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T
he recent discovery of high-mobility
2Delectrongas (2DEG) on the LaAlO3�
SrTiO3 (LAO�STO) interface1 has at-

tractedmuch interest to this system. Follow-
ing the initial discovery,field-controlledground
states were explored2,3 and giant capaci-
tance enhancement was discovered.4 Since
then, a broad variety of exotic physical
phenomena including superconductivity,5

magnetoresistance,6 andmagnetic regions7

were observed. Further interest in these
materials was attracted by the possibility
of charge writing8 that allows selective pat-
terning of conductive and insulating re-
gions, opening pathways to the fabrication
of sub-10 nm oxide electronic devices.
This plethora of novel electronic pheno-

mena has stimulated extensive efforts toward
the understanding of the associated under-
pinning mechanisms. The prototypical physi-
cal mechanism suggested for interpretation
of thickness-dependent electronic phenom-
ena in LAO�STO is polar catastrophe,9 that is,
the transition of surface electrons to the
interface at a certain critical thickness and
the formation of an interface charge layer.
This process can be strongly affected by
lattice polarization,10�12 and transferred
electrons can be localized in multiple sub-
bands.13,14 The alternative mechanism for
2DEG formation is chemical cationic inter-
mixing at the interfaces, that is, formation of
metallic La-doped SrTiO3.

15,16 Finally, a num-
ber of authors consider the formation of
oxygen vacancies17�21 on the LAO surface
or segregating on the bulk as the inherent
part of the process. A recent overview of the
structure and properties of the LAO�STO
system is given by Chambers et al.22

Mechanisms ofmetal�insulator transitions
at the LAO�STO interface are of particular

interest in the context of local SPM-based
manipulation of local conductivity. Recently, a
number of experimental studies have eluci-
dated the role of charged surface adsorbates
(water cycle mechanisms) on LAO�STO
switching.23�25 Notably, the presence of
polar adsorbates on oxide surfaces26�28

and coupling to, for example, ferroelectric
state stability29�31 andpolarizationdynamics32,33

are well-recognized now, providing a broader
context for this model. A recent theoretical
effort by Bristowe et al.34 analyzed the
dynamic formation of surface vacancies
as a mechanism for charge writing and
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ABSTRACT

Local electrochemical phenomena on the surfaces of the LaAlO3�SrTiO3 heterostructure are

explored using unipolar and bipolar dynamic electrochemical strain microscopy (D-ESM). The

D-ESM suggests the presence of at least two distinct electrochemical processes, including fast

reversible low-voltage process and slow high-voltage process. The latter process is associated

with static surface deformations in the sub-nanometer regime. These behaviors are compared

with Kelvin probe force microscopy hysteresis data. The possible origins of observed

phenomena are discussed, and these studies suggest that charge-writing behavior in

LAO�STO includes a strong surface/bulk electrochemical component and is more complicated

than simple screening by surface adsorbates.
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formation of 2DEG in LAO�STO. Notably, these surface
electrochemical mechanisms are relevant to other
functional oxide surfaces, including ferroelectrics.35,36

On the basis of existing theoretical analyses, both
the LAO surface and LAO�STO interface can be pre-
ferential sites for vacancy segregation. The natural
question arising in this context is the localization of
the oxygen vacancies (and generally mobile ionic
species) introduced during film growth and the
charge-writing process (Figure 1).While the ion deposi-
tion on oxide surfaces is well-recognized, we note that
injection of vacancies in the bulk under conditions of
high bias stress is possible even at room temperature.
Indeed, both LAO and STO are (upon proper doping)
well-recognized ionic conductors.37 While classical
oxygen-exchange studies driven by chemical potential
gradients are generally limited to 500�700 �C,38,39

application of high electric fields facilitates migration
(i.e., field driven) transport of ionic species even at low
temperatures.40,41 For bulk oxides, these phenomena
were long explored in the context of ferroelectric
fatigue.42,43 Recently, extensive studies of these phe-
nomena were reported in the context of resistive
switching in transition metal oxides such as STO44

and BiFeO3.
45,46 However, the nanoscale nature of

the LAO�STO system significantly limits application
of classical electrochemical techniques.
Here, we explore the reversible and irreversible

electrochemical phenomena on the LAO�STO surface
in ambient conditions using a recently introduced

method of electrochemical strain microscopy (ESM),
developed for Li-ion47,48 and oxygen conductor
materials.49

