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Complex electrical behavior, including the field-screening distribution and possible electrochemical
effects, makes electromechanical imaging by piezoresponse force microscopy in conductive liquids a crit-
ical challenging issue in studying the functionalities and performance of piezoelectric materials. Here, we
propose a theoretical model to directly quantify the electric-field-screening effect inside the tip-sample
junction in a variety of electrolytes of varying ionic strength. The field-screening effect resulting from
an electric double layer in the tip-surface system offers the benefit of better understanding of the central
physical mechanism in electrical probing by scanning probe microscopy (SPM) in a polar liquid medium.
Experimentally, an intrinsic piezoresponse in ferroelectric antiparallel-polarization regions is observed in
electrolytes with various assemblies of valences and with various molarities through updating the design
of a nanoelectrode probe. Accompanied by the unveiling of the underlying physical mechanism, these
experimental results pave the way to the broad application of in vivo or in operando electrical analysis on
the nanoscale by the SPM technique in conductive-liquid environments.

DOI: 10.1103/PhysRevApplied.12.034006

I. INTRODUCTION

Electrical characterization in liquid environments is of
great importance to revealing the fundamental mechanisms
in and the performance of functional materials [1-3] and
energy nanodevices [4], and is also of great importance
in biological research [5]. The need for further under-
standing of material properties and of mechanisms in
systems on the nanoscale is driving us to apply scanning
probe microscopy (SPM) in liquid environments. Doman-
ski et al. applied Kelvin-probe force microscopy in a
liquid to investigate the work function of a gold inter-
face upon chemisorption of hexadecanethiol [6]. Boettcher
et al. reported that the surface electrochemical poten-
tial of electrocatalysts in operando could be sensed by
electrochemical atomic force microscopy in an aqueous
Co(NO3); solution [7]. Therefore, researchers are expect-
ing to utilize advanced techniques for in operando analysis
of electronic and electrochemical materials and devices to
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uncover real-time performance and to further understand
fundamental mechanisms.

As a state-of-the-art technique, piezoresponse force
microscopy (PFM) is a contact voltage-modulated SPM
mode and is becoming a versatile tool to character-
ize electromechanical phenomena on the nanoscale [8].
Electromechanical coupling, which is one representative
electrical property, is ubiquitous in a wide range of
materials and systems, such as ferroelectrics [9], solar
cells [10], ion batteries [11,12], bioelectronics [13,14],
and biopiezoelectric systems [5]. Hence, PFM is appli-
cable not only to investigating the nondestructive visual-
ization and control of ferroelectric nanodomains [15—18],
but also to measuring the piezoresponse of biological
cells and tissues [19-21] in ambient environments. More-
over, several attempts have been made to apply the PFM
technique in liquid environments to probe ferroelectric
domains [22-26] and to characterize biological piezeore-
sponses [27-29]. It is common knowledge that working
in an aqueous medium can reduce the long-range electro-
static contributions to the signals detected. PFM in a liquid
environment allows one to have precise control of the
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tip-surface interaction by eliminating the capillary forces
caused by humidity of the air and by reducing van der
Waals forces, so that it can improve the imaging resolution
and sensitivity [22,23]. PFM in a liquid could also localize
the ac and dc fields, which is critical to other operations in
techniques used with liquids [30]. In consequence, there is
extensive interest in applying the PFM technique in aque-
ous environments to visualize surface polarization with
high resolution, measure underwater electrical devices in
natural environments, and sense in vivo electroactivity in
biological systems.

Unfortunately, it is extremely challenging to apply elec-
trical SPM characterization in a conductive liquid environ-
ment, due to the complicated electric-field distribution and
possible electrochemical reactions. Even if the latter elec-
trochemical reactions are avoided by controlling the testing
bias, voltage-induced ionic electromigration in electrolytes
leads inevitably to the formation of electric double lay-
ers (EDLs) near the charged surfaces of the tip and
sample [31]. The electric-potential drop across the EDL
structure screens efficient interactions of the electric field
between the tip and sample [22,23,32]. This phenomenon
at the tip-surface junction in liquids, also called the field-
screening effect or Debye-screening effect, still restricts the
application of high-resolution electrical probing of func-
tional materials and electrical devices in highly conductive
liquids. Notably, the field-screening effect results in poor
performance of electromechanical imaging by PFM in
conductive solutions. Balke et al. performed pioneering
research in which they discussed electromechanical visu-
alization in liquids by the use of an equivalent-circuit
method [25]. Therefore, the structure of the EDLs in the
tip-sample system and the corresponding electrical behav-
ior are still regarded as one of the key aspects that control
the capability of electrical probing in conductive environ-
ments. It is necessary to explicitly investigate further the
physical nature of the EDL oriented field-screening effect
on PFM visualization in electrolytes.

