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Chapter 1

Introduction

” Allwissend bin ich nicht;
doch viel ist mir bewusst.” [1]

Since the advent of the laser [2], optical technologies have become a
part of everyday-life. Applications in fields such as life science [3], medi-
cine [4], and material processing [5] have exploited this new light source
for many yearsand even nowadays fields of application such as home
media [6] still trigger the need for low-cost and mass-producible lasers.
Despite the huge demand, even today the optical spectrum between the
IR and the UV is not fully accessible by laser sources. The dark lines of
the “rainbow” spanned by the different laser types, e.g. in the regime of
green light [7], can be filled by nonlinear optics. Optical parametric os-
cillation [8] and second harmonic generation [9] are two possible mech-
anisms to convert light to different wavelengths that both benefit from
quasi phase matching [10, 11]. The two mechanisms are based on high-
quality non-linear crystals.

One of the most important non-linear-optical materials is lithium nio-
bate [12, 13], due to its ease of fabrication, robustness, transparency in
the visible-to-infrared and excellent nonlinear properties [14]. Lithium
niobate possesses a shift between the distribution of the cations and the
anions, at room temperature, along the crystalographic c-axis, leading to
a so-called spontaneous polarization. Although, it was once considered
to be a “frozen ferroelectric” [15], during the last couple of decades the
possibility to influence the orientation of the spontaneous polarization of
lithium niobate and therefore its ferroelectricity has become a vivid field
of research [16, 17]. The possibility to tailor ferroelectric domains allows
for a wealth of applications [18, 19] and therefore it is of special interest.
But many of the applications of lithium niobate involve high light intensi-
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INTRODUCTION

ties. Since the material is photorefractive, at high light intensities the beam
profile is distorted, which is then called optical damage [20]. Doping of
lithium niobate with magnesium suppresses the undesirable optical dam-
age [21], making it usable for high-power applications, but it also leads to
some new challenges in terms of domain structuring.

Several techniques have been developed to generate ferroelectric do-
main structures in lithium niobate crystals [22-24]. Currently, the most
common method for ferroelectric domain patterning in bulk crystals is ap-
plying an electric field by structured electrodes located on one of the c-
faces of the crystal [25]. The locally modulated field causes local reorient-
ing of the spontaneous polarization. Unfortunately, this method becomes
more challenging for magnesium-doped material [26] and the smallest
bulk domain structures that would be desirable [18] have not been real-
ized yet.

In this thesis the issue of tailoring ferroelectric domain structures is ap-
proached from two sides: interaction of defect structures inside the crystal
with growing ferroelectric domains is investigated and also actual domain
patterning on all crystal faces by different methods is performed. Special
emphasis is given to the Mg-doped material. The fundamental under-
standing and the methods of domain patterning developed in this thesis
are then used to obtain tailored domain structures that meet the require-
ments of their intended application in non-linear optics.



Chapter 2

Fundamentals

The versatile, tunable features of lithium niobate enable various optical
applications. In this chapter the general properties of lithium niobate are
reviewed first and then the ferroelectric properties of this material, which
lie within the scope of this thesis, are summarized.

2.1 Lithium niobate crystals — general properties

2.1.1 Crystal structure and symmetry

Lithium niobate (LiNbO3) is a birefringent, piezo- and pyroelectric crys-
tal that exists in its ferroelectric phase below the Curie temperature of
Tc = 1411 K [13]. The crystal structure, which belongs to the point group
3m [12], is invariant under a 120°rotation and exhibits a mirror plane con-
taining the rotation axis, the c-axis of the crystal. In this work the z-axis of
the cartesian coordinate system is parallel to the c-axis. The orientation of
the c-axis is given by the position of the two cations lithium (Li) and nio-
bium (Nb) as well as the vacancies (L) with respect to the oxygen planes,
where the +c direction is defined by the sequence: ..., Li, Nb, [J, Li, Nb, [,
... (Fig. 2.1). The displacement of the cations relative to the center between
two oxygen planes along the polar c-axis gives rise to the dipoles leading
to the spontaneous polarization [27]:

P =0.71C/m? . (2.1)

When LiNbOj crystals are heated up to T, which lies below the melt-
ing temperature of 1520 K [13], the displacement and therefore the spon-
taneous polarization vanishes. A second-order phase transition from fer-
roelectric to paraelectric takes place [28].
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Figure 2.1: (a) The crystal structure of LiNbO3 replotted from [29].
(b) The relative positions of the cations (Li, Nb) in relation to the oxy-
gen planes represented by black lines. The dashed lines represent the
center plane between two oxygen planes.
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2.1.2 Characteristic absorption

The transparency range of undoped, congruently melting LiNbO3; (CLN)
extends from a wavelength around 4.5 pym down to the UV edge around
350nm, where the photon energy exceeds the band gap of the crystal
(3.7eV) [13]. Beyond this absorption edge, the exact position of which de-
pends on stoichiometry and doping [30], light absorption increases strongly,
so that below 300nm the absorption length is on the order of a few mi-
crons [31-33]. A prominent absorption peak, which results from small
amounts of hydrogen bound to the oxygen, is called the OH-peak and
can be found at A = 2.87 pm [34]. An important feature of the absorp-
tion properties is that they can be utilized to determine the stoichiometry
[35] and the degree of doping with magnesium, e.g. by the shift of the
OH-peak which indicates a doping level that is sufficient to suppress the
optical damage [36].

2.1.3 Stoichiometry, defects and doping

The standard method for the fabrication of LiNbO3 is to grow the crystal
by the Czochralski method. This method leads to a congruently melting
composition of the crystal. The melt consists only of 48.5 % Li,O, which
ensures a uniform composition of the boule throughout the fabrication
process. This Li deficiency [36], incorporated into the crystal structure,
causes intrinsic defect structures, based on Nb-ions, sitting on Li-sites that
are charge-compensated by four Li-vacancies. A possible structure for this
the so-called Nby;-antisite defect cluster was proposed by Kim et al. for
undoped congruent LiNbOj3 (see Fig. 2.2) [29, 37, 38]. For the case of
Mg-doped congruent LiNbO3, where the magnesium atoms replace the
Nb-ions sitting on the Li-sites [39], the structure of the defect cluster has
yet to be determined. These antisite defect clusters possess a dipole mo-
ment, which can be aligned either parallel or antiparallel with regard to
the spontaneous polarization.

Crystals that have an atomic Li:Nb-ratio of 1:1 are called stoichiometric
LiNbOs3 (SLN). They can be obtained either by growing them directly from
the melt by the double crucible Czochralski method [40] or by performing
vapor transport equilibration on non-stoichiometric LiNbO3 [41].

One drawback of congruently melting LiNbO3 is that its applicabil-
ity in non-linear optics is hampered by optical damage [20]. This mani-
fests in beam distortion at high laser intensities, caused by the bulk photo-
voltaic effect, which leads to a local change of the refractive index via the
electro-optic effect [42, 43]. An increase of the photoconductivity, e.g. by
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Figure 2.2: Schematics of a defect complex proposed by Kim et al.
involving a niobium-on-lithium antisite defect (Nby;) and lithium va-
cancies (Vi;) in CLN [29, 38]. A stoichiometric crystal without defects
is shown in (a). The defect complex depicted in (b), after domain in-
version, becomes a frustrated defect with antiparallel orientation of
its dipole moment with regard to the c-axis (c). At elevated tempera-
tures the lithium vacancies redistribute and the dipole complex aligns
itself parallel to the c-axis again (d).
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doping the crystal with more than 5mol% magnesium or usage of SLN,
suppresses optical damage significantly [21].

2.2 Lithium niobate as a ferroelectric material

The ferroelectric properties of LiNbO3z have been subject to extensive re-
search, since LiNbOj3 with structured ferroelectric domains is utilized for
second harmonic generation via quasi-phase matching [44, 45]. The ba-
sic concept of domain patterning and ways how to visualize ferroelectric
domains are reviewed in the following.

2.2.1 Domain inversion

The term “ferroelectric” actually refers to materials with a spontaneous
polarization Ps with two or more orientational states, which can be altered
by application of an external electric field [28]. In the case of LiNbO3, the
spontaneous polarization has two possible orientations, namely parallel
or antiparallel to the initial orientation of the crystal c-axis [28]. Applica-
tion of an electrical field of sufficient magnitude reorients Ps [25, 46]. Dur-
ing the domain inversion process, the Li- and Nb-ions shift their position
along the c-axis, where the Li-ions move into the next oxygen octahedron,
whereas the Nb-ions only move to the opposite side of the symmetry plane
inside their oxygen octahedron. The shift of the cations yields an inversion
of the crystallographic c-axis (see Fig. 2.3).

The plane between two domains is called a domain wall. Due to the
change of the sign of the spontaneous polarization Ps, the compensation
charge on the z-faces have to be redistributed, which yields the follow-
ing equation for the amount of redistributed charge (Q) depending on the
domain-inverted area A:

Q = 2PsA. (2.2)

The poling current I depends on the domain wall velocity. Therefore we

can write

dA
I(t) = 2Ps o, (2.3)

where dA /dt is the change of the domain inverted area on the z-face per
time. The poling behavior of LiNbO3 is reflected in the temporal evolu-
tion of I, namely discontinuous domain wall motion that leads to poling
current peaks, the so-called Barkhausen jumps [47].
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Figure 2.3: Schematics of a LiNbO3 unit cell (a) before and (b)
after domain inversion. Movement of the cations relative to the

oxygen planes yields an inversion of the spontaneous polariza-
tion Ps.
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During domain inversion, due to reasons of symmetry, all crystal prop-
erties represented by tensors with rank 1, 3 or 5 change their sign. In par-
ticular this applies to the non-linear susceptibility, so periodic modulation
of Pg yields periodic modulation of the non-linear susceptibility, which is
the basic concept of quasi-phase matching [48].

The most common definition for coercive field (E¢) is the threshold
electric field that has to be applied to invert Ps from its initial orientation,
and for LiNbOs it scales between 21kV/mm and 2kV/mm, depending
on the stoichiometry [49-52] and the doping [53, 54] of the crystal.

For two subsequent domain inversions of LiNbOj3, the spontaneous
polarization can be plotted vs. the applied external field, showing a hys-
teresis loop (see Fig. 2.4). The magnitude of the forward and backward
switching field can be read from the intersection of the loop with the E-axis
and in this thesis Ec is defined as the value of the forward switching field
[55]. For congruent material the value of the backward switching field that
reorients Ps is smaller than Ec. This is probably caused by an internal field,
generated by the antisite defect clusters (see Fig. 2.2) [38, 49, 55], which do
not necessarily flip their polarization.

wf
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-1.5 -1 -05 O 0.5 1 1.5
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Figure 2.4: Spontaneous polarization Ps of LiNbOj3 plotted vs. the
applied electrical field E normalized to the coercive fiueld Ec. The
shift of the hysteresis loop due to the so-called internal field (Ejn¢) is
indicated by the dashed line.



FUNDAMENTALS

2.2.2 Coercive field reduction

There are various intrinsic and extrinsic parameters that affect the coer-
cive field of LiNbOj3. In terms of intrinsic parameters, the coercive field
depends on the stoichiometry, since defects have a major influence on the
domain inversion process. The Nby; antisite defect can pin domain walls
[37, 56], therefore the composition of the LiNbOjs crystal has a significant
effect on Ec. Doping of the crystal with cations that replace the Nb-ion sit-
ting on the Li-site [57], e.g., Mg-, Mn- or Er-ions, reduces Ec [58-60]. Since
converging the Li-to-Nb ratio to 1:1 inside the crystal yields reduction of
the domain wall pinning, crystals with a composition closer to that of SLN
have a lower coercive field [49-52].

There is also extrinsic treatment that can reduce the coercive field. II-
lumination with visible light [61, 62] or weakly absorbed UV light [63]
decreases Ec transiently. In the case of weakly absorbed UV light, signifi-
cant Ec reduction is only observed in crystals with Mg-doping above the
threshold that suppresses the optical damage [54].

Heating of the crystal to 500 K during EFP transiently reduces the
coercive field of LiNbOj to less than 50% of its value at room tempera-
ture [37, 64]. The internal field is reduced, so that the required field for
forward poling and the field for backward poling converge to the same
value for increasing temperature. Fewer Barkhausen jumps are observed
at elevated temperatures, indicating smoother domain wall propagation
(see Eq. 2.3) [37].

2.2.3 Domain patterning

There are several techniques available for domain patterning. Yamada
et al. were the first to demonstrate periodic poling of LiNbO3 at room
temperature by using an electron beam [65]. Nowadays, the most com-
mon technique is electric field poling (EFP), which can be performed us-
ing structured metal electrodes [25] or liquid electrodes with a structured
dielectric resist on the crystal surface [66]. When applying a voltage to the
electrodes that produces an external field which exceeds the coercive field,
the domains nucleate at the edges of the electrodes, where the field is the
highest [67]. The domains start growing along the z-axis, while they si-
multaneously spread perpendicular to the z-axis. Due to different aspects
of domain kinetics [68] it is challenging to generate domain patterns with
period lengths of a few microns in bulk crystals, especially for magnesium-
doped LiNbOj3 [26]. It is still an active field of research to develop new
methods for domain structuring that yield smaller ratios for domain width
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to domain depth in periodically poled material. Light-assisted domain
patterning by spatial modulation of Ec utilizing structured illumination
by weakly absorbed UV light has been performed to realize bulk domain
patterns with shorter period lengths in MgCLN [63, 69]. For 500-um-thick
MgCLN crystals bulk domain patterns with a period length of 16 pm have
been generated. Periodic domain patterning is performed at elevated tem-
perature from 350 K to 440 K to obtain a better aspect ratio of the domain
width to the depth of the domain pattern [70, 71].