RESULTS AND DISCUSSION

Time-Dependent Electrochemical Strain Spectroscopy of
LAO�STO. The ESM is based on the detection of the
reversible bias-induced strains mediated by ionic mo-
tion. The sharp (10�30 nm) scanning probe micro-
scopy (SPM) tip concentrates an electric field in a
nanoscale volume of material, resulting in the injection/
annihilation of oxygen vacancies and subsequent
vacancy transport and migration induced by the bias.
The vacancy movement results in localized strain
under the tip detected through dynamic surface dis-
placement. This strain detection approach enables
probing volumes 106�108 times smaller than accessi-
ble through Faradaic current-based electrochemical
methods.50,51 For materials such as cubic yttria-stabilized
zirconia (YSZ),49 the bias-induced displacement can be
purely ascribed to ionicmotion, while inmaterials such
as SrTiO3, the additional contributions to the signal
stem from deformation potential effects and latent
ferroelectric instability.52,53 While in certain cases the
physical and ionic mechanisms can be separated
through the time dependence of the response,54,55 in
general, the origins of electromechanical coupling can
only be understood in the context of known materials
properties. Note that the experimental approach in
ESM is equivalent to that of piezoresponse force
microscopy (PFM), with the primary difference being
their signal formation mechanisms (ionic motion ver-

sus piezoelectric coupling).
The preliminary studies of the LAO�STO system

have shown that application of electric bias (“poling”)
induces strong electromechanical response that can-
not be ascribed to electrostatic interactions, in agree-
mentwith previous studies by theGruverman and Eom
groups.56 In that work, the authors illustrated the (a)
presence of electromechanical response on the LAO�
STO surface and (b) hysteresis loops both for bare and
electrode-covered surfaces, reminiscent of that for
ferroelectric materials. The bias pulse-induced re-
sponse was observed to decay with time, with the
relaxation rate strongly dependent on bias pulse mag-
nitude and duration. This behavior and slow relaxation
of the signal (under conditions excluding electrostatic
tip�surface interactions) hints at several possible elec-
trochemical mechanisms, such as direct vacancy injec-
tion into the material (Figure 1b,c), surface-charge
stabilized (Figure 1a) ferroelectric states, or electro-
strictive response. However, the role of time dynamics
(i.e., whether the hysteresis loops are thermodynamic
or kinetic in nature) and role of irreversible electro-
chemical processes has not been established.

To explore these phenomena systematically, we
performed dynamic electrochemical strain microscopy

Figure 1. Possible scenarios of ionic phenomena in the
LAO�STO system: (a) surface ion injection, (b) interface
ion injection, and (c) bulk ion injection. The ionic carriers
are shown by solid circles, and electronic carriers (holes) are
shown by dotted circles. In case (a), the ions deposited on
surface are compensated by the electronic carriers accu-
mulated at the interface. The potential energy of the ion is
infinite in the bulk. In case (b), the potential energy for the
ions has deepminima at the surface (S) and interface (I), and
ions can be injected to the interface (ionic shuttle between
surface and interface). Compensation by the electronic
carriers forms a conductive channel. In case (c), thepotential
energy profile for ions is more shallow and ions can be
injected in the bulk of LAO and STOphases (or one of these),
with small preference for segregation at the interface. In
thermodynamic equilibrium, ion and electron concentra-
tion profiles are determined by the potential energy surface
and configurational entropy.
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(D-ESM) measurements. In D-ESM, the tip is excited
using a set of pulses (∼50ms) amplitudemodulated by
a linearly increasing waveform, as shown in Figure 2a.
The differential detection in band excitation (BE)
mode57 is employed to detect the dynamic (∼300 kHz)
electrochemical strains. The BE method allows us to
compensate for position-dependent tip�surface reso-
nance frequencies (indirect topographic cross-talk58)
and determine the bias-induced changes on themech-
anical properties of material.59 Here, a train of BE wave-
forms is applied after each dc bias pulse to detect the
time relaxation of the signal. A 2D ESM spectrogram
representing the response modulus as a function of
frequency and time obtained after each bias pulse
is shown in Figure 2b. These 2D data describe the
frequency- and voltage-dependent response of ma-
terial at each location to bias pulses of increasing
amplitude.

