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ABSTRACT

Ferroelectric domain walls (DWs) are promising structures for assembling future nano-electronic circuit elements on a larger scale since
reporting domain wall currents of up to 1 mA per single DW. One key requirement hereto is their reproducible manufacturing by gaining
preparative control over domain size and domain wall conductivity (DWC). To date, most works on DWC have focused on exploring the
fundamental electrical properties of individual DWs within single-shot experiments, with an emphasis on quantifying the origins of DWC.
Very few reports exist when it comes to comparing the DWC properties between two separate DWs, and literally nothing exists where
issues of reproducibility in DWC devices have been addressed. To fill this gap while facing the challenge of finding guidelines for achieving
predictable DWC performance, we report on a procedure that allows us to reproducibly prepare single hexagonal domains of a predefined
diameter into uniaxial ferroelectric lithium niobate single crystals of 200 and 300 μm thickness, respectively. We show that the domain
diameter can be controlled with an uncertainty of a few percent. As-grown DWs are then subjected to a standard procedure of current-
limited high-voltage DWC enhancement, and they repetitively reach a DWC increase of six orders of magnitude. While all resulting DWs
show significantly enhanced DWC values, their individual current–voltage (I–V) characteristics exhibit different shapes, which can be
explained by variations in their 3D real structure reflecting local heterogeneities by defects, DW pinning, and surface-near DW inclination.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0219300

I. INTRODUCTION

In recent decades, lithium niobate (LiNbO3, LN) has
become a subject of intense research and application in various
fields, ranging from ferroelectric (FE) random-access memories1

and rectifying junctions2–4 to memristors,5,6 transistors,7,8 as well
as a wide range of photonic and optical devices.9–11 This popular-
ity stems from LN’s high Curie temperature, low optical damage,
and commercial availability since usually grown by the
Czochralski method.12–14 With such versatility, stability, and
accessibility, LN is often referred to as representing the “silicon
of photonics.”15

Apart from its importance in photonics, one of the most cap-
tivating aspects of LN lies in its domain wall conductance (DWC),
which can be induced purposely at the boundaries between fer-
roelectric (FE) domains. Domain walls (DWs) display unique
electrical properties, with conductivities reaching values that are
orders of magnitude larger as compared to the surrounding bulk
material.16–18 This characteristic makes DWs promising candi-
dates for exploration in nanoelectronics, offering opportunities
for rewritable electronics,19 applications as components in neuro-
morphic electronics,20 or to assemble faster and energy-efficient
electronic components.21 Their responsiveness to external stimuli,
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such as electric fields16,22 or mechanical strain fields,23 opens up the
door to engineering DWC-based devices, including non-volatile
memories,1 memristors,5,6 pn-junctions,3,24 and transistors.7,8

Despite this huge potential and bright perspective, the deter-
mination of all factors that influence the charge transport along
DWs and the reproducible engineering of such charged DWs
(CDWs) into advanced devices are hindered by two factors, i.e., the
lack of (a) understanding the underlying physical mechanisms and
(b) protocols describing the manufacturing of identical CDW
objects. Concerning the first aspect, some works have recently
(i) addressed the question of which transport phenomena are relevant
for DWC,18,25,26 (ii) measured typical activation energies,18 and
(iii) extracted charge carrier-types by different methods ranging
from magneto-electric resistance27 toward two-terminal AFM-tip
based28,29 and standard four-point probe Hall measurements.30,31

However, the aspect of finding reliable CDW manufacturing
routes is exactly the starting point of the present investigation.

Regarding the production of CDWs, methods that allow for
the local generation of domains are required. Notably, in many
experimental applications, the preferred tools hereto are AFM-tip
writing and UV-assisted poling. While the first technique is preferen-
tially selected for writing domains into thinner films, the latter allows
the creation of singular domains (and walls) into macroscopically
thick crystals that measure hundreds of μm in thickness. Such bulk
single crystals are ideal model systems to study the underlying
physics of DWC due to well discriminate interface-related and
DW-induced transport effects.18 Notably, some literature exists
reporting on the method of laser-assisted CDW production in LN,
which is able to significantly lower the electric field32–34 as applied
for local poling. Nonetheless, systematic investigations of the correla-
tion between relevant process parameters and the resulting domain
size and structure are missing to date. However, such a lack of repro-
ducibility introduces uncertainties in device characteristics, impacting
reliability, functionality, and performance, clearly not matching
industry standards. Therefore, addressing the reproducibility chal-
lenge is vital to fully harness the potential of CDWs and to push
advancements in FE-based devices.

In this article, we embark on a comprehensive investigation of
more than 60 samples having CDWs engineered into 200- and
300-μm-thick single crystals of 5 mol. % MgO-doped LiNbO3 (LN),
in order to develop a poling protocol and procedure that allows one
to achieve reproducible fabrication of CDWs. We provide a detailed
description of a home-built, automated, computer-controlled setup
for domain fabrication via UV-assisted liquid-electrode poling and
analyze factors influencing domain formation, in particular, their
area Ad . These include the applied electric field E upon poling, the
field exposure time tp, and the substrate’s chemical composition
through the comparison of different LN wafers. Based on these find-
ings, we propose a standardized protocol to facilitate reproducible
domain creation. Furthermore, we explore a process, first developed
by Godau et al.,16 to enhance the conductivity of as-created DWs by
many orders of magnitude via post-poling high-voltage (HV)
treatment, delving deeper into that effect through statistical analy-
sis of a large number of identically prepared samples. As a key
result, we find that the latter process should be carried out in a
current—instead of voltage—limited way in order to prevent irre-
versible domain ex- and/or implosion effects as reported earlier.22

