poling circuit using a saturated solution of KCl. Similar poling conditions to those used for 
poling of standard photolithographically patterned samples were employed for the crystals with 
Si electrodes. Each RKTP sample therefore was poled by applying single, symmetric triangular 
electric field pulse while the peak amplitude varied from sample to sample depending on their 
ionic conductivity. It is known that in the event of regular electric field poling of RKTP the 
domain nucleation density is higher when the metal electrode is in contact with c- face of the 
crystal. Here, in order to investigate nucleation density when Si is used as electrode, contact 
with both polar faces was tested. After poling, each crystal was selectively etched to reveal the 
domain structure. 

7.2.1 1D poling 
First, poling with an array of 1D silicon ribs was studied. The rib-array chip with 9.01 µm 
periodicity as shown in Fig. 7.2 was used as the electrode contacted to the c- face of the RKTP 
crystals. Figure 7.4 displays the microscope images of a representative crystal poled with 6.2 
kV/mm electric field magnitude. Figure 7.4(a) shows the domain structure on the polar face 
that was in contact with the Si-electrode, and Fig. 7.4(b) shows the corresponding domain 
structure on the opposite face. 
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Fig. 7.4. Optical microscope image of domain structure on the former c- face (a) and the former c+ 
face (b) of a Si-contact electrode poled PPRKTP sample with 9.01 µm period. 

The optical evaluation of this sample revealed a normalized conversion efficiency and effective 
nonlinearity as high as 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 = 1.22 %/Wcm , and 𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 =  10.8 pm/V, respectively. The 
measured temperature acceptance bandwidth (FWHM) of 5.9°C corresponds to the effective 
crystal length of 7.7 mm which is very close to the actual poled structure length of 8 mm, which 
further confirms the high quality of the obtained QPM grating. This poling result is comparable 
with that obtained with the conventional poling technique. 

7.2.1 2D poling 
In the second experiment an array of silicon pillars with 5 µm periodicity (Fig. 7.3(a)) was 
pressed against the c+ face of a sample and tested as an electrode. The crystal was poled with 
similar poling parameters as in the case of 1D poling while the applied electric-field amplitude 
was 5.4 kV/mm. The microscope images of a representative crystal poled with this electrode 
are displayed in Fig. 7.5, where Fig. 7.5(a) shows the domain structure on the former c+ polar 
face, and Fig. 7.5(b) shows the corresponding domain structure on the opposite polar face. The 
fabricated domains are 2D on the c+ face of the crystal (where the electrode is in contact) and 
1D on the c- polar face. Therefore, the 2D domain structure must have merged along the b-axis 
during propagation in the crystal bulk and became 1D on the non-contacted face of the crystal. 
This domain merging is due to anisotropic domain growth along the a- and b- crystallographic 
axes as discussed in Chapter 4, and the results are similar to those obtained with conventional 
poling techniques for KTP [115]. Domains on the Si-contacted polar face have rhomboidal 
shape, which follows the orthorhombic crystal structure of KTP. It is worth mentioning that 2D 
silicon pillars (see Fig. 7.3(a)), have more edge roughness and roughness variation from pillar 
to pillar compared to silicon ribs (See Fig.7.2), due to fabrication parameters differences. The 
varying roughness contributes in varying shape of fringing field and consequently more domain 
shape and size variations on the contact face of the sample poled with 2D silicon pillars rather 
than those poled with 1D silicon ribs (see Fig. 7.5(a) and 7.4(a)).  
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Fig. 7.5. Optical microscope image of domain structure on the former c+ face (a) and the former c- 
face (b) of a 2D Si-contact electrode poled PPRKTP sample with 5 µm period. 

In order to investigate the exact position of domain-merging along the polar direction, SHG 
was measured over the thickness of the crystal. Close to the Si-contacted polar face, the 
generated SH signal showed side peaks, corresponding to the different possible k-vectors for 
the 2D QPM structure [151]. While the Ti:Sapphire laser beam was scanned over the crystal 
thickness, the side peaks disappeared when the 2D-domain structure became 1D. The 2D 
domain structure merged and became 1D at a depth 0.21 mm from the former c + face, i.e., the 
2D structure was maintained over approximately 1/5 of the crystal thickness.  
In order to investigate the potential of this technique for fabricating fine pitch domain structures, 
2D array of spike electrodes with sub-µm top dimensions separated by 20 µm was used for 
poling, as depicted in Fig. 7.3(b). The electrode spikes had an average height of 1.73 µm, with 
a slight variation over the whole surface of the silicon chip. The poling was performed by 
applying a 5.8 kV/mm electric field pulse. Figure 7.6 (a-d) depicts the obtained domain patterns 
on both polar faces of the sample. The domain structure was non-uniform, with some variation 
in domain dimensions. Some parts of the poled samples reveal domains with a 2D structure on 
both polar faces, and some have merged in the bulk and became 1D on the non-contacted polar 
face.  
The extremely sharp spikes on the Si electrode can be the reason for the domain shape variation. 
First, the sharp spikes could penetrate into the crystal surface and can form varying field shapes 
with large transversal components. Second, the inhomogeneous shape of the electric field and 
fringing field caused by very sharp spikes may lead to the ring shape domain formation. Ring-
shaped domains feature a central part in the domain area where the polarization is not inverted. 
Figure 7.6 (e) illustrates a ring shape domain: the outer part marked by the red arrow is a down 
polarization domain on the c+ face of the crystal, and the middle part marked with the green 
arrow shows a non-switched area (the central part is the scratch made by the silicon spike). 
Moreover, the manual mounting of the silicon electrode results in breaking of some of the 
spikes. This together with the small variation in the spike height resulted in inhomogeneous 
electrode contact and therefore domain shape variation.  
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Fig. 7.6. Optical microscope image of domain structure on the former c+ face (a and c) and the 
former c- face (b and d) of a 2D Si-contact electrode poled PPRKTP sample with 20 µm period. 
SEM image of a ring-shape domain (e). 

