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1 Abstract

We enhance the recently proposed by us original backswitched poling method for periodic
domain patterning with shorter domain periods in thicker LiNbO; (LN) and LiTaOs; (LT)
substrates, which are important for quasi-phasematched nonlinear optics. We investigate in
details the domain evolution at the different stages of backswitching process especially the
formation of the nanoscale domain structures. The main attention has been paid to the nucleation
of new domains and sideways motion of the domain walls. The self-organized formation of the
strictly oriented nanoscale domain arrays has been observed for the first time. We compare the
domain kinetics and switching parameters for conventional congruent LT single crystals and
stoichiometric ones produced by Vapor Transport Equilibration and grown by double crucible

Czochralski method.

2 Introduction

Recently a new branch of ferroelectric technology and science named domain engineering has
been developing rapidly. The target of this activity is to find ways of producing desired domain
structures with precise reproducibility of the main parameters in commercially available
ferroelectric materials. The particular attention is paid to periodically poled lithium niobate,
lithium tantalate and KTP family crystals which had a major impact on nonlinear optical
frequency conversion. Ferroelectric domain engineering is important for quasi-phasematched
(QPM) nonlinear optics [1]. For QPM interactions involving visible and ultraviolet (UV)
wavelengths, the dispersion characteristics of common nonlinear crystals require short-period
domain gratings. To date, the creation of the domain periods of 3-4 microns in 0.2-0.3-mm-thick
substrates have been reported for electric-field-poled LT [2,3], LN [4,5] and KTP [6]. Such
progress shows promise for the second harmonic generation (SHG) of blue [2,6] and even UV
light [3]. Nevertheless, in thicker substrates, difficulties remain in the reproducible fabrication of
uniform quality QPM materials for visible and UV wavelengths. With the proper voltage
waveform and surface preparation, 6.5-micron-period uniform domain structures, having
controlled duty cycle, can be formed throughout 76-mm-diameter 0.5-mm-thick LN wafers [7].
While such a QPM period is useful for first-order SHG of green light, first-order SHG of blue
and UV light requires shorter periods. Detailed study of the physical nature of nucleation,
evolution and stabilization of the domain patterns is required to solve this problem. It must be
stressed that complex studying of domain evolution during polarization reversal is of principal

importance for improving the domain patterning in LN and LT.



It is well known that in ferroelectrics after fast removing of the external electric field the
created domain structure becomes unstable and partial spontaneous reconstruction of the initial
domain state (“backswitching” or “flip-back™) is usually observed. However the domain
evolution during this spontaneous decay is practically unstudied. It was shown only that the
characteristic time of this process strongly depends on material and experimental conditions [8-
10]. Recently the new method of short-period domain structure fabrication based on the effect of
spontaneous backswitching was proposed and realized in LN. The further development of this
method demands the thoroughly investigation of the evolution of domain kinetics during
spontaneous backswitching.

The backswitching is governed by the superposition of the partly compensated
depolarization field and residual bulk field, which was compensating the external field [11-13].
These backswitching fields decrease with time, but just after fast field removing they can
sufficiently exceed the experimentally produced switching fields. Thus, the high degree of
nonequilibrium can be achieved in proper ferroelectrics by choosing optimal experimental
conditions. It is clear that effective bulk screening, which determines the backswitching effect, in
turn hampers the polarization reversal and increases the threshold fields.

It was shown experimentally that spontaneous decay of highly non-equilibrium domain
state in LN is achieved through the formation of self-organized structures consisting of oriented
nanodomain arrays with sizes of smallest individual domains less than 50 nm. These structures
demonstrate the record value of domain density ever observed (up to 100 um?). This also means
formation of a great number of charged domain walls in the surface area. Thus it was opened a
new field of application of LN in domain engineering through the fabrication of nanodomain
structures with high density of domain walls. The investigation of mechanisms of self-

maintaining correlated nucleation is very important.
3 Experiment

3.1 Samples

We have investigated in details the domain kinetics during polarization reversal in the
conventional single crystals of congruent lithium niobate (CLN) and congruent lithium tantalate
(CLT) and also in one of the most promising nonlinear optical material stoichiometric lithium
tantalate SLT. The commercially grown crystals are typically produced through an incongruent
process. The conventional CLT crystals should contain considerably large amounts of Ta antisite

defects and cation vacancies. Recently several methods of preparation of "stoichiometric" LT



crystals are under development. We have studied the samples prepared by two different
techniques: 1) high temperature treatment - Vapor Transport Equilibration method (VTE LT) and
2) crystal growth using double crucible Czochralski method (SLT).

3.1.1 Congruent lithium niobate and lithium tantalate

The periodic bulk domain structures were obtained in standard optical-grade single-domain 0.5-
mm-thick CLN and 0.3-mm-thick CLT wafers of congruent composition cut normal to polar axis.
The wafers were photolithographically patterned with periodic strip metal-electrode structure
(NiCr) deposited on Z* surface only. The electrodes in CLN were oriented strictly along Y axe
(one of [+« « « ] directions). The patterned surface was covered by a 1 um-thick insulating layer

(photoresist or spin-on-glass) to inhibit domain spreading out of electrodes (Fig. 1).
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Figure 1 Scheme of the experimental setup for poling.

For in situ investigation of the domain kinetics in uniform electric field we have used one-
mm-diameter circular transparent electrodes of two types: 1) liquid electrolyte (water solution of

LiCl) in special fixture, and 2) In,O3:Sn films deposited by magnetron sputtering.
3.1.2  Stoichiometric lithium tantalate prepared by Vapor Transport Equilibration method

Vapor Transport Equilibration method allows to produce the stoichiometric samples by high-
temperature treatment of the plates of conventional CLT. The method is rather simple and
potentially cheap. The wafers of CLT with sizes about 20x15x1 mm® have been treated at the
constant temperature in the range 1120 - 1370°C for 100-200 hours in a platinum crucible over a

mixture of LisTaO4 and LiTaOs; and controlled O, atmosphere [14] The samples have been



polished after treating. It was shown that all of them contain complicated as-grown domain
structure with charged domain walls. Moreover all samples annealed at temperatures above

1300°C contain the twin structure.
3.1.3  Stoichiometric lithium tantalate grown by double crucible Czochralski method

SLT crystals with high quality and homogeneity were grown using the double crucible
Czochralski method equipped with an automatic powder supply system by K. Kitamura and Y.
Furukawa (NIRIM, Tsukuba, Japan) [15,16]. We have investigated single-domain samples
cooled in electric field through the transition point. The part of as-grown crystal was annealed in
air at 750°C and cooled down at a rate of 2K/min to the room temperature applying a dc electric
field along polar direction. The investigated polished plates with thickness about 0.5 - 1 mm have

been oriented normal to polar axis.
3.2 Experimental setup for domain patterning

A high voltage pulse producing an electric field greater than the threshold (“coercive”) field (21.5
kV/mm) was applied to the electrode structure through the fixture containing a liquid electrolyte
(LiCl) [17,18]. The voltage pulse shape controls the parameters of the obtained domain structure
(Fig. 2). The voltage waveform consists of three field levels: 1) "high field", 2) "low field", 3)
"stabilization field". The switching takes place at the "high field" stage and the backswitching
occurs during the "low field" one. The crucial parameters for backswitching kinetics are the
duration of "high field" stage Aty, and the value of the jump from "high" to "low" field (field

diminishing amplitude) AE. Voltage and current were monitored during polarization reversal.
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Figure 2 Backswitched poling voltage waveform.

The comparison of domain patterns obtained for different duration of the "low field" stage
yields information about domain development during backswitching. For observation of the
domain patterns after partial poling the polar surfaces and polished cross-sections were etched for

5 - 10 minutes by hydrofluoric acid (without heating). The obtained surface relief was visualized



by optical microscope or by high-resolution microscopes SEM and SFM. Studying the domain
structure in the bulk by optical method the spatial resolution in X direction was enhanced by
appropriate tilted cross-sections. It was found that cleavage reveals the domain structure even

without etching.
3.3 Optical visualization of the domain patterns without etching

We have demonstrated for the first time that the domain patterns in any LN and LT can be
visualized by optical microscope in transmitted and reflected modes without any surface
treatment by etching or cleavage. Two modifications of the method have been applied: 1) in
polarized light and 2) without polarizer and analyzer.

Observation in transmitted polarized light demonstrates the best contrast under application
of weak external field (about 500 V/mm), which can not change the domain structure being far
below coercive field. The contrast disappears quickly after external field switching off.

