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ABSTRACT: Domain formation and ferroelectric switching is fundamentally
inseparable from polarization screening, which on free surfaces can be realized via
band bending and ionic adsorption. In the latter case, polarization switching is
intrinsically coupled to the surface electrochemical phenomena, and the electrochemical
stage can control kinetics and induce long-range interactions. However, despite
extensive evidence toward the critical role of surface electrochemistry, little is known
about the nature of the associated processes. Here we combine SPM tip induce
polarization switching and secondary ion mass spectrometry to explore the evolution of
chemical state of ferroelectric during switching. Surprisingly, we find that even pristine
surfaces contain ions (e.g., Cl−) that are not anticipated based on chemistry of the
system and processing. In the ferroelectric switching regime, we find surprising changes
in surface chemistry, including redistribution of base cations. At higher voltages in the
electroforming regime significant surface deformation was observed and associated with
a strong ion intermixing.

KEYWORDS: ferroelectric thin film, polarization switching, atomic force microscopy, time-of-flight secondary ion mass spectrometry,
chemical phenomena, ion intermixing

■ INTRODUCTION
Scanning probe microscopy (SPM) has become a standard tool
for characterization of ferroelectric materials on the nanoscale.
Its multiple imaging modes allow for comprehensive inves-
tigations of almost all aspects of ferroelectric single crystals and
thin films, including domain structures,1−6 optical responses,7−9

conductivity,10−12 and surface potential.13−15 In particular,
piezoresponse force microscopy (PFM) can be used for static
domain structure imaging on a sample surface with nanometer
spatial resolution.1,16−19 Moreover, the electric field produced
by a conductive SPM tip can induce local polarization
switching, enabling fundamental investigations of polarization
dynamics and practical applications including nanostructure
fabrication, data storage, and ferroelectric lithography.20−24

In the vast majority of experimental and theoretical work,
polarization switching is analyzed with the implicit assumption
of unchanged stoichiometry of chemical elements and the
driving force given by the volume integral of polarization-
electric field product.25−30 However, it is well recognized that
even bulk polarization is unstable unless it is screened at the
surfaces, by either metallic electrodes, band bending,31,32 or

surface ionic charges.33−35 The broad spectrum of phenomena
including remnant potentials above Curie temperature,36,37

temperature induced surface potential inversion,38 shadowing
of moving walls,39 intermittency and chaos during polarization
switching,23,40 can be directly traced to the ionic screening
charge dynamics.34 Recently, a seminal work of synchrotron X-
ray scattering has delivered insight into chemically controlled
domain structure evolution, polarization switching, as well as
provided direct evidence toward ionic screening on near-
equilibrium surfaces.33,35,41−44 However, tip-induced polar-
ization switching is often performed under conditions (bias,
times) that are known to result in a broad spectrum of
electrochemical phenomena, including nano-oxidation or ionic
motion.45−49 Hence, these considerations suggest that the tip
induced polarization switching may be strongly coupled to
surface and even bulk electrochemical phenomena.
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Notably, the SPM does not provide direct ways for
identification of chemical processes under the tip and even
more so in the bulk. Therefore, all explorations to date have
been done by either interpretation of secondary phenomena
(e.g., electric potential change or domain structure evolution)
or analyzing data of concomitant spectroscopic techniques (e.g.,
Raman scattering, Second Harmonic Generation,50 X-ray
scattering). At same time, secondary ion mass spectrometry
(SIMS)51 is able to provide spatially resolved information about
chemical composition in a studied sample as a function of
depth, offering a natural pathway to explore chemical changes
on ferroelectric surface and bulk induced by locally applied
SPM tip bias. This information can further be used for
investigating the chemical and physical phenomena associated
with polarization reversal in ferroelectrics.
Here, we employed time-of-flight secondary ion mass

spectrometry (TOF-SIMS) to explore surface and bulk
modifications in chemical composition and crystallographic
structure of bismuth ferrite ferroelectric thin films induced by
the local electric field of the SPM tip in the switching and
electroforming regimes. Surprisingly, we found strong coupling
between polarization and electroresistive switching and changes
in surface chemistry, as well as a nontrivial serendipitous of
surface chemistry on pristine surfaces. Understanding these
phenomena is important for fundamental investigations of
ferroelectric materials and has the potential to lead to the
development of new practical applications of tip-mediated
electrochemical reactions and material doping.