These findings show that for silicon electrodes with sub-µm tip dimensions (spikes), domain 
nucleation and formation is non-uniform. The transversal component of the electric field at the 
tip of silicon spikes results in domains up to 15 times larger than the electrode in a- direction. 
In contrast, for silicon electrodes with 1.97 µm and 2.71 µm top dimensions, the transversal 
component of the electric field is smaller, and consequently less domain size variation is 
observed.  
The most striking difference between samples poled with Si electrodes and those poled with 
the standard technique is how the domain nucleation and broadening occur for the Si electrode 
case. Samples exhibiting early stages of polarization-reversal, which were poled either with Si 
electrodes or with photolithographically-patterned electrodes, were compared. Figure 7.7(a) 
shows the former c- face of a RKTP sample poled with the Si electrode stamp in the low-electric 
field poling regime, using a triangular pulse and a peak amplitude of 6 kV/mm. As can be seen, 
the poling resulted in domain nucleation at the electrode edges, where the vertical component 
of the electric field is the highest. These fine domains then propagate through the whole sample 
thickness before they broaden. As can be clearly seen, the sideways expansion of the nucleated 
domains is similar under and outside of the electrode area. The duty-cycle of the newly formed 
domain tips together with the remaining unswitched area under the electrode is already ~50%, 
while the Si-rib electrode duty-cycle was 30%. For comparison, the domain structure 
corresponding to a similar stage of polarization reversal in a sample poled with an aluminum-
photoresist grating electrode is shown in Fig. 7.7(b). Here the duty-cycle for the aluminum 
mask was 32%. In this case, the lateral growth of the domains occurs mainly under the electrode 
area, resulting in a duty cycle of 37%. 
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Fig. 7.7. Optical microscope image of domain structure on the former c- face of two RKTP crystals 
poled in the low field regime with the Si contact electrode (a), and the corresponding structure poled 
with a standard aluminum-photoresist grating electrode (b). For clarification, the patterned 
electrode is drawn on the top of the images. The silicon and metal electrodes are shown in black 
and air and the photoresist in light grey. 

This difference may be explained by the different properties of the periodic conductor-insulator 
gratings. It is well known that the electrode material strongly influences the domain nucleation 
rate during poling [50]. In photolithographically patterned samples, the aluminum acts as an 
electrode, providing a high nucleation site density, while the photoresist prevents charge 
injection and, consequently, the nucleation and growth of the domains outside the electrode 
area. From Fig. 7.7(a) and 7.7(b) it is clear that the total domain inverted area is smaller under 
the Si-electrode compared to that with the Al-electrode, which is attributed to the lower domain 
nucleation rate at the silicon-RKTP interface compared to aluminum-RKTP case. Besides, the 
air gaps between the silicon ribs provide less insulation than the photoresist, allowing faster 
expansion of the domain tips outside the electrode area. Moreover, from Fig. 7.7 it can be 
presumed that the fringing fields at the edges of the Si-electrodes play a major role in the 
switching process. Whereas in the case of the Al-electrode, both the fringing fields and the field 
at the uniform interface of the metal-sample contribute in the switching process. This indicates 
that in the case of Si-electrode uniform fringing fields are of crucial importance. 

7.3 Reduced periodicity poling  
The aforementioned properties of Si electrodes may be advantageous for achieving reduced 
domain periodicities. With an appropriately designed electrode duty-cycle and a carefully 
chosen electric field magnitude it should be possible to form inverted domains with a width 
equal to a quarter of the electrode period. In order to test this concept, an electrode with a period 
of 4 µm and a duty-cycle of 28%, using the same fabrication process as described above, was 
fabricated. The cross-section of this electrode array is shown in Fig. 7.8. 
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Fig. 7.8. Cross-section of the 4 μm period 1D Si-contact electrode. The top width of the electrode 
ribs was 1.13 µm. The ribs were separated by 2.87 µm wide and 2.61 µm deep valleys. The 
dimensions of the electrode chip were 4 × 8 mm2. 

With this Si-stamp as the electrode, I poled an RKTP crystal by applying a single triangular 
electric-field pulse with an amplitude of 6.0 kV/mm. The resulting domain structure on the 
contacted face of the crystal is shown in Fig. 7.9(a), and the corresponding domain structure on 
the opposite face is shown in Fig. 7.9(b).  

 
Fig. 7.9. Optical microscope image of domain structure on the former c- face (a) and former c+ 
face (b) of RKTP crystal, poled with Si contact electrode with period of 4 μm. The insets in both 
figures show the magnified images. 

It can be seen that the resulting structure consists of a domain grating with an average 
periodicity of 2 μm. The width of the inverted domains on the contacted face varies between 
300 nm and 900 nm, indicating that this technique may be used for obtaining QPM structures 
even with sub- μm periods. Note, though, that some domain merging can be observed on both 
polar faces, suggesting that more carefully optimized poling conditions, and accurately 
designing the electrodes would be required in order to obtain high quality QPM structures with 
a half the periodicity. 
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8. RKTP domain stability at high temperature  
For some QPM applications where the samples are processed or treated at elevated 
temperatures, such as fabrication of waveguides [152] and other integrated devices [153], it 
becomes critical to be able to control the domain stability, especially when a short periodicity 
is required. A promising alternative for obtaining fine pitch domain gratings for QPM 
applications is by using a combination of poling and post-poling regrowth [154]. This approach 
focuses on using a periodically poled crystal template for epitaxial growth of large aperture 
crystals. The template is thin; and therefore the domains have a low aspect ratio, and are easier 
to create. Since the epitaxial growth is happening at high temperature, the stability of domains 
at elevated temperature becomes important. There have been a few studies on the domain 
grating stability at elevated temperatures in KTP [96,155]. Indeed, it has also been recently 
reported that periodically poled RKTP samples show thermally induced anisotropic domain 
wall (DW) motion when they are annealed above 550oC [156], and that it is especially severe 
for short periods. It is therefore of utmost importance to investigate methods that can increase 
the domain stability at high temperatures. This has been one of the goals of this work. 
Furthermore, as the many of the upcoming QPM applications require sub-µm periodicities, it 
becomes essential to find the governing factors behind the increased instability at short 
periodicities. This is important not only from a device point of view, but also from a 
fundamental point of view as it might contribute to understand better the domain dynamics at 
the nanoscale. 

