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ABSTRACT: Ionic movement has received renewed attention
in recent years, particularly in the field of ferroelectric oxides,
since it is intrinsically linked to chemical reaction kinetics and
ferroelectric phase stability. The associated surface electro-
chemical processes coupled local ionic transport with an
applied electric bias, exhibiting very high ionic mobility at
room temperature based on a simple electrostatics scenario.
However, few studies have focused on the applied-polarity
dependence of ionic migration with directly visualized maps.
Here, we use incorporated experiments of conductive scanning
probe microscopy and time-of-flight secondary ion mass
spectrometry to investigate oxygen ionic migration and cation
redistribution in ionic oxides. The local concentrations of oxygen vacancies and other cation species are visualized by three-
dimensional mappings, indicating that oxygen vacancies tend to be ejected toward the surface. An accumulation of oxygen
vacancies and ionic redistribution strongly depend on tip polarity, thus corroborating their role in the electrochemical process.
This work illustrates the interplay between ionic kinetics and electric switching.
KEYWORDS: Ca-substituted BiFeO3, oxygen vacancy, ionic migration, cation redistribution,
time-of-flight secondary ion mass spectrometry, conductive-AFM

Defect engineering of vacancies, antisite defects,
interstitials, and chemical substitutions by donors/
acceptors each provide a promising method for

controlling local electronic properties and relevant electro-
chemical behaviors.1−4 The cation redistribution of electro-
chemical modulation couples intrinsically to their physical
properties, for example, in ferroelectrics, emerging enhanced
conductivity at predefined domain walls,5 ultrafast ionic
mobility,6,7 chiral topology,8 and more.9−11 The associated
surface reaction kinetics are switched with electric polarization;
furthermore, induced metastable states are considered as the
signature of logical memory devices12 and superionic con-
ductors.13 Thus, for materials with high ionic mobilities, an
opportunity arises to carefully study the interplay between ionic
motion and electric polarity (e.g., ferroelectric switching14,15).
This still remains poorly understood and is critical for
investigating degradation and fatigue processes in ferroelectrics,
for example.
Our model materials, Ca-doped bismuth ferrites with a

significantly lower oxygen-migration activation energy, EA, have
been exploited for many years. By creating solid solutions
between orthorhombic CaFeO2.5 (brownmillerite)16 and

monoclinic BiFeO3 (perovskite),17 defect engineering has
emerged as a versatile tool for tuning the electronic and
optoelectronic properties of these materials, meeting the
practical demands of application in electrochromic sensors,6

resistive-switching memories,18,19 solid-state fuel cells,20−22 and
batteries.23 BiFeO3-parent oxides undergo a ferroelectric-to-
paraelectric transition with increasing calcium ion concen-
tration. Naturally induced oxygen vacancies (VO) are confined
to crystallographic unit cells due to the presence of Ca2+

acceptors and the intrinsic maintenance of the valence state of
Fe3+. With regard to oxygen stoichiometry and transport, a study
of bulk ceramics showed spontaneous VO creation and mixed
electronic and ionic conductions, as reported by Maso ́ et al.24
The ionic conductivity was characterized rapidly in epitaxial

Received: July 19, 2023
Revised: December 27, 2023
Accepted: January 2, 2024
Published: January 11, 2024

A
rtic

le

www.acsnano.org

© 2024 American Chemical Society
1948

https://doi.org/10.1021/acsnano.3c06675
ACS Nano 2024, 18, 1948−1957

D
ow

nl
oa

de
d 

vi
a 

K
O

R
E

A
 A

D
V

A
N

C
E

D
 I

N
ST

 S
C

I 
A

N
D

 T
E

C
H

L
G

Y
 o

n 
Fe

br
ua

ry
 2

3,
 2

02
4 

at
 0

7:
26

:4
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bingqian+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heung-Sik+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeonghun+Suh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeongdae+Seo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chan-Ho+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c06675&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06675?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06675?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06675?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06675?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06675?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/3?ref=pdf
https://pubs.acs.org/toc/ancac3/18/3?ref=pdf
https://pubs.acs.org/toc/ancac3/18/3?ref=pdf
https://pubs.acs.org/toc/ancac3/18/3?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c06675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


