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Abstract Erasable electrical conductive domain walls in an insulating ferroelectric matrix
provide novel functionalities for applications in logic and memory devices. The crux of such
success requires sufficiently high wall currents to drive high-speed and high-power nanodevices.
This work provides an appealing strategy to increase the current by two orders of magnitude
through the careful selection of current flowing paths along the charged walls. The dense walls
come into form through the hierarchical evolution of the 71°, 109° and 180° domains of epitaxial
BiFeOs films in a planar-geometry ferroelectric resistance-switching memory cell. The
engineered films grown on SrTiO3 and GdScOs substrates allow the observation of detailed local
configurations and the evolution of the different domain types using vectorRe¥s 2243 pjezo-force
microscopy. The higher local electrical conductivity near the charged domain walls was
identified by conductive atomic-force microscopy. It is shown that 180° domain reversal
proceeds by three-step 71° rotations of the pristine domains. Surprisingly, a maximum current of
~300 nA was observed for current paths®®*! along charge-uncompensated head-to-head
hierarchical domain walls connecting the two electrodes on the film surface. Furthermore, the
achievable current level can be conveniently controlled by varying the relative directions of the

initial polarization and the applied field.



WILEY-VCH

1. Introduction

Ferroelectric materials have switchable bound charges associated with their spontaneous
polarization that are the main assets for the use of these materials in a diverse range of functional
electronic devices, including ferroelectric memory devices.[!l As in other charge-based memory
devices, the limited polarization charge per unit area of most well-known ferroelectric materials
imposes a significant scaling challenge for charge-based electronic devices such as the one-
transistor/one-capacitor ferroelectric random access memory (1T-1C FRAM). As an alternative,
resistance-based ferroelectric memory devices such as ferroelectric tunnel junction-based
memories?#! have attracted a great deal of attention, but the polarization direction-dependent
tunneling mechanism imposes fundamental limitations on device scaling and reliability. The
possible involvement of a defect-mediated resistance switching mechanism, which is mostly
related to oxygen vacancies, also complicates the precise operation of a device.l!

Recently the authors reported a completely different resistance-based ferroelectric device
based on the temporal creation and elimination of conductive domain walls in epitaxial BiFeO3
(BFO) thin film.[®l Unlike other conventional ferroelectric devices, this device has a lateral
memory cell geometry that allowed the examination of several highly intriguing properties of this
unique ferroelectric material. The ferroelectric domain walls can be created, moved, and
repositioned via partial domain switching under an electric field applied in the opposite direction
to the polarization direction of the unswitched bulk matrix.[5161 While the work produced a truly
ground-breaking new device concept that alleviated almost all the scaling- and reliability-related
issues for ultra-high-density ferroelectric memory applications, two main issues arose. First, the
mechanism involved in the switching of the ferroelastic (71° and 109°) and ferroelectric (180°)
domains is not yet understood. Second, the attainable wall current (which was previously a

maximum of 14 nA) must be further improved, and the upper limit of the maximum attainable
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current must be determined. It should be reminded that for most commercial memory devices for
which application is envisioned, a mimimum wall current should be ~0.1 pA to obtain read times
of 10 ns.[17:18]

Understanding the domain switching mechanism has implications for achieving the maximum
attainable wall current that requires the knowledge of the domain evolution process in different
geometrical configurations under an applied voltage, along with their correlation with the local
and global electrical conductivities. The state-of-the-art vector piezo-force microscopy (V-PFM)
and conductive atomic-force microscopy (CAFM) techniques are highly useful in this regard,
particularly in conjunction with nanofabrication techniques for devices with different electrode
geometries because they allow arbitrary control of the applied field direction with respect to the
crystallographic and domain directions of the BFO films and make detailed studies of the domain
evolution process possible. It is surprisingly found in this work that 180° domain switching can
process through three-step 71° rotations in some cases rather than the general prediction of two-
step 71° and 109° rotations only.*® In other words, 109° domain switching is two-step 71°
rotations that are not easily discerned in several other experiments. Rev1-2

However, most of the temporarily formed domains and their walls dissipate rapidly over time,
which prohibits the above investigations. Therefore, in this work, three different types of
epitaxial BFO thin films on SrTiOz (STO) and GdScOsz (GSO) substrates were prepared through
extensive optimization of the pulsed laser deposition (PLD) technique. These structures are 120-
nm-thick BFO (001)/GSO (110), 120-nm-thick BFO (110)/STO (110), and 35-nm-thick BFO
(001)/STO (001) films, where (001) and (110) represent the crystallographic planes in terms of
cubic crystal symmetry (pseudocubic symmetry for BFO) (see Methods). The films with different
thicknesses show the evolution of the hierarchical domains with geometrically limited wall

currents; once the near-surface switched domains are thickened enough to touch the substrates
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(i.e., the wall currents in 120-nm-thick BFO at high fields are much higher than those in 35-nm-
thick BFO). Re'1-3 The BFO (001)/GSO (110) sample showed a surprisingly long retention time
(~3 h) for the voltage-induced domains and walls, which allowed these domains and walls to be
examined carefully by V-PFM and CAFM. The pristine BFO film showed a striped domain
pattern with average periodicity of ~200 nm in which domains change relative to the applied
lateral field strength. This was critically important to the study because it revealed that the
domain switching process proceeds via hierarchical formation of the coexisting 71° domains, the
109° domains, and eventually the 180° domains, with increasing voltage. The second sample, i.e.,
the BFO (110)/STO (110) structure, showed a completely homogeneous domain pattern in the
pristine state, which provided a feasible and unique platform for control of the domain patterns
and the wall currents along the different crystallographic directions of the BFO layer. In
conjunction with the first sample, it was unambiguously determined that the head-to-head 180°
domain wall, which was eventually formed by process of hierarchical domain propagation
through the 71° and 109° rotations, can provide an exceptionally high current of ~300 nA. This

value exceeds the highest previously reported value (14 nA) by more than an order of magnitude.

