-
™
<
[
-l
wd
=
™

'a\
M“h\‘liir’ﬁ

www.MaterialsViews.com

Scaling Behavior of Resistive Switching in Epitaxial

Bismuth Ferrite Heterostructures

Abhimanyu Rana, Haidong Lu, Kashinath Bogle, Qi Zhang, Rama Vasudevan,
Vishal Thakare, Alexei Gruverman,* Satishchandra Ogale,* and Nagarajan Valanoor*

Resistive switching (RS) of (001) epitaxial multiferroic BiFeO;/

Lag 67Sro.33MnO;/SrTiO; heterostructures is investigated for varying lengths
scales in both the thickness and lateral directions. Macroscale current—
voltage analyses in conjunction with local conduction atomic force micros-
copy (CAFM) reveal that whilst both the local and global resistive states are
strongly driven by polarization direction, the type of conduction mechanism is
different for each distinct thickness regime. Electrode-area dependent studies
confirm the RS is dominated by an interface mechanism and not by filamen-
tary formation. Furthermore, CAFM maps allow deconvolution of the roles
played by domains and domain walls during the RS process. It is shown that
the net polarization direction, and not domain walls, controls the conduction
process. An interface mechanism based on barrier height and width alteration
due to polarization reversal is proposed, and the role of electronic reconstruc-

tunneling electroresistance (TER) effect.[%!
Often termed as “polarization medi-
ated electron transport”, TER has been
extended to demonstrate multiferroic
tunneling barriers,’=% interface-induced
exchange bias (EB),!Y ferroelectric con-
trol of magnetotransport®!!l and fer-
roelectric memristors.'?l In addition to
TER, mechanisms such as nucleation
and growth of ferroelectric domains,?
filamentary conduction,!** and scanning
probe tip-induced effects!"#1°! have also
been shown to cause RS in ferroelectrics.

It is known that in complex oxide het-
erostructures the dominant functional
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tion at the interface is further investigated.

1. Introduction

Resistive switching (RS) in epitaxial ferroelectric heterostruc-
tures has attracted immense interest due to its potential use in
nanoelectronic devices.!! A particular case of RS-based ferroe-
lectric devices is the so-called ferroelectric tunnel junction +°]
wherein manipulation of the local polarization leads to the
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or structural parameter is often spatially

inhomogeneous.l'®l This is particularly

important in complex oxides where

multiple physical interactions (e.g.,
spin, polarization charge, lattice, and/or octahedral tilts) can
coexist. Given the intimate lattice-polarization coupling in
ferroelectric thin films, naturally occurring spatial inhomo-
geneities, such as domains and domain walls, are expected
to play a critical role in the RS of ferroelectric devices. This
is particularly relevant given the recent finding that certain
types of domain walls in bismuth ferrite can conduct whilst
the domains themselves remain insulating.['”] This has led to
the idea that the transport properties of the system may be
determined by the walls as opposed to the domains.[*®l Fol-
lowing the finding of Seidel et al.,'”) domain wall conduc-
tion has been shown to be present in a wider range of fer-
roelectrics, from PbZr,Tigs03 (PZT),'” to hexagonal man-
ganites!'”! and even LiNbO3.1?”) Concurrently, an idea that has
gained acceptance is that the electrical boundary conditions in
ultrathin epitaxial ferroelectrics (created due to the band off-
sets at the interfaces) can result in one polar state, that is, one
polar domain, being intrinsically more conductive than the
other.*>] On the other hand it has been shown that one has
to also be aware of filamentary mechanisms which necessitate
concurrent measurement of both polarization switching (for
example using strain or capacitance-voltage butterfly loops)
and resisitive switching to see if the voltage threshholds for
both processes coincide.[?!]

