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n recent years, much attention has been

attracted to nanoscale phenomena in ferro-

electric films as explored by pezoresponse
frce mcroscopy (PFM) and conductive AFM
(cAFM). The notable examples include ferro-
electric domain patterning,' > dynamic
studies,*”” and polarization-mediated elec-
tronic transport®~'" With few excep-
tions,'%127"> these studies are performed
in ambient environment and include appli-
cations of high voltage stresses to the films.
Under these conditions, a broad spectrum
of electrochemical phenomena is possible,
ranging from trivial charging of surface
water layers (note that ionic charges
such as H" and OH™ cannot relax though
bulk electronic conduction and relaxation
necessitates surface or bulk ionic flows), ionic
exchange between material and liquid (e.g.,
for LiNbOs),'® to solid state electrochemical
reactions affecting the bulk of material. The
latter can range from reversible injection of
oxygen vacancies, to vacancy ordering, to
formation of new oxygen-deficient phases
and cation demixing.'”” While not explored
in the context of PFM, the recent work on
memristive and electroresistive phenomena in
titanates,'® 2" as well as similarity between
ferroelectric oxides and materials used in solid
oxide fuel cells,**~?* points to the potential
importance of ionic and electrochemical phe-
nomena in these materials.

Recently, a number of groups have reported
the role of surface charges in voltage-
modulated SPM?> and PFM?%%” and their
effect on observed domain wall evolution.
However, much less attention was paid to
the role of bulk electrochemical phenom-
ena in PFM and cAFM of ferroelectric and
other perovskite films (in comparison with,
e.g., scanning tunneling microscopy®®%?).
Last year, it was shown that dislocation
injections in materials such as SrTiO3 (STO)
from aqueous interfaces is possible at vol-
tages as low as 3—4 V.3° Combined with the
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ABSTRACT Applications of piezoresponse force microscopy and conductive atomic force
microscopy to ferroelectric thin films necessitate understanding of the possible bias-induced
electrochemical reactivity of oxide surfaces. These range from reversible ionic surface charging
(possibly coupled to polarization) and vacancy and proton injection to partially reversible vacancy
ordering, to irreversible electrochemical degradation of the film and bottom electrode. Here, the
electrochemical phenomena induced by a biased tip are analyzed and both theoretical and

experimental criteria for their identification are summarized.
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near-universal presence of a water droplet
at the tip—surface junction,®'? this neces-
sitates the search for (a) experimental sig-
natures of the tip-induced electrochemical
processes and (b) materials-based criteria to
estimate the probability of electrochemical
(vs intrinsic physical) mechanisms.
Phenomenological Observations of Electroche-
mical Phenomena in PFM. To illustrate the pre-
ponderance of electrochemical phenomena
in PFM measurements, several representa-
tive examples are shown in Figure 1. In
Figure 1a, the surface topography of ~30 nm
thick lead zirconate titanate (PZT) film after
application of ~5 V bias in the high-humidity
(~80—90%) atmosphere is illustrated. The
formation of surface corrugation of 1—2 nm
scale (comparable to the step edge height)
is clearly visible. As another example, shown
in Figure 1b is the PFM phase image (contrast
~10°) on the nominally 0.4 nm PZT film on
STO substrate. At this thickness, the film is
expected to be nonferroelectric, but the
PFM indicates clear phase variation. The

corresponding hysteresis loop (not shown)  *Address correspondence to

is reminiscent of minor hysteresis loops for
ferroelectric materials. Notably, the extre-
mely small thickness of the film suggests
that the presence of ferroelectric polariza-
tion is highly unlikely, and observed anom-
alous PFM contrast is due to ionic responses.
Similarly, bias-induced piezoelectric contrast
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Figure 1. (a) Surface topography of PZT film after PFM-based domain writing. Vertical scale is 5 nm. (b) Phase PFM image of
nominally 0.4 nm PZT film. Scale is 10°. (c) Surface topography and (d) PFM amplitude image of the PZT film after domain
writing under high-humidity conditions. (e) Surface topography and (f) PFM amplitude image of BiFeO3 ceramic surface after

~20 scan switching by —10 V.

was observed in nonferroelectric oxides including
(La,Sr;,)Mn05,**** SITiO5,** and CaCusTiy04,,>° where
electrochemical phenomena could partly contribute to
the measured response. Figure 1c,d illustrates a more
drastic example of surface damage on the PZT surface
induced by application of +8 V in the checkerboard
pattern. Notably, a clear PFM image is visible in the top
third of the image despite extreme damage to the
material. Finally, Figure 1ef demonstrates damage
induced by repeated scanning with a biased SPM tip
on BiFeOs ceramics, which in this case is associated
with suppression of PFM contrast.>®