films,18 and a significantly large ionic mobility of 2 × 10−6 cm2

s−1 V−1 was recorded at 390 °C.20 Extensive studies show the
films have self-assembled superlattice structures with periodic
VO channels that microscopically arrange in order along ⟨100⟩ or
⟨110⟩ crystal axis across the critical Ca doping ratio of xCa =
0.45.7 The possible scenario on ionic conductivity involved
positively ionized VOs moving in external electric fields, which
was preliminarily verified by an electro-coloration approach
associated with the filamentary conduction pathways.25,26 Once
the mobile donors are electrically removed, the optical color of
the electrically formed region transforms into a dark color from
inborn yellow, being electronically hole-doped.10 Despite these
efforts, the direct probing of the ionic motion (VOs possibly)
governed by an external electrical stimulus has remained out of
reach in our Ca-substituted BiFeO3 system. Thus, the key
questions now are whether the VO motion appears under an
external bias and how it affects the local conductivity, which is
still poor in real-space experiments.
The motion of VOs is usually coordinated by differences in the

spatial distribution of the atomic-scale oxygen lattice, so the
alteration of the oxygen lattice, in turn, determines the injection
or rejection of oxygen at structural (sub)lattice sites. This
enables direct imaging of a structural lattice in real space with a
sub-nanometer or ångstrom resolution, for example, through the
use of a transmission electron microscope (TEM). In one case,
the field-mediated migration of VOs was imaged with time-

resolved TEM combined with an in situ scanning probe
microscopy, where nanoscale structural stripes, which are
associated with the existing VOs, were induced by tip bias and
relaxed as the external field was dismissed thereafter,27 similar to
the case of field-induced crystal dislocation motion.28 Those
sublattice visualizations with real-time experiments on defect
motion, however, were not widely used for functional analysis,
and this limits the processing approaches and engineering
applications of most crystalline materials. In another case,
advanced multimodal chemical imaging techniques simulta-
neously offer physical information coupled with nanoscale
chemical information, such as mass spectrometry with a
combination of high-resolution optical microscopy. Major
advantages of time-of-flight secondary ion mass spectrometry
(TOF-SIMS) include its substantial lateral resolution and
sufficient mass resolution for isotope-level separation. By
visualizing active ingredients inside, the tool can be used to
define the spatial distribution and kinetics of various
phenomena, such as tracer diffusion of isotropies,29,30 fatigue
of metals,31 degradation of (in-)organic materials,14 phase
transitions,32 drug delivers,33 and so on.15,34−37 Its strength lies
in the ability to simultaneously detect and identify multiple
chemical clusters within three-dimensional space while provid-
ing sufficient depth resolution to distinguish a unit cell. For
example, the approach was used to explore that screening
charges required for thermodynamic stability of a ferroelectric

Figure 1. Structural characterization of BCFO epitaxial films. (a) XRD 2θ−ω scans for two different BCFO film thicknesses. The film thickness
is determined by the Scherrer formula. The insets representω-scans for rocking curves at BCFO (001) reflection. (b) X-ray RSMs for symmetric
(002) and asymmetric (113) reflections. All ×’s mark the (002) and (113) central reflections of the BCFO thin films and STO substrates,
respectively.
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domain induced ionic motion and modified compositions at
surface layers (<3 nm).38 Furthermore, due to recent advances,
it is highly possible to study related crystal-defect dynamics,
which are largely unknown experimentally in greater detail and
with improved accuracy.28,38 This information could further be
used for carefully investigating the physical and chemical
phenomena associated with local polarity reversal in ferro-
electrics and other complex oxides.
In the present work, we provide a visualization strategy to

study the VOs’ motion under an external applied bias. Different
from ferroelectric switching of the parent oxide, the electrical
modulation in Ca-doped BiFeO3 is significantly involved with
ionic motions. In the combined study of conductive-AFM
(cAFM) and TOF-SIMS, we investigate the polarity effect of an
external bias that drives the forward motion of VOs and cation
redistribution in nanoscale and then locally control its electrical
conductivity and strain dependence, indicating the dominant
role of VO-assisted electrochemical reactions at the film surface.
Three-dimensional visualization maps establish possible
changes of the sample composition and specifically define the
enrichment layer of VOs in the vicinity of a freshly poled region.
The motion of VOs is regulated back and forth independently,
depending on the direction of the electric field, and both
negatively and positively poled ionic distributions are directly
resolved. This work highlights the importance of the chemical

interplay of ion transport and associated physical properties,
especially the promising application of tip-bias-mediated
electrochemistry in electrolytes.