In this study, we exploit the thickness of the ferroelectric
layer as a powerful control parameter to gain a deeper under-
standing of the mechanisms that control RS in bismuth ferrite
thin film heterostructures. It is well-known that domain wall
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Figure 1. a) Schematic showing the device architecture in current perpendicular to plane (CPP) configuration. Current-voltage (I-V) acquired using
200 pm x 200 pm Pt pads for b) bare Lagg;Srg33MnO3 (LSMO) thin film, ¢) 5 nm BiFeO; (BFO) on LSMO, and d) 20 nm BFO on LSMO. e) Linear
fitting using space charge limited conduction (SCLC)/Ohmic equations for the 5 nm and 20 nm cases. Note the SCLC/Ohmic fits work for both, the
low resistive state (LRS) and the high resistive state (HRS) states of 5 nm film but only the LRS state for the 20 nm film. f) Linear fitting by Schottky

emission of the HRS state of the 20 nm film.

morphology, in terms of their shape and periodicity, is strongly
driven by the thickness of the ferroelectric.l'®2% Here we demon-
strate that the film thickness is not only an effective parameter
to tune the ferroelectric domain wall morphology!'®22l but can
also be exploited to modulate the magnitude and type of polari-
zation-mediated RS in ferroelectric heterostructures.

Epitaxial (001) (BiFeOs)/(Lag St 3;Mn0O;) (BFO/LSMO)
structures are chosen as the model materials systems where the
thickness of the sandwiched ferroelectric layer is either 5 nm
or 20 nm. We restrict the thickness of BFO to such dimensions
since significantly different volume fractions of these films are
under depletion or accumulation conditions as a result of band-
bending at the top and bottom interfaces, which allows us to
evaluate the role of this effect in RS behavior.”l Macroscale
current-voltage (I-V) measurements as a function of electrode
area, in conjunction with local scanning probe microscopy
(SPM)-based measurements find that both the local and global
resistive states are strongly dependent on the polarization ori-
entation of BFO layer. Whilst polarization control of conduc-
tion in ferroelectrics has been shown before,[##%91215] e show
here that the fundamental mechanism that controls the resis-
tive states is different for each BFO film thickness. Whilst RS
is governed by tunneling for the thinner 5 nm BFO thickness,
for the thicker 20 nm films it is controlled by Schottky emis-
sion. Furthermore, whilst it is impossible to completely rule
out filamentary formation or oxygen vacancy migration, elec-
trode area-dependent measurements hint that these are not the
dominant RS mechanism. Based on these experimental results,
we propose a mechanism based on barrier height and width
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alteration due to polarization reversal, and further elaborate on
the role of electronic reconstruction at the interface to explain
the obtained results.

2. Results and Discussion

(001) oriented BFO/LSMO heterostructures were grown on
vicinally miscut (001) SrTiO; substrates by pulsed laser depo-
sition (PLD) under reflection high-energy electron diffraction
(RHEED) monitoring to ensure atomically sharp interfaces in
the thin films.?* Figure 1a shows the schematic of the meas-
ured device architecture (see Experimental Section for fabrica-
tion details) having platinum pads (200 pm x 200 pum) as top
contacts. Here, the current perpendicular to plane (CPP) con-
figuration (which is a distinct change from previous studies)
was employed to measure the electron transport across the
heterostructures. The CPP architecture was employed as it is
a well-known technique to avoid complexities that arise from
an additional (imperfect) interface between the bottom oxide
electrode (LSMO) and the substrate.[?’l Macroscale I~V curves
were recorded by sweeping a triangular ramp from negative to
positive bias (forward branch) and then back (reverse branch).
Repeated datasets are provided in Supporting Information S1
that confirm reproducibility. The polarity of electric field refers
to the voltage applied to the top contact. Figure 1b—d show the
[-V characteristics of the bare LSMO thin films, BFO(5 nm)/
LSMO(20 nm) and BFO(20 nm)/LSMO(20 nm) films, respec-
tively, obtained in CPP geometry. No switching hysteresis is
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observed for the bare LSMO thin films Figure 1b, which indi-
cates any measured hysteresis for the other cases does not stem
from the bottom LSMO/LSMO interface. Figures 1lc,d show
the clear opening of hysteresis and particularly in the case of
the 20 nm film a large broadening of loop with a shift in the
current at zero bias, which confirms RS behavior. The black
curve is the original low resistive state (LRS) and red curve is
the final high resistive state (HRS). Datasets acquired from
various other pads are shown in Supporting Information S1.
Therefore, the observed phenomenon could be attributed to
features specific to the multiferroic/electrode interface, namely
BFO/LSMO, investigated here.