To establish a possible mechanism of the surface
damage, we illustrate the correlation of surface da-
mage, polarization switching, and electronic current
for 30 nm PZT/LSMO/STO heterostructures (LSMO
stands for Lag 3Sro;MnQOs). Figure 2a shows the sample
topography after polinga 1 x 1 um? area with 6 V bias.
The poling induced a height increase (material
swelling) in the poled area by 3—4 nm, while main-
taining the general characteristics of the as-grown
surface morphology. This behavior can be interpreted
as either vacancy injection in a purely oxygen reduc-
tion/evolution reaction 205 <> 2Vy + O, + 4€ or
proton injection, H" 4+ e~ < H; < H/ + ¢, where
Kréger—Vink notation for defects is used.'” Alterna-
tively, more extensive damage including nano-
discharges or injection of extended defects similar to
ref 30, is possible. The link between vacancy density
and molar volume is universal for all oxides ranging
from ceria®” to cobaltites,®® ' nickelates,** titanates,
and manganites.** We note that systematic material
transfer from the tip (beyond small tip degradation)
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can be largely excluded since no continuous degrada-
tion of image quality is observed after repetitive scan-
ning, whereas topographical changes indicate signifi-
cant amounts of deposited material and uniform ex-
pansion of material within the scanned region. For the
same reasons, the changes in surface topography
induced by ferroelastic switching®**> of multiaxial
ferroelectric can be excluded.

Poling a smaller square with —6 V amplitude on top
of the damaged surface and recording PFM signal
afterward (Figure 2b,c) demonstrates that the film
remains ferroelectric despite the topography change
and despite the fact that the PFM amplitude decreased
in the damaged region. The second poling did not
induce any further surface change. A similar experi-
ment was repeated with single point measurements
ona5x5gridinal x 1um? area (Figure 2d—f). At
each point, the ferroelectric response was measured
(1 Vae, 890 kHz) as a function of voltage up to 6 V.
Figure 2g—i illustrates measured ferroelectric hyster-
esis loops (amplitude, phase, and mixed PFM signal).
Notably, the PFM images and the ferroelectric hyster-
esis loop show what might be classified as “normal”
ferroelectric switching.

The described behavior was observed on several
samples of different thicknesses and compositions.
Generally, thinner samples (<30 nm) always show
changes in topography, whereas for thicker samples
the probability for surface damage is strongly reduced.
Furthermore, similar samples do not show any surface
damage if measured in ultrahigh vacuum (UHV)'%'?
even for film thicknesses down to 2 nm, implicat-
ing the facilitating role of the water meniscus in
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Figure 2. (a) Surface topography of a PZT film after domain poling with 6 V. Vertical scale is 16 nm. (b) Amplitude and (c) phase
PFM images after back poling with —6 V (inner square). Scales are 2 and 20 V, respectively. (d) Surface topography of PZT film
after a 5 x 5 grid of bipolar voltage pulses to measure ferroelectric switching hysteresis with a maximum voltage of 6 V.
Vertical scale is 2 nm. (e) Amplitude and (f) phase PFM images after locally applied voltage pulses. Scales are 3.7 and 20 V,
respectively. (g) PFM amplitude, (h) phase, and (i) PFM mixed signal measured for a single point measured during the grid
experiment shown in panels d—f. (j) Current measurements on two single points with two voltage sweeps each.

electrochemical reactivity, similar to SPM-based nano-
oxidation*®~*® and nanostructure formation.*® Unipo-
lar experiments have shown that the surface damage is
only induced under positive voltages applied to the tip,
consistent with oxygen vacancy injection. Further-
more, this behavior is strongly correlated with locally
measured /—V curves, which show current only for
voltages larger than 1.5V, as shown in Figure 2j. The
surface damage is induced when positive voltages are
applied to the tip during the first voltage sweep, which
is accompanied by large electrical current spikes. The
second voltage sweep shows much smaller currents
and smooth /—V curves without spikes.

Theoretical Analysis of Electrochemical Phenomena at the
Tip—Surface Junction. To estimate the propensity of the
material for tip-induced electrochemical process, we
consider the process driven by the generation/annihi-
lation of electroactive species (oxygen vacancies, pro-
tons, hydroxyls) at the tip—surface junction with
subsequent diffusion or migration driven transport
through the film. The essential part of this model is
the presence of a potential drop in the tip—surface
junction (previously considered in the context of a
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dielectric dead layer effect in PFM>°), which drives
the electrochemical process. This voltage divider mod-
el is illustrated in Figure 3.

