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Coupling between electrical and mechanical phenomena is
extremely common in inorganic materials, and nearly ubiquitous
in biological systems, underpinning phenomena and devices
ranging from SONAR to cardiac activity and hearing. This paper
briefly summarizes the Scanning Probe Microscopy (SPM) ap-
proach, referred to as Piezoresponse Force Microscopy (PFM),
for probing electromechanical coupling on the nanometer scales,
and delineates some existing and emerging applications to probe
local structure and functionality in inorganic ferroelectrics, cal-
cified and connective tissues, and complex biosystems based on
electromechanical detection.

Electromechanical coupling includes a broad class of phenom-
ena in which an electrical stimulus elicits a mechanical response
(e.g., deformation), or a mechanical stimulus elicits an electrical
response. The simplest example of electromechanical coupling is
piezoelectricity, or a linear relationship between the applied force
and the induced charge (in the case of the direct piezoelectric ef-
fect), or the applied bias and resultant strain (con-
verse piezoelectric effect). Considering that 20 out
of 32 crystallographic point groups and virtually all
optically-active biopolymers containing polar func-
tional groups are piezoelectric, it is no wonder that
electromechanics is all around us. Another, more
complex example of electromechanical coupling is
flexoelectricity (coupling between the electric field
and the strain gradient), which is ubiquitous in
liquid crystals and cellular membranes and plays a
key role in function of hearing cells (conversion of
acoustic waves of audible sound into neural electri-
cal signals), and energy storage in mitochondria.
Finally, biological systems offer an endless variety of
even more complex electromechanical behaviors.

For more than 60 years, electromechanical
coupling in piezoelectric crystals such as quartz
and ferroelectric perovskites was utilized in devices
and applications such as SONAR and ultrasound
imaging.' The progress in materials and device ‘&
fabrication in the last several decades has brought
about a gamut of novel applications, including sen-
sors, actuators, microelectromechanical systems
(MEMS) and surface acoustic wave devices (SAW).?
Ferroelectric materials, a subclass of piezoelectrics
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Fig. 2. (a,b) Vertical and (c,d) lateral PEM (a,c) amplitude and (b,d) phase images,
respectively, of a BFO film. (e) Topography of the same region. (f) Vector PFM image of the
combined vertical and lateral images. The orientation angle is coded by the color as reflected
in the ‘color wheel” legend, while the intensity provides the magnitude of the response (dark for
zero response, bright for strong response). The vertical range is 20 V for (1-d) and 20 nm for (e).
(a,b) were measured using a bias of 1 V at 1.3 MHz, while (c,d) were recorded using a bias of
5V and a frequency of 12 kHz. Sample courtesy of Y.H. Chu and R. Ramesh (UC Berkeley).
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Fig. 1. (a) Schematic of the PEM experimental setup. (b) Ferroelectric
domains with polarization oriented perpendicular to the sample surface will
expand and contract with applied bias, leading to a sample deformation
that can be measured as a tip-deflection (VPFM). (c) Ferroelectric
domains with polarization oriented parallel to the sample surface will
shear, and can be detected via the torsion of the cantilever (LPFM). The
amplitude of the deflection and the torsion is related to the magnitude of
the piezoelectric coupling coefficients, while the phase response provides
information about the polarization orientation. In VPFM, the phase
signal is (d) out-of-phase with the driving signal when the applied field is
anti-parallel to the polarization direction, and (e) in-phase when they are
parallel [as shown in (b)].
with switchable polarization, are rapidly emerging as materials
for non-volatile ferroelectric memories (e.g. in smart cards and
Sony Playstations),’ ferroelectric data storage, non-volatile gates
for field-effect transistors, and tunneling barriers. In biological
systems, electromechanical coupling manifests itself in virtually
all aspects of biological activity - from neural control of muscular
activity known since the time of Luigi Galvani to the function

of electromotor proteins and voltage-gated ion channels, which
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For the past decade, PEM has emerged as a tool
for nanoscale characterization of ferroelectric ma-
terials.’ In ferroelectrics, PFM can be used to visu-
alize ferroelectric domains, since the piezoelectric
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are being studied only now. To drive electromechanical and fer-
roelectric device development and to understand the biological
significance of electromechanical coupling in biosystems (e.g. to
improve the functionality of artificial biomaterials), it is necessary
to probe electromechanics on the length scales from microns to
nanometers, and ultimately down to the level of a single unit-cell
or protein molecule.