Domain patterning also can be obtained directly during the crystal
growth process [17, 44], by titanium in-diffusion [72], electron bombard-
ment [73], exposure to focussed visible light [61], scanning electron beams
[65] or ion beams [74]. Another method, which allows for domain pattern-
ing in the nm-regime is poling by application of a voltage to the tip of a
scanning force microscope [75, 76]. The possibilities and underlying mech-
anisms of domain engineering by strongly absorbed UV light [24, 77, 78]
and EFP assisted by weakly absorbed UV light [54, 63] are exploited in the
context of this thesis.

2.2.4 Domain visualization

Several methods for domain visualization have been introduced which
have various benefits and disadvantages [79, 80]. The domain visualiza-
tion methods used in this thesis are described in the following.

At the vicinity of domain walls in LiNbO3, strong mechanical strain-
induced birefringence is observed due to the photoelastic effect [12]. This
effect can be utilized to visualize domain walls in z-cut crystals through
crossed polarizers [81], which offers the possibility of non-destructive in-
situ visualization [82].

Another method to visualize domains, which works only on the y- and
z-faces of LiNbOj3, is domain selective etching [83-86], where the fact that
the —z and —y faces can be etched, whereas the +z and +y faces remain
almost unaffected, translates a domain pattern into the corresponding to-
pography pattern. This is then imaged by optical microscopy, or with even
higher spatial resolution by scanning electron microscopy or atomic force
microscopy. Aqueous hydrofluoric acid (HF) [19] or mixtures based on
HF [87] are commonly used for domain-selective etching. The etching
rate for the —z face of LiNbOj3 is 0.8 uym/h [86] and for the —y face it
is 0.08 — 0.11 pm/h [88] at room temperature. Despite the advantage of
high spatial resolution, HF-etching is a destructive method that limits the
usefulness of the domain-engineered crystal for further application.

11
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Recently, piezoresponse force microscopy (PFM) has become an alter-
nate method for domain visualization, based on a modified scanning force
microscope [80, 89]. An oscillating voltage is applied to the PEM-tip, while
the crystal is scanned in contact mode. The PFM domain signal is de-
tected by a lock-in amplifier, measuring the tip cantilever vibration and
its phase with respect to that of the applied modulated voltage, caused by
the surface thickness change generated by the piezoelectric effect. PFM of-
fers a lateral domain resolution in the nm-regime, is non-destructive and
can detect domains on all faces of LiINbO3 with a depth resolution up to
2 um [90].

12



Chapter 3

Experimental methods

In this section different approaches are introduced to control domain in-
version in LiNbO3 and generate domain patterns. Experimental methods
to investigate the effect of strongly absorbed UV light, weakly absorbed
UV light and heat on the domain inversion process are described.

3.1 Samples

Lithium niobate crystals are fabricated in boules and mostly sold in the
form of wafers, where CLN is typically sold as 4” wafers and SLN or
doped CLN is typically sold as 3” wafers. The orientation of the crystal-
lographic axes is indicated by the so-called flats, flattenings on the circu-
lar wafer, which are indicated to be perpendicular to one of the crystallo-
graphic axes. LiNbO3; wafers with different compositions, which all have
a thickness of 500 pm and surfaces polished to optical grade, are investi-
gated. Whereas for the EFP experiments only samples from z-cut wafers
are used, the experiments on domain generation by strongly absorbed UV
light are also conducted with samples of x- and y-cut wafers. The z-cut
wafers are cut into samples with dimensions of x X y = 15mm x 16 mm
and the x- and y-cut wafers are cut into samples with dimensions of y X
z = 12mm X 13mmand x x z = 15mm X 14 mm, respectively, to en-
able identification of their crystallographic axes by the shape of the sam-
ple. Table 3.1 gives an overview of all samples used, their manufacturer,
their stoichiometry and their doping.

Additionally to the usage of as-grown crystals, a set of CLN z-cut crys-
tals is annealed in vacuum (6 x 10~* mbar) at 1070 K for 8 h. Through
chemical reduction, this procedure leads to the formation of stable bipo-
larons with an absorption band centered at the of wavelength 500 nm [93].

13
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| Sample name |  Stoichiometry [ Doping level | Cut orientation
CLN Congruent - z
MgCLN Congruent 5 mol% z
MgSLN Near-stoichiometric 1 mol% z
SLN Stoichiometric - z
CLN(y) Congruent - y
MgCLN(x) Congruent 5 mol% x

Table 3.1: List of all types of LiNbOj3 crystals used in this thesis.
Manufacurers: CLN/ CLN(y): Crystal Technology Inc. (USA), Mg-
CLN/ MgCLN(x): Yamaju Ceramics Co. Ltd (Japan), SLN/ MgSLN:
Oxide Corp. (Japan). All crystals have a thickness of 500 um. The
near-stoichiometric magnesium-doped samples and the congruent
magnesium-doped samples are both doped above the corresponding
threshold, so that optical damage is suppressed [91, 92].

3.2 Experimental setup for domain inversion

To achieve domain inversion in LiNbOj crystals by electrical field poling
(EFP), high electrical fields up to 21 kV/mm are required. Since the electri-
cal breakdown field in air is around 3kV/mm and currents in the regime
of just several pA have to be measured to determine the coercive field,
the crystal holder has to have good insulating properties. Furthermore,
the impact of UV illumination and heating on the coercive field is inves-
tigated, so the poling setup has to enable simultaneous illumination with
light down to a wavelength of 300 nm and controlled heating up to 520 K
during EFP.

3.2.1 Sample holder

The basic concept of the sample holder is that a z-cut LiNbO3 crystal is
clamped between two O-rings by two fused silica plates and then is con-
tacted from both faces by liquid electrodes. A schematic view of the sam-
ple holder is shown in Fig. 3.1. The O-rings have an inner diameter of
9 mm, so the area on each face contacted by the liquid electrodes is 0.64 —
0.71 cm?, depending on how strong the O-rings are clamped and therefore
deformed.

At room temperature, O-rings made of graphite-free silicon are used,
which at temperatures above 400 K are replaced by O-rings made of viton®,
which has a higher thermal resistivity. The two fused silica plates are
transparent for visible light and UV light down to 200 nm and each have

14
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two holes, drilled from the top, to fill in the liquid electrodes and hence to
contact both crystal faces. The +z face is connected to a high-voltage am-
plifier (Trek 20C), which can deliver voltages from —20 kV to +20 kV. The
electrode on the —z face is used to determine the poling current, which is
on the order of several nA. The electrode is either connected to an ampere-
meter (Keithley 6514 Electrometer) for the case of slow poling by voltage
ramps or to a current-to-voltage converter connected in series to an oscil-
loscope (Agilent 54624 A) to detect the poling current for the case of poling
with short high voltage pulses.

At room temperature, the conductivity of the CLN, MgCLN, SLN, and
MgSLN samples is below 10712~ 'm~! and corresponds to the so-called
dark conductivity of the crystal op. Therefore, the resulting background
current of a 500-um-thick sample at 10 kV is below 1 nA and negligible in
comparison to the poling current. The overall conductivity of the samples
is given by:

o = 0p -+ 0pn + 01. (3.1)

The ionic conductivity o7 rises with increasing temperature, while the pho-
toconductivity opy, in this experiment, depends on the intensity of the
weakly absorbed UV light.

3.2.2 Domain patterning with structured electrodes

To generate periodic domain patterns by EFP, the crystal was coated on
the +z face with a 1.5-pm-thick, structured photoresist. The layer of pho-
toresist (AZ1512) acts as an electrical insulator and also absorbs 48% of the
incident UV light at the wavelength of 334 nm. The photoresist pattern
had a period length of 10 pm, and the stripes of the pattern were oriented
parallel to the y-axis of the crystal. When the coated crystal is contacted
by liquid electrodes, the duty cycle of the resulting electrode pattern on
the 4z face is 0.1, i.e.,, 90% of the crystal surface is covered by the pho-
toresist and therefore insulated, even though a duty cycle of the resulting
domains of 0.5 is desired. This is due to the fact that the photoresist pat-
terns are designed for domain patterning in magnesium-doped LiNbQOs3,
where the lateral domain growth leads to rapid domain merging, while
the domains grow from the +z to the —z face [68]. The —z face is homo-
geneously contacted by a liquid electrode.

Customized voltage pulses with duration of 200 ms are generated by
a function generator and amplified by the Trek 20C. In-situ observation
of domain growth and monitoring of the poling current are used to de-
termine when a domain pattern with a duty cycle close to 0.5 has been

15
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_C° 7l
Liquid electrodes Fused silica
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Cartridge heaters O-rings

Figure 3.1: Schematic drawing of the sample holder that enables
simultaneous heating and UV illumination. The z-cut sample is
clamped between two fused silica plates and can be contacted by
different sorts of liquid electrodes 3.2. HV: high voltage source, I:
ampere-meter.
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generated after application of several subsequent pulses.

3.2.3 Heating of the sample

To heat the crystal that is clamped into the sample holder, up to temper-
atures of 520 K, four cartridge heaters with an overall power of 200 W
can be inserted into the metal frame of the sample holder. A temperature
sensor located 1 cm from the O-ring on the inner side of the fused silica
plate measures the actual temperature of the sample, and a temperature
controller enables heating of the sample between room temperature and
520 K with an accuracy of +1 K. The sample is heated and cooled at a rate
of 5 K/min to avoid pyroelectric self-poling [94].

At temperatures above the boiling temperature of water, which is used
as the standard liquid electrode for EFP at room temperature, alternative
liquid electrode materials have to be used, which should also transmit visi-
ble and UV light for simultaneous in-situ visualization and EFP. The high-
temperature electrodes used are a saturated calcium dichloride solution
(up to 400 K) and then a molten binary salt mixture of potassium nitrate
and lithium nitrate (up to 520 K). Both materials have a high conductivity
and a sufficient UV transmission at 351 nm. For the intermediate temper-
ature regime, cinnamyl alcohol is used, which, due to its organic nature,
does not transmit UV light. All electrodes, their temperature regime of ap-
plication and the UV transmission through 1 mm of the electrode, which
corresponds to the width of one liquid electrode inside the sample holder,
are listed in table 3.2.

] Type of electrode \ Temperature [K] \ Transmission [%] ‘

H,O 290 - 350 100

H,0 + CaCl, 350 - 400 100
Cinnamy] alcohol 400 - 430 0
LiNO;3; + KNO3 430 - 520 40

Table 3.2: Liquid electrodes, used in different temperature regions
and their UV transmission at 351 nm wavelength for 1 mm interac-
tion length.

3.24 Homogeneous UV illumination of the sample

It is known that homogeneous illumination with weakly absorbed UV
light reversibly reduces the coercive field strength of magnesium-doped
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LiNbQO;3, leads to increased uniformity on the growth of the domains [54]
and increases the photo-conductivity of the crystal [54, 63]. At room tem-
perature the 334 nm line of an argon-ion laser (Coherent INNOVA Sabre
25/7) is used to illuminate the crystal, since the effect of this wavelength
on the poling behavior of MgCLN has been extensively studied [30]. The
absorption coefficient at this wavelength is « < 0.1 mm ! [30], so the UV
light intensity inside the 500-um-thick crystal can be assumed to be effec-
tively constant. For EFP at elevated temperatures, the 351-nm-line of the
argon-ion laser is used for illumination, since the liquid electrodes have a
higher transmission at this wavelength (see Tab. 3.2).

One aim of the UV illumination is to utilize the Ec-lowering effect in
combination with the structured photoresist to fabricate bulk domain pat-
terns with period lengths in the regime of a few pm. Magnesium-doped
samples (MgCLN and MgSLN) are coated with the structured photoresist
on the +z face (see Sec. 3.2.2), clamped into the crystal holder and illu-
minated with UV light of 334 nm with an intensity of 0 — 50 mW /cm?
(see Fig. 3.2). High-voltage pulses designed on the basis of pulses used by
Caballero-Calero et al. [95] are successively applied with increasing mag-
nitude until the in-situ visualization and monitoring of the poling current
indicate a good duty cycle of the domain pattern.

Another aim of the UV illumination is to utilize its effect on the elec-
tronic conductivity of the crystal to investigate the impact of the screening
of defect clusters on the poling behavior. Here Ec and the internal field
of MgCLN crystals are investigated for different UV intensities. Further-
more, heating (see Sec. 3.2.3) and homogeneous UV illumination are com-
bined during EFP, since they increase the ionic conductivity and the elec-
tronic conductivity, respectively, and their impact on Ec is investigated.
The Ec measurements are conducted with CLN and MgCLN samples, and
the hysteresis loop is recorded by plotting the transferred charge vs. the
applied field as a function of the applied field (see Sec. 2.2.1). Addition-
ally, the susceptibility of vacuum-annealed CLN samples (see Sec. 3.1) to
coercive field reduction by UV light (351 nm), i.e., whether different UV
light intensities change Ec, is investigated.