The self-consistent model of tip-induced electro-
chemical reaction requires the relationships between
the potential drop in the tip—surface junction and the
reaction rate and between the potential drop in the
material and the ionic and electronic fluxes through
the material. While development of general model is
clearly challenging (and for scenarios involving, e.g.,
spatial separation of metallic tip and electrochemical
reaction zone, the lumped element modeling is
inapplicable), we note that (a) ferroelectric materials
are typically poor ionic conductors at room tempera-
ture but can support electronic leakage currents,”' and
(b) in ambient, a water droplet is present at the
tip—surface junction. From (a), the potential drop in
the bulk can be ascribed to electronic resistance only,
providing a readily measurable parameter in cAFM.
From (b), the interfacial reaction kinetics (or rate) can
be modeled as a Butler—Volmer (BV) process®* (while
in the water-free environment, the choice of BV vs
Nernstian kinetics is still actively debated). In this
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Figure 3. (a) Schematic of the electrochemical processes at the tip—surface junction. Application of the bias, Vy;,, to the SPM
probe leads to potential drops in the tip—surface junction and in the bulk, Vy;, = AV; + AV,,. The potential drop in the junction
can drive electrochemical reactions and generate mobile ionic species that redistribute under the combined effect of electric
field and concentration gradients. (b) Potential distribution under the tip vs distance coordinate along the tip axis. Note that
the potential drop in the bulk will be a nonlinear function of the coordinate even in the absence of ionic and electronic
screening as a consequence of the localized nature of the probe. The electric field will be enhanced under the tip.

case, the ionic current generated at the junction is
related to the potential drop across the interface as

o FAE a.FAE
Iion = IO exp RT - p| — RT (1)

where o, and a. are anodic and cathodic charge
transfer coefficients, respectively, F is the Faraday
constant, R is the gas constant, T is the temperature,
AE is the overpotential (difference between the po-
tential drop at the junction and the equilibrium redox
potential or the reaction), and [y is the exchange
current density. While the BV parameters (particularly
lo) are generally not available for oxide—gas or oxide—
water systems at room temperature, as an estimate, we
use typical values for oxide fuel cell materials. Extra-
polating the temperature dependence of exchange
current for the Pd-yttria-stabilized zirconia system,**
we obtain o = 2.5 x 107 '"° A and a, ~ o ~ 0.5. While
the authors do not provide the surface area, estimating
it as ~1 cm? yields exchange current densities of iy =
25 x 107 A/m%

The voltage divider model illustrated in Figure 3
allows the relationship between the potential drops at
the junction and in the bulk as

7RG iosinh (%) +R1’e =
where Iy(V) = [(Vyip — V)) is the current though the bulk
determined by the potential drop in the bulk, and Ry is
tip—surface contact radius. R, is the electronic resis-
tance of the junction assumed to be parallel to ionic
resistance. We note that while the exact values of R,
are unknown, since /I—V measurements cannot decou-
ple junction and bulk resistance, and impedance-
based methods do not provide sufficient sensitivity
for decoupling interface and bulk contributions in
SPM configuration,”® estimates can be obtained
by measurements using nominally blocking elec-
trodes on conductive materials with similar chemistries

I (2)
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(e.g., strongly doped SrTiOs; vs thin nonconductive
SrTiO5 films on conductive substrates).

While a realistic transport mechanism can be uti-
lized to yield the numerical solution of eq 2, here we
consider the simplified cases of (a) known current
density and (b) uniform bulk conductance: I,
(Viip — V))Riipo, where o is the specific conductivity of
the material.

Shown in Figure 4 are the potential drops in the
tip—surface junction, that is, the overpotential driving
the electrochemical reaction, for several values of
electronic tip—surface resistance, R. calculated for
known current densities (case (a)). For low electronic
junction resistances, the potential drop in the junction
is essentially zero for moderate currents (below a few
microamperes) and electrochemical processes are un-
likely. At the same time, the presence of an insulating
layer on the surface combined with high bias stresses
induces electrochemical reactivity and injection of
ionic species in material. The effect of the exchange
current is illustrated in Figure 3b for I reduced by the
factor of # = 107° and 10>, Note that the effect on
the critical current density is relatively weak (due to
the strong exponential dependence in eq 1), and hence
uncertainties in electrochemical reactivity will have only a
logarithmically small effect on dynamics.