To investigate the detailed nature of RS, we fitted these
results to various possible transport mechanisms, such as,
direct electron tunneling, Fowler-Nordheim (FN) tunneling,
space charge limited conduction (SCLC), Schottky emission
and Poole-Frenkel (PF) emission assuming a simple metal-
insulator-metal/semiconductor type structure. The value of
the static dielectric constant extracted from the fits (=23) was
used for validation purpose (full discussion of the fitting and
the dielectric constants is given in the Supporting Information
S2).26] Capacitance measurement of these pads revealed a satu-
ration dielectric constant of 25 @ 100 KHz (not shown here)
and therefore lend credence to the extracted value. The Ohmic
and SCLC mechanisms should follow a linear relation between
In (I) versus In (V) with slopes =1 and =2, respectively. On the
other hand, the Schottky and PF mechanisms can be fitted by
the Equations 1,2, respectively

In(I)= T v 1)
In(1 /v) =Y r/k?"gr v 2)

where e is electronic charge, k the Boltzmann constant, g, is
permittivity of free space, ¢, is the dielectric constant, r is a
constant that varies from 1 to 2 depending of position of the
Fermi level. The difference between these mechanisms is that
the Schottky and PF are interface and bulk limited emissions,
respectively.

The other possible conduction mechanism is electron tun-
neling, which can be well described by Simmons’s expression
as given below

N =y

T 4 hd? ) 2

e S

2

where ¢ is electronic charge, ¢ the barrier height, A is contact
area, d the barrier width which is the thickness of film, m, is
electron effective mass.

For different voltage regimes the Simmons equation can be
simplified by assuming a rectangular barrier near zero bias
voltages (direct tunneling) and triangular barriers at much
higher voltages when eV >> ¢ (FN tunneling) as given by the
Equations 4,5, respectively.
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The fitting results are shown in Figures le,f. For the 5-nm-
thick BFO films, both the LRS and the HRS states can be fitted
by Ohmic/SCLC (due to direct tunneling or trap assisted tun-
neling) as shown in Figure le. On the other hand, for 20-nm-
thick BFO films only the LRS could be fitted with SCLC
[Figure 1(e)] whilst the HRS can be fitted by Schottky emission
(Figure 1f). The slope values of linear fits are indicated on the
respective plots.

The fits (see also Supporting Information Figure S2) indi-
cate that for the 5-nm-thick BFO films electron tunneling is the
dominant conduction mechanism for RS and the origin of RS is
adequately described by the modulation of tunneling barrier by
polarization switching in the ferroelectric layer.>#8° 15 However,
in the thicker BFO films (20 nm) the RS stems from an inter-
face-limited Schottky emission through the conduction band
of BFO and not from tunneling. Previously reported work!?l
on significantly thicker epitaxial (001) BFO films (=175 nm)
with bottom SrRuOj; electrodes (=50 nm) on DyScOj; substrate
attributed the origin of leakage current in BFO to bulk-limited
PF emission due to oxygen vacancies. Importantly, no SCLC
was found. In the present case, both thicknesses show strong
RS hysteresis with a large suppression of bulk-limited leakage
current. The fitting of LRS by Ohmic or SCLC and HRS by
Schottky emission is a well-known signature of an interface-
based mechanism®?”! thus suggesting that the RS is controlled
by the direction of the polarization. However, it is also neces-
sary to check if the observed RS has (dominant) contributions
from any filamentary processes.

