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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 emphasis on quantifying the origins for DWC. Very few reports exist when it comes to
compare 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 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 (FE) lithium niobate (LN) single crystals of 200 and 300 pm
thickness, respectively. We show that the domain diameter can be controlled with an error of a few percent. As-grown
DWs are then subjected to a standard procedure of current-controlled high-voltage DWC enhancement, repetitively
reaching a DWC increase of 6 orders of magnitude. While all resulting DW's show significantly enhanced DWC values,
subtle features in their individual current-voltage (I-V) characteristics hint towards different 3D shapes into the bulk,
with variations probably reflecting local heterogeneities by defects, DW pinning, and surface-near DW inclination,

which seem to have a larger impact than expected.

I. INTRODUCTION

In recent decades, lithium niobate (LiNbOj3, LN) has be-
come a subject of intense research and application in various
fields, ranging from ferroelectric random-access memories.
and rectifying junctions®® to memristors>, transistors’®, as
well as the wide range of photonic and optical devices? L,
This popularity stems from LN’s high Curie temperature, low
optical damage, and commercial availability, since usually
grown by the Czochralski method!?. With such a versatility,
stability, and accessibility, LN is often referred to as repre-
senting the “silicon of photonics™*3.

Apart from its importance in photonics, one of the most
captivating aspects of LN lies in its domain wall conductance
(DWC), which can be induced purposely at the boundaries be-
tween ferroelectric (FE) domains. Domain walls (DWs) dis-
play unique electrical properties, with conductivities reaching
values that are orders of magnitudes larger as compared to
the surrounding bulk material'#*1®, This characteristic makes
DWs promising candidates for exploration in nanoelectron-
ics, offering opportunities for rewritable electronics'Z, appli-
cations as components in neuromorphic electronics'®, or to
assemble faster and energy-efficient electronic components!®.
Their responsiveness to external stimuli, such as electric
fields!*2Y or mechanical strain fields*!, opens up the door
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to engineering DWC-based devices, including non-volatile
memories!, memristors>¢, pn-junctions3‘22, and transistors’.

Nonetheless, despite this huge potential and bright per-
spective, pinning down all factors that influence the charge
transport along DWs and then reproducibly engineer such
charged DWs (CDWs) into advanced devices, is hindered
on one hand by the lack in understanding these underly-
ing physical mechanisms, while on the other hand methods
and protocols of how to then manufacture identical CDW
objects, are missing. Luckily, some works have recently
(i) addressed the question of which transport phenomena
are relevant for DWC192324 " (ii) measured typical activation
energies'®, and (iii) extracted charge carrier-types by differ-
ent methods ranging from magneto-electric resistance® to-
wards two-terminal AFM-tip based“®*” and standard four-
point probe Hall measurements52%,

To investigate CDWSs, methods that allow for the local gen-
eration of domains are required. Notably, in many experi-
mental applications the preferred tools hereto are AFM-tip
writing and UV-assisted poling. While the first technique is
preferentially selected for writing domains into thinner films,
the latter allows creating singular domains (and walls) into
macroscopically thick crystals that measure hundreds of pm
in thickness. Such bulk single crystals are ideal model sys-
tems to study the underlying physics of DWC, since well dis-
criminating between interface-related and DW-induced trans-
port effects'®. Notably, some literature exists reporting on
the method of laser-assisted CDW production in LN, which is
able to significantly lower the electric field**3% as applied for
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local poling; nonetheless, systematic investigations of the ex-
act correlation between all relevant process parameters and the
resulting domain size and structure are missing to date. How-
ever, such a lack of reproducibility introduces uncertainties in
device characteristics, impacting reliability, functionality, and
performance, clearly not matching industry standards. There-
fore, addressing the reproducibility challenge 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 investi-
gation of more than 60 samples having CDWs engineered
into 200- and 300-pum-thick single crystals of 5-mol-% MgO-
doped LiNbO3 (LN), in order to develop a poling protocol
and procedure that allows to achieve a reproducible fabrica-
tion of CDWs. We provide a detailed description of a home-
built, automated, computer-controlled setup for domain fab-
rication via UV-assisted liquid-electrode poling, and analyze
factors influencing the domain formation, in particular their
area Ay. These include the applied electric field £ upon pol-
ing, the field exposure time 7, and the substrate’s chemical
composition through the comparison of different LN wafers.
Based on these findings, we propose a standardized protocol
to facilitate reproducible domain creation. Furthermore, we
explore and expand on a process, first developed by Godau et
al'®, to enhance the conductivity of as-created DWs by many
orders of magnitude via high-voltage (HV) treatment, delving
deeper into that effect through statistical analysis of a large
number of identically-prepared samples. We study the im-
pact of the above-described factors during the poling process
as well as the influence of the HV parameters during DWC-
enhancement, providing valuable insights and suggestions for
further process improvements.

Il. MATERIALS AND METHODS
A. Samples

LN is commercially available as an uniaxial FE material
with a large optical bandgap of Eg,, = 4.0 eV 2 Tts sin-
gular polarization axis runs parallel to the crystallographic z-
or c-axis. In the following, we will refer to the two different
polarization directions and the respective terminating surfaces
as z- and z+. All samples used in this study measure typically
5%x6 mm? in x-y-direction, and are cut-out from three differ-
ent 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 a 200 um thick-
ness 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, being 300 um thick. Nat-
urally, 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 compar-
ing wafers from one and the same manufacturer. Note, that we
and others>! had observed that wafers from different sources
may show slight variations in domain growth, e.g., in the do-
main propagation velocity, despite of nominally having the

same specifications, i.e., 5-mol-% MgO-doping.

Throughout this publication, we label all samples that con-
tain DWs as A-B-C, with A = 1,2,3 declaring the three wafers
purchased in 2019, 2020, and 2022, respectively, B = 200
or 300 being the wafer thickness (in pm), 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 um. Furthermore, the
samples are grouped within so-called batches, containing 6-8
specimens per batch; each batch allows for comparison with
respect to the concrete influence of one or more process pa-
rameters 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 prepared
under varying conditions as specified in Tab. [[] (quick guide)
and Sec. A of the supplementary material (full-length table
containing all 63 single samples of this work) and explained
in the following 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. [I{a). During a typ-
ical domain poling procedure, the 325-nm HeCd-laser (Kim-
mon Koha IK3301R-G) is focused onto the z+ crystal surface
using an apochromatic lens with NA = 0.3 to a spot size of
around 4.5 ym in diameter. At this wavelength, the crystals
exhibit a low absorption coefficient® of & = 0.5 mm™!, result-
ing 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 x 107> W/cm? for all experiments; that
value was chosen as the favorable power value after having
run a separate investigation beforehand to evaluate the impact
of the applied laser beam power on the resulting domain area
A, by using sample batch 1.4 (see Sec. G of the supplementary
material for details).

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 dark-
ness (the general phenomenon had been reported earlier2).
Therefore, a significantly lower electric field of 3.5 kV/mm
at the spot is required to initiate the inversion of the polar-
ization. This field was generated by an Agilent 33220A ar-
bitrary waveform generator, whose output was amplified by
two different HV amplifiers: (a) A Matsosada Precision AMT-
20B10-LC(230 V) HV amplifier with a maximum output cur-
rent of =10 mA, a maximum voltage of 20 kV, and a slew
rate of up to 360 V/us, and (b) using a Trek 2210 with a maxi-
mum output current of £20 mA, a maximum voltage of 1 kV,
and a slew rate of up to 150 V/us. 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-sifu nucleation and growth of domains
was monitored in real-time using a white-light polarization



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 contains also 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 the
supplementary material (Sec. A). Note that batches 1.4 and 1.5, which were used only within preliminary experiments exclusively dedicated
to finding the most reasonable laser power and NaCl concentration for the liquid electrodes, are omitted here.

Batch Labels Poling DWC-enhancement I-V-data Purpose(s)
parameters parameters of investigation
1.1 1-200-1...8 E =4.0kV/mm; - —— reproducibility of A4
tp =30s
1.2 1-200-9...15 E =4.0kV/mm; v =4 VJs; ++ Ay = f(tp) @ E =4.0 kV/mm;
1, =10-180 s Vinax=500 V reproducibility of final I-V curves
1.3 1-200-16...22 E =4.5kV/mm; v =4 VJs; ++ Ay = f(tp) @ E =4.5kV/mm;
1, =10-180 s Vinax=500 V reproducibility of final I-V curves
2.1 2-200-1...6 E =4.0kV/mm; v=4V/s; ++ reproducibility of Ay;
1, =120s Lpax=1 pA reproducibility of final I-V curves
22 2-200-7...13 E =4.5kV/mm; v =4 VJs; ++ Ay = f(tp) @ E =4.5kV/mm;
1, =10-180 s Vinax=500 V reproducibility of final I-V curves
3.1 3-300-1...6 E =4.67kV/mm; v=4V/s; ++ reproducibility of final I-V curves
t, =120s Inax=1 pA
32 3-300-7...13 E =4.67 kV/mm,; - +— Ag = f(t,) @ E =4.67 kV/mm

tp =10-180 s

# Concrete tp-values: 10; 20; 30; 60; 90; 120; 180 s.
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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 wavelength of 325 nm acts as the UV-light source. Utilizing various optical lenses and an inverted microscope,
the UV light is focused on the top of the sample in a home-built liquid cell. The laser exposure time is precisely controlled 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. (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, the laser irradiation begins at 2.8 x 10~ W/cm?, and the electric field E is increased to 4 kV/mm over a period
of 1 second. For the next period — 7, =30 s — the electric field and the laser irradiation are kept constant. Afterward, the electric field is slowly,
linearly decreased to zero OVer f,4,pdown=20 $ to minimize any spontaneous back-switching effects. During this process, the laser irradiation
is switched off when the electric field reaches half of its original value.

microscope illuminating the sample from the top and a CCD camera. Diffraction-limited domain tracking thus was pos-



FIG. 2.  Image of the domain in sample 2-200-17 under (a) a
polarization-sensitive light microscope (PLM), and (b) a second har-
monic generation microscope (SGHM). For further details on both
imaging methods and the extraction of the domain area, see Secs. B
to E in the supplementary material.

sible due to the strain-induced birefringence close to DWs.
Samples were fixed into the microscope in a custom-built lig-
uid cell sample holder, sketched in Fig. [I(b). The liquid cell
itself consists of two plexiglas parts having a quartz glass win-
dow 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 surrounding cell volume
on both sample sides was filled with a 2-wt% NaCl solution.
These “liquid electrodes” ensure transparency while provid-
ing a uniform electric field distribution across the whole sam-
ple surface®*. An analysis of domain area A; as a function
of NaCl concentration was performed in a second preliminary
experiment that is reported in the Sec. H of eth supplementary
material, using sample batch 1.5, and showing the indepen-
dence on A, over a broad range of NaCl-concentrations.