3.3 Domain inversion and domain imaging — mea-
surement of the coercive field strength

The coercive field depends on various intrinsic and extrinsic parameters
(see Sec. 2.2.1). Since domain inversion is a stochastic process [96], Ec even

18



EXPERIMENTAL METHODS

Liquid electrodes Fused silica plates

c-axis

Beam expansion
/\ ‘_

[

\ O-rings

Argon-ion Sample with
laser photoresist on +z face

Figure 3.2: Experimental setup for electric field poling with simul-
taneous UV illumination by an argon-ion laser. Magnesium-doped
samples are coated with UV-absorbing photoresist on the +z face to
fabricate bulk domain patterns.

depends on the speed at which the electric field is ramped up. Therefore,
to obtain comparable data sets, a consistent method for the determination
of Ec is crucial.

3.3.1 Inversion of ferroelectric domains

After the sample has been mounted into the sample holder, both z-faces
are contacted by liquid electrodes. If EFP is performed at elevated temper-
atures, the two faces are grounded during heating to prevent the build-
up of pyroelectric fields. If not stated otherwise, in all experiments the
applied electrical field is increased linearly at 30 V/(mms), until domain
inversion starts at a certain field strength and the poling current can be
detected.

3.3.2 Poling current

The poling current I during EFP results from the temporal evolution of
the spontaneous polarization and the compensation charges on the z-faces
(see Eq. 2.3). For LiNbQOg, this current is typically larger than 1 pA for
the domain-inverted area of 0.64 — 0.71 cm?, resulting from the standard-
size O-rings. The dark conductivity of all types of LiNbO3 samples used
(CLN, MgCLN, SLN, MgSLN), leads to a current which is typically in the
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regime of 1072 A and is low enough that a distinct poling peak can be ob-
served from this background current. As long as the background current
is negligible, for our experiment, Ec is defined as the value of the exter-
nally applied field at which the I becomes larger than 1 pA. For all types
of LiNbOs3, at elevated temperatures the ionic conductivity and in the case
of Mg-doped LiNbOjs also for illumination with weakly absorbed UV light
the electronic conductivity increases.

3.3.3 In-situ visualization

Figure 3.3 shows the experimental setup that is used to visualize domains
during EFP. Collimated light from a cold light source is polarized, then
transmitted through the crystal. The second polarizer is set to minimum
transmission and the parallel light beam is focussed on a CCD camera to
image the entire crystal surface inside the O-ring. The beam from the cold
light source can be superimposed with the weakly absorbed UV light by
a dichroic beam splitter and all liquid electrodes used for EFP at different
temperatures are transparent, so in-situ visualization is applicable for all
poling conditions. The birefringence at the domain walls can be visualized
while performing EFP (see Sec. 2.2.4) and the nucleation of domains as
well as the movement of the domain walls can be imaged.

If the background current during EFP, e.g. at elevated temperatures,
becomes too high to precisely determine Ec from the poling current, an
alternative method has to be used. Since the EFP setup with liquid elec-
trodes enables in-situ visualization, the field strength at which not only
single nucleation spots but domain wall movement all over the crystal
can be observed is chosen. This also coincides with the detectable poling
current peak for the case of low underground current. These two defini-
tions used here, are related anyway by Eq. 2.3, since the visualized domain
wall movement corresponds to the term “dA/dt” and the poling current
is equivilant to "dQ/dt”.

3.3.4 Domain-selective etching

The domain patterns are translated into a topography pattern by domain-
selective etching by an aqueous solution of hydrofluoric acid (48%) (see
Sec. 2.2.4). Small droplets of hydrofluoric acid (HF) are pipetted on the
crystal surface and after the corresponding etch time are neutralized by
saturated calcium hydroxide solution: 2HF + Ca(OH), — CaF, + H;O.
The z-faces are etched for 15 minutes, whereas the y-faces, due to their
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Figure 3.3: Schematic setup for in-situ visualization of domain walls
during electrical field poling. The stress-induced birefringence at the
domain walls is visualized through crossed polarizers. A dichroic
beam combiner enables superposition of the light from the white
light source with the expanded UV laser beam, so that the domain
growth during UV-assisted electrical field poling can be observed.
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lower etch rate, are etched for 1 h, leading to an etched profile height of
several 100 nm. The domain pattern is then be visualized by an optical
microscope.

The fact that the Rayleigh length of the optical microscope used is
smaller than the crystal thickness of 500 pm is utilized to investigate bulk
domain patterns: The sample under the microscope is illuminated from
the rear, a domain pattern on the 4z face, which faces the microscope ob-
jective, is imaged and then the crystal is translated towards the microscope
objective, i.e. the +z direction until the focus is on the rear face of the sam-
ple. So the focus is shifted to the spot on the —z face of the sample with
the same x- and y-coordinates and therefore imaging of the same spot on
the 4z and —z face is enabled. By this method, it can be verified, whether
domain patterns grow as bulk domain patterns throughout the crystal or
whether they merge, while they grow from the +z to the —z face.

3.3.5 Imagingand generation of domains via piezoresponse
force microscopy

A method for domain imaging and domain generation is offered by piezo-
response force microscopy. For domain imaging, an oscillating voltage
is applied to the metallized tip of a scanning force microscope [80, 89].
The oscillating voltage induces a thickness oscillation of the crystal via the
inverse piezoelectric effect, which is detected by a laser beam reflected by
the cantilever (see Fig. 3.4). The amplitude of the oscillating voltage is 5 —
15V peak-to-peak and its angular frequency is in the range of 5 — 50 kHz,
which is less than the cantilever resonance frequency (> 100 kHz) or the
resonance frequency of the crystal (GHz regime) [80]. A major advantage
of the PFM is that, despite all other methods, it can image domains on the
non-polar x-faces [97], which cannot be done by differential HF-etching.

Also an alternative method for “global” domain inversion performed
by EFP, namely “local” domain inversion by application of a voltage to the
tip of a scanning force microscope in contact mode in LiNbO3, is offered
by the PEM [76, 98]. The sharp PFM tip (= 50 nm tip radius) yields a
divergent electric field, which has an electric field strength near the tip
that exceeds the coercive field strength even for application of moderate
voltages (=~ 100 V) to the tip [80].

For PFM poling a z-cut MgCLN crystal has to be thinned down to less
than 30 pym and is grounded on the rear side. Then the voltage is applied
in contact mode and a locally domain-inverting field is generated. Either
small domain hexagons in the nm-regime can be generated by application
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of short voltage pulses in the ms-regime [76] or alternatively, serial lines,
with a width around 100 nm, can be poled by scanning the surface under
a constant voltage [99].

Laser beam

1
e

Detector Scanner
Cantilever
Vit Voo t Function
generator

I‘E Feedback

v Lock-in {1+ Domain signal
amplifier

Figure 3.4: Schematic of a piezo force microscope (PFM), replotted
from [80]. An oscillating voltage (Vac) and a constant voltage (Vpc)
can be applied to the tip for either probing the domain structure or
generation of domains. The rear side of the sample is grounded. The
domain signal is detected by a lock-in amplifier, operating at the fre-
quency of Vuc.

3.4 Domain patterning by local irradiation with
strongly absorbed UV light

An alternative method for domain structuring in lithium niobate is poling
inhibition (PI) [78]. To achieve PI, the +z face of a crystal is irradiated with
a tightly focussed, strongly absorbed UV laser beam. The irradiated loca-
tions maintain their polarization during subsequent EFP, indicating that
the local coercive field is significantly increased. Both, the lateral width
and the depth of the generated domains, is on the micron scale [90]. The
applicability of PI has been confirmed by Sones et al. in CLN and MgCLN
[78]. In the following it will be investigated if PI works in stoichiometric
material, as well.

3.4.1 Irradiation setup

The beam of an argon-ion laser operating at a wavelength of 275 nm is
focussed on the +z face of the crystal (see Fig. 3.5). The room temperature
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absorption coefficient a of the UV light is more than 1 pm~! for all mate-
rials investigated [31, 33]. The sample is mounted on a two-dimensional
translation stage (Micos SMC-corvus) which has an absolute accuracy in
translation of 30 nm for both axes. The optical axis of the UV laser beam is
perpendicular to the translation axes, so that the focus of the beam can be
scanned across the surface of the crystal. The beam, with a TEMyy mode,
is focussed by a fused silica lens with a focal length of 37.5 mm to a spot
with focal radius of (2.5 £+ 0.75) pym (at FWHM). All types of z-cut crystals
listed in table 3.1 were used to investigate the impact of stoichiometry and
MgO-doping on PL

Mirro% \— Mirror

Lens\ Beam expansion

z, O
2o MUY

2D-translation Mirror Argon-ion laser
stage

Figure 3.5: Schematic of the setup for local irradiation of the crystal
surface with strongly absorbed UV light. The expanded UV laser
beam of 275 nm is focussed on the crystal surface by a lens (focal
length: 37.5 mm) to a spot with a focal radius (FWHM) of ry = (2.5 £
0.75) pm. By movement of the computer-controlled 2D translation
stage, arbitrary trajectories can be scanned on the sample surface.

The previously described setup enables generation of arbitrary pat-
terns of parallel UV-irradiated lines or dot arrays. A desirable application
of PI domains, namely whispering gallery mode resonators (WGRs), re-
quires a radial domain structure to achieve a constant period length for the
light propagating inside the WGR. To scan a radial pattern on the crystal
surface, a computer-controlled precision rotation stage (Newport RVS80)
is mounted on top of the translation stage. With the aid of a computer
controlled algorithm, a radial latent state (LS) pattern with a diameter of
6 mm is generated on the +z face. The mounted crystal is already attached
to the metal cylinder used for the fabrication process of the WGRs by dia-
mond turning, so the center of the radial structure differs from the center
of the WGR by only several pum.
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3.4.2 Generation of the latent state

The fabrication of PI domain patterns can be divided into two steps, namely
the irradiation of the crystal with UV light and subsequent EFP of this
crystal. It is evident that the crystal properties are strongly altered in
the UV-irradiated areas, even though no domain reversal has yet been
observed. This changed state of the crystal, referred to as latent state, is
the cornerstone of the PI phenomenon. The latent state was found to be
very stable under ambient conditions [100] — no effect of the time inter-
val between the primary UV irradiation and the subsequent EFP was ob-
served. Extensive iteration of parameters including scanning velocity v,
which describes how fast the laser focus is moved across the surface and
the laser power incident on the surface Pyy has been performed [24, 100].
Ying et al. found that for a scan velocity v = 100pm/s and laser pow-
ers between 35 and 45 mW, which correspond to a UV intensity of Iyy ~
(1.8 —2.3) x 10° W/cm?, with an accuracy of 0.5 x 10° W/cm?, the best re-
sults for PI could be achieved in terms of uniform domain structures and
minimum thermal damage [100]. One aim of the experiments conducted
is to understand the mechanism of formation and the properties of this
LS. It will be investigated, if the LS is attributed to structural changes — to
local changes in stoichiometry or to e.g. the concentration of point defects.
Potentially however it could also be linked to internal space-charge fields
caused by UV-induced charge separation.

Note that for strongly absorbed UV light of a wavelength below 306 nm
the resulting PI domains do not significantly depend on the wavelength
used, i.e., in our case the different emission lines of the Ar-ion laser (305.5,
302.4, 300.3 and 275.4 nm), in terms of surface damage and domain qual-
ity [100]. Only the depth of the PI domains slightly increases for shorter
wavelengths. In this thesis all experiments with strongly absorbed UV
light are performed with light of wavelength 275.4 nm.

3.4.3 Poling inhibition

After the latent state is written on the crystal surface, the sample is moun-
ted in the crystal holder and is domain-inverted three times by EFP, since it
was found that this results in continuous surface domain structures [100].
The applied field is ramped up with a rate of 30 V/(mm s) until the do-
main inversion process starts. This is determined by monitoring the stress-
induced birefringence originating from the domain boundaries and when
the poling current exceeds the threshold of 1 pA. Then the applied field is
kept constant until the poling current drops below the threshold of 1 pA,
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and then the field is ramped down. This procedure enables slow and
smooth domain wall propagation, which was found to effectively trans-
late the LS into a domain pattern. The resulting PI domains can be inves-
tigated either by PEM or by HF-etching.

3.4.4 Persistence of the latent state

Closer investigation of the LS is performed to clarify the driving mecha-
nism for PI. Since the LS is stable under ambient conditions, the stability
of the latent state under either homogeneous illumination with weakly ab-
sorbed UV light or annealing of the crystal is investigated. Each sample
underwent one of three treatments prior to EFP: annealing at temperature
T = 520 K for one hour, annealing at T = 670 K for one hour, or uni-
form illumination with weakly absorbed UV light at 334 nm for 30 min
(intensity: I334nm = 150 £5 mW/ cm?).

The chosen annealing temperatures correspond to different charge trans-
port mechanisms: most likely only protons are relevant at T ~ 520 K,
whereas Li ions become mobile enough at T ~ 670 K to significantly con-
tribute to the ionic conductivity [101]. It is known also that the photo-
conductivity becomes strong in MgCLN upon weakly absorbed UV irra-
diation with light of a wavelength of 334 nm, compared to the initial dark
conductivity [30].

3.4.5 Irradiation of the non-polar faces

The effect of direct domain writing on the —z face [77] and poling inhibi-
tion for the +z face [78] is already known for the irradiation parameters
described in section 3.4.2. The same irradiation procedure is now applied
to the x- and y-faces of LiINbO3 [CLN(y) and MgCLN(x)]. To investigate
the impact on the domain structure for the y-face, differential etching can
be applied but since the two x-faces do not exhibit differential etching
rates, PFM has to be utilized to image domain structures [97].