8.1 Domain stability dynamics  
Lindgren et al. [156] found that the anisotropy in DW motion due to thermal annealing depends 
on the original configuration of domains, whether the domains extend throughout the crystal 
thickness or merge in the bulk, and whether the walls are inclined or parallel to the polar axis. 
If the up- and down-polarization sides are terminated on the sample surface and the domains 
are extended throughout the crystal thickness with straight DWs, then during the thermal 
annealing, backswitching occurs along the b-axis. However, domains that merged in the bulk 
and were originally in a HH configuration expand into larger domains with their motion along 
the a-direction. It was shown that bulk domain contraction along the b-axis was in the order of 
tens of micrometers, whereas in a-direction it resulted in approximately three orders of 
magnitude lower domain wall displacement. Furthermore, it was reported that the domain 
contraction strongly depends on the domain grating periodicity, being considerably pronounced 
for periodicities below 9.01 µm. Figure 8.1 shows the dependency of wall motion along b- axis 
to the periodicity for samples which were annealed at 730°C for 4.5 hours.  
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Fig. 8.1. Domain wall contraction along the b- axis vs. periodicity. 

Figure 8.2 shows a representative example of the domain wall motion in a grating with 9.01 µm 
resulting from 4.5 h of annealing at 730°C. By repeating the selective etching after annealing, 
a double-relief structures were obtained. Note that the original domain configuration appears 
somewhat dimmer, while the post-annealing one presents a stronger contrast. 

 
Fig. 8.2. Double surface relief for a RKTP sample with 9.01 µm periodicity annealed at 730°C.   

Lindgren et al. [72] suggested that during heat treatment an internal field large enough to induce 
DW motion is created by redistribution of bulk charges, ions and/or reorientation of defect 
dipoles. In order to overcome the activation energy for backswitching DWs move and reach a 
lower energy state. Any DW that deviates from the 0° angle to the c-axis will be charged, and, 
therefore, it will have larger DW energy. DW motion along the a-axis always occurs in a way 
that reduces the angle with the (100) plane. For domains that originally have a HH 
configuration, this wall motion results in domain merging with straighter walls. As mentioned 
before, the DW velocity along the b-axis during electric filed poling is approximately 30 times 
larger than that along the a-axis [9]. Similarly, the energy barrier for DW motion is lower along 
the b-direction. Furthermore, more DW displacement was observed on the former c+ face which 
was attributed to the fact that domain nucleation in KTP isomorphs preferentially occurs on the 
c- face and thus backswitching starts from the c- ends of the switched domains.  
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8.2 Improving the domain stability  
Given the recent findings, it was important to find a method that minimizes the instability of 
the domain structures at high temperature for fabrication of devices that require a post-poling 
heat treatment. The idea was to try to suppress the domain contraction along the b-direction by 
dicing away the edges of the domains along the a-direction. As mentioned in chapter 3, domain 
nucleation is easier at an existing domain wall; thus, if the domain ends are cut away, leaving 
their b-faces exposed to air, the DWs get pinned at the crystal edges, and domain reversal is 
inhibited. A similar behavior has also been observed in NSLT, where the domain stability could 
be largely increased by cutting the edges of periodically poled samples [74] in the same way as 
presented here, thereby eliminating the stored surface electrostatic energy of the domain ends. 
PPRKTP samples with different domain grating periodicities (9.01 µm and 3.18 µm) were 
studied. These samples were obtained using standard electric field poling. After poling, all the 
samples were selectively etched. Some of the samples were then cut with a dicing saw along 
the a- direction, removing 300 µm of the domain grating, in order to terminate the b-faces of 
the domain grating in air, as shown in Fig. 8.3(b). The cut extended throughout the whole 
sample length and thickness. I refer to these crystals as “edge-cut” samples. All the crystals 
were then annealed in air for several hours at high temperatures. Afterwards, the crystals were 
selectively etched again in order to reveal any changes in their domain structure.  
Throughout this chapter, I refer to the sample thickness as to the dimension of the crystal along 
the polar c- direction, and the domain width and domain length to the domain dimensions along 
the a- and b- directions, respectively. 
Figure 8.3 shows optical micrographs of two PPRKTP samples with 9.01 µm-period domain 
gratings annealed at 730°C for 12 hours. Here, the domains extended through the whole 
thickness and therefore only one of the polar faces is shown. Sample (a) was non-edge-cut, 
while sample (b) was edge-cut. For the non-cut sample, large domain contractions in the b- 
direction can be clearly observed as an etched-step: the arrow in Fig. 8.3(a) shows the pre-
annealing position of the domain wall. Again, the original domain configuration appears 
dimmer, and the post-annealing one exhibit stronger contrast. The average domain-contraction 
along the b-axis was 59 µm for this sample, in good agreement with the previous results [156]. 
On the other hand, no domain contraction was observed when the crystal that has been edge-
cut prior to annealing, as it is evident from Fig. 8.3(b).   

 
Fig. 8.3. Domain grating revealed by chemical etching. A non-cut 9-µm period PPRKTP etched 
prior to and after heat treatment at 730°C for 12 hours. The arrow marks the pre-annealing position 
of the domain wall. The domains had shrunk  ̴59 µm in the y-direction after heat treatment (a). An 
edge-cut 9-µm-period RKTP where no contraction is observed (b). 
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The same experiment was performed with 3.18 µm-period PPRKTP samples. For the non-cut 
samples, the contraction was measured to be on the order of 300-400 µm. As expected, this was 
considerably larger, about 7-times, compared to the 9.01 µm-period samples. It can be seen in 
Fig. 8.4 that the edge-cutting method also effectively eliminated the contraction along the b-
direction for these short-periodicity samples. Nevertheless, it is worth noting that some 
domains, those marked by the arrows in Fig. 8.4, have switched back, i.e., they have returned 
to the original polarization orientation they had prior to poling (clearly seen in the magnified 
picture in the inset). This back-switching was only observed for domains that had not 
propagated through the whole crystal bulk during periodic poling, and hence presented charged 
domain walls that were in a TT configuration, which is energetically costly. Thus, in order to 
minimize their energy, they back-switch at high temperatures. This back-switching is not 
prevented by the edge-cutting method, which indicates that the energy penalty for having TT 
domains, away from the edges of the crystal, cannot be compensated for by cutting the sample 
along a-axis.    