61 This is also a practical demonstration of the long-term conjecture that the charge-
uncompensated domain boundaries form the current flow paths in insulating ferroelectric
materials.[2021 ®Rev1-3) The final sample, i.e., the BFO (001)/STO (001) structure, is used to show
the evolution of the hierarchical domains under different coercive fields.

This work also contributes to the critical understanding of the properties of domain walls with
different orientations, which has previously been impossible in the out-of-plane direction of
metal/ferroelectric/metal-type capacitors. In addition, the involvement of only one type of domain
wall or difficulty in aligning the charge-uncompensated domain walls along the read-field

direction has hampered observation of the high wall current. This work, therefore, provides a step
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forward in terms of both practical application and fundamental understanding of ferroelectric

domain wall-related phenomena.

2. Results and Discussion
2.1. Temporal creation of hierarchical domain structure

The topographic atomic force microscopy (AFM) images in Supplementary Figure S1a show
terraces composed of atomic steps with root-mean-square roughness values of 0.64 nm for the
BFO (001)/GSO (110) structure and 0.17 nm for the BFO (001)/STO (001) structure. Reciprocal
space mapping and X-ray diffraction (XRD) studies (Supplementary Figure S1b) confirmed
(001) BFO orientations on both the (001) STO and (110) GSO substrates but (110) BFO
orientations were found on the (110) STO substrates.l! A careful V-PFM study showed that all
the films have out-of-plane polarizations pointing towards the bottom substrates, whereas the in-
plane polarization state is different for each of the thin films. After film deposition, a Pt thin film
was deposited and patterned to form two Pt top electrodes, designated TE1 and TE2, with various
widths (w) and gap lengths (I) by a combination of electron beam lithography and ion milling
(see Methods). During electrical testing, a voltage was applied to TE1 while TE2 was grounded.
When a sufficiently high read voltage was applied in short time (~ns), R 1 the transient creation
of conductive charged walls via a partial domain reversal was observed near the film surface
between TE1 and TE2 and was accompanied by the flow of an “on” current.[®l However, these
domain walls disappeared from the BFO (001)/STO (001) sample immediately after the removal
of the read voltage because of the high depolarization and ferroelastic energies. However, the
periodic stripe domains of the BFO (001) films on the (110) GSO substrates can reduce these
energies and thus greatly increase the domain back-switching time, which made it possible to

examine these domain configurations using V-PFM after a long time (~s) poling voltage.[??23l
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The significant charge injection occurs under a long time poling voltage that can temporally
compensate the depolarization field delaying the domain back-switching.[®! For the information
writing in real memories, the films should be etched into a mesa structure with two side
electrodes deposited. This forms a parallel-plate like capacitor, where the domain under a short-
time (~ns) write voltage higher than a coercive voltage applied to the two side electrodes has
good retention.[6] Revi-4

Figure la (left panel) shows the areal distribution of the initial variants of the r1— to r4—
domains (indicated by the coloured arrows in the inset of the right panel). The pristine film
consists of stripe 71° walls by r2- and r3- variants only within the nanogap of a BFO (001)/GSO
(110) device with w/l= 1000 nm/500 nm. After switching at +/- 20 V for a dozen of cycles, the
newly formed r1- and r4- domains repeatedly appeared after poling of the device at +15 V, but
disappeared after a long relaxation time (Supplementary Figure S2).R¢*5 The double current-
voltage (I-V) sweep shown in the right panel shows repeatable two-step jumps in the “on” current
at Vc1 and Veo. After the sample was switched using a bias voltage of —15 V, which is higher than
Ve but lower than Vi, for a period of 10 s, a switched domain image was captured and showed a
triangular domain shape. Two of the domain’s sides were composed of a large proportion of the
71° walls and a small proportion of the 109° walls that connect TE1 and TE2, as shown in Figure
1b. The right panel shows the areal distribution of the rotation angles for all variants, which was
produced by comparing the V-PFM images after poling at +15 V and switching at —15 V. It
should be noted that most of these domains experienced the 71° rotation within the triangular
region, except for two small corners that experienced 109° rotations. Therefore, the first jump in
the “on” current at V1 in the 1-V curve shown in Figure 1a (right panel) is correlated with the 71°
rotation of all the domain variants that form the two bridging walls shown in Figure 1b. These

newly formed walls are more electrically conductive than the pristine stripe walls, in which the
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uncompensated ferroelectric bound charges were largely compensated by charged mobile defects
during film deposition at high temperatures (Supplementary Figure S3a and b).[?4l The device
was then switched back to the initial poled state by applying the poling voltage of +15 V again,
as inspected by V-PFM imaging, R and was subsequently switched to a new “on” state by
application of a switching voltage of =17 V (< V¢2). Both the r4— and r1— domains grew to form
the three penetrating 71° and 109° walls that connected TE1 and TE2, as shown in Figure 1c (left
panel). Use of this new wall configuration led to a significant increase in the “on” current. The
areal distribution of the rotation angles shown in the right panel of Figure 1c indicates that
several of the previous 71° domains experienced further 71° rotations during growth of the 109°
domain at Ve, which implies that a hierarchical domain pattern may be involved (note that two
sequential 71° rotations results in a 109° domain rather than a 142° domain; see the inset in the
right panel of Figure 1a). A full exploration of the grown hierarchical domain pattern requires the
acquisition of the domain information after the 180° switching process at voltages higher than a
coercive voltage of Vcs. However, the retention times of the switched domains at voltages >Vc3
were too short for V-PFM domain images to be recorded when imaging was attempted using
devices with | = 500 nm. This problem was resolved by adopting a device with 1 = 1000 nm, in
which the domain grew throughout the entire film thickness and thus reduced the depolarization
field.™®1 Therefore, after switching at —20 V for 30 s, the growth of two triangular r1— and r3+
domains was observed based on the 71°, 109° and 180° rotations of the pristine r2— and r3—
variants in 71° steps with three jumps of “on” currents in their I-V curves (Supplementary Figure
S4a and b). R These results showed that 180° domain reversal at voltages >V.s could be
achieved using hierarchical multiple (1-3 step) 71° rotations of all the variants of the pristine

domains.
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Each penetrating domain growth that connected TE1 and TE2 also increased the conductive
wall number and thus the “on” current, which was observed as multiple jumps in the “on”
currents in the I-V curves. Supplementary Figure S5a—e summarize the three types of “on”
current jumps that occurred at the specific coercive voltages of Vci, Ve, and Ve, which imply
sequential formation of the 71°, 109° and 180° domains, respectively, with increasing field
strength. The current jump at V3 predicts the onset of the 180° domain rotation, which was

corroborated by the results in the V-PFM images in Supplementary Figure S4a and b. Revt-/