II. MATERIALS AND METHODS

A. Samples

LN is commercially available as a uniaxial FE material with a
large optical bandgap of Egap ¼ 4:0 eV.35 Its singular polarization
axis runs parallel to the crystallographic z- or c-axis. In the follow-
ing, we refer to two different polarization directions and the respec-
tive terminating surfaces as z- and z+. All samples used in this
study measure typically 5� 6 mm2 in the x–y-direction and are cut
out from three different wafers supplied by Yamaju Ceramics Co.,
Ltd. (Japan), all with the same nominal doping concentration of
5 mol. % MgO. In detail, these include two z-cut LN wafers of
200 μm thickness each and purchased one year apart from each
other (2019 and 2020). Furthermore, in 2022, we acquired a third
z-cut LN wafer from the same company with 300 μm thickness.
Naturally, these three wafers were produced from three distinct
boules in different years and, hence, allow us to study whether or
not domain growth and DWC might change when comparing
wafers from one and the same manufacturer. Note that we and
others33 had observed that wafers from different sources may show
slight variations in domain growth, e.g., in a domain propagation
velocity, despite nominally having the same specifications, i.e.,
5 mol.% MgO-doping.

Throughout this publication, we label all samples that contain
DWs as A–B–C, with A ¼ 1, 2, 3 declaring the three wafers pur-
chased in 2019, 2020, and 2022, respectively, B = 200 or 300 being
the wafer thickness (in μm), and C being the consecutive sample
serial number during our investigations. As an example, “sample
1-200-3” refers to the third sample from wafer 1, with a thickness
of 200 μm. Furthermore, the samples are grouped within the
so-called batches, containing six to eight specimens per batch. Each
batch allows for comparison with respect to the concrete influence of
one or more process parameters on the domain area and/or the final
current–voltage (I–V) characteristics. All samples host one single
hexagonal FE domain and its respective DWs, the latter being pre-
pared under varying conditions as specified in Table I (quick guide)
and Sec. A of the supplementary material (a full-length table con-
taining all 63 single samples of this work) and explained in the fol-
lowing paragraphs in detail.

B. Growing hexagonally shaped domains by
UV-assisted liquid-electrode poling

We constructed a UV-light-assisted poling setup to grow our
domain structures, as depicted in Fig. 1(a). During a typical
domain poling procedure, the 325-nm HeCd laser (Kimmon Koha
IK3301R-G) is focused onto the z+ crystal surface using an apo-
chromatic lens with NA = 0.3 to a spot size of around 4.5 μm in
diameter. At this wavelength, the crystals exhibit a low absorption
coefficient36 of α ¼ 0:5 mm�1, resulting in a 1=e-penetration depth
of 2 mm, which, hence, implies full penetration across all samples.
The incident power was kept constant at 2:8� 10�5 W/cm2 for all
experiments. That value was chosen as the favorable power value
after a preliminary investigation to evaluate the impact of the
applied laser beam power on the resulting domain area Ad by
using sample batch 1.4 (see Sec. H of the supplementary material
for details).
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The 325-nm-UV-laser light generates an influx of charge
carriers at the illuminated spot and, thus, lowers the coercive field
locally significantly to only 20% of the value in darkness (the
general phenomenon had been reported earlier34). Therefore, a

significantly lower electric field of 3.5 kV/mm at the spot is
required to initiate the inversion of polarization. This field was gener-
ated by an Agilent 33220A arbitrary waveform generator, whose
output was amplified by two different HV amplifiers: (a) A Matsosada

TABLE I. Short overview of the sample batches of this study, the respective domain fabrication (“poling”) parameters, and—if applicable—parameters of the domain wall
conductivity (DWC) enhancement process. The table also contains information on whether I–V curves after domain growth and after “enhancement” were captured or not
(symbolized by “+” or “−,” respectively), as well as the specific type of investigation(s), for which every sample batch had been assigned. A more detailed list containing every
individual sample can be found in Sec. A of the supplementary material. Note that batches 1.4 and 1.5, which were used only within preliminary experiments exclusively dedi-
cated to finding the most reasonable laser power and NaCl concentration for the liquid electrodes, are omitted here.

Batch Labels Poling parameters DWC-enhancement parameters I–V-data Purpose(s) of investigation

1.1 1-200-1,…,8 E = 4.0 kV/mm; – −− Reproducibility of Ad

tp = 30 s
1.2 1-200-9,…,15 E = 4.0 kV/mm; v = 4 V/s; ++ Ad = f(tp) @ E = 4.0 kV/mm;

tp = 10–180 sa Vmax = 500 V reproducibility of final I–V curves
1.3 1-200-16,…,22 E = 4.5 kV/mm; v = 4 V/s; ++ Ad = f(tp) @ E = 4.5 kV/mm;

tp = 10–180 sa Vmax = 500 V reproducibility of final I–V curves
2.1 2-200-1,…,6 E = 4.0 kV/mm; v = 4 V/s; ++ Reproducibility of Ad;

tp = 120 s Imax ¼ 1 μA reproducibility of final I–V curves
2.2 2-200-7,…,13 E = 4.5 kV/mm; v = 4 V/s; ++ Ad = f(tp) @ E = 4.5 kV/mm;

tp = 10–180 sa Vmax ¼ 500 V reproducibility of final I–V curves
3.1 3-300-1,…,6 E = 4.67 kV/mm; v = 4 V/s; ++ Reproducibility of final I–V curves

tp = 120 s Imax ¼ 1 μA
3.2 3-300-7,…,13 E = 4.67 kV/mm; – +− Ad = f(tp) @ E = 4.67 kV/mm

tp = 10–180 sa

aConcrete tp-values: 10, 20, 30, 60, 90, 120, and 180 s.