                              
Figure 8.4. Edge-cut 3.18-µm period PPRKTP etched prior to and after heat treatment at 730°C for 
4.5 hours. Arrows are showing the TT domains which switched back during the annealing. The inset 
shows a magnified picture of the square-marked region. 

I also tested the effect of the edge-cutting technique on the stability of self-assembled sub-µm 
domains in RKTP crystals. These samples were fabricated by a method developed by 
Zukauskas et al. [22]. These samples contained bulk quasi-periodic sub-µm domain gratings, 
with an average domain periodicity of 650±200 nm and a domain-width of 225±75nm. The 
fabrication method consisted of the following steps: first, 1-mm-thick, single domain RKTP 
crystals were submerged in a KOH/KNO3 water-based solution with the molar ratio KOH: 
KNO3: H2O 1.8:1:11.2 at 135°C for 3 min. Afterwards, the samples were contacted to the poling 
circuit using planar liquid KCl electrodes and poled by applying single 5-ms long symmetric 
triangular E-field pulses of magnitudes ranging from 4.8 to 6.4 kV/mm. It should be pointed 
out that also these domains extend through the whole crystal thickness. Note that depending on 
the magnitude of the applied field, self-assembled RKTP (SA-RKTP) can be obtained with 
different domain density, different inter-domain distance, and different domain width. Figure 
8.5 shows a representative image of a SA-RKTP sample.  
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Fig. 8.5. Optical image a SA-RKTP sample. 

Previously, complete back-switching during thermal annealing at 730°C was observed for such 
samples, which is ascribed to the fact that the domain contraction along the b- direction 
increases strongly with decreasing period, eventually forming a single-domain state. Here, the 
edge-cut SA-RKTP as well as regular SA-RKTP, were annealed at 650°C for 4.5 hours. The 
regular SA-RKTP back-switched completely while the edge-cut SA-RKTP presented similar 
results to those obtained with the 3-µm-period PPRKTP samples: the domains that extend 
through the whole sample thickness and present uncharged DWs parallel to the c- axis were 
well stabilized, but the domains that were in HH or TT configuration resulted in domain-
merging or back-switching, in good agreement with the results obtained in Reference [156]. 
Thus, although edge-cutting does not completely prevent back-switching for the HH or TT 
domain configurations, it is a powerful technique to prevent domain contraction along the b- 
direction, even for sub-µm periodicity samples.  

8.3 Domain size versus domain periodicity 
Finally, I investigated the increase in domain contraction when the periodicity of the domain 
grating decreased [156], in order to understand whether it is the domain width or the inter 
domain distance that is the determining factor for the domain contraction. Note that since in 
PPRKTP the domain width also changes with the periodicity, it is not possible to discern which 
of the two parameters is the critical factor by solely studying these samples. Therefore, SA-
RKTP, where both different domain widths, and domain inter-distances are represented, 
provide an ideal case-study to answer this question. For consistency, all the domains used in 
this study had the same thickness of 1 mm. 
Several SA-RKTP samples without edge-cutting were annealed at 350°C for 1 h, and the 
amount of contraction along the y-axis was measured. Figure 8.6 shows the dependence of the 
contraction on the domain width (a), and the domain inter-distance (inset). It is evident that the 
observed contraction had an exponential dependence on the domain width, while the correlation 
with the inter domain distance is much less pronounced. Furthermore, Fig. 8.6(b), shows that 
for domains of the same width (700 nm in this case), the contraction is independent of the 
domain inter-distance. 
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Fig. 8.6. Domain contraction along the y- axis as a function of domain width after heat treatment at 
350°C during 1 h of annealing. An exponential dependence can be seen in the graph. The inset 
shows the dependency of contraction to inter-distance for all range of domain width in SA-RKTP 
(a). In (b) the dependence between domain contraction along the y- axis and domains inter-distance 
is shown for domains with ̴700 nm width. 

Studies on domain stability in other materials like SLT or LN had reached different conclusions. 
Similar to this study, Liu et al. [72] reported  that the stability of SLT domains decreased with 
decreasing domain size, but that the stability could be increased if the same domains were 
arranged in a grating. On the other hand, Kan et al. [157] studied congruent LN and found that 
the shorter the inter-domain distance, the higher the domain instability was. They ascribed their 
findings to the existence of a repulsive force between the DWs. For RKTP, exhibiting domain 
widths of 225 nm or wider, we believe that the large internal screening, due to the mobile K+ 
ions, can dramatically reduce the domain-domain interaction, and then the domain width 
becomes the critical factor for the domain stability. Narrow domains have a small domain 
volume to domain wall area ratio, making them more unstable [54]. Nevertheless, with the 
edge-cutting technique, in which the most energetically costly DWs, i.e., those cutting the a- 
face, are taken away. This can be of utmost importance for optical applications requiring short-
period PPRKTP devices, for which any post-poling treatment involving high temperatures will 
demand domain stabilization, and here the edge-cutting technique may play a crucial role. 
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9. Domain stability in VTE-SLT 
As mentioned before, the low defect density of VTE-SLT makes this material very attractive 
for applications in nonlinear optics where generation of UV-coherent light is desired [15]. 
However, the low defect density, and consequently the low number of pinning sites, may cause 
unstable domain structures. There are several reports showing that near stoichiometric crystals 
of LT and LN family exhibit domain instability under certain thermal [72,73], and chemical 
conditions [158].  
This chapter is divided in two parts: in the first one, I discuss the impact of HF-etching on the 
domain stability; in the second part, I show that low-energy electron beam can be used to induce 
DW motion in this material. These two experiments (Paper II and Paper IV), although very 
different, they both point out to the importance of having a stable external screening in this 
material in order to guarantee a stable domain structure. They also confirm that VTE-SLT is 
virtually defect free with very few pinning sites.   

