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lectromechanical phenomena are
universal features of a broad set of
materials ranging from ferro- and piezo-
electrics'? to ionic systems such as bat-
teries,® fuel cells,* and supercapacitors®
and macromolecular®” and biological® sys-
tems. In general, electromechanical effects
are defined as a change in strain or stress as
a result of an electrical stimulus. This can
strongly affect the materials functionality or
lifetime but can also be used as a basis for
high-resolution imaging. The most promi-
nent example are ferroelectric materials,
broadly used for applications such as ferro-
electric random access memories (FeRAM)®
or microelectromechanical systems (MEMS)."®
Here, the electromechanical response of the
sample to a varying ac field due to the
piezoelectric effect can be used to detect
domain orientations and local piezoelectric
coefficients. This technique is referred to as
piezoresponse force microscopy (PFM).'"'~?
PFM can also be used to investigate biolo-
gical systems, such as calcified tissue* and
proteins.?' Another example of systems
with strong electromechanical coupling is
Li-ion batteries. Here, the volume change is
induced by a bias-driven change in ionic
concentration in the material and the strong
coupling between ionic concentration and
molar volume.*? The indirect detection of
ion flows through strain has been utilized in
electrochemical strain microscopy (ESM).>%*
In general, PFM and ESM experiments are
performed under ambient conditions (i.e.,
in air). However, for biological systems and
many energy storage systems, submersion
in liquid is desirable in order to provide a
natural environment to stabilize biological
samples and to investigate ionic transport
across the electrolyte/electrode interface in
energy storage materials. Recently, interfa-
cial functionality of ferroelectric thin films in
liquid environments was discussed in the
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ABSTRACT The coupling between electri-
cal and mechanical phenomena is a ubiqui-
tous feature of many information and energy
storage materials and devices. In addition to
involvement in performance and degradation

mechanisms, electromechanical effects un-
derpin a broad spectrum of nanoscale ima-
ging and spectroscopies including piezoresponse force and electrochemical strain microscopies.
Traditionally, these studies are conducted under ambient conditions. However, applications
related to imaging energy storage and electrophysiological phenomena require operation in a
liquid phase and therefore the development of electromechanical probing techniques suitable
to liquid environments. Due to the relative high conductivity of most liquids and liquid
decomposition at low voltages, the transfer of characterization techniques from ambient to
liquid is not straightforward. Here we present a detailed study of ferroelectric domain imaging
and manipulation in thin film BiFeO; using piezoresponse force microscopy in liquid
environments as model systems for electromechanical phenomena in general. We explore
the use of contact resonance enhancement and the application of multifrequency excitation
and detection principles to overcome the experimental problems introduced by a liquid
environment. Understanding electromechanical sample characterization in liquid is a key
aspect not only for ferroelectric oxides but also for biological and electrochemical sample
systems.
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context of (bio)molecular sensing and
photoelectric applications.?® These applica-
tions necessitate the development of PFM
and ESM in conductive liquid environments.
The main obstacles for this development
are the difficulties related to applying elec-
trical fields to the SPM tip in the presence of
a conductive medium. Correspondingly, the
efforts put toward accomplishing PFM in
liquid has been extremely limited, including
work by Rodriguez?®~?® that introduced the
concept of high-frequency imaging and by
Noh et al. working with shielded tips.> In
both cases, imaging was performed by a
single-frequency PFM, known to be highly
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susceptible to topographic artifacts at high operational
frequencies. At the same time, low-frequency excita-
tion results in water splitting and spontaneous bubble
formation when oxygen and hydrogen gases are
formed.

Since then, several key advances in electromechani-
cal imaging have been made, including the utilization
of contact resonances through dual ac resonance
tracking (DART)*° and the band excitation (BE)®' tech-
nique. These developments allow for higher sensitivities
and measurement at higher frequencies, specifically
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Figure 1. PFM amplitude as function of frequency of ap-
plied 1 V,. voltage. Shown are OP and IP PFM component in
(a) air and (b) DW.

obviating the indirect topographic cross-talk induced
by variation in contact resonances.>>** Notably, AFM
cantilever dynamics in liquids typically have very com-
plicated transfer functions with multiple resonances
(“forest of peaks”) resulting in significant cross-talk.>*
Correspondingly, the use of DART and BE enable
the use of high-frequency excitation, thus facilitating
cross-talk free imaging in conductive environments
without the need for shielded tips.