FIG. 1. Schematics illustrating the growth of hexagonal ferroelectric domains in LiNbO3 single crystals: (a) Overview picture of the optical setup: A HeCd laser with a wave-
length of 325 nm acts as the UV-light source. Utilizing various optical lenses and an inverted microscope, the UV light, which lowers the coercive field on the one hand
and provides positional control of the domain growth on the other hand, is focused on the top of the sample in a home-built liquid cell. The laser exposure time is precisely
set by a computer-controlled shutter. A halogen lamp with a linear polarization filter illuminates a CCD camera through the crystal, allowing in situ observation of the
growing domains. (b) Sketch of the liquid cell with the electronic circuit for monitoring and adjusting an applied electric field with a pulse generator multiplied by a high-
voltage amplifier (HV). (c) Diagram of an exemplary poling recipe, showing the poling field (violet line) and laser irradiation (red line) applied to the samples. Immediately
upon the start of a poling procedure, laser irradiation begins at 2:8� 10�5 W/cm2, and the electric field E is increased to 4 kV/mm over a period of 1 s. For the next
period—t p ¼ 30 s—the electric field and laser irradiation are kept constant. Afterward, the electric field is slowly, linearly decreased to zero over trampdown ¼ 20 s to mini-
mize any spontaneous back-switching effects. During this process, the laser irradiation is switched off when the electric field reaches half of its original value. Refer also to
Sec. B/Fig. S1 of the supplementary material for information on the development of typical switching currents during the process.
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Precision AMT-20B10-LC(230 V) HV amplifier with a maximum
output current of +10 mA, a maximum voltage of 20 kV, and a slew
rate of up to 360 V/μs, and (b) using a Trek 2210 with a maximum
output current of +20 mA, a maximum voltage of 1 kV, and a slew
rate of up to 150 V/μs. We noticed no differences in the poling
process and kinetics in the overlapping voltage range of the two HV
amplifiers. Additionally, we monitored the voltage pulse as well as the
poling current by a Tektronix TDS2024B digital oscilloscope.

In addition, the in situ nucleation and growth of domains
were monitored in real-time using a white-light polarization micro-
scope illuminating the sample from the top and a CCD camera.
Diffraction-limited domain tracking was, thus, possible due to the
strain-induced birefringence close to DWs. Samples were fixed
onto the microscope in a custom-built liquid cell sample holder,
sketched in Fig. 1(b). The liquid cell itself consists of two plexiglas
parts having a quartz glass window in their center to ensure the
optical transmission of UV light. The sample was held in place
between two rubber O-rings acting as spacers, while the surround-
ing cell volume on both sample sides was filled with a 2 wt.% NaCl
solution. These “liquid electrodes” ensure transparency while pro-
viding a uniform electric field distribution across the whole sample
surface.37 An analysis of domain area Ad as a function of NaCl
concentration was performed in a second preliminary experiment
that is reported in Sec. I of the supplementary material, using
sample batch 1.5, and showing the independence on Ad over a
broad range of NaCl-concentrations.

To ensure reproducibility, the poling experiments were always
carried out by following the same sequences of sample treatment:

(i) A fresh sample was extracted from a LN wafer and
(ii) subjected to a thorough cleaning procedure that included a

10-min oxygen-plasma etching step (1.0 mbar O2-pressure,
ATTO Low-Pressure Plasma System 200W, 40 kHz, Diener
Electronic GmbH & Co KG) followed by a 5-min ultrasonic
cleaning each in acetone and isopropanol, and, finally, rinsed
with de-ionized water.

(iii) Each sample was mounted onto the liquid cell with a NaCl
solution for domain poling, with the z+ side always facing
upward. Equally, the laser entered the sample by the z-side
and was focused onto the z+ interface.

(iv) The subsequent poling protocol is shown in Fig. 1(c): At the
beginning, a sharp voltage ramp was applied lasting for 1 s
until it reached the maximum electric field. Then, the selected
maximum poling voltage was kept constant for a certain pulse
length t p. To terminate the poling process, the electric field was
slowly lowered over a time period of trampdown ¼ 20 s to mini-
mize the effects of spontaneous back-switching.38 Throughout
the poling process, the sample was constantly irradiated until
10 s to the end, as the applied electric field reached a value
lower than half of the coercive field Ec.

(v) Every freshly grown domain was subsequently imaged by polar-
ization light microscopy (PLM), and the grown domain area
Ad was extracted from measurements of the hexagon’s side
lengths. Therefore, the full area inside the hexagon was consid-
ered, ignoring occasionally and spontaneously appearing back-
switched small inner domains for the sake of standardization.
In selected cases (samples 1–3 of batch 2.1 and all samples of

batches 1.2, 1.3, 2.2, 3.1, and 3.2), 3D images of the full DW
morphology were collected by second-harmonic generation
microscopy (SHGM). An elaborate comparative description of
both imaging methods (see Fig. 2 for typical results) as well as
the mathematical details on domain area determination is given
in Secs. C–F of the supplementary material.