Here, we employ the finite element method to systemat-
ically simulate the potential distribution between a biased
tip and a charged sample surface, as well as illustrate the
field-screening effect resulting from ionic electromigration
in conductive solutions. For comparison with the theoret-
ical analysis, a series of PFM images on the nanoscale
shows high-resolution ferroelectric nanodomains in elec-
trolytes of molarity less than 100 mM. A strong field-
screening effect leads to poor imaging in solutions of
higher ionic strength. The numerical models and exper-
imental visualization focus mainly on deionized H,O
glucose solution, and electrolytes with various valences
and concentrations of anions and cations involving Na™,
K*, Cu®T, Mg?*, CI~, SO4*~, and PO4>~. This work is
expected to promote the development of electrical char-
acterization by SPM in highly conductive environments,
and could motivate researchers to use advanced SPM

electrical techniques for in vivo or in operando analysis
in the areas of functional materials, underwater electrical
devices, electrochemical systems, and bioelectronics.

II. SIMULATIONS OF FIELD-SCREENING
EFFECT

In terms of electromechanical probing, a PFM mode is
developed to detect picometer-scale piezoelectric defor-
mation on the sample surface, based on the converse
piezoelectric effect. When the conductive tip is brought
into contact with the sample surface, an ac voltage V,, =
Vae + Vo cos(wt) is applied to the tip using a functional
generator [8,33]. A schematic of the PFM setup in a liquid
environment is shown in Fig. 1. Actuated by the ac electric
field, a shift of the positive and negative charge centers in
a ferroelectric or piezoelectric material takes place, result-
ing in picoscale deformation on the surface [34]. Then, a
force on the tip induced by the deformation is read out as
a displacement of the cantilever with the use of a lock-in
amplifier. At the same time, the inherent spontaneous-
polarization property of a ferroelectric material is expected
to contribute to the bound charge accumulated at the (001)
crystal surface [35]. In this case, once the surface of the tip
or sample is exposed to a liquid, it is charged through the
ionization of surface groups or by the adsorption of ions
from the solution. Some ions in the liquid are bound to
the surface, and some are in rapid thermal motion, forming
an ionic cloud near to the surface [36,37]. The EDL struc-
ture consists of a compact Stern layer and a diffuse layer,
where the Stern layer is regarded as one capacitance of a
parallel-plate capacitor. The Gouy-Chapman-Stern model
of the EDL has been widely acknowledged as explaining
the dynamics of the electrode-electrolyte interface [30,38].
As shown in Fig. 2(a), hydrated counterions are absorbed
on the tip and the sample surface, constituting the inner
Helmbholtz plane (IHP) and outer Helmholtz plane (OHP).
Note that a linear drop in electric potential occurs across
the Stern or Helmholtz layer, whose thickness is only of the
order of a few angstroms. The potential distribution [y (x)]
in the diffuse layer complies with the Poisson-Boltzmann
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FIG. 1. Schematic of the setup for piezoresponse force
microscopy in a liquid environment.
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FIG. 2. Numerical simulation of electric-potential distribution in the tip-surface junction. (a) Idealized schematic of EDL structure,
including the THP and OHP formed on the tip and the sample surface. (b) Electric-potential distribution between the tip and the sample
surface in deionized water and in 10, 100, and 500 mM solutions for valences 1:2. We define coordinates (x,z), where the tip vertex
is regarded as the origin (x = 0,z = 0). The x axis is the coordinate parallel to the sample surface. The z axis is perpendicular to the
sample surface. The color threshold of the potential mapping in the color bars is adjusted from 0.8 V (10 mM) to 0.1 V (500 mM)
in order to adapt to the increasing screening effect while providing a clear view. (c) Drop of electric potential between tip and sample
with distance z in solutions of different molarity for given valences 1:2. By means of theoretical simulation, the potential distributions
are also modeled (d) for 100 mM with a variety of valences. (e) Lines showing the behavior of the potential distribution between the

tip and sample in 100 mM solutions with different valences.

where kg is the Boltzmann constant, &y and ¢, are the

equation,
dielectric constants, ¢; is the bulk molar concentration far
5 ziec; —ziewr (x) away from the surface, z; is the valence, T is the absolute
VY (x) = Z ———exp < T > ) (1) temperature, and e is the elementary charge. The poten-
j coer 5 tial decreases exponentially on crossing the diffuse layer,
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whose characteristic length or “thickness” is quantified
by the Debye length (Ap). The value of Ap decreases
according to the equation

Ap =

go&kgT
> 2)

722
= cizje

as the valence and molarity of the electrolyte increase.
Obviously, it depends only on the properties of the lig-
uid, and not on the surface properties of the sample
such as charges and potentials at certain temperatures.
Moreover, the valence and concentration of ions in solu-
tions together define the ionic strength [ = %Zizl izt
The Poisson-Boltzmann equation is accordingly simplified
by the approximation —zeyr(x)/kpT < 1 of the Debye-
Hiickel theory to V2 (x) = A,°¥ (x), which is available
for arbitrary electrolytes [38].

As the two EDLs at the tip and the sample surface
overlap with each other, the EDL interaction force has to
be considered. The tip-surface system can be treated as
a sphere of radius R near a flat surface (of unit length).
Invoking the Derjaguin approximation [36], the EDL force
in the sphere-flat model is

FrpL = kRZe ™", 3)

where « is the inverse Debye length, / is the separa-
tion of the tip and surface, and Z is the interaction con-
stant, defined as Z = 64w epe(kT/ e)?tanh?(zev J4kT). The
EDL interaction force has been reported by Ferris ef al.,
who made great progress in studying the EDL force as a
function of separation distance by using colloidal-probe
force microscopy [39]. Additional studies have introduced
quantitative measurements of charge density on biological
molecules through using EDL force measurements [40—
42]. The EDL interaction force, considered as an electro-
static coupling, participates in a portion of the electrical
and mechanical interactions in PFM imaging considered
in the experimental section (Sec. I1I).