9.1 Impact of chemical etching on domain stability 
It has been reported that HF-etching affects the domain structure. Indeed, Shur et al. [158] 
showed that MgO doped NSLT inhibits domain switching if the surface is exposed to chemical 
etching. My goal was to study the impact of chemical etching on the domain stability of VTE-
SLT after poling, and to understand the physical mechanism behind this from a fundamental 
point of view. In order to do so, the SHG signal was monitored on-line during the etching 
process, followed by post-etching characterization of the domain structure with optical 
microscopy and a profilometer.  

9.1.1 Experimental setup 
The temporal evolution of the second harmonic signal was monitored while VTE-SLT crystals 
(poling period of 12.13 µm) were etched with concentrated HF. As the SHG amplitude 
corresponds to the number of antiparallel domains in the beam path, the reduction of the signal 
during etching then reflects presence of fewer reversed domains. The experimental set-up is 
depicted in Fig. 9.1. I used a tunable continuous wave Ti:Sapphire laser emitting at 860 nm as 
a pump. The fundamental beam was launched along the crystal’s x-axis, focused to a beam 
waist of 50 µm by a lens with 50 mm focal length, and polarized parallel to the crystal’s z- axis. 
The beam propagated ~150 µm below the patterned face of the sample.  

 
Fig. 9.1. The on-line post poling etching set-up. The signal was the 3rd order SHG from a 
Ti:Sapphire laser. 

The generated SHG light (λ= 430 nm, corresponding to 3rd order QPM) was separated from the 
pump by a color glass filter and monitored with a photodetector. Note that similar to Ref [122], 
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the on-line technique monitors the accumulated domain response rather than the switching 
dynamics of the individual domains. It is expected that, since the wet etching does not involve 
large external fields or external charge injection, the transformations of the domain grating will 
be slow (millisecond range, or slower). The on-line SHG setup hence warrants a fine temporal 
resolution for these experiments.  

9.1.2 Different lapse-time  
I have studied samples that were etched shortly after poling (~15 min) and those that have 
rested approximately 48 hours before they were etched. I identify them by the “lapse time” and 
call it “short” and “long” lapse time, respectively. Note that for each sample the SHG signal is 
recorded right after poling in order to use it as a reference for later investigations. 
Figure 9.2 shows the SH time-evolution for two representative VTE-SLT samples poled under 
similar conditions after HF droplets were placed on their patterned face. Note that the metal-
photoresist pattern was still on the crystal when the HF was dropped. The pattern dissolved in 
HF within about 5-10 s and had no impact on the result. For all samples studied, no decay of 
the SH signal was observed prior to etching. The sample with long lapse time (blue curve) 
shows no reduction in the SHG signal during etching, indicating that the domains had stabilized 
during the lapse time. However, for the short lapse-time sample (red curve), and other samples 
etched under the same conditions, a significant decay in the SH power was seen implying that 
the domains were still unstable shortly after poling. The decay was typically 40- 80% over a 
time span of one to two hours and then it stopped, as can be seen in Fig. 9.2. 
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Fig. 9.2. The SHG signal recorded over 65 minutes for two representative samples poled with a 
12.13 µm period. The blue and red curves represent samples etched 48 h and 15 minutes after poling, 
respectively. t =0 is the time when the HF droplets were placed at the top surface. The noise in the 
two curves are attributed to small laser power variations for these measurements. 

Note that the SHG signal fluctuations resulted from a small power instability in the Ti:Sapphire 
laser which is amplified through the SHG process and does not correspond to any domain 
dynamics phenomena.  
Since no SHG decay was observed in long lapse-time samples, it can be concluded that 48 hours 
is enough to stabilize the domain structure, and that chemical etching does not have any impact 
on the sample performance, while etching shortly after poling results in significant 
reconfiguration of the domain structure. Although charged domain-walls are energetically 
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unfavorable, they commonly appear during polarization-switching under periodic electrodes, 
especially for short-period poling. These charged walls are initially unstable but with time they 
are compensated through bulk screening, reaching a more stable state. However, the bulk 
screening process in LT is slow. Thus, when the crystal is exposed to chemical etching during 
the stabilization phase, screening charges on the surface will be removed, and the chemical 
etching may assist the depolarization field causing domain-wall motion [159]. The domain wall 
will then aim to obtain a lower-energy domain configuration with uncharged DWs.  
Note, that for the same lapse-time, on-line chemical etching and conventional chemical etching 
(i.e., immersing the sample in the HF solution) resulted in similar SHG decay, which confirms 
that the irradiation of the sample with the laser beam has no effect on the domain-wall 
movement during the chemical etching. Thus, the online SHG proved to be an effective non-
contact tool to monitor the dynamics of the macroscopic stability of the periodically poled 
structures.  
After the SHG/etching experiments, the samples were further examined under the optical 
microscope and with a profilometer to investigate the post-etching domain structure. 
Considering that the etch rate for these samples is ~0.15 nm/s for the z- domain-face, while the 
z+ face remains relatively untouched, I could estimate the time for which each individual 
domain was stable by measuring the topographic height of the etched relief relative to the z+ 
face. Three clearly distinct cases could be observed depending on the type of charged 
walls/domain configuration created during poling: “Straight” (i.e., uncharged DW) remained 
the same, domains that had a HH configuration prior to etching predominantly stabilized by 
backswitching, while TT domains merged with neighboring domains to form larger domains. 
A sketch of the domain configurations is depicted in Fig. 9.3. 