Figure 2a shows [-V characteristics acquired using top
electrodes of different area for both films. Investigating the
area-dependence of RS is an effective method to distinguish
between filamentary and interfacial conduction. In filamentary
type conduction, the resistance is independent of top electrode
area.l”’l On the other hand, in case of interfacial RS there are
no variations in local resistivity (p) over the measured area (A)
and hence the resistance should linearly decrease with area
(R =p d |A) for constant film thickness (d). To check for this
effect, [-V characteristics for three different circular electrodes
of radius (r) = 50, 100, and 200 pm were acquired. Addition-
ally I-V loops were acquired using the conductive atomic force
microscopy (CAFM) tip as an extreme case of nanoscale elec-
trode area. Indeed, a reduction in the magnitudes of current
for larger electrodes was observed (Figure 2). Figure 2b shows
resistance, approximated by fitting the linear range of I-V char-
acteristics as a function of the electrode area for three circular
electrodes and the CAFM tip. Resistance significantly increases
with decreasing electrode area thus confirming the dominating
role of the interfacial type of conduction mechanism. We must
reiterate that it is not possible to fully rule out filamentary
or oxygen vacancies mechanisms in any transport measure-
ments of oxide heterostructures. These mechanisms stem from
defects created during film growth, which are typically under

Adv. Funct. Mater. 2014, 24, 3962-3969
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Figure 2. a) Linear part of the I-V plots acquired for three different cir-
cular electrode sizes. (50, 100, and 200 pym diameter respectively). b)
Resistance of the junction as a function of electrode size (three circular
electrodes and the atomic force microscope tip). The inset shows the
images of circular electrodes used.

conditions of high temperatures and vacuum. AFM tip-induced
oxygen vacancy effects can be quite strong in oxide thin
films. Nevertheless, since we measure the RS using large top
electrodes, the results discussed above indicate that were such
filamentary or oxygen vacancy mechanisms present, they would
not dominate the RS mechanism.

We now turn to understanding the role of the local polariza-
tion state in controlling the RS for each thickness. A number of
models, based on spatial inhomogeneities or variations in band
structure have been proposed for RS in complex perovskite
oxides?®2% Thus, in order to understand the role of spatial vari-
ations in the polarization it is first necessary to characterize the
nature and morphology of the ferroelectric domains in the BFO
layers. For this purpose, dual amplitude resonance tracking
piezoresponse force microscopy (DART-PFM) measurements
were carried out. Figure 3 shows 500 nm x 500 nm out-of-plane
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PFM amplitude, PFM phase and CAFM maps acquired in the
5-nm-thick and 20-nm-thick films, respectively. Larger 1 pm x
1 pm PFM scans are shown in Supporting Information Figure
S3. The amplitude and phase images reveal that the films are in
a poly-domain state with distinct fractal-like domain walls. Such
fractal-like domains are observed typically for very thin BFO
films.[?2 The walls do not adhere to any strict crystallographic
directions and hence cannot be considered as ferroelastic.?31l
These are 180° domain walls that have been previously found
to be conductive.l'”] The images reveal a higher domain density
for the thinner films and the average domain size, evaluated
using the autocorrelation analysis (see Supporting Information
Figure S4), increases with the film thickness. The reduction of
domain size with film thickness can be understood from Kittel
relationship (w o< v/t ).}2 Detailed theoretical understanding of
the ferroelectric domain structures and size with film thickness
has been previously presented by Catalan et al.['8]

In conjunction with PFM images, the CAFM current maps
reveal two vital pieces of information. Firstly, they show spa-
tially inhomogeneous current regions that directly correlate
with a particular direction of the polarization. Irrespective of
thickness, the polarization direction pointing downwards bears
a direct correspondence with the LRS. This reinforces conclu-
sions from Figure 2 that the dominant conduction mechanism
is controlled by the polarization state and not the presence of
filaments. Secondly, we find that the local variations in the
polarization magnitude (not just the direction) strongly affect
the current. In other words, there is a strong signature of polar-
ization-magnitude mediated current transport in our films.