After UV-irradiation, the non-polar faces of some crystals are carefully
polished . Due to the thermal surface damage of the UV-irradiated tracks,
the laser-written lines can be seen as a corresponding topographical image
with a depth of several nanometers, by PFM.
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Chapter 4

Experimental results

4.1 Domain patterning with structured electrodes
and ultraviolet light illumination

In this section the results of domain patterning using structured electrodes
are summarized. In addition to the structured electrodes, spatially mod-
ulated illumination with weakly absorbed UV light at 334 nm is used to
pattern the coercive field reduction and to generate a bulk domain pattern
(see Sec. 3.2.4). Since coercive field reduction by illumination with light
of 334 nm only works with Mg-doped lithium niobate [54], only MgCLN
and MgSLN crystals are processed and investigated by optical microscopy
after HF etching.

4.1.1 Domain patterning in Mg-doped congruent lithium
niobate

The MgCLN samples are clamped into the crystal holder and homoge-
neously illuminated with UV light on the +z face. The duration of the
HV pulses, the pulse amplitude and the UV intensity I334nm are varied
respectively, and the resulting domain patterns were evaluated. Itera-
tion of these three parameters yields reasonable domain patterning on the
+z face (peak amplitude: 24 kV/cm, pulse duration: 200 ms, Is34nm =
40mW /cm?) but on the —z face, the domains are merged and the pattern
is not preserved for all period lengths between 6 pm and 50 pm. The re-
sulting domain pattern on both faces for a period length of 10 pm is shown
as an example in Fig. 4.1. On the +z face the electrode pattern with a duty
cycle of 0.1 is translated into a domain pattern with a duty cycle around 0.5
but on the —z face the domains at the same spot are merged to hexagons
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and no domain pattern can be observed. Even for the larger period lengths
up to 30 um the domains merge as they grow from the +z to the —z face.

Figure 4.1: Typical domain structure obtained for EFP with succes-
sive HV pulses in MgCLN with simultaneous homogeneous illumi-
nation with UV light of 334 nm wavelength. The structured electrode
pattern on the +z face is translated into (a) a domain pattern with a
duty cycle of 0.5. The domain pattern does not grow trough the entire
crystal: (b). On the —z face only hexagonal-shaped merged domain
structures are observed.
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4.1.2 Domain patterning in Mg-doped near-stoichiometric
lithium niobate

The mechanism of reversible coercive field reduction has been already re-
ported for near-stoichiometric, magnesium-doped LiNbOj3 as a proof of
principle by Wengler et al. [30]. To obtain suitable illumination param-
eters, the dependence the coercive field on UV illumination for different
intensities (Eé) is measured. The results for a wavelength of 334 nm are
shown in Fig. 4.2. A UV intensity of Iz334nm = 30 mW/ cm?, where the Eé
is reduced to 50% of the value of Ec = 3kV/mm, is set as a reasonable
starting point for the iteration of domain patterning for different samples
at different UV intensities.
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Figure 4.2: Coercive field strength (E{) vs. the intensity of the UV
light incident on the +z face of MgSLN. Here E} is normalized to the
initial coercive field strength (Ec), which is measured without UV
illumination.

The duration of the pulses, the pulse amplitude and the UV intensity
I334nm are varied, and the best result is obtained for the following param-
eters: Izanm =40 mW/cm?, a pulse amplitude of 3 kV/mm and a pulse
duration of 300 ms. A typical HV pulse and the resulting poling current,
indicating structured domain growth, are depicted in Fig. 4.3. Microscope
images of both faces of the etched crystal are shown in Fig. 4.4 and clearly
indicate that a bulk domain pattern is generated in the MgSLN crystal,
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which has mostly a duty cycle close to 0.5 and some part with merged
domains.
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Figure 4.3: Applied HV pulse and the poling current versus time
for MgCLN homogeneously illuminated with UV light (Is3g4nm =
40 mW/cm?; E: externally applied electric field; I: electrical cur-
rent). The non-ohmic behavior of the current (between =250 ms and
t=300 ms) indicates that the current results not from conductivity but
from redistribution of compensation charges.

The same poling procedure is performed with another coated MgSLN
crystal but without UV illumination. In this case, a domain pattern on the
+2z face is generated. However, it does not penetrate through the crystal,
i.e.,, no pattern on the —z face is obtained. Furthermore, a crystal with
homogeneous illumination from the —z face, i.e., the uncoated side, was
processed with the same parameters. After HF etching no domains that
have the shape of the photoresist pattern could be found, but only do-
mains of the typical hexagonal shape, which confirms the impact of the
structured UV illumination on the generation of bulk domain patterns.

4.2 Domain patterning by UV irradiation

An alternative, serial method for domain patterning is offered by poling
inhibition. In contrast to EFP with structured electrodes, where the field
which is applied to the crystal is locally modulated by a structured pho-
toresist, in the case of PI the EFP step is performed with a homogeneous
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Figure 4.4: Typical domain structure obtained for EFP with subse-
quent HV-pulses in MgSLN and simultaneous homogeneous illumi-
nation with UV light of 334 nm wavelength. The structured electrode
pattern on the +z face is translated into a bulk domain pattern with a
duty cycle close to 0.5 (a). Only few domains merge, and the domain
pattern can be observed on the —z face, as well (b).

electric field, but the UV-irradiated areas of the crystal do not reverse their
spontaneous polarization, when the applied field exceeds Ec.

4.21 Poling inhibition in near-stoichiometric lithium nio-
bate

Samples of SLN and MgSLN are irradiated with UV light using the stan-
dard parameters and the experimental setup described in Sec. 3.4.2. A
pattern of 24 laser-irradiated tracks with a spacing of 20 pm and a length
of 12 mm is written parallel to the crystal y-axis with different UV inten-
sities (Iyy = (1.8 —2.3) x 10° W/cm?) that span the intensity regime for
congruent material from no generation of PI to resulting strong surface
damage[100].

Then, the samples were poled three times and the resulting domains
were examined. Strong thermal damage is observed on the surface for
the highest intensity, as in the case of MgCLN and CLN [100], but no PI
domain structures could be observed for any intensity. The result for the
highest intensity without thermal surface damage is shown in Fig. 4.5. A
domain wall can be observed in the lower part of Fig. 4.5, where the region
above the domain wall was domain inverted three times. No solid domain
structures but only small domain nuclei that have retained their original
spontaneous polarization are observed, so the PI mechanism is apparently
hampered by a better stoichiometry of the crystals. Thus, in the following,
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Figure 4.5: Resulting domain structure on the +z face of an HF-
etched crystal, obtained for optimized irradiation parameters with
regard to surface damage for SLN (Iyy = 2.4 x 10° W/cm?). Only
faint domain nuclei but no solid PI structures are observed above the
domain wall. In the part of the crystal above the domain wall of the
crystal, the spontaneous polarization is oriented antiparallel to the
orientation of the spontaneous polarization of the untreated crystal,
since an odd number of poling steps has been performed.

only experimental results for PI in congruent material (CLN and MgCLN)
will be presented.

4.2.2 Persistence of the latent state

The latent state, which exhibits a high stability under ambient conditions,
is generated in MgCLN and CLN crystals. One of the CLN and one of
the MgCLN crystals, each undergo one of the treatments described in sec-
tion 3.4.4 before EFP. The resulting domains are investigated after HF-
etching of the +z face, and the results are summarized in Tab. 4.1. An-
nealing at 520 K for 1 h as well as treatment with weakly absorbed UV
light do not affect the LS — poling inhibition occurs just as in non-treated
samples. However, the higher temperature annealing (670 K) eliminates
the LS — poling inhibition does not occur. This behavior was found to be
independent of both the type of the crystal used (CLN or MgCLN) and the
UV laser power utilized initially to create the latent state.
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‘ ‘ 1hat520K ‘ lhat670K ‘ 30 min at 334 nm ‘

CLN No effect | Elimination No effect
MgCLN No effect | Elimination No effect
Mobile species Ht HT and Li*" e

Table 4.1: Experimental results on the effect of intermedi-
ate treatments (annealing and illumination) on poling inhibi-
tion. The mobile charge carriers for the different treatments are
protons (HT), lithium ions (Li*) and photo-excited electrons
(e™) [30, 101].

4.2.3 Mapping of the coercive field

Since Pl is linked to a local alteration of the coercive field E, it is worth ex-
amining the local spatial distribution of Ec in the area of the laser-irradiated
track. Electric field poling with homogeneously contacting electrodes only
allows for “global” inversion of the spontaneous polarization and there-
fore does not enable local mapping of Ec, i.e., investigating whether the
crystal poles at different field strengths at different positions. A spatial
distribution of Ec is indicated, anyhow, since in-situ visualization shows
that during the third step of EFP, after the crystal has already been poled
and re-poled once, the nucleation of the domains starts right next to the
LS area.

<«—— Laser-written track

<«—— Domain nucleation

Figure 4.6: Domain nucleation on the +z face of MgCLN next to the
latent state, indicating that the coercive field is reduced adjacent to
the LS area. One of the laser-written tracks is indicated by a dashed
line.

A MgCLN crystal with the LS written on the +z face is only partially
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poled, i.e., the field is ramped down right after domain nucleation is ob-
served and then the crystal is HF-etched. In Fig. 4.6 it can be seen that the
nucleation starts in the area adjacent to the LS, indicating that the coercive
tield next to the LS is locally reduced.

In order to map even more precisely the spatial distribution of the co-
ercive field, local-poling experiments using a piezoresponse force micro-
scope are performed. A MgCLN crystal, where the LS was inscribed using
different laser powers, is thinned down by abrading and polishing of the
—z face to a thickness of only 26 pm. Using the setup described in Sec.
3.3.5, a voltage of +100 V is applied to the tip of the PFM, while scanning a
5-um-high stripe, consisting of 64 scanlines, perpendicularly to the laser-
irradiated track (Fig. 4.7). Because of the electric-field enhancement at the
very sharp tip, such low voltages are sufficient for poling. The generated
domain structures are visualized by PFM.

P= 20 mW

40 mW

P

Partially Surface
poled damaged

Figure 4.7: Piezoresponse force microscopy images obtained on Mg-
CLN after locally poling a horizontal stripe # = 5 um height with the
piezo force microscope tip. For the generation of the LS, vertical laser
tracks written with (a) 20 mW and (c) 40 mW power were used. The
magnified image (b) shows the generation of nano-poling inhibited
domains within the UV-laser-irradiated track. In (d) the formation
of nanodomains occurs only at the transition region between poled
and poling-inhibited area. In the center of the UV-irradiated track,
the surface is strongly damaged. Vertical dimensions in this figure
are referred to as height, while horizontal dimensions are referred to
as width.
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Figure 4.7 shows PFM images obtained after local poling with the PFM-
tip across UV-irradiated tracks, written with light of different laser inten-
sities (1 x 10° and 2 x 10° W/cm?). In Fig. 4.7(a) the result for the lower
power is seen, the laser-irradiated track passing vertically through the cen-
ter of the image. Basically, two contrast levels can be distinguished: bright
for the unpoled area and black for the poled area. Poling with the PFM
tip was obviously successful within the full 5-pm-high stripe, seen as the
horizontal black bar. Upon closer inspection , it can be seen in Fig. 4.7(b)
that the poled area has a height that is slightly larger than 5 pm , thus side-
ways domain growth has occurred. As for the quality of the poling within
the UV-irradiated area, it is found to be imperfect , showing an assembly
of nanometer-size features of different contrast indicating local resistance
of poling, in effect nano-domains. This can be best seen in the area within
the white square, where the image contrast is enhanced by using image
processing software.

For the higher laser intensity of 2 x 10> W/cm?, the situation is differ-
ent [Fig. 4.7(c)]. The image basically shows three contrast levels: bright
and dark for unpoled and poled areas, respectively, and in addition a gray
level along the UV-irradiated track. Figure 4.7(c) shows a clear broad-
ening of the PFM-poled region in the vicinity of the UV-irradiated track,
Although the PFM-scanned stripe maintained a height of 5 um along the
sample, the height of the actual area appears to be a function of prox-
imity of the UV-irradiated track. However, no contrast change could be
observed on the UV-irradiated track, which is an indication that no pol-
ing occurred there. This poling behavior indicates an increase of the coer-
cive field along the UV-irradiated track. This is also accompanied by an
Ec reduction in the adjacent region as indicated by the broadening of the
PFM-poled stripe.

The PFM signature of the PI area, i.e., the grayish area, needs further
description. It can be subdivided into a central part of approximately
2.5 pm width, showing indications of direct UV-induced surface dam-
age, an adjacent 3-pm-wide region, where the crystal structure was only
marginally affected by the laser irradiation, and a partially poled transi-
tion region, where nanodomains emerge [Fig. 4.7(d)]. The depth of the
UV-laser-inflicted surface damage is on the order of 100 nm [90]. Since
the gray level of the PFM image within the UV-irradiated track is bright
rather than black, it is concluded that this area has also resisted poling; the
reduced piezoelectric response results from the surface damage.
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4.2.4 Bulk domain patterning by poling inhibition

At sufficiently high intensities that still lie below the threshold of strong
thermal damage (Iyy = 2 — 2.3 x 10° W/cm?), the LS of MgCLN can be
converted into a bulk domain pattern by two subsequent EFP steps. For
CLN, so far only PI domains with a depth of less than 2 ym have been
produced [90]. It is found that at these relatively high UV light intensities,
after the first EFP poling step, during repoling, a strong current signal dur-
ing EFP is observed, which can not be attributed to the redistribution of
compensation charge carriers, since the integral of the current measured
during the poling step is of the order of 107> C, exceeding drastically the
product of the entire contacted area (A = 0.64 —0.71 cm?) and the sponta-
neous polarization givenby Q = A x Ps = (4.5 —5) x 10°C.