To ensure reproducibility, the poling experiments were al-
ways conducted by following the same sequences of sample
treatment:

e (i) A fresh sample was extracted from a LN wafer, and

e (ii) subjected to a thorough cleaning procedure that in-
cluded a 10-minutes plasma etching step followed by a
5-minutes ultrasonic cleaning in each acetone and iso-
propanol, and finally rinsed with deionized water.

(iii) Each sample was then mounted into the liquid
NaCl-cell for domain poling, with the z+ side always
facing upwards. Equally, the laser always entered the
sample by the z- side and was focused onto the z+ in-
terface.

e (iv) The subsequent poling protocol is shown in
Fig.[T{c): At the beginning, a sharp voltage ramp was
applied lasting for one second until the maximum elec-
tric field is reached. Then the selected maximum poling
voltage was kept constant for a selected duration, i.e.
for a certain pulse length #,. To terminate the poling
process, the electric field is slowly lowered over a time
period of tumpdown = 20 s to minimize the effects of
spontaneous back-switching®. Throughout the poling
process, the sample was constantly irradiated till 10 sec-

onds to the end, as the applied electric field reached a
value lower than half of the coercive field E..

(v) Every freshly grown domain is subsequently im-
aged by polarization light microscopy (PLM) and the
grown domain area be extracted from measurements of
the hexagon’s side lengths. In selected cases (samples
01-03 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 morphol-
ogy were collected by second-harmonic generation mi-
croscopy (SHGM). An elaborate comparative descrip-
tion of both imaging methods (see Fig. 2] for typical
results) as well as the mathematical details on domain
area determination are given in Secs. B-E of the sup-
plementary material.

(vi) After having acquired the PLM images of as-
freshly-formed domains, all samples underwent the
above cleaning protocol once more, however, starting
with an initial deionized-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~® mbar) onto both sides of the LN crys-
tals using a 3 mm x 3 mm shadow mask that fully covers
the newly-grown domain. This insures proper contacts
to DWs for both current-voltage (I-V) recording and
DWC enhancement through high-voltage (HV) ramp-
ing.

C. Current-Voltage (I-V) Characterization and DWC
Enhancement Procedure

The vision for the investigated DWs is their application
in various electronic commercial devices — thus the 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 all stages of production. The above-
mentioned Cr electrodes were therefore connected to a Keith-
ley 6517B electrometer using metal wires and conductive sil-
ver paint. The electrometer was used twofold, first to record-
ing the macroscopic I-V data, and second as the HV source
to carry out the DWC enhancement procedure. I-V curves be-
tween -10 V to +10 V and voltage increments of 6V =0.5V
with 8t = 2 s were acquired both before and after enhance-
ment.

DWC enhancement was conducted based on the protocol as
introduced by Godau et al'#: the —z-electrode of every sample
is set to ground, and a negative voltage is applied to the +z-
side increasing linearly at a rate of v =4 V/s up to a value V,;x
that corresponds to 60% of Ec, hence up to 3.3 kV/mm->°. In
the following, the as-summarized DWC-enhancement proce-
dure will be referred to as voltage control. Initially, i.e., for
batches 1.2, 1.3, and 2.2, voltage ramps up to V5 = 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; we had vastly investigated those type of
domains being described for a single LN sample by Kirbus et
al?% earlier. Notably, during this procedure, a sudden current
jump from 107>A to 107> A was observed.

To address this issue, we managed to improve the DWC-
enhancement procedure, by stopping the voltage ramping
whenever the maximum current /,,,, of 10 °A is reached, and
then keep this corresponding voltage value; accordingly, this
type of DWC-enhancement is labelled current control here-
after. Notably, current control preserves the original domain
structure and size in the majority of cases investigated here.
All subsequent DWC enhancement procedures were hence
carried out using this improved approach, in particular with
sample batches 2.1 and 3.1.

As a quick overview, Tab. [I] displays a listing for which
sample batch I-V-data have been acquired, as well as whether
or not, and under which circumstances (stopping by reaching
Vinax or L,y) the “enhancement” procedure was conducted.

I1l. 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 im-
pact of several process parameters (poling pulse duration z,
electrical field strength E, wafer type) on the final domain area
A, and the I-V-characteristics of its DW, while a detailed de-
scription 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 ¢, is
summarized in Sec. F of the supplementary material.

1. Domain Area as a Function of Poling Pulse Duration,
Electrical Field, and Wafer Type

To gain an improved understanding of the domain areas’ de-
pendence on the poling time z,, we performed several series of
measurements with ¢, being varied between 10 and 180 sec-
onds 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 £ and compared samples be-
tween the three LN wafers. The key findings of these compar-
ative measurements are described in the following.

Regardless of the field strength or the wafer, the depen-
dence of the poling duration #, on the domain area always
shows the same trend: a sharp increase in size at short pol-
ing times slowly flattens out the longer the poling process
takes. This behavior can be attributed to the laser irradiation
— the area surrounding the laser spot maintains a significantly
lower coercive field as compared to distant regions, facilitat-
ing a faster growth rate and DW propagation speed. When the
coercive field increases due to a lower number of free charge
carriers in less illuminated areas, the expansion slows down

until it reaches a stable growth rate. As reported in the litera-
ture, the growth rates in the undisturbed regions of the crystal
were steady at a constant electric field*75.

To further investigate 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 do-
main area increased 42% in comparison to the previous mea-
surement series on the same wafer. The overall trend did not
change, with a slowing down of the expansion speed as the
poling length increased.

The same measurement series was then performed addition-
ally with samples obtained from wafer 2 and wafer 3 with sim-
ilar electric field strength, as also pictured in Fig. 3(a). Sur-
prisingly, we found significant differences in growth rates be-
tween all three wafers. The samples from wafer 2, red dots
in Fig Eka), exhibited the fastest growth. In contrast, the sam-
ples from wafer 1 (violet) grew slowest, even though they un-
derwent the same poling protocol. The thicker samples from
wafer 3 (gold) were poled with a slightly higher electric field
but still reached a similar growth speed as the other speci-
mens. We attribute these differences to small changes in de-
fects and impurities leading to different amounts of pinning
events for DWs and thus different growth rates®>. This also
means that 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 lat-
ter have nominally the same chemical composition.

2. Size Variations for Virtually Equally Grown Hexagonal
Domains

The goal of these experiments was to check the repro-
ducibility of the domain size within the UV-assisted liquid-
electrode poling process. A series of eight samples from wafer
1 with a t, = 30 s (batch 1.1) and six samples from wafer 2
with a #, = 120 s (batch 2.1) were prepared and the domain
areas exemplarily compared, as shown in Fig. [3(b,c). The
shorter pulse duration #, = 30 s, as illustrated in Fig. Ekb),
resulted in a smaller area of 1.5x10* um? with a deviation
of 7%. In contrast, the longer pulse duration, as shown in
Fig. c), yielded an area of 3.25x10* um? with a deviation
of 9%. All domains exhibited a hexagonal shape, as depicted
in Fig. 2] characterized by one pair of parallel sides that were
slightly longer, which can be attributed to the pinning of the
domain wall and the slightly oval shape of the laser spot.
Overall we conclude that this poling method is capable of cre-
ating domains of the same size within a reasonable error. Po-
tentially, 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 over the £10-V-range
were systematically collected at various stages of conductive
DW generation. The first stage is the characterization of the
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FIG. 3. (a) To investigate the dependence of the domain area on the poling-voltage pulse duration, we varied 7, between 10 s 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. A noticeable size difference was found between the sample
batches of the different wafers. (b,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 #,=30 s for samples from wafer 1 in (b) and another series with 7,=30 s
for samples originating from wafer 2 in (c). The orange or blue lines indicate the mean area reached with this particular poling protocol,
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FIG. 4. Current-voltage curves of the samples from batches 2.1 (a) and 3.1 (b) directly after poling, before any modification of the domain
wall structure took place. As can be seen from the pictures, the initial conductance is different for the samples after the poling under identical
conditions, which stresses the influence of individual 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
previouslym.

initial as-grown (as-poled) domains. By way of illustration,
we present the I-V characteristics of samples obtained imme-
diately after the poling process from batches 2.1 and 3.1 in
Fig.[] It is worth noting that the two batches exhibit qualita-
tively similar characteristics. The current-voltage curves dis-
play a clear non-linear behavior, asymmetry with respect to
voltage polarity (as discussed and explained in ref. [16), and
occasionally pronounced electrical noise due to the low cur-
rent magnitude; that can be seen especially well in Fig. @[b).
The maximum absolute current, acquired at £10 V for all
samples in batches 2.1 and 3.1, falls within the range of
43 x10713 Ato 2.4 x107'0 A for a -10 V bias voltage, and

1.1 x10713 A t0 2.6 x107!2 A at a +10 V bias. These val-
ues are already very close to the bulk conductivity of LN and
correspond to a typical insulator rather than to 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 nar-
rower dispersion of values among the samples, as is evident
from Figs. []and[f]

The I-V curves of identically prepared samples prior to
DWC ”enhancement” exhibit significant variations in mag-
nitude. Given that the production parameters were consis-



tent among all samples, 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 supported by previous
findings'#, which established that the geometrical and elec-
tronic 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 Conductivity Enhancement Procedures

In this part, the experimental processes of current-voltage
characterization and conductivity enhancement of domain
walls are examined. This encompasses the application of the
protocol proposed by Godau er al''#, the subsequent refine-
ment towards a current-controlled approach, and the charac-
terization of the obtained highly conductive DWs (compared
to as-poled DWs).