■ EXPERIMENT AND RESULTS
In our experiments we used 80 nm thick thin film of BiFeO3
doped with Ca, grown on La0.5Sr0.5CoO3/LaAlO3 substrate as a
model material with known ferroelectric properties.52 SPM tip-
induced electric field was used to produce changes in the thin-
film stack of BFO/LSCO/LAO from pure ferroelectric
polarization switching to electroforming and bias-induced
degradation.
Initially, we used contact mode atomic force microscopy

(AFM) and PFM to establish possible changes of the sample
structure and define corresponding limits of applied biases.
Specifically, we applied a switching voltage Usw ranging from
−100 V to +100 V between the bottom electrode and the
conductive SPM tip while scanning square regions of 20 × 20
μm and 40 × 40 μm (Figure 1). Depending on the amplitude
and polarity of applied bias, two types of associated changes
were observed. First, polarization switching was observed
during the application of relatively low negative voltages Usw ∼
−10 V. Switching in this bias interval did not change sample
surface and hence this low-voltage regime is referred as a
ferroelectric switching mode. Ferroelectric switching has not
been observed by positive voltage, since this is nonswitching
direction for pristine polarization direction.
Increasing the voltage amplitude above 50 V showed

significant irreversible changes in the surface topography of
the modified region (average roughness above 40 nm) and
sharp decrease in the piezoresponse signal (Figure 1 for −50,
−75, and −100 V). Such a change in properties shows that the
modified region has been irreversibly damaged, and does not
show polar properties anymore. Additional measurements by
conductive AFM tip demonstrated significant growth in its
electro-conductivity (measured by the tip resistivity decreased
down to 35 MΩ; see Supporting Information Figure S1). Here
and below this high-voltage regime is referred as a “electro-

resistive”. Finally, application of the voltages in the intermediate
range (between switching electro-resistive) led to spatial
coexistence of low-field ferroelectric and high-field structural
changes (Figure 1 -25 V).
To study structural and composition changes induce by

biased tip, we prepared larger test areas of 40 × 40 μm squares
modified in both switching (Usw = ± 10 V) and electro-resistive
(Usw = ± 100 V) modes (Figure 2a,b). Note that polling by

+10 V did not lead to any observable changes, as ferroelectric
switching was detected for negative voltages only, while the
other three regions clearly demonstrate changes in either
surface topography (Figure 1a,b) or PFM signals (Figure 1c,d).
TOF-SIMS measurements allowed direct measurements of

the associated changes in chemical composition. Here, the
TOF-SIMS experiments were optimized for the detection of
the positive secondary ions, which allowed detection of the base
components of BFO film and LSCO/LAO substrate, namely:
Bi+, Fe+, Sr+, La+, and Al+ ions (See details in Supporting
Information Figure S2). However, measurements in this mode
did not allow direct identification of the negatively charged ions

Figure 1. Tip-induced modification of BFO sample surface, measured
by SPM. (a) AFM topography, (b) deflection, (c) PFM amplitude, and
(d) PFM phase signals.