 
Fig. 9.3. Schematic of the HH (a) and TT (b) domain configuration. Red and black walls are 
representing the charged and stable domain walls, respectively. Uncharged black DWs remain 
stable during the etching. 

A representative example of HH domains and their rearrangement after etching is shown in Fig. 
9.4. Figure 9.4(a) shows the former z+ face and Fig. 9.4(b) the same area on the former z- face. 
The corresponding etch profile of Fig. 9.4(a) is depicted in Fig. 9.4(c). The arrow in Fig. 9.4(a) 
shows domains with lower contrast. The contrast difference in Fig. 9.4(a) corresponds to etch 
depth difference (shallow and deep domains) of the etch profile in Fig. 9.4(c). These domains 
with low contrast had switched back during etching and were therefore etched for a shorter time 
(only until the backswitching occurred). The black arrow in Fig. 9.4(b) indicates the same 
position as the arrow in Fig. 8.4(a). Evidently these domains had never reached the opposite 
side during poling, ending in the bulk of the crystal, which correspond to the HH domain 
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configuration as depicted in Fig. 9.3(a). Clearly, the uncharged DWs at the left of this region 
had remained stable during etching. 

 
Fig. 9.4. Etched z+ face o f a sample poled with 12.13 µm period domains (a), corresponding z- face 
(b), and the topographic etched profile for (a) (c). 

Figure 9.5 shows a representative example of TT domains that merged during etching. Figure 
9.5(a) shows the domain structure on the former z+ face and Fig. 9.5(b) shows the same region 
on the opposite face. The topographic profile of the former z+ face is shown in Fig. 9.5(c). Note 
the lower contrast DWs marked by the black arrow in Fig. 9.5(a). These DWs looks similar to 
their neighboring walls marked by orange arrows. However, the region marked by the black 
arrow has outer DWs with different contrast which can also be seen in the corresponding etch 
profile in Fig. 9.5(c). Moreover, the region marked by the black arrow has a different polarity 
compared with its neighboring areas as can be recognized from the corresponding area on the 
former z- face in Fig. 9.5(b). The regions marked with orange arrows represent the HH domain 
configuration, similar to what is shown in Fig. 9.4, while the region marked with the black 
arrow illustrates former DWs that moved and merged together during the chemical etching. 
This can be understood by the fact that these domains, marked by the black arrow, present on 
the z- face prior to etching, had merged in the bulk of the crystal, resulting in a TT configuration.  
It is important to note that domains with inclined walls (i.e. the leftmost domain walls depicted 
in red in Fig. 9.3(a) and 9.3(b)) that reached the opposite polar face during poling, DW motion 
follows similar behavior: they either backswitch, or merge depending on their original DW 
configuration, in order to obtain uncharged DWs. The fact that a domain has reached the 
opposite polar face itself does not warrant a more stable domain configuration during the 
chemical etching process. On the other hand, if the DWs are uncharged, i.e., the domain width 
is maintained through the crystal’s thickness, the etching process has no major impact on the 
domain structure. 
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Fig. 9.5. Former z+ face of a crystal poled with 12.13 µm period domains (a), corresponding z- face 
(b), and corresponding topographic etch profile of (a) (c). 

It is worth mentioning that contraction along the domain length (i.e. along the y direction) is 
also observed for all domain configurations. Figure 9.6 shows the domain contraction along the 
y-direction on the former z+ face (Fig. 9.6(a)) and the correspondent area on the former z- face 
(Fig. 9.6(b)). It is clear from the image that domain contraction on the z+ face is limited to the 
size of the domain on the z- face. Domain contractions up to hundred micrometers were 
observed in the y-direction. The domain motion stopped when the DWs became uncharged, i.e. 
when the domains had the same length in the y-direction on both polar faces. Unfortunately, 
this was not monitored with the on-line SHG technique, since this is only observed at the edge 
of the domain-grating and the pump beam was placed at the center of the grating.  

 
Fig. 9.6. Former z+ face of a crystal poled with 12.13 µm period domains (a), corresponding z- (b). 
The domain contraction can be clearly seen in (a).  
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9.2 Domain-wall motion induced by SEM  
Here I study domain wall mobility in VTE-SLT using SEM. I show that by using low energy 
electrons, it is possible to switch the polarization pointing up (Ps↑) domains thanks to interaction 
between the incoming electron beam and the screening charges. Similar to the case of domain 
writing with e-beam, when a higher acceleration voltage electron beam is used, switching 
occurs only for polarization pointing down (Ps↓) domains, with a slower speed.  These 
observations are discussed in terms of screening charges, electron-beam penetration depth, and 
secondary emission coefficient. 
The domain structures of the poled VTE-SLT samples were studied with a field emission 
scanning electron microscope.  One of the polar faces of the sample was fixed with a carbon 
tape to a conducting holder, and the probing e-beam with different acceleration voltage (0.1 
kV-7 kV) was directed towards the other polar surface under the 5.7X10-6 mbar vacuum and 
with an aperture size of 30 µm. The images were constructed by collecting the secondary 
electron (SE) emission in an In-lens detector with a scan rate of 30 s/frame. The rastering 
direction is from left to right and downwards with respect to the top of the images. The specimen 
current, defined as what remains of the incident beam current after the production of the back-
scattered and secondary electron from the surface of the sample, was monitored at all times. 

