Charged domain walls in lithium niobate
with inhomogeneous bulk conductivity
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The surface treatments by annealing in vacuum and by low energy ion irradiation
have been used for inhomogeneous modification of the bulk conductivity of lithium
niobate single crystals. The obtained inhomogeneous conductivity resulted in
significant decreasing of external electric field in the treated volume. The
inhomogeneous field distribution allowed us to obtain the polarization reversal in the
bulk only, which led to formation of the domains with charged domain walls. The
geometry of charged domain walls has been investigated by various methods. The
proposed treatment techniques can be used for domain engineering in lithium niobate
crystals.
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1. Introduction

The recent interest to creation of the charged domain walls (CDWs) in ferroelectrics is
stimulated by possibility to enhance the piezoelectric properties [1, 2] and to develop the
emerging oxide electronics [3, 4] and high-density ferroelectric memory [3, 5]. The tailored
stable CDWSs with proper geometry and reproducible properties important for application in
various ferroelectrics can be considered as a new stage of the domain wall engineering [6, 7].
The CDWs are studied actively in multiferroic and ferroelectric thin film [5, 8], as well as in
bulk single crystals of BaTiOs; [4] and LiNbO; (LN) [9-13]. It is necessary to point out also
that LN crystals are widely used due to their outstanding electro-optical, nonlinear-optical,
and piezoelectric properties and excellent mechanical stability [14, 15]. Moreover, the LN
crystal is the favorite material for micro- and nanodomain engineering [16]. The control of
deviations from the stoichiometry and doping allows changing essentially the main
parameters characterizing the polarization reversal in the crystals of LN family [14].

It is clear that the CDWs are to arise whenever polarization reversal takes place in the
bulk. One of the possible methods to initiate such switching process is application of the
spatially inhomogeneous electric field, which overcomes the threshold value in the bulk only.
Such situation can be realized by inhomogeneous modification of the bulk conductivity in LN
crystal.

It is well known that the vacuum annealing of LN crystals at the temperatures above
600 °C leads to sufficient increase of the bulk conductivity due to increase of oxygen
vacancies, which is caused by intensification of out-diffusion of the oxygen from the sample
surface [17]. It is important to point out that this is a reversible process as the subsequent
annealing in the oxygen atmosphere allows returning to the initial low conductive state. In
this letter, we present the results of investigations of CDWs formation in LN crystals with

inhomogeneous modification of the bulk conductivity produced by two methods: (1) high



temperature annealing in vacuum and (2) irradiation of the crystal polar surface by glow

discharge in plasma of Ar" ions.

2. Experimental

The investigated samples represented 0.5-mm-thick plates of congruent LN (CLN)
(CrystalTech, US) and 1-mm-thick plates of LN doped by 5 % MgO (MgO:LN) (Yamaju
Ceramics, Japan) cut normal to the polar axis. The high temperature annealing in vacuum
was realized in temperature range from 650 to 850 °C during 5 to 30 min. The ion irradiation
of Z" polar surface was done during glow discharge in Ar” plasma with energy ranging from
2 to 5 keV (flux 0.5 pA/em?, fluence (1-6)-10'" cm™) in vacuum 10™ Torr during 2 to 8 min.
The irradiated sample with sides covered by silver paste was located on the metal substrate to
remove the charge and to obtain out-diffusion on irradiated polar surface only. The sample
temperature induced by ion radiation in used experimental conditions ranged from 500 to
800 °C.

The surface conductivity above 10™'° S was measured by two-probe method using
picoamperemeter Keithley 6485 (Tektronix, USA). The indium electrodes were deposited on
the polar surface at the distance about 10 um. The surface conductivity was determined by
linear approximation of the current-voltage characteristic measured at voltage up to 80 V.
The distribution of the conductivity in the crystal bulk was measured using repeated removal
from the surface the layers with thickness from 10 to 100 um by precise polishing machine
PMS5 (Logitech Ltd., UK).