RESULTS AND DISCUSSION
Epitaxial films of Bi0.4Ca0.6FeO3−δ (BCFO) were grown on
(001) SrTiO3 (STO) substrates by pulsed laser deposition,
which involved ablating a homemade BCFO target. The
crystalline structure, film thickness, and strain state were
analyzed by X-ray diffraction (XRD) through 2θ−ω scans and
reciprocal space maps (RSMs). The anticipated diffraction
peaks and thickness fringes were observed in a symmetric XRD
scan along the [00L] direction, demonstrating the crystallinity of
epitaxial BCFO films without noticeable impurity phases, as
featured in Figure 1a. We calculated the (001)-oriented films to
have an out-of-plane lattice parameter of c = 3.849 (±6) Å (Part
I in the Supporting Information). Local ω rocking curves at
(001) reflection exhibited a sharp peak together with a broad
background peak, indicating that the films were grown by a
Stransky−Krastanov growth. Initially adatoms grew in a layer-
by-layer fashion, resulting in a sharp peak with a narrow full
width at half-maximum of ∼0.03 degree (insets of Figures 1a,
and S1), and then growth continued through the nucleation and
coalescence of islands. Consequently, it is expected that the
misfit strain with the substrate is partially relaxed. We performed

Figure 2. Electrical modulation under a biased SPM/AFM tip. (a) Resistive switching behaviors by point current−voltage (I−V) curves using
the Bruker TUNAmodule. The arrows indicate the cycle of switching (in a sequence of +10 V → 0 V → − 10 V → 0 V → +10 V of tip bias), and
the inset shows the schematic setup for cAFM experiments. The sweep from +10 to −10 V in the gray line indicates the local low-conductance
state, while the red line from −10 to +10 V represents the high-conductance state. (b) Strain modulation by electrochemical reaction under
electrical poling by incrementally increasing the negative tip-bias voltage, showing the different expansion of lattice structure. Different colored
rectangles for each poling process are shown with the size of 3 μm × 0.6 μm. The scale bar in white represents 1 μm. (c) Line profiles of tip bias,
poling currents, and topographic heights along two vertical dashed lines in b. (d, e) cAFM images of the patterned area under the poling bias of
−10 V and +10 V, respectively. Topographic images after electrical poling show no significant surface damage or morphological change (left),
and the current map (right) with a reading bias of −2.0 V shows an enhanced-conductivity modulation (−10 V) and a current-suppression
behavior (+10 V). The scale bar represents 1 μm, and the current scale in the left and right ones represents 0.8 and 0.4 μA, respectively. (f)
Schematic illustration of the possible electrochemical mechanism under different polarity biases.
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RSM to examine the strain relaxation tendency and determine
the crystal structure with in-plane lattice parameters for the
thicker film. As expected, epitaxial BCFO films with a
pseudotetragonal phase were coherently strained in-plane to
match exactly that of STO in RSMs.18,20 Compared to the
vertical alignment of the near-symmetric (002) peak, a slight
right-shifted near-asymmetric (113) peak confirms the in-plane
lattice parameter is relaxed (Figure 1b). As a direct result of
epitaxial BCFO from HAADF-STEM, oxygen-deficient layers
(VO channel) align parallel to the [1̅10]-orientation alternating
with highly distorted chains of vertex-connected tetrahedra, with
a lattice periodicity of 3 in xCa = 0.6.7 Finally, the surface
topographical images were characterized by atomic force
microscopy (AFM) in a scan area of 5 μm × 5 μm (Figure
S4). All results yield low root-mean-square roughness (<0.3 nm)
without any grain-like structures, whether with or without the
SRO layer. Clearly, atomic step terraces appeared in BCFO
epitaxial films, consistent with prior results.20,26,39 However,
when the thickness exceeded 50 nm, this phenomenon vanished,
while at the same time the surfaces remained significantly flat
even with increased thickness. This low surface roughness is a
clear indicator of a high-quality epitaxial growth.
Initially, we used normal AFM to investigate possible changes

in the sample structure and define corresponding limits of
applied bias. We first described the electronic modulation of
BCFO using cAFM technology. Micrometer-sized regions were
poled in the BCFO layer using a conductive nitrogen-doped
diamond-coated silicon tip with an SRO bottom contact, as
schematized in the inset of Figure 2a. Unlike its parent BiFeO3,
which is better known for its ferroelectric properties, the
piezoelectricity was no longer detected with the pseudote-
tragonal structure (xCa = 0.6).18,40 However, the point I−V curve
by sweeping the tip bias between ±10 V presents the distinct
hysteresis property and typically asymmetric shape correspond-
ing to resistive-switching and rectifying behaviors41 (Figure 2a).
It was set to high conductance with the threshold of −3.8 V and
degraded to a low-conductance state below Vbias = −1.6 V. This
modulation of the transport property was replicated on many
samples.
Switching in this bias interval did not change the surface

