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ABSTRACT We demonstrate the design of a multifunctional organic layer by
the rational combination of nanosized regions of two functional polymers. Instead
of relying on a spontaneous and random phase separation process or on the
tedious synthesis of block copolymers, the method involves the nanomolding of a
first component, followed by the filling of the resulting open spaces by a second
component. We apply this methodology to fabricate organic nonvolatile memory
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diodes of high density. These are built by first creating a regular array of

P3HT v

ferroelectric nanodots by nanoimprint lithography, followed by the filling of the trenches separating the ferroelectric nanodots with a semiconducting

polymer. The modulation of the current in the semiconductor by the polarization state of the ferroelectric material is demonstrated both at the scale of a

single semiconductor channel and in a microscopic device measuring about 80 000 channels in parallel, for voltages below ca. 2 V. The fabrication process,

which combines synergetically orthogonal functional properties with a fine control over their spatial distribution, is thus demonstrated to be efficient over

large areas.
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rich variety of functional polymer
molecules have been synthesized by
chemists over the last decades, giv-

ing access to properties such as conductiv-
ity, semiconductivity, electroluminescence,
ferroelectricity, catalysis, etc. When a com-
bination of such properties is desired,
blending two-component polymers might
be an option. However, due to the immisci-
bility of most polymer molecules, the result-
ing material usually consists of coarse
distributions of regions of large size of the
two components.' Although sometimes of
interest for mechanical properties, such
morphologies are limited with respect to
functional properties. In this case, the block
copolymerization of functional sequences is
another option, however, involving consid-
erable synthetic complexity except for the
most trivial polymers.? In addition, the solid-
state microstructure of block copolymers,
which consists of regions of 10—100 nm size
of various periodicity and shape, remains
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difficult to control. Here, we demonstrate
an alternative route, allowing us to design
organic layers consisting of nanoregions of
well-defined size and shape, made of two
functional polymer components interacting
synergetically to provide a new functional-
ity. This is performed by simple operations
involving the nanomolding of the first poly-
mer material, followed by the filling of open
cavities by a second functional polymer
material. Our concept is demonstrated in
the context of organic nonvolatile memory
devices: we show that ferroelectric memory
devices of potentially extremely large den-
sity (up to 0.2 Gb/cm?) can be obtained
by the proper rational nanoprocessing of a
composite semiconducting/ferroelectric ac-
tive layer.

Emerging applications of organic electro-
nics such as electronic paper, smart labels,
and RFID tags require nonvolatile memories
capable of retaining information when
power is turned off. Such memories are
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Figure 1. (a) Fabrication process of nanoimprinted ferroelectric/semiconducting memory diodes. Two configurations are
used to characterize the diodes (local, path 3a, and in a microscopic device, path 3b). (b) AFM topography image (contact
mode) of an imprinted array of P(VDF-TrFE) nanodots of ca. 85 nm height, after having filled the grooves by P3HT (spin-
coating followed by annealing in toluene vapors). The left bright band corresponds to a region which was not imprinted. (c)
Current-sensing AFM image of the same region, showing the current passing through the semiconducting channels
separating the ferroelectric nanodots. The voltage on the bottom silver electrode was 6 V.

typically made from bistable materials exhibiting hys-
teresis in one of their properties.>* Among bistable
organic materials, ferroelectric polymers such as the
copolymers of the poly(vinylidene fluoride) family are
especially suited for nonvolatile storage since they
exhibit a permanent polarization whose direction can
be switched by the application of an electric field.>’
Until recently, ferroelectric polymers were typically
used in capacitive memories or as gate dielectrics in
ferroelectric field-effect transistors.®

In 2008, Asadi et al.” showed that phase-separated
blends of a ferroelectric and of a semiconducting
polymer could be used to fabricate a functional layer
combining both storage and reading capabilities.
The storage capability is provided by the ferroelectric
component, with bits 1 and 0 being associated with the
two opposite directions of the electrical polarization;
the reading capability is provided by semiconducting
channels connecting top to bottom electrodes. The
current flowing through the semiconductor channels is
modulated by the permanent polarization state of the
nearby ferroelectric polymer, due to the bending of the
semiconductor bands by the stray field of the ferro-
electric material at the electrode interfaces, as dis-
cussed extensively elsewhere.’~'? For large enough
injection barriers at the semiconductor/electrode in-
terface, the stray field of the poled ferroelectrics can
indeed modulate the height of the injection barrier
and switch the charge injection regime from injection-
limited to space-charge-limited, depending on the
direction of the polarization of the ferroelectrics. Com-
pared to ferroelectric capacitance or transistor mem-
ories, these two-terminal dual-component diodes
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present significant advantages in terms of scalability,
ease of integration, and reduction of cross-talks in
integrated memory arrays."’