1. Voltage- vs. Current-Controlled Domain Wall
Conductivity Enhancement

Immediately after I-V characterization of as-poled DWs,
the DWC enhancement procedureM, as described in detail in
Sec. was applied to the samples of the batches 1.2, 1.3,
and 2.2. In this original, so-called voltage-controlled proto-
col, the maximal predefined value of the voltage was +500 V
for 200 um thick samples, followed by a 10-minute stabi-
lization period under the application of the maximal voltage.
Throughout this process, a sharp current surge from 107°A
to 1073 A at 200 V was consistently observed for all samples
[exemplified by Fig. 5[a)]. The analysis of recorded SHGM
images of these domains unveiled the disintegration of singu-
lar hexagonal domains into numerous minute needle-like do-
mains, as depicted in Fig. [5(c). This abrupt current increase,
as confirmed by analysis, invariably indicated a domain im-
plosion”, i.e., the fracturing into many needle-like structures,
which makes this process uncontrollable and irreversible.

Hence, to achieve a more homogeneous geometrical “en-
hancement” result, employing the current-controlled scheme
was tested for batches 2.1 and 3.1, where each domain wall is
voltage-treated until maximum current value is reached only,
instead of a predefined target voltage. To achieve this, the
increase in voltage was immediately halted as soon as the cur-
rent reached the level of 107 %A, which is an order of mag-
nitude smaller than the critical threshold of 10~>A, where
the implosion was observed, providing a safety margin. The
changes in both current and voltage during the procedure
are visible in Fig. 5[b), while the corresponding SHGM im-
age, showcasing an exemplary conductivity-enhanced domain
wall, is displayed in Fig.[5(d). It is evident that the current ex-
hibited a rather smooth transition throughout the procedure,
resulting in the formation of domain shapes with a regular tri-
angular pattern, as previously described!.

2. Current-Controlled DWC-Enhancement: Final
Electrical Performances and Domain Wall Shapes

The — in terms of geometrical reproducibility favorable
— current-controlled domain wall conductivity enhancement
procedure was performed on a statistically significant number
of samples: twelve in total. These samples encompass after-
poling hexagonal domains of approximately similar sizes of
270 pm in diameter, all of which were poled within the crys-
tals of both wafer 2 (batch 2.1) and wafer 3 (batch 3.1). Al-
though the DWC enhancement procedures were executed un-
der uniform conditions, there exists still a notable distinction
in the I-V characteristics observed during and after the en-
hancement process across all samples. For a visual represen-
tation of this variance, refer to Fig.[6l where the DW's are com-
pared based on the maximal currents, obtained at £10 V, as
well as to Fig. S7 in the supplementary material, where the
corresponding I-V raw data is provided.

When comparing the current-voltage characteristics before
and after the conductivity enhancement process among sam-
ples from the same batch, such as six samples from wafer 2
(samples 2-200-1...6) and six samples from wafer 3 (sam-
ples 3-300-1...6), a significant difference in pre- and post-
enhancement conductance is evident, see Fig. @ We can note
that a clear current enhancement was observed in all cases,
with the maximal factor of 1.9 107 been reached in the case
of sample 3-300-6 at +10 V; the minimal enhancement factor
at +10 V is 15 as obtained for sample 3-300-3. Both of them
are outliers in terms of their magnitude; the average enhance-
ment factors are 1.7x10° for -10 V and 2.5x10° for +10 V.
Despite their identical preparation and uniform conductivity
enhancement procedures, the conductance of these samples
varies notably, sometimes even by multiple orders of mag-
nitude. The SHGM images obtained after the enhancement
process explain these conductance disparities to some extent,
since they unveil corresponding variations in the geometrical
structures of the domain walls. Some samples still display an
“imploded” state [e.g. sample 03-300-6, see Fig.[7]j, k)], even
though the voltage ramp was halted after reaching a current
value of 10 °A. Conversely, other samples exhibit random,
highly irregular structures that differ significantly from each
other [see Fig.[/| (d, g, and e)] and can not be categorized
as being imploded. Notably, the current-voltage relationship
during the conductivity enhancement procedure varies notice-
ably from the outset. This is evident from the voltage and time
dependencies of the current during the procedure (Fig. S7(a)
and (d) of the supplementary material). For instance, the cur-
rent of samples 2-200-3 and 2-200-4 differ by two orders of
magnitude at a low voltage of 25 V during enhancement al-
ready. Similarly, the maximal stabilization voltages can span
from -308 V to -478 V (Fig. S7(d) in the supplementary ma-
terial). The different DW geometry of the given samples is
accompanied by a substantial difference in the resulting post-
enhancement I-V characteristics, see Fig. c, f,1,and1). Here
we see, how the maximal current differs by up to three orders
of magnitude between investigated samples; the linearity of
the curves is also quite different, with imploded sample 3-
300-6 [Fig. [7(1)] being an outlier in terms of ’linearity’. Fur-
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FIG. 5.

The I-V characteristics for the two variations of DWC enhancement procedures, i.e., the voltage-controlled (a) and the current-

controlled (b) approach, are illustrated alongside the resulting DW structures [(c) and (d)] 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-minute 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> A in all cases. In an improved
version of the procedure (b), the voltage ramp-up at 4 V/s was terminated once the current achieved 10~°A, with a 10-minute 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 the cases.

thermore, the analysis of the rest of the samples considered
here does not allow us to extract an unambiguous correlation
between the geometrical structure of the domain wall, in par-
ticular its average inclination towards the z-axis, and its con-
ductive properties yet; the differences, so far, appear to be ran-
dom. These results point us toward potential differences aris-
ing from subtle dissimilarities during the poling procedures or
inherent variations within the crystal itself, including the dis-
tribution 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 remains to be studied even more profoundly. It is well
understood that the shape of inclined domain walls directly
impacts their conductance®, which is linked to the sin(c)
where « represents the angle of the DW’s inclination with
respect to the crystal’s z-axis. This inclination is sensitive to
surrounding electric fields, including external ones 3% and
internal fields within the crystal, like depolarization and de-
fect fields***!. The influence of external fields during DWC
enhancement is still not thoroughly studied. The transforma-

tion of a hexagonal structure into a rounded triangle due to
DWs contracting inwardly, except at 3 fixed points along the
triple y-axis symmetry, as described by Kirbus et al? and
Godau er al'®, seems more an exception than a rule after this
large scale study.

For instance, comparing the conductance of samples from
two different wafers — wafer 2 in Fig. [6] with a thickness of
200 pm, and wafer 3 in Fig. [ with a thickness of 300 pym -
reveals that CDWs in the thicker wafer tend to exhibit lower
conductance (three out of six samples have a maximal current
below 0.1 pA; while for the thinner wafer, the maximum cur-
rents for all samples were around 1 pA). These differences
could be explained by (i) slight variations in the chemical
composition of the crystals and (ii) by potential differences in
the electric field gradient during the enhancement procedure.
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. This suggests that the electric field gra-
dient might be directly connected to the final conductivity of
the structures. Hence, finding of optimal parameters for the
procedure, including those that lead to domain implosion, be-
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FIG. 6. Change of the DW current at 10 V (red and violet signs, respectively) for the twelve samples of batches 2.1 and 3.1 before (dots) and
after (triangles) the DWC enhancement procedure. The magnitudes of current change are spanning 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
5 orders of magnitude and at -10 V by 6 orders of magnitude. For the absolute majority of cases, the current under positive measuring voltage
is larger both before- and post-enhancement. The full I-V curves can be found in Fig. S7 of the supplementary material.

comes crucial as a future challenge.

Lastly, theoretical studies***> highlight the high sensitiv-
ity of surface chemical and physical properties to the meth-
ods used in crystal production and the surrounding condi-
tions. These aspects, in turn, influence geometry and thus
the conductance of CDWs. Furthermore, experimental data
from Kirbus ez al? indicates that the interface between CWD
and metal electrode serves as the primary hindrance to charge
transport due to the absence of DW inclination near the sur-
face. This underscores the need for a more comprehensive
investigation into the interface conditions between the crys-
tal and electrode, e.g., by varying the contact metal and the
surface preparation protocol.

IV. SUMMARY AND OUTLOOK

In this work, a method for reproducible fabrication of
hexagonal ferroelectric domain structures into 200 um and
300 pm-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 influ-
encing the fabrication. From these, key parameters such as
electric field strength and poling length were identified and
controlled by a poling protocol. The resulting domain struc-
tures have been analyzed with polarization-sensitive as well as
second-harmonic generation microscopy and evaluated with
respect to domain area and uniformity. The reproducibility of
the protocol was tested for two different poling pulse lengths,
and upon achieving this, the dependency of domain area on
poling pulse duration for different wafers and electric field
strength was measured.

This connection varies among different wafers, even when
all other parameters remain constant, indicating high sensitiv-

ity to material composition and defect density. Overall, the
inclination of the freshly poled domains is small and therefore
the resulting DWs have low conductance. To increase the av-
erage inclination, the conductance enhancement procedure of
Godau et al'¥ was applied to the domain structures. Initially,
the voltage was steadily increased by 4 V/s to 500 V. All do-
mains undergoing this protocol “imploded”, i.e. disintegrated
into many needle-like subdomains, once the current exceeded
a maximum of 10> A. To prevent this implosion in the en-
suing measurements, a maximal current of 107° was imple-
mented and the voltage ramp was stopped upon reaching this
value, leading to a current-control rather than voltage-control
scheme.