To extract local spectroscopic responses, the BE
spectrum at each location is analyzed using simple
harmonic oscillator (SHO) deconvolution57 to yield the
response amplitude, A, resonant frequency, ωr, and
Q-factor,Q, of the cantilever. The response amplitude is
the measure of electrochemical (or piezoelectric) acti-
vity of material; the resonance frequency is controlled by
the mechanical properties and size of tip�surface junc-
tion, and Q-factor is a measure of the total (mechanical
and electromechanical) losses in the system. This analysis
allows for the decoupling of the voltage-dependent

evolution in electromechanical, mechanical, and dis-
sipative (e.g., loss modulus) properties of the material,
thus obviating topographic cross-talk effects.

Here, themeasurements were performed over 20�
20 spatial grid of locations (50 nm pixel to pixel spac-
ing) to provide sufficient statistics. The principal com-
ponent analysis60�63 of the full time-dependent D-ESM
data suggests that spatial variability of signal is rela-
tively small (evidencing high uniformity of the film),
and hence the D-ESM signal averaged over the grid
offers representative behavior. The averaged response
curve over spatial location is shown in Figure 3a,
illustrating the evolution of ESM response (defined as
mixed signal, RE = Acos(j), where A is response
amplitude and j is phase) following the application
of progressively higher amplitude bias pulses. Note the
highly complex relaxation behavior as a function of
pulse magnitude.

To simplify the data analysis, the response is re-
plotted in Figure 3b�d as amplitude, resonant fre-
quency, and Q-factor only during the bias off-states.
Several characteristic regions of dissimilar voltage
behavior are clearly seen. For low biases (Vpulse <
∼3.5 V), no relaxation is visible and the signal is almost
bias-independent. Strong initial changes in Q and ωr

can be ascribed to either the fitting error for small
signal amplitudes or initial formation of tip�surface
contact. For higher biases (3.5 V , Vpulse , 10 V), the
bias pulse induces strong change in electromechanical

Figure 2. (a) Envelope of the bias waveform at a single spatial pixel in a D-ESM experiment composed by a series of bipolar
impulses of increasing amplitude. After each on-pulse, the relaxation of electromechanical response ismeasured using a train
of 128 BE waveforms (not shown). Two-dimensional (b) amplitude and (c) phase spectrograms depicting the evolution of
cantilever response as a function of frequency (vertical axis) and time (horizontal axis). For simplicity, shown is the evolution
of response only during the off-states, hence different time scales in (a) and (b,c). The response is averaged over
20 � 20 pixels with 50 nm grid spacing.

A
RTIC

LE



KUMAR ET AL. VOL. 6 ’ NO. 5 ’ 3841–3852 ’ 2012

www.acsnano.org

3844

response with subsequent rapid relaxation. Interest-
ingly, the effective relaxation time rapidly decreases
with Vpulse. The relaxation is almost complete (no
remanent response) within the measurement interval.
This process is associated with only very weak changes
in resonant frequency (less than 2 kHz for negative
polarity) after negative pulses and is almost invisible
compared to the general background line. The
Q-factors show small drops following negative pulses.
Changes in ωr and Q relax rapidly with time; that is,
they are transient on the time scale of several seconds.

Finally, for high voltages (Vpulse > ∼10 V), the
relaxation process becomes almost undetectable with-
in the measurement level employed. Note that this is
due to the decrease of relaxation time; that is, relaxation
becomes faster than minimal time accessible in D-ESM
experiment (4 ms). At the same time, the nonrelaxing
(on the time scale of spectroscopic experiment,∼20 s)
component appears, so that overall time dependence
of the electromechanical response resembles that of
ferroelectric material; that is, a series of time-indepen-
dent multilevel bias-induced states are observed (that
in the voltage domain will manifest as classical hyster-
esis loop). Notably, at these biases, a strong change in
resonant frequency (higher for positive pulses) is ob-
served. Similar to response amplitude, the resonant

frequency is almost independent of time after bias
application, and frequency shift between positive and
negative pulses increases with Vpulse. For the highest
biases, changes in Q-factor are also observed.