Also, during SPM measurements in liquids, a dead
layer is generally considered to exist and to separate
the tip and the sample surface; it arises mainly from
a low-polarizability layer of surface adsorbates or from
interaction between hydrophobic and hydrophilic surfaces
[22,23,25,32]. Previous investigations have studied the
thickness of the dead layer as a function of voltage and
found that a thickness of around 2.7 nm with a low dielec-
tric constant matched the imaging quality of PFM visual-
ization [25]. In addition, anions or cations in polar solu-
tions usually bind 4-6 water molecules to form hydrated
ions, whose radii are less than 0.5 nm [36,43]. Therefore,
we take the dead layer into consideration in the follow-
ing simulation and demonstrate the presence of a separated
layer in the theoretical and experimental results. In the
present simulation, we reasonably hypothesize that the

thickness of the dead layer (%) is either 1 or 3 nm between
the tip apex and the sample surface.

Additionally, it is necessary to have a clear descrip-
tion of the dynamics of mobile ions, as the application of
PFM is based on frequency-dependent modulation. Once
a voltage is applied to the tip-surface junction, mobile
ions undergo electromigration in response to the applied
electric field. In fact, when the molarity of the elec-
trolyte is over 1 mM, the drive voltage V,.(w) would
require a frequency range higher than 107 Hz to cause
the ions to be in quasistatic equilibrium [44]. This range
has almost not been reached, and is beyond the limita-
tions of the frequency range in available commercial SPM
systems. Otherwise, there is a rich landscape for mobile
ions under the V,.(w) bias to periodically form an EDL
structure and screen the effective electromechanical inter-
actions within the drive-frequency space (10°~10° Hz) in
the overwhelming majority of PFM applications.

We put forward a numerical model to simulate the
field-screening effect by the finite element method. The
model is based on Eq. (1), simplified by the Debye-Hiickel
equation V21 (x) = Ath/f(x), where, consequently, the
model is presented based on cylindrical coordinates (7,z))
as 32y /912 + (1/r) (@ /or) + 9%y /02> = A2 (x). The
boundary conditions are based on Neumann and Dirich-
let boundary types. In the model, the tip apex is regarded
as a constant momentary potential of +1 V, and the tip
radius is 25 nm. Considering bound charges on the surface
arising from spontaneous polarization, we also set the sam-
ple surface to be at +1 V in the simulation. The potential
distribution in the three-dimensional structure of the tip-
liquid-surface system [Fig. 2(a)] is shown in a cross section
of the tip-sample junction. The thickness of the dead layer
between the tip and the sample surface is first hypothesized
as 1 nm. In deionized water, as shown in Fig. 2(b), the
electric potential is distributed uniformly in the tip-surface
junction. The electric field, with no potential reduction,
cannot be screened by the EDLs and is global within the
tip-surface junction; the Debye length in deionized water
is about 960 nm at 25 °C. Hence, it is feasible to probe
electromechanical interactions in deionized water.

In parallel, simulations are performed for various assem-
blies of valences (1:1, 1:2, 1:3, 2:1, 2:2, and 2:3) in 10,
100, and 500 mM solutions to evaluate the spatial varia-
tion of the potential. Owing to the formation of an EDL, the
potential decreases exponentially on the scale of the Debye
length in these ionic solutions. The liquid around the tip
and the sample is at a lower potential than the tip and the
sample themselves. When the molarity is increased from
10 to 500 mM for 1:2 electrolytes [Fig. 2(b)], the behav-
ior of the potential in the tip-surface junction shows an
increasing reduction, corresponding to the stronger screen-
ing effect in solutions of higher concentration. To clearly
illustrate the spatial variation of the behavior of the elec-
tric potential in the space (2 = 1 nm) between the tip and
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surface, the potential profiles as a function of distance
are highlighted below the tip apex. We define coordinates
(x,z) with the z axis perpendicular to the sample surface
and the x axis parallel to the sample surface. The tip ver-
tex is taken as the origin (0, 0) of the coordinates, and the
spot on the sample surface below the tip is taken as (0,
—1) in Fig. 2(b). As displayed in Fig. 2(c), a higher ionic
concentration of the electrolyte leads to a steeper decay in
potential for the given valences 1:2, where the potential
decreases by about 38% at the middle of the tip-surface
separation in a 500 mM electrolyte, and by about 10%
in a 100 mM one. Comparing the spatial variation of the
potential in high-molarity and low-molarity electrolytes,
we see that the reduction in the potential enables the deliv-
ery of the electric field to be interrupted severely between
the tip and the sample surface. This can be ascribed to
the fact that a higher concentration corresponds to a thin-
ner thickness of the EDL structure and a stronger ionic
strength.