However, the random character of the phase separa-
tion process between the two polymer components
leads to memory layers that are limited in integration
density due to the irregular and coarse distribution of
the semiconducting channels in the ferroelectric con-
tinuous layer. Controlling the morphology of phase-
separated blends in order to achieve high storage
densities remains a significant challenge.'® Therefore,
we developed a new designing concept for the bifunc-
tional layer and applied it to this specific device in order
to increase considerably the range of accessible sto-
rage densities. Our top-down design strategy consists
of first creating a regular array of ferroelectric nanodots
by nanoimprint lithography, followed by the filling of
the trenches separating the ferroelectric nanodots
with a semiconducting polymer (Figure 1a). We de-
monstrate the modulation of the current in the semi-
conductor by the polarization state of the ferroelectric
material, both at the scale of a single semiconductor
channel and in a microscopic device measuring about
80000 channels in parallel. Given a channel size in the
range of 150 nm, and ferroelectric nanodots of about
250 nm side, the device has a theoretical storage
density of 0.2 Gb/cm?. Importantly, in addition to
shaping the layer into an array of nanodots, the
nanoimprinting process also promotes a more homo-
geneous crystal nucleation and a preferential orienta-
tion of the crystallographic axes of the imprinted
material, as was demonstrated by us and others
before."* 2 For the ferroelectric polymer, this preferential
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orientation translates in decreased coercive fields,'®%?

which in the present case also results in a low voltage
operation of the memory device.

RESULTS AND DISCUSSION

The structure of the diodes consists of an imprinted
array of nanodots of ferroelectric poly(vinylidene fluor-
ide-ran-fluoroethylene) (P(VDF-TrFE)) embedded in a
continuous thin film of p-type semiconducting regiore-
gular poly(3-hexylthiophene) (P3HT), sandwiched be-
tween two electrodes (Figure 1a). The first electrode
is made of either poly(3,4-ethylenedioxythiophene):
polystyrene sulfonic acid (PSS:PEDOT) or of highly
boron-doped polycrystalline diamond (BdD). With work
functions W; of, respectively, ~5.1 and ~5.2 eV,>>%* PSs:
PEDOT and BdD form with P3HT ohmic contacts for hole
transport since the higher occupied molecular orbital
(HOMO) of P3HT is ca. 5.1 eV lower than the vacuum
level.” The second electrode is made of silver; it was
selected based on prior results'® and on a preliminary
study by current-sensing atomic force microscopy
(CS-AFM) of different metal electrodes. Given a silver
work function of 4.4—4.7 eV,*?” the Ag/P3HT contact
is injecting for holes, with a moderate injection barrier
of 0.4—0.7 eV. According to the current understand-
ing of ferroelectric/semiconducting blend diodes,'?
the modulation of this barrier by the stray field of
the poled ferroelectric material is responsible for the
memory effect of the device.

Experiments were first performed on samples in
which the silver electrode was at the bottom of the
device, while the top electrode consisted of a movable
BdD-covered AFM tip. A P(VDF-TrFE) solution was spin-
coated over the silver electrode and subsequently
nanoimprinted in the paraelectric liquid crystalline
phase of P(VDF-TrFE) using silicon molds consisting
of square cavities of lateral size / and depth d, arranged
over a square lattice of period p. Different molds were
used in this work; typical values of the cavity array are
p=350nm, /=250 nm, and d =200 nm, corresponding
to a surface fraction of cavities, [*/p?, of ca. 0.5. The film
thickness h = ~40—50 nm was selected to ensure
imprinting in complete confinement, that is, contact
of the protrusions of the mold with the top of the silver
electrode, which can be obtained provided hp?/I* < d.
As a result, the P(VDF-TrFE) film was transformed into
an array of square dots of height hp?//* and lateral size |,
with open trenches of width (p — /) separating them; in
some regions, partial tearing of the film after demold-
ing resulted in a limited lateral displacement of the
nanodots (Figure 1b). Piezoresponse force microscopy
(PFM) hysteresis loops performed on continuous and
imprinted samples confirmed that imprinting de-
creases significantly the coercive field,'®?? with the
hysteresis loop extending from —1.8 to 1.8 V for a
nanoimprinted sample of ca. 90 nm nanodot height,
compared to from —5 to 5V for a continuous thin film
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Figure 2. AFM height images (tapping mode) and related
histograms of pixel height for a sample of P(VDF-TrFE)
nanoimprinted over a PSS:PEDOT electrode (bottom row),
a similar sample after spin-coating a layer of P3HT of 20 nm
nominal thickness (middle row), and the same sample after
30 min annealing in toluene vapor (top row). The progres-
sive smoothing of the topography is obvious. For this
specific experiment, a mold of period and cavity size slightly
larger than usual was used (p = ca. 435 nm, | = ca. 300 nm),
keeping a similar surface fraction of cavities, in order to see
better the impregnation process of the grooves.