(vi) After the PLM image acquisition, all samples underwent the
above cleaning protocol once more, however, starting with an
initial de-ionized-water rinsing step to eliminate any salt residues.

(vii) Finally, 10-nm-thin chromium electrodes were vapor-deposited
under high-vacuum conditions (base pressure of 10�6 mbar)
onto both sides of the LN crystals using a 3� 3 mm2 shadow
mask that fully covers the newly grown domain. This ensures
proper electrical contacts to DWs for both current–voltage
(I–V) recording and DWC enhancement through high-
voltage (HV) ramping.

C. Current-voltage (I–V) characterization and a DWC
enhancement procedure

The vision for the investigated DWs is their application in
various electronic commercial devices—thus, current–voltage (I–V)
dependence and its predictability are the clue characteristics to be
evaluated. In this work, we recorded I–V curves of all DWs at three
stages of production: directly after domain growth by UV-assisted
poling, during the DWC enhancement process by HV ramping,
and after HV ramping. The above-mentioned Cr electrodes were,
therefore, connected to a Keithley 6517B electrometer using metal
wires and conductive silver paint. The electrometer was used
twofold: first, to record the macroscopic I–V data and second, as
the HV source to carry out the DWC enhancement procedure.
I–V curves between �10 V and þ10 V and voltage increments of
δV = 0.5 V with δt = 2 s were acquired both before and after
enhancement. Each of the I–V curves was measured over multiple
cycles until the respective curve showed a stable shape. Then, the
measurement was aborted, and only the last acquired stable cycle
was considered for further evaluation (exemplarily refer to Fig. S9
in Sec. K of the supplementary material for complete I–V-curve
cycles obtained for batch 2.1).

FIG. 2. Image of the domain in sample 2-200-17 under (a) a polarization-
sensitive light microscope (PLM) and (b) a second-harmonic generation micro-
scope (SGHM). For further details on both imaging methods and the extraction
of the domain area, see Secs. C–F in the supplementary material.
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DWC enhancement was carried out based on the protocol as
introduced by Godau et al.:16 the –z-electrode of every sample is set to
ground, and a negative voltage is applied to the þz-side (with respect
to the original monodomain crystal), increasing linearly at a rate of
v ¼ 4 V/s up to a value Vmax that corresponds to 60% of EC and,
hence, up to 3.3 kV/mm.22 In the following, the as-summarized
DWC-enhancement procedure will be referred to as “voltage-limited.”
Initially, i.e., for batches 1.2, 1.3, and 2.2, voltage ramps up to
Vmax ¼ 500 V were applied, but this led to the disintegration of the
original domain structure into smaller fragmented regions containing
numerous tiny needle-like spike domains, named hereafter as
“exploded” domains—a phenomenon, which had been described for a
single LN sample by Kirbus et al.22 earlier. Notably, during this proce-
dure, a sudden current jump from 10�5 A to 10�3 A was observed.

To address this “explosion” issue, we improved the
DWC-enhancement procedure by stopping voltage ramping
whenever a maximum current Imax of 10�6 A is reached and
keeping the corresponding voltage value constant subsequently.
This type of DWC enhancement is labeled “current-limited”
hereafter. Notably, the current-limited regime preserves the domain
structure and size in the sense of “ex-/implosion-prevention” in the
majority of cases investigated here. Hence, all subsequent
DWC-enhancement procedures were carried out using this improved
approach, in particular, with sample batches 2.1 and 3.1.

As a quick overview, Table I summarizes for which sample
batch I–V data have been acquired and under which circumstances
(stopping by reaching Vmax or Imax) the “enhancement” procedure
was carried out.

III. RESULTS AND DISCUSSION

A. Reproducibility and tunability of the as-grown
domain area

In this part, the domain engineering method of UV-assisted
liquid-electrode poling is investigated with respect to the impact of

several process parameters (poling pulse duration tp, electrical field
strength E, wafer type) on the final domain area Ad and the I–V
characteristics of its DW, while a detailed description of the growth
process itself, as (i) known from the literature and (ii) derived from
a SHGM investigation of the DW inclination as a function of
the poling pulse length tp, is summarized in Sec. G of the
supplementary material.

1. Domain area as a function of poling pulse duration,
electrical field, and wafer type

To gain an understanding of the domain areas’ dependence
on the poling time tp, we performed several series of measurements
with tp being varied between 10 and 180 s for the sample batches
1.2 (dark blue), 1.3 (violet), 2.2 (red), and 3.2 (gold), as plotted in
Fig. 3(a). In addition, we varied the electric field strength E and
compared samples between the three LN wafers.