9.2.1 Low acceleration voltage range 
First, I studied the sample response when the sample was imaged with SEM using low 
acceleration voltage of 0.3 kV-3 kV. Figure 9.7 shows two representative sets of images taken 
at 0.3 kV with similar scanning conditions: (a-c) show three consecutive scans of two elongated 
Ps↑ domains surrounded by Ps↓ domains. The dwell time for each image was 30 seconds with no 
time-interval between the scans. The second set, Fig. 9.7(d-f), displays three sequential scans 
of a different spot at the opposite polar face of the crystal, showing elongated Ps↓ domains 
surrounded by Ps↑ domains. The penetration depth of the electrons was then ~40 nm, and the 
specimen current was positive, corresponding to 𝛿𝛿 > 1 .  In both sets, the DWs appear bright, 
and no contrast between opposite domains is visible. Since the specimen current was positive, 
the sample surface was positively charged, and the number of SE electrons emitted from the 
DWs was higher than that of the domains. Furthermore, DW motion can be clearly seen in both 
sequences. Similar results were obtained for the range of low acceleration voltage tested here.  
For this low acceleration voltage range, domain switching always occurred for Ps↑, i.e., DW 
motion always occurred in such a way that Ps↓ domains expand, and switching always starts at 
an existing DW, and no nucleation sites far from the DW can be observed.  Note that domain 
motion occurred along the e-beam rastering direction and along the crystallographic axis, i.e., 
downwards and along the y- axis. Furthermore, traces of the positions taken by the DWs during 
motion are clearly seen.  However, the DW dynamics is different on the two polar faces: For 
Ps↑ domains in Fig. 9.7(a-c), the reversal started with nucleation along the y-crystallographic 
axes, forming thin lamellae domains that merge in the middle of the former domain stripe, 
resulting in complete back switching. For Ps↑ domains in Fig. 9.7(d-e), the DWs appear broader 
and corrugated, indicating uniform nucleation and growth. The average DW motion is ~97 
nm/s for the domains in Fig. 9.7(a-c) and ~ 49 nm/s for Fig. 9.7(d-e). However, for both polar 
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faces, the motion is much faster for the end-tips of the domain stripes since these end walls are 
more energetically costly and therefore more mobile [72,73].  

 

Fig. 9.7. Domain wall motion for Ps↑ domains surrounded by Ps↓ domains (a-c). Domain wall motion 
for Ps↑ surrounding Ps↓ domains (d-f). The electron beam was scanned horizontally and from top to 
bottom in the images. The acceleration voltage was 0.3 kV and the scanned area 0.12X0.09 mm2. 

The above observations can be understood in the following way:  Due to the low acceleration 
voltage, the electrons have a short penetration depth, and consequently a SE emission 
coefficient of 𝛿𝛿 > 1 , which means that the surface gets positively charged on e-beam 
bombardment. Under these conditions, the local heating created by the e-beam is too small to 
create a visible surface potential difference that could give contrast between opposite domains. 
On the other hand, the bright contrast at the DWs can be attributed to the accumulation of 
charges at the vicinity of the DW, for which the surface potential might be substantially lower 
than its surroundings due to the lack of spontaneous polarization; or simply due to elastic DW 
motion, during which charges are redistributed.    
Since VTE-SLT is non-conductive and near-stoichiometric, there is a lack of available internal 
screening charges. Instead it is the electronic and ionic charges at the surface that make the 
main contribution to the screening to the depolarization field and thereby to the domain stability 
[135]. The low-penetrating electrons interact with the adsorbed surface charges, thereby 
disturbing the screening for the Ps↑ domains, finally resulting in domain switching. DW motion 
and domain switching favor expansion of the down polarization domains since the positively 
charged surface promotes this polarization.  
When the acceleration voltage was set to 0.5 kV with similar scanning conditions, the switching 
behavior was qualitatively similar to the 0.3 kV case. However, the DW velocity was 
considerably larger when a of Ps↑ domain surrounded by Ps↓ region is scanned. Figure 9.8(a-c) 
shows DW motion for a Ps↑ domain surrounded by Ps↓ region. In only three frames complete 
back-switching is achieve, which corresponds to an average DW motion speed of ~228 nm/s. 
Figure 9.8(d-f) shows three representative images of a Ps↓ domain surrounded by Ps↑ region. In 
there the average DW speed is ~37 nm/s. Further understanding of DW creep behavior and the 
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reason behind different DW motion speeds and characteristics for different polar faces need a 
systematic study with more advanced techniques like kelvin probe force microscopy.  

 
Fig. 9.8. Domain wall motion for Ps↑ domain surrounded by Ps↓ domains (a-c). Domain wall motion 
for Ps↑ surrounding Ps↓ domains (d-f). The electron beam is scanned horizontally and from top to 
bottom on the images. The acceleration voltage of 0.5 kV- scanned area of 0.12X0.09 mm2.  

It is worth mentioning that if the same dose, but lower magnification is used for imaging, the 
resulting contrast is the same; however, no DW motion can be observed. This indicates that in 
that case, the motion is elastic or too small to be resolved. Furthermore, using low 
magnification, we examined the crystals weeks after domain-switching revealing that the e-
beam induced motion is permanent, i.e., the DWs remained in the positions they had after 
switching.   
Next, I compared the DW motion when the rastering direction was parallel to the DW, i.e., by 
rotating the sample by 90 degrees inside the chamber with respect its position in Fig. 9.7. I used 
the same experimental condition as in Fig. 9.7. Figure 9.9(a-d) are four consecutive scans of Ps↑ 
domains surrounded by Ps↓ region. Similar to Fig. 9.7, the DW motion starts with elongated 
nucleation sites that grow along the y-crystallographic axis. The motion appears to happen from 
the upper DW to the bottom one, since the e-beam is dragging the moving DW while rastering 
the image downwards. The average DW speed was 62 nm/s , i.e. ~1.5 times smaller than in Fig. 
9.7. 
By scanning the e-beam further over this area, DW motion continues till complete 
backswitching of the domain to the original Ps↓. The wall motion velocity was larger for the 
upper DWs than the lower DWs due to the fact that the e-beam is rastering from top to bottom 
in individual lines.   
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Fig. 9.9. Domain wall motion for Ps↑ domains surrounded by Ps↓ domains (a-c). Domain wall motion 
for Ps↑ surrounding Ps↓ domains (d-f). The electron beam is scanned horizontally and from top to 
bottom on the images. The acceleration voltage of 0.3 kV- scanned area of 0.12X0.09 mm2. 