2.2. CAFM current mapping of charged and neutral walls

Domain walls can be either neutral or charged, depending on the relative orientations of the
polarization directions of the two adjacent domains and the degree of compensating carrier
trapping that occurs at the domain walls. It was previously reported that the conductivity of
charged walls has the highest value,l"*l but precise identification of the correlation between
domain wall type and conductivity has lacked, despite its importance for device applications. In
this work, this task has been accomplished using two methods: CAFM mapping of the retained
domain walls in the BFO (001)/GSO (110) sample, and variation of the surface electric field
direction relative to the uniform polarization of the BFO (110)/STO (110) sample.

Figure 2a shows a CAFM current mapping image of a BFO (001)/GSO (110) nanodevice with
w/l = 1000 nm/1000 nm after switching at —25 V. Application of the —25 V switching voltage
induced the formation of triangular domains (as per the case in Figure 1b), but these domains
collapsed into several segments after a retention time of ~30 min. Under these circumstances, the
CAFM and V-PFM images could be acquired from the same area, which allowed the authors to
identify the correlation between the domain wall type and the local electrical conductivity

precisely. In Figure 2a, three typical conductive walls, which were numbered 1, 2 and 3 and had
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current values of —122 pA, —75 pA and —30 pA, respectively, can be observed. The subsequent
V-PFM phase image in Figure 2b shows the formation of a head-to-head 71° charged wall at
region 1, but head-to-tail 71° neutral walls were formed at regions 2 and 3 by variants of r1— and
r2—, where the wall 2 is more conductive than the wall 3. The careful study of the lower left-
corner domains in Figure 2a suggests a bunch of rl- and r2- domains to appear during CAFM
scanning which then shrank into a single r2- domain during subsequent PFM imaging in Figure
2b. Therefore, all three r2- domains in Figure 2b that could coalesce together during poling
collapsed during the very long measurement time (~1 h) of CAFM and V-PFM imaging. This is
accompanied by the generation of intermediate bunched domains in Figure 2a. The bunched
domains including the wall 2 are partially uncompensated so that they are more conductive than
the isolated neutral wall 3. The conductivity enhancement due to the collapse of the switched
bulk domain can be evidenced from the sudden enhancement of the “on” currents during
backward sweeping of I-V curves (for example, the appearance of a small peak at -1.2 V in the
left panel of Supplementary Figure S5a). R®1®  These results unambiguously show that the

charged wall is much more conductive than the neutral walls.

2.3 Angular dependence of wall current

The second approach will now be described. The AFM topographical image in Figure 3a (left
panel) shows the rugate terrace structure of the film from the BFO (110)/STO (110) sample,
which has a root-mean-square roughness value of 1.94 nm. The out-of-plane and in-plane V-PFM
phase images in the right panel show that the entire BFO film is composed of the r4-—
monodomain. Because the film has this complete monodomain configuration, the angle («)
between the in-plane polarization P // [001] and the direction of the electric field E can be

controlled by fabricating TE1 and TE2 to have different « values, as shown in Supplementary
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Figure S6. Figure 3b (left panel) shows the I-V curves for devices with different o values and w/l
= 200 nm/200 nm. Both the coercive voltages and the “on” currents of these devices increased
nonlinearly with increasing « value from 0 to 90°, as illustrated by the plots in the right panel.
The maximum “on” current at a= 90° was as high as ~300 nA for the nanodevices with their
various | values (where w = 150 nm), as shown in Figure 3c (left panel), which was stable against
the switching cycles (Supplementary Figure S7).R®17 At o= 45°, the wall current is on the order
of 9.6 nA, comparable to 14 nA for the BFO (001)/STO (001) with TE1 and TE2 aligned along
the <100> directions.[®! R*32 The voltage Vcs decreases with decreasing |, as shown in the inset.

This high wall current eases high-speed reading of ferroelectric-resistive memory devices.

The a-dependence of the “on” current can be understood on the basis of the geometrical effect
of the 180° domain wall relative to the original polarization direction of the BFO (110) film and
the direction of the applied field. When the polarization of a local portion of the ferroelectric film
is reversed by the applied field, the boundary between the two domains can be charged because
of the uncompensated head-to-head and tail-to-tail configuration of the polarization, which
induces a strong depolarization field. For simplicity, the 180° domain is assumed here, but
identical arguments can be applied to the 71° and 109° domains, in which the stability is also
influenced by the ferroelastic energy. As shown in Figure 3c (the first figure in the right panel in
Figure 3c), when « = 0°, the ferroelectric bound charges of the locally reversed domain are
readily compensated by the free carriers in TEL and TE2. The remaining neutral 180° walls
(indicated by the dotted red arrows in the « = 0° case) do not have any driving force to draw the
free carriers, which makes the wall less electrically conductive. In contrast, when « = 90° (the
second figure in the right panel in Figure 3c), the ferroelectric bound charge can hardly be

compensated by the free carriers in the electrode, which leaves the depolarization field at a
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maximum. The strong depolarization field, therefore, attracts the residual carriers in the film
towards the charged 180° domain boundaries, which then makes the wall extremely conductive.
The question thus arises as to how the reversed domain can be formed as shown in the figure, i.e.,
can the reverse domain be formed along the vertical direction while the electric field is applied
along the horizontal direction? This could be possible when the local field distribution is taken
into consideration, as shown in Supplementary Figure S8a-c and as described in the detailed
discussions in Supplementary Section F. In short, the local field near the electrode edge contains
a component in the vertical direction, even when the two TEs are located along the lateral
direction. Based on the geometrical relationship between the actual field and «, the experimental

: : : \Y : :
Vs is determined using V,, = < , Where V¢ is the coercive voltage at « = 0° and

\fcosz a+g°sin‘a

g is an effective factor that is dependent on the variant position and the dielectric anisotropy
along the [001] and [110] directions. From a solid-line fitting of the a-V¢s plot shown in Figure

3b (right panel), values of V. = 6.3 V and g = 0.33 were derived.