A typical bulk-domain pattern, obtained for PI with a UV intensity of
Iyy = 2 x 10° W/cm? in MgCLN, is shown in Fig. 4.8. The domains on
the +z face show slight thermal damage in between the two domain walls
(see Fig. 4.8a). Even though the LS on the 4z face is written equidistantly
with a spacing of 50 um, the bulk domains do not grow absolutely straight
along the z-axis and the resulting domain pattern on the —z face is not
entirely equidistant (see Fig. 4.8b).
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Figure 4.8: PI bulk-domain pattern resulting from two successive
poling steps after writing the LS with a UV intensity of Iyy = 2 X
10° W/cm?. The domain walls at the same position on the crystal
on (a) the 4z face and (b) the —z face, imaged by optical microscopy
after HF-etching indicate that bulk domains have been grown from
the LS on the +z face. The UV-written tracks were scanned with a
spacing of 50 um parallel to the y-axis of the crystal.
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4.2.5 PI domain patterning for whispering gallery mode
resonators

An application of bulk domain patterns generated by PI, which can bene-
tit from the specific features of PI domain patterns in the fabrication pro-
cess are whispering gallery mode resonators (WGRs) [102, 103]. The LS is
written on a MgCLN sample that is already mounted on the rod for the
subsequent diamond turning and polishing, yielding a good proximity of
the center of the radial domain structure and the center of the WGR. This
leads to a rather small chirp of the domain period at the fringe of the WGR,
enabling a high efficiency for the non-linear optical processes [103].

Figure 4.9: Microscope image of (a) the +z face and (b) the —z face
of MgCLN patterned with a radial LS pattern (radius of the WGR
in the z-plane: 3.5 mm, curvature radius of the fringe of the WGR:
1.5 mm angular spacing of UV-laser-written tracks: 0.9 °). Whereas
the +z face shows a domain structure, which corresponds to the
UV-irradiated tracks, only few domains that correspond to the UV-
irradiated tracks can be seen on the —z face, indicating that only few
domain have grown through the entire crystal.

A typical result for a PI domain pattern for the WGRs with a radial do-
main spacing of 0.9 © is shown in Fig. 4.9. The radial-symmetric LS pattern
is converted into a domain pattern on the +z face (see Fig. 4.9) but only
few domains that correspond to the LS pattern can be seen on the —z face.

Since the maximum of the light field of the WGR modes is confined
half way between +z face and —z face (see Fig. 4.10), it is crucial to char-
acterize the domain pattern in the middle of the z-cut crystal. Therefore a
MgCLN sample containing a bulk domain pattern generated by PI is cut
perpendicular to the y-axis, close to the inside radius of the LS structure,
and the resulting y-face is polished and HF-etched. The cross section of the
radial domain pattern, with a cut distance of 2 mm from the center of the
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Figure 4.10: Simulation of the light intensity profile of the funda-
mental mode in a WGR with a thickness of 500 pm and an outer ra-
dius r = 1500 um based on the analytic theory of Little et al. [104].
The curvature radius of the fringe of the toroid-shaped WGR, indi-
cated by the white line, is 570 pm. The crystal’s z-axis and the electric
component of the light field are parallel to the resonators axis of sym-
metry, i.e., vertical. The origin of the ordinate (D) of the plot is located
in the middle of the crystal, therefore in a depth of 250 pm from the
+z face. Simulation by Tobias Beckmann.
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radial domain structure, is shown in Fig. 4.11. The PI bulk domains have
a width of (4.5 £ 0.6) um at the +z face, get thinner as they grow into
the depth of the crystal and most of the domains reach a depth of at least
250 ym. The dashed line, which is parallel to the crystal z-axis, indicates
the center of the radial LS pattern. There is a gap without domains under
an angle of (30 £ 2)° from the crystal y-axis, where no PI bulk domains
have been generated.

Figure 4.11: The cross section of a radial PI bulk domain pattern in-
side a MgCLN sample shown on a HF-etched y-face. The PI domains
grow from the +z edge into the crystal and most of them reach a
depth of at least 250 ym. The symmetry axis, i.e. the axis of rotation
during UV laser irradiation, of the radial domain pattern, written on
the +z face is indicated by the dashed line.

4.2.6 Direct domain writing on the non-polar faces

Besides the extensively investigated methods of direct domain writing and
PI on the —z face and +z face, respectively, the irradiation setup described
in Sec. 3.4.1 is also used to irradiate the non-polar x- and y-faces of LiNbO3
and the resulting domain patterns are investigated. Since UV light absorp-
tion coefficient and thermal diffusivity do not significantly depend on the
crystallographic axes along which they are measured, scanning parame-
ters identical to the parameters for PI are applied to the y-face of CLN(y)
and the x-face of MgCLN(x) (Iyy = (1.8 —2.3) x 10° W/cm?, focal radius
at FWHM of (2.5 £+ 0.75) um and scanning velocity of 100 um/s). Laser
tracks were written either parallel, antiparallel, or perpendicular to the z-
axis of the crystal, denoted later as v = z, v < z, and v L z, respectively.
Since the etching rate of the y-faces is low and the x-faces do not exhibit
any HF-etching at all (see Sec. 3.3.4), the laser-irradiated samples are sub-
sequently investigated by PFM to reveal the generated domain patterns.
Figure 4.12 shows the result of a UV-irradiated track, written along the
y-direction on an x-cut sample. The bright portion of the track in the PFM
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image of Fig. 4.12(a) corresponds to a laser-written domain. The simul-
taneously obtained surface topography image in Fig. 4.12(b) reveals that
the width of the inverted domain is only approximately half of the width
of the UV-irradiated track. The latter manifests itself as a shallow inden-
tation, of 6 nm depth, on the surface, owing to the brief polishing step,
which more efficiently removes the part of the crystal damaged by the
strong laser irradiation. Furthermore, the proliferation of the scratches in
Fig. 4.12(a), caused by thermally induced cracking owing to the irradiation
procedure, confirms that the width of the laser beam was twice as large as
the width of the domain-inverted area. The PFM- and the topography
line scan in Fig. 4.12(c) show that only the right half of the laser-irradiated
track, i.e., the half pointing into the original +z direction of the crystal,
is domain-inverted. This characteristic is confirmed by the presence of
the thermo-induced damage due to the irradiation procedure across the
tull width of the irradiated track, which manifests itself as lines along the
three equivalent y-axes. For scanning perpendicular to the z-axis on the y-
faces of CLN(y) an analogous domain structure is formed with the half of
the irradiated track pointing towards the initial +z direction being domain
inverted.

110—

(c) PFM 1773
____-/’\/‘h 1 0%
—10E !

= f Topography

2 4 ¢ s 10

Position [pum]

[n

Figure 4.12: Piezoresponse force microscopy image (a) and simulta-
neously recorded topography (b) of an Mg-doped x-cut LiNbOj crys-
tal [MgCLN(x)], previously irradiated with a UV laser beam along
the y-axis. As best seen by the line scans in (c), a domain of half
the width of that of the focused laser beam has been generated. The
scratches in (a) are thermo-induced cracks.
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To investigate the impact of the scanning direction of the UV laser light
with regard to the crystallographic axes, first a pattern with lines perpen-
dicular to the z-axis on a CLN(y) crystal is generated and then lines par-
allel and antiparallel to the z-axis are scanned. Figure 4.13(b-d) shows
PFM images, where laser writing has been performed along the x- and
z-directions with standard PI scanning parameters. The laser tracks are
numbered in chronological order by (D to @.

Obviously when moving the laser beam along the x-axis, and thus per-
pendicular to the z-axis (v L z; D and 2)) domains of half the width of the
laser beam are generated, and the direction of the laser beam movement
has no influence on the generated domains. When moving the laser beam
parallel to the z-axis, either a domain of the full width of the laser beam is
generated (v < z; @) or no domain at all emerges (v = z; 3). Note that
previously written domains (from the laser tracks (D) and (2) are erased,
since the spontaneous polarization is reoriented into its original direction,
during laser irradiation along track () [see Fig. 4.13(c)].

In order to gain further understanding of the underlying experimental
mechanism, a series of additional experiments was carried out and the
results are briefly summarized in the following: (i) the x- and the y-faces
show the same poling behavior, (ii) the width of the domains was found
to decrease with decreasing laser power (keeping the focussing constant),
(iii) their depth was measured to be of the order of few microns, (iv) with
strongly reduced laser intensity (by a factor of two), poling was no longer
observed, and (v) poling works for both CLN and MgCLN crystals, which
is an important issue in terms of applicability of this technique.

4.3 Influence of heat and UV light on the coer-
cive field

The aim of the Ec measurements for different temperatures and UV light
intensities, described in Sec. 3.2.4, is to compare the two transient, re-
versible mechanisms to reduce Ec, by heating and ultraviolet light illu-
mination, and to identify the underlying processes.

4.3.1 Temperature dependence of the coercive field

Figure 4.14 shows the coercive field for forward poling at different tem-
peratures. It can be seen for both types of samples that the Ec values
continuously decrease up to the highest achieved temperature of 520 K,
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Figure 4.13: Dependence of the poling on the direction of the laser
beam movement. (a—c) PFM images showing the influence of both
the direction and the chronology of laser irradiation (from (D to @)
on a y-cut CLN crystal. The image sizes are 30 x 30 pum? (a) and
5 x 5pum? (b and c). (d) shows a schematic with the laser beam at
the center showing the poling behavior for different scanning direc-
tions. The arrows indicate the direction of the movement of the laser
beam across the sample surface and the resulting domain pattern for
the corresponding scanning direction is indicated. As in Fig. 4.12,
only the half of the laser-irradiated track pointing towards the +z di-
rection is domain-inverted for scanning perpendicular to the z-axis.
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at which Ec shows less than 50% of its room temperature value for both
materials. No saturation of the Ec- decrease is observed.
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Figure 4.14: Temperature dependence of the coercive field strength
Ec for undoped (CLN) and magnesium-doped crystals (MgCLN).
The different shape of the symbols indicates the different liquid elec-
trodes used. Triangles: saturated, aqueous calcium dichloride solu-
tion; Circles: cinnamyl alcohol; Squares: binary salt mixture of potas-
sium nitrate and lithium nitrate.

The different types of liquid electrodes introduce a small systematic
shift of the data points, but the overall trend, a decrease of Ec with in-
creasing temperature, is still distinct.

The amount of redistributed compensation charges for different poling
temperatures was determined from integrating the corresponding poling
current and found to be constant within the experimental accuracy be-
ing about £5%. This indicates that, in the studied temperature range, the
spontaneous polarization is constant within a 10% margin.

To investigate whether the internal field, supposed to be generated by
frustrated defect clusters ( see Sec. 2.1.3), is affected by heating and UV
illumination, poling cycles were performed at room temperature, and the
hysteresis loops were recorded. In Fig. 4.15, Ej; can be clearly seen as
a shift of the hysteresis loop along the abscissa. Poling of the crystals at
470 K followed by cooling down to room temperature with the field still
applied to the crystals results in a permanent inversion of the internal field
for LiNbO3 (see Fig. 4.15). The internal field for CLN is measured to be
2.7kV/mm and can be reversed by 87%. For MgCLN, the internal field is
0.6kV/mm and can be reversed by 66% (see Fig. 4.15).
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Figure 4.15: Spontaneous polarization Ps vs. the externally applied
electric field E. An asymmetry of the hysteresis loop for as-grown
MgCLN (dotted line) and for the same crystal at room temperature

after poling one time at a temperature of 470 K (solid line) is obvious
(Eint: so-called internal electrical field).

Furthermore, the effect of homogeneous UV illumination with light of
a wavelength of 351 nm on the internal field is investigated. The LiNbO3
crystals were poled one time with UV illumination and then, without il-
lumination, a hysteresis loop was recorded. No effect on the internal field
was observed after UV illumination.

4.3.2 Coercive field reduction by UV illumination at ele-
vated temperatures

The dependence of the coercive field strength of MgCLN on the intensity
of the UV illumination at room temperature is shown in Fig. 4.16. The re-
duction of Ec happens as soon as the sample is illuminated, is not accumu-
lative and completely reversible, i.e., Ec jumps back to the pre-exposure
value, as soon as illumination is stopped. Heating of the MgCLN crys-
tal by the UV light at these intensities can be neglected, considering the
low absorption of the crystal at this wavelength [30]. For intensities above
400 mW /cm?, Ec saturates at 40% of its initial value of 6.5kV/mm. For
CLN, the coercive field strength is not influenced by illumination with
weakly absorbed UV light [30].

To investigate, whether the effects of Ec reduction by heat and Ec re-
duction by UV light can be superimposed, an MgCLN crystal is heated
up to 500K and then kept at this temperature, while Ec is measured for
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Figure 4.16: Dependence of the coercive field strength Ec of
magnesium-doped crystals (MgCLN) on the intensity I of homoge-

nous illumination with UV light (351nm) at room temperature
(squares) and at 500K (triangles).

illumination with different UV intensities (see Fig. 4.16). Again, Ec de-
creases with increasing UV intensity, clearly below the saturation value
for MgCLN obtained at room temperature (see Fig. 4.16) and saturates at
1.3kV/mm.