The testing of this improved procedure has revealed that de-
spite the identical conditions during the conductivity enhance-
ment process, both the geometry of the domain wall structures
and their conductance - a parameter closely linked to the lat-
ter factor - still exhibit significant variations, although only
a few 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, loss of symmetry in relation to the
crystal structure, and even implosion of the domains.

The breadth of the obtained data emphasizes the neces-
sity for further investigation and standardization of the DWC
enhancement process, as well as research on the correlation
between conductance and geometric changes throughout the
procedure. In this regard, the implementation of in-sitru SHG
during the enhancement process shows promise=. Addition-
ally, a more comprehensive examination of the influence of
intrinsic electric fields, particularly those on the surface of the
lithium niobate crystalzo, is essential. Such fields can be af-
fected by various factors, including the electrode material, sur-



10

(c) 0" 0] (U] S

z [/ 75 / 50 1000 | 4500

E. / =9 I 12300

= I AEN

Fud 29 F v 3000

= 257 |f / 7 2300

H 250 / 600
s 37.54 | 22001 '[D'“?O'Z w000 | o]

10 5 0 5 10 10 -5 0 5 10 10 -5 0 5 1010 -5 0 5 10
Voltage [V] Voltage [V] Voltage [V] Voltage [V]

FIG. 7. Domain SGHM images at both +z- and -z- sides of the samples 3-300-3 (a, b), 2-200-1 (d, e), 3-300-2 (g, h), and 3-300-6 (j, k),
correspondingly, taken after the DWC-enhancement process using the current-control scheme. As can be seen from the selection of images,
the geometrical form of the domains can still vary substantially; from the already described!® *triangular’ shape of the domain like in the case
of the sample 1-300-3, to the shape of the irregular oval in case of the sample 2-200-1, where no symmetry in relation to the crystal axes
can be traced, towards 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 1) show the resulting I-V characteristics. The substantial differences in the geometrical
structure are tightly intertwined with significant 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 sample to sample is also quite different, with sample 3-300-6 (k) demonstrating the least
’rectifying’ behavior.

face preparation and processing method, and chemical com- SUPPLEMENTARY MATERIAL
position of the crystal — their systematic study will be subject

to future research.

The results of this work are far from conclusive, as the
domain growth as well as the DWC enhancement procedure
are highly dynamical processes sensitive to many local and
nanoscopic influences, which do not easily succumb to a
straightforward macroscopic description and modelling. On
the contrary, this extensive work highlights the fact that be-
sides application based research on memories, neural net-
works, or rewritable electronics, more fundamental studies on
the interplay and dynamics of domains and domain walls with
localized defects is mandatory, if ever the dream of true DW-
based nanoscopic electronics should become real.

See the supplementary material for a complete list of all
samples; 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 devel-
opment of the DW inclination; results of preliminary exper-
iments investigating the domain area’s dependence on laser
intensity and NaCl concentration during UV-assisted liquid-
electrode poling; diagrams with the complete I-V character-
istics of sample batches 2.1 and 3.1 during and after DWC
enhancement.



ACKNOWLEDGEMENTS

We acknowledge financial support by the Deutsche
Forschungsgemeinschaft (DFG) through joint DFG-ANR
project TOPELEC (EN 434/41-1 and ANR-18-CE92-0052-
1), the CRC 1415 (ID: 417590517), the FOR 5044 (ID:
426703838; https://wuw.forb5044.de), as well as through
the Dresden- Wiirzburg Cluster of Excellence on ”Complex-
ity and Topology in Quantum Matter” - ct.qmat (EXC 2147,
ID: 39085490). This work was supported by the Light Mi-
croscopy Facility, a Core Facility of the CMCB Technology
Platform at TU Dresden. 1.K.’s contribution to this project is
also co-funded by the European Union and co-financed from
tax revenues on the basis of the budget adopted by the Saxon
State Parliament. Furthermore, we thank Thomas Gemming
and Dina Bieberstein for assistance in wafer dicing.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Julius Ratzenberger: Data curation (equal); Formal anal-
ysis (equal); Investigation (equal); Validation (equal); Visu-
alization (equal); Writing — original draft (equal); Writing —
review & editing (supporting). Iuliia Kiseleva: Data cura-
tion (equal); Formal analysis (equal); Investigation (equal);
Validation (equal); Visualization (equal); Writing — orig-
inal draft (equal); Writing — review & editing (support-
ing). Boris Koppitz: Investigation (supporting); Visualiza-
tion (supporting). Elke Beyreuther: Funding acquisition
(supporting); Methodology (supporting); Supervision (equal);
Writing — review & editing (lead). Manuel Zahn: Formal
analysis (supporting); Software (lead). Joshua Gossel: In-
vestigation (supporting). Peter A. Hegarty: Investigation
(supporting); Visualization (supporting). Zeeshan H. Am-
ber: Investigation (supporting); Visualization (supporting).
Michael Riising: Conceptualization (lead); Funding acqui-
sition (equal); Methodology (lead); Project administration
(equal); Supervision (equal); Writing — review & editing (sup-
porting). Lukas M. Eng: Conceptualization (equal); Funding
acquisition (lead); Methodology (supporting); Project admin-
istration (equal); Resources (lead); Supervision (equal); Writ-
ing — review & editing (supporting).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

11

REFERENCES

IR. Waser and A. Riidiger, “Pushing towards the digital storage limit,” Nat.
Mater. 3, 81-82 (2004).

27. Wei, W. Chao, L. Jian-Wei, J. Jun, and J. An-Quan, “Erasable Ferroelec-
tric Domain Wall Diodes,” Chin. Phys. Lett. 38, 017701 (2021).

3y. Qian, Y. Zhang, J. Xu, and G. Zhang, “Domain-Wall p-n Junction in
Lithium Niobate Thin Film on an Insulator,” Phys. Rev. Appl. 17, 044011
(2022).

4A. Suna, C. McCluskey, J. Maguire, K. Holsgrove, A. Kumar, R. McQuaid,
and J. Gregg, “Tuning Local Conductance to Enable Demonstrator Ferro-
electric Domain Wall Diodes and Logic Gates,”|Adv. Phys. Res. 2, 2200095
(2023).

ST, Kiampfe, B. Wang, A. Haumann, L.-Q. Chen, and L. M. Eng, “Tun-
able Non-Volatile Memory by Conductive Ferroelectric Domain Walls in
Lithium Niobate Thin Films,” Crystals 10, 804 (2020).

op, Chaudhary, H. Lu, A. Lipatov, Z. Ahmadi, J. P. V. McConville,
A. Sokolov, J. E. Shield, A. Sinitskii, J. M. Gregg, and A. Gruverman,
“Low-Voltage Domain-Wall LiNbO3 Memristors,” Nano Lett. 20, 5873—
5878 (2020).

7J.P. V. McConville, H. Lu, B. Wang, Y. Tan, C. Cochard, M. Conroy,
K. Moore, A. Harvey, U. Bangert, L.-Q. Chen, A. Gruverman, and J. M.
Gregg, “Ferroelectric Domain Wall Memristor,” |Adv. Funct. Mater. 30,
2000109 (2020).

87. Sun, Y. Li, Y. Ou, Q. Huang, X. Liao, Z. Chen, X. Chai, X. Zhuang,
W. Zhang, C. Wang, J. Jiang, and A. Jiang, “In-Memory Computing of
Multilevel Ferroelectric Domain Wall Diodes at LiNbO3 Interfaces,” Adv.
Funct. Mater. 32, 2207418 (2022),

9J. Lin, F. Bo, Y. Cheng, and J. Xu, “Advances in on-chip photonic de-
vices based on lithium niobate on insulator,” Photonics Res. 8, 1910-1936
(2020).

10A. Boes, B. Corcoran, L. Chang, J. Bowers, and A. Mitchell, “Status and
Potential of Lithium Niobate on Insulator (LNOI) for Photonic Integrated
Circuits,” Laser Photonics Rev. 12, 1700256 (2018).

''M. Zhang, C. Wang, P. Kharel, D. Zhu, and M. Loncar, “Integrated lithium
niobate electro-optic modulators: when performance meets scalability,”
Optica 8, 652-667 (2021),

I2M. Schroder, A. HauBmann, A. Thiessen, E. Soergel, T. Woike, and L. M.
Eng, “Conducting Domain Walls in Lithium Niobate Single Crystals,” Adv.
Funct. Mater. 22, 3936-3944 (2012).

I3p. Reichenbach, T. Kampfe, A. Thiessen, A. HauBmann, T. Woike,
and L. M. Eng, “Multiphoton photoluminescence contrast in switched
Mg:LiNbO3 and Mg:LiTaOs3 single crystals,” Appl. Phys. Lett. 105, 122906
(2014).

14C. Godau, T. Kiampfe, A. Thiessen, L. M. Eng, and A. HauBmann, “En-
hancing the Domain Wall Conductivity in Lithium Niobate Single Crys-
tals,” ACS Nano 11, 4816-4824 (2017).

I5C. S. Werner, S. J. Herr, K. Buse, B. Sturman, E. Soergel, C. Razzaghi, and
I. Breunig, “Large and accessible conductivity of charged domain walls in
lithium niobate,” Sci. Rep. 7, 9862 (2017).

16M. Zahn, E. Beyreuther, I. Kiseleva, A. Lotfy, C. McCluskey, J. Maguire,
A.Suna, M. Riising, J. Gregg, and L. Eng, “Equivalent-circuit model that
quantitatively describes domain-wall conductivity in ferroelectric LiNbO3,”
Phys. Rev. Appl. 21, 024007 (2024), |arXiv:2307.10322.