It is worth noting that the information revealed by the
CAFM images in Figure 3 is different from prior key findings
in BFO,[173933] which maintain that the domains typically have
conductivity lower than the domain walls. Similarly, in the case
of PZT thin films, it has been shown that domain walls pos-
sess greater conductivity than the domains.') On the other
hand, domain wall conductivity was found to be sensitive to
annealing, which suggests that this characteristics is not a uni-
versal property of the domain walls, but depends on specific
conditions, such as film processing parameters.!'>30:33] Hence,
it is critical to delineate domain wall contribution from the
domains to the conduction current. Unfortunately, Figures 3¢,f
do not have the resolution to confidently separate domain wall
conduction from the domain contribution. Therefore, an alter-
native approach based on PFM hysteresis loop analysis was
employed in order to understand the role played by the domain
walls vis-a-vis the domains.

In Figure 4 we plot the PFM switching loops acquired both,
locally on a single point (Figure 4a, 5 nm, and Figure 4b,
20 nm) and on 50 pm X 50 pm pads (Figure 4c, 5 nm, and
Figure 4d, 20 nm) respectively. (Statistical samples provided in
S5,56) There is a certain degree of imprint in the local meas-
urements attributed to the asymmetrical electrical boundary
conditions. A sharp 180° change in the PFM phase coupled
with the dip in the PFM amplitude occurs at + 0.9 V for the
5 nm and at £ 2 V for the 20 nm BFO films which indicate local
coercive voltages for these films. In contrast, the coercive volt-
ages obtained from the corresponding loops acquired on top
electrode pads equate to = 3 and + 4 for 5 nm and 20 nm films,
respectively. At these values a corresponding sharp transition
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Figure 3. Dual amplitude resonance tracking-piezoresponse force microscopy (DART-PFM) images of a,d) amplitude and b,e) phase, and c,f) conduc-
tion atomic force microscopy (C-AFM) current images for a—c) the 5 nm and d—f) the 20 nm BiFeO; films.

Amplitude (a.u
o o
r.u B
e
‘.ﬁ_»_‘.}
Amplitude (a.u.) Phas
o oo
nEe
S
|
-r}
o=
1

0.0+— ! — : o0l ~ :
-2 -1 0 1 2 - -2 0
Bias (V) Bias (V)
c d
3250- L — T VUL R I 3250- T T T
B 2001 1 2001
3 1) | gl
T 50: 3 & 1004
T ] ] I 20
S 34
S 1401 1 & 607 .
@ _ ] @ 484
E 133 1 3 36
‘s 35] 1 B <3
Eoop ™ 0w~ 40g%iL_* =
€ -4 -2 0 2 4 & -1C -5 0 5 10
Bias (V) Bias (V)

Figure 4. Single point PFM hysteresis (phase and amplitude) for the a) 5 nm and b) 20 nm films c) with pad on 5 nm film and d) with pad on 20 nm film.
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between the LRS to HRS states is observed in the macroscale  downward-oriented domains and at the domain wall using
I-V measurements. We have also acquired DC strain loops  the CAFM tip. The inset to the Figure Sb is the high-resolu-
(Supporting Information Figure S3) that further corroborate tion PFM image, which shows the locations at which the data
the alignment of the coercive voltage values with the observed  were acquired. Figure 5b confirms that the walls are less con-
jump in the I-V measurements from Figure 1. Following the  ducting than the domains, and that the two domain states do
discussion given by Kohlstedt et all?!l this indicates that the  act as two back-to-back Schottky diodes as noted previously.*1%
observed I-V hysteresis in Figure 1 stems from the polarization =~ They also confirm the highly asymmetric diode-like charac-
switching. We sought further visual evidence to check how the  teristics with forward to reverse bias current ratio of ~10° as
switching of all domains in one direction alters the global resis-  observed by others.}** We also investigated the [~V character-
tive state. istics of the poled regions for both film thicknesses, (Figure 5c).