Another parameter of the ionic strength that is impor-
tant in determining the thickness of the EDL structure is
the valence, according to Eq. (2). The potential distribu-
tion in electrolytes with different assemblies of valences is
modeled and is shown for molarities of the electrolyte of
100 mM in Figs. 2(d) and 2(e), and for 10 and 500 mM
in Fig. 6 (see Appendix A). A larger sum of valences of
the anions and cations is associated with more reduction
in the potential distribution. The situations of 1:2 and 2:1
assemblies correspond to almost the same profile of poten-
tial. The progressive decay is severer for the 2:3 type of
electrolyte than for electrolytes of low-valence type, even
though the molarities of all electrolytes are controlled at
100 mM in Fig. 2(f). The Debye length is also smaller for
2:3 electrolytes. In other words, electrolytes with a high
ionic strength alter the potential in the local distribution in
the tip-surface junction and bring about some difficulties
in the electromechanical interactions. The electromechan-
ical response (Pen) obtained during a PFM experiment in
an ambient or liquid environment can be depicted as Pey, =
oy (h)ds3 (k1) /(k + k), where d33 is the intrinsic electrome-
chanical response of the sample, «, (%) is the ac-potential
ratio of the tip to the sample surface, % is the separa-
tion of the tip and sample, and &; and & are the spring
constants of the tip-surface junction and the cantilever,
respectively [23,32]. In a liquid environment, the consid-
eration of the tip-surface junction should take the effect of
the liquid layer and the gap between the tip and sample
into consideration. The screening coefficient is «, (k) = 1
for h < Ap when the tip is in contact with the sample in
liquid, and % < 0 in air. However, if the EDLs around the
tip and surface do not overlap, the value of «, (%) is O.
The reduction in the value of the «, (%) ratio is attributed
to an electric-double-layer oriented field-screening effect
in electrolytes. Therefore, the electromechanical interac-
tion in the tip-sample junction shows a gradual decrease in

solutions at distances on the scale of Ap for the solution,
according to the simulation results.

The simulation results prove that the field-screening
effect becomes stronger with increasing ionic strength (/ =
% >"._, ciz?). Since the thickness of the gap between the tip
and the sample surface is enough to contain the entire EDL
structure (§ > 2Ap), the electrical interaction has to be
blocked due to the strong field-screening effect. Therefore,
the inverse piezoelectric interaction cannot work properly
in highly conductive liquids. In this case, PFM is incapable
of detecting piezoresponse signals. In short, the models
given indicate that the electromechanical interactions are
reduced on a scale of the magnitude of the Debye length in
solutions as the ionic strength is increased. We cannot be
sure that the dead layer has a fixed size in reality, although
its thickness is generally considered to be from a few
angstroms to several nanometers [22,23,25,32]. Thus, the
numerical simulations also consider the modeled behav-
ior of the potential when the thickness of the dead layer
is set as 3 nm. As shown in Fig. 7 (see Appendix A), the
field distribution in a 3-nm separation between the tip and
the sample surface exhibits a screening effect similar to
that in the 1-nm gap addressed above. A higher valence
and concentration would create a stronger field-screening
effect, associated with increased difficulty in PFM map-
ping in highly conductive liquid environments. But, as the
thickness of the dead layer increases, the threshold of the
ionic strength of the imaging solution is limited. In some
special cases, the observed sample surface may be treated
as being at 0 V without a surface charge. Figure 8 in
Appendix A also presents theoretical results for the field-
screening effect where the voltage (+1 V) is applied only
to the tip and the sample surface potential is set as 0 V
for electrolytes of different concentrations and with dif-
ferent assemblies of valences. The trend in the potential
attenuation is also similar to the results in Figs. 2, 6, and 7
(see Appendix A), which illustrates that the field-screening
effect is a key factor for PFM in liquids.

III. ELECTROMECHANICAL IMAGING IN
ELECTROLYTES

An electric-field-screening effect in the tip-surface junc-
tion could exist extensively for the different electrical
probing modes of SPM. Owing to the weak piezore-
sponse at the picometer scale in most materials, the PFM
method uses a lock-in amplifier to enlarge the intrinsic
piezoresponse. Thus, probing the piezoresponse in aque-
ous conductive media is generally considered an enor-
mous challenge. A type of nanoelectrode probe with an
insulated cantilever is applied to perform piezoelectric
measurements in conductive liquid environments. A scan-
ning electron microscopy (SEM) image [Fig. 3(a)] shows
an enlargement of the geometry of the nanoelectrode
tip, where the Pt-coated tip apex is conductive and the
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remaining part is fully isolated by dielectric materials.
The diameter of the tip apex is about 43.4 nm, and a
three-dimensional schematic of the tip in a liquid is also
shown in Fig. 3(b). Compared with a traditional metal-
coated probe, the unique structure of this nanoelectrode
probe is beneficial for imaging more precisely and reduc-
ing the stray current in liquids [45]. The nanoelectrode
probe has been applied to investigate electrical proper-
ties in polar liquids, showing outstanding behavior [46,47].
To validate the field-screening effect during PFM imag-
ing in liquids, antiparallel polarizations of a ferroelectric
Pb(Inl/2Nb1/2)03-Pb(Mgl/3Nb2/3)O3-PbTiO3 (PIMNT)
single crystal are imaged in air, deionized water, and
K,S04, Na3zPOy4, CuCly, MgCl,, MgSO,, and glucose
solutions with concentrations of 1, 10, and 100 mM, as
shown in Fig. 3. A fingerprintlike domain pattern, self-
assembled by polar nanoregions (PNRs), can be seen in
Fig. 3(c); a PNR structure in the PIMNT Ilattice has been
reported many times [48—50]. The lattice structure of
PIMNT is demonstrated by Raman spectroscopy and x-ray
diffraction, as reported in Appendix B. The slight differ-
ences in the ferroelectric domain patterns in PIMNT single
crystals can be attributed to stress accommodation and
random fields, which are sensitive to the PT compositions.

