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We investigated the dependence of electromechanical coupling and the piezoelectric response of a
micromachined Pb(Zr 5,Tig 45)O3 (PZT) diaphragm on its curvature by observing the impedance spectrum
and central deflection responses to a small AC voltage. The curvature of the diaphragm was controlled by
applying air pressure to its back. We found that a depolarized flat diaphragm does not initially exhibit
electromechanical coupling or the piezoelectric response. However, upon the application of static air
pressure to the diaphragm, both electromechanical coupling and the piezoelectric response can be induced
in the originally depolarized diaphragm. The piezoelectric response increases as the curvature increases and
a giant piezoelectric response can be obtained from a bent diaphragm. The obtained results clearly
demonstrate that a high strain gradient in a diaphragm can polarize a PZT film through a flexoelectric effect,
and that the induced piezoelectric response of the diaphragm can be controlled by adjusting its curvature.

trong intrinsic coupling between electrical polarization and the uniform strain (piezoelectricity) has been

demonstrated in thin films'~. In comparison with this primary effect, flexoelectricity*?, (coupling between

electrical polarization and the strain gradient), a second-order effect, is generally trivially weak®.
Approximately half a century ago, Bursian and Zaikovskii” clearly demonstrated that in a cantilever composed
of a layer of BaTiO; thin film sandwiched between two electrodes, spontaneous polarization induced by an
electric field may cause a distortion of the lattice which alters the film curvature. Their work also indicated that
although flexoelectric effect exists in a wide range of dielectrics, it is likely to be large only in some ferroelectrics.
However, the converse effect, i.e., the bending induced polarization, was not investigated in detail in their paper
due to experimental difficulties. Over the last decade, L. E. Cross, a pioneer in experimentally assessing flexo-
electric polarization, has shown with simple beam-bending experiments that strain gradients alone can induce
noticeable changes in electrical polarization®'*, wherein the high dielectric constant accounts for the significant
flexoelectric polarization. Although the debate on the absolute magnitude of the flexoelectric coefficients'>™” is
still ongoing, recent reports reveal that giant flexoelectric polarization indeed exists on both the micro- and
nanoscales'®** due to the huge strain gradient on the order of 10* to 10° m™" at film/substrate interface*>* or in a
nanoribbon*. Lu et al.'"® were able to cause a reversal of electrical polarization in an ultrathin epitaxial BaTiO; film
with only the use of a strain gradient generated by the tip of a piezoresponse force microscope. Catalan et al."”
demonstrated that a horizontal strain gradient near the domain wall forces out-of-plane spontaneous polarization
in the ¢ domains to rotate away from the normal direction. In their work on wavy Pb(Zr,Ti)O5 micro ribbons™, Qi
et al. showed that local probing of buckled ribbons reveals a significant enhancement in the piezoelectric response
due to the strain gradient that was found to be as high as 10* m™". Lee et al.*® showed that the flexoelectric effect
caused by strain gradients can create a strong imprint in uniaxial, perfectly oriented ferroelectric thin films. In
addition, flexoelectricity due to substrate bending can also result in the imprint of polarization in polycrystalline
ferroelectric films®'. Our recently published work® has demonstrated that macroscopic strain gradients can
induce substantial flexoelectric polarization in a bent Pb(Zr, 5,Tig45)O3 (PZT) diaphragm and that this giant
flexoelectric polarization can reverse the remnant ferroelectric polarization in PZT thin films. Using a combina-
tion of atomistic and theoretical approaches, Majdoub et al.*® investigated the size dependent piezoelectric
behavior of inhomogeneously strained nonpiezoelectric and piezoelectric nanostructures. They found that in
materials that are intrinsically piezoelectric, flexoelectric and piezoelectric effects do not add linearly but instead
exhibit a synergistic interaction. The latter leads to a strong size dependent enhancement of the effective piezo-
electric coefficient. With the flexoelectric coefficient reported by Cross et al.”?, they estimated that the effective
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piezoelectric constant of ferroelectric BaTiO; films increase by 20%
of its bulk value at a thickness of 8 pum and exhibits a fourfold
increase at a thickness of 1 um. The aforementioned results suggest
that strain gradients may be exploited for generating, stabilizing or
switching electrical polarization in thin film systems to enhance
piezoelectricity, which inspired us to investigate whether electro-
mechanical coupling and the piezoelectric response of the diaphragm
is tunable by varying its curvature. In this article, we used the imped-
ance spectrum and central deflection in response to a small AC
driving voltage to evaluate the electromechanical coupling and the
piezoelectric response of the diaphragm. The curvature of the dia-
phragm was controlled by applying air pressure to the back of the
diaphragm. The results revealed that a depolarized flat diaphragm
does not initially exhibit electromechanical coupling or the piezo-
electric response. However, when we applied a pressure to bend the
diaphragm, we were able to induce electromechanical coupling and a
giant piezoelectric response in the originally depolarized diaphragm.
We found that the induced piezoelectric response was tunable by
varying the curvature of the diaphragm. While efforts continue to
be expended on developing new methods and mechanisms to
enhance electromechanical responses via ferroelectrics®**’, the phe-
nomenon observed here, ie., that bending can significantly alter
electromechanical responses, uncovers a new route to high perform-
ance piezoelectric MEMS devices through dynamic curvature (flexo-
electric polarizaton) control.