topography, and this low-voltage regime hence is referred to as
electronic-state switching behavior. To avoid the dielectric
breakdown during the poling process, the surface topography
was monitored together. Specifically, we applied a switching
voltage Utip (±10 V) between the bottom electrode and the
conductive SPM tip. Depending on the amplitude and polarity
of the bias, two types of associated changes were observed. First,
electronic modulation and switching were observed once the tip
was biased. Under the applied bias, the enhanced electrical
conductivity and its surface morphology were observed directly
in Figure 2b and c. To define the local change on ionic motion,
line profiles covering poling current and topographical height
obtained in Figure 2b are shown in c. As can be seen, a gradual
current increase was observed during the poling process as the
bias rose from 0 to −10 V. And, the significant change in the
surface topography refers to an additional expansion of lattice
unit cells, which was attributed to the electrochemical reaction
ofVOmotion generally: a large number ofVOs were driven under
the negative bias (the bottom electrode of SRO was grounded)
and then accumulated at the surface; this strain was modulated
electrically with the amplitude of bias. Second, in one poled
region under the application of relatively negative voltages, Utip
= −10 V, its local current was measured with a reading bias of

−2.0 V. The larger concentration of VOs at the poled-region
surface indexed an increased local conductivity, where its
readout of current reached ∼0.8 μA under the tip bias of −10 V.
On the contrary, the current was suppressed unsurprisingly with
the tip bias of +10 V. Their cAFMs are shown in Figure 2d and e,
respectively. As the sample was biased, mobile electronic donor
VOs are redistributed and break the compensation with the
uniform distribution of acceptor Ca2+ ions, generating
conducting states locally.18 A large current contrast gradually
appeared compared with that of the initial insulating host, and
hence VOs migrated along the applied field, indicating an onset
of the electronic phase transition to a highly conducting state.42

Simply put, a tip-induced electrical field (∼kV mm−1, which is
sufficiently large) drives charged species to move and then
causes base element redistribution. In the case of BCFO, the
negatively biased tip forces the ionized VOs (positive charges) to
pile up on the surface, simultaneously driving enriched oxygen
(O2−) downward. Conversely, a positively biased tip produces
the opposite effect, as schematized in Figure 2f.
TOF-SIMS measurements allow us to obtain visual results of

associated changes in chemical composition.34,43 Due to the
larger intensity of negatively charged species, particularly O−

ions, we observed saturated trajectories in our experiments.
Consequently, the TOF-SIMS experiments described herein
were optimized for the detection of positive secondary ions. This
mode that we used does not allow us to directly measure the
concentration of O− ions, of course. Oxygen-containing clusters,
however, can give rich information regarding the local O−

concentration. In our experiments, a Cs+ ion gun was used
separately as a sputtering source to excite Cs clusters, thereafter
forming objective Cs2O+ species instead of the intrinsically
electronegative O− ions.
The prominent role of the VOs and evolution of the local

conductivity are clearly demonstrated when studying a multi-
layer junction of BCFO(230 nm)/SRO(20 nm)/STO. A
secondary ions mass spectrum averaged over the whole detected
region (100 μm × 100 μm) is presented clearly in Figure 3a,
showing the presence of almost all base elements (Ca+, Fe+, Bi+,
Ru+, Ti+, and Sr+) and proton-containing species (e.g., H+),
where they are investigated to evaluate chemical reactions under
external polarity modulation. Besides, the preferential clusters
CsFe+ and CsBi+ may be detected.14 However, the intensity of
Bi+ is quite small in detectability due to the low concentration in
solutions (Bi:Ca = 0.4:0.6) and possibly because of the relatively
low ionization ratio under sputtering conditions. Furthermore,
we assume that the etching rate is polarization-independent and
then calculate it with ∼0.8 nm (2 u.c.) per etching layer in the
BCFO layer and ∼1 nm per etching layer in the SRO layer. For
reliable analysis, the lattice expansion from additional bias-
modulated strain is ignored, where the crystal layer between
poled and unpoled regions is the same for TOF-SIMS slices. At
the same time, those grain- and cluster-like structures are
neglected again for inherent analysis.
Next we investigate changes in chemical composition,