Figures 3(d) and 3(f) show amplitude images of the
piezoresponse in ambient and aqueous environments,
respectively. The cross talk in the PFM signal in air is
partially affected by the long-range electrostatic force due
to capacitance, because of the sample topography [29].
The amplitude in air [Fig. 3(d)] is slightly superimposed
by topographic cross talk, which cannot be found in the
amplitude image in DI water [Fig. 3(f)]. In the ambient

(a) . (b)
Si0,

nsulate

293 nmI Pt
H

43.4 nm

Alr

-0 MY 90° 0.0 A 0.4

10 mM

environment, both the long-range electrostatic interactions
and the electromechanical interactions participate in elec-
tromechanical visualization by PFM. In contrast, the
mobile ions and solvent molecules in solutions are benefi-
cial for screening the long-range electrostatic interactions
between the tip and surface. It can easily be understood that
the electrostatic interactions decay exponentially across
the EDL structure at a solid-liquid interface when the min-
imized separation / is greater than the Debye length, i.e.,
h > Ap, unlike the case in air [23,29]. Furthermore, capil-
lary interaction in the tip-surface junction severely limits
the resolution of PFM probing in air as well, and decreases
the observed width of domain walls. In an aqueous envi-
ronment, the lack of capillary interaction can improve the
lateral resolution of ferroelectric domains.

Out-of-plane PFM phase images involving antiparallel
domains are recorded in various solutions with valence
assemblies of 1:2, 1:3, 2:1, and 2:2 and with molarities
from 1 to 100 mM at one nonresonant frequency. For a
single-frequency PFM mode, a drive frequency near the
contact resonance may lead to cross talk, with surface mor-
phology superimposed on the enhanced piezoresponse sig-
nals. On the other hand, a high ac voltage may induce elec-
trochemical interactions such as the formation of bubbles
(water splitting), which have negative effects on the elec-
tromechanical interaction. A controlled drive amplitude of
less than 5.5 V is applied in our experiments, because it has
been proved that a modulation amplitude of less than 5.5
V can effectively avoid water splitting [26]. Figure 3(g)
enlarges the phase images observed in varied kinds of
electrolyte. The phase response is used to yield binary
information (—90° to +90°) about the surface-polarization

FIG. 3. Electromechanical imaging in
different electrolytes. (a) SEM image of
the nanoelectrode tip. The diameter of
the tip apex is about 43.4 nm. (b) Three-
dimensional schematic of the tip-apex
structure in the solution. (¢) Fingerprint-
like domain pattern in PIMNT observed
in ambient environment. The scale bar is
2 um. (d) Amplitude image (1 um?) of
PIMNT enlarged from (c). (e) Phase and
(f) amplitude images obtained in deion-
ized (DI) water. The scale bar is 200 nm.
(g) Phase images involving antiparallel
domains measured in various kinds of
solution. The image size is 200 nm.

100 mM
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status, and determines the position of domain walls. Obvi-
ous phase contrasts of about 180° and sharp edges are
achieved in 1 and 10 mM solutions. However, the edges of
domains are blurred and the signal-to-noise ratio decreases
in 100 mM electrolytes due to the electromechanical inter-
action being blocked by the stronger field-screening effect,
just as the theoretical prediction suggests. Owing to the
phase-optimization mechanism of the PFM based on dig-
ital lock-ins of the controller, the phase contrast is not
lost much in solutions with high molarity. The phase-
optimization mechanism in the PFM system allows for
and corrects the oscillation of the observed phase signal
and slight noise interference by examining the difference
in the signal vectors between the input phase signal of the
modulation and the surface deformation.

Although the electric-potential drop is different for dif-
ferent valences, the phase images do not show much
diversity with changing valence. Therefore, this result of
robust phase contrast confirms that the PFM system is
suitable for electromechanical imaging in electrolytes of
molarity up to 100 mM, which can be attributed to the
narrow “channel” in the tip-sample junction formed by
the overlapping EDLs, as shown in Figs. 2(b) and 2(d),
and in Figs. 6(a), and 7(a) in Appendix A. This “channel”
implements the interaction, including the effective elec-
tromechanical interaction and the EDL interaction. With-
out the overlap of EDLs in high-molarity electrolytes [see
the simulation results for 500 mM solutions in Figs. 6(b)
and 7(c)], the effective electromechanical interaction, EDL
interaction, and even electrostatic interaction would be
blocked between the tip and the surface. Then, the phase-
optimization mechanism would have no signal to collect

and optimize, due to the lack of interactions. Hence, it
seems to be difficult to probe electromechanical coupling
in solutions of over 500 mM owing to the serious field-
screening effect. For comparison with a liquid environ-
ment without mobile ions, electromechanical visualization
produces high-resolution phase images of about 180° con-
trast in glucose solutions, despite the concentration being
increased to 100 mA/. Nevertheless, it can be noted that
failure of electromechanical detection in CuCl, solutions
of molarity over 10 mM is ascribed to electrochemical
reactions, which drive metallic Cu to precipitate out due to
the oxidizability of Cu>*. Thus, if water splitting is elimi-
nated in the electrolyte, electrochemical reactions can still
be extremely sensitive to the ion species in the electrolyte.