The relaxation behavior is quantified using the
phenomenological fitting function method. In this,
each segment of the relaxation curve is fit using the
exponential function

RE(V, t) ¼ A0(V)þA1(V)exp � t

τ(V)

� �
(1)

where RE(V,t) is response measured at delay time, t,
after the application of the pulse of magnitude, V.
The nonrelaxing signal (offset) is A0(V), relaxation
amplitude is A1(V), and relaxation time is τ(V). The fit
by eq 1 is performed on the response averaged over
multiple locations (x, y); that is, a single data set
ÆRE(V,t)æx,y is fit. The corresponding parameters are
shown in Figure 4a. Alternatively, the fit is per-
formed over D-ESM spectra from dissimilar loca-
tions, and averaged fitting parameters A0

av =
ÆA0(V)æx,y, A1

av = ÆA1(V)æx,y, and τav = Æτ(V)æx,y are
plotted in Figure 4b. Note that the deviation be-
tween the fit of the average and average of the fit
data sets is relatively small, indicative of an ade-
quate relaxation model.

Figure 3. (a) Evolution of the response amplitude during the full D-ESM measurements. Signal relaxation is probed only
during the off-state. Color coding is used to indicate the time after pulse. The evolution of (b) amplitude, (c) resonance
frequency, and (d) Q-factor of the cantilever during the off-segments. Shown is the response averaged over 20 � 20 spatial
locations with 50 nm grid spacing. (e) Surface topography of the LAO�STO surface immediately after D-ESMmeasurements
and its relaxation after (f) 1 h, (g) 5 h, and (h) 12 h. Note the clearly visible surface deformation of∼0.5 nm (comparable to step
edge height) that slowly relaxes to 0.2 nm after 12 h.
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The data illustrates the aspects of relaxation behav-
ior as seen in Figure 3. The relaxation amplitude
is increasing for Vpulse < 3�3.5 V and then slowly
decreases, becoming zero at ∼15 V. The relaxation
amplitudes are almost equal for positive and negative
bias pulses. The relaxation times become smaller with
Vpulse. Finally, the offset (nonrelaxing signal) becomes
significant above 10 V.

Note that, in general, the relaxation kinetics do
not necessarily follow the functional form of eq 1.
However, in the absence of knowledge of physics-
based mechanisms (i.e., a priori known functional form
of relaxation), the intrinsically high noise level of the
D-ESM experiment precludes more definitive model
selection for single point data. At the same time,
spatially averaged data have a lower noise level, but
small variability of material responses between dissim-
ilar locations can change the relaxation function (e.g.,
average of multiple exponentials with uniformly distrib-
uted relaxation times yields a logarithmic or stretched
exponential law). This limitation can be partially circum-
vented through the use of multivariate statistical meth-
ods; however, given the lack of defined physical models,
we defer detailed quantitative analysis to future studies.

Overall, the bipolar D-ESM data shown in Figures 3
and 4 suggest the presence of at least two different
electrochemical processes. The first process is acti-
vated at relatively low biases, Vpulse > 3.5 V, and the
corresponding relaxation time decreases rapidly with
pulse bias. Only weak transient changes in resonant
frequency and Q-factor are observed; that is, the
mechnical properties of tip�suface contact are not
affected. The second process is activated at higher
biases, Vpulse > ∼10 V. This process is nonrelaxational
(or characteristic relaxation times are well above the
experimentally probed segment, 4 ms) and is asso-
ciated with significant changes in resonant frequency.
This behavior is highly unusual and has not been

previously observed in D-ESM studies of other ionic
or mixed electronic�ionic conductive oxides (yttria-
stabilized zirconia, samaria-doped ceria, lanthanum�
strontium cobaltite), for which voltage-independent
(within resolution) relaxation behavior is observed.

Following the D-ESM data acquisition, we note that
the bias application resulted in formation of small
(300�500 pm) surface deformations. While below or
comparable to unit step height (0.4 nm), these displa-
cements are clearly seen on the topographic image.
These static deformations slowly decrease with time,
almost completely relaxing after ∼12 h. We note that
formation of such static deformation is a strong argu-
ment toward the electrochemical processes including
strongly bound surface species or in the bulk of
material. The formation of water droplets in the
tip�surface junction or adsorption of weakly bound
surface adsorbates would lead neither to significant
changes in surface topography nor shifts in resonant
frequency.