The spatial distribution of the electric field in the bulk of the sample was measured by
optical interferometry [18, 19]. To this end, both polar Z-surfaces were covered by silver
electrodes. The X surface of the samples polished at the angle 3-5 degrees was illuminated by

the beam of CW He-Ne laser (A = 633 nm) and the obtained interference patterns have been



recorded by CCD camera (Fig. 1a, b). It is assumed that the local shift of the interferometry
fringes under application of the voltage ranging from 100 V to 1.6 kV due to linear electro-
optical effect is proportional to E,(z, y) averaged over the whole X-direction (X size about 2-
3 mm). The analysis of the recorded interference patterns allowed us to reveal the field
distribution (Fig. Ic).

The polarization reversal was performed by application of the single field pulse using a
cell with liquid electrolyte (saturated water solution of LiCl). The used experimental setup
represented the modified Merz circuit and consisted of the data acquisition system National
Instruments USB-6251 BNC and high voltage amplifier TREK 20/20C. We used three
waveforms of the field pulses: (1) asymmetric triangular pulse with constant field increase
rate dE/dt = 100 (V/mm-s) and field maximum E,, ranging from 10 to 22 kV/mm, (2)
rectangular field pulse with duration 50 s and amplitude up to 22 kV/mm, and (3) the two-
stage pulse waveform consisting of: (a) fast field increase from zero to £, ranging from 10 to
20 kV/mm with high ramp during 1-5 s and (b) slow field increase from E. to
Enaxe = Ecp + 1 KV with slow ramp during 10-30 s. In all cases both switching current and
instantaneous domain patterns were recorded.

The static domain structures were revealed by selective chemical etching in
hydrofluoric acid (HF) and visualized by optical microscopy (Olympus BX51, Olympus,
Japan) with lateral resolution about 500 nm. The HF treatment time less than 40 min was
used to avoid the polarization reversal induced by the chemical etching [20]. The better
resolution and ability to obtain the domain images at various depths were achieved using
confocal Raman microscopy (CRM) (Alpha 300 AR, WiTec, Germany) with lateral and

depth resolution 250 and 500 nm, respectively [21-24].

3. Results and discussion



3.1. Spatial distribution of bulk conductivity and electric field

The inhomogeneous increasing of the bulk conductivity was achieved by two
alternative methods: (1) annealing in vacuum and (2) low energy ion irradiation. In both
cases sufficient increase of the surface conductivity from 107'%-10"° Q' in virgin LN up to
10210 Q' was obtained after annealing in vacuum and up to 10°-10* Q' after
irradiation. This effect can be attributed to the lithium segregation [25].

The bulk distribution of the conductivity strongly depends on the treatment method
(Fig. 2). Annealing in vacuum leads to the slight inhomogeneity of conductivity in the crystal
bulk, which increased with increasing of the treatment duration. Surface irradiation by Ar"
ions results in two processes: (1) radiation heating due to energy transfer from ions to the
lattice, which leads to oxygen out-diffusion from the crystal, and (2) oxygen diffusion
stimulated by radiation [26]. Similar effect was observed in LN crystals bombarded by
electrons only [27, 28]. The oxygen out-diffusion leads to increase of the bulk conductivity
over the oxygen vacancies. Variation of the ions energy, flux, and duration of the irradiation
allows controlling the spatial distribution of the bulk conductivity.

The obtained field distribution in the crystals bulk is in good correlation with
conductivity measurements (Fig. 3). The degree of field inhomogeneity estimated by the

expression (Epax — Emin)/Emax 18 about 3 for annealing and about 30 for irradiation.

3.2. Domain structure

For visualization of the domain structure in the bulk we have used CRM to obtain the
domain patterns at the different depths from the polar surfaces and optical microscopy after
selective chemical etching of Y-cross-section. The significantly different geometry of CDWs

has been revealed near Z" and Z~ polar surfaces.