More convenient "nonpolarized light" method has been used for LT and LN (Fig. 3-5). The
method needs narrow light beam and small controlled deviation of the beam propagation from the
polar axis. The good enough contrast has been obtained during observation of the domains with

sizes down to 5 microns.

Figure 3 The optical patterns of individual microscale triangular domains in CLT
obtained without etching

It must be pointed out that it is easy to control a difference in domain shape between

congruent and stoichiometric LT (Fig. 4).



Figure 4 The optical pattern of individual microscale hexagonal domains in SLT
obtained without etching

Figure 5 The optical pattern of individual microscale hexagonal domains in SLN
obtained without etching

3.4 High-resolution visualization of nanodomains

Additionally to conventional regular micro-scale domain patterns in present research we were
studying the nanodomain structures. It is clear that optical observation of such super-small
domains is impossible. Thus we apply such high-resolution techniques as Scanning Force

Microscopy (SFM) and Scanning Electron Microscopy (SEM).
3.4.1 Comparison of SFM and SEM patterns of etched surface relief

We use the analysis of SEM and SFM patterns associated with etched surface relief as the only
sources of knowledge about nanodomains. The reconstruction of the domain patterns from SEM
images needs taking into account the distortions caused by etching procedure and peculiarities of
SEM observation which are still unsolved problems.

The typical SEM image of etched individual nanodomain and its profile along Y direction
are presented in Figure 6. It is obvious that size and shape of this nanodomain are unclear from
this image. In order to understand the real shape of SEM profile the etching relief in the same
sample was checked by SFM (Fig. 7, 8c). It can be seen that the etched hillock has a high
gradient near the top and low one at the base (Fig. 7). The hillock height is proportional to the

etching time (about 150 nm for 10 minutes).
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Figure 6 SEM pattern of individual nanodomain in CLN revealed by etching (a)
image, (b) profile along Y direction

Figure 7 Relief of individual nanodomain in CLN revealed by etching and observed by
SFM. Image sizes: 450x400 nm?, hillock height: 150 nm.

We construct the SEM profile (Fig. 8a) from the relief profile (Fig. 8b) using the following

expression for calculation the local SEM signal I for normal incidence of electron beam:

I~ R s (1)
ScosO

where S - area of electron beam at the sample surface, R - maximum escaping depth of

secondary electrons, 0 - angle between electron beam direction and surface normal vector.
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One can find the certain similarities between experimental SEM profile (Fig. 8b) and

calculated one (Fig. 8a). In both cases there are two maximums that correspond to steep sides
near the top of the hillock. The essential difference between them is due to different slopes of Y’

and Y sides of hillock due to the anisotropy of etching velocities.

4 i i i it ’ i
200 300 400
Distance (nm}

0 100

Figure 8 The individual nanodomain pattern in CLN revealed by etching and
observed by SFM: (a) — calculated “SEM” profile along Y direction
obtained from SFM relief profile (b), (¢c) — SFM pattern.

3.4.2 Formation of the surface relief during etching

It is well known that etching in CLN is a very anisotropic process. The values for etching
velocities in main crystallographic directions obtained for etching time from 10 to 40 hours are

presented in Table 1.

Table 1. Anisotropy of etching rate in CLN.

Crystallographic directions Etching rate (nm/hour)
VA 96.8
YA 0.956
Y’ 74.1
Y 1.11
X" 2.99
X 2.98

It is clear that for time about 5 - 10 minutes the etching is important only in Z* and Y*

directions thus it is negligible in any other direction. The essential difference between etching
rates in Z~ and Z" directions can be seen on Figure 9 where the etched relief obtained after
backswitching under the electrode edges is presented. It appears that the etching rate is

nonuniform and depends on distance from the domain wall (Fig. 9).
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Figure 9 Formation of spike-like domains along electrode edges during backswitching
process in CLN. Y view of etched relief was visualized by optical microscope.
Width of switched lamellar domain is about 2.5 um.

The anisotropy of etching rate leads to distortion of relief as compare with the shape of
nanodomain. The estimated evolution of the relief on Z* surface during etching of individual
nanodomain with a shape of long hexagon is shown in Figure 10a. One can see that the hillock

shape changes in special manner, which is similar to the experimental data.

Figure 10 Stages of surface relief evolution during etching of
nanodomain in CLN: (a) - Z view, (b) - X view.

In order to explain the formation of low gradient parts of hillock sides we propose the linear

dependence of etching rate Vg (in Z~ direction) on distance Ax from the domain wall:
Ax
VZ (AX) = VZmaX - (1 - ?) ' (VZmaX - VZmin ) > for Ax <R (2)

where Vzmax - etching rate at the distance Ax > R from the wall, Vzmi, - etching rate at the

wall.



13

Such dependence can be caused by influence of the local field on the etching rate.
Nonuniform field distribution in the vicinity of the domain wall leads to formation of hillock with
different gradients near top and base (Fig. 10b). The difference in maximums on SEM profiles
can be explained by different etching rate of Y™ and Y~ surfaces (Fig. 6b, 8a). Finally we can
conclude that the distance between intensity maximums on SEM patterns corresponds to domain
sizes as the distance between the points where gradient of hillock sides changes drastically is

constant during etching.
3.4.3 Domain observation by SEFM in piezoresponse-imaging mode

We successfully apply for the first time the SFM piezoresponse-imaging mode [19,20] for
visualization of CLT and CLN domains, working in collaboration with Prof. Levy group from
University of Pittsburgh. The SFM piezoresponse-imaging technique [19,20] is based on the
detection of the local electromechanical vibration of the ferroelectric sample caused by external
ac voltage. The voltage is applied through the probing tip, which is used as a movable top
electrode (Fig. 11).
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Figure 11 Scheme of a SFM system.

A modulated signal produced by the laser beam reflected from the cantilever, which
oscillates together with the sample, is detected using a lock-in technique. In the piezoresponse
mode, domain structure can be visualized by monitoring the first harmonic piezoresponse signal.

The phase of this signal depends on the sign of the piezoelectric coefficient and therefore on the
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direction of spontaneous polarization. This means that regions with opposite orientation of
polarization vibrating in counter phase with respect to each other under the applied ac field
should appear as regions of different contrast in the piezoresponse image. The method have been
demonstrated earlier mostly for ferroelectric thin films [20] We applied that technique to

periodically poled CLN sample without electrodes (Fig. 12) and for observation of the domain

structure in partly switched CLT (Fig. 13).

t

Figure 12 SFM piezoresponse image of the periodical domain pattern in CLN.
-628
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Figure 13 SFM piezoresponse image of the individual domains in CLT.
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The method demonstrates the good contrast and high enough spatial resolution for

nondestructive investigation of the nanoscale domain patterns in near future.

4  Main approach to the domain structure evolution

Our approach to kinetics of domain patterning in the bulk ferroelectrics is based on the
assumption of key role of screening effect [13]. It is clear, that switching from the single- domain
state is achieved through nucleation and growth of reversal domains [12]. The polar component
of local electric field Ez at the nucleation sites and domain walls governs both nucleation and
growth respectively [12,13]. The spatial distribution of the local field Ez(r,t) is determined by the
sum of z components of: 1) external field Ee(r) produced by the voltage applied to the
electrodes, 2) the depolarization field Egep(r,t) produced by bound charges of instantaneous
domain pattern, and 3) screening fields of two types: the external one Ee.(1,t) due to the charge
redistribution at the electrodes and the bulk one Ep(r,t) which compensates the residual

depolarization field and external field by various bulk mechanisms [12,21,22].
E 4 (I‘, t) = lE ex (I‘) - (E dep (I‘, t) - Eescr (I‘, t))j— Ebscr (I‘, t) (3)

The depolarization field slows the domain growth while the screening processes reduce its
influence. It is important to keep in mind that without bulk screening even after complete external
screening the bulk residual depolarization field Eq4,(r) remains due to the surface dielectric gap

existing in any ferroelectric [12,22].
Egq ()= Edep (1) = Ecger (1) # 0 “4)

For an infinite single-domain ferroelectric capacitor

2LP
gre.d
where L - thickness of dielectric gap, d - thickness of the sample,

P - spontaneous polarization, €, - dielectric permittivity of the gap.

This residual field can be screened by the charge redistribution in the bulk and aligning of
polar defects [21,22]. These processes are relatively slow (t ~ 107-10° s) [12] and usually
obtained retardation of the bulk screening leads to various memory effects [13]. For example,
after fast enough decreasing of the external field, the spontaneous backswitching process can
partially or completely reconstruct the initial domain state. This process is determined by action

of partially screened residual backswitched field.