Unipolar D-ESM Measurements: Separating Cathodic and
Anodic Processes. To gain further insight into mechan-
isms of local bias-induced phenomena on the LAO�
STO surface, we attempt to separate the cathodic and
anodic processes using unipolar waveforms. In these
measurements, the waveform sent to the tip is similar
to that in Figure 2a but contains only positive
(or negative) pulses. The same bias range (up to Vpulse =
15 V) is explored in bipolar, positive, and negative
unipolar experiments.

The results of the unipolar D-ESM experiments are
shown in Figure 5. In the voltage interval Vpulse <∼8 V
(i.e., for significantly higher biases then strong relaxa-
tion in bipolar D-ESM), virtually no relaxation is ob-
served in the unipolar waveforms. However, the
changes in corresponding base lines are relatively
weak. At the same time, in the region of Vpulse > ∼8 V
(i.e., no relaxation in bipolarmeasurements), the strong

Figure 4. Bias dependence of exponential fit parameters for (a) spatially averaged and (b) single-point D-ESM data.
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relaxation and significant baseline shifts are observed
for both positive and negative unipolar data. On the
basis of the examination of curves in Figure 5b,d, we
observe the following features of positive and nega-
tive unipolar ESM: (1) relaxation for negative biases
starts slightly earlier (albeit within the error of experi-
ment); (2) relaxation amplitude is markedly higher for
negative biases; (3) relaxation times are almost bias-
independent for both positive and negative wave-
forms; (4) both waveforms result in formation of static
surface deformations; however, these are much more
pronounced for positive biases (final height of 0.5 nm
as compared to 0.3 nm for negative).

Static Deformations on the LAO�STO Surface. The char-
acteristic aspect of bipolar, positive, and negative bias
pulse application on the LAO�STO surface is the forma-
tion of surface deformations. These can be observed as
spatially uniform “swelling” of material for dense grids,
as shown in Figure 3e�h, or formation of individual
“particles” for sparse grids, as shown in Figure 5a,c. The
typical magnitude of the static deformations is rela-
tively small, on the scale of 300�500 pm for bias of
10 V, and is below or comparable to the unit step
height on the LAO surface. This smallness of surface
deformation and their visibility only above typical
writing voltages for LAO�STO may explain why this
phenomenon was not previously reported.

Here, we explore bias dependence particle forma-
tion and the interplay between particle and hysteretic
loop formation systematically. For these measurements,
the bipolar sequence of bias pulses of prescribed

amplitudes are applied over a square spatial grid of
points. The pulse magnitude is constant along one
direction (fast scan axis) and is ramped linearly along
the other direction (slow scan). Surface topography is
measured both before and after the bias application. In
such a way, the bias-dependent tip-induced irreversi-
ble electrochemical processes can be ascertained with
a high degree of statistical significance. Furthermore,
this approach establishes the role of mobile surface
species in the particle formation process, as discussed
below.

The results of the unipolar experiment are shown in
Figure 6. The particle formation is observed only for
biases Vpulse > 8 V. The comparison of the data in
Figure 2 and Figure 6 illustrates that particle formation
is a hallmark of a high-voltage (slow) electrochemical
process on the LAO�STO surface. Furthermore, parti-
cle formation is thus consistent with the resonance
frequency shifts and changes in Q-factor observed in
this bias range.

A number of conclusions can be derived from the
particle morphology. Figure 6b,c illustrates that parti-
cles have a characteristic “doughnut” shape. We attri-
bute this to the fact that particles initially form in the
region adjacent to the tip�surface junction but not
directly below the tip. The hole in the center thus
corresponds to the original tip location.

Finally, after the application of high bias pulses, the
particle sometimes can be shifted by lateral tip motion,
as shown in Figure 6c. In several cases when this
particle dislocation by the tip was observed, the region

Figure 5. Positive (a,b) and negative (c,d) unipolar D-ESM data on the LAO�STO surface. (a,c) Surface topography after
measurements and (b,d) relaxation of ESM signal.
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of the surface underneath the particle does not show a
clearly visible (i.e., deeper then 30�100 pm) depres-
sion. This observation strongly suggests that particle
formation and relaxation, while kinetically very slow
(>10 h), do not involve the irreversible removal of
material from the surface and rather involve only sur-
face species. Similar behaviors are observed for nega-
tive pulses.