As a second comparison, shown in Figure 4c,d are
potential drops in tip—surface junction as a function of
bulk specific resistance. Note that for highly conductive
materials (e.g., for doped SrTiO5, p = 0.017 Q-cm>®)
with nonconductive surfaces the potential drops in the
junction and hence electrochemical reactivity could be
significant, whereas for nonconductive materials, the
potential drops predominantly through the bulk. This
behavior is further illustrated in Figure 4d, describing
the effect of surface electronic resistance.

While our model illustrates that the prerequisites for
electrochemistry, namely, water and a potential differ-
ence across the tip—surface junction, are readily avail-
able under a biased tip in an ambient environment,
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Figure 4. Potential drop in the tip—surface junction as a function of current for (a) i = 2.5 x 10 ® A/m? and different R, and (b)
Re=1 GQ and different j3. Potential drop in the tip—surface junction for (c) R. = 1 GQ and different o and (d) o = 1 S/m and

different R..

several real-world conditions may enhance these ef-
fects. First is the presence of contaminants on the
surface and in the water droplet, increasing the ionic
conductivity of the liquid. Even well-prepared surfaces
are susceptible to contaminations by hydrocarbons,
sulfides, and chlorides abundantly present in ambient
atmosphere. Adsorbed on the surface, their concentra-
tion can be significant in the small volume of water
under at tip. Second, as in any electrochemistry, the tip
material can contribute actively to the process, acting
as a catalyst.

Thermal Effects at the Tip—Surface Junction. An addi-
tional factor in conductive SPM measurements will be
the Joule heating of the material, tip, and water by high
current densities at the tip—surface junction. The
effects can be manifold and include (a) thermal re-
moval of water and contaminants from the tip—surface
junction (thus improving the contact), (b) thermal
activation of bias-induced processes including polar-
ization switching and electrochemical reaction, and (c)
thermal expansion of the material which will be de-
tected in the SPM signal. To estimate the thermal and
thermomechanical effects induced by the current flow,
we utilize the direct numerical simulations using COM-
SOL finite elements analysis package (COMSOL v4.1)
with a simplified geometry of a disk electrode on a
material with a fixed bulk resistance assuming zero
heat transfer on the top surface and electrode. Shown
in Figure 5a,b are the relevant stationary temperature
and displacement distribution. Note that the tempera-
ture distribution extends in the material at a length

KALININ ET AL.

scale comparable to the tip radius, as can be expected
from the diffusive nature of the heat transport. At the
same time, the mechanical displacement is strongly
localized below the tip due to 1/r behavior of the
corresponding strain Green's function. The tempera-
ture and maximal displacement versus current curves
are shown in Figure 5¢,d. Note that in this case / ~ Vo,
where V is applied bias and ¢ is conductivity, allow-
ing direct parametrization of the response. From
Figure 5¢,d, currents below 100 nA are not expected
to produce significant thermal or mechanical effects;
however, a few microampere currents will lead
to significant temperatures (AT > 100 K) at the
tip—surface junction. We further note that given that
temperature and thermomechanical displacement
are quadratic in voltage, AT ~ V2, these effects will
not contribute to the first harmonic of the signal
measured in PFM at zero dc tip bias (only second
harmonic of the signal affected (unpublished)) but
will contribute to the measurements in the dc field
(e.g., PFM spectroscopy) similar to electrostriction

effects.

General Factors Affecting Electrochemical Phenomena in PFM.
The universal feature of the experimentally observed
behaviors in Figures 1 and 2 and analyses in Figure 4
is that a combination of high leakage current, low
bulk conductivity, and the presence of low electronic
conductivity at tip—surface junction results in the signi-
ficant surface potential drops and overpotentials
necessary to drive electrochemical processes, giving
rise to a broad range of physical and electrochemical
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Figure 6. Bias-induced reversible and irreversible phenomena under the SPM tip. For illustration, the phenomena are divided
in physical (not involving ionic motion) and electrochemical (involving ionic motion).

phenomena, as depicted in Figure 6. The purely phy-
sical phenomena include polarization switching, which
may be associated with a charge-specific adsorption®’
that stabilizes the ferroelectric state®®*°° or surface
charging by mobile ions®>®' that contribute to the
depolarization field. Note that spreading of screening
surface charges is now argued to be the factor con-
trolling domain switching and back-switching kinetics
in PFM.?®27 Interestingly, similar phenomena are now
argued to underpin the metal insulator transitions in
oxide heterostructures,®>¢3 pointing to universality of
these mechanisms.
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Activation of surface electrochemical reactions can
lead to oxygen vacancies, proton and hydroxyl injec-
tion, and annihilation, each associated with changes of
molar volume of host material (and hence mechanical
effects). These processes do not affect the continuity of
oxygen and cation sublattices and hence can be
reversible. Further effects include oxygen vacancy
ordering (that can be both reversible and irreversible),
as well as irreversible processes that destroy the crys-
talline lattice, including surface damage, cation demix-
ing, degradation at the bottom electrode, or dielectric
breakdown. While many of these phenomena have not
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yet been explored for perovskites, recent studies of
Li-ion conduction materials,*®* oxygen ion conductors,%
and a large body of available data on ferroelectrics
allow the following characteristic signatures of these
processes to be formulated.