Then, we highlight the ability of electromechanical
mapping with high spatial resolution on the molecular or
cellular scale by collecting together the values of the lateral
resolution of the observed domain-wall width. In reality,
the measured width of a domain wall could be decided
mostly by the tip radius; in the present work, this is about
22 nm, obtained from the SEM image shown in Fig. 3(a).
In order to quantify the domain-wall width from the exper-
imental data, the PFM signals are fitted with a modified
function according to a widely applicable micromagnetic
theory [51], A(x) = A4, + (4; — A)tanh[(x —x0)/(w/2)],
where A; and 4, are the responses on the two sides of
the domain wall at xq [23,52]. Here, the PFM signal is a
product of amplitude with phase, following the equation
PFM signal = amplitude x sgn(phase) [53], where sgn is
the sign function, used to determine the sign of the phase.
We also normalize the PFM signals to an amplitude of 1.
Figures 4(a)—4(e) show the fitted lines of the domain-wall

@z T (d) 1 2 FIG. 4. Fitted domain-wall width
5 Air MgCl, g observed in different conditions. (a)e)
'g £ PFM signal profiles across a domain
g0 0 E wall with fits (solid lines) in air, and
20D 2 in 1 mM K;S04, NazPO,, MgCl,, and
Z_,1 “o 12 MgSO, solutions, respectively. (f) The
= ‘ : : ; : o= lue of fitted domain-wall width
0 100 200 300 400 0 100 300 400 value ot every hifted domain-wall W
Distance (nm) Distance (nm) = with different electrolytes of molarity 1
(b)z if (e) 1 £ mM.
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profiles in air and in K,SOy4, Na3PO4, MgCl,, and MgSO,
solutions of molarity 1 mM, for which the correspond-
ing widths are about 36.4, 14.1, 20.5, 14.2, and 25.5 nm,
respectively. Apparently, the domain-wall width measured
in solutions with low molarity is less than that in air, from
Fig. 4(f). When the ionic strength decreases, the domain
wall becomes thinner. This can be explained by two effects:
(i) the effective field-screening effect in electrolytes could
cause the electric field to be concentrated in a smaller area
below the tip apex than the actual tip radius; and (ii), as
addressed above, the reduction of the electrostatic force
and the elimination of capillary interaction in liquids fur-
ther enhance the lateral resolution of the PFM amplitude.
Hence, with higher ionic strength, the electric field, mostly
screened by the EDL, fails to create an effective electrome-
chanical interaction between the tip and the sample surface
and is not enough to stimulate the piezoresponse of the
material. Consequently, this brings about a difficulty in col-
lecting the picometer-scale signal, which results in a loss
of resolution in the PFM images.

Moreover, unexpected situations such as sample damage
or tip wear could lead to poor performance of experiments
when a large contact force is applied in PFM imaging.
Thus, it is of great importance in applied high-resolution
imaging to use minimal imaging force. Simultaneously, we
doubt that the overlapping EDL structure would partici-
pate in the electrical or mechanical interaction between the
tip and the sample surface in PFM detection, according to
Eq. (3). As shown in Figs. 5(a) and 5(b), electromechan-
ical probing is carried out with different contact forces in
deionized water. The phase contrast and amplitude strength
continue to show the ideal performance with a decrease in
the force from 71 to —5 nN. Both signals reduce dramat-
ically at —13 nN and eventually disappear at —22 nN. In
the case of a positive force corresponding to a repulsive
one, it can be understood why we obtain a perfect signal
of the piezoresponse. What is noteworthy is that a robust
piezoresponse is imaged with a negative (quasiattractive)
force of —5 nN using a cantilever with a spring constant of
1.5 N/m and a calibrated deflection setpoint of —0.03 V.
To show the spatial resolution in detail, Figs. 5(c) and 5(d)
show enlarged images of the phase contrast, changing by
180°, obtained at 0 and —5 nN, respectively. In air, then use
of an attractive (negative) force in PFM imaging is almost
impossible to realize in contact mode. However, in a lig-
uid environment, particularly one with mobile ions, the
nonlocalized field contribution and EDL interaction may
contribute to the characterization at 0 nN or a small nega-
tive force in deionized water. The EDL force is extremely
difficult to quantify in PFM detection, but can be controlled
by adjusting the ionic strength, pH, and temperature [54].
Therefore, it is possible to perform electromechanical test-
ing at an interaction force of —5 nN with a contribution
from the EDL interaction. While the increased negative
force is much larger than the scale of the EDL force

Force (nN)
(b)
1 71r
M1 54t
4 37+

o |l 113t
2oL
(C) 600 nm (d)
V’ I { 44 ]
F=0nN 400 nm F=-5nN
FIG. 5. (a) Phase and (b) amplitude images in DI water with

various contact forces. Phase images achieved at contact forces
of (¢) 0 nN and (d) —5 nN.