Ebs (I‘, t) = _[E dr (I‘) + Ebscr (I‘, t)] (6)



16

It must be stressed that in the case of long enough duration of switching pulse and fast
diminishing rate of external field at the end of pulse the bulk screening field Epe can be
extremely high due to the bulk screening of external field. As a result just after fast removing of
external voltage the backswitching field can sufficiently exceed the necessary value of driving
field, thus, the high degree of nonequilibrium can be achieved. In the case of exponential
behavior of bulk screening field the following expression can be written backswitching field just

after removing of external field At

At
Ebscr (I‘, At sp ) = [1 - exp[— ’CPH ’ [E ex (I‘) - Edr (I‘)] (7)

S  Switching in uniform field in congruent lithium niobate and lithium tantalate

We have investigated the polarization reversal in CLN and CLT using real-time observation of
the domain evolution and simultaneous recording of the switching current data with its

subsequent mathematical treatment.
5.1 Switching current data

The investigated 200-um-thick plates of CLT and CLN cut normal to polar axe were switched by
rectangular field pulses using circular liquid-electrolyte electrodes (LiCl) on both surfaces. The
total switched area (1-mm-diameter) was visualized using polarized microscope and the sequence
of instantaneous domain patterns was recorded on video during switching. Simultaneously the
switching current was recorded in conventional manner (by Merz technique) [23]. The
comparison of obtained current data and domain patterns allowed to extract the unique complete
information about the domain structure evolution and to propose the main mechanisms of the
domain wall motion.

The domain switching in CLT and CLN demonstrates essential "unipolarity": the threshold
fields for switching from the initial domain state ("poling") and reversal switching ("repoling")

are sufficiently different. The degree of unipolarity can be characterized by the value of bias field

E,=0.5(E. +E.) (®)
The bias field in CLT is much larger than in CLN. The values of parameters extracted from
the direct optical observation of the domain kinetics are presented in Table 2.
The switching process in CLT displays an essential "formation" effect, which manifest
itself in decreasing of the switching time (Fig. 14) and threshold field (Table 2) after several
switching cycles in the same conditions. It must be stressed that the bias field does not change

while the threshold field decreases essentially.



17

JEBUWFT T T T T T T T
i @ CLT
el

B =18

P
]

pg ooE o 18 15 14 28 371

Time (s)

Figure 14 Effect of formation in CLT. Change of the switching
currents for two sequent switching cycles.

Table 2. Threshold and bias internal fields for congruent and
stoichiometric LN and LT.

Threshold field, kV/mm Bias internal
field,
Poling Repoling kV/mm
CLN 20.6 15.3 2.65
CLT
(first switching cycle) 20.6 11.3 4.65
CLT
(after cyclic switching) 19.2 10.0 4.60
VTE LT 123 s 08
(T = 1220 °C)
SLT 2.0 1.7 0.15

The switching current pulse changes essentially with increasing of applied voltage (Fig.
15). Moreover at any voltage one can see the current noise (Barkhausen pulses) which can be

related with jump-like motion of the domain walls [24,25].



18

J(‘a,u.}I-sﬁlll'n-lﬂl

Bl

oot hA 2015 A4 Y
lime (s)

iy

Figure 15 Switching currents measured for different voltages in CLT.

5.2 Domain shape during switching in lithium tantalate

We have investigated in details the shape of the domains arising during switching in CLT
samples switched in uniform field applied by liquid electrolyte electrodes. The domain patterns
revealed by etching on polar surface and cross-sections were visualized by optical microscope. It
was shown that domain shape at different stages of cyclic switching varies essentially from ideal
triangles (Fig. 16a) to triangles with round corners (Fig. 16b) and irregular hexagons. Moreover

the unusual trefoil shape is observed also (Fig. 16d,e,f).

(b)

10 um

d ) (f)

Figure 16 Variants of the domain shape in CLT. Domain patterns
revealed by etching and visualized by optical microscope.

Such evolution of the domain shape can be explained if we take into account the evolution
of the domain growth during cyclic switching. The domains arising in single-domain state
demonstrate the regular shape, which is determined by the crystal symmetry. The evolution of

such domains during backward switching is more complicated and its shape depends also on
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prehistory due to memory effect, which is generated by the spatially nonuniform bulk screening
field. The variation of step's position at the wall and velocity of their propagation along the wall
leads to formation of several unusual shapes considered above.

The special case of domain evolution during backward switching is presented in Figure
16¢c. The surface defect plays a role of nucleation site during both switching and backward
switching. As a result during backward switching the new domain arises and grows in the center
and the shape of triangle domain changes due to specific of step propagation in the corners of
switched domain. Such mechanism leads to formation of the domain triangles with round corners
(Fig. 16D).

We have investigated also the domain forward growth through the sample using the
patterns visualized on slightly tilted cross-sections (Fig. 17). It was shown that growing domains
have a shape of triangular pyramid and finally become the triangular prism with vertical neutral
domain walls (Fig. 17a). The tilted cross-sections show the details of domain face's shape and
demonstrate in many cases their essential irregularities (Fig. 17b,c).

It is important to point out that in all investigated samples domains nucleate at the surface.
Such results refute the recent confirmation of Gopalan [26] about domain nucleation in the bulk
of CLT. Our detail observations show that his patterns were observed at the cross-sections with

uncontrolled deviations of orientation.

(a) | o) | "©

Figure 17 Domain patterns in CLT on slightly tilted cross-sections. Domain
patterns revealed by etching and visualized by optical microscope



20

5.3 In situ observation of the domain kinetics in lithium niobate

The direct observation of the domain kinetics during switching has been used for detail studying
of the domain structure evolution in CLN (Fig. 18). We have obtained the hexagon domain
shape. One can see the pronounce irregularities in wall propagation and its interaction with
individual arisen domains. Moreover the preferential orientation of the walls is brightly

demonstrated from the beginning to the end of switching.

(a) (b) (©)

Figure 18 Evolution of the domain structure during repoling in uniform external field in CLN.
Diameter of the poling area 1 mm, E = 15.3 kV/mm.

The typical evolution of the domain structure in CLN is the nucleation along the edges of
electrodes and propagation of the formed domain walls to the center of the switching area.
Another scenario was obtained in the samples with surface defects. In the case shown at Figure
18 we choose the special crystal area with small scratch in the center. Such artificial nucleation
sites leads to start of switching in the center and domain growth to the boundaries of the switched
area. The domain shape is far from the regular hexagons but all domain walls are oriented along
Y directions. Any local deviation from the allowed crystallographic orientations rapidly
disappears. The domain growth is usually connected with the propagation of microscale domain

steps along the wall (Fig. 19).

iy

(a) (b) (©)

Figure 19 Layer-by-layer growth through step propagation along the wall during repoling in uniform
external field in CLN. Time interval between the sequent frames 2 s, E = 15.3 kV/mm.

L
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The fastest step of the domain evolution is connected with transformation from concave
domain shape (forming as a result of merging) to the regular convex one. The typical scenario of
the event when fast the big domain "gulp" the small one is demonstrated at Figure 20. Moreover
it must be stressed that the prints of the domain wall are observed after wall shift (Fig. 20). The
prints appear only at the places where the wall was staying for long enough time (more than
second). These prints gradually disappear in time interval about one second. The lifetime of the

print is proportional to the time of wall staying in stable position.

(b)

(©) (d)

Figure 20 "Gulping" during repoling in uniform external field in CLN. Arrows
indicate the prints of the domain walls. Time interval between the
sequent frames 40 ms, E = 15.3 kV/mm.

In situ domain observation opens the possibility to measure directly the average sideways
wall motion velocity and its field dependence (Fig. 21). It was shown that experimental data
measured in wide range of the velocities can be fitted by conventional exponential law

V(E) = V.. exp[Eao/(E - En)] 9)

The main parameters of approximation are presented in Table 3.

Table 3. Parameters of voltage dependence of the average sideways
domain wall motion velocity in CLN

Poling | Repoling

Activation field (E,.), kV/mm 47.2 13.8
Threshold field (Ew), kV/mm 17.8 14.0
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Figure 21 Field dependence of the average velocity of the domain wall
motion in CLN. Experimental points are fitted by Equation (9).

5.4 In situ observation of the domain kinetics in lithium tantalate

5.4.1 Domain evolution

The main features of the domain evolution in CLT are similar to that in CLN. But the nucleation
along the edges of electrodes in CLT is negligible and the density of arising domains is about
1000 mm™ (Fig. 22a). In this case the shape of growing domains is more irregular due to
permanent merging of the moving walls with individual domains (Fig. 23). The clear tendency to

reconstruct the regular shape of domains after merging is also obtained.