In addition, the formal relationship between the “on” current and « can be derived by
considering the depolarization field component in the direction perpendicular to the applied field.
The detailed derivation and the related discussions are included in the Methods and
Supplementary Section E in conjunction with Figure S6. Based on that formalism, the o-
dependence of the “on” current when measured at a switching voltage of 20 V was simulated,
with the results shown as the blue line in the right panel of Figure 3b. The precise matching
between the experimental and model results demonstrates that the large wall current can be
attributed to the presence of free carriers at the charge-uncompensated domain walls that connect

the two electrodes.
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2.4. Phase-field simulation of hierarchical domains

Many previous studies have indicated that domain switching in BFO begins from either 71° or
109° ferroelastic wall motion, which has a low energy barrier.** 2 The two barriers are initially
quite close, which means that V¢1 and V¢ can hardly be separated from the 1-V curves during the
first three to six sweeps (as shown in the left panel of Supplementary Figure S5a). After several
tens of cycles, however, the two coercive voltages become discernible (as shown in the right
panel of Supplementary Figure S5a). It can be assumed from the Landau-Lifshitz-Kittel law!?]
that the minimum switched domain thickness at Vi (where i = 1, 2 and 3) is proportional to the
square root of |. Based on this assumption and the simulated horizontal field distribution (see
Supplementary Figure S8a-c), the V-l dependences can be fitted as shown by the solid lines in
the inset of the left panel in Figure 3c and in Supplementary Figure S5d. The fitting parameters
included the intrinsic coercive fields of 165 kV/cm, 252 kV/cm and 700 kV/cm that were
assumed for the 71°, 109° and 180° domains, respectively. From the estimated V. values for the
different types of domains, the hierarchical domain evolution in the BFO (001)/GSO (110)
structure, which had stripe domains between TE1l and TE2 after poling, can be examined
quantitatively using a phase-field simulation (PFS). Figure 4a shows that the PFS can reproduce
the general stripe domain pattern in the initially poled BFO (001)/GSO (110) structure contained
within a nanodevice with w/l = 40 nm/44 nm (see the experimental data in Figure 1a), where the
r2— and r3— domain variants are presented laterally. Upon application of a =5 V field, the electric
field was found to reach a maximum at the centre of the gap, which then induced nucleation of
the triangular r4— and r1— domains near TE2 through the 71° and 109° rotations of the original
domains (see Figure 4b, in which the white coloured numbers indicate the rotation angles). As
the applied voltage decreases to —7 V, as shown in Figure 4c, the rectangular r4— domain grew to

form two mixed 71° and 109° walls that connected TE1 and TE2. Simultaneously, the r2+ variant
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(i.e., the 180° reversal) that stems from the 71° and 109° rotations of the newly formed r4— and
r1— variants appeared near TE1 as a result of local enhancement of the out-of-plane electric field
strength. These results confirm that higher applied voltages lead to higher volume fractions of the
109° and 180° switched domains, in agreement with the V-PFM images of the switched domains

shown in Figure 1b and ¢ and Supplementary Figure S4b.

3. Discussion

Most of the domains in Figure 1b experienced the 71° rotation within the triangular region
under application of a negative poling voltage between V¢1 and Vco. However, the domains near
two small triangular corners experienced 109° rotations. This is due to the in-plane electric field
inhomogeneity. The finite element simulation (Supplementary Figure S8a-c) shows the highest
strength of electric fields near the two corners of TE2 along the directions that easily promote the
reverse domain nucleation. The resulting reverse domain nucleation follows the paths of r3-—r2-
—r1- and r2-—r3-—r4-, respectively, at the two corners, Rev1-

The formation of hierarchical domains with dense conduction paths also contributed to the
enhancement of the device reliability. When only one or two domain walls contributed to the
electrical conduction with a high overall current level (> ~ 100 nA), the wall current density can
reach the order of 5.6x10* A/cm? with the assumed wall width of 3.6 nm.[271 R&24 The nanodevice
was easily damaged by the dielectric breakdown after such a high current flow for over 30 s. This
was related with the severe local Joule heating (~6000 nJ) along the conduction path. However,
when the number of involving paths was high by the hierarchical domain formation, this adverse
effect was largely mitigated despite the overall current level was similar. This is due to the

dividing of the high total current to the many conduction paths. Additionally, the accumulative
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Joule heating effect would be significantly reduced to ~0.6 pJ if the domain switching time is
shortened below 100 ns from pulsed characterization.Rev24

It has been reported that the electron mobility is ~0.2 cm?/(V-s) in SrTiOs and 0.001
cm?/(V-s) in (Ba,Sr)TiOs thin films.lM The electron mobility of ~0.05 cm?/(V-s) could be derived
in this BFO film by fitting the “on” currents to the space-charge limited-current (SCLC)
mechanism, which is in a reasonable agreement with the reported values (Experimental Section
5.4), Revi-11

If the angular resolution of the in-plane rotating sample against the AFM cantilever was
increased from 90° to 30° during the V-PFM performance, additional eight meta-stable
polarization variants deviating from the <111> directions were detected,®?83% where each
variant has two or more neighboring domains.®¥ Expectedly, these meta-stable polarization

variants with large number of neighboring walls add more conductive paths to the “on” currents.