171. Stolichnov, L. Feigl, L. J. McGilly, T. Sluka, X.-K. Wei, E. Colla, A. Cras-
sous, K. Shapovalov, P. Yudin, A. K. Tagantsev, and N. Setter, “Bent Fer-
roelectric Domain Walls as Reconfigurable Metallic-Like Channels,” Nano
Lett. 15, 8049-8055 (2015).

I8A. Suna, O. E. Baxter, J. P. V. McConville, A. Kumar, R. G. P. McQuaid,
and J. M. Gregg, “Conducting ferroelectric domain walls emulating aspects
of neurological behavior,” Appl. Phys. Lett. 121, 222902 (2022).

19Q. Xia and J. J. Yang, “Memristive crossbar arrays for brain-inspired com-
puting,” Nat. Mater. 18, 309-323 (2019).

20B. Kirbus, C. Godau, L. Wehmeier, H. Beccard, E. Beyreuther, A. HauB3-
mann, and L. M. Eng, “Real-Time 3D Imaging of Nanoscale Ferroelectric
Domain Wall Dynamics in Lithium Niobate Single Crystals under Electric
Stimuli: Implications for Domain-Wall-Based Nanoelectronic Devices,”
ACS Appl. Nano Mater. 2, 5787-5794 (2019).


https://www.for5044.de
https://doi.org/10.1038/nmat1067
https://doi.org/10.1038/nmat1067
https://doi.org/10.1088/0256-307X/38/1/017701
https://doi.org/10.1103/PhysRevApplied.17.044011
https://doi.org/10.1103/PhysRevApplied.17.044011
https://doi.org/10.1002/apxr.202200095
https://doi.org/10.1002/apxr.202200095
https://doi.org/10.3390/cryst10090804
https://doi.org/10.1021/acs.nanolett.0c01836
https://doi.org/10.1021/acs.nanolett.0c01836
https://doi.org/10.1002/adfm.202000109
https://doi.org/10.1002/adfm.202000109
https://doi.org/10.1002/adfm.202207418
https://doi.org/10.1002/adfm.202207418
https://doi.org/10.1364/PRJ.395305
https://doi.org/10.1364/PRJ.395305
https://doi.org/10.1002/lpor.201700256
https://doi.org/10.1364/OPTICA.415762
https://doi.org/10.1002/adfm.201290110
https://doi.org/10.1002/adfm.201290110
https://doi.org/10.1063/1.4896579
https://doi.org/10.1063/1.4896579
https://doi.org/10.1021/acsnano.7b01199
https://doi.org/10.1038/s41598-017-09703-2
https://doi.org/10.1103/PhysRevApplied.21.024007
https://arxiv.org/abs/2307.10322
https://doi.org/10.1021/acs.nanolett.5b03450
https://doi.org/10.1021/acs.nanolett.5b03450
https://doi.org/10.1063/5.0124390
https://doi.org/10.1038/s41563-019-0291-x
https://doi.org/10.1021/acsanm.9b01240

21E, Singh, H. Beccard, Z. H. Amber, J. Ratzenberger, C. W. Hicks,
M. Riising, and L. M. Eng, “Tuning domain wall conductivity in bulk
lithium niobate by uniaxial stress,” Phys. Rev. B 106, 144103 (2022).

223 R. Maguire, C. J. McCluskey, K. M. Holsgrove, A. Suna, A. Kumar,
R. G. P. McQuaid, and J. M. Gregg, “Ferroelectric Domain Wall p—n Junc-
tions,” Nano Lett. 23, 10360—10366 (2023).

23B. Wolba, J. Seidel, C. Godau, A. Haumann, and L. Eng, “Resistor Net-
work Modeling of Conductive Domain Walls in Lithium Niobate,” Adyv.
Electron. Mater. 4, 1700242 (2017).

248, Y. Xiao, T. Kdimpfe, Y. M. Jin, A. HauBmann, X. M. Lu, and L. M. Eng,
“Dipole-Tunneling Model from Asymmetric Domain-Wall Conductivity in
LiNbOs3 Single Crystals,” |Phys. Rev. Appl. 10, 034002 (2018).

3¢ 7. McCluskey, M. G. Colbear, J. P. McConville, V, S. J. McCartan, J. R.
Maguire, M. Conroy, K. Moore, A. Harvey, F. Trier, U. Bangert, A. Gruver-
man, M. Bibes, A. Kumar, R. G. P. McQuaid, and J. M. Gregg, “Ultrahigh
Carrier Mobilities in Ferroelectric Domain Wall Corbino Cones at Room
Temperature,” Adv. Mater. 34, 2204298 (2022).

26M. Campbell, J. McConville, R. McQuaid, D. Prabhakaran, A. Kumar, and
J. Gregg, “Hall effect in charged conducting ferroelectric domain walls,”
Nat. Commun. 7, 13764 (2016).

277p, Turner, J. McConville, S. McCartan, M. Campbell, J. Schaab, R. Mc-
Quaid, A. Kumar, and J. Gregg, “Large carrier mobilities in ErtMnO3 con-
ducting domain walls revealed by quantitative Hall-effect measurements,”
Nano Letters 18, 6381-6386 (2018).

28H. Beccard, B. Kirbus, E. Beyreuther, M. Riising, P. Bednyakov, J. Hlinka,
and L. M. Eng, “Nanoscale Conductive Sheets in Ferroelectric BaTiO3:
Large Hall Electron Mobilities at Head-to-Head Domain Walls,” ACS Appl.
Nano Mater. 5, 8717-8722 (2022).

29H. Beccard, E. Beyreuther, B. Kirbus, S. D. Seddon, M. Riising, and L. M.
Eng, “Hall mobilities and sheet carrier densities in a single LiNbO3 con-
ductive ferroelectric domain wall,” Phys. Rev. Appl. 20, 064043 (2023),
arXiv:2308.00061.

30C. L. Sones, M. C. Wengler, C. E. Valdivia, S. Mailis, R. W. Eason, and
K. Buse, “Light-induced order-of-magnitude decrease in the electric field
for domain nucleation in MgO-doped lithium niobate crystals,” Appl. Phys.
Lett. 86, 212901 (2005).

3IM. C. Wengler, B. Fassbender, E. Soergel, and K. Buse, “Impact of ultravi-
olet light on coercive field, poling dynamics and poling quality of various
lithium niobate crystals from different sources,” J. Appl. Phys. 96, 2816—
2820 (2004).

32y, Steigerwald, F. von Cube, F. Luedtke, V. Dierolf, and K. Buse, “Influence
of heat and UV light on the coercive field of lithium niobate crystals,” Appl.
Phys. B 101, 535-539 (2010).

3M. C. Wengler, U. Heinemeyer, E. Soergel, and K. Buse, “Ultraviolet light-
assisted domain inversion in magnesium-doped lithium niobate crystals,”|J.
Appl. Phys. 98, 064104 (2005).

34Y. Chen, C. Lou, J. Xu, S. Chen, Y. Kong, G. Zhang, and J. Wen, “Do-
main switching characteristics of the near stoichiometric LiNbO3 doped
with MgO,”J. Appl. Phys. 94, 3350-3352 (2003).

358. Kim, V. Gopalan, K. Kitamura, and Y. Furukawa, “Domain reversal
and nonstoichiometry in lithium tantalate,” J. Appl. Phys. 90, 2949-2963
(2001).

30B. Kirbus, Cherenkov Second Harmonic Generation Microscopy of ferro-
electric domain walls under thermal and electric stimuli, Master’s thesis,
Technische Universitit Dresden (2019).

3Ty, Gopalan, Q. X. Jia, and T. E. Mitchell, “In situ video observation of
180° domain kinetics in congruent LiNbOj3 crystals,” Appl. Phys. Lett. 75,
2482-2484 (1999).

38V, Y. Shur, “Kinetics of ferroelectric domains: Application of general ap-
proach to LiNbO3 and LiTaO3,” J. Mater. Sci. 41, 199-210 (2006).

3%H. Lu, Y. Tan, J. P. V. McConville, Z. Ahmadi, B. Wang, M. Conroy,
K. Moore, U. Bangert, J. E. Shield, L.-Q. Chen, J. M. Gregg, and A. Gruver-
man, “Electrical Tunability of Domain Wall Conductivity in LiNbO3 Thin
Films,” Adv. Mater. 31, 1902890 (2019).

40, Tian, A. Vasudevarao, A. N. Morozovska, E. A. Eliseev, S. V. Kalinin,
and V. Gopalan, “Nanoscale polarization profile across a 180° ferroelectric
domain wall extracted by quantitative piezoelectric force microscopy,” J.
Appl. Phys. 104, 074110 (2008).

4IN. C. Carville, S. M. Neumayer, M. Manzo, M.-A. Baghban, I. N. Ivanov,
K. Gallo, and B. J. Rodriguez, “Influence of annealing on the photodepo-

12

sition of silver on periodically poled lithium niobate,” J. Appl. Phys. 119,
054102 (2016)!

428, Sanna and W. G. Schmidt, “LiNbO3 surfaces from a microscopic per-
spective,” J. Phys.: Condens. Matter 29, 413001 (2017).

“3E. A. Eliseev, A. N. Morozovska, S. V. Kalinin, Y. Li, J. Shen, M. D.
Glinchuk, L.-Q. Chen, and V. Gopalan, “Surface effect on domain wall
width in ferroelectrics,” J. Appl. Phys. 106, 084102 (2009).

M, Kédmpfe, P. Reichenbach, M. Schroder, A. HauBmann, L. M. Eng,
T. Woike, and E. Soergel, “Optical three-dimensional profiling of charged
domain walls in ferroelectrics by Cherenkov second-harmonic generation,”
Phys. Rev. B 89, 035314 (2014).