of ca. 80 nm thickness submitted to the same annealing
treatment as in NIL (Supporting Information, Figure S1).

The semiconducting polymer was then spin-coated
over the imprinted array of P(VDF-TrFE) nanodots,
thereby partially filling the trenches and covering the
ferroelectric nanodots. It was first verified that toluene
is a suitable orthogonal solvent, capable of dissolving
the semiconductor polymer while leaving unaffected
the imprinted P(VDF-TrFE) array (Supporting Informa-
tion, Figure S2). Experiments were then performed
with different spin-coating conditions. The best re-
sults were obtained when the spin-coating was per-
formed from 1 wt % toluene solutions; for example, at
7000 rpm, films of 20 nm thickness (hereafter called
the “nominal thickness”) are obtained when per-
formed over smooth substrates. When spin-coated
over P(VDF-TrFE) nanodots of ca. 80 nm height, the
difference of average height between the higher and
lower points of the structure was ca. 45 nm after spin-
coating, indicating that less P3HT accumulates over the
dots than in the trenches (Figure 2). Since an optimal
functioning of the device requires minimizing the layer
of P3HT atop the ferroelectric nanodots and filling the
trenches to as high a level as possible, the sample was
annealed in toluene vapors to displace P3HT from the
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Figure 3. Local electrical characterization of a hybrid ferroelectric/semiconducting layer, made of nanoimprinted P(VDF-TrFE)
nanodots of ca. 85 nm height separated by grooves filled with P3HT (of 15 nm nominal thickness). (a) Piezoresponse force
microscopy. The sample was poled locally before measurement as shown in the top left image. The next images correspond to
the PFM phase measured for different voltages applied to the bottom electrode (indicated in the images). The bottom right
graph is the variation of the piezo-contrast between the positively and negatively poled regions for increasing negative voltages
applied to the bottom electrode, showing the progressive reversal of the polarization. (b) Current-sensing AFM measurements
of the current flowing in the layer, depending on the applied reading voltage. The sample was poled locally before measurement

as shown in the bottom right AFM topography image. A modulation of the current depending on poling is observed.

top of the ferroelectric nanodots and accumulate it into
the separating trenches. It should be noted that the surface
tension of PVDF (considered here as close to the one of
P(VDF-TFFE)) is ca. 30.4 mJ m™~2?® while the one of P3HT is
286 mJ m 22 Using the Oss—Chaudhury—Good ap-
proach as detailed elsewhere,*® we estimated the inter-
facial tension between P3HT and PVDF to be negligible, ca.
0.25 mJ m~2, indicating that wetting of the P(VDF-TrFE)
nanogrooves by the swollen P3HT should not be impos-
sible. Annealing in toluene vapors for 30 min indeed
decreased the difference of average height of the previous
sample from ca. 45 to ca. 25 nm (Figure 2). This smoothing-
out of the height fluctuation indicates a partial transfer of
P3HT from the top of the ferroelectric nanodots to the
separating grooves. At the end of the process, it is likely
that a thin layer of P3HT still covers the top of the ferro-
electric nanodots. Nevertheless, current-sensing (CS) AFM
experiments confirmed the absence of current flowing
from the bottom electrode to the top of the ferroelectric
nanodots, suggesting this layer to be very thin and not
continuous (Figure 1c). In addition, CS-AFM demonstrated
the opening of the trenches down to the silver electrode
and the successful accumulation of P3HT in them
(Figure 1c), leading to current passing from the bottom
silver electrode to the top (BdD-coated AFM tip) electrode.