(a) (b) (©)

Figure 22 Evolution of the domain structure during poling in uniform external field
in CLT. Diameter of the poling area 1 mm, E =19.2 kV/mm.
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(2) (h)

Figure 23 Jump-like motion of the domain wall in CLT. Time interval between
the sequent frames 40 ms, E = 19.2 kV/mm.

The significant difference in domain evolution scenarios between CLT and CLN is
connected with coexistence of "fast-growing" and "slow-growing" domains in CLT (Fig. 24). The
small slow-growing domains appear at the very beginning of the switching process and then
enlarge extremely slow. The fast-growing domains are formed as a result of merging of the
closest neighbor small domains. Sideways wall motion of fast-growing domain represents the
sequence of step generation acts through wall merging with slow-growing domains. The arisen

steps propagate rapidly along the wall (Fig. 24).

e

I A

0 () (k) | 0
Figure 24 Domain wall motion by merging with slow-growing domains in CLT. Time interval
between the sequent frames 160 ms, E =19.2 kV/mm.
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Such behavior can be explained by the following mechanism. The slow-growing domains
appear at nucleation sites defined by surface defects and nonuniform distribution of the bias
internal (bulk screening) field. Their growth velocity is decreased with size increasing due to
slow screening of depolarization field. Thus they can merge only if the distance between the
nucleation sites is short enough (about 10 wm). The subsequent continuous motion of domain
wall by step propagation can be obtained only if the wall length is long enough to "find" the
isolated domains, which are the only source of the steps. It is clear that the observed jump-like

wall motion should lead to switching current noise (Barkhausen jumps) (Fig. 25).
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Figure 25 Comparison of the time dependencies of the switching current J and the
derivative on time of the switched area AS, calculated by image processing of
the instantaneous domain patterns in CLT.

It must be pointed out that the domain kinetics differs qualitatively for first poling (from
single-domain state) (Fig. 26) and for any subsequent poling or repoling (Fig. 27). The nucleation
density for the first poling is much lower and the domain shape is more regular then for
subsequent switching. The obtained results can be connected with two effects. First, the bulk
screening changes the initial uniform distribution of threshold field according to domain kinetics
during first switching. Second, supposed effect of arising of needle-like backswitched domains
just following the moving wall. During subsequent switching growth of these domains defines

the arising of individual domains and also the wall propagation.



25

Figure 27 Evolution of the domain structure during subsequent poling in CLT. E =22.5 kV/mm.

Moreover we demonstrate for subsequent switching cycles in low field value (just above

the threshold) the unusual domain kinetics presenting growth of irregular-shape domains and

formation of the maze domain structure (Fig. 28). Such behavior is consistent with the above

consideration and can be determined by inhomogeneous spatial distribution of threshold fields.
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(b)

(d) ()

Figure 28 Evolution of the domain structure during repoling in low field in CLT. E = 15 kV/mm.

5.4.2 "Optical" switching current

The image processing of the sequence of instantaneous domain patterns allows to obtain the time
dependence of the switched area derivative AS, which is proportional to the switching current 1.
The comparison of the time dependencies demonstrates their qualitative similarity (Fig. 25) thus
proves the basis of mathematical treatment of the switching current data. It is possible to obtain
the "optical" switching current at different parts of the sample. Such analysis shows that different
areas of the sample demonstrate two types of qualitatively different behaviors (Fig. 29). Some
places (with high enough density of the nuclei) show the conventional kinetics ("nucleation &
growth") with typical switching current shape for B-process (Fig. 29a) [27 ]. The data have been
fitted by Kolmogorov-Avrami formula [27,28]. The spatially nonuniform nucleation leads to
existence of the sample areas without any fast-growing domains due to large distance between
the nucleation sites. These regions switch by propagation of the domain walls formed in the
neighboring regions. The current data for such behavior can be fitted by our original modification
of K-A formula for spatially nonuniform nucleation with catastrophe at the moment when the

walls reach the boundary of the switched area (Fig. 29b) [29]. Thus the optical and conventional
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switching current data can be fitted by the formula consisting of two inputs considered above
(Fig. 30a,c).
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Figure 29 Optical switching current AS in different region types switched by (a)
nucleation and growth and (b) propagation of the domain walls formed in the
neighboring region in CLT fitted by theoretical equations.

It is clear that the number of current jumps should be observed in both cases due to
irregular reconstruction of the walls of growing domains (Fig. 30b,d). Therefore the analysis of

the current data can carry out the details of fast domain evolution.
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Figure 30 Time dependencies of the switching currents in CLT (fitted by theoretical
equations) obtained by (a) “optical” AS(t) and (c¢) “conventional” J(t) methods
and (b) and (d) - current deviations from the best-fit curves.
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5.4.3  Simulation of the original domain kinetics observed in congruent lithium tantalate

We have done the preliminary computer simulations of the observed mechanism of domain
evolution through the nucleation of slow-growing domains and the fast domain growth by
propagation of the steps generated as a result of domain merging. Several instantaneous patterns
of domain evolution simulated in 100x100 matrix with 1500 randomly distributed initial nuclei

are presented in Figure 31.

(d)

(b)
Figure 31 Simulated instantaneous domain patterns.

The initial domain configuration in considered case contains two domain walls at the left and

right boundaries of "switched area". The obtained current data (Fig. 32) is quite similar to optical

and conventional experimental data (Fig. 25). Therefore the proposed mechanism of domain

evolution is qualitatively confirmed. Further simulations will be done for quantitative

confirmation of the proposed methods of switching current treatment.
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Figure 32 Simulated switching current corresponding to the patterns at Figure 31.

We have simulated also the limiting case when the arisen nuclei never grow and calculated
the critical nuclei concentrations needed for propagation of plane wall (with given length) on
given distance. As a result we present the dependence of the probability of domain wall

propagation on the wall length for given shift and fraction of the initial nuclei (Fig. 33).
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Moreover the dependence of the wall length needed for its propagation (with given probability
and fixed shift) on the fraction of the nuclei area have been calculated (Fig. 34). The obtained
results can be used for analysis of the critical local domain concentrations needed for arising of

fast-growing domains and the minimal domain size (wall length) which guaranteed its continuous

growth.
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Figure 33 Dependence of the probability of domain wall propagation on the

wall length for given shift (Ax = 100) and fraction of the initial
nuclei. Results of computer simulation.
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Figure 34 Dependence of the wall length needed for its propagation with

given probability and given shift (Ax = 100) on the fraction of the
nuclei area. Results of computer simulation.

6 Polarization reversal in stoichiometric lithinm tantalate

6.1 Domain structure and switching in Vapor Transport Equilibration lithium tantalate

We have investigated static as-grown domain structure and switching parameters in the set of

VTE LT samples annealed at different temperatures from 1120 to 1370°C.
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6.1.1 As-grown domain structure with charged domain walls and twins

We have visualized as-grown domain structure at the polished cross-sections using optical
microscope in reflected mode. The samples have been etched for 30 — 50 min in hydrofluoric
acid. It was shown that all structures formed as a result of phase transition without any external

field contain the charged domain walls (Fig. 35) and twins (Fig. 36).

Figure 35 Charged domain walls in VTE LT annealed at 1220°C. Y view.
Domain patterns revealed by etching and visualized by optical microscope.

Figure 36 Twins in VTE LT annealed at 1170°C. Y view. Twin patterns revealed by
etching and visualized by optical microscope

The charged domain walls are usually irregular zig-zag shaped. Only in some samples
annealed at low temperatures (about 1220°C) the small domains with flat charged domain wall

arise at the flat defects in the bulk (Fig. 35). Concentration of charged domain walls decreases
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with increasing of annealing temperature. At the temperatures above 1300°C we found only

conventional domains without any charged walls (Fig. 37).

Figure 37 Domain structure with neutral walls in VTE LT annealed at 1320°C. Y view.
Domain patterns revealed by etching and visualized by optical microscope.

All samples annealed at low temperatures contain a number of plate-like twins strictly
oriented along crystallographic directions (Fig. 36). The twins are clearly observed also in
polarized light in transmitted mode (Fig. 38). The crossed twins usually generate the micro-
scratches in the samples (Fig. 39). Arising of the twin structure indicates existence of the strong

stresses in the bulk, which can be caused by concentration gradients in the annealed samples.

I

Figure 38 Twins in VTE LT annealed at 1170°C. Z view. Twin patterns visualized by polarizing
microscope in transmitted mode.
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Figure 39 Twins and micro-scratches in VTE LT annealed at 1170°C. Z view.
Patterns visualized by polarizing microscope in transmitted mode.