Rev2-1

4. Conclusion

In summary, three different types of BFO thin films were prepared to study their hierarchical
domain evolution behaviour upon application of a lateral voltage and to estimate the upper bound
of the achievable “on” current through the charged domain walls. Intriguingly, the BFO
(001)/GSO (110) sample provides a useful platform for quantitative examination of the domain
configurations and the local conductivities of the walls as a function of applied bias voltage.
Based on the estimated intrinsic coercive fields for the 71°, 109°, and 180° domain reversals,
which are 165 kV/cm, 252 kV/cm, and 700 kV/cm, respectively, the hierarchical domain reversal
via the 71° - 109° -> 180° rotation was observed consistently. This represents a step forward in

the understanding of the detailed domain evolution in BFO that has been enabled by the
15
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combination of fabrication of optimum thin-film materials and use of state-of-the-art V-PFM and
CAFM techniques. In addition, another BFO (110)/STO (110) sample with a monodomain
configuration provided a practical and feasible method to examine the correlation between the
charge compensation and the local electrical conductivity of the domain walls. It was confirmed
that the head-to-head-type domain walls have high mobile carrier densities, as in doped
semiconductors, which contributed to the extremely high wall currents of ~300 nA. The
estimated carrier mobility at the charged domain walls was ~0.05 cm?/(V-s). This is critical
advancement in the field of resistance-based domain wall devices for use in ultra-high-density

ferroelectric memories.

5. Experimental Section

5.1. Film growth

Epitaxial BFO films were deposited on (001) STO, (110) GSO, and (110) STO substrates by
PLD using a KrF excimer laser with an operating wavelength of 248 nm. The laser, which was
pulsed at 6 Hz, was focused with a power density of 2.8 J/cm? on a ceramic Bii.1FeOs target
under oxygen pressure of 3 Pa. The typical film growth rate was ~1 nm/min. Films with
thicknesses of between 35 nm and 120 nm were grown at an optimized substrate temperature of
602°C. XRD patterns were collected via #-20 scanning and reciprocal space mapping methods

using a Bruker D8 Advance X-ray diffractometer with Cu-K, radiation at 40 kV and 40 mA.

5.2. Nanodevice fabrication
After BFO film growth, 30-nm-thick Pt top electrode layers were grown on the BFO films by
magnetron sputtering (PVD-75, Kurt J. Lesker) at 400°C. 200-nm-thick poly(methyl

methacrylate) photoresist layers were subsequently spin coated on to the film surfaces. The TE1
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and TE2 electrode patterns were then formed by electron beam lithography (EBL; 6300FS,

JEOL) with an overlay accuracy of 20 nm. After patterning, 25-nm-thick Cr mask layers were
deposited using a thermal evaporation system (NANO 36, Kurt J. Lesker) and a lift-off
technique. Finally, the Pt regions that were not protected by these Cr mask layers were removed
by ion milling using a reactive ion etching system (RIE-10NR, Samco). The shapes of the as-
fabricated nanodevices were confirmed by scanning electron microscopy (SEM; Sigma HD,

Zeiss) images.

5.3. V-PFM and CAFM characterization

The film morphology was measured under ambient conditions using an AFM in ScanAsyst-Air
mode (Bruker Icon) and a silicon tip with a radius of 2 nm. V-PFM imaging of the diagonal
domains in the BFO film was performed using a contact Ptir-coated silicon tip with a radius of 20
nm, a force constant of 2.8 N/m, and an alternating current (AC) signal at a frequency of 75 kHz
and an amplitude of 10 V. Both the in-plane and out-of-plane domain images were captured after
in-plane rotations of the sample at angles of 0° and 90°, respectively. Finally, a montage was
used to convert all variants of the r1+/— to r4+/— domains across the film area with the evolution
of the applied voltages. The exposed wall currents at the film surface were investigated using
contact mode CAFM under a —5 V bias applied between TE1 and the AFM tip, where both the
tip and TE2 were grounded. Each I-V curve was measured using an Agilent B1500A

semiconductor analyser operating in voltage sweep mode with sweep times of 1-90 s.

5.4. Angular dependence of the “on” current
Carrier transport across the head-to-head walls can be modelled as a field-effect current along an

n-type channel with a sub-threshold leakage current oft®2
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ave-Vp)

I, =lge ™7 (Vy<V;), 1)
where lo is the current at the threshold voltage Vr, n is the fraction of (Vq—V7) that affects the
barrier, ks is the Boltzmann constant, q is the elementary charge, T is the temperature, and Vg is
the depolarization voltage induced by a depolarization field applied perpendicular to the direction
of current flow (Supplementary Figure S6). This type of relationship can be understood as a
multiplication of the probability that the charged domain walls will capture the (free) carriers
from the bulk region of the film {in the form of exp[q(V¢-VT1)/nksT]} and the current transport
along the wall when the read voltage V is applied between TE1 and TE2 (lo). V7 is involved here
because there is a kinetic energy barrier for the (trapped) carriers in the bulk BFO film to
overcome to move towards the (created) charged domain wall, which is driven by Vq. V4 can be

expressed as

_ 26Pw
EyE

V, sina, @)

where 6 (0 < 6 < 1) is an uncompensated factor of the polarization P, & is the vacuum
permittivity, ¢ is the dielectric permittivity along the current path, and w is the distance
(approximately equal to the electrode width) along the depolarization field. I is dominated by the
number of available carriers, particularly near the head-to-head wall,["} in a manner following the

space-charge limited-current (SCLC) formalism of

2
I =§5Ogy66’WAW~Sina-\|/—3, 3

where e is the electron mobility, @ is the coefficient of charge trapping, w is the cross-sectional

perimeter (approximately equal to the electrode width) of the charged wall, V is the applied
18
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voltage between TE1 and TE2, and Aw is the wall thickness (approximately equal to nine unit
cells).’?”) For electron injection and trapping, € is expressed as

2P/ Aw AE
=g exp(—
N KgT

) (4)

t
where Nt is the trapped electron density, 2P/Aw is the doping density of the head-to-head wall, g
is the degeneracy factor, and AE is the trap energy position below the donor level. In the trap-
filled limit region that occurs because of the presence of oxygen vacancy-related trap levels, the
power coefficient for V is larger than 2.[%1 Because = 0, lo = 0. However, the neutral 180° walls
generally demonstrate local side-way meandering behavior and contain kinks with head-to-head
and tail-to-tail dipolar configurations that are locally charged,* which leads to a background
wall current of Ig. Therefore, the total wall current is

=1y +1,. (%)
From Egs. (1)-(5), the a-dependence of the “on” current was simulated as shown in Figure 3a—c.
Under the assumptions that Vg = V1, £ = 93, P ~ 60 uC/cm?, and @ ~ 1, e was estimated to be

approximately 0.05 cm?/(V-s).