Scanning probe microscopy provides an ideal platform for
such measurements, as it combines nanoscale resolution with the
capability to perform both electrical and mechanical stimulations
and measurements. In particular, PFM allows electromechanical
activity to be probed directly on the nanoscale by measuring the
mechanical response to an electrical field applied via a conduct-
ing tip with a sensitivity of ~ 1 pm/V. Here, we describe the
implementation of PFM to probe electromechanical coupling in
inorganic and biological systems on the nanoscale, and delineate
its applications for structural and functional imaging.

The central paradigm of PFM is similar to conventional atomic
force microscopy (AFM) in that it involves a sharp conductive tip
mounted on a cantilever. The tip acts as a local probe interacting
with the surface, while the cantilever acts as a force sensor detecting
forces exerted on the tip. An illustration of the PFM experimental
setup is shown in Fig. 1 (a). A bias, V, =V, +V, cos(wt), is applied
to a conductive AFM tip in contact with a sample. The applied
ac bias will cause a piezoelectric material under the tip to expand
and contract in the vertical direction [Fig. 1(b)], or shear, result-
ing in lateral surface displacement [Fig. 1(c)]. This deformation is
detected via the AFM cantilever as the first harmonic component
of the bias-induced tip deflection, d,,cos(t +¢ ), as shown in Fig.
1(d,e). The response amplitude, d,,, provides a measure of the
local electromechanical activity of the surface.
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Fig. 3. (a) Topography image of a PZT film, and (b) representative PFM phase image
of a smaller area showing the as-grown domain structure. (c) Schematic demonstrating the
principle of ferroelectric lithography. (d,e) Two examples of ferroelectric domain writing. The
recorder pattern represents polarization in the sample visualized by PFM, and does not affect
surface topography in contact mode AFM. The vertical scales for (a) and (d) are 10 nm and
20V respectively. For (d,e) a mixed piezoresponse (PR) signal representation, R = AC0S@, is
used, where A is the PEM amplitude and @ is the PFM phase. Sample courtesy of S.-H. Kim

below the tip. For example, when the applied field
= is parallel to the polarization direction [Fig. 1(b)],
the phase of the piezoresponse is in-phase with the
driving signal [Fig. 1(e)]. The signal will be out-of-
phase when they are anti-parallel [Fig. 1(d)]. The
out-of-plane polarization is measured by record-
ing the tip-deflection signal at the frequency of
modulation, and is generally called vertical PFM
(VPEM). PFM is also sensitive to in-plane polariza-
tion. The in-plane component of polarization can
be detected as the torsion of the cantilever due to
the bias-induced surface shearing [Fig. 1(c)], and
is typically called lateral PEM (LPFM).

The VPFM and LPFM data can be combined to
reconstruct the real-space polarization orientation.’
VPFM and LPFM amplitude and phase images of
a bismuth ferrite (BFO) surface are shown in Fig.
2. When the amplitude response is strong, it cor-
responds with a region of strong electromechanical
activity. The vertical response for a domain oriented completely
out-of-plane will be larger than that for a domain with some
lateral component of polarization. Similarly, the lateral response
will be larger for a domain with polarization oriented completely
in-plane, and zero for a domain oriented completely out-of-plane.
Domains with different out-of-plane (or in-plane) polarizations
will be separated by a region of null response, corresponding to a