Regardless of the field strength or the wafer type, the depen-
dence of the poling duration tp on the domain area always shows
the same trend: a sharp increase in size at short poling times slowly
flattens out the longer the poling process takes. This behavior can
be attributed to laser irradiation—the area surrounding the laser
spot maintains a significantly lower coercive field as compared to
distant regions, facilitating a faster growth rate and DW propaga-
tion speed. When the coercive field increases due to a lower
number of free charge carriers in less illuminated areas, the expan-
sion slows down until it reaches a stable growth rate. As reported
in the literature, the growth rates in the undisturbed regions of the
crystal were steady at a constant electric field.39,40

To further investigate the growth parameters, the same mea-
surement series was carried out with an increased electric field of
4.5 kV/mm. This led to a faster domain growth, and the domain area
increased by 42% in comparison with the previous measurement
series on the same wafer. The overall trend did not change, with a
slowing down of the expansion speed as the poling length increased.

FIG. 3. (a) To investigate the dependence of the domain area on the poling-voltage pulse duration, we varied t p between 10 and 180 s. This resulted in an increase of the
domain area of one order of magnitude between the shortest and longest pulse. Furthermore, three different electric fields, as well as samples from three different wafers, were
investigated. Noticeable size differences were found between the sample batches of the different wafers. (b) and (c) To probe the reproducibility of the created domain area,
two measurement series of domains fabricated with the same poling recipe were carried out. One series with t p ¼ 30 s for samples from wafer 1 in (b) and another series
with t p ¼ 120 s for samples originating from wafer 2 in (c). The solid horizontal lines indicate the mean area reached with this particular poling protocol, respectively.
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An equivalent measurement series was performed with samples
from wafers 2 and 3 with similar electric field strength, as also pic-
tured in Fig. 3(a). Surprisingly, we found significant differences in
growth rates between all three wafers. The samples from wafer 2 [red
dots in Fig. 3(a)] exhibited the fastest growth. In contrast, the
samples from wafer 1 (violet) grew the slowest, even though they
underwent the same poling protocol. The thicker samples from
wafer 3 (gold) were poled with a slightly higher electric field but still
reached a comparable growth speed as the other specimens. We attri-
bute these discrepancies to dissimilar defect and impurity distribu-
tions, leading to different amounts of pinning events for DWs and,
thus, slightly varied growth rates.38 As a practical conclusion, a
careful calibration of growth speeds is required to achieve domains
of comparable sizes, in particular, when samples are produced from
different wafers—even if the latter have nominally the same chemical
composition.

2. Size variations for virtually equally grown hexagonal
domains

The goal of these experiments was to examine the reproducibil-
ity of the domain size within the UV-assisted liquid-electrode poling
process. A series of eight samples from wafer 1 with a t p ¼ 30 s
(batch 1.1) and six samples from wafer 2 with a t p ¼ 120 s (batch
2.1) were prepared and the domain areas exemplarily compared, as
shown in Figs. 3(b) and 3(c). The shorter pulse duration t p ¼ 30 s,
as illustrated in Fig. 3(b), resulted in a smaller area of 1:5� 104 μm2

with a deviation of 7%. In contrast, the longer pulse duration, as
shown in Fig. 3(c), yielded an area of 3:25� 104 μm2 with a devia-
tion of 9%. All domains exhibited a hexagonal shape, as depicted in
Fig. 2, characterized by one pair of slightly longer parallel sides,

which can be attributed to the pinning of the domain wall and the
weakly oval shape of the laser spot. Overall, we conclude that this
poling method is capable of creating domains of the same size with a
reasonable uncertainty. Potentially, variations may be reduced
further if some form of in situ control of the domain size, i.e., by
machine vision via PLM, is applied.

3. Electrical characterization of as-grown domain walls

Current–voltage (I–V) characteristics in the +10-V-range
were systematically collected in the initial as-grown (as-poled) state
and after the conductivity-“enhancement” procedure. For the first
case, we present the I–V characteristics of samples from batches
2.1 and 3.1 in Fig. 4. The two batches exhibit qualitatively similar
characteristics with clear non-linear behavior, asymmetry with
respect to voltage polarity (as discussed and explained in Ref. 18),
and occasionally pronounced electrical noise due to the low
current magnitude, which can be seen, especially, well in
Fig. 4(b). The maximum absolute current, acquired at +10 V for
all samples in batches 2.1 and 3.1, falls within the range of
4.3 � 10�13 to 2.4 � 10�10 A for a �10 V bias voltage, and
1:1� 10�13 to 2:6� 10�12 A at þ10 V. These values are already
very close to the bulk conductivity of LN and correspond to a
typical insulator rather than a conductive domain wall.

Notably, when subjected to the maximum positive voltage, the
sample conductance is lower as compared to that under a negative
voltage of equivalent absolute magnitude, with a narrower disper-
sion of values among the samples, as is evident from Figs. 4 and 6.

The I–V curves of identically prepared samples prior to DWC
“enhancement” exhibit significant variations in magnitude. Given
that the production parameters were consistent among all samples,

FIG. 4. Current–voltage curves of the samples from batches 2.1 (a) and 3.1 (b) directly after poling, before any further modification of the domain wall structure took
place. As can be seen from the diagrams, the initial conductance is different for the samples after poling under identical conditions, which stresses the influence of individ-
ual lattice defects in the vicinity of the domain walls and different real structures of the DW-electrode contacts. Currents at negative voltages are significantly higher than at
positive ones – a phenomenon, which has been described previously.18 According to the used Keithley 6517B electrometer specifications sheet,41 uncertainty for the mea-
sured current values is equal to 1%.
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we hypothesize that these electrical disparities may be attributed to
local defects and impurities within the crystal lattice, particularly,
those present near or at the sample surface. This hypothesis is sup-
ported by previous findings,16,18 which established that the geomet-
rical and electronic real structure of the interface between the
crystal and electrode serves as a crucially determining factor for
charge transport.