especially focusing on oxygen underneath a biased tip. The
applied field from a polarity tip was used to produce changes in
BCFO/SRO/STO through electroformation. For the regions
analyzed in TOF-SIMS, two 10 μm × 10 μm boxes were poled
with a bias of −10 and +10 V, successively. We plot the depth
profiles of them and a pristine (unpoled) region with the same
size, as schematized in Figure 3b and c. The expected depth
profiles of base components in TOF-SIMS reveal distinct
differences at interfaces (Figure 3c and Figure S10 in the
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Supporting Information), where Ca+ and Fe+ are found in the
BCFO layer, Ru+ is exclusively in the SRO layer, and Ti+ is solely
in the STO substrate. In addition, Sr+ clusters are found in SRO
and STO together. Their intensities, however, differ greatly due
to various etching rates in BCFO and SRO layers. Moreover, all
line profiles on Cs2O+, Sr+, Ca+, and Fe+ present similar changes
but with modulated intensity of the first two. The slopes of
Cs2O+ of different polarities are different, and Sr+ appears in the
BCFO layer with significantly varying intensity.
The variation in local concentrations can be further evaluated

by line and depth profile analysis. Two line profiles passing
through separated poled regions provide additional insights into
the migration and redistribution of lattice oxygen, as detailed in
Figure 4a. The normalized Cs2O+ signal, despite the poor signal-
to-noise ratio, differs substantially from one scan to the next.
This result with different responses is registered at negative and
positive tip biases, respectively. The discrepancy is attributed to
the corresponding modulation in Cs2O+ concentration encoun-
tered at different tip polarity. Their concentrations were found
to be significantly lower with different depths in BCFO, which
indicates a modified decrease of the film in poled areas,
confirming the presence of VOs and the signature of ionic
motions. (i) As expected in the region experienced byUtip = +10
V, the canyon-shaped portraits of Cs2O+ concentration are
observed from a middle layer to deeper ones, indicating the
reducing of oxygen ions. Moreover, a swamp of Cs2O+-reduced
distribution is immersed in the bottom layer, demonstrating an
upward motion of oxygen ions driven by the electrostatic force
between the biased tip and bottom electrode. At the same time,
broader valley-shaped distributions suggest the possibility of
lateral diffusion. The absence of a discernible rise in oxygen
content on the BCFO film’s top surface has us considering the
possibility of oxygen expulsion through the material’s surface.
(ii) Furthermore, the left profile shows the region prepared by
Utip = −10 V also undergoes an oxygen decrease similarly, but
the concentration variation of Cs2O+ is relatively uniform in
different depths including the low-depth layers of the film.While
there is a notably slight increase in the bottom layer of the BCFO
corresponding to a great concentration of oxygen embedded in
crystal layers, importantly, a saddle-like change appears in the
STO layer underneath a negatively biased tip accidentally. In

adjacent areas that can be verified, no notable increase was
observed. We believe that the migrated oxygen moving
downwardly without accumulation at the bottom layer of the
BCFO, however, passes through the SRO conducting layer and
further diffuses into the STO substrate, which is in great
agreement with the tracer diffusion of oxygen in the SrTiO3
crystal.44

Three-dimensional cross-sectional maps give us a clearer
visualization of this contrast, as shown in Figure 4b. Notably,
chemical imaging reveals that the contrast differs hugely along
the z-direction, where different polarities of applied bias
demonstrate considerable modulation of the surface Cs2O+

concentration. Significantly, an increase in the Cs2O+ concen-
tration on the top layer was observed regardless of different
polarities, which is, once again, consistent with the above
findings. We further generated two-dimensional maps depicting
the Cs2O+ spatial distribution (middle and right ones in Figure
4c, respectively). Additionally, an unpoled map is presented in
Figure 4c (left) for comparison. The raw results are displayed in
Figure S8 with an unavoidably inhomogeneous background,
which originates from the dispersion of flight time with the
increase of etching depth (Part III in the Supporting
Information). After subtracting it, the spatial distributions
were revealed in the y−z plane, and relative line profiles are
displayed further in Figure 4d, obtained by averaging the Cs2O+

concentration maps along the vertical direction. Here the
oxygen-enriched surface layers were disregarded due to their
reactivity in the ambient air environment.35 Negatively charged
O2− species were repulsed from the tip, producing the depletion
region on the sample surface and injecting deep into the film.
The result we see is that, under the negatively polarized bias,
there is a downward trend from bottom to top, and a lower
concentration of Cs2O+ is detected among the top layers,
meaning a large number of VOs replaced the preferable lattice
oxygen (O2−) there. In contrast, a noticeable upward trend line
is observed under a positively polarized bias. The lower intensity
of Cs2O+ corresponds to a higher concentration of VOs, which
further contributes to the observed bias-induced switching
asymmetries. Moreover, no noticeable difference was observed
in the pristine (unpoled) region at any depths. All of them clearly
demonstrated the motion of VOs under a polarity-biased tip and