Here, we explore the use of advanced techniques for
electromechanical characterization in liquid environ-
ments, focusing on the elucidation of flexural and
torsional cantilever contact dynamics. The change in
contact dynamics going from air to liquid has been
addressed theoretically®® but not yet experimentally.
The goal is to establish the opportunities and limita-
tions of electromechanical characterization in liquid for
ac and dc electrical fields which can be universally
applied to PFM and ESM techniques.

RESULTS AND DISCUSSION

In this work, we focus on well-characterized ferro-
electric thin films with strong electromechanical re-
sponses with different out-of-plane (OP) and in-plane
(IP) polarization components. The experiments were
performed on (001)-oriented multiferroic BiFeOs (BFO)
thin films,*® and single®” and multiple®' frequency
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Figure 2. Single-frequency PFM images in DW. OP domain orientation with respect to the cantilever axis measured around
(a) 410 kHz, (b) 820 kHz, and (c) 1400 kHz. IP domain orientation with respect to the cantilever axis measured around (d) 450 kHz,

(e) 650 kHz, and (f) 890 kHz.
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Figure 3. BE PFM images in DW. PFM amplitude, phase, and resonance frequency for OP (a—c) and IP (d—f), respectively.

methods were used for PFM imaging and switching.>®
The measurements were performed in a liquid cell with
distilled water (DW) with a resistance of 18.2 MQ/cm
(Milli-Q gradient A10) as liquid medium. The cantilever
dynamics with the tip in contact with the sample
surface in air and DW were measured by sequentially
sweeping the sample excitation bias between 0 and
2 MHz and recording the out-of-plane and in-plane sur-
face oscillation which forms the PFM amplitude (Figure 1).

In air, the OP PFM signal shows three major contact
resonance peaks. Typically, the first one around 320
kHz is used for OP PFM domain imaging, but the other
resonances can be used, as well. If compared with the
IP contact resonances, there are five peaks, three of
them are at the same frequencies as OP and, therefore,
can be identified as cross-talk between the flexural and
torsional cantilever modes. However, the two peaks at
600 kHz and 1.1 MHz are pure torsional modes and,
hence, can be used to image the IP domain structure.

Upon immersion in liquid, the contact resonance
spectrum changes dramatically. The peak ampli-
tudes drop, resonance peaks become much wider,
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Figure 4. (a) Force—distance curve. The inlet shows the
tip—sample interaction for five selected set point values
between 0 and 0.3 V. (b) PFM amplitude as function of
frequency of applied 1 V,. voltage for set points between
0and 0.3 V.

and resonance frequencies shift appreciably. If OP and
IP contact resonance peaks are compared, three can be
identified as eigenmodes for flexural oscillations and
can be used to image the OP domains. However, only
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Figure 5. BE PFM voltage spectroscopy to measure piezoelectric hysteresis loops. Shown data are averaged over 100 spatial
locations. (a) Two-dimensional spectrogram of OP PFM amplitude resonance peak in air as a function of voltage for three
voltage sweeps between 6 and —6 V and (b) corresponding OP PFM phase. (c) Two-dimensional spectrogram of OP PFM
amplitude resonance peak in DW as a function of voltage for three voltage sweeps between 6 and —6 V, and (d) corresponding
OP PFM phase. (e) Piezoelectric switching loops of BFO in air and DW. (f) Piezoelectric switching loops of glass in air and DW.

one peak is now identifiable as a pure torsional mode
and suitable for imaging IP domains (around 700 kHz).
This attribution of the single-frequency OP and IP
PFM images is demonstrated in Figure 2. The OP PFM
images show a uniform contrast, whereas the IP do-
main structure shows the typical stripe pattern as
previously reported for this material.>**° This shows
that the polarization and piezoelectric properties are
maintained under the change of the measurement
environment, consistent with the findings of Rodriguez
et al.?” and Ferris et al.®> Note that the exact resonance
frequencies change slightly for different tips, typically
430 kHz, and can also change during scanning due to
tip changes.