437, Kaneshiro, S. Kawado, H. Yokota, Y. Uesu, and T. Fukui, “Three-
dimensional observations of polar domain structures using a confocal
second-harmonic generation interference microscope,” J. Appl. Phys. 104,
054112 (2008)!

408 Cherifi-Hertel, H. Bulou, R. Hertel, G. Taupier, K. D. H. Dorkenoo,
C. Andreas, J. Guyonnet, I. Gaponenko, K. Gallo, and P. Paruch, “Non-
Ising and chiral ferroelectric domain walls revealed by nonlinear optical
microscopy,” Nat. Commun. 8, 15768 (2017).

47A. 1. Otko, A. E. Nosenko, T. R. Volk, and L. A. Shuvalov, “Spatial visual-
ization of domains in lithium niobate crystals,” Ferroelectrics 145, 163—180
(1993).

48E. Soergel, “Visualization of ferroelectric domains in bulk single crystals,”
Appl. Phys. B 81, 1432-0649 (2005).

49P_ A. Hegarty, L. M. Eng, and M. Riising, “Tuning the Cerenkov second har-
monic contrast from ferroelectric domain walls via anomalous dispersion,”
J. Appl. Phys. 132, 214102 (2022),

303, Reitzig, F. Hempel, J. Ratzenberger, P. A. Hegarty, Z. H. Amber,
R. Buschbeck, M. Riising, and L. M. Eng, “High-speed hyperspectral imag-
ing of ferroelectric domain walls using broadband coherent anti-Stokes Ra-
man scattering,” Appl. Phys. Lett. 120, 162901 (2022).

5IB. Sturman and E. Podivilov, “Ferroelectric Domain Reversal: The Role of
Domain Wall Conduction,” JETP Lett. 116, 246-253 (2022).

S2y. Wang, Y. Kong, H. Liu, Q. Hu, S. Liu, S. Chen, and J. Xu, “Light-
induced domain reversal in doped lithium niobate crystals,” J. Appl. Phys.
105, 043105 (2009).

V. Y. Shur, “Correlated nucleation and self-organized kinetics of ferroelec-
tric domains,” in Nucleation Theory and Applications (John Wiley & Sons,
Ltd, 2005) Chap. 6, pp. 178-214.

34L. He and D. Vanderbilt, “First-principles study of oxygen-vacancy pinning
of domain walls in PbTiO3,” [Phys. Rev. B 68, 134103 (2003).

Sy, Gopalan, V. Dierolf, and D. A. Scrymgeour, “Defect-Domain Wall In-
teractions in Trigonal Ferroelectrics,” Annu. Rev. Mater. Res. 37, 449489
(2007).

C. L. Sones, P. Ganguly, C. Y. J. Ying, E. Soergel, R. W. Eason, and
S. Mailis, “Poling-inhibited ridge waveguides in lithium niobate crystals,”
Appl. Phys. Lett. 97, 151112 (2010).


https://doi.org/10.1103/PhysRevB.106.144103
https://doi.org/10.1021/acs.nanolett.3c02966
https://doi.org/10.1002/aelm.201700242
https://doi.org/10.1002/aelm.201700242
https://doi.org/10.1103/PhysRevApplied.10.034002
https://doi.org/10.1002/adma.202204298
https://doi.org/10.1038/ncomms13764
https://doi.org/10.1021/acs.nanolett.8b02742
https://doi.org/10.1021/acsanm.2c01919
https://doi.org/10.1021/acsanm.2c01919
https://doi.org/10.1103/PhysRevApplied.20.064043
https://arxiv.org/abs/2308.00061
https://doi.org/10.1063/1.1929099
https://doi.org/10.1063/1.1929099
https://doi.org/10.1063/1.1776324
https://doi.org/10.1063/1.1776324
https://doi.org/10.1007/s00340-010-4209-1
https://doi.org/10.1007/s00340-010-4209-1
https://doi.org/10.1063/1.2058184
https://doi.org/10.1063/1.2058184
https://doi.org/10.1063/1.1597960
https://doi.org/10.1063/1.1389525
https://doi.org/10.1063/1.1389525
https://doi.org/10.1063/1.125055
https://doi.org/10.1063/1.125055
https://doi.org/10.1007/s10853-005-6065-7
https://doi.org/10.1002/adma.201902890
https://doi.org/10.1063/1.2979973
https://doi.org/10.1063/1.2979973
https://doi.org/10.1063/1.4940968
https://doi.org/10.1063/1.4940968
https://doi.org/10.1088/1361-648X/aa818d
https://doi.org/10.1063/1.3236644
https://doi.org/10.1103/PhysRevB.89.035314
https://doi.org/10.1063/1.2975218
https://doi.org/10.1063/1.2975218
https://doi.org/10.1038/ncomms15768
https://doi.org/10.1080/00150199308222445
https://doi.org/10.1080/00150199308222445
https://doi.org/10.1007/s00340-005-1989-9
https://doi.org/10.1063/5.0115673
https://doi.org/10.1063/5.0086029
https://doi.org/10.1134/S0021364022601385
https://doi.org/10.1063/1.3079478
https://doi.org/10.1063/1.3079478
https://doi.org/10.1002/3527604790.ch6
https://doi.org/10.1103/PhysRevB.68.134103
https://doi.org/10.1146/annurev.matsci.37.052506.084247
https://doi.org/10.1146/annurev.matsci.37.052506.084247
https://doi.org/10.1063/1.3504698

SUPPLEMENTARY MATERIAL

A. Table of all samples
Poling Process . . Sample
Wafer Batch DWC-enhancement Process Purpose of investigation
Parameters name
1-200-01
1-200-02
electric field To check the reproducibility 1-200-03
4.0 kV/mm L . 1-200-04
Batch 1.1 Samples were not enhanced of the domain size during 1320005
tp:30's the poling process 1-200-06
1-200-07
1-200-08
1-200-09
. Enhanced with the voltage ramp up Measurement series to probe domain | 1-200-10
electric field: . . .
4.0 kV/mm of 4 V/s voltage increase was stopped |growth depending on poling length | 1-200-11
Batch 1.2| when the voltage has reached the value|t, and reproducibility of 1-200-12
of 500 V with stabilization time current-voltage characteristics 1-200-13
Wafer 1 t,: 10-180s .
. P of 10 minutes afterwards post-DWC-enhancement procedure |1-200-14
Thickness
~200 um 1-200-15
urcha‘sled 1-200-16
P . Enhanced with the voltage ramp up Measurement series to probe domain | 1-200-17
in 2019 electric field: . . .
from 45 kV/mm of 4 V/s voltage increase was stopped | growth depending on poling length | 1-200-18
Yamaiu Batch 1.3| when the voltage has reached the value|t, and reproducibility of 1-200-19
Cera r:l ics t:10-180's of 500 V with stabilization time current-voltage characteristics 1-200-20
’ P of 10 minutes afterwards post-DWC-enhancement procedure |1-200-21
Co, Ltd
(Japan) 1-200-22
pa - 1-200-23
electric field: 130024
Batch 1.4 4.0 kV/mm Samples were not enhanced To check. effect of the laser intensity 120035
on domain growth
30 1-200-26
e 0S 1-200-27
1-200-28
1-200-29
electric field: 1-200-30
4.0 kV/mm To check the effect of the 1-200-31
Batch 1.5 Samples were not enhanced salt concentration on domain growth | 1-200-32
t: 30s 1-200-33
1-200-34
1-200-35
2-200-01
. - 2-200-02
. Enhanced with the voltage ramp up To check the reproducibility of
electric field: . .. . . 2-200-03
Wafer 2 4.0 kv/mm of 4 V/s voltage increase was stopped |the domain size during the poling 330004
Thickness |Batch 2.1| when the current has reached the value | process and reproducibility of 3730005
~200 um ) of 1 uA with stabilization time current-voltage characteristics
t,: 120's . 2-200-06
purchased of 10 minutes afterwards post-DWC-enhancement procedure 37300-07
}‘rlo%gzo 2-200-08
Yamaiu 2-200-09
gt . Enhanced with the voltage ramp up Measurement series to probe domain |2-200-10
Ceramics electric field: . . .
Co.. Ltd 4.5 kV/mm of 4 V/s voltage increase was stopped |growth depending on poling length [2-200-11
(Ja.,an) Batch2.2| when the voltage has reached the value |t,, and reproducibility of 2-200-12
P . 10-180's of 500 V with stabilization time current-voltage characteristics 2-200-13
P " |of 10 minutes afterwards post-DWC-enhancement procedure |2-200-14
2-200-15
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Wafer Batch Poling Process DWC-enhancement Process Purpose of investigation Sample
Parameters name
electric field: Enhanced with the voltage ramp up ;:;88:8;

Wafer 3 *|of 4 V/s; voltage increase was stopped | To check the reproducibility of

. 4.67 kV/mm . 3-300-03

Thickness | Batch 3.1 when the current has reached the value | current-voltage characteristics

. e 3-300-04
~300 um . of 1 uA with stabilization time post-DWC-enhancement procedure
tp: 120s . 3-300-05
purchased of 10 minutes afterwards
i 2023 3-300-06
o 3-300-07
. . 3-300-08

Yamaju electric field: .