4.3.3 Coercive field reduction of chemically reduced lithium
niobate

Since as-grown CLN shows no Ec reduction for illumination with weakly
absorbed UV light [30], we investigate whether this can be changed by the
vacuum annealing that induces stable bipolarons (Sec. 3.1). The Ec of the
vacuum-annealed CLN crystal without UV illumination is 20.5kV/mm,
which is identical to the value of as-grown CLN. But, contrary to the as-
grown CLN, Ec of the reduced CLN decreases with increasing UV inten-
sity and saturates at a value around 10kV/mm (see Fig. 4.17). As in the
case of MgCLN, the coercive field reduction is reversible, transient and
does not depend on the illumination time.

45



20 (™ | | i
g
7 151 :
= L
z IR
o
Q5L i
0 L 1 L
0 100 200 300

I351 mn[mW/sz]

Figure 4.17: Dependence of the coercive field strength Ec for chemi-
cally reduced CLN on the intensity I351 nm 0of homogeneous illumina-
tion with UV light (351 nm).



Chapter 5

Discussion

5.1 Domain patterning with structured electrodes

In this work, an approach is taken to overcome the limitations of standard
EFP, i.e. to generate bulk domain patterns in Mg-doped LiNbOj3 with short
period lengths by utilizing the effects of heat and UV light on the domain
wall kinetics.

For MgCLN the approach to spatially modulate the electric field and
the coercive field by a structured photoresist did not yield the desired
bulk-domain structures with short period lengths. As Fig. 4.1 indicates,
a domain pattern is generated on the +z face that reflects the periodic-
ity of the photoresist structure (period length: 10 pm). Even though, on
the +z face the pattern is “overpoled”, i.e., the duty cycle (width of in-
verted domain/ period length) exceeds 0.5, no domain patterning on the
—z face is observed. The duty cycle of the liquid electrode pattern of 0.1
(electrode width/period length), generated by the structured photoresist,
already takes into account the sideways growth of domains in ferroelectric
oxide crystals [82, 105]. The electrode width of 1 um for the period length
of 10 yum already is at the limit of resolution for this lithography method,
but parameters that still could be optimized for bulk-domain patterning
would be the shape, length and number of the HV pulses that are applied
to the crystal (see Fig. 4.3).

For MgSLN the results for the same experimental approach are signif-
icantly better than those for MgCLN. As indicated in Fig. 4.4 the electrode
pattern (period length 10 pum) is mostly translated into domain a pattern
with a duty cycle around 0.5 and the domains mainly do not merge as
they grow from the +z face to the —z face [106]. The current detected
during pulse poling indicates a non-ohmic behavior and therefore can be
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related to the redistribution of compensation charges (see Fig. 4.3). The
fact that the poling current only flows in the time interval between 240 ms
and 280 ms, at the peak-voltage and the following plateau, indicates that
the appropriate amplitude of the HV pulse (3.1 kV/mm) has been found
for domain patterning [107, 108]. The chosen value of 40 mW/ cm? for
illumination of the crystal with UV light of 334 nm decreases the coer-
cive field strength to 50% (see Fig. 4.2) in the uncoated areas that are con-
tacted by the liquid electrodes. In the coated areas, 48% of the UV light
is absorbed by the photoresist and we expect a coercive field reduction
to 54% of its original value. Therefore, even underneath the coated area
Ec is significantly reduced and the spatial modulation of the Ec reduc-
tion is 4% (0.26 kV/mm). This modulation of the field may look small
at first glance. However, since domain inversion is a threshold process,
this modulation is fully sufficient for domain structuring. Using lower UV
intensities would increase the modulation of Ec (see Fig. 4.2), but then
discontinuous and thus uncontrolled domain growth occurs. At the same
time, the high electrical resistance of the photoresist ensures a structured
electric field.

Smaller period lengths with a domain duty cycle of 0.5 are desired,
but the thickness of the photoresist, which should be sufficient to provide
reasonable UV light absorption, limits the smallest structures to 1 pm for
a 1.5-pm-thick photoresist pattern. Optimization of the UV intensity to
values less than 40 mW /cm? could increase the quality of the domain pat-
tern and lead to periodically poled Mg-doped LiNbO3 with smaller period
lengths.

In contrast to MgCLN, the spatial modulation of Ec by a UV light pat-
tern in MgSLN significantly improves the resulting bulk domain pattern,
even though both materials are susceptible to reversible Ec reduction up
to 50% by weakly absorbed UV light. One possible explanation for this
difference relates to the frustrated defect structures (see Sec. 2.1.3), which
also appear with a slightly different structure in MgCLN that pin domain
walls [29]. These defect clusters that hinder the translation of the electrode
pattern to a bulk domain pattern for short period lengths are not promi-
nent in MgSLN. As described in detail later in Sec. 5.3, the UV light can
only provide screening charge carriers for the frustrated defects, but not
reverse them like EFP can at elevated temperatures.
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5.2 Domain patterning by UV irradiation

Domain patterning by poling inhibition is a multiple-step process consist-
ing of the UV irradiation of the crystal and the subsequent EFP. To under-
stand the underlying mechanisms, it is crucial to understand the genera-
tion process and the character of the latent state and how the latent state
is translated into a domain pattern. However, for the direct writing on
the non-polar faces, the poling mechanism has to be linked directly to the
irradiation with focused UV light.

5.2.1 The origin of the latent state

To begin with, it is considered whether the latent state can be associated
with the space-charge fields recorded during the UV irradiation, a straight-
forward explanation of PI that was initially suggested [78]. The experi-
mental results, however, allow the exclusion of this hypothesis (see Sec.
4.2.2): During the annealing at 520 K, the hydrogen ions become mobile,
and space-charge fields would be compensated within a few minutes via
the ionic conductivity [109]. A similar fast compensation would occur dur-
ing the illumination with weakly absorbed UV light which, as is known,
causes a strong photo-conductivity in MgCLN [30]. Since poling inhibi-
tion is insensitive to these two intermediate treatments [110], it cannot be
linked to space-charge fields.

Therefore an explanation of the experimental data on PI (Sec. 4.2) by
changes of the lithium concentration is discussed. First of all, it should be
theoretically estimated how irradiation with strongly absorbed focussed
laser light changes the Li concentration immediately below the irradiated
surface.

5.2.2 Modeling of lithium thermodiffusion

Congruent LiNbOj crystals possess a large lithium deficiency and Li va-
cancies must be considered as the primary migrating species. These va-
cancies are charged and their concentration, N, can roughly be estimated
as ~ 10?29 cm 3 in the initial state [111]. The sign and the value of the con-
centration change /N in the latent state are discussed here in detail. With
0N known, the change of the absolute Li concentration can obviously be
evaluated as dN1; = —JN. Since the Liions do not occupy interstitial sites,
the temporal change of the §Np; can be linked to the temporal change of
0N as two counter-propagating fluxes.
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Determination of the concentration changes separates into two prob-
lems: First, the temperature profile T(r, t) during UV exposure needs to
be known. This problem has been treated theoretically by Muir et al. [112],
where the temperature distribution below the UV-irradiated surface was
solved analytically and just the last integration step had to be solved nu-
merically. The main outcome is that the changes of T are well-localized
(within roughly the beam radius rp) and follow adiabatically the UV in-
tensity distribution for the scanning velocity v of 100 um/s. Hence, the
characteristic time of the temperature changes at a certain point of the laser
track is tg = 2ry/v; it can be estimated as fy ~ 5 x 10~ 2s for the standard
UV irradiation parameters to generate the LS (see Sec. 3.4.2). As for the
peak temperature Ty, it is close to the melting point, about 1523 K [13].

The second aspect to be treated, would be the thermo-activated spa-
tial migration of Li vacancies. The necessary large changes of N are pos-
sible only under the condition of almost full compensation — otherwise
huge electrostatic forces would quickly prevent the spatial changes of N.
Free charge carriers (electrons and /or holes) UV-excited via band-to-band
transitions are best suited for the charge compensation. These are single-
photon transitions as the energy of a UV quantum at 275 nm, iiw ~ 4.3 eV,
exceeds the band gap of lithium niobate (~ 3.7 eV). We assert here that the
UV-induced free-carrier conductivity exceeds the thermo-activated con-
ductivity caused by Li ions, i.e., migration of lithium vacancies is the bot-
tleneck for the spatial changes of N.

To verify this, one has to take into account that the combination al/fiw
is the number of light quanta absorbed in a unit volume during a unit
time; it gives the rate of excitation of free charge carriers assuming a quan-
tum yield of 100%. By multiplying this rate by the effective lifetime T
(most probably, the electron lifetime), the free-carrier concentration 7 is
obtained. Multiplying n by the effective free-carrier mobility u and the ele-
mentary charge e, gives the free-carrier conductivity as oy, = e(al/hw)ut.
Using the Einstein relation [113] between the diffusion coefficient of Li va-
cancies Dy; and their mobility, the conductivity of Li ions is estimated as
o1 = e2NDy;/kpT., where Dy; = Dy exp(—Ea/kgT:), kp is the Boltzmann
constant, and E, is the activation energy for Li vacancies. Therefore, the
condition of domination of the free-carrier conductivity is

wl eN

o UT > kT,

Dy;(Ty) . (5.1)

Despite a rather large spread of the literature data on the pre-exponent Dy,
the activation energy E,, and the ut product [101, 114], one can make an
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estimate whether this restriction is fulfilled under the current experimen-
tal conditions. Using Dy = 0.1 cm?s~ ! and E, = 1.2 eV as reasonable
values for our experimental conditions [101] and ut = 5 x 10710 em2v-1
for temperatures close to Tc [115], one obtains that the left side of Eq. 5.1
is two orders of magnitude larger than the right side and therefore the
relation is safely fulfilled.

It is important that the Maxwell (space-charge field) relaxation time
ty = €€o/og., where €y is the static permittivity, is expected to be much
shorter than the heating time ty. This means that the pyroelectric field
Ps/eey, where Ps is the room-temperature spontaneous polarization of
lithium niobate, is strongly compensated by the free charge carriers. This
compensation would be complete for a steady-state heating, and it is al-
most complete for t); < tg. As a result, the value of the space-charge field
generated by the pyro-electric effect can be estimated as:

|Esc| S (fm/to) Ps/eey < Ps/eeq . (5.2)

To judge whether Li-enrichment or Li-depletion occurs in the heated
volume, the sign and the value of the concentration changes have to be
considered. The actual situation with these issues is unusual in the sense
that the spatial changes of N(r) are driven by VT instead of VN. This
means that the most familiar Fick’s law is not applicable, and there is need
to link the flux of lithium vacancies to the strong temperature gradients.
However, this situation is not exceptional for the transport phenomena,
where the temperature gradients are regarded, together with the concen-
tration and other gradients, as a common driving force for the fluxes of
different physical quantities [116].

The distinctive feature of ion transport in solids is its hopping charac-
ter — ions must overcome rather high energy barriers in order to hop to
allowed neighboring positions. The most important features of this trans-
port can be reliably understood and described within elementary hopping
models [117]. This case of thermodiffusion is not exceptional.

In the standard one-dimensional hopping model, the probability of a
hopping event is proportional to the exponential factor exp(—E,/kgT),
see also Fig. 5.1. The only possible hopping processes here are hops of the
left and right Li ions to the empty central position, which means hops of
the vacancy to the left and right, respectively. Since the temperature T; at
the left barrier is larger than the temperature T; at the right one, the ther-
mally activated probability for the left ion to hop is larger than that for the
right ion. Correspondingly, the vacancies migrate on average to the left.
So, the overall flux of Li vacancies is aligned parallel to the temperature
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gradient, whereas the flux of Li ions is aligned anti-parallel to VT. This
leads to depletion of lithium in the illuminated area. It is easy to see that the
situation would be reversed for migrating interstitial ions. It is important
to note that this diffusion model is only valid, if the concentration of the Li
ions is large in comparison to the concentration of the Li vacancies, which
still holds for CLN and MgCLN.

Figure 5.1: Illustration of the hopping migration of Li ions driven by
a temperature gradient. The central empty position corresponds to
the vacancy, so that the left/right ions can only hop to the right/left,
respectively.

The flux of Li ions, Ji;, within the hopping model can be evaluated as
Jui = =NVDy;. (5.3)

Taylor expansion of the exponential factor of the function for Dy; to the
second term yields:

Jui < =VT. (5.4)

Generalization from the one-dimensional to the three-dimensional case
would change only secondary details. The change of the absolute Li con-
centration N7 ; can now be estimated from the continuity equation

B(SNLi
ot

+VJLi=0. (5.5)
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Replacing the derivatives 9/9t and 9/9r by the characteristic values ;"
and the beam radius (o) !, the estimate

|(5NL1| N 4tgD1; Ea

(5.6)

is obtained. By setting E, = 1.4eV [101], Dy = 0.1cm?/s [101], 7y =
(2.5 & 0.75) pum, we obtain éNp;/N ~ 1. The accuracy of this rough es-
timate is probably within less than two orders of magnitude, since values
that have a strong influence on the result, e.g., E; and T, are not exactly
known. Anyhow, it shows that the depletion of the Li concentration dur-
ing the UV exposure is very strong. By going into more detail, one can
make sure that the UV-induced reduction of N;(r) at the beam center is
accompanied by a noticeable increase at the beam periphery. This comes
just from the fact that the lithium ions pushed out of the central region
cannot go far away from it. Note that evaporation of lithium through the
surface is neglected in this model as this potentially competitive process is
characterized by a considerably larger activation energy [101, 118].