Single-frequency measurements are subject to to-
pography cross-talk due to position-dependent shifts
in the contact resonance frequency, especially if the
measurement frequency is close to a contact reso-
nance peak.®® To exclude the effect of the resonance
peak shift, BE PFM imaging was performed in DW.

BALKE ET AL.

During BE, the tip is simultaneously excited with multiple
frequencies around the contact resonance frequency.
Through Fourier transformations of the sample and
cantilever response, the full contact resonance peak
can be extracted. For OP and IP PFM signals, the
resonance peaks around 820 and 650 kHz were used,
respectively. The PFM amplitude was extracted by
averaging the contact resonance amplitude peak,
and the phase and resonance frequency were deter-
mined through the amplitude maximum. The ex-
tracted quantities for OP and IP PFM are shown in
Figure 3.

The OP and IP PFM phase and amplitude show the
same characteristics as the single-frequency images.
Surprisingly, the IP resonance frequency (Figure 3f)
shifts quite strongly compared to the OP resonance
peak (Figure 3c). This behavior is specific to liquid and
was not observed for measurements in ambient en-
vironment. This shows that imaging in liquid strongly
affects the torsional cantilever dynamics and that
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Figure 6. Topography after measuring piezoelectric hysteresis loops in (a) air and (b) DW. Single-frequency OP PFM images
after measuring piezoelectric hysteresis loops in (c) air and (d) DW.

multifrequency imaging techniques are essential to
reduce imaging artifacts.

In order to estimate the penetration depth of the
applied ac field through the liquid and to test the
influence of the water in the tip—sample contact area
on the measurements, the OP PFM resonance peak is
measured as a function of contact set point. The
contact set point in the previous measurements was
chosen to be 1V, which corresponds to approximately
100 nN contact force between tip and sample. Force—
distance curves are used to determine the set point at
point of contact, as shown in Figure 4a. For large tip
heights, the deflection value was 0.07 V. When the tip
height is reduced, the deflection starts to increase
until the linear regime of the force—distance curve is
reached. When the tip is retracted again, the deflection
is reduced to its baseline value again. On this basis, five
different deflection values were chosen to create
different contact properties between tip and sample.
The idea is that the higher the contact force, the more
water is displaced between the tip and the sample. The
deflection set points were chosen to be 0, 0.05, 0.1, 0.2,
and 0.3 V. For the first two, the tip is not in contact with
the sample (<0.07 V); 0.1 V results in an intermittent
contact between tip and sample, and the latter two
result in a stable contact between tip and sample with
different contact forces. At each set point, OP PFM
frequency sweeps as in Figure 1b were performed
between 0 and 1.5 MHz (Figure 4b).

It can be seen that the OP PFM signal can only be
detected when the tip touches the sample surface
for deflection values higher than 0.07 V; that is, the
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penetration of V, through the liquid can be neglected.
With increasing contact force, the second resonance
peak at 800 kHz shifts slighlty to higher frequencies
and increases in amplitude. For set points higher than
0.3 V, the resonance peaks are not changing any
more, which means at this point all of the water in
the tip—sample contact area is displaced. Therefore,
contact forces larger than 30 nN are required to create
a stable electrical contact.