Ceramics 467 KV/mm Measurement series to probe 13-300-09]

Co.. Lid Batch3.2| Samples were not enhanced domain growth depending 3-300-10

(Ja.’an) - 10-180's on poling length t,, 3-300-11

P P 3-300-12
3-300-13

B. Imaging of domains and domain walls by polarization-sensitive microscopy (PLM) and second-harmoic generation
microscopy (SHGM)

To achieve reproducibility in domain- and domain wall fabrication, domains of equal size are a first prerequisite. To control the
results of domain engineering, the size and structure of each domain are determined by two independent imaging techniques, a
cross-polarization light microscope (PLM) and a second harmonic generation microscope (SHGM). An example result obtained
for the same domain for each imaging technique is shown in Figs. 2(a) and (b) of the main text. Both methods see widespread
use for imaging of domains?V#4#7 and have their own advantages. In particular, PLM has a very long history for imaging of
domains due to its fast and easy application, but only offers a 2D projection of the domain structure. In contrast, SHGM allows
for true 3D reconstruction with voxel sizes down to < 1um?, but with more experimental effort. Therefore, we are systematically
comparing imaging results obtained for both methods.

The contrast in PLM relies on a change of local birefringence in the domain wall and its surrounding area due to high internal
stress and an incomplete screening due to reversed polarization. Therefore, the material near a DW shows a different optical
anisotropy than a bulk crystal. Consequently, due to the electro-optic effect, the linearly polarized light passing close to the DW
will experience a different phase shift and rotation of the light’s polarization®®. The unstressed crystal is equally birefringent
independent of domain orientation and, therefore, the z- and z+ regions are indistinguishable. We therefore filter out all light
with the same polarization using a second linear polarizer that is rotated by 90 ° . In the resulting image, as depicted in Fig. 2(a)
of the main text, only the area around the domain wall structure itself exhibitss a contrast. To achieve good reproducibility,
we positioned the sample with the z+ surface facing upwards and the microscope is focused on this surface. The spike domain
around the nucleation center is not visible, as the structure is not continuous and too small to create a sufficiently large phase
shift.

The contrast mechanism in SHGM relies on the local changes of the second-order nonlinear optical response at the domain
wall. Most commonly, due to the so-called Cerenkov-type phase matching, the signal at domain walls is enhanced compared to
its surroundings*”, which is the dominating effect in this work. The experimental setup for SHGM used here consists of a Zeiss
LSM980 microscope combined with a fs-pulsed laser system SpectraPhysics InSight X3 (690-1300 nm, 3.5 W, 120 fs pulse
width), which was tuned to 900 nm wavelength. Typically, average powers in the range of 10 mW were required to generate a
signal. For all measurements, an appropriate objective lens with an NA of 0.8 was used providing approximately 0.5 um lateral
and 4 um axial resolution within the material. As SHGM is a scanning technique, the beam is scanned via a galvano-mirror
system providing a 2D field of view of 400x500 um”. For 3D analysis or to image larger areas, the sample is mounted on
a 3D positioning stage system. More details on the setup can be found elsewhere*?>". The domain wall itself is visible as a
strong bright maximum in the SHGM images, as shown in Fig. 2(b) of the main text. In the exemplary scan, there are two
main features visible: An almost regular hexagonal shape confining the main poled domain area. In the middle of this area a
tiny, irregular domain shape appears. These inner irregular domains typically only appear near the z+ surface and often vanish
completely close to the z- surface. We identify these structures as spike domains, which form due to spontaneous back-poling at
the nucleation center during the poling process>. As these are not connecting through the sample, they can usually be ignored
for electrical measurements. Stacked images from different depths can be merged together to form a 3D projection of a domain
wall as shown in Fig. S4(a) of the supplementary material, where we omit the spike domain for better clarity. A key feature of
SHGM is that it allows mapping the DW inclination angle with respect to the polar z-axis, which is directly connected to the
number of screening charges present at the DW and thus the DWC-9.

As shown exemplarily in Fig. 2 of the main text, the undisturbed poled domains in MgO:LN from our setup always form a
hexagon with a constant internal angle of approx. 120 °. This configuration is energetically most favorable in MgO:LN and
has its origin in the specific crystal structure of LN“8. Small deviations of the internal angle arise due to pinning of the domain
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wall during growth, but are below 2 °. During our experiments, the hexagons are usually not perfectly uniform, i.e., the length
of each side can vary substantially and can not be assumed equal. Therefore we gauge the domains not by the diameter but
by calculating the overall domain area for both methods. A detailed description of this measurement scheme is given in the
supplementary material (Secs. C and D).

As we use results from both SHGM and PLM, a comparison is obvious and reveals significant differences: Only in the
SHGM we can observe the real thin domain wall within a defined depth. In the PLM a thicker area affected by the strain-induced
difference in anisotropy is visible because a minimum optical phase shift is required to visualize the domain structure. Moreover,
with SHGM we can selectively “look” at any given depth within the sample, while in the PLM we obtain a 2D projection of the
domain structure only. In direct comparison, the imaging method PLM leads to a constant overestimation of the domain size
for domains larger than 3 x 104 pm2 of around 5 %. Therefore, for our studies we rely on the SHGM data, however, due to this
linear error between both methods, similar conclusions can be drawn with both methods for domains larger than 3x 10*um?. A
more detailed discussion of the comparison between both methods can be found in the following section.

C. Correlation of the domain sizes determined via SHGM and PLM

We have used two different imaging methods in this work, SHGM and PLM. To check our results with both methods, we
compared them over a series of poling pulse lengths #,,, as shown in Fig. [g__f} For small areas produced by a ¢, of 10 to 20 seconds,
we found good agreement between the SHGM and PLM images. A more detailed view is provided by Fig.[ST[b), which shows
the difference between the methods relative to the SHGM area. In a smaller area, the PLM method appears to underestimate the
area up to -5%, but no definitive conclusion can be made because the error range is larger than the difference. For larger ranges
above 3times10* pmz, a clear trend toward an overestimation of the domain area with the PLM method is evident, with an average
of 7.2% larger areas in the PLM images. A combination of factors contributes to this effect. The PLM method overestimates the
area of a domain: a real domain in MgO:LN has slightly rounded corners, while our theoretical model assumes sharp corners,
as described in the supplementary material (Sec. D). This leads to somewhat larger calculated domain sizes. Additionally, the
domain wall itself is not visible in the PLM, only the optical effects close to it. As can be seen in Fig. [STfa), the boundary
region between z- and z+ domains is wider than the width of the DW itself. As explained before, the DW itself is not visible,
only the birefringence due to stress or incomplete screening near the wall. Therefore a small offset between measured and actual
position exists. To keep this offset consistent, we always measured at the outer dark edge of the domain boundary, which likely
contributes to a further overestimation of the area. These two reasons of overestimation of the domain area do not exist in the
SHGM method: to extract the domain area from the SHG image, we use a Python script to count the pixels within the domain
area and convert them to the area in pmz. Thus, we circumvent the overestimation due to the theoretical model. In addition,
the SHGM scans map the domain wall itself and therefore do not suffer from the same “’real”’-domain-wall problem of the PLM
method. The areas of small domains were probably underestimated because it was difficult to measure them accurately in the
PLM. Additionally, the effect of rounded corners contributes stronger in the case of small domains.
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FIG. S1. Comparison between the two imaging methods PLM and SHGM. In absolute values (a), the difference for smaller domains below
3% 10*um? is not noticeable and increase linear with longer pulse lengths. A more detailed view into the relative differences (b) reveals — in a
smaller area — an underestimation of the area up to -5 % of the PLM methods in comparison to the SHGM. However, no definitive conclusion
can be made because the error range is larger than the difference. The overestimation of the area for larger domains by PLM already visible in
(a) is further confirmed.
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D. Determination of the area of a hexagon with equal internal angles

To calculate all distances between different corners and the area of the hexagonal domain structure, it is sufficient to know the
three heights of the hexagonal shape as well as one side length. While it would also be possible, to use certain other combinations
of four different lengths, e.g., four side lengths, the uncertainty is much smaller for the former combination, thus making it the
most feasible approach.

The following calculations are made under the assumption that the angles between adjacent sides of the hexagon are all equal
to oo =27/3 (120 °), which, due to symmetry, is a plausible requirement.

We define a coordinate system with the bottom left corner of the hexagon at its origin and the bottom side on the x axis, as
sketched in Fig. [S2{a). The six different corners of the hexagon are labeled counterclockwise, starting at the origin with point A
at coordinates (x4,y4) = (0,0), followed by the bottom right point B at (xg,yg) = (I4p,0), the middle right point C at (xc,yc),
the top right point D at (xp,yp) = (lap,has), the top left point E at (xg,yr) = (0,hap) and the middle left point F at (xg,yr),
where the heights hap, hpc and hcp as well as the length /4p are known, as shown in green in Fig. @ka). To calculate the
remaining unknown coordinates xc,yc,xr, and yr, we first note that C is the intersection of the lines BC and CD. The line BC
has a slope of mpc = Ay/Ax = tan(m — &) = —tan(a) = —tan(27/3) = v/3, while the slope of the line DC is mcp = —/3. We
thus write the equations of the two lines as:

BC: yee(¥) = V3(x—lxp) (1)
CD: yep(x) = —V/3x+2hcep, )

where the second line, CD, can be constructed by parallel translation of the line AF, which has the same slope, but an intercept
that is shifted according to Fig. b). Solving ygc(xc) = yep(xc) for x¢ and substituting this back into one of the two equations

in order to get yc leads to (xc,yc) = (Iap/2 +hep/V/3, —@lAB +hep).

(a) Y A (b) Y A
E D
;(;\
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> 1200/ &
) Vi
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FIG. S2. (a) Visualization of the hexagon with labeling of the corners. Corner A lies directly in the coordinate origin and the green lines show
the measured distances. (b) Parallel shift of line AF with the slope m = -3 by hpc to calculate line CD.