Piezoresponse force microscopy was then per-
formed on the hybrid semiconductor/ferroelectric
layer, to check the persistence of the ferroelectric
properties of P(VDF-TrFE) after processing, in the pre-
sence of the semiconductor (see Materials and Meth-
ods for details). Before the PFM measurement, the tip
was first grounded, and the sample was locally poled
downward by scanning the tip over a 4 x 4 um? region
while applying Vpc = —10 V on the silver electrode.
Then, a smaller 2 x 2 um? upward-poled region was
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written within the first one, using a positive electrode
voltage (Vpc = 10 V). Maps of the polarization were
then measured in PFM mode while applying increas-
ingly negative voltages Vpc to the bottom electrode
(Figure 3a). Here, the application of the static Vpc
voltage on the bottom electrode progressively
changes the direction of polarization of the central
region from up to down, while simultaneously polariz-
ing nonpermanently the whole sample. As a result, the
contrast between the upward- and downward-poled
regions is progressively fading when Vpc increases in
absolute value, due to the downward-switching of
the upward-poled central region. The contrast fades
rapidly and is mostly lost above ca. 2 V (Figure 3a),
demonstrating polarization switching in this low-
voltage range. These experiments indicate that the
ferroelectric properties of P(VDF-TrFE) are preserved in
the hybrid layer, and that switching occurs at low
values of voltage as found for the imprinted P(VDF-
TrFE) only (Supporting Information, Figure S1). This is a
further confirmation that the probable thin residual
P3HT layer atop the ferroelectric nanodots is of little
consequence for the functioning of the device.

The same sample was probed by current-sensing
AFM, using a similar procedure. The sample was first
poled upward by scanning the grounded tip over a
4 x 4 um? area, while applying Vpoc = +5 V on the
bottom electrode. The sample was subsequently im-
aged again with Vpc = 0 V to discharge possibly
trapped charges. Then, the sample was poled down-
ward within the previously poled frame, by scanning
the grounded tip over a smaller 2 x 2 um? area while
applying Vpc = —5 V on the silver electrode. In a final
step, maps of the current flowing from the silver
electrode to the grounded tip were obtained for
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Figure 4. Hysteresis of the current flowing in a hybrid ferroelectric/semiconducting layer made of nanoimprinted P(VDF-TrFE)
nanodots of ca. 85 nm height separated by grooves filled with P3HT (of 20 nm nominal thickness). (a,b) Comparison between
the local measurement of the current flowing in the hybrid layer by CS-AFM (a), and the current flowing in a microscopic
device of (100 ﬂm)2 cross-section (b), depending on prior poling of the area or device. In panel a, the lines are drawn to guide
the eye. (c,d) Current/voltage hysteresis loop measured on a microscopic diode of (100 /4m)2 cross section (c), and ratio

between the currents in the off and on states (d).

increasing positive values of Vpc on the silver elec-
trode. Figure 3b shows that current is flowing in the
gaps open in the P(VDF-TrFE) layer when Vpc is high
enough. In addition, the current flowing within the
upward-poled external region is on average higher
than in the downward-poled central region, demon-
strating the modulation of the device current de-
pending on poling. Note that the current tends to
be larger at the intersection between two grooves
due to a larger area of contact of the AFM tip at these
locations.

We found that the modulation of current is depend-
ing on the nominal thickness of the P3HT spin-coated
layer (dpsyt = 10, 15, and 20 nm). This might be due in
part to the dependence of the current on the contact
area between tip and sample, which may be limited in
the recesses of the layer; the height of P3HT in the
grooves and the amount of residual P3HT on the top of
the ferroelectric nanodots are supplementary factors.
The stronger current modulation was observed for
20 nm P3HT nominal thickness. Larger nominal thick-
nesses were not investigated, as they correspond to
thicker P3HT layers on the ferroelectric nanodots which
is likely to be detrimental for operation. Figure 4a
presents for this specific sample the current flowing
from bottom to top electrode, depending on reading
voltage (Vp(), for upward- and downward-poled re-
gions (the tip was positioned at the intersection of two
P3HT-filled grooves, which corresponds to a vertical
semiconducting channel of about 140 nm diagonal
length). A strong modulation of the current depending
on the polarization of the P(VDF-TrFE) layer is observed
when Vpc is below ca. 2 V, with the ratio of on-to-off
currents (Ion/lof) being 5 at Vpc = 1.5V, or even larger
for lower Vpc. The loss of modulation above 2 V is
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consistent with the PFM results which indicated that
the polarization switching is essentially done at 2 V.