The reversible injection of oxygen vacancies (or
protons) associated with changes of the molar volume
of material cannot be differentiated from the piezo-
electric effect based on PFM data alone. The difficulty
in distinction is somewhat similar to that between elec-
trets and ferroelectrics based on P-E loop measure-
ments. Reversible ionic motion can give rise to a time
relaxation of the signal (on the scale of the correspond-
ing diffusion times) and (kinetically induced) hysteresis
loops. Absence of relaxation phenomena over a broad
time range (10~ to 10? s) is strong evidence against
ionic dynamics; in contrast, the presence of relaxation
can be a consequence of ionic motion, relaxor-type polari-
zation dynamics,®” %® or domain wall motion below
the tip.

In comparison, irreversible motion of oxygen va-
cancies (e.g., associated with ordering) in the film or
bottom electrode, injection of large-scale defects, and
phase transformations can be identified through the
(a) anomalous bias-dependent PFM contrast, (b) broad
domain walls, and (c) topographic changes on the film
surfaces. For example, in classical ferroelectrics, the
PFM signal will adopt a +PR value in positive domains
and —PR value in the negative domains. In the ionic
process, the contrast will be a continuous function of
writing voltage (similar to domain writing in ferro-
electric relaxors). Furthermore, transients in the hyster-
esis loops (where first loop and subsequent loops are
different, or loops are not closed) are a strong indicator
of electrochemical response. Finally, even minute to-
pographic changes (sometimes below the unit cell
level) are a strong indicator of the onset of an irrever-
sible electrochemical process. Given the typical che-
mical expansion coefficients of transition metal oxides,
a ~10% vacancy accumulation will lead to a ~1%
change in molar volume,***! providing a relationship
between surface expansion and penetration depth of

METHODS

Piezoresponse force microscopy (PFM) imaging, domain
switching, and current measurements were performed on a com-
mercial SPM system (Veeco Dimension and Veeco Multimode).
For imaging, a typical ac voltage of 1—2 V,,, at 30—100 kHz and a
maximum switching voltage of +9 V was applied to the SPM tip
during the measurement. Metal-coated tips (Au and Pt) from a
number of manufacturers (MicroMash, Veeco) were used.
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electrochemically transformed region. For example, for
a 10 nm film surface, deformations on the order of
~0.1-0.3 nm will be consistent with irreversible va-
cancy accumulation, whereas stronger changes will
be indicative of amorphization or injection of extend-
ed defects. We further note that for ultrathin films
the damage can also accumulate in the bottom elec-
trode, especially for materials such as (La,Sr;_,)CoO3
with good ionic conductivity and tendency for
amorphization.”®

Electrochemical phenomena are less of a concern
for bulk ferroelectric materials and single crystals,
where the potential drop occurs primarily through
the bulk. High-quality contamination-free surfaces
and good tip—surface contacts also reduce these
effects. Imaging in vacuum and dry atmosphere will
suppress electrochemical reactivity since electroche-
mical splitting of water molecules is kinetically much
more favorable then the four-electron oxygen reduc-
tion/evolution reaction of the type 205 <> 2Vy + O, +
4¢’ and equivalent redox potentials are lower. Similarly,
the use of large current-limiting resistors can signifi-
cantly reduce electrochemical surface damage.
However, combined transport PFM experiments on
even moderately conductive films will be highly
susceptible to electrochemical reactions, as can be
expected given the similarity between these materi-
als and electroresistive systems. Interestingly, similar
issues arise in the context of molecular electronic
systems, where ionic phenomena can also con-
tribute to observed transport behaviors.”" Finally,
electrochemical effects can also be expected in non-
ferroelectric materials (e.g., systems such as manga-
nites, cobaltites, etc.) and for thick ferroelectrics
under high-field conditions, such as capacitors and
tunneling junctions, where the ionic motion could be
a major contributor to electric field-induced strain.
The latter, in turn, can affect effective barrier width in
tunneling experiments, result in memristive ionic
switching, etc., necessitating these phenomena to
be differentiated from intrinsic polarization switch-
ing effects.
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