B. Reproducibility of the I–V characteristics after
domain wall conductivity enhancement procedures

In this part, the conductivity enhancement of domain walls by
high-voltage ramping and the reproducibility of the resulting I–V
characteristics are examined. This encompasses the application of
the protocol proposed by Godau et al.,16 the subsequent refine-
ment toward a current-limited approach, and the characterization

of the obtained highly conductive DWs (compared to as-poled
DWs) by both I–V measurements and second-harmonic genera-
tion microscopy.

1. Voltage- vs current-limited domain wall
conductivity enhancement

Immediately after the I–V characterization of as-poled DWs,
the DWC enhancement procedure,16 as described in detail in
Sec. II C, was applied to the samples of batches 1.2, 1.3, and 2.2.
In this original, so-called voltage-limited protocol, the maximal pre-
defined value of the voltage was +500 V for 200 μm thick samples,
followed by a 10-min stabilization period under the application of
the maximal voltage. Throughout this process, a sharp current
surge from 10�5 to 10�3 A at 200 V was consistently observed for
all the samples [exemplified by Fig. 5(a)], which cannot be

FIG. 5. The I–V characteristics during the DWC-enhancement process for the voltage-limited (a) and the current-limited (b) approaches, illustrated alongside the resulting
DW structures [(c) and (d)], as imaged by SHGM, of samples 2-200-11 and 3-300-3, respectively. In the first case, a negative voltage is applied to the z+ side of the LN
DW sample, gradually increasing at a rate of 4 V/s until reaching 500 V. A subsequent 10-min stabilization occurs at the maximal voltage. The corresponding plot (a)
depicts a swift surge in the current (by more than one order of magnitude) during the voltage ramp-up, resulting in an “imploded” geometrical domain structure (c). This
phenomenon was observed across 21 domains of varying sizes with the current rapidly increasing after reaching a value of 10�5 A in all cases. In an improved version of
procedure (b), the voltage ramp-up at 4 V/s was terminated once the current achieved 10�6 A, with a 10-min stabilization period. As evident from plot (b), this modification
eliminates the rapid current increase, leading to DWs with a regular geometrical shape (d) in the majority of cases. For the range of current values, presented in the above
graphs, the uncertainty is equal to 0.1%.41
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interpreted solely as a switching current due to the following quan-
titative estimation: The current peak in Fig. 5(a) lasts around 3 s
with an amplitude of 1 mA, which results in a total charge of at
least 3 mC flowing through the circuit. In contrast, a full back-
switching of the corresponding domain in Fig. 5(c), which has an
area Ad of around 7� 10�4 cm2, requires only a charge of
2PsAd � 0:1 μC (with Ps ¼ 71 μCcm�2 being the spontaneous
polarization for LN42), which is more than four orders of magni-
tude lower. Thus, it can be concluded that the main part of the
current peak corresponds to the successfully increased DW con-
ductivity. The analysis of corresponding SHGM images of these
domains unveiled the disintegration of singular hexagonal domains
into numerous minute needle-like domains, as depicted in
Fig. 5(c). This abrupt current increase obviously caused a domain
“implosion,” i.e., the fracturing into many needle-like structures,
which makes this process uncontrollable and irreversible.

Hence, to achieve a more homogeneous geometrical
“enhancement” result, the current-limited scheme was applied to
batches 2.1 and 3.1, where each domain wall is voltage-treated until a
maximum current value is reached, instead of a predefined target
voltage. To achieve this, the increase in voltage was immediately
halted as soon as the current reached the level of 10�6 A, which is an
order of magnitude smaller than the critical threshold of 10�5 A,
where the “implosion” was observed, providing a safety margin.
The changes in both current and voltage during the procedure
are plotted in Fig. 5(b), while the corresponding SHGM image,
showcasing an exemplary conductivity-enhanced domain wall, is
displayed in Fig. 5(d). It is evident that the current exhibited a
rather smooth transition throughout the procedure, resulting in
the formation of domain shapes with a regular triangular pattern,
as previously described.16

2. Current-limited DWC enhancement: Final electrical
performances and domain wall shapes

The—in terms of geometrical reproducibility favorable—
current-limited domain wall conductivity enhancement procedure
was performed on a statistically significant number of 12 samples
(batches 2.1 and 3.1), which exhibit after-poling hexagonal
domains of approximately similar sizes of 270 μm in diameter.
Although the DWC enhancement procedures were executed under
uniform conditions, there exists still a notable distinction in the
I–V characteristics observed during and after the enhancement
process across all samples. For a visual representation of this vari-
ance refer to Fig. 6, where the DW samples are compared with
respect to the maximal currents obtained at +10 V, as well as to
Fig. S8 in the supplementary material, where the corresponding
I–V raw data are provided.