CAFM scans were acquired after performing DC bias writing ~ Most importantly, Figure 5b,c illustrates that the voltage, at
on the same films. Generation of downward oriented domains  which onset of large increase in conduction is observed, aligns
was first achieved by scanning an area of 1 pm x 0.5 pm under ~ well with the coercive voltages acquired from the local single
external DC bias of + 3 V applied to the tip. This was followed by ~ point measurements (Figure 4a,b) for each film thickness.
poling to the upward state by scanning under external DC bias ~ This confirms that the change in resistance is indeed driven
of -3 V in the adjacent 1 pm X 0.5 pm area. The subsequent by polarization switching. Figure 5d shows the linear fitting
current map acquired at 0.8 V for the 5-nm-thick film as shown  of these curves by FN tunneling, which occurs due to the sig-
in Figure 5a (see Supporting Information Figure S6 for data  nificant reduction of the barrier width at higher fields. How-
on the 20-nm-thick film) illustrates a direct correlation of the  ever, in this case the FN tunneling occurs through the modi-
low and high resistance states with the down and up domain  fied Schottky barrier due to the localized nature of the electric
orientations, which is consistent with data obtained for the field under a tip."® Importantly, the Schottky barrier height
as-grown BFO films (Figure 3). The spatial inhomogeneity of  approximated from these curves is increased from =0.25 V
current is also significantly reduced in the poled regions as the  to =0.5 V with increase in the BFO film thicknesses from 5 nm
volume fraction of switched domains is much higher. Figure 5b  to 20 nm, as shown by the arrow mark in Figure 5d. We also note
compares three [-V curves acquired for as grown upward- and  the highly asymmetric nature of -V curves, which is absent
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Figure 5. a) C-AFM map acquired at 0.8 V for the 5 nm BiFeOs film after 3 V bias. Regions of the film that are poled downward (+3 V) display a higher
current compared to regions that are poled upward (=3 V). b) Current-voltage (I-V) curves for the as-grown up, as-grown down and at the domain wall
for the 5 nm film. The inset is a high-resolution DART-PFM image showing where the I-V curves were acquired. c) I-V curves acquired for the poled
regions of Figure 5a and Supporting Information Figure S4. d) Fitting of curve (c) by Fowler-Nordheim tunneling current.
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in the corresponding macroscale measurements (Figure 1),
highlighting the role of local tip potential effects on the
Schottky barrier.'#1°]

We do note that we did not observe any sign of cycle-to-cycle
non-reproducibility in the switching behavior in these films.
There are spatial, point-to-point variations in the local conduc-
tivity within large-scale (several square micrometers) single
domains (Supporting Information Figure S6). These varia-
tions could be due to a) the surface topographic features, which
affect the tip-sample contact resistance, b) remanent domains
left after poling or local polarization switching induced during
C-AFM imaging, and c) local variations in polarization mag-
nitude due to defect structure as observed from the local hys-
teresis loops. However, these variations in general are smaller
in magnitude than the difference in conductivity between the
opposite domains.

Figure 6 illustrates the possible RS mechanism governed
by electric polarization. The electronic charge inside the man-
ganite layer can be screened by changing the electron/hole
charge density (that can also lead to an interfacial metal-insu-
lator transition?>*’! in response to the polarization within the

B e

-eV

.