Fig. 4. (a) Topography, (b) PFM amplitude, and (c) PEM phase
images of an array of ferroelectric capacitors. (d,e) PFM amplitude and
phase images of one of the capacitors after the application of a switching
bias. The domain structure of exposed film (ridge) and material below
the electrodes (central area) are clearly seen. The vertical data scales are
1 um, 10V, and 20 V for (a-c), respectively. Sample courtesy of S.-H. Kim
(Inostek) and S-K. Hong (Hynix Semiconductor).
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Fig. 5. (a) Topography, (b) deflection, (c) PFM amplitude, and (d)
phase images of human tooth dentin. The vertical data scales are 350
nm, 10 nm, 50 pm, and 180° for (a-d), respectively. Sample courtesy of S.
Habelitz (UC San Francisco).

domain wall. The width of the domain wall is typically related to
the geometric size of a tip, since for most materials ferroelectric
domain walls are atomically sharp (below 1 nm width). In order
to visualize the differences between in- and out-of-plane polariza-
tions, the 3D orientation of the polarization can be reconstructed
from the vertical and lateral images. The combined vector PFM
image is shown in Fig. 2(f). The orientation angle is coded by the
color as reflected in the “color wheel” legend [Fig 2(f)], while the
intensity provides the magnitude of the response (dark for zero
response, bright for strong response).

So far, we have considered PFM as a tool for measuring the
existing polarization state and mapping the electromechanical
activity. PFM can also be used to modify the ferroelectric polar-
ization through the application of a bias, as illustrated in Fig. 3.

Fig. 6. (a,b,c,d) Topography images of blood cells with decreasing scan size. A white blood
cell in the center of Fig. 6a appears darker than the surrounding numerous red blood cells.
Electromechanical (e) amplitude and (g) phase images of the white blood cell in (c) [Region I
in (b)]. Electromechanical (f) amplitude and (h) phase images of a structural feature (d) on
a red blood cell [Region II in (b)]. The vertical data scales are 1 um for (a,b,c), 50 nm for (f),

800 pm for (d), 5° for (e), 400 pm for (g) and 1° for (h).
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When the applied field is large enough (e.g. greater than the local
coercive field) it can induce ferroelectric polarization reversal. This
technique can be used to ‘write’ single domains, domain arrays,
and complex patterns. Consider the topography image shown in
Fig. 3(a). The as-grown domain structure is shown in Fig. 3(b),
a PFM phase image of a region half the area of Fig. 3(a), which
reveals an initial random domain orientation. By applying a bias
to certain regions as shown in Fig. 3 (c), it is possible to switch the
polarization in some places so that certain regions are oriented
‘up’ while others are oriented ‘down’ By controlling the bias care-
fully, it is possible to ‘write’ patterns. In Fig. 3(d,e) the logos for
the Center for Nanophase Materials Sciences (CNMS) at ORNL
and the Department of Energy Office of Basic Energy Sciences
have been patterned into a ferroelectric film via ferroelectric li-
thography. The patterns are written without changing the surface
topography [Fig. 3(a)]. The ultimate limit for this writing process
is determined by the material properties and the sharpness of the
tip, and under optimal conditions reliable fabrication of 5-8 nm
features (bit size for information storage) has been demonstrated.’
Notably, surface polarization controls chemical reactivity of the
surface in the acid dissolution and metal photodeposition pro-
cesses, providing a pathway to transform the polarization pattern
into topographic or deposited metal pattern.’

PEFM can also be implemented through a thin conducting
layer. This allows for nanoscale characterization of FeRAM and
other ferroelectric devices. In this case, the applied field is uniform
beneath the top electrode, and local switching properties can be
investigated independently from changes in the tip-sample electri-
cal contact. Examples of electromechanical imaging of ferroelectric
capacitors are shown in Fig. 4. In this case, the film in-between
the capacitors has been etched away, so that only the capacitors
themselves reveal the domain structure.