It must be pointed out that we have observed a strong correlation between twins and
domains (Fig. 40). The charged domain walls are frequently situated just at the twins’ boundaries.
Twins interrupt the domain growth from the surface through the bulk (Fig. 40a,b) or generate the
domain growth in the bulk (Fig. 40c). As a result of twin-domain interaction the formed as-grown

domain structure is very complicated and difficult for switching.

Figure 40 Domain-twin interaction in VTE LT annealed at (a) and (b) - 1120°C, (¢) - 1170 °C.
Y view. Domain patterns revealed by etching and visualized by optical microscope.

The main tendencies in temperature dependencies of the twins and charged domain walls
are summarized in Table 4. It is clear that the most uniform structures have been produced by

treatment at the temperatures above 1320°C.



Table 4. VTE LT samples annealed at different temperatures.

T, °C Time, hours Twins Charged domain walls
1120 200 many in 3 directions almost everywhere
1170 200 many in 3 directions almost everywhere
1220 100 few “horizontal” only almost everywhere
1320 100 few “horizontal” only Few

1370 200 absent almost absent

6.1.2  Switching currents and hysteresis loops

33

The main switching parameters were extracted from the current data measured in linear

increasing field and rectangular field pulses for VTE LT samples annealed at 1220°C. It was

shown that the shape of switching current and parameters of the hysteresis loop varies from

sample to sample due to the parameters of the local as-grown domain structure (Fig. 41). The

averaged value of coercive field is about 1.2 kV/mm with bias about 0.1 kV/mm. Switching

currents are always very noisy (Fig. 41a). Such behavior can be defined by the jump-like domain

growth.
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Figure 41 Switching current and hysteresis loop in VTE LT annealed at 1220°C.
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The typical switching current obtained during switching in rectangular pulses is presented

in Figure 42. After fast growth it becomes constant with growing noise amplitude. The

decreasing part is practically noiseless.
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Figure 42 Switching current measured in rectangular field pulse in VTE LT.

In situ optical observation of domain evolution during switching shows the irregular maze-
type micro-scale patterns with low contrast. Thus at the beginning existing domain walls move
towards each other with constant velocity. Their jump-like motion leads to observed current
noise. The walls’ merging causes the current decrease. Such scenario of the domain evolution
allows us to obtain the field dependence of the wall motion velocity in field range 0.8 — 3 kV/mm
(Fig. 43). The obtained field dependence of the current pulse amplitude has been approximated
by two linear dependencies with change of start fields and wall mobility at 1.7 kV/mm.
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Figure 43 Field dependence of the current pulse amplitude in VTE LT annealed at 1220°C.

6.2 Domains and switching currents in lithium tantalate grown by double crucible
Czochralski method

Domain patterns observed in SLT samples by optical method without etching drastically differ
from those obtained in CLT. The typical shape of SLT domains is just the same as in LN
(compare Figures 4 and 5). Such hexagon shape is very convenient for periodical patterning as it

permits to create the strip domains with ideal plane walls. Thus solve the problem existing in
CLT.
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In situ observation of domain kinetics in SLT demonstrates arising and growth of hexagons
(Fig. 44). The peculiarities of domain evolution are very similar to those obtained in LN. The
moving walls always keep strictly the allowed crystallographic orientations. The jump-like wall

motion and “gulping” during domain merging are very typical.

(b) (©)
Figure 44 In situ observation of the domain kinetics in SLT during switching in linear increasing field.
The coercive field measured from hysteresis loop is about 1.85 kV/mm with bias about 0.15
kV/mm (Fig. 45b). The rectangular shape of the loop indicates absence of backswitching. The
switching current measured in linear increasing field presents the series of short positive and

negative pulses with duration about 10 ms (Fig. 45a).
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Figure 45 Switching current and hysteresis loop in SLT.

Such behavior is a bright demonstration of the jump-like domain evolution considered
above. The negative current jumps can be explained by two mechanisms. First, after wall jump
the backswitching occurs by formation of individual spike-like domains in just switched area.
Second, the fast component of bulk screening process (by injection through intrinsic dielectric
gap) leads to negative current of extra charge, which has provided the external screening. It must
be stressed out that the small backswitched domains are of principal importance for wall

propagation by the mechanism considered above in the section 5.4.
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7 Formation and evolution of charged domain walls in congruent lithium niobate

It is well known that the charged domain wall has a very high surface energy due to the charge
density of 2P on it. Therefore it is forbidden by the theory [30], but nevertheless any process of
polarization reversal is realized through the formation and forward growth of spike-like nuclei
with the charged domain wall. Moreover in some cases the as-grown domain structures contain a
lot of stable charged domain wall, which can exist “forever” [31,32].

It was pointed by Myers thesis [33] that domains did not grow through the sample and the
unswitched layer remained at Z~ surface for switching in CLN with metal electrodes. To our

knowledge it is the only result of obtaining the stable charged domain wall in LN.
7.1  Formation of the charged domain wall

In this work the charged domain wall was obtained in standard optical-grade single-domain 0.2-
mm-thick CLN wafers cut perpendicular to the polar axis. The transparent In,Osz:Sn circular
electrodes were deposited on Z" and Z~ surfaces. A high constant voltage pulse was applied to
the substrate at room temperature. The evolution of the domain structure was visualized in
crossed polarizers and the movie was recorded using the TV camera (Fig. 46).

Domains nucleated at the Z" surface, grow in the forward direction, but don’t reach the Z~
surface, thus forming the stable charged domain wall (Fig. 47), which propagates in sideways
direction. The strong fields produced by charged domain wall generate the variation of refraction

index due to electrooptic effect, which allows to visualize the static and dynamic domain patterns

(Fig. 48).

Figure 46 Experimental setup. 1 — sample, 2 — TV camera, 3 — lamp, 4 — high voltage supply.

The threshold field for charged domain wall formation by switching from the single-
domain state is about 21 kV/mm and is about 17 kV/mm for the propagation of the existing
charged domain wall. The relief of the charged domain wall essentially depends on the value of

the applied field.
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Figure 47 (a) — scheme of the charged domain wall (arrows show the directions of the domain
broadening). (b) —charged domain wall on the y-surface of the sample (revealed by etching and

visualized by optical microscopy).

Figure 48 Charged domain wall pattern visualized in crossed-polarizers.

7.2 Sideways motion of neutral domain wall

The sequent positions of the neutral domain wall during its propagation (Fig. 49) were obtained

from the sequence of frames taken from the movie. The neutral walls are oriented along the

crystallographic directions of the crystal (Fig. 49).

Figure 49 Sequent positions of the neutral domain wall during its motion in constant external field.



38

Velocity of the sideways wall motion appears to be spatially uniform with rare pinning of
the wall at the local defects (Fig. 49a). The averaged values of the sideways wall motion velocity

for the parts of the neutral wall determined from Figure 46 vary in the range of 40+80 um/s.
7.3 Field induced evolution of the charged domain wall

The field of the opposite direction was applied to the sample in order to switch the existing
charged domain wall to initial state. The relief of the charged domain wall changes slightly at 10
kV/mm. The stages of the evolution of charged domain wall relief at 12.5 kV/mm presented on
Figure 50. It must be pointed that the neutral domain wall does not move in backward direction in
fields up to 22.5 kV/mm.

The image analysis of the sequent frames corresponded to the change of charged domain
wall relief shows that the time dependence of transformed area S(t) follows the K-A formula for

0(2D) process (Fig. 51):

S(t) = S{1 — exp[ —(t/to)* (1 + t/tw)]} (10)

Figure 50 Evolution of the charged domain wall relief in CLN during switching in backward direction. The
sequent frames for application of 12.5 kV/mm. Time interval 1 s. Domain patterns were
visualized in crossed polarizers.
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Figure 51 Time dependence of the charged domain wall transformed area in CLN in 12.5 kV/mm.
Experimental points were fitted by Equation (10).
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8 Periodical domain patterning in congruent lithium niobate and lithium tantalate

8.1 Domain shape during patterning in lithium niobate

The patterning under the periodic electrodes provides the anisotropic conditions for domain
growth. Therefore the typical domain patterns contain the domains, which are not the regular

hexagons, but all their walls are oriented strictly along the Y directions (Fig. 52).

Figure 52 Typical domain shapes at Z~ surface during patterning in LN. Domain patterns revealed by
etching were visualized by optical microscopy.