5.5. Phase-field simulation
The spatiotemporal evolution of the spontaneous polarization P; can be obtained using the time-

dependent Landau-Ginzburg-Devonshire equation of

REY___F_ (i-129), ©)
ot OP.(r,t)
where L is the Kinetic coefficient, r is the position, t is the time, and F is the total free energy

given by the following equation:

F= '[( fLandau + fela + fele + fgrad )dV ' (7)
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The bulk free-energy density fLandau Can be expressed using a sixth-order polynomial expansion
[3536] ‘and the elastic energy feia can be obtained by solving the mechanical equilibrium equation

of o;,; =0 under the boundary conditions that the thin film is stress-free at the top surface but is

fully clamped at the bottom interface.l3”! The electrostatic energy feie can be obtained by solving
the Poisson equation of V?¢ = p, under the open-circuit boundary condition at the interface and

the specified potential boundary condition at the top of the film[8l, where ¢ is the potential and p
Is the charge density. The final term, fgraq, IS the gradient energy. The simulations were performed
in a system with dimensions of 256 nmx256 nmx100 nm and two rounded top electrodes (w/l =

40 nm/44 nm) with 1000 time steps (arbitrary units).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. V-PFM phase images of polarizations of 120-nm-thick BFO (001)/GSO (110)
nanodevices. (a) Initial stripe domains after poling at +15 V (left panel) with the domain
configurations of rl—, rl+, r2—, r2+, r3—, r3+, r4— and r4+ within the nanogap (w/I= 1000 nm/500
nm) indicated by the coloured arrows in the inset of the right panel. The I-V curve (right panel)
indicates the occurrence of two-step current jumps at Vci and V2 along the sweeping direction
indicated by the black arrows. (b, ¢) V-PFM phase images of domain evolution under poling
voltages of Veo <V < V1 and V < Ve, respectively, in formation of the 71° and 109° walls (left

panels). The areal rotation angles of all variants are marked in the right panels.
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Figure 2. Current mapping of charged walls. (a) CAFM mapping image of wall currents at
=5 V over the center region for the BFO (001)/GSO (110) nanodevice with wxI = 1000x1000
nm? after poling at —25 V. (b) V-PFM phase image of the newly formed 71° walls consisting of

variants r1— and r2—.
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Figure 3. Angular dependence of wall current for BFO (110)/STO (110) nanodevices. (a) AFM
topography (left panel) and out-of-plane (OP) and in-plane (IP) PFM phase images (right panel) of the
film in a single domain pattern. The yellow-coloured arrows in the right panel indicate the successive
rotations of the variant r4— into r3—, r1+, and r4+ under E. (b) Angular dependences of the I-V curve
(left panel), the coercive voltage, and the wall current at 20 V (right panel) for nanodevices with w/l =
200 nm/200 nm. (c) I-V curves at a=90° for nanodevices with various | but with a constant w of 150
nm (left panel), where the inset shows the I-V¢3 dependence. The right panel shows the formation of
the neutral and charged walls at angles of 0 and 90° that cause the wall currents to vary because of the
180° reversal of the central domain (purple arrows) against the unswitched peripheral domain (blue

arrows). All solid lines are formed by fitting of the data.™'>*®
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Figure 4. Phase-field simulations of multistep domain switching on GSO (110)
substrates. (a) Initial stripe pattern of pristine domains r2— and r3—. (b) Triangular r1— and
r4— domains within the nanogap with w/l = 35 nm/48 nm growing at -5 V through the 71°
and 109° rotations of the pristine r2— and r3— domains near TE2. (c) The r4— domain
penetrates throughout the entire gap length, forming mixed 71° and 109° walls to bridge
TE1 and TE2 at —7 V. Simultaneously, the r2+ domain appears near TE1 at —7 V as a result
of the rotations of the newly formed r1— and r4— domains, completing the 180° reversal of

the pristine r2— domain.
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Domain wall current in ferroelectric BiFeOs thin films can be magnified by two orders of
magnitude through the careful selection of current flowing paths along the charged walls.
The dense walls come into form through the hierarchical evolution of the 71°, 109° and 180°

domains after multiple 71°rotations.
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A. Film growth.

Epitaxial BFO thin films were deposited on (001) SrTiOs (STO), (110) GdScO3 (GSO) and
(110) STO substrates by pulsed laser deposition. The topographic atomic force microscopy
(AFM) images in Figure Sla show the smooth film surfaces with terraces composed of atomic-
scale steps. The X-ray diffraction (XRD) patterns shown in Figure S1b confirmed the preferred
BFO (001) orientations on both the (001) STO and (110) GSO substrates and the (110)

orientation on the (110) STO substrate.

Height (nm)
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Figure S1. AFM and XRD characterization. (a) Topographic AFM images of the 35-nm-thick
BFO (001)/STO (001) and 120-nm-thick BFO (001)/GSO (110) thin films. (b) XRD patterns of
the epitaxial BFO thin films on the different substrates.