I repeated the same imaging procedure on the opposite polar face, i.e., for Ps↓ domains 
embedded in a Ps↑ region. Figure 9.9(e-h) shows shows four consecutive scans taken with the 
same experimental conditions as above. The motion is similar as when the domains were 
perpendicular to the rastering direction. However, the DWs now appear blurry and with a poor 
contrast. This can be understood by the geometry of the imaging process: when the e-beam 
approaches the upper DW, it starts pulling it towards it, until the DW reaches the scanning line. 
At this point, motion for the upper DW stops. Then, when the e-beam reaches the lower DW in 
the image, it drags it with it.  The average DW velocity is here 8.7 nm/s, which is approximately 
9 times slower than rastering vertical to the walls.  
Interestingly, at both polar faces, the wall motion was faster at the end-tip of domains, where 
the walls are curved and their motion is less energetically costly.  

9.2.2 High acceleration voltage range 
I also studied the sample response when the surface was negatively charged (𝛿𝛿 < 1), by using 
an acceleration voltage of 7 kV. In this case, the penetration-depth of the incoming electrons is 
larger (~8.5 µm), and, thus, the interaction with the surface screening charges will be less 
significant. Figure 9.10 shows three consecutive scans of Ps↑ domains taken at an acceleration 
voltage of 7 kV with similar scanning parameters and magnification as those used for the 
samples in Fig. 9.7. Note, that once again there is no contrast between domains of opposite 
polarization.  
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Fig. 9.10. Domain wall motion in Ps↑ domains surrounded by Ps↓ domains scanned with 7 kV 
acceleration voltage - scanned area: 0.12X0.09 mm2. 

Now, the DWs appear dark and broader, showing a “jerky” motion, and furthermore switching 
occurred solely for Ps↓ domains. In this case the motion appeared to be much slower than in the 
low acceleration voltage case. This can be understood by observing that the larger penetration 
depth contributes to creating a sub-surface local electric field that allows for DW motion. The 
fact that switching occurs for Ps↓ is similar to how regular domain writing with e-beam occurs, 
although conventional domain writing with e-beam is usually done with larger acceleration 
voltages. Similar to the previous regime, new domains grow from the wall of existing domains, 
and no domains nucleated from scratch when the acceleration voltage was 7 kV, i.e., I only 
observed wall motion of the existing walls. Indeed, to write new domains that were far from 
any preexisting DW, the voltage had to be increased to its maximum value ~20 kV. 
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10. Conclusions and Outlook 
This aim of this thesis was to gain a deeper understanding of the domain dynamics and stability 
in two of the most promising ferroelectric oxides for nonlinear optical applications, namely, 
RKTP and VTE-SLT.  
A new method for domain engineering in RKTP using an array of Si electrodes was studied. 
With this method, high quality periodically poled RKTP samples with 9.01 μm periodicity were 
fabricated. The obtained QPM devices were evaluated in a CW SHG setup and exhibit an 
effective nonlinear coefficient of 10.8 pm/V, close to the optimum value. Furthermore, it was 
found that under proper poling conditions, the reduced domain nucleation rate under the silicon 
ribs, and increased domain expansion rate outside of the ribs, resulted in a regular domain-
grating with half the periodicity of that of the electrode period. This phenomenon allowed us to 
fabricate domain gratings with an average period of 2 μm, using a silicon electrode with 4 μm 
periodicity.  
The mature silicon fabrication technology guarantees high accuracy and reproducibility for the 
electrode fabrication. As the Si-electrodes are reusable, the method is convenient, flexible, and 
promises to speed up the poling process, thereby reducing the costs. A further potential of this 
technique can be tested by fabricating silicon electrodes using electron-beam lithography to 
achieve more complex, or sub-µm domain gratings.  
The domain stability in RKTP at high temperatures was also investigated. Anisotropic domain 
wall motion along the a- and b-crystallographic axes was observed when the samples were 
annealed at a temperature higher than 500°C. It was found that bulk domain contraction along 
the b-axis was in the order of tens of micrometers, whereas in a- direction it resulted in 
approximately three orders of magnitude lower domain wall displacement. Furthermore, 
domains that did not extend over the whole sample thickness (in the polar direction) merged or 
back-switched. Domain contraction along the b- axis increases for short periods. A method to 
increase the domain stability was successfully developed. The method consists of dicing the 
edge of domain gratings along the a-direction, in such a way that the b-faces of the periodic 
domain structure terminate in air. This method works effectively in increasing the stability for 
domain gratings with periodicities ranging from several hundred nanometers to tens of 
micrometers.  
Moreover, SA-PPRKTP samples with varying domain width and domain inter-distance were 
used to investigate the domain stability from a fundamental point of view. It was demonstrated 
that the main factor for increased instability in short period samples is the domain width rather 
than domain inter-distance. These results shed some light for further development of stable 
QPM devices in RKTP crystals. 
I also investigated the impact of chemical etching on the domain stability of VTE-SLT after 
periodic poling. Whereas the crystals that were etched 48 hours after poling were stable, and 
domain wall motion was seen in samples that were etched shortly after poling. By using on-line 
SHG, we monitored the domain dynamics during the etching process. It was shown that 
domains in HH and TT configurations, led to backswitching and domain merging, respectively.  
Finally, I studied DW motion induced by electron beam irradiation. I demonstrated that when 
the low acceleration voltage is used, only domains with upwards polarization switch. On the 
other hand, when the acceleration voltage is higher, switching occurs for downwards-pointing 
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polarization domains. These findings were discussed in terms of the electron beam and screen-
charges interaction. These results indicate the importance of surface screening for polarization 
switching and show that disturbing the screening charges by e-beam irradiation can be more 
effective to induce domain wall motion, than creating a low sub-surface field, at least for low 
voltages.   
These results on domain wall motion in VTE-SLT contribute to a better understanding of the 
switching and stability dynamics in this material, and it will hopefully lead to improvement in 
fabrication of periodically poled samples with short periodicities. However, further 
understanding and control of the chemical reactions at the polar surfaces will be necessary to 
engineer devices for applications beyond conventional QPM. 
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