Comparatively rare the domains which appears as a result of switching in stronger fields
demonstrate the triangular shape with domain walls oriented along X directions only (Fig. 53).
This situation is similar to the effect of the influence of the field on the domain shape, which have

been discovered by us in PbsGe;O;; [34-36].

Figure 53 Triangular shaped domains at Z surface during patterning in CLN. Domain patterns revealed
by etching were visualized by optical microscopy.

It must be pointed that even more complicated shapes with mixture of X and Y walls occur.
For example, during patterning with periodical strip electrodes a “ship domains" with the mixture
of hexagonal and triangular walls are frequently observed at Z~ surface (Fig. 54). Such behavior

can be attributed to the strong field inhomogenety near the edges of the narrow strip electrode.

Figure 54 Mixed domain shapes at Z~ surface in CLN. Domain patterns revealed by etching were
visualized by optical microscopy.
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The irregular-shape residual domains were observed for domain wall coalescence at Z~
(Fig. 55). One can see that the domain wall orientations at these patterns do not exactly follow the
crystallographic directions and can be attributed to the scenario of the domain evolution during

switching.

Figure 55 Deviations of the walls orientations from the crystallographic directions during coalescence in
CLN (Z~ view). Patterns revealed by etching and visualized by optical microscopy.

Another example of unusual domain shapes - so called “star domains" is demonstrated at

Figure 56. The wall orientation in this case strictly follows Y directions.

Figure 56 “Star” domains at z~ surface in CLN. Domain patterns revealed by etching and visualized by
optical microscopy.

Even in uniform electric field the formed domain structures follow the crystal symmetry. The

independent domains can “build” hexagons strictly oriented in the Y directions (Fig. 57).
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Figure 57 Structure of the individual domains in CLN which follow the crystal symmetry at Z~
surface. Domain patterns revealed by etching and visualized by optical microscopy.

8.2 Domain shape during patterning in lithium tantalate

The problem of formation of plane domain walls in CLT is more complicated than in LN due to
triangular shape of individual domains. We carried out the observation of a great number of
periodical short-pitch domain patterns in CLT. The typical results of domain wall formation on
Z" surface for 2.6 um period is presented in Figure 58. Usually the individual domains do not
merge (Fig. 58a). In the case of merging formed strip domains have only one plane wall (Fig.
58b). The rare strip domains with both plane walls never obtained for short-pitch patterning

without local loosing the periodicity (Fig. 58b).

(a) (b)

Figure 58 Domain patterns in CLT. Z™ view. Domain patterns revealed by etching
and visualized by optical microscope.

8.3 Spreading of the domain walls out of the electrodes in lithium niobate

8.3.1 Finger assisted domain wall motion

The scenario of the abnormal domain wall evolution during spreading in CLN was investigated
using the tilted cross-sections (Fig. 59), which provides the time dependence of the wall structure.
One can observe: 1) arising of periodic irregularities (Fig. 59a), 2) growth of oriented “fingers”
(Fig. 59b,c), 3) merging of neighboring fingers (Fig. 59d,e,f). This process results in the anomaly

large shift of the domain walls out of the electroded area.
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Figure 59 Stages of the domain wall evolution during finger-assisted spreading out of electrodes in CLN.
Domain patterns revealed by etching were visualized by optical microscopy.

8.3.2  Switching current during patterning in lithium niobate with current limitation

During periodical domain patterning of large poling area the switching current reaches the current
limitation of our power supply (about 20 mA). The observed difference between the programmed
voltage waveform and the voltage measured at the sample is due to this limitation (Fig. 60). In
this case we divide the voltage and current data into three stages. At the first stage (ty < t < t) the
field at the sample and the current are constant. At the second stage (t; < t < t;) the field increases
linearly and at the third (t > t;) the field becomes constant again and the current decreases (Fig.
60). The special mathematical treatment has been used for analysis of such current data.

As the electrode period A is very small in comparison with the sample thickness d the
depolarization field is assumed to be spatially uniform and approximated by field in capacitor

with effective charge equal to the sum of non-compensated charges at the nonelectroded area.
Edr(AX) = 2Ps/£081 . Ll/d - 2Ax/A (1 1)

where &; — dielectric permittivity of the insulating layer.
Time dependence of the domain wall shift from the electrode edge Ax can be obtained from

the switching charge data Q(t) in the following way
AX(t) = 0.5[Q(t) 2Py Iy — we] (12)

where 1 — total length of all domain walls, we — electrode width.
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Figure 60 Field waveform and switching current for switching with current limitation in LN.

The value of the local field E,(Ax) at the wall moving out of the electrode plays the role of
the external field for switching in the middle of electrode. Thus such measurement appears to be
a convenient method to determine in the single experiment the field dependence of the sideways
wall motion velocity vy(E).

After the complete switching under the electrodes Q = 2Py S (S — total area of the
electrodes) the switching current is proportional to v¢ and 1. Assuming the total length of the walls
to be constant vy is described by simple expression:

Vi) =j(O) 2P 1) (13)

The constant current means the constant velocity and hence the constant value of the local
field. Therefore at the second stage (t; < t < t;) the variation of the field at the sample should be
equal to the depolarization field. But it was found out that the ratio of the variation of the field at
the sample and depolarization field obtained from Equation (11) is equal to 0.06. This fact can be
explained in terms of partial screening of depolarization field by charge injection through the
insulating layer just after the polarization reversal. This effect is quite realistic, as the field in the
layer is super strong (about 30000 kV/mm). Charge injection leads to the effective “decrease”
(compensation) of the bound charges and hence decreases the depolarization field. Thus about
94% of depolarization field is compensated by the charge injection through the insulating layer.

Using all aforementioned considerations the field dependence of the sideways wall motion
velocity was obtained (Fig. 61) and main parameters of the domain kinetics were extracted from
the approximation — the start field E = 21.2 kV/mm and the mobility of the domain wall p = 1.2
10 cm?/Vs.
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Figure 61 Field dependence of the sideways domain wall motion velocity out of the electrodes in LN.
Experimental points were fitted by linear field dependence.

The limit value of the sideways wall motion velocity vg i, = 0.37 mm/s is about the wall

velocity at the electrode edges for switching without current limit vy = 0.51 mm/s.
8.3.3 Calculation of the domain wall spreading out of the electroded area

Spreading of the formed domain walls out of electrodes for thick sample (the electrode period A
<< d) can be considered as a domain wall motion in uniform electric field. It is clear that the
spatial inhomogeneity of external field E., which is so important for nucleation, exists only in
the surface layer with the thickness of about several A.

The wall velocity is determined by the polar component of the local electric field E, [10].
The ratio of compensation of depolarization field by external screening in the area between metal
electrodes by charge redistribution at the liquid electrodes is smaller as compare with the
compensation under the metal electrodes (Fig. 62). This effect and comparatively slow bulk
screening in LN at room temperature lead to decrease of E, during shifting due to increasing of

uncompensated part of depolarization field. The domain wall stops when
E. (Ax)—E4~0 (14)

where Ax — shift of the domain wall out of electrode.

Figure 62 Scheme of the surface region of the substrate with electrodes (1 — dielectric gap,
2 —insulating layer, 3 — liquid electrolyte, 4 — metal electrodes).
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Assuming that conductivity of insulating layer and bulk screening can be ignored and that
the thickness of insulating layer L; >> L the dependence of average bulk value of E, on Ax for
used experimental setup (Fig. 62) can be estimated. The decrease of E, during motion occurs due
to the increasing of depolarization field Eq4(Ax) and the field produced by the “frozen” bulk
screening charges (memory effect). If the spatial distribution of the charge is approximated by
two stripes of the width Ax with effective surface charge density ¢, then the shift dependence of
the field at the domain wall is given by Equation (11), which allows to determine the field
dependence of the domain shift out of electrodes Ax(E¢x — Eq).

Taking into account the field dependence of the domain wall velocity for periodical
switching the simulation of the switching process was carried out. The model parameters were
taken as follows: P = 78 uC/cmZ, d=05mm,L;=05um, &=3.1, A=4 um, we =0.8 um, S =
300 rnrnz, k=0.06,u=1.2 107 cmz/Vs, Eg = 21.2 kV/mm, E¢ = 22 kV/mm. The dependencies
of the sideways domain wall velocity on time (Fig. 63) and shift (Fig. 64) were obtained.

v (Mm/s) .

015 F E,_ = 22KV/imm ]
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000 A L L L
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Figure 63 The simulated time dependence of the sideways domain wall velocity for E., = 22 kV/mm.
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Figure 64 The simulated shift dependence of the sideways domain wall velocity for E., =22 kV/mm.