S T S A o S S

Figure 6. Schematic diagram for proposed mechanism for polarization
induced Schottky barrier modification for resistive switching: Band dia-
gram during a) forward bias, b) intermediate zero bias, and c) reverse
bias.
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BFO layer. Therefore, the polarization direction inside the BFO
layer can modulate the charge density at the interface leading
to Schottky type bend bending (underlying the need for ultra-
thin films) and hence hysteresis. During forward bias (posi-
tive voltage to LSMO) in Figure 6a, a polarization is gradually
developed inside BFO. The developed polarization inside BFO
can increase the barrier height®! thus causing the depletion of
electronic charge at the interface leading to band bending. After
a critical voltage is achieved the polarization built inside BFO
leads to sufficient increase in barrier height and width to sup-
press the SCLC (due to tunneling and transport through impu-
rity states). The system after this point is switched into HRS and
follows Schottky emission. Even though the system is returned
back to original zero bias condition as shown in Figure 6b,
the altered band structure (responsible for HRS) remains due
to remnant polarization inside BFO. The -V characteristic fol-
lows the HRS via Schottky emission until the reverse polariza-
tion switching occurs where the system is returned to its orig-
inal LRS.

3. Conclusion

In summary, we investigate the resistive switching behavior
of epitaxial (001) BFO/LSMO heterostructures by combining
local SPM with macroscale measurements for two distinct
thickness regimes. It is found that the local variations in the
domain structure lead to spatially inhomogeneous current. The
local resistive state is controlled by polarization orientation of
a ferroelectric domain. Specifically, the downward-oriented
domains are found to be more conductive compared to the
upward domains. In contrast, domain walls were found to be
less conductive than the domains of either polarity and hence
the domains (as opposed to domain walls) dominate the trans-
port behavior for these ultra-thin epitaxial heterostructures.
X-ray magnetic circular dichroism studies have already revealed
that the orbital reconstruction at the interface leads to superex-
change coupling across the BFO/LSMO interface causing novel
magnetic states and EB effects.l'% The results reported here
lead to further questions on the temperature and magnetic field
effects on resistive switching and open new avenues to exploit
correlations between transport, magnetic and ferroelectric
properties in CPP configuration devices such as for example,
polarization control of electronic states in strongly correlated
oxide heterostructures.%

4. Experimental Section

The device architecture (as shown in Figure Ta) is fabricated by PLD
using a KrF excimer laser (A = 248 nm, 20 ns pulse duration) under
RHEED control. Full details are given elsewhere.l’] The substrate was
annealed in vacuum at 900 °C for 30 min prior to deposition. Initially, a
50 nm LSMO buffer layer was deposited on single crystal (001) SrTiOs
substrate (with 0.1° vicinal miscut along (010) — Shinkosa Japan) at
900 °C temperature, laser density =1.3 | cm™2, laser frequency 5 Hz and
oxygen pressure 100 mTorr. The sample was cooled at oxygen pressures
600 Torr at cooling rate 5 °C min~'. Vacuum was then broken and an
edge of the wafer masked off such that masked portion of the LSMO
layer serves as the bottom electrode in a CPP configuration. A 20 nm
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thick LSMO bottom layer was deposited again followed by a thin BFO (5
nm or 20 nm) top layer. The BFO was deposited at 850 °C, laser density
=0.9 ) cm™?, laser frequency 10 Hz and oxygen pressure 50 mTorr.
The sample was cooled in oxygen at 400 Torr at 20 °C min™' cooling
rate. The epitaxial quality was confirmed by 6-26 and reciprocal space
mapping X-ray diffraction analysis. X-ray reflectometry (XRR) was used
to ascertain film thickness (Supporting Information S7). High-resolution
transmission electron microscopy on similar set of samples has shown
the interfaces are sharp without secondary phases or stacking faults
etc.’!l PFM and CAFM measurements were carried out concurrently on
the same machine (Asylum MFP-3D). Macroscale |-V characteristics
were measured as a function of different electrode sizes using a Keithley
2400 current-voltage source meter instrument. For PUND, PFM loops
and DC strain loops, 23 pm x 23 pm Au/Ti (60 nm/5 nm in thickness)
pads were defined on the sample surface as the top electrode through
photolithography and metal evaporation.
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