Figure 2. Detailed imaging of modified BFO surface. (a) AFM
topography; (b) PFM amplitude; (c−e) Ions concentrations on the
sample surface, measured by TOF-SIMS: (c) Bi+, (d) Fe+, and (e)
Cs2O

+.
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(e.g., oxygen, O− ions). To address this, we used Cs+ ion gun as
a sputtering source to create Cs clusters with the electro-
negative ion and subsequently monitored for Cs2O

+ clusters.
This also led to the preferential clustering of Bi+ into a CsBi+

clusters hampered the detection of pure Bi+ ions in the film
bulk, where CsBi+ clusters were mostly detected (Supporting
Information Figure S3c,d). Thereby, we used Bi+ maps for
analysis of the surface behavior only and CsBi+ cluster maps to
control the bulk.
TOF-SIMS measurements in a pristine BFO sample showed

expected depth profiles of base elements, where Fe+ was found
in BFO film only; Sr+ and La+− in LSCO layer; Al+ and La+ −
in LAO substrate (Supporting Information Figure S3a).
However, in addition to base elements of film and substrate
pronounced amount of chlorine ions (detected by presence of
Cs2Cl

+ ionic clusters) was found on the film surface
(Supporting Information Figure S4a).
Similarly, we investigated changes in chemical composition

induced by the SPM tip on the film surface (Figure 2) and in
the bulk (Figure 3). In the case of ferroelectric switching (low-

voltage mode) surface scans showed up to 20% of Fe+ and Bi+

concentration increase (Figure 2c,d −10 V region). This
behavior can be attributed to cation motion in a thin surface
layer. Although, switching in this mode does not lead to
observable surface topography changes (Figure 2a), tip-induced
electric field in the thin surface layer exceeds 100 kV/mm,29

which is enough to cause Fe+ and Bi+ redistribution.
Investigations in the regions modified in electro-resistive

mode similarly showed increase of Bi+ and Fe+ concentrations
on the sample surface (Figure 2c,d ± 100 V regions). Notably,
both polarities of applied bias demonstrated growth of the
surface Bi+ and Fe+ concentrations. This fact cannot be
explained in terms of electrostatic phenomena only, as in this
case electrostatic repulsive force should lead to depletion of the
positive ions in the modified region. However, our experiments,
showed completely opposite results −Bi+ and Fe+ concen-
trations are higher in the case of the positive bias. There can be
different explanations of this unexpected behavior. First of all, it
can have purely technical origin−electro-resistive switching
showed significant changes in the surface topography, which is

Figure 3. Region modified in electro-resistive mode. Top surface (a) AFM topography and (b) Secondary Bi+ ions distribution. (c−g) XZ depth
profiles of secondary ion concentrations: (c) Fe+; (d) Sr+; (e) Al+; (f) La+;(g) Cs2O

+; (h) overlay of Fe+ (red), Sr+ (green) and Al+ (blue).

Figure 4. Spatial distributions of chloride ions on the film surface (a) and in the bulk (b), detected via Cs2Cl
+ clusters. (c) 3-dimensions overlay of

Fe+ (red), Sr+ (blue), Al+ (green) and Cs2Cl
+ (yellow) ions.
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most likely followed by the film amorphization and consequent
increase in the efficiency of the secondary ion generation. This
would explain sharp increase in the measured concentration of
the secondary Fe+ and Bi+ ions, which however does not
correspond to their actual concentration on the sample surface.
At the same time, this explanation cannot be used for changes
observed in the case of ferroelectric switching, as it does not
show change in the sample topography (Figure 2a). Second,
observed behavior can be a result of an electrochemical
reaction, induced by the highly localized electric field in the
presence of the top water layer.
In addition to surface changes, electro-resistive switching also

showed significant changes in chemical composition in the film
the bulk. To get further insight into those changes we
performed detailed TOF-SIMS measurement on the freshly
modified by Usw = −100 V region of 40 × 40 μm (Figure 3a,b).
Detailed analysis of the depth profiles revealed significant
cation intermixing (Figure 3), leading to penetration of Fe+ into
LSCO layer and LAO substrate (Figure 3c) and vice versa −
Sr+ (Figure 3d), Al+ (Figure 3e), and La+ (Figure 3f)
penetrated deeply into the film. Introduction of the positive
Sr+, Al+ and La+ ions form LSCO and LAO into the film as well
as higher surface concentration of Bi+ and Fe+ can be easily
explained by electrostatic attraction to a negatively biased tip.
While opposite motion of Fe+ and Sr+ into LAO substrate,
evidently has diffusional origin or associated with spatial
inhomogeneity of the electric field near the LSCO layer.
As was already discussed TOF-SIMS revealed presence of the