The similarity of the simulated wall velocity time dependence (Fig. 63) and the
experimental data (Fig. 60) shows that the proposed model can be successfully used to describe

the domain wall motion out of electrodes during periodical patterning.
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8.4 Domain walls interaction during coalescence

Domain spreading out of electrodes is essentially unpleasant for short pitch patterning as it can
result in complete merging of the neighboring domain walls. It is clear that depolarization field
produced by the neighboring domain influences the domain walls motion. When the walls come
together the depolarization field doubles and the velocity of the domain wall decreases. Examples

of the domain-domain interaction can be seen at Figure 65.

Figure 65 Domain-domain interaction at Z~ surface in CLN. Domain patterns revealed
by etching and visualized by optical microscopy.

The conditions for coalescence of the domain walls at Z" and Z~ surfaces differ essentially
due to different electrode configurations. Domain walls at Z~ surface move in uniform field with
fast enough screening. Therefore even just before coalescence distance between them is uniform

and residual narrow domain looks like a thin line which vanishes uniformly (Fig. 66a,b).

Figure 66 Domain walls coalescence out of electrodes in CLN (a), (b) at Z~ surface; (c) at Z" surface.
Black rectangles show the positions of electrodes. Domain patterns revealed by etching and
visualized by optical microscopy.
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The wall's coalescence scenario at Z' surface is drastically different due to very slow
screening between the electrodes. Just before coalescence the narrow residual domain starts to

“tear” in dashes and dots (Fig. 66¢).
8.5 Frequency multiplication of periodical domain patterns

We have studied in details the special process of domain evolution during backswitching, which
leads to spatial frequency multiplication of domain pattern as compare with the electrode one.
The mechanism of frequency multiplication is based on the nucleation along the electrode edges
during backswitching (Fig. 67a), while the role of the wall motion in this case is negligible.

10

Figure 67 Stages of domain evolution during domain frequency multiplication process in CLN.
Z' view. Domain patterns revealed by etching and visualized by optical microscope.
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For "frequency tripling" (Fig. 68) the subsequent growth and merging of nucleated domains
lead to formation of a couple of strictly oriented sub-micron-width domain stripes under each
electrode (Fig. 67b, 69a). The width of the stripes increases during backswitching and can be
controlled by duration of backswitching stage. The typical depth of the backswitched domain
stripes is about 20 - 50 um (Fig. 69b). It is clear that this structure can be produced only using

wide enough electrodes.

Figure 69 Domain frequency multiplication in CLN. Domain “frequency tripling :
(a) - Z' view and (b) - Y view. Domain “frequency doubling : (¢) - Z*
view and (d) - Y view. Patterns revealed by etching and visualized by
optical microscope.

For narrow electrodes and long enough backswitching time these stripes merge and only
the "frequency doubling" can be obtained (Fig. 69¢). The depth of backswitched domain stripes
for doubling is typically about 50 - 100 um (Fig. 69d). The final stage of backswitching presents
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the merging of wide backswitched domains with residual ones (Fig. 67d,e). Finally it leads

formation of completely single domain state just as before switching.

9 Nanodomain engineering in lithium niobate

We discovered that the evolution of domains during backswitching in CLN is a highly organized
process. This spontaneous decay of laminar domain structure proceeds through arising and
growth of oriented nanoscale domain arrays contrary to expected trivial backward motion of the
existing domain walls accompanied by random nucleation of new domains. Domain evolution
during backswitching strongly depends on the value of domain wall shift out of electroded area
during "high field" stage. Moreover such parameters of voltage waveform as the duration of
"high field" stage Aty, and the value of the jump from "high" to "low" field (field-diminishing
amplitude) AE allow to control the backswitching kinetics. Three main scenarios of highly

organized domain evolution can be revealed (Fig. 70-72).

_ Sum

Figure 70 SEM domain images demonstrating the stages of the formation of periodic strip
domains along the electrode edges. Black rectangles show the positions of the
electrodes



Figure 71 SEM images of nanodomain arrays oriented along Y~ directions at 60 degrees to the
electrode edges. Z" view. Electrodes cover the area between black rectangles.
Domain patterns revealed by etching.

5p1m
r———————

Figure 72 SEM images of nanodomain arrays oriented along X directions at 30 and 90 degrees
to the electrode edges. Z' view. Electrodes cover the area between black
rectangles. Domain patterns revealed by etching.

50
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9.1 Formation of periodic strip nanodomain structures

In the samples with large period of electrode structure (more than 7 pum) for long switching pulse
Atg, ~ 15 ms the wall shift out of electroded area exceeds 3 um. In this case for high field-
diminishing amplitude AE ~ 20 kV/mm the backswitching leads to the formation of the periodic
strip domains oriented along the electrodes (Fig. 70). Formation of this structure starts with
arising of a couple of 1D-nanodomain arrays strictly under the electrode edges (Fig. 70a). Image
processing demonstrates the strong correlation of spatial distribution of arisen nanodomains
(average distance between neighbors is about 200 nm). These arrays turn into a pair of strip
domains through growth and merge of nanodomains (Fig. 70b). After their complete merging a
new couple of 1D nanodomain arrays appears in nonelectroded area parallel to the first one at the
distance about 1 um (Fig. 70c). On this way it is possible to demonstrate the “frequency
pentaplication” effect (Fig. 67¢). The distance between secondary and initial stripes is about the
thickness of the artificial insulating layer. Therefore we can change the period of the structure by

controlling the thickness of insulating layer.
9.2 Formation of the quasi-periodical structure of oriented nanodomain arrays

Spontaneously arisen domain structure for short electrode periods (less than 4 um) is drastically
different. Domain patterns visualized by SEM and SFM demonstrate the highly organized quasi-
periodical structure of domain arrays (Fig. 71-75). Each array is always oriented along
determined crystallographic direction. Two variants of array orientation have been obtained

under different switching conditions.
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Figure 73 SFM image of nanodomain arrays oriented along Y™ directions at 60 degrees to the electrode
edges with profile along Y direction. Domain patterns revealed by etching. Z" view.

For short switching pulse duration Atg, ~ 5 ms and the low field-diminishing amplitude AE

~ 2 kV/mm the domain arrays are oriented strictly in one of three Y [+ » » ] directions (Fig.

71,73) at 60 degrees to the electrode edges. Each quasi-regular array is comprised of the



52

1

nanoscale domains with diameters 30-100 nm and average linear density exceeding 10*'mm™. In

contrast to large electrode periods the nucleation along the electrode edges have been never
observed (Fig. 70a).
For long switching pulse duration Atg, ~ 5 ms and the high field-diminishing amplitude (AE

> 10 kV/mm) the domain arrays are oriented strictly in one of six X [+ =+ «+] and [+++ ]
directions (Fig. 72,74). The individual nanoscale domains are triangular shaped and their sizes

are about 30-100 nm (Fig. 75). In addition the nucleation along electrode edges and consequent

formation of strip domains is observed.

Figure 74 SFM images of nanodomain arrays oriented along X directions at 30 and 90 degrees
to the electrode edges. Z" view. Domain patterns revealed by etching,

0.5 1.8

Figure 75 SFM image of nanodomain arrays oriented along X directions at 30 degrees to the
electrode edges. Z' view. Domain patterns revealed by etching.
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9.3  Physical basis of nanodomain engineering

All observed results can be explained under the preposition that the switching process in the
given place is driven by the polar component of the local electric field E,. The value of local field
E, depends on the instantaneous domain pattern and screening degree. E, is defined by the sum of

polar components of external field E., depolarization field Eg4, and various screening fields Eqcri
E,(1,t) = Ecx(r) — Egep(1,t) — ZEgeri(T,t) (15)

In the case of strip electrodes Ec is essentially inhomogeneous with strong increase in the
surface layer along the electrode edges due to the fringe effect. The depolarization field Egep is
produced by bound charges and always hampers the domain growth. It tends to reconstruct the
initial domain pattern when the Ec, is switched off. It is clear that for multi-domain state Egp is
essentially inhomogeneous. Both fields are compensated by screening processes.