The pyroelectrically driven space-charge field Es.(f), mostly compen-
sated by photo-excited electrons, is positive during the cooling stage and
nonzero after this stage and therefore, additionally provides a shift of the
depletion area to the crystal depth and non-equivalence of the +z and
—z faces of the crystal. The value of the shift is controlled by the ut prod-
uct which cannot be reliably estimated at T ~ T.. Ying et al. [100] ob-
served buried PI domain structures in CLN, indicating that the absolute
minimum of the Li concentration is several ym below the +z face, which
is a strong indicator for an additional shift of the Li ions by the pyroelectric
field.

In this section, it was intended to link the increase of the coercive field
in the latent state (see Sec. 4.2.3) to a UV-induced change of the lithium
concentration. A claim for a perfect agreement between theoretical results
and experimental observations is unrealistic because of the complexity of
the problem and the uncertainty in the values of the main material param-
eters, especially at temperatures close to Tc. The analysis and deductions
are therefore a qualitative description of the PI phenomenon with rough
estimates of the crucial parameters.
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Figure 5.2: Dependence of the coercive field E. on the degree
of stoichiometry of lithium niobate crystals (lithium concentration:
Li/(Li + Nb)). The data points are taken from the literature [49-52],
and the dashed line is a linear fit. Note that due to a different manu-
facturer of the SLN or different determination methods of E., values
for SLN differ from our measured value of 5 kV/mm

5.2.3 Discussion of the experimental results in the frame-
work of the model

The redistribution of Li ions is considered as a possible mechanism and the
experimental results are discussed in the context of the Li-thermodiffusion
model (see Sec. 5.2.2). According to the estimates, the changes of Li con-
centration can be strong after primary UV irradiation.

The absence of any effect of the mentioned two of the three intermedi-
ate treatments on the latent state (see Tab. 4.1) now looks understandable
— these treatments do not make lithium ions mobile. However, heating to
670 K is sufficient to activate diffusion of Li vacancies and to allow the Li
ion concentration to become more evenly distributed during the one-hour
annealing procedure.

The presence of a pronounced depletion of lithium in the latent state is
furthermore sustained by the fact that the UV-irradiated tracks, scanned
with similar scanning parameters, are found to act as channel waveg-
uides [119]. From the studies of the mode profiles it is possible to evaluate
the refractive index changes [120]. The latter can be directly linked to the
Li depletion [121] which can be estimated as 4 mol%. This number is in
reasonable agreement with the results of Sec. 5.2.2.

It is now relevant to deduce the impact of the change of stoichiometry
on the coercive field. This can be assessed for CLN from Fig 5.2 that is
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based on literature data [49-52]. It shows that Ec strongly increases at
approximately 10 kV/mm per 1 mol% decreasing relative Li concentration
below the stoichiometric composition, in the case of undoped LiNbOs. For
Mg-doped crystals, the values of Ec for MgCLN (6.5 kV/mm) and MgSLN
(3 kV/mm) indicate the same trend. As a consequence, the UV-induced
depletion of lithium inside the heated volume can lead to a strong increase
in Ec and therefore, to poling inhibition.

The data on local poling by a PEM tip, shown in Fig. 4.7, gives fur-
ther insight into the physical mechanism responsible for PI and supports
the lithium thermodiffusion model, as well. For the low intensity case
(Iyy = 1 x 10° W/cm?) the resulting domain-inverted area is actually
broader than the area that has been scanned by the PFM, which lies in-
between the two horizontal dashed lines shown in Fig. 4.7(b). It is caused
by sideways spreading of domains during the growth; this effect is well
known for EFP and is even more pronounced when applying the field
through a sharp tip, since the field distribution is strongly nonuniform.
This effect is even stronger around the latent state, indicating smoother
domain wall propagation, which is known for annealed congruent crys-
tals, since domain wall pinning frustrated defect clusters are reduced [29].
Furthermore, there is a slight deterioration of the poling quality within
the UV-irradiated area, which manifests itself in numerous bright spots,
best seen in Fig. 4.7(b). This can be attributed to statistically distributed
PI nano-domains that emerge in regions where E. is slightly increased in
comparison to the untreated crystal.

For the case of irradiation with higher UV laser power (Iyy = 2 X
10° W/cm?), the poling behavior changes dramatically as shown in Fig.
4.7(c). The PEM-poled stripe is interrupted, when crossing the laser track
area and poling is inhibited here. Note that the transition from the poled
to the unpoled region is not abrupt, but occurs via an intermediate region
with partial poling, which can be seen in Fig. 4.7(d). This state is simi-
lar to the state in Fig. 4.7b, which indicates again a slight increase in Ec.
The PFM-poled horizontal stripe experiences extensive broadening, when
approaching the LS. Evidently, strong sideways spreading of the domains
in facilitated in this region. This points to a local decrease of Ec, which
agrees with statement of the Li-diffusion model (5.2.2) that predicts an
Li — enrichment adjacent to the UV-irradiated track and therefore, a stoi-
chiometry closer to the case of SLN.

The physical mechanism behind inhibited poling for LiNbO3 has been
investigated, both experimentally and theoretically and both results point
to thermodiffusion of Li as the driving mechanism [110]. The fact that PI
could not be observed in SLN and MgSLN (see Fig. 4.2.1) supports this
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conjecture: Near-stoichiometric LiNbO3 contains insufficient Li-vacancies
to obtain an efficient redistribution of Li-ions, so the increase of Ec inside
the UV-irradiated track is not sufficient to obtain PI.

5.2.4 Bulk domain patterning by poling inhibition

For two consecutive EFP steps after UV-irradiation, the latent state is trans-
lated into a bulk domain pattern for MgCLN (see Sec. 4.2.4), whereas for
CLN, so far, only surface domains with a depth of less than 2 pm have been
observed. The exact mechanism that enables the surface domains to trans-
late into a bulk domain pattern without merging has not been clarified,
yet. The indicator that coincides with the bulk-domain generation, the ab-
normally high amount of charge transfer during the second EFP step, can
have various origins: It is known that the electrical resistance in LiNbO3
crystals with domain patterns with period lengths in the regime of tenths
of um decreases by two orders of magnitude [122]. Domain walls are pro-
posed as a possible reason for this effect, which matches the observation
that the decreased resistance is only observed during the second EFP step,
where the bulk domain walls are actually generated. Another possible rea-
son might be that when a high voltage with the right polarity is applied
to the UV-irradiated +z face, a chemical reaction at the surface occurs that
releases ions into the liquid electrode and generates a current signal.

5.2.5 Domain patterning for whispering gallery mode res-
onators

The application of the bulk domain patterning by PI in WGRs is promis-
ing, since the versatility that PI has is used here: the fabrication process
permits the LS to be written on a crystal which has already been fixed on a
metal rod. This metal rod is mounted as the axis of rotation in both, the ro-
tation setup for the UV laser irradiation and during the diamond turning
and polishing.

This yields a good alignment between the center of the radial domain
structure and the center of the toroid, leading to high efficiency for the
non-linear process [103]. This fabrication method would be hard to realize
for conventional domain patterning with structured electrodes and HV
pulses, because poling with HV pulses leads to short pulses of mechanical
stress via the piezoelectric effect that usually breaks samples that are fixed
to other structures by glue. The bulk domain pattern has a sufficient depth
that the WGR mode, simulated in Fig. 4.10, overlaps with a periodically
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poled domain structure (see Fig. 4.9).

However, a relatively high threshold for the optical parametric oscilla-
tion is expected, which is due to the duty cycle at the fringe of the WGR of
around 0.2. To achieve a duty cycle around 0.5 a UV light power of around
150 mW would be needed to generate a focal spot with a width of 15 pm
that would still overcome the intensity threshold for PI.

From Fig. 4.9 it also becomes clear that, even though on the +z face
with essentially arbitrary angles with respect to the y-axis PI surface do-
mains can be generated, for certain angles the bulk domain pattern has
gaps, where the surface domains have not grown into the crystal bulk. It
can be seen that the projection of the radial structure on a secant plane
shows two gaps that are equidistant to the symmetry axis of the radial LS
pattern (Fig. 4.9). This indicates that under an angle around 30° with re-
gard to the y-axis bulk domain growth is inhibited. It can be explained by
the fact that domain walls grow parallel to the y-axis [85] and due to the
hexagonal structure of LiNbOj3, the angle 30° represents the bisection of
two y-axes, making domain wall growth along this direction most unfa-
vorable [123].

5.2.6 Direct domain writing on the non-polar faces

The results from Sec. 4.2.6 indicate that UV irradiation of the non-polar
x- and y-faces of LiNbOj3 can be utilized to directly write domains similar
to the direct writing of domains on the polar —z face [77]. Even though
the irradiation parameters are similar to PI and direct writing on —z, a
new underlying mechanism has to be discussed, since in the case of the
non-polar face, the direction of Ps is always perpendicular to the incident
laser beam and the resulting domain structures strongly depend on the
scanning direction.

In order to understand this mechanism one can refer to experiments
where crystals were subjected to temperature gradients along the z-axis,
either by annealing in an oven exhibiting a non-uniform temperature pro-
file [124], or local heating by irradiation with a strongly absorbed IR laser
beam [125]. In both experiments, the direction of the spontaneous polar-
ization was observed to follow the projection of the temperature gradient
on the crystals z-axis: In the case of the annealing procedure, the +z face
developed at the warmer end of the crystal and for the case of local heating
by irradiation by an focussed IR laser, a head-to-head domain formed with
the domain wall at the maximum of the temperature profile, due to the
opposing temperature gradients. Both references presume that the tem-
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perature gradient inside the crystal causes an electric field, whose origin
is of thermoelectric nature and the experiments are carried out at temper-
atures close to T¢. Since the phase transition from the ferroelectric to the
paraelectric phase happens at T, it can be understood that close to T¢ the
coercive field is below 100 V/mm [83]. Consequently, even small electric
fields are sufficient to reorient the spontaneous polarization of the crystal.

This mechanism applies also to our scenario of local heating by a fo-
cussed UV laser beam as is schematically illustrated in Fig. 4.15. Due to the
strong absorption of the UV laser light, the crystal is locally heated close
to its melting temperature, giving rise to a temperature profile with a local
maximum and therefore, a change of sign of the temperature gradient, as
shown in Fig. 5.3(a). The temperature for very similar irradiation condi-
tions was modeled by Muir et al. and it is shown that the actual width of
the temperature profile slightly exceeds the width of the laser beam [112].
Using this model for the temperature distribution, an estimate is made
whether the magnitude of the bi-polar field is sufficient to pole the crystal:
Between the center of the laser beam and the position where the intensity
has decreased to 1/e, the temperature gradient can be roughly approxi-
mated to be AT ~ 200 K/pm. Together with the appropriate value of
the thermoelectric tensor Q33 = 0.8 mV /K [125], a thermoelectric field
of 160 V/mm is obtained, which is sufficient to set the direction of the
spontaneous polarization at temperatures close to Tc.

Therefore, the bipolar electric field inside the heated volume [see Fig.
5.3(b)] causes domain inversion within half of the volume [see Fig. 5.3(c)]
with the field polarization aligned antiparallel to Ps [126]. The width d
of the resulting inverted domain depends on the strength of the bipolar
electric field, and is thus expected to depend on the degree of focusing
and the power of the irradiating laser beam.

All observations described in Sec. 4.2.6 are in accordance with the model
depicted in Fig. 5.3. So far, laser writing perpendicular to the z-axis only
has been discussed. In the framework of the proposed UV laser-induced
bi-polar electric field, the results obtained on a y-cut CLN crystal and laser
writing along both x- and z-directions can be explained. The observed
domain pattern dependening on the scanning direction is schematically
depicted in Fig. 4.13(d). The experimental result obtained by PFM imag-
ing is shown in Fig. 4.13(a—c).

These results perfectly meet the assumption of the emergence of a bipo-
lar electric field, caused by local heating of the crystal whereby the direc-
tion of the z-axis determines the bipolar characteristics. The poling be-
havior is set by the following two rules: (i) For a crystal with the +z axis
oriented towards the right as shown in Fig. 4.13(a), only the negative part
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Figure 5.3: Schematic illustration of the mechanism for domain in-
version of an x- or a y-cut LiNbOs crystal upon UV-laser irradia-
tion. Due to the high absorption of the material, the crystal is locally
heated close to its melting point (a) leading to opposed temperature
gradients. A bi-polar thermoelectric field builds up (c), which, in a
region of width d, exceeds the coercive field Ec and therefore, leads
to domain inversion. The resulting domain pattern is shown in (d).
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of the electric field will lead to domain inversion; in case of the crystal be-
ing oriented the other way round (+4z pointing towards the left) evidently
only the positive part of the electric field will lead to domain inversion. (ii)
The orientation of the polar z-axis on the laser-written track is determined
by the polarity of the electric field that each spot on the laser-written track
experiences at last, while the laser focus propagates. A major argument for
the bi-polar field can be found in Fig. 4.13(b, c), where the junctions of a
track written parallel to the x-axis with track 3) and track @), respectively,
are shown. In the case of 3 the trailing “positive” part of the bipolar field
even erases the previously written “half-domain” structure, whereas in the
case of @ the trailing “negative” part of the bi-polar field domain-inverts
the entire structure.