When comparing the current–voltage characteristics before
and after the conductivity enhancement process among samples
from the same batch, such as six samples from wafer 2 (samples
2-200-1,. . .,6) and six samples from wafer 3 (samples 3-300-1,. . .,6),
a significant difference in pre- and post-enhancement conduc-
tance is evident; see Fig. 6. A clear current enhancement was
observed in all cases, with the maximal factor of 1.9� 107

(sample 3-300-6 at þ10 V) and a minimal enhancement factor of
15 (sample 3-300-3 at þ10 V). Both of them are outliers in terms
of their magnitude, while the average enhancement factors are
1:7� 105 for �10 V and 2.5 � 106 for þ10 V. Despite their iden-
tical preparation and DWC-enhancement procedures, the conduc-
tance of these samples varies notably, sometimes even by multiple
orders of magnitude. The SHGM images obtained after the
enhancement process explain these conductance disparities to

FIG. 6. Change of the DW current at +10 V (red and violet signs, respectively) for the 12 samples of batches 2.1 and 3.1 before (dots) and after (triangles) the
DWC enhancement procedure. The magnitudes of current change span from approximately one order of magnitude (sample 3-300-3 at �10 V) to more than seven
orders of magnitude (sample 3-300-6 at �10 V). On average, the current at +10 V increases by five orders of magnitude and at �10 V by six orders of magnitude.
For the majority of cases, the current under a positive measuring voltage is larger both before and post-enhancement. The full I–V curves can be found in Fig. S8
of the supplementary material.
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some extent since they unveil corresponding variations in the geo-
metrical structures of the domain walls. Some samples still display
an “imploded” state [e.g., sample 3-300-6; see Figs. 7( j) and 7(k)],
even though the voltage ramp was halted after reaching a current
value of 10�6 A. Conversely, other samples exhibit random, highly
irregular structures that differ significantly from each other
[see Figs. 7(d), 7(g), and 7(e)] and cannot be categorized as being
imploded. Notably, the current–voltage relationship during the
conductivity enhancement procedure varies noticeably from the
outset. This is evident from the voltage and time dependences of

current during the procedure [Figs. S8(a) and S8(d) of the
supplementary material]. For instance, the current of samples
2-200-3 and 2-200-4 differs by two orders of magnitude at a low
voltage of 25 V during enhancement. Similarly, the maximal stabi-
lization voltages can span from �308 V to �478 V [Fig. S8(d) in
the supplementary material]. The decisively varying DW geome-
tries are accompanied by substantial differences in the resulting
post-enhancement I–V characteristics [Figs. 7(c), 7(f), 7(i), and 7(l)].
Here, we see how the maximal current differs by up to three orders of
magnitude between the investigated samples, while the curves also

FIG. 7. Domain SGHM images at both +z- and �z- sides of the samples 3-300-3 (a) and (b), 2-200-1 (d) and (e), 3-300-2 (g) and (h), and 3-300-6 ( j) and (k), corre-
spondingly, taken after the DWC-enhancement process using the current-limited scheme. As can be seen from the selection of images, the geometrical form of the
domains can still vary substantially; from the already described16 “triangular” shape of the domain like in the case of the sample 1-300-3, to the shape of the irregular
oval in the case of the sample 2-200-1, where no symmetry in relation to the crystal axes can be traced, toward the cases of the two other samples (3-300-2 and
3-300-6) exhibiting several stages of spike domain formation. In the latter two cases, the residual pinning sites, which appeared during the conductivity enhancement
procedure, are clearly visible on the �z-side of the crystal (and through all of the crystal bulk as well), while such an effect is not visible in the case of the sample
3-300-3, prepared from the very same wafer, meaning that the chemical differences or defect concentration could hardly play any role. The sample 3-300-6 can also
be characterized as imploded, while sample 3-300-2 demonstrates only several spike domains inside the poled domain and, thus, presents the early stage of a DW
implosion. Panels (c), ( f ), (i), and (l) show the resulting I–V characteristics. The substantial differences in the geometrical structure are tightly intertwined with signifi-
cant differences in the I–V curves; the current levels between samples can vary up to two orders of magnitude; the measure of “non-linearity” from a sample to
sample is also quite different, with sample 3-300-6 (k) demonstrating the least “rectifying” behavior. Note that for all the above presented I–V curves, the measurement
uncertainty lies between 0.1 and 0.2%.41
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exhibit quite different shapes (rectifying vs ohmic/linear), with the
imploded sample 3-300-6 [Fig. 7(l)] being an outlier in terms of “line-
arity.” Furthermore, analysis of the rest of the samples does not allow
us to extract an unambiguous correlation between the geometrical
structure of the domain wall, in particular, its average inclination
toward the z-axis, and its conductive properties yet—the differences,
so far, appear to be random. These results point us toward inherent
(local) variations within the nominally homogeneous crystal itself
playing a decisive role, including the exact distribution of crystalline
defects and impurities within both the bulk of the crystal and its
surface, as well as the individual electronic defect structure of the
DW-electrode junction.

The reasons behind the limited reproducibility in CDW pro-
duction remain to be studied even more profoundly. From previous
works, it was concluded that the shape of the inclined domain walls
directly impacts their conductance,25 which is linked to sin(α), where
α represents the angle of the DW’s inclination with respect to the
crystal’s z-axis. This inclination is sensitive to the surrounding elec-
tric fields, including external ones16,43 and internal fields within the
crystal, such as depolarization and defect fields.44,45 The influence of
external fields during DWC enhancement is still not thoroughly
studied. The transformation of a hexagonal structure into a rounded
triangle due to DWs contracting inwardly, except at three fixed
points along the triple y-axis symmetry, as described by Kirbus
et al.22 and Godau et al.,16 seems more an exception than a rule after
this large scale study.