Just after mainly the current in the external screens switching the arising Eg, circuit
(external screening). The degree of fast screening and therefore the value of residual
depolarization field depend on the ratio between thickness of sample and dielectric layer (Fig.
76a) [22]

Eraep = L/d Ps/eg, (16)

In used experimental geometry (Fig. 76a) the thickness of dielectric layer is spatially
nonuniform. Under the electrodes the thickness is determined by the sub-micron intrinsic layer

(dead layer) L;, and out of electrodes by deposited 1 um-thick isolating layer L.

fiedd (arboun. )

R I
distance (arb.un.)
Figure 76 (a) Surface region of the substrate with strip electrode: 1 - dielectric gap, 2 - insulating layer,
3 - liquid electrolyte, 4 - metal electrode. (b) Calculation of the spatial distribution of
backswitching field near Z' surface: in two limiting cases (solid line - low AE and short

switching pulse At,, points - high AE and long Aty,).
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The bulk screening processes compensate the residual part of the local field E;
Ezr(r,t) = Eex(r) - (Edep(r,t) - Escrex(rat)) (17)

In wide switched domain (Fig. 76b) the E,; under the electrodes is much less than out of
electroded area since L;,<<Lj.

The bulk screening process is slower and determined by redistribution of bulk charges,
reorientation of the defect dipoles and injection from electrodes through the insulating layer
during switching [12,13]. As a result the field spatial distribution after removing of external field
depends on the duration of switching pulse and field decreasing amplitude (Fig. 2).

9.4 Correlated nucleation under the electrode edges

In order to explain why the nucleation starts under the electrode edges we calculate the spatial
distribution of field polar component of Ez in sample with periodical electrodes (Fig. 77). As it
was anticipating this distribution demonstrates sharp singularities under the edges of finite
electrodes. It must be pointed out that spatially nonuniform Ez(x,y) exists only in the vicinity of
the surface and its amplitude rapidly decreases with the depth (Fig. 77). Practically uniform field
is obtained at the depth about the electrode period. Such estimations clarify the cause of observed
spatially nonuniform nucleation in thin surface layer and show that subsequent growth of

domains in the bulk goes on in uniform electric field.

E, (kvimm)

0 10 20 30 40
Distance {m)
Figure 77 Calculated spatial distribution of the field polar component E; near
Z7 surface in sample with periodical electrodes.
The switching current recorded while applying the switching pulse gives the additional
information about the nucleation and forward growth processes (Fig. 78). Two important
moments of domain evolution can be clear extracted. Up to the first one t; the current

demonstrates quadratic time dependence. This fact can be explained in assumption of correlated

nucleation at constant nucleation rate (o process). Thus first part of current pulse corresponds to
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independent growth of isolated domains under the edges of electrodes which start to merge at

moment t;. At the second moment t, the domains reach Z". It is clear that

Ay

1 2‘78 ( )
d

2 Vf ( )

where Ay - the average distance between the nuclei, Vs - velocity of sideways domain

growth under the edges of electrodes, V¢ - velocity of forward growth (tip propagation).
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Figure 78 Switching current corresponding to growth and merging of isolated
domains under the electrode edges in CLN. In the inset — whole current
pulse and applied field.

The knowledge of these time intervals allows to determine the values of the most important
velocities characterizing sideways domain wall motion and tip propagation. The results of the
analysis of experimental data for about ten samples with wide variety of electrode width and
period are summarized in Table 5.

Table 5. The velocities of wall motion and tip propagation in CLN.

Forward growth velocity 304 £ 29 mm/s
Sideways wall motion velocity 0.51 + 0.04 mm/s
at electrode edges

9.5 Mechanism of correlated nucleation

It is obvious that understanding of correlated nucleation mechanisms needs the knowledge of

spatial distribution of the local field polar component. We suppose that the peculiarities of
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external screening play a principal role in this effect. In order to verify this hypothesis the spatial
distribution of local field produced by individual strip nonthrough domain located at the surface
was calculated for the infinite plate completely covered by uniform electrodes (Fig. 79). The
maximums of residual depolarization field Eq4, are observed at the distance of about thickness of

dielectric gap L from domain wall (Fig. 79, 80a).
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Figure 79 Scheme of the surface layers and the spatial distribution of depolarization and screening
fields caused by strip domain. Distance from the domain wall and depth from the dielectric

gap are given in units of dielectric gap thickness L. Domain sizes h =w =12.5-L.
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Figure 80 Change of spatial distribution of the local field produced by strip domain for different
depth from the dielectric gap (a). Dependence on the depth of local field maximum (b) and
the distance from the position of local field maximum to the wall (¢)
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It was found from this calculation that local field maximums exist only near the surface just
under the dielectric gap and disappear at the depth of the order of L (Fig. 80a,b). The value of
maximum decreases proportionally to the reciprocal value of the depth (Fig. 80b) and the
distance from the domain wall to field maximum linearly increases with depth (Fig. 80c). These
results allow to explain the effect of correlated nucleation. It is clear that the position of the
nucleation site must correspond to the field maximum because the local field near the surface
determines the nucleation probability. Many evidences of correlated nucleation were observed in
CLN during switching in uniform field. One of the common manifestations of this effect is the
arising of the nuclei at short distance from the plane domain wall (Fig. 81). It was shown also that

the correlated nucleation plays important role during backswitching.

Figure 81 Formation of nuclei near the plane domain wall. (a) Z view, (b) Y view.
Domain patterns revealed by etching and visualized by optical microscope.

10 Short-pitch domain patterns in lithium niobate and lithium tantalate

10.1 Application of the backswitched poling for 2.6 um patterning in lithium niobate

We have applied the backswitching method for 2.6-um periodical poling of the CLN 0.5-mm-
thick substrates. It is seen that the domain patterns on Z~ are practically ideal (Fig. 82). Such
domain structure was prepared in fragments of 3-inch-diameter substrate. It must be pointed out
that to our knowledge all to date attempts to produce the periodic domain structures with such

period in 0.5-mm-thick CLN by conventional poling method have not met with success.
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Figure 82 Domain patterns in CLN for 2.6 wm period for Z~ view
revealed by etching were visualized by optical microscopy.

10.2 Quasi-phasematched generation in backswitched-poled lithium niobate

The continuous-wave single-pass second harmonic generation in 4-pum-period 0.5-mm-thick
backswitched-poled CLN was obtained [37-39]. Using this material, 50-mm-length devices
where characterized for continuous wave (CW) single-pass second harmonic generation of blue
light [40,41]. Using the CW Ti:sapphire pump laser near confocally focused to a 44 um waist
radius in the center of the sample, 6.1%/W efficient first-order generation of 61 mW at A = 460
nm was achieved, indicating an effective nonlinearity desr = 9pm/V, approximately one half of the
nominal value. The obtained nearly ideal tuning curve for 460 nm second harmonic generation
phase matching versus temperature, indicating that the sample phase matches nominally over the
full 50 mm length [40,41].

Moreover laser-diode-pumped second harmonic generation was performed with an
antireflection-coated InGaAs single-stripe diode master oscillator (SDL prototype) in a Littman
external-cavity configuration [42]. The oscillator was single frequency and tunable from 874 to
936 nm, with maximum output of 20 mW at 930 nm. The pump power after the amplifier and
two pairs of optical isolators was more than 2 W. With 1.5 W of laser-diode power, 60 mW of

second harmonic generation at 465 nm was produced, given a normalized conversion efficiency
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of 2.8%/W. An improved efficiency of 3.4%/W was obtained by expansion and spatial filtering
of the diode beam before it was focused into the periodically poled CLN [42].

10.3 2.6 um patterning in lithium tantalate

We have applied the optimized method for 2.6-um periodical poling of the CLT 0.3-mm-thick
substrates. It is seen that the domain patterns on Z" are practically ideal (Fig. 83). Such domain
structure was prepared in fragments of 2-inch-diameter substrate. The detail optical testing of the

obtained domain structures will be done later.

(b)

Figure 83 Domain patterns in CLT for 2.6-um-period for Z+ view revealed by etching
and visualized by optical microscopy.

11 Recommendation

The new important information about the domain kinetics in congruent and stoichiometric LN
and LT during backswitched poling was obtained as a result of aforementioned investigations.
The real-time observation of the domain kinetics during poling in both crystals is a new powerful
instrument for optimization of the poling technique. The modified poling process allows to

produce for the first time the bulk domain patterns with 2.6-um-period in 0.5-mm-thick CLN and
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0.3-mm-thick CLT substrates. It was shown that backswitched poling enables higher fidelity and

shorter period domain patterning. The poling of thick substrates can be achieved easily in SLT

crystals. The proposed technology based on the controlled backswitching process demonstrates

the new possibilities in the domain engineering. The first achievements in domain frequency

multiplication and nanodomain engineering show the way to overcome the micron-period barrier

in domain patterning.

The future progress in periodical patterning requires the development of such activity for

patterning of thicker substrates of stoichiometric and doped LN and LT produced by different

techniques.
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