Results

Controllable curvature of the diaphragm. We designed a special
test setup (see Methods) to control the curvature of the PZT/Si
diaphragm through a small pressure chamber connected to the
back of the diaphragm. Figure 1 shows the effect of the chamber
pressure on the surface profile of a PZT/Si diaphragm with very high
tensile stress. Figure 1a shows the schematic multilayer structure of
the diaphragm. Figure 1b shows a measured three-dimensional
profile of the bent diaphragm subjected to a positive chamber pres-
sure of 2.70 kPa. In Figure 1c, we see that the original deflection
height of the diaphragm is appsoximately 0.307 pm when no air
pressure is applied from the back chamber. Considering that the
diameter of the diaphragm is 1.2 mm, the original diaphragm
profile is actually very flat. As expected, the convexity, and thus the
curvature of the diaphragm can be deformed by adjusting the air
pressure from the back chamber of the diaphragm. The deflection
heights are 4.65 um at 2.70 kPa and —4.50 pm at —2.98 kPa. A
positive pressure value means that the air pressure inside the
chamber is higher than that of the outside ambient environment,
and vice versa. It can be seen in Figure 1c that the positive
pressure induces a higher central deflection than does the negative
pressure of the same order. This is due to the asymmetric multilayer
structure of the diaphragm (Figure 1a).

Microstructure of the PZT film and cross-sectional view of the
diaphragm. Figure 2 shows the SEM images of the cross section of
a fabricated diaphragm that is bent. The columnar structure of the
PZT grain on the diaphragm can be clearly seen in the images. The
composition of the PZT film is Pb(Zr 5,Tig 43)Os. It is located in the
tetragonal phase side near the morphotropic phase boundary (MPB).
We also performed an X-Ray diffraction (XRD) measurement (See
Supplementary Figure S1) to understand the crystalline structures of
the multilayer top surface of the fabricated diaphragm. The tested
area covers diaphragm (Figure 2b) and the large, rigid supporting
area (see Figure 2d), and it can be seen from Figure S1 (Supple-
mentary Information) that the PZT layer consists of a randomly
oriented polycrystalline tetragonal phase.

Bending induced electromechanical coupling. Resonance mea-
surement is a standard method recommended by the IEEE