Previously, the presence of electromechanical re-
sponse and hysteresis in LAO�STO was reported.56 To
explore the relationship between hysteresis loop for-
mation, relaxation, and particle formation, we have
performed the simultaneous hysteresis loop measure-
ments with increasing bias amplitude, similar to the
grid experiments in Figure 6. Shown in Figure 7a,b is
surface topography before and after the hysteresis
loopmeasurements. The loop area versus bias is shown
in Figure 7d, illustrating that the loop opening is
observed at biases of ∼7 V, well below particle forma-
tion threshold.

To quantify the bias-induced particle formation, the
images were spatially aligned using the step edges as
reference points. The particle size and height were
determined from the differential image between the
initial topography image and the image obtained after
bias application, as shown in Figure 7c, and the de-
pendence of these parameters on the applied bias
window is shown in Figure 7e. Note that, in this case,
particle formation is observed at biases >12 V. Further-
more, both volume and height of the particles change
similarly. This observation can be interpreted as purely
vertical growth of the particle; however, given the tip
convolution effect on the lateral object size in SPM, this
conclusion is not unambiguous.

Finally, we note that in the expeirments where
hysteresis loops were measured, the particle size is
non-uniformwithin the grid and becomes larger to the
edges of the scanned area (in comparison, in single
pulse experiments such as Figure 6, the particle size is
uniform within the grid). This observation suggests

that the particle formation process is limited by
the diffusion of surface mobile species available in
(relatively) small amounts. At the same time, hysteresis
loop opening is spatially uniform within the image,
suggesting that there are different origins of (irreversible)
particle formation process and (reversible) hysteresis
loop opening.

Electrostatic Hysteresis Measurements. To complement
the ESM measurements and gain further insight into
the dynamics of charge behavior in the system, we
have performed Kelvin probe force microscopy (KPFM)
studies. While ESM is sensitive to electromechanical
response and is only weakly affected by electrostatic
forces, KPFM provides complementary information on
the changes in work function and presence of uncom-
pensated surface charges but is insensitive to small
surface deformations.

Here, tip-induced surface potential is measured
following the poling of the surface as a function of
poling bias, as shown in Figure 8. These studies were
performed on the surface which was uniformly pre-
poled at(20 V, providing an averaged KPFMhysteresis
loop, as shown in Figure 8a. Note while there is a
measurable hysteresis, the shape of the loop and its
position are very different from the ESM loops. Further-
more, the KPFM hysteresis indicates the presence of
hysteretic charging but cannot differentiate surface
and bulk charge injection.

Electrochemical Processes in the LAO�STO System. The
observations of the electromechanical response, hys-
teresis loops, bias-dependent relaxation, and spatial
variability of particle formation and hysteresis loop
opening on the LAO�STO surface indicate the pres-
ence of at least two disparate electrochemical pro-
cesses. Below, we attempt to analyze the possible
origins of observed behaviors and their implication
for LAO�STO physics.

The observations of the high-frequency electro-
mechanical response on the LAO�STO surface, in agree-
mentwith an earlier report (ref 56), are surprising per se.

Figure 6. Bias-dependent particle formation on the LAO�STO surface. (a) Surface topography after bias pulse application
(30� 30 grid, voltage amplitude from 1 to 30 V). (b) Zoom-in of (a). (c) Zoom-in on the regionwithmoved particle (marked by
arrow).
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Note that both LAO and STO are centrosymmetric
materials and hence, by definition, are not piezoelectric.
However, LAO interfaces have a nonzero polarization.64

For a nanometer-sized thin film, as the case here, the
surface-bound polarization charge may not be perfectly
screened (ionically or electronically), leaving a built-in

Figure 7. Correlation between particle and hysteresis loop formation. Surface topography (a) before and (b) after the
applicationof bias pulse sequence. (c) Differential topographic image fromwhich particle parameters are determined. (d) Bias
dependence of hysteresis loops. Bias dependence of (e) particle height and volume and (f) hysteresis loop opening.

Figure 8. (a) Tip-induced surface potential as a function of poling bias on the surface uniformly prepoled by(20 V. Each tip
bias surface potential is averaed from each rectangular pattern. (b,c) Surface potential images of the area scanned with the
applied biases from �20 to þ20 V to the conductive probe for prepoled surface by (b) �20 V and (c) þ20 V. The scale bar
shown in (b) is 1 μm.
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internal electric field in the film.34,65 This built-in field
induces a dielectric response (and a corresponding
electrostrictive effect66) and, importantly, destroys
the inversion symmetry allowing for a piezoelectric
signal.