Increasing the switching to higher voltages requires
increasing the thickness of the P(VDF-TrFE) layer.
However, attempts to do so were unsuccessful because
thicker layers resulted in stronger adhesion to the
molds and therefore very defective samples. A similar
experiment was performed, using poly(triarylamine)
(PTAA) instead of P3HT. In this case, a poling voltage
of 10 V was used, and the current flowing from the
silver electrode to tip was measured at a reading
voltage of 1 V; the on and off currents were 30 and
~0 pA, respectively, showing that the device could also
work with another semiconducting polymer having a
similar HOMO level (ca. 5.0-5.2 eV).>"3?

A hybrid P3HT/P(VDF-TrFE) microscopic device was
also realized and compared to the previous measure-
ments, in order to obtain the collective behavior of
a series of semiconducting channels. In addition, be-
cause such a large device is much more sensitive to
defects in the layer, this test also serves to evaluate the
general quality of the fabrication process of the hybrid
layer. Here, a gold line of 100 um width and 50 nm
thickness was first deposited, followed by spin-coating
of a PSS:PEDOT layer of 100 nm thickness. A P(VDF-TrFE)
layer was then deposited and imprinted as described
before. The imprinting process is self-aligned: because
the bottom electrode protrudes by 150 nm over the
rest of the substrate, the P(VDF-TrFE) is properly im-
printed over the electrode only. After P3HT spin-coating,
a crossed top Ag electrode of 100 um width was
evaporated through a shadow mask. The PSS:PEDOT
electrode was grounded, and the ferroelectric polymer
was poled downward (upward) by applying Vpc = +10
V (=10 V) on the top Ag electrode. Then, the current
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flowing in the device was measured for increasing
positive values of Vpc (Figure 4b). Again, the current
lon flowing in the device was significantly larger when
the polarization of the ferroelectric nanodots was
pointing away from the Ag electrode, compared to
the current I, when the polarization of the nanodots
was pointing toward the Ag electrode. Most impor-
tantly, the 0—2 V memory window on the device of
100 um? cross section (Figure 4b), which comprises ca.
80000 ferroelectric nanodots, compares well with the
local measurements performed on a single current
channel by CS-AFM (Figure 4a). It is more difficult to
compare precisely the current levels since defects
might exist in the microscopic device and since the
exact contact surface is unknown in the case of the local
CS-AFM experiment. Nevertheless, the factor of ~10*
between the current levels measured at 1 V in the
macroscopic and local measurements is in the expected
range because the microscopic device comprises a few
tens of thousands of cells. This demonstrates that our
fabrication process can lead to layers of good quality over
100 um?. The Supporting Information provides another
proof that hybrid layers of good quality can be obtained
by our process over large areas, using a range of materials
and different shaping geometries: in the specific case of
Figure S3, the electrode size is as large as 1 cm?, while the
hybrid layer consists of an array of parallel P(VDF-TrFE)
imprinted lines of 65 nm width interspersed with (P3HT/
PCBM) semiconducting polymer blend.

Figure 4c is the complete hysteresis curve of the
current flowing in the microscopic device when the
voltage is swept from —10 V to +10 V and back. Since
the bottom PSS:PEDOT electrode provides an ohmic
contact with P3HT, no modulation of current is ob-
served on the negative reading voltage side, as ex-
pected. The ratio between the currents, which is the
on/off ratio, is displayed in Figure 4d, showing that in
the positive reading voltage region values as high as 25
can be obtained. Further increases of this on/off ratio
should be possible by improving the design of the
device, tuning the electrode/semiconductor interface,
and decreasing the number of defects after imprinting.

CONCLUSIONS

Our results demonstrate the possibility to design a
multifunctional organic layer of large area by rationally
combining nanosized regions of different functional
polymers. The proposed methodology involves shap-
ing a first component by nanoimprinting, followed by
the filling of open spaces by the second component.
Instead of relying on a spontaneous and random phase

MATERIALS AND METHODS

Materials and Processes. P(VDF-TrFE) was obtained from Solvay
Specialty Polymers (30 wt % of TrFE units; weight-average molar

NOUGARET ET AL.