For instance, comparing the conductance of samples from two
different wafers (Fig. 6—wafer 2 with a thickness of 200 μm and
wafer 3 with a thickness of 300 μm—reveals that CDWs in the
thicker wafer tend to exhibit lower conductance (three out of six
samples have a maximal current below 0.1 μA; while for the
thinner wafer, the maximum current for all samples was around
1 μA). These differences could be explained by (i) slight variations
in the chemical composition of the crystals and (ii) by potential dif-
ferences in the electric field gradient during the enhancement pro-
cedure. For both batches, the voltage ramp-up was the same,
resulting in an electric field gradient 1.5 times higher for the
thinner samples of batch 2.1. One may hypothesize that the electric
field gradient is directly connected to the final conductivity of the
structures, which needs a systematic follow-up investigation.

Last, theoretical studies46,47 highlight the high sensitivity of
surface chemical and physical properties to the methods used in
crystal production and the surrounding conditions. These aspects,
in turn, influence geometry and, thus, the conductance of CDWs.
Furthermore, experimental data from Kirbus et al.22 indicate that
the interface between CDW and metal electrode serves as the
primary hindrance to charge transport due to the absence of DW
inclination near the surface. This underscores the need for a more
comprehensive investigation into the interface conditions between
the crystal and the electrode, e.g., by varying the contact metal and
the surface preparation protocol.

IV. SUMMARY AND OUTLOOK

In the first part of this work, a method for reproducible fabri-
cation of hexagonal ferroelectric domain structures into 200 and
300 μm-thick 5 mol.% MgO-doped LiNbO3 single crystals was

presented. We used a 325 nm UV-light-assisted electric-field poling
setup and studied a variety of parameters influencing the fabrica-
tion. From these, key parameters, such as electric field strength and
poling pulse duration, were identified and controlled by a poling
protocol. The resulting domain structures have been analyzed
with polarization-sensitive as well as second-harmonic generation
microscopy and evaluated with respect to the domain area and
uniformity. The reproducibility of the protocol was tested for two
different poling pulse lengths, and upon achieving this, the depen-
dence of the domain area on poling pulse duration for different
wafers and electric field strength was measured.

This connection varies among different wafers of nominally
equal chemical composition, even when all the other parameters
remain constant, which might indicate high sensitivity to defect
density and makes a growth-parameters’ calibration routine neces-
sary as soon as samples from a different LiNbO3 wafer are used.
Overall, the inclination of the freshly poled domains is small, and
therefore, the resulting DWs have low electrical conductance.

In the second part of this work, in order to increase the
average DW inclination and, thus, the DW conductivity, the
method of Godau et al.,16 where the as-grown DWs are exposed to
high-voltage ramps, was applied to the domain structures. Initially,
the voltage was steadily increased by 4 V/s to 500 V. All domains
undergoing this protocol “imploded,” i.e., disintegrated into many
needle-like subdomains, once the current exceeded a maximum of
10�5 A. To prevent this implosion in the ensuing measurements, a
maximal current of 10�6 A was implemented, and the voltage ramp
was stopped upon reaching this value, leading to a current-limited
rather than a voltage-limited scheme.

The testing of this current-limited approach has revealed that
despite the identical conditions during the conductivity enhance-
ment process, both the geometry of the domain wall structures and
their conductance still exhibit significant variations, although less
than 50% of the cases show signs of implosion. For instance, the
difference in the maximal conductance among the samples can
vary by up to three orders of magnitude. Likewise, the geometrical
structure of the domain walls still displays a certain diversity,
including pinning sites or loss of symmetry in relation to the
crystal structure.

The breadth of the obtained data emphasizes the necessity for
further investigation and standardization of the DWC enhance-
ment process, as well as research on the correlation between con-
ductance and geometric changes throughout the procedure. In this
regard, the implementation of in situ SHG during the enhancement
process shows promise.22 Additionally, a more comprehensive
examination of the influence of intrinsic electric fields, particularly
those on the surface of the lithium niobate crystal,22 is essential.
Such fields can be affected by various factors, including the elec-
trode material, surface preparation, processing method, and chemi-
cal composition of the crystal—their systematic study will be
subject to future research.

The results of this work are far from conclusive, as the (i)
domain growth as well as the (ii) DWC enhancement procedure are
highly dynamic processes sensitive to many local and nanoscopic
influences, which do not easily succumb to a straightforward macro-
scopic description and modeling. On the contrary, this extensive
work highlights the fact that besides application-based research on
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memories, neural networks, or rewritable electronics, more funda-
mental studies on the interplay and dynamics of domains and
domain walls with localized defects are mandatory, if ever the dream
of true DW-based nanoscopic electronics should become real.

SUPPLEMENTARY MATERIAL

See the supplementary material for a complete list of all
samples; more information on the stages of the initial domain
poling process, including the development of the switching current;
in-depth information on domain (wall) imaging by PLM and
SHGM, including the mathematical extraction of the correct domain
area; details on the domain growth process during UV-assisted
poling with particular focus on the development of DW inclination;
results of preliminary experiments investigating the domain area’s
dependence on laser intensity and NaCl concentration during
UV-assisted liquid-electrode poling; diagrams with the complete I–V
characteristics of sample batches 2.1 and 3.1 during and after DWC
enhancement; and exemplary I–V cycles to demonstrate the DWC
stabilization behavior.
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