[see as Eq. (2)], the tip will escape from the surface and
have no interaction with the sample. We expect in the
future to investigate the details of the overlapping fields
and EDL interactions in SPM electrical characterization in
conductive liquid environments.

IV. CONCLUSION

In summary, this work systematically reveals the field-
screening effect in electromechanical probing by SPM in
a series of liquid media, theoretically and experimentally.
The numerical modeling explicitly describes the physi-
cal mechanism of the field-screening effect in conductive
liquids. Moreover, the results of electromechanical imag-
ing in numerous environments with assemblies of various
valences and various molarities are consistent with the the-
oretical analyses. High-resolution images of ferroelectric
domains are achieved in low-molarity solutions. However,
a loss of resolution in electrolytes of molarity over 100 mM
results from an enhanced field-screening effect. It is essen-
tial to characterize electromechanical coupling in liquids
for understanding the functionalities or in operando per-
formance of an enormous range of materials and systems
in the extensive areas of piezoelectric and ferroelectric
materials, underwater and related electrical devices, elec-
trochemical systems, and bioelectronics. These theoretical
findings and experimental investigations could open up
pathways for electrical probing in more complex liquid
environments to be extended to more extensive research
and to provide insights into the implementation of other
advanced techniques in liquid environments.
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APPENDIX A: THEORETICAL ANALYSIS OF
ELECTRIC-POTENTIAL DISTRIBUTION IN
ELECTROLYTES

More electric-potential behaviors were simulated by the
finite element method, in order to clearly demonstrate
further the field-screening effect in the tip-surface junc-
tion induced by the electric double layer in electrolytes
of molarity 10 and 500 mM with different valences, as
mapped in Fig. 6. The potential is distributed evenly in the
10 mM solutions, but shows a tiny drop with increasing
valence in Fig. 6(a). In this case, an effective electrome-
chanical interaction between the tip and the sample surface

-10 0 10
© _
z1.00 10 mM
'g 1:1
5 — 13
E —2:1
0.95¢ — 22
) —2:3
-1.0 -0.5 0.0

Separation (nm)

is available during PFM imaging. This allows one to obtain
piezoresponse signals in 10 mM solutions despite the
changing valences. In contrast, as shown in Fig. 6(b), the
potential is obviously reduced for higher valences when
the molarity of the solutions is 500 mM . Additionally, the
spatial variations of the electric-potential behavior in the
separation between the tip and the surface are given along a
vertical distance of 1 nm in Figs. 6(c) and 6(d). Figure 6(c)
confirms that the potential is distributed continuously and
declines by no more than 5%, contributing to a weak
screening effect in the tip-surface junction in 10 mM elec-
trolytes, while there is a sharp reduction of the potential of
beyond 50% caused by EDLs with increasing valence in
500 mM solutions, as plotted in Fig. 6(d). The electrome-
chanical interaction seems to be interrupted in a conductive
liquid with high molarity and large valence. Therefore, the
field-screening effect resulting from the EDL structure has
a great impact on electromechanical imaging by the PFM
technique.

We argue that a wider dead layer of several nanometers
might exist in the tip-surface system [25]. The potential
distribution is also modeled when the thickness of the dead
layer is 3 nm in Fig. 7. When the ionic strength increases,
the potential decays owing to the field-screening effect, just
like the result when the gap is 1 nm. Similarly, the higher
valence and concentration create a stronger field-screening

Potential (V)

Potential (V )

d@_0

Sl 500 mM

=

50.5

£

(=W

0.0 ‘
1.0 05 0.0

Separation (nm)

FIG. 6. Electric-potential distributions between tip and sample surface modeled by finite element method in (a) 10 mM and (b) 500
mM solutions with a variety of valences, when the surface potential is 1 V and the thickness of the dead layer is 1 nm. Lines showing
the behavior of the potential distribution along a separation of 1 nm with different types of valence for (c) 10 mM solutions and (d)

500 mM solutions.
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FIG. 7. Electric-potential distributions between tip and sample surface modeled by finite element method in (a) 10 mM, (b) 100
mM, and (b) 500 mM solutions with a variety of valences, when the thickness of the dead layer is 3 nm and the surface potential is 1
V. Lines showing the behavior of the potential distribution along a separation of 3 nm with different types of valence for (d) 10 mM

solutions, (e) 100 mM solutions, and (f) 500 mM solutions.

effect, associated with the growing challenge of PFM map-
ping in highly conductive liquid environments. The spatial
variation of the potential along the separation is shown in
Figs. 7(d)-7(f). The potential decays by more than 5% in
the middle of the dead layer with increasing valence when
the molarity of the electrolytes is 10 mA/. When the molar-
ity of the electrolytes is raised to 100 mM, the potential
declines by over 60%. Furthermore, it can be seen that
the potential around z = 1.5 nm falls close to 0 V in 500
mM solutions, which means that the delivery of the electric
field is almost blocked by the serious field-screening effect.
It may be impossible to image electromechanical proper-
ties in such electrolytes. The thicker dead layer strengthens
the limitation on the concentration of the imaging solutions
in PFM measurements.