Figure 3. SIMS results of BCFO. (a) Mass spectrum of averaged 3D SIMS scan. (b) Schematic patterns of pristine and poled regions, each
measuring 10 μm, with the entire etching region for TOF-SIMS measuring 100 μm. Two regions are poled successively. (c) Depth profiles for
targeted species in pristine (gray) and projected (green: −10 V and red: +10 V, respectively) regions.
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effectively visualized the accumulation ofVOs near the negatively
applied bias.
To fully analyze and understand the spatial chemical element

distribution, we plotted two-dimensional and three-dimensional
maps of detected species, respectively. Reconstructed maps of
Cs2O+ in different depths are visualized distinctly in Figure 5a,

covering two electroformed regions with different polarization.
We discussed that due to the chemical reactivity, the surface was
enriched by oxygen and then relaxed completely among poled
regions. In deep layers, a huge contrast and opposite trends
among them emerged considerably. The higher concentration in
the surface of positive- or negative-charged ions and the gradient

Figure 4. Detailed analysis of Cs2O+ ion distribution in SIMS results. (a) Line profiles of Cs2O+ concentration at different depths along poled
areas, by averaging them along the x-axis. Corresponding changes were labeled as percentages based on the differences between baselines and
valleys or peaks (detailed analysis with error bars is shown in Figure S9). (b) 3D overlayers of poled regions (upper: − 10 V and lower: +10 V,
respectively), showing the huge contrast of spatial distribution upon different polarity biases. (c) Cross sections along the y−z plane in both
poled and pristine regions. (d) Corresponding depth profiles in different regions, which are plotted by averaging measurements within labeled
regions. Note that the surface is oxygen-enriched due to exposure to ambient air, and grain-like structures have been disregarded in the analysis.
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distribution along the z-direction presumably originates from
bias-assisted kinetic ionic migration.45

Furthermore, an unexpected phenomenon was observed at
the spatial gap between two poled regions, by accident, as
illustrated in Figure 5b, where only a very low concentration of
Cs2O+ species was detected. Compared to two projected regions
with the size of 10 μm, it seems that oversized regions
experienced electronic modulation as imaged. The poor
intensity that we observed means most of the oxygen-containing
species among this region were ejected out. The above result
cannot be simply explained in terms of the electrostatic effect
under a biased tip, as in this case no electrostatic repulsive or
attractive force is attributed to the depletion region of Cs2O+

species because it is located far from the poled regions (10 μmof
lateral gap). This chemical change is likely to be caused by the
huge spatial difference of VO concentration in the x−y plane,
which is determined by Fick’s diffusion law, exhibiting desirable
lateral diffusion. The bias-induced field attracts more defects
accumulating near the surface, while it relaxes and laterally
migrates along the ⟨110⟩-oriented periodic VO channel.7 The
projected region was found to be enlarged by 2−3 μm, and we
note that the time gap between the poling process of cAFM and
signal collection of TOF-SIMS was about <10 h, so the
estimated diffusion constant was about 10 −12 cm2 s−1 at room
temperature, which is 3 orders of a magnitude larger than the
reported value (only ∼10−15 cm2 s−1).7,46 Meanwhile, the Joule
thermal effect for an increase in body temperature was ignored
(Part VI in the Supporting Information). Thus, this enhance-
ment can be attributed to an unclarified conductivity mechanism
at room temperature. On the one hand, the immediate tail effect
of continuous pulses facilitates the gradual relaxation of local
potential even after the electric pulse subsides to zero.
Consequently, the ionic motion becomes energetically favorable
over short distances as well.47 On the other hand, highly
disordered, strained lattices were observed in electroformed
BCFO with a relatively higher concentration of VO defects,10

where strain-enhanced diffusion rapidly occurs above the
intrinsic concentration of VOs due to the flexoelectric effect.48

This enhanced diffusivity was also observed in our real-time
recording videos; that is, the ionic mobility in the dark-colored
phase (greater concentration of VOs) is larger than that of the
intermediate phase close to room temperature.7 Thus, their
contributions together facilitate the systems relaxing to a lower
concentration state from the local accumulation (larger
concentration of VOs), and the migration of VOs toward the
area that was unpoled initially but adjacent to the poled ones
manifests a state of temporary nonequilibrium.
Clearly, this model supports only isotropic ionic motion.

However, Figure 5a and b focus on the lateral diffusion only
appearing along the x−z plane, modeling the anisotropic
transport of VOs at room temperature. This disagreement
shows that the simple model described above cannot completely
describe this behavior. A more precise model should incorporate
electromigration as a self-consistent problem based on electro-
statics,38 where induced-field Eind originates from ionic motion
changing the local distribution (Eind = E(n, r, t), where n, r, and t
represent the accumulated charge density, relative spatial
distance, and relative time scale, respectively (see Part VII in
the Supporting Information)). To obtain a numerical simulation
of the gradient-composition-induced electric field, a model of
layer-by-layer dipoles is applied for electrostatic potential
(Figure 5c). Due to a gradient distribution of accumulated
charges, the static electric field is strongly enhanced along the

inner region with a nonequilibrium contribution, dominating
the acceleration of VO drift in the +x-direction.46 Such advanced
simulation on relaxation including a time-dependent Poisson
equation is beyond the scope of the current work and will be
further studied elsewhere.
In addition to the motion of VOs, the electric polarization also

denotes significant changes of chemical compositions; for
example, the degradation of a ferroelectric film induced by a
larger bias was confirmed by irreversible damage in topography,
mainly originating from the redistribution of base cations from
the bottom layer into BiFeO3.

14 Here to gain a comprehensive
understanding of chemical evolution under a negatively biased
tip, we present a three-dimensional overlay visualizing Sr+
(cyan), Ca+ (coral), Fe+ (silver), and Ti+ (purple) ions (Bi+
and Ru+ are not shown here due to their minimal intensities; the
shades of the typical colors denote species concentration). This
visualization covers a 10 × 10 μm cross section underUtip = −10
V, as illustrated in Figure 5d and Figure S10. No structural
damage in the AFM topography is indicated after the electrical
poling process. Detailed analysis of different cations featured
significant cations intermixing between the BCFO and SRO
layers, bringing about the penetration of alkaline-earth cation Sr+
into the BCFO layer, which strongly agrees with the polarity of
the applied electric field. Our result, however, could not produce
evidence that Fe+ ions penetrated deeply into the bottom layers
associated with polarization due to the extremely weak contrast
in a positively biased region. The introduction of the positively
charged species Sr+ by electrostatic attraction between a
negatively biased tip and the grounded bottom layer can be
discussed further. This redistribution of cations among multi-
layers results in a metastable state with a tunable composition of
(Bi,Ca,Sr)FeO3−β, where it is difficult to determine the accurate
atomic ratio experimentally. It only supports the motion of Sr+
under a polarity bias from our TOF-SIMS results, and the
estimated mobility is about 2 × 10 −13 cm2 s−1, which is also
three orders of an amplitude larger than the value reported in
previous work.49

CONCLUSIONS
In summary, we have realized the 3D visualization of ionic
redistribution in epitaxial BCFO films with the electrochemical
modification of local transport. Without any intrinsically
ferroelectric property, BCFO with a doping ratio of xCa = 0.6
is ionic, which allows us to study the evolution of the iontronic
properties. With the mediation of creation and annihilation of
VOs, the surface electronic conductivity and compositional
distribution are locally regulated through a biased tip during the
electrochemical reaction. Thus, through the combined study of
cAFM and TOF-SIMS, we utilize the electrical polarity to
manipulate the local conductivity in BCFO films. We observe
the opposite-trend migration of VOs in real space, pinpointed
down to a nanometer scale through electric bias, attributed to
the electrostatically attractive/repulsive force of VO/lattice-
oxygen beneath the SPM tip. Moreover, our experimental
findings reveal unexplored room-temperature diffusion en-
hancement of VOs with a spatially anisotropic feature, which is
dominated by the combined effects of the induced electrostatic
potential and highly strained lattices. Our results display the
strong coupling between ionic motion, local strain, and surface
conductivity, thereby providing valuable insights into the
mechanisms underlying ionic conductors and multistate
memory behaviors for the development of next-generation
electronic/electrochromic devices.
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METHODS
Thin Film Depositions. In our experiment, the BCFO films were

deposited on (001) STO single crystals (CrysTec GmbH) by using
pulsed laser deposition. A KrF excimer laser with a wavelength of 248
nm was used for their epitaxial growth. The custom-made targets were
calcinated using the conventional solid-phase reaction method, and
details of the procedure can be found in refs 20, 26, and 50. After
ultrasonically being cleaned and then being transferred into the
chamber, the STO single crystal was annealed at 675 °C in oxygen gas
of 150 mTorr during the whole deposition process. The optimized laser
conditions for epitaxial growth were a laser intensity of 1.2 J cm−2 and a
laser repetition frequency of 10 Hz, with the estimated growth rate of
1.4 nm min−1.

For cAFM measurements, a conducting SrRuO3 layer with a
thickness of 20 nm was initially grown at a substrate temperature of 700
°C and an oxygen pressure of 150 mTorr. It resulted in a ∼20-nm-thick
SRO layer with 6000 laser pulses.
Structural Characterizations. To analyze the crystal structure of

the epitaxial Ca-doped BiFeO3 thin film, XRD with conventional 2θ−ω
scans and RSMs were taken using a commercial PANalytical X’Pert-
PRO MRD diffractometer with Cu Kα1 radiation (λ = 1.5406 Å).

AFM and cAFM measurements were performed at room temper-
ature using a Bruker scanning probe microscopy instrument (Multi
Mode-V HR). The topography was mapped using a standard silicon tip
(μmasch) with an area of 5 μm × 5 μm. For cAFM experiments, a
conductive diamond-coated silicon tip (nitrogen-doped, CDT-FMR-

SPL, NanoWorld) with a force constant of 6.2 Nm−1 was used, where it
was equipped with a cAFM application module (TUNA). Standard
boxing−poling processes were done with a size of 3 μm, while the
current of the poled regions was monitored. The topography was also
monitored to ensure that there was no structural damage. Poling was
completed when the current reached about 1 μA. The typical scanning
rate was 0.3 μm s−1. All data were obtained under ambient conditions at
room temperature.
Time-of-Flight Secondary Ion Mass Spectrometry. For the

regions analyzed in TOF-SIMS, two 10 μm × 10 μm boxes were poled
with a trial-and-error method with a bias of −10 and +10 V,
respectively. During the poling process, scanning 10 μm required 512
points at a rate of 0.2 Hz. It took approximately 3 h for every region to
complete the poling procedure successfully.

Mass spectrometry measurements were collected using a TOF
SIMS-5 instrument (ION-TOF GmbH, Germany). Here the positive
ion detection mode with tracking the Cs2O+ mass peak was regarded
experimentally as the typical fingerprint of oxygen content. In these
measurements, surface layers were bombarded continuously by a
focused Bi3+ beam, and the released secondary positive ions were
detected and identified by using a time-of-flight detector. The primary
beam with a 30 keV Bi ion gun was spotted on an area with a size of 100
μm × 100 μm. The sputter beam was set at 1 keV and 50 nA for a Cs+
ion-sputtering source over a 300 μm total area. The analysis was done
using a cycle time of 100 μs in random mode, with an image resolution
of 256 × 256 pixels. Ex situ AFM calibration after sputtering revealed an

Figure 5. Spatial distribution of detected species. (a) Chemical maps of the x-y spatial distribution of Cs2O+ at different depths, normalized to
the maximum intensity. To gain a clear understanding of spatial differences, each slice includes all information from a 4-nm-thick layer
(approximately 8 u.c.). The green and red edge-colored squares indicate the polarity regions with biases of −10 V and +10 V, respectively. The
color of dark blue, green, yellow, and red indicate the relative concentration varying from lower to higher. (b) Profile of the Cs2O+ species in the
x−z plane, where the lateral spatial gap between poled regions is 10 μm. (c) The simulated static electric field E with gradient charges, showing
the in-plane induced field Eip is enhanced in the lateral gap and anisotropic between the x−z and y−z planes. (d) 3D overlayer of Sr+ (cyan), Ca+
(coral), Fe+ (silver), and Ti+ (purple) ions (Bi+ and Ru+ are not plotted visually due to their minimal intensities). The shade of color represents
the concentration of the species. Cross-sectional 2D maps are shown in Figure S10. The unit in spatial scale is μm.
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etching rate of about 0.8 nm (2 u.c.) per etching layer in BCFO. Two
10-μm-sized regions were initially poled under tip biases of −10 and
+10 V, respectively, with a lateral spatial distance of 10 μm.
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