High-resolution domain visualization by piezoresponse force microscopy after
treatment by vacuum annealing showed a dendrite structure with average domain width about
350 nm on Z surface of CLN (Fig. 4b). The domains with CDWs near the Z™ polar surface
represented mostly Y-oriented chains with average period about 2 um. The oriented chain
growth can be attributed to anisotropy of the bulk conductivity in CLN. The CDWs in the
vicinity of Z" surface demonstrated quasi-periodic structure with an average period about 6
um (Fig. 4a).

Isolated domains with unusual hexagonal shape were obtained after partial polarization
reversal in ion irradiated CLN (Fig. 5). Analysis of CRM images at various depths revealed
domains shrinkage near the polar surfaces and their widening in the bulk. The domain
structure represented irregular hexagonal domain with CDWs with aperture about 20 um on
7 surface and periodical self-assembled CDWs with period about 4-6 um and aperture about

50 um in the vicinity of Z" surface.

3.3. Correlation between CDWs and field distribution

The domain growth in the crystal bulk terminates in the regions with high conductivity
(about 10° Q") due to complete screening of external field. So, the condition that applied
field exceeds the threshold value for the domain nucleation needed for realization of
polarization reversal is fulfilled only in the crystal bulk (Fig. 6b, c). It was shown by us
earlier that ion irradiation of MgO:LN allowed to modify almost the whole crystal bulk
which led to growth of domains with CDWs in thin layer near Z~ surface [29]. This fact was
confirmed by field distribution analysis (Fig. 6b).

The proposed technique of the polarization reversal after vacuum heating allowed
producing the stable quasi-periodic domain patterns with CDWs with controlled geometrical

parameters. This effect can be used efficiently both for investigation of CDWs properties and



for the application in domain engineering [30, 31].

4. Conclusion

It has been shown that surface treatment of LN single crystals by annealing in vacuum
and by low energy ion irradiation leads to sufficient increasing of the surface conductivity
due to lithium segregation and oxygen out-diffusion. The spatial distribution of the
conductivity strongly depends on the treatment parameters. The obtained inhomogeneous
conductivity results in significant decreasing of the electric field in the treated volume. The
measured field distribution demonstrates good correlation with conductivity measurements.
The inhomogeneous field distribution allowed us to realize the domain growth in the crystal
bulk in the regions with low conductivity. The obtained polarization reversal in the bulk only
leads to formation of the domains with CDWSs. The significantly different geometry of
domain patterns has been revealed in the vicinity of Z" and Z  polar surfaces. The domain
structure is composed of irregular hexagonal domain with CDWs with aperture about 20 um
at Z surface. The periodical self-assembled domain structure with CDWs with aperture about
50 um is formed in the vicinity of Z" surface. The polarization reversal after vacuum heating,
which has allowed us to produce the stable quasi-periodic domain structures with CDWs with
controlled geometrical parameters, can be used for investigation of CDWs properties and for

domain engineering in LN crystals.
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Figure captions

Fig. 1. (a) Optical scheme of the sample for obtaining the interference pattern. (b) Scheme for
interferometric measurements of field distribution in the crystal bulk. (c) The interference
patterns on X surface before and after application of external voltage.

Fig. 2. Surface conductivity versus depth (a) for various annealing times for temperature
850 °C and (b) for various irradiation energies.

Fig. 3. Field distribution obtained by optical interferometry: (a) after irradiation for 8§ minutes
with ion energy 4 keV; (b) after annealing for 15 minutes at 850 °C.

Fig. 4. Domain structure in CLN modified by annealing in vacuum (850 °C, 15 min): (a) side
view Y-cross-section, visualization by optical microscopy; (b) Z™ polar surface, visualization
by piezoresponse force microscopy.

Fig. 5. CRM images of domain structure in CLN modified by ion irradiation (3 keV, 8 min)
at different depths from Z~ polar surface.

Fig. 6. (a) Geometry of the CDWSs grown in the crystal bulk; (b), (c¢) electric field distribution
extracted from interferometric measurements.
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