The effects of dc electrical fields on ferroelectric
domains in liquid are tested by performing hysteresis
loop measurements as described elsewhere.®® A total
of 100 loops were measured over a 10 x 10 grid in an
area of 2 x 2 um?. The probing voltages were 1 V,. and
6 Vy for air and 3 V4. for DW. The switching voltage for
DW was lowered compared to that for air due to the
fact that for voltages higher than 4 V4, bubble forma-
tion (i.e., water splitting) was observed. Figure 5 shows
the averaged switching spectrograms (OP PFM ampli-
tude and phase as function of frequency and voltage)
and extracted piezoelectric hysteresis loops for air and
DW. For air, the contact resonance peak is sharp and
the contact resonance frequency is constant during
polarization switching (Figure 5a,b). The extracted
hysteresis loop shows switching voltages of around
—4 and 3 V (Figure 5e). When the spectrograms mea-
sured in air are compared to DW, it can be seen that the
characteristics in the spectrograms remain, and only
the width of the resonance peaks increases as seen in
Figure 1b. The extracted hysteresis loop measured in
DW is smaller in amplitude and switching voltages. To
ensure that the signal origin comes from the sample
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and is not an artifact of the experimental setup, the
hysteresis loop measurements were repeated on glass
as reference. In air, a strong resonance peak can be
measured. However, this signal does not change with
bias (Figure 5f). In DW, no signal could be detected or
induced by bias. This shows that the signal measured
on BFO is not due to capacitive cross-talk when an
electric field is applied in a liquid medium.

To explore the domain dynamics and changes in the
system induced by hysteresis loop measurements
further, single-frequency OP PFM images were taken
after the hysteresis measurement. In Figure 6a,c, the
topography and OP PFM images after switching 10 x
10 points in air are shown, respectively. After switching,
no topo changes were observed and the 10 x 10 grid
of switched nanodomains can be identified; that is,
polarization switching happened locally under the
tip. In DW, the topography changes (Figure 6b) and
domain switching well outside the switched area
(Figure 6d) were observed, showing a global switching
scenario. The change from local to global switching
when the environment changes from air to liquid was
demonstrated before by Rodriguez et al.*® The topo-
graphy changes occurring in DW suggest that electro-
chemical reactions take place during the application of
switching voltages which can lead to a change in

MATERIALS AND METHODS

The experiments were performed on 50 nm thin (001)-
oriented multiferroic BiFeO3 (BFO) films with SrRuOs (SRO)
bottom electrode epitaxially grown on low miscut (<0.01°)
(001) SrTiO3 (STO) single-crystal substrate by pulsed laser
deposition as described elsewhere.*® PFM imaging and do-
main switching was performed on a commercial SPM system
(MFP-3D, Asylum Research) with metal-coated SPM tips
(Nanosensor). Single-frequency PFM on resonance®” and the
BE®' method were used. For imaging, ac voltages of 1 V,. were
applied. For switching, we apply short (2 ms) voltage pulses with
increasing and decreasing amplitude Vy. and probe the do-
mains underneath the SPM tip by measuring BE PFM after each
pulse in the bias-off (V4 = 0) state to eliminate electrostatic signal
contribution (voltage spectroscopy).38 The measurements were
performed in a liquid cell which provided the possibility to
electrically connect to the bottom electrode (Asylum Research).
As liquid environment, we used distilled water (DW) with a
resistance of 18.2 MQ/cm (Milli-Q gradient A10) in the form of a
droplet on the sample surface and tip to avoid electrical shorting
between the tip and the sample ground, that is, the bottom
electrode of the sample.
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piezoresponse signal, as well.*® Therefore, we assume
that the observed differences in the hysteresis loops in
air and DW are a result of global switching events
instead of local plus electrochemical contributions.

CONCLUSION

To summarize, we have explored electromecha-
nical processes in a liquid environment using voltage-
modulated SPM. The cantilever contact dynamics
for flexural and torsional modes is explored, provid-
ing insight into optimal conditions for in-plane and
out-of-plane electromechanical imaging. We demon-
strated the effect of liquid environment on sample
responses to ac and dc voltages and showed that the
ac sample response is barley affected by the changing
environment. Future studies will inlcude the investiga-
tion of liquids of different conductivities to determine
the boundary conditions to perform measurements of
electromechanical phenomena in liquid. Understand-
ing electromechanical coupling in liquid is important
not only for ferroelectric oxides but also for biological
and electrochemical sample systems. Here, liquid is
the natural environment to maintain sample stability
and functionality and the electromechanical charac-
terization in liquid is essential in characterize these
systems.
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