Alternatively, the electromechanical response that
constitutes the ESM or PFM signal can be ascribed to
either surface or bulk ionic dynamics (similar to recent
studies on YSZ49) or hysteretic surface charging
coupled with the electrostriction effects or field-in-
duced ferroelectric phase stability. Note that for thin
films, the boundary between purely physical (e.g., ferro-
electric polarization) and electrochemical phenomena
is not sharp, for example, as analyzed by Highland and
Stephenson.67,68 In LAO, surface ionic formation is
likely to be coupled to its nonzero polarization.56

Specifically, surface redox processes (e.g., the creation
of oxygen vacancies) have been shown to be thermo-
dynamically stable at the LAO surface.34 The equili-
brium density of these surface oxygen vacancies
depends on the potential drop across the film and
hence poling voltage. This bias-induced modulation of
the density of surface oxygen vacancies would pro-
duce a localized electrochemical strain response, as
measured by ESM. The presence of the surface or bulk
charge injection and injection hysteresis are directly
confirmed by the KPFM hysteresis loops.

In ambient environment, surface bias-induced phe-
nomena additionally include electrocapillary water
condenstaion at the tip�surface junction, splitting of
water molecules, and/or migration of surface ionic
species (most dominantly protons, Hþ, and hydroxyl,
OH�). Both types of ions can bind to the metal oxide
surfaces. The process can also be affected by presence
of CO2 and hydrocarbons. For unity sticking prob-
ability, the adsorption rate can be estimated as N/A =
p/(2πmkT)1/2, where p is equilibrium pressure, A is area,
N is evaporation rate, and m is mass. For ∼1 atm, the
filling time of a singlemonolayer is on the order of 2 μs.
Hence, even a minute (∼10 ppm) level of impurities
can be adsorbedwith approximately monolayer cover-
age on the time scale of the spectroscopic experiment.
Furthermore, the strong electric fields in the tip�
surface junction can give rise to unusual electrochem-
istry, as exemplified by formation of carbonaceous
deposits from CO2 in a tip�surface junction at several
tens of volts.69

The bulk electrochemical processes within the
oxide are equally varied and can include injection
and annihilation of oxygen vacancies due to oxygen
evolution/reduction reaction, injection of protons and
hydroxides, and more disruptive electrochemical pro-
cesses associated with the change of connectivity and
composition of cationic sublattices. Finally, open is the
issue of the combined water/electrochemical effects,
such as electrochemistry in themonolayers of hydroxy-
latedmetal oxide species or surface vacancy populations

that were reported recently for SrTiO3,
70 BaTiO3,

31,71

and PbTiO3.
29,30,67

In interpreting the observations for the LAO�STO
system studied here, we note that the irreversible
material degradation associated with cationic demix-
ing or changes in the lattice connectivity (e.g., forma-
tion of crystallographic shear structures) would result
in permanent formation of protrusions of material
surface and formation of depressed areas after re-
moval. Furthermore, these processes are inconsistent
with slow zero-field relaxation present in the LAO�STO
system. Hence, we attribute the observed ESM re-
sponse to surface electrochemical reactions (water
splitting) possibly assisted by reversible oxygen va-
cancy dynamics in LAO/STO.

The fast relaxation process can be ascribed to
extrinsic behaviors such as electrocapillary water con-
densation, charging of surface or surfacewater layer, or
reversible injection of vacancies in the material. The
fact that strong relaxation for low biases (below 8 V) is
observed for bipolar but not unipolar pulses favors
electrochemical mechanisms, including vacancy injec-
tion and water dissociation and migration on the sur-
face. Given that driving force for electrocapillary
condensation is quadratic in voltage, the relaxation
due to the forming water meniscus in the tip�surface
junction can be expected to be identical for unipolar
and bipolar waveforms. The relaxation observed in
unipolar measurements at higher biases (>8 V) can
then be attributed to surface overcharging, that is,
injection of protons and hydroxyles above the stoichi-
ometry. Note that the clear delineation between re-
versible oxygen vacancy dynamics and surface water
splitting can be achieved only under proper atmo-
spheric control.