In addition, simulations are done in which the surface
potential of the sample is taken as 0 V while the thickness
of the dead layer is 1 nm. The variation of the potential
distribution near the tip surface in Figs. 8(a)-8(c) dis-
plays a similar screening effect to that in Fig. 2. However,
the potential distribution adjacent to the sample surface is
around 0 V. Lines showing the behavior of the potential

in the tip-sample junction are shown in Figs. 8(d)-S8(f).
Because the surface potential of the electromechanical
sample is considered as 0 V, it requires the spatial distribu-
tion of the potential to decrease from 1 V at the tip surface
to 0 V. In solutions of molarity 10 mM and low valence, the
potential decreases linearly, indicating a robust electric-
field distribution. In contrast, a higher conductivity of the
electrolyte leads to exponential reduction of the potential
in the tip-surface junction. Electromechanical coupling is
imaged through amplifying the effective electromechanical
interaction between the PFM tip and the surface. However,
the theoretical results demonstrate that strong conductiv-
ity with high ionic strength may result in an unexpected
field-screening effect, blocking the effective piezoresponse
signal.

APPENDIX B: LATTICE STRUCTURE ANALYSIS
OF PIMNT SINGLE CRYSTAL

A relaxor-based ferroelectric single-crystal 30PIN-
35PMN-35PT sample is chosen as the model sample,
where the constitution is near the morphotropic phase
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FIG. 8. Electric-potential distributions between tip and sample surface modeled by finite element method in (a) 10 mM, (b) 100 mM,
and (c¢) 500 mM solutions with a variety of valences, when the surface potential is 0 V and the thickness of the dead layer is 1 nm.
Lines showing the behavior of the potential distribution between the tip and sample with different types of valence for (d) 10 mM

solutions, (e) 100 mM solutions, and (f) 500 mM solutions.

boundary (MPB), as shown in Fig. 9(a). Because of its
enhanced dielectric and piezoelectric properties owing to
the composition near the MPB and the existence of polar
nanoregions [55-57], it is feasible to use it in many appli-
cations, such as in (biological) energy-transfer systems
and ultrasonic transducers [13,58]. Figure 9(a) represents

the phase diagram of PIMNT in a right-handed three-
dimensional Cartesian coordinate system, which includes
the tetragonal phase of PIMNT. Moreover, the lattice struc-
ture of PIMNT in the tetragonal phase (7, space group
P4mm) can be evaluated based on x-ray diffraction (XRD)
and the Raman spectrum. The Raman spectrum of this

(a) PMN (b) _ FIG. 9. (a) Phase diagram, (b)
1.0 2 Raman spectrum with Lorentzian
3 fitting (red lines) at room tem-
g perature from 50 to 1000 cm™!,
= (c) XRD pattern with a range of
£ 21°—46° of PIMNT (30/35/35) sin-
E gle crystal.
200 400 600 800 1000

Wavenumber (cm™) o~

30. 5/35 (c) (002) ‘é

0.0 Rhombohedral 1.0 (200) g/

I/ >

Tetragonal PIN A ::,,'

PT| - [ 2
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20 (deg)
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crystal at room temperature is presented with Lorentzian
fitting curves in Fig. 9(b). The assignment of phonon
modes in the tetragonal phase of PIMNT is plotted [59].
Figure 9(c) shows the (200) diffraction peaks at 26 from
21° to 46°. At about 45°, it can be observed that two peaks
(002)/(200) split from the (200) peak, which means the
tetragonal phase is dominant in this crystal [60,61].

APPENDIX C: EXPERIMENTAL METHODS

Experiments on piezoelectric detection in air, deionized
water (Milli-Q Advantage, 18.2 MQ/cm), and K;SOq,
Na3;PO4, CuCly, MgCl,, MgSO,, and glucose solutions
with concentrations of 1, 10, 100 mA/ are carried out in a
commercial atomic force microscopy system (Dimension
Icon, Bruker) equipped with a NanoScope V controller
including a functional generator and lock-in amplifier. All
experiments are implemented by using an insulated nano-
electrode probe (PFSECM, Bruker) at room temperature.
The probe is designed to be fully isolated by dielectric
materials except for a Pt-coated tip apex about 43.4 nm
in diameter. The spring constant of the cantilever is about
1.5 N/m.

A relaxor-based single crystal of 30PIN-35PMN-35PT
is grown by means of a modified vertical Bridgman
method [62]. Using PbO, In,O3, MgO, Nb,Os, and TiO,
powders (purity higher than 99.99%) as the starting mate-
rials, the ingredients are mixed in a certain proportion and
presynthesized. After thermal processing in the crucible,
the crystal obtained is cut into wafers or bands along the
(100) direction [62]. This growth method has been widely
used to prepare PbTiOs-based ferroelectric materials of
high quality. The lattice structure is analyzed using an x-
ray diffractometer (Cu Ko, D8 Advance, Bruker) with a
range of 20°-50°. A micro-Raman spectrometer (Jobin-
Yvon LabRAM HR Evolution, Horiba) with a 532 nm
excitation laser is used to record the Raman spectrum. The
recorded range of wave numbers is from 50 to 1000 cm™!.
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