The experiments on the non-polar x- and y-faces of LINbO;3; presented
in Sec. 4.2.6 are a further facet of our investigations on laser-induced do-
main formation with a tightly focussed, strongly absorbed UV-laser beam
using LiNbOj crystals. To show the big picture, one can put the findings
of the x- and y-faces in the context of the results previously obtained on
the polar faces [24], the irradiating parameters being the same in all cases
as depicted in Tab. 5.2.

| Crystal face | Poling method | Driving mechanism |
x-face Direct writing Bipolar electric field
y-face Direct writing Bipolar electric field
+2z face Poling inhibition Li-redistribution
—z face Direct writing | UV-induced electric field
Table 5.1

Generally, it can be said that on the x- and y-faces and the —z face, di-
rect poling upon laser irradiation is observed whereas on the +z face, pol-
ing inhibition, and thus domain formation only after subsequent electric
field poling, is found. According to our current understanding, domain
formation on all faces relies on the heat profile generated in the crystal
via laser irradiation. This is supported by the fact that on all faces the
depth of the generated domains is of the same order (a few microns) and
domain shaping is independent of the crystallographic axes, only follow-
ing the laser-written track. In the case of x- and y-faces and the —z face,
the alignment of the spontaneous polarization parallel to the temperature
gradient is assumed to be the driving mechanism for direct domain for-
mation, whereas in the case of poling inhibition, which is observed on the
+z face, lithium redistribution is found to play a crucial role.
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One can now compare the different poling methods investigated in this
work and the standard domain patterning methods known from literature
with each other (see Tab. 5.1). For CLN z-cut crystals bulk domain patterns
with short period lengths can be generated by standard EFP methods [25].
For MgCLN z-cut crystals, bulk domain patterning by EFP and structured
electrodes a minimum domain width of one micron is achieved but the
domain pattern has only a depth of 150 pm [26]. EFP at elevated temper-
atures or illumination with weakly absorbed UV light leads to deeper do-
main patterns at short period lengths [63, 64, 106]. Bulk domain patterns
generated by PI in MgCLN have already reached minimum widths and
maximum depths in the same regime but also offer the advantage that the
domain patterns can be generated at arbitrary angles with regard to the
y-axis 4.2.4.

For the non-polar faces, domain patterning has so far only been real-
ized for ridge waveguide structures, which effectively is also EFP along
the z-axis by structured electrodes on the sides of the ridge [127]. The di-
rect writing by strongly absorbed UV light offers a method to generate
domain patterns on planar non-polar faces [126]. This would then allow
for, e.g., domain patterning on the fringe of whispering gallery mode res-
onators [103].

Poling method Material CF | DW | DD REF
[pm] | [pm]
Structured electrodes CLN z 1.4 500 [25]
Structured electrodes MgCLN Z 1 150 [26]
Structured electrodes MgSLN Z 3.9 500 [128]
Structured electrodes CLN x/y | 83 3.5 [127]
Structured electrodes (400 K) MgCLN z 15 | 3000 [64]
Structured electrodes and UV MgCLN Z 7.7 500 [63]
Structured electrodes and UV MgSLN 5 500 [106]
UV-direct writing (244 nm) | MgCLN/CLN | —z 2 - [77]
Poling inhibition (275 nm) | MgCLN/CLN | +z 4 4 [100]
Poling inhibition (275 nm) MgCLN +z 5 500 | Sec.4.2.4
Direct writing (275 nm) MgCLN/CLN | x/y 1 >2 [126]

Table 5.2: Different domain patterning methods for LiNbOs.
CF = crystal face; DW = minimum domain width; DD = maxi-
mum domain depth; REF = reference.
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5.3 Influence of heat and UV light on the coer-
cive field

5.3.1 Influence of heat on the coercive field

At first, the reduction of the coercive field strength for LiNbOj3 at elevated
temperatures up to 520K described in Sec. 4.3 is discussed. For 520K, Ec
is reduced to less than 50% of its value at room temperature.

Battle et al. proposed for lithium tantalate crystals that defect struc-
tures such as frustrated antisite defects, which strongly pin domain walls
and cause the internal field, can be reoriented to normal defect clusters,
since heating raises the ionic conductivity [37]. Reducing the number
of frustrated defects reduces domain wall pinning. Thus, domain walls
propagate more smoothly at lower field strengths, and therefore a lower
coercive field is observed. In the case of CLN, Kim et al. proposed a
polar defect cluster consisting of one niobium-on-lithium antisite defect,
charge-compensated by four lithium vacancies [see Fig. 2.2(c,d)] that leads
to Eint [38, 129]. For LiNbO3, hydrogen and lithium ions are the most mo-
bile ions, due to their small activation energy [101]. As soon as lithium ions
become mobile enough they can reorient the frustrated antisite-defects in
CLN and therefore domain wall pinning is reduced.

The inversion of the internal field through a combination of poling and
annealing has already been reported for CLN by Gopalan et al. [130] and
for MgCLN by Yao et al. [131]. It is straightforward to propose that for the
case of MgCLN, a polar defect cluster is formed by a magnesium ion on
a lithium site paired with a lithium vacancy for charge compensation. If
the defect complex is aligned along the c-axis (see Fig. 5.4), it leads to the
internal field and, in its frustrated state, to strong domain wall pinning.
This argument is supported by the fact that for both materials E;,; can be
reversed easily at temperatures, at which the lithium ions are mobile.

Therefore, it is not the macroscopic increase of the ionic conductivity,
but in particular the increased mobility of the lithium ions that allows
modification of polar defect structures on the microscopic scale and leads
to the reduction of Ec in LN at elevated temperatures.

It is worth noting that the value of the spontaneous polarization is al-
most constant in the investigated temperature regime: From the pyroelec-
tric coefficient we expect a reduction of Ec of 2.5% for heating from room
temperature to 520 K [132]. This is indeed smaller than the 10% experi-
mental accuracy for the measurement of Ps.
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Figure 5.4: Schematic illustration of a possible defect complex in-
volving a magnesium-on-lithium antisite defect (Mgy; *) and lithium
vacancy (V[;) in MgCLN [133] proposed analogous to the antisite de-
fect introduced by Kim et al. [38]: (A) stoichiometric crystal without
defects. (B) A dipole complex with its dipole moment oriented par-
allel to the c-axis. (C) The dipole complex from B after domain in-
version becomes a frustrated defect with antiparallel orientation of
the dipole moment in regard to the c-axis. (D) At elevated tempera-
tures the lithium vacancy moves and the dipole complex aligns itself
parallel to the c-axis again.
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5.3.2 Influence of UV light on the coercive field

In the case of coercive field reduction by weakly absorbed UV light in
LiNbOg3, it is not thermally mobilized ions but photo-excited electrons that
play a crucial role. At a wavelength of 351 nm the photon energy of 3.5 eV
is sufficient to excite electrons from the tail of the valence band to the con-
duction band. It is known that MgCLN and vacuum-annealed CLN show
a larger photoconductivity than as-grown CLN [21, 134, 135]. The photo-
excited electrons screen the antisite defects and therefore enable smoother
domain wall propagation and lower Ec values in MgCLN and vacuum-
annealed CLN but not in as-grown CLN. It is evident that the UV light
does not lead to any structural change of the antisite defects, as elevated
temperatures do, since no persistent change of Ejn is observed.

It is worth noting that without UV illumination the value of Ec for the
vacuum-annealed CLN is identical to the value for as-grown CLN, which
indicates that the vacuum annealing itself does not lead to any effect on
Ec.

Also the experimental results for simultaneous heating and UV illumi-
nation (see Fig. 4.16) can be explained with the two different Ec reduction
mechanisms. First, heat helps to reduce the number of frustrated defects
in MgCLN, and second, the weakly absorbed UV light photo-excites elec-
trons that screen defects in general [133]. Based on these two different
mechanisms it becomes clear that for MgCLN both effects add up and lead
to an even higher reduction, so that Ec lies in the regime of SLN, since the
defects have no strong impact on the poling behavior anymore.

Transient effects that lead to coercive field reduction in doped and
undoped congruent lithium niobate have been investigated. The crucial
mechanism, supporting domain inversion at a lower field strength, is the
reduction of domain wall pinning. It is proposed that in the case of ele-
vated temperatures this is attributed to mobilization of lithium ions, which
then can restructure defects, while in the case of homogeneous UV illumi-
nation photo-excited electrons screen charged pinning defects.

5.4 Outlook

The results presented in this thesis have shown that ferroelectric domain
patterns can be generated on all crystal faces by strongly absorbed UV
light. Tailored domain patterning, especially in Mg-doped LiNbO3 crys-
tals, which do not exhibit optical damage, allows for a wealth of appli-
cations in non-linear optics. The principle of poling inhibition, i.e., lo-
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cal modulation of the coercive field due to local heating, could be further
explored. The domains generated by PI have a depth of at least several
microns, which would be suitable for application in optical waveguides.
Focusing of the UV light to spot sizes close to the diffraction limit can yield
domain patterns with period lengths in the sub-um-range that could for
instance be used for mirrorless optical parametric oscillators. The genera-
tion of bulk domains by PI offers many applications in non-linear optics,
e.g., for second harmonic generation in WGRs, but the domain kinetics
involved in the conversion process of the PI surface domains to bulk do-
mains have still to be understood.

The smallest period lengths could be generated by direct writing on the
non-polar faces, since the domains generated by scanning the laser beam
perpendicularly to the z-axis yield domains that have only approximately
half the width of the laser beam focus. Therefore, even domain widths
below the diffraction limit of the writing beam could be realized. The fact
that UV laser light can be used to generate domain patterns of arbitrary
shape on the crystal surface has already been combined with the differ-
ent etching behavior of the crystal faces to generate tailored topography
patterns that can act as microresonators and ridge waveguide [19, 136].
Therefore, many tools for generating integrated optics on LiNbO3 are pro-
vided by this method.

The results obtained on coercive field reduction by heat and weakly
absorbed UV light give some further insight into the domain inversion
process. Especially for MgCLN, the material that is most interesting for
application in non-linear optics, due to its relatively low cost and the sup-
pression of the optical damage, these two mechanisms to lower the coer-
cive field strength have been investigated. To obtain further understand-
ing of the influence of these external parameters on the domain inversion,
confocal Raman spectroscopy could give additional information about the
defect structures.
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SUMMARY

a bulk domain pattern with short period length and good duty cycle in a
500-pm-thick Mg-doped near-stoichiometric crystal could be obtained.

In contrast to the coercive field lowering mechanisms described above,
focussed irradiation of LiNbO3 with strongly absorbed UV light can lead
to a local increase of the coercive field. UV light of 275 nm wavelength is
strongly absorbed and a volume with a depth of only a few micrometers
and with the size of the beam focus below the crystal surface is efficiently
heated.

It depends on the irradiated face of the crystal whether the heat pro-
file, induced by irradiation with a focussed UV laser, either leads to di-
rect domain formation or to poling inhibition. On the +z face, no direct
writing of domains is observed but after an odd number of electric field
poling steps inhibition of domain reversal in the UV-irradiated area is ob-
served. This poling inhibition is investigated in detail by piezoresponse
force microscopy and theoretical modeling of charge carrier migration un-
der local exposure of strongly absorbed light. The results obtained point to
the following mechanism of the poling inhibition phenomenon: strong lo-
cal heating leads to a local reduction, via thermodiffusion of Li vacancies,
in the Li concentration. Therefore, a strong local increase of the coercive
tield inside the UV-irradiated track is obtained. Together with the effect
of direct writing on the —z face, investigated in previous works, one can
pattern domains on both z faces.

For the non-polar faces, i.e., the x- and y-faces, the laser-induced heat
profile leads to the build-up of a bi-polar electric field. The projection
of this field on the crystal z-axis orients the spontaneous polarization to-
wards the temperature maximum, leading to head-to head domain struc-
tures. The bi-polar electric field along the z-axis on the non-polar faces,
causes that the scanning direction determines the final shape of the do-
main structure. It is now the possible to generate domain patterns on all
crystal faces, which is allowing for a wealth of new possibilities for appli-
cations, e.g. non-linear optics in whispering gallery mode resonators and
photonic crystals.
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Chapter 6

Summary

Lithium niobate has become the material of first choice for nonlinear opti-
cal applications in the visible and near-infrared. Even nowadays, however,
it remains challenging to fabricate ferroelectric domain patterns at a length
scale of sub-to-few microns that meet the requirements of their potential
applications in LiNbOj for non-linear optics. The understanding of fun-
damental properties of domain growth and the development of methods
for domain engineering are both closely related and both treated in this
thesis.

In the context of this work, the influence of external parameters like
temperature and UV light intensity as well as intrinsic parameters like sto-
ichiometry and doping on the poling behavior of lithium niobate crystals
have been investigated. Underlying mechanisms for coercive field reduc-
tion in LiNbO3; have been identified as reorientation of frustrated defect
clusters for heating and screening of defects by photo-excited electrons for
illumination with weakly absorbed UV light.

For the case of elevated temperatures, at temperatures as low as 500 K,
lithium ions inside the crystal have sufficient mobility that defect clus-
ters with their dipole moment oriented antiparallel to the spontaneous
polarization can be re-oriented. This leads to less domain wall pinning
and therefore lowers the field that is needed to invert the spontaneous
polarization. In the case of illumination with weakly absorbed UV light
(A =334 nm and A = 351 nm) of Mg-doped material, the photo-conductivity
is significantly increased, which efficiently screens defect structures, so do-
main wall pinning is reduced and the coercive field is lowered.

UV illumination and elevated temperatures can be superimposed lead-
ing to an overall reduction of the coercive field strength of Mg-doped con-
gruent LiNbOj3 to 1 kV/mm. Structured illumination by weakly absorbed
UV light is utilized for domain patterning in lithium niobate crystals and
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