standard®® to determine the electromechanical coupling properties
of a piezoelectric material. During the measurement process,
applying a small AC driving voltage to a polarized piezoelectric
structure can excite the intrinsic electromechanical coupling of the
structure. This coupling, as a measure of the polarization state, can be
observed through a resonance peak in the impedance-frequency
spectrum. On the other hand, a structure that is made from a
nonpolarized material cannot respond to a small AC electric
excitation because the structure does not possess electromechanical
coupling. Therefore, in this paper, we used the resonance peak in the
impedance spectrum to evaluate the electromechanical coupling
behaviors of the diaphragm. The fundamental principle of this
measurement method is described in Supplementary Information.
Figure 3 shows the impedance spectra of the PZT/Si diaphragm at
different air pressures. Shown in Figure 3a are the effects of the
positive pressure on the impedance and phase spectra of the
piezoelectric diaphragm. In its original flat state, ie., when no
pressure is applied, the diaphragm did not show a resonance peak
in either the impedance spectrum or the phase-frequency spectrum,
indicating that there is no electromechanical coupling in the
diaphragm; in other words, the diaphragm is not piezoelectric.
However, upon the application of a positive pressure of 1.33 kPa, a
resonance peak emerged. Both the resonance peak height and the
resonance frequency increased further with a higher positive air
pressure of up to 2.70 kPa. Figure 4 shows the effective electro-
mechanical coupling coefficients (See Supplementary Equation S1)
calculated with the tested resonance and antiresonance frequencies
in the impedance spectra. It is clear that the effective coupling
coefficient increases as greater pressure is applied. In comparison
with the variation of resonance and antiresonance peaks in the
impedance spectra, the variation of the peaks in the phase spectra
due to changes in pressure are more pronounced (See Figure 3a).
Therefore, it is more straightforward to qualitatively indicate the
electromechanical coupling in the phase spectra. Figure 3b shows
that the induced resonance peak in the phase spectra was rever-
sible when the positive air pressure was lowered. However, a very
weak peak, as indicated by the arrow in Figure 3b, remained when
the positive pressure was fully removed. Similar phenomena were
observed when negative pressures were applied (Figure 3c). That is,
the induced resonance peak height and the resonance frequency
increased with increasing negative pressure. The resonance peak
was almost removed when the negative pressure was gradually
reduced to zero from —2.98 kPa with only a very weak peak
remaining.

The observed phenomena clearly indicate that the flat PZT/Si
diaphragm initially does not exhibit electromechanical coupling
behavior. There is no self-polarization in this highly stressed PZT
film. This is probably because the high in-plane stress inhibits the
formation of the out-of-plane polarization (c-domain). Upon the
application of static air pressure to the diaphragm, the deflection
of the diaphragm directly induced electromechanical coupling in
the non-prepolarized PZT/Si diaphragm, and the electromechanical
coupling was enhanced as the air pressure was increased. Therefore,
strain gradient may play an important role in this phenomenon.
Considering that the diaphragm consists of a PZT layer, it is reas-
onable to assume that strain gradient can induce electrical polariza-
tion in PZT films, thus endow the film with piezoelectric properties.
However, it is currently unclear what the mechanism of the induced
polarization is. From a material microstructure point of view, reori-
entation of grains and/or domains and phase transformation at MPB
due to external poling voltage are the main causes of electrical polar-
ization and may thus be the possible causes of the bending induced
polarization. However, bending can only induce large tensile stress in
diaphragm plane. Even if the large in-plane tensile stress could
induce the reorientation of domains/grains or a new phase, the c-
domains or the polarization axis of the induced new phase will rotate
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Figure 1| Dependence of the surface profile of a PZT/Si diaphragm on the pressure difference between inside the chamber and the ambient

atmosphere outside the chamber. (a) A schematic of the multilayer structure of the micromachined circular PZT/Si diaphragm. The diameter of the PZT/
Si diaphragm is 1.2 mm. (b) This three-dimensional profile shows the curvature of the diaphragm at a positive chamber pressure. (c) A cross-sectional
profile along the diaphragm’s diameter at different chamber pressures. The positive values mean that the air pressure inside the chamber was higher than

that of the ambient pressure outside the chamber.

away from the normal direction of the diaphragm so that the induced
domain reorientation cannot enhance the out-of-plane polarization.
Thus, the in-plane tensile stress induced reorientation of grains/
domains or phase transformation are unlikely to be the main causes
of the bending induced out-of-plane polarization. In addition, it is
not easy for the c-axis textured columnar grains of PZT (see
Figure 2¢) to rotate towards the in-plane direction. On the contrary,
flexoelectric effect induces out-of-plane polarization, and is thus the
most probable cause of the bending induced polarization.

The flexoelectric polarization should disappear when the strain
gradient is removed, thus the very weak resonance peaks (Figures 3b
and 3c) that are observed after the removal of applied pressure are

caused by the residual strain in the diaphragm. Cross'* observed a
similar residual strain in a PZT-5H specimen bar after a high stress
four-point bend flexoelectric test. In comparison with the large rem-
nant polarization after poling by an electric field in normal PZT
films, the remnant component of the polarization from the residual
strain gradient in highly stressed PZT films is very small.

Bending induced piezoelectric response in depolarized dia-
phragm. To confirm that the bending truly induces