Analogously, we can derive the equations:

AF : yar(x) = —V/3x 3)
EF : YEF (x) = \/g(x — lAB) + 2hpc 4@

of the two lines AF and EF, where ygr(x) results from a parallel translation of the line BC. The intersection (xp,yr) =

(Iap/2 — hpc /3, —?lAB + hpc) yields the coordinates of the point F.
The points D and E can now be calculated from the intersection of CD and E'F with the line

DE : ypE(x) = hag, )
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point A B C D E F
. Iap | hep 2hpc—hap hap—2hpc lap _ hpc
x coordinate |0 I4p *+ el 7 Iag + 7 ¥ -
y coordinate [0 0 \flAB—i-hCD hap hap ‘[lAB + hpc

x uncertainty [0 A \/EA \/gA \/%A \/ 5A
y uncertainty [0 0 \/Z A A A \/Z A

TABLE S1. Summary of the coordinates for the six corners of the hexagon, calculated from the three heights and one side length. The last two
lines show the uncertainties assuming that all four lengths l4p, hap, hpc, and hcp exhibit the same error A.

respectively, which leads to (xp,yp) = ((2hpc — hap)/V/3,hap) and (xg,yE) = (Iap + (hap — 2hc/v/3,hap). A summary of the
coordinates can be found in Tab.[ST}
The uncertainties of the coordinates are calculated via error propagation assuming independent variables as

Ax; = ax, Al oo (2% 2(Ah oo (2% 2(Ah )2 ©6)
3lAB AB Ts AB e BC).-
8x,~ 2
'"+<9ha)> (Ahep)
_ ayl ? 2 ayl 2 2 3)’1 2 2
Ay’_\/<8lAB> (Alsg) +<ahAB> (Ahap) +<3h3c> (Ahpc)?... ™)

(2 2(Ah )2
ohen cD)”,

where i € {A,B,C,D,E,F}. Assuming that all four lengths Iz, hap, hpc, and hep have the same error A, we obtain the
uncertainties shown in Tab. [ST]

For every pair (i, j) of corers (i, j € {A,B,C,D,E,F}), the distance s; ; between these corners, i.e., a side lengths of the
hexagon or one of the diagonals, can be calculated using the Pythagorean theorem via

Si,jZ\/(xi—xj)2+(Yi—yj)2- (8)

The uncertainty As; ; is given by

o TR )+ O PO )
Sij = .

Si,j

)

The area of the hexagon can be calculated via the shoelace formula (also known as Gauss’ area formula), which states that the
area A of a polygon with corners i € {1,...,n} can be calculated via

™=

A= i+ yir1) (i —xig1), (10

1
2

Il
R

i

which can be applied to our hexagon by settingi =1 A,i=2<B,i=3&C,i=4<D,i=5<E,andi=6<F.
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E. Comparison between domain area, hexagon height and side lengths

In order to calculate the domain area, as described in Sec. D, we measured the three heights as well as one side length of the
hexagon. These lengths show the same trend as the overall domain area, but with a larger fluctuation, as pictured in Fig. We
therefore use the overall domain area as a more robust metric to evaluate the result of the domain growth process.
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FIG. S3. (a)-(c) Measurement of the three heights, the length of each side and the total area of the domains of batch 1.3 with an increasing
tp. All metrics show the same overall trend. A larger scattering is shown by the length of the individual sides. This is directly related to the
influence of disturbances and pinning during growth. Nevertheless the same trend as for the total domain area is recognizable.

F. Development of the domain-wall inclination during the UV-assisted poling process monitored by SHG microscopy

Domains typically start as spike domains with an initial inclination with respect to the z-axis due to the role of domain wall
conductivity in providing initial screening until the domain has reached the other side. The domains should flatten out, once
they have fully penetrated the crystal’. To test this hypothesis, we investigated samples from batch 2.2, with different growth
times. The 3D data of the domain wall provides an insight into the inclination of the domain wall with respect to the z-axis, as
pictured in Fig. [S4[b). Here we unfolded the six hexagon surfaces on a 2D map to plot the average inclination with respect to
the z-axis. The average inclination is uniformly small and only slightly increases close to the surface. These small angles do
not cause increased conductivity compared to the bulk crystal at the domain walls. In Fig.[S4|c) we calculated these inclination
angle averages for an increasing range of poling pulse lengths. The average inclination angle clearly decreases with the growth
time as the domain area increases. This observation is consistent with the theory of nucleation and growth of domains in LN. The
irradiation with a sub-bandgap laser source leads to an influx of charge carriers in the irradiated area**>%. A nucleation center
forms in this area around a defect or impurity, as these are the local minima in the coercive field. Subsequently, a spike domain
begins to grow around the nucleation center. These structures do not initially reach the z-surface because they have a large tilt
angle with respect to the z-axis and thus resemble a cone. This spike domain then extends mainly downward through the crystal
until it reaches the -z-surface. At this point, the domain begins to grow only outward along the crystallographic y-axis — as the
screening charge can now be supplied via the outer electrodes — forms its typical hexagonal shape, and the growth slows down
as soon as the domain reaches areas that are not affected by the laser. The overall angle of inclination decreases with outward
growth as the z-surface catches up to the same size as the z+surface®?, leading to a nominally flat domain wall with respect to the
z-axis. During this expansion, kinks and disturbances in the DWs can form. They originate from additional defects or impurities
and hinder the domain growth in a certain direction. This causes the domain wall to be “pinned” at a certain spot, until the
potential difference to the rest of the continuously growing wall around is big enough to overcome it*#2>, Most deviations from
the perfectly regular hexagonal shape can be attributed to this phenomenon.
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FIG. S4. (a) A 3D SHGM image of the poled hexagonal domain 2-200-07; the small spike domain in the center has been omitted for better
visualization. (b) The inclination of a domain wall with respect to the z-axis is mapped to a cylindrical coordinate system. A blue coloring
represent parts of the domain wall, where the polarization is directed from it (tail-to-tail), which result a negative tilt angle and parts where
the polarization is directed toward the domain wall (head-to-head), which have a positive tilt angle, are colored in red. (c) Average tilt of the
domain walls with respect to the pulse length #,,. The inclination flattens out with longer poling pulse durations, as indicated by the blue line.

G. Influence of the laser intensity during the UV-assisted liquid-electrode poling process on the domain size

As a preliminary experiment, a range of laser intensities in the regions of 1073 W/cm? to 10~7 W/cm? was tested- Too low
intensities resulted in no or very slow domain growth, while a too high intensity lead to an almost immediately nucleation with an
uncontrollable growth, resulting in very disturbed domain shapes and strong back-poling: We, therefore, chose an intensity range
of 107> W/cm?, were a small nucleation center was observed, and a reproducible domain growth was possible. A study of this
order of magnitude is displayed in Fig. The domain area increases linearly with the intensity, as reported in the literature3056,
Therefore, even an intensity fluctuation of 0.5 x 1075 W/cm? can yield a remarkable domain size difference. Hence, the laser
intensity must be closely monitored. Thus, we measured its value at the start of each poling session and adjusted the intensity.
For all measurements discussed in this work, the laser intensity on the sample was set to 2.8x 107> W/cm?.
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FIG. S5. Dependence of the domain area A; on the laser intensity. An approximately linear relationship is recognizable within the investigated
intensity range.



20
H. Influence of the NaCl concentration during the UV-assisted liquid-electrode poling process on the domain size

In early experiments sometimes huge deviations of the expected poling area under seemingly the same parameters (poling
pulse length, electric field, laser intensity) were observed. To resolve this issue, the influence of the salt (here: NaCl) concen-
tration in the liquid electrodes was investigated. We therefore systematically varied the salt concentration in a user-friendly
range from O up to 20 g per 100 ml deionized water. Afterward, the same poling parameters of a z, = 30 s by an electric field
of 4.0 kV/mm under a laser irradiation of 40 s were applied. In Fig. the resulting domain area is plotted versus the NaCl
concentration in g/ml. In the case of pure deionized water as liquid electrodes, the domain growth is hampered. As soon as 0.1 g
of NaCl was dissolved in 100 ml of the liquid (deionized water), the domain area normalized to the expected value. Further, no
noticeable increase in domain area was observed with higher salt concentration.
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FIG. S6. Domain area as a function of the NaCl (”salt”) concentration in the solution, which makes up the liquid electrode for domain
engineering. The red line symbolizes the expected area for the poling parameters. Only in the case of pure deionized water, the domain
growth is hampered. The expected area is achieved already with 0.1 g NaCl per 100 ml deionized water. Higher concentration did not lead to
improvement/enlargement of the poled area.

It is well-known that the conductivity of a salt water solution increases linearly with salinity. Pure deionized water has a very
low conductivity of 1 uS/cm, while the conductivity of the 0.001 g/ml NaCl solution is already 3 orders of magnitude higher
with 1 mS/cm. In the case of pure deionized water, the conductivity is too low to apply a uniform electric field to the sample
surface, resulting in a poor poling result. The lowest tested salt concentration already reached a minimal conductivity, in which
the electric field was uniformly applied to the sample. Higher conductivity of the liquid electrodes therefore did not lead to
improvement of the domain growth. In addition, higher concentrations of salt resulted in residues in the liquid cell. These
residues caused air bubbles and accumulated on the sample surface, both disturbing the growth of evenly hexagonal-formed
domains. We therefore choose 2 g NaCl per 100 ml deionized water, as it was an easy-to-use amount, while the residues in the
cell and on the sample were still minimal.
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(a, d) The change of the current during the conductivity enhancement procedure. For each sample the voltage was ramped up (4

V/s) until the current reached the value of 1 pA, then at the maximal voltage the sample was stabilized for 10 minutes; in picture (a) the
change of the current with the voltage ramp-up is depicted; on picture (d), change of the current with time during both stages of procedure
(voltage increase and stabilization time) is depicted; V,,4y is indicated near the name of the sample. The difference in conductance between
the samples during the DWC enhancement procedure can be observed from the very beginning of the procedure. As a result, obtained I-V
characteristics of the samples (b, ¢ and e, f), namely, the maximal conductance between the samples, can differ from each other by up to five
orders of magnitude. For convenience, current-voltage characteristics post-enhancement are given on both semi-logarithmic scales (b, d) and

linear scales (c, f).
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