B. Conductivity comparison between pristine walls and newly formed walls

The pristine stripe domains in BFO (001)/GSO (110) consist of r1— to r4— variants, which can
change into triangular and rectangular shapes via the local multiple 71° rotations of the domains
under application of negative poling voltages in Figure 1b and ¢ in main text. Normally, the

pristine domains (r1— to r4—) can be rejuveated under application of a positive poling voltage
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above +15 V. After switching at +/- 20 V for a dozen of cycles, there appear the newly formed r1-
and r4- domains poled at +15 V, as shown in Figure la in main text, that are relatively stable
against the switching cycles. However, the newly formed domains are unstable with relaxation
time that could disappear after a few weeks, as shown in Figure S2.Rev3

The pristine stripe walls, that are less electrically conductive than the newly formed walls,
were mostly compensated by charged mobile defects during film deposition at high temperature.!*]
Figure S3a shows V-PFM images of the pristine stripe walls perpendicular to TE1 and TE2 after
application of different poling voltages. There are six walls that initially connect TE1 and TE2
(left panel of Figure S3a) and these walls remain nearly unchanged at poling voltages between —5
V and —7 V (middle panel of Figure S3a). However, when the poling voltage becomes smaller
than —12 V, several of these walls disappear (right panel of Figure S3a). Subsequent I-V curves
shown in Figure S3b indicate that the current (I1,0n) in the stripe walls that are perpendicular to
TE1 and TE2 is much smaller than the “on” current in the newly formed walls (l;,0n) but is

slightly higher than the “off” current (l0ff) in the pristine stripe walls that are oriented parallel to

TE1 and TEZ2 in Figure 2a—c in the main text.
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Figure S2. V-PFM phase images of polarizations of 120-nm-thick BFO (001) /GSO
(110) nanodevices. Stripe domains in Figure 1la in main text restored into the pristine

structure consisting of variants r2- and r3- only after retention time of 2 months.
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Figure S3. Wall currents of pristine stripe walls and newly formed walls in the BFO
(001)/GSO (110) nanodevice. (a) V-PFM images of pristine stripe walls perpendicular to
TE1 and TE2 after application of different poling voltages. (b) 1-V curves for pristine stripe

walls oriented perpendicular (1.,0n) and parallel (1;,0n and ly0ff) to TEL and TE2.
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C. V-PFM imaging of hierarchical domains.

The in-plane switched 180° domains that formed at voltages higher than V.3 showed retention
times that were too short to allow V-PFM images to be acquired for all the nanodevices
fabricated on either the GSO or STO substrates at I<500 nm. This is due to the influence of the
strong depolarization field. However, when | is much larger than the film thickness (120 nm), the
switched domains then become thick enough to reach the substrate at the bottom, which means
that the depolarization field is greatly reduced.?! In this way, the switched 180° domains could
then be imaged by V-PFM. Figure S4a and b show V-PFM phase images of the switched
domains within a nanodevice with w/l = 1000 nm/1000 nm. The initial r2— and r3— variants
consist of 71° stripe domains after initial poling at + 20 V. A small area near TE2 contains the
out-of-plane r3+ variant that persists permanently, even after bipolar poling of the device at £20
V for a few cycles, as shown in Figure S4a (left panel). After switching at —20 V for 30 s, two
hierarchical triangular r1— and r3+ domains appear in Figure S4b to form the four penetrating
walls (mixed 71° and 109° walls) that connect TE1 and TE2 (left panel). The small gaps near
TE1 occur because of domain shrinkage after removal of the switching voltage. This is due to the
71°, 109° and 180° rotations of the pristine r2— and r3— variants, as confirmed based on the areal
distribution of the rotation angles in the right panel of Figure S4b. The right panel in Figure S4a
shows the repeatable three-step jumps of the “on” current in the I-V curve. These results indicate

that multiple 71° rotations of all variants will reach the final switched domain state.
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Figure S4. V-PFM phase images of polarization rotations for the BFO (001)/GSO (110)
nanodevice. (a) Initial stripe domains with the polarizations in the left panel that correspond to
the coloured arrows in the inset of the right panel after application of a poling voltage of +20
V. The right panel shows the repeatable three jumps of the “on” current in the /-7 curve. (b)
Appearance of the triangular r1— and r3+ domains that connect TE1 and TE2 using mixed 71°
and 109° walls after application of the switching voltage of —20 V (left panel). The rotation

angles of all variants are indicated in the right panel.
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D. 71°, 109° and 180° domain rotations inferred from I-V curves

The growth of each of the penetrating domains in the region between TE1 and TE2 could
increase the number of conductive walls and thus the “on” current in the /-7 curves. Figure S5a—
¢ show the I-V curves of the fabricated BFO (001)/STO (001) nanodevices produced by low-
/high-voltage sweeping. The pristine domain patterns along the [100] direction (i.e., the
preliminary written information) can be identified using in-plane V-PFM phase imaging (see the
inset figures in Figure S5a—c). The V-PFM phase contrast shows the in-plane projection of the as-
grown 71° domains, in which the black and white contrasts coincide with the spontaneous
polarizations pointing from TE1 to TE2 and from TE2 to TEI, respectively. These opposite
polarization directions induced the emergence of the “on” current at the opposite bias polarities,
as will be discussed below.

Domain switching starts from either the 71°r 109° ferroelastic wall motiont®*! with the two
close coercive voltages of Vc1 and Ve that can be inferred from the two discrete jumps in the “on”
current during the low-field sweeping of the 1-V curves.’] However, most of the nanodevices
show only one current jump at —3.3 V during the first three 1-V sweeps, as shown in Figure S5a
(left panel). Meantine, one small peak occurring at -1.2 V in the backward sweeping of the I-V
curve suggests the enhancement of the wall conductivity due to the collapse of the switched bulk
domain (wall number enlargement). After a few tens of cycles, however, the two V. values could
clearly be discerned from the two abrupt increases in current at ~2.7 V (V¢1) and ~3.5 V (V¢2),
which correspond to the coercive voltage (Vc) values of the hierarchical domains with lower V.
At these voltages, in-plane transverse domain switching occurs to form the connecting domain
walls within the gap region. However, under the application of a positive voltage, no reverse
domains form because this bias direction is parallel to the initially projected polarization