separation process, or on the tedious synthesis of block
copolymers, the method allows one to tailor a hybrid
active layer in order to combine synergetically ortho-
gonal functional properties with a fine control over
their spatial distribution. In this respect, despite the
numerous technological improvements certainly re-
maining to be made in the future, our methodology
offers an unprecedented way to fabricate sophisti-
cated multifunctional organic layers for a range of
possible applications. Most importantly, it could be
easily generalized to other types of hybrid multifunc-
tional layers such as, for example, found in solar
cells**>* or multiferroic composite materials.
Concerning the specifically targeted application of
this article, we note that, compared to the previously
reported phase-separated blend memory diodes, im-
printed diodes have the advantage to display a regular
hybrid structure of semiconducting and ferroelectric
regions of very small size, with increased storage
densities being thus possible. CS-AFM results show
that a single storage cell could be limited to four
ferroelectric nanodots separated by two crossed chan-
nels of semiconductor, corresponding to a footprint of
700 x 700 nm? However, to fully exploit this value,
further technological work will be needed to deposit
aligned electrode strips of appropriate width. The
storage density could thus potentially be as high as
ca. 0.2 Gb/cm? and increased scaling down of the
ferroelectric nanodots—which is not forbidden by
fundamental principles*>~3—would increase further
this value. With P3HT as semiconductor, the typical
current flowing in such a small device is on the order of
a few tens of pA; higher currents could be obtained
with semiconductors of higher mobility or by improv-
ing the postprocessing treatment of P3HT. Alterna-
tively, one can compromise storage density and
increase the current density, by making larger devices
comprising many such cells sandwiched in parallel
between two crossed electrodes. Then, currents in
the range of #A can be obtained for electrode sizes
in the 100 «m range (~64 kb/in?). In this case, however,
itis of utmost importance to improve the quality of the
imprinting process because defects add up in parallel.
A second advantage resulting from imprinting is the
low switching voltage, which is of interest for low-
power operation. The switching voltage of our device is
ca. 2V, corresponding to fields of ca. 25 MV/m. This low
value is the result of the limited thickness of the
ferroelectric dots, combined with the beneficial effect
of nanoimprinting which reduces the coercive field of
P(VDF-TrFE) as we demonstrated before.'®?*

mass ca. 340 000). Regioregular poly(3-hexylthiophene) (P3HT)
was purchased from Aldrich. P(VDF-TrFE) was dissolved in
cyclohexanone (25 g/L) and was spin-coated over the bottom
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electrode, leading typically to a film thickness of ~40—50 nm for
a spin-coating speed of 6000 rpm. The bottom electrode was
either a 100 nm thick Ag electrode deposited by thermal
evaporation ora 100 nm thick PSS:PEDOT electrode spin-coated
over a 50 nm thick layer of evaporated gold. In both cases, the
bottom electrode was deposited on a silicon wafer covered by a
thick layer of insulating oxide. The ferroelectric film was subse-
quently imprinted with an Obducat imprinter in the paraelectric
liquid crystalline phase of P(VDF-TrFE) for 10 min at 135 °C and
60 bar, then cooled to room temperature. The molds were
prepared by electron beam lithography and were coated with a
monolayer of perfluorodecyldimethylchlorosilane (Gelest) for
decreased adhesion.

Piezoresponse Force Microscopy and Current-Sensing AFM. Experi-
ments were performed with an Agilent 5500 microscope
equipped with a Mac lll triple lock-in amplifier (Agilent), using
Si cantilevers of 0.5 N/m nominal bending rigidity, coated with
boron-doped diamond (CDT-CONTR from Nanosensors). For
CS-AFM, the tip was grounded and the DC bias was applied to
the bottom electrode. For PFM, the tip was additionally sub-
mitted to a small alternative voltage Vac = Vocos(wt) (Vo =0.5V
and w ~ 565 x 10% s~ close to the resonance frequency of the
tip when in contact with the sample). Due to the converse
piezoelectric effect, the alternating electric field generates an
oscillating deformation of the sample in the direction perpen-
dicular to the electric field, A(t) = Acos(wt + ¢), which is detected
by the vertical deflection of the cantilever having its tip in
contact with the sample.3® The PFM amplitude (4) is propor-
tional to the absolute value of the converse piezoelectric
coefficient, which is itself related to the permanent polarization
of the sample. The phase signal (¢), which indicates the phase
difference between the mechanical oscillation and the electric
voltage applied to the tip, should be either 0 or 180° depending
on whether the average dipole moment points down or up,
respectively. However, due to the existence of other sources of
electromechanical coupling, the measured phase angles are
often different from these expected values® The contrast
between the two differently poled regions was defined as
(1/2) x(ATcos(¢') — A cos(¢™)), where the superscripts “+”
and “—" refer to the direction of the polarization (+ = upward).
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