The slow high-voltage process can be associated
with vacancy injection in LAO/STO or accumulation of
high molecular weight (e.g., hydrocarbons) species on
the surface. The morphology of formed particles, spe-
cifically the characteristic doughnut-like shape and the
fact that particles can be shifted without leaving an
impression in the surface, suggests that the accumula-
tion of low-mobility species (hydrocarbon contami-
nants and hydroxylated lanthanum and aluminum
species) is the most likely explanation. In particular,
the doughnut-like shape (i.e., particle with the impres-
sion of the tip) suggests that the material was accu-
mulated in the tip�surface junction after the con-
tact was established and/or that material has rela-
tively low (0.1�1 GPa) Young's modulus, well below
that expected for perovskites (∼100 GPa). This as-
sumption is further reinforced by the spatial non-
uniformity of particle sizes, with preferential growth at
the edge of the scanned area. On the basis of this
analysis, the slow electrochemical process seems to be
attributable to the field-controleld surface contami-
nant dynamics.
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SUMMARY

To summarize, tip-induced electrochemical phe-
nomena on the LAO�STO surface are explored using
unipolar and bipolar dynamic electrochemical strain
microscopy measurements. The D-ESM demonstrates
the presence of at least two processes well-separated
in bias, suggesting that charge-writing behavior in this
system includes a strong electrochemical component
and is more complicated than simple screening by
surface adsorbates. The analysis of response relaxation,
frequency shifts, and static surface deformations sug-
gests that a reversible low-voltage process can be
attributed to either surface charging due to electro-
chemical water layer splitting or reversible oxygen
vacancy formation on or close to the material surface.
The slow (irreversible) high bias process associated
with surface deformation can be attibuted to the
accumulation of hydrocarbon or hydroxylated La and

Al containing species in the tip�surface junction but is
unlikely to be associated with irreversible vacancy
injection in the material or changes in connectivity or
composition in cation sublattices. Future studies in
controlled environments and combined chemical ima-
ging studies can reveal the exact nature of the
forming particulates.
Overall, D-ESM offers a powerful tool to probe local

bias-induced reversible and irreversible electrochemi-
cal reactions on complex surfaces. While the LAO�STO
explored here exibits remarkable spatial uniformity of
electrochemical responses, a similar approach can be
used for spatially inhomogeneous systems. Finally, the
combinations with other local techniques, such as
micro-Raman or NSOM, variable atmosphere measure-
ments, and ex situ local analysis of reaction regions,
can establish the exact chemical origins of the ob-
served phenomena.

MATERIALS AND METHODS
The samples studied in this paper are 3 u.c. LAO films grown

on Ti-terminated STO(001) substrates. The LAO layer were
grown by the pulsed-laser deposition (PLD) system equipped
with high-pressure reflection high-energy electron diffraction
(RHEED), which enabled the layer-by-layer growth of the thin
films to be monitored in situ during growth. Before deposition,
STO substrates were etched using buffered HF acid for 60 s to
maintain Ti termination before LAO deposition. The STO sub-
strates were annealed in oxygen at 1000 �C for 6 h to create
atomically smooth surfaces with a unit cell step after chemical
etching. To grow heterostructures, substrates were attached to
a resistive heater and positioned 5.8 cm from the target. A KrF
excimer laser (248 nm) beam was focused on a stoichiometric
LAO single crystal target to an energy density of 1.5 J/cm2 and
pulsed at 3 Hz. LAO layers were grown at substrate tempera-
tures at 550 �C and oxygen pressures of 10�3 mbar and cooled
to room temperature. During growth, LAO layers exhibited clear
RHEED intensity oscillations which indicate a layer-by-layer
mode.
Atomic force microscopy (AFM) and ESM measure-

ments were performed with a commercial system (Asylum
Research Cypher) additionally equipped with LabView/
MatLab-based band excitation controller implemented on a
NI-5122/5412 fast AWG and DAQ cards. ESM imaging and
spectroscopy was performed with 200�400 kHz 2Vpp band
excitation signal applied to a metal coated tip. The spectro-
scopic measurements were performed at ∼1 s/pixel wave-
form with 2 ms at each dc voltage step. Mapping of the
electromechanical response was done typically on a 50 �
50 points grid with a spacing of 20 nm, albeit other spacing
and image sizes were also used. All measurements were
performed with the biased tip in direct contact with the
LAO�STO surface in ambient air and without any additional
protective coating.
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