direction, and thus no current increase was observed. This also demonstrates that leakage current
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conduction along the surface region of the film remained negligible as long as no domain walls
form. In Figure S5b, a similar “on” current was observed at a much higher absolute voltage (V3
~—15 V) that corresponds to the 180° domain rotation, in addition to the occurrence of V¢1 and
Ve at higher (absolutely lower) voltages. In addition, application of the positive bias did not
induce the “on” current because the initial polarization direction of this device was identical to
that of Figure S5a. In contrast, the device shown in Figure S5¢ shows similar switching and
nonswitching current responses in opposite bias directions to those of the previous two cases
because this device had the opposite initial polarization direction. The V¢ (i =1, 2 and 3) values
that were estimated from multiple devices showed the nonlinear dependence of I, as illustrated in
Figure S5d. Each “on” current can be fitted using the l«<V" power law (where n = 2.5), as
indicated by the black dashed lines in Figure S5a—c. The successive emergences of the three
coercive voltages indicate the sequential formation of the 71°, 109° and 180° domains with
increasing field strength. The “on” current value that was estimated at 12 V increased
nonlinearly with decreasing I, following an l«I® relationship, as indicated by the solid-line
fitting of the data shown in Figure S5e. This is a typical characteristic of the space-charge-limited

current (SCLC) mechanism.[€]
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Figure S5. Multilevel “on” currents of 35-nm-thick BFO (001)/STO (001)
nanodevices. (a-c) I-V curves of nanogaps with w/l configurations of 45 nm/71 nm, 88
nm/174 nm and 47 nm/152 nm, respectively. The first three sweeps in a show only one
jump in the “on” current at —3.3 V (left panel) that split into two jumps after a few tens
of cycles (right panel). Sweeping directions are indicated by black arrows, and the inset
figures show in-plane V-PFM phase images of the positive (dark colour in a and b) and
negative (white colour in c) projected polarizations within the gaps. The “on” and “off”
currents occur when E is applied antiparallel and parallel to P, respectively. (d, ) Gap
length dependences of the coercive voltages and the on-state current at 12 V with w =

~50 nm. All dashed and solid lines are the results of fitting.
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E. Depolarization field and wall current

The central 180° domain reversal of the BFO (110)/STO (110) monodomain creates the
charged walls, as shown in Figure S6, which then cause a strong depolarization field of Eq = Eqt
+ Ed’ (right panel), where Eq¢! and Ed” are the depolarization fields oriented perpendicular and
parallel to the direction of flow of the wall current I, respectively. Therefore, the head-to-head

channel current (which is n-type) would be affected by two depolarization voltages given by

Vv, = 20PW s e
£,

V= 20PW Gin o (1)
£,

where ¢ is an uncompensated factor of the polarization P, & is the vacuum permittivity, ¢ is the
dielectric permittivity, and w is the distance along the depolarization field. V4" is the driving force
for domain back-switching in the insulating regions when the applied voltage V between TE1 and

I = 0 because

TE2 is removed. This was not the case in the conductive channel regions, where Vg
of the full compensation of the domain boundary charges by sufficient numbers of free carriers.
Therefore, the contribution of Ed”’ to the wall current is low. However, Eqt plays a significant
role in accumulating sufficient free electrons to enhance the head-to-head wall conductivity. Eq*
can also induce hole accumulation at the tail-to-tail p-type wall but bulk BFO is mostly n-type,[]
which means that hole accumulation is less likely.

The charged walls can be repetitively created. Figure S7a and b shows 10 sweeps of I-V curves
for BFO (110)/STO (110) nanodevices at e=90° with | = 140 nm and 200 nm, respectively. All

I-V curves can be generated repeatedly, but the nanodevices could be damaged if the

accumulative 1-V sweep time is over 100 s during continuous cycling.
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V> Vc3

Figure S6. Field-effect wall current. 180° domain reversal induced by the electric field E
produces two perpendicular depolarization fields, E¢- and Ed”, where Ed* can accumulate

free electrons to enhance the head-to-head wall conductivity.
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Figure S7. Repeatible 1-V curves. 10 sweeps of I-V curves for BFO (110)/STO
(110) nanodevices at a=90° with (a) | = 140 nm and (b) | = 200 nm but with a

constant w of 200 nm.
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F. Domain switching at a=90°

Finite element simulations determined the electric field (E) distribution required for reverse
domain nucleation and growth between TE1 and TE2. Because of the wedge-shaped
geometry of the TEs, E comprises radial and tangential electric fields (E; and E1) within a
local region. The presence of EL, as shown in Figure S8a-c, means that reverse domain
switching can be achieved even when o = 90°, as shown in Figure 3a—c in the main text.
When the applied voltage is 5 V, the radial electric field strength is ~1000 kV/cm, which is
strong enough to induce the initial 71° domain switching.®l When the applied voltage
increases up to 10 V, both the radial and tangential electric field strengths are strong enough
to induce multiple 71° rotations of the local variant, which will eventually end up with 180°
domain walls, even when o= 90°. The out-of-plane electric field strength is maximum near

the two TEs, as shown in Figure S8c.
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Figure S8. Finite element simulation of electric field distribution. The local electric field E
within a nanogap with width/length of 35 nm/48 nm is composed of radial and tangential electric
fields denoted by E/; and E_L, respectively, that both increase with enhanced applied voltages from
(@) 5V to (b) 10 V. (c) Cross-sectional electric field distribution along the dotted line in (b).
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Table I. Rotation angles and walls observed under various applied voltages

Figure Variant Rotation angle Wall
Fig.2b r2-—rl- 71° 71°
Fig.2b r2-—>r3- 71° 71°
Fig.2b r3-—r4- 71° 71°
Fig.2b r3-—rl- 109° 109°
Fig.2b r2-—>r3- 71° 71°
Fig.2b r2-—r4- 109° 71°
Fig.2c r2-—r3- 71° 71°
Fig.2c r3-—r4- 71° 71°
Fig.2c r2-—rl- 71° 71°
Fig.2c r2-—r4- 109° 71°
Fig.2c r3-—rl- 109° 71°
Fig.2c r2-—r3- 71° 109°
Fig. S2b r2-—rl- 71° 71°
Fig. S2b r3-—r2- 71° 71°
Fig. S2b r3-—rl- 109° 71°
Fig. S2b r3-—r2- 71° 109°
Fig. S2b r3-—r3+ 180° 71°
Fig. S2b r2-—r3+ 109° 71°
Fig. S2b r2-—r2+ 180° 71°
Fig. S2b r2-—r4- 109° 71°
Fig. S2b r2-—r4- 109° 109°
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