Recently the reach of PFM has been extended beyond fer-
roelectrics to piezoelectric semiconductors, polymers, and bio-
polymers.”"*" PFM images of human tooth dentin are shown in
Fig. 5. The regions with different response can be clearly seen
on the PFM amplitude and phase images [Fig. 5(c,d)], providing
insight into internal structure of this tissue on the sub-10 nano-
meter level beyond the resolution of surface topographic image.
While the functional origin of observed contrast is
{ still under investigation (e.g. direction of electro-
mechanical response is tied with local molecular
orientation), this method allows high resolution
! structural imaging of the tissue by distinguishing
piezoelectric proteins from the non-piezoelectric
hydroxyapatite matrix.

One might expect that virtually all biosystems
manifest a mechanical response to an applied bias.
Other phenomena may contribute to the observed
signal (e.g. flexoelectricity) and may provide some
structural and functional insight into the material
being studied. Recently, we have attempted PFM on
biological systems such as cells. A panel of topog-
raphy and electromechanical images of blood cells
are shown in Fig. 6. There is a remarkable contrast
in the electromechanical images of the white blood
cell in Fig 6 (e-h). While the origin of this contrast
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Fig. 7. (a,b) Topography and (c,d) PFM amplitude and (e,f) phase
images of yeast cells in ambient. The vertical data scales are 115 nm for
(a), 437 nm for (d), 1V for (be), and 5V for (c,f).

is open to interpretation, it does reveal some information about

the cell that is not visible in topography or deflection (not shown)

images. Interestingly, features are visible on red blood cells as well,
which generally coincide with topographic features on the cell.

Further studies are needed to understand the exact signal forma-

tion mechanism, and hence the origins of observed contrast in

terms of cell structure and functionality.

Another example are yeast cells imaged in air. Topographic
and electromechanical images of yeast cells are in Figure 7. There
is a significant increase in piezoelectric activity in the vicinity of
the yeast cells (regions that are anticipated to be the last to dry).
This contrast can be attributed both due to residual sugars from
growth media and to the polysaccharides and glycoproteins that
make up the yeast cell wall. Ideally, the observation of changes in
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Fig. 8. Topographic and PFM imaging of a diatom skeleton, Navicula
radiosa. (a,b) Topography and PFM amplitude of the entire skeleton; (c,d)
topography and PFM amplitude of a zoomed-in section of a frustule ridge.
The vertical data scales are 1.02um for (a), 600 pm for (b), 85 nm for (c)
and 200 pm for (d). Diatom (Navicula radiosa) sample provided by Bob
Janisch and Matt Julius, St. Cloud State University.

electromechanical activity in a viable cell may provide insight into
biological processes at the nanoscale.

Finally, as with many other microscopic techniques, PFM at
times provides truly spectacular images of the nanoworld. Shown
in Fig. 8 are PFM images of the skeleton of a Navicula radiosa, a
common benthic pennate diatom, which is a single-celled organ-
ism with a silica shell (frustule). PEM of entire frustules appeared
to exhibit only topographical crosstalk from the high aspect ratio
features [Fig. 8 (a,b)], but upon zooming in on the ridge of the
frustule, additional features can be seen in the PFM amplitude
image [Fig. 8 (d)] that are not present in the topography image
[Fig. 8 (c)].

To summarize, PFM is well-established as a powerful tool
to explore polarization-related phenomena in ferroelectric ma-
terials, and is quickly emerging as a powerful tool for exploring
local electromechanical phenomena in biological systems. The
smallness of electromechanical coupling in biopolymers (10-100
times smaller then ferroelectrics) and stringent requirements of
PEM spectroscopy has necessitated the development of several
schemes to improve the signal-to-noise ratio, including resonance-
enhancement, dual-excitation, and high-voltage PEM. Future work
in this area will require careful studies in controlled physiological
environments and the development of novel modulation schemes
and probe designs in order to elucidate the mechanisms of the
electromechanical coupling on the nanoscale and tie it in with
biological functionalities. B
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