chlorine on the film surface. Investigations in modified region
showed changes of Cl− concentrations both on the surface
(Figure 4a) and in the bulk (Figure 4b, Supporting Information
Figure S4b). While chlorine concentration on the surface
decreased, it was found to penetrate deeply into the film
(Figure 4b,c), which agrees with a polarity of applied electric
field. Negatively charged Cl− and O− ions repulse from the tip,
producing depletion region on the sample surface and injecting
deep into the film bulk. This explanation is confirmed by the
spatial distribution of the O− (Figure 2e) and Cl− (Supporting
Information Figure S5) on the surface of the region modified
by positive bias.
These results suggest that tip-controlled polarization and

electroresistive switching are both associated with the
penetration of ions from the adsorption surface layer into the
sample. Implications of these results are important for both
fundamental studies of tip-induced phenomena in ferroics and
wider range of materials and potentially open new direction of
local material modification by surface and bulk electrochemistry
mediated by the SPM tip.

■ CONCLUSION
In conclusion, we investigated changes in the chemical
composition of a ferroelectric bismuth ferrite thin-film
introduced by a strongly inhomogeneous electric field. In our
studies we used the biased tip of the scanning probe
microscope to induce two types of surface and bulk changes:
ferroelectric switching by application of relatively low electric
fields and irreversible electro-resistive surface modification by
application of higher fields. Correlative measurements of the
biased areas by TOF-SIMS allowed investigation of associate
changes in surface and bulk chemistry.
These measurements demonstrated a number of nontrivial

phenomena. In particular, significant role of the serendipitous
surface chemistries was confirmed by pronounced concen-

tration of chlorine ions on the sample surface and its
penetration into the bulk of the modified region. Significant
role of surface electrochemistry in the process of ferroelectric
switching was justified by strong changes in the surface
chemistry (concentrations of Fe+ and Bi+ ions). Finally, in the
case of electro-resistive modification of surface and bulk cation
intermixing was found to lead to the penetration of the Sr+, La+,
Al+ ions from substrate into the film due to electrostatic
attraction to the tip.
The phenomena explored in this paper are important from

both fundamental and practical points of view. In particular,
they confirm the significant role of electrochemistry on
ferroelectric switching processes and its special role of
adsorption surface layer. They also enable a number of
practical applications for local material modifications and
electrochemical processes controlled by the SPM tip.

■ METHODS
Studied Samples. In our measurements, we used ferroelectric 80

nm thick thin film of bismuth ferrite BiFeO3 (BFO) doped with 2% of
Ca and grown on LaAlO3 (LAO) dielectric substrate with 10 nm layer
of La0.5Sr0.5CoO3 (LSCO). Details of the growth procedure can be
found in ref52.

Atomic Force Microscopy. AFM and PFM measurement were
performed by Ntegra Spectra (NT-MDT, Russia) scanning probe
microscope using Multi-75 Pt-coated tips (Budget Sensors). For film
surface modification voltage Usw = −100−100 V was applied between
tip and bottom electrode.

Time-of-Flight Secondary Ion Mass Spectrometry. Mass
spectrometry measurements were performed in positive ions detection
mode using TOF SIMS-5 (ION-TOF GmbH, Germany) using a 30
keV Bi ion gun as the primary gun with a focused ion beam spot size of
∼5 μm, and a m/Δm resolution of 5000 ÷ 11 000. The images were
collected with a resolution of 256 × 256 points across a 129 and 200
μm imaging areas. Depth profiling of the sample was carried out using
a Cs+ ion-sputtering source operated at 1 keV and 50 nA, and
sputtering for 10 s per slice over a 300 μm total area. The 3D data was
reconstructed from 65 depth profile scans that corresponds to a depth
of ∼2.5 nm per image slice. The data was collected in positive ion
mode with Cl and O forming Cs2Cl

+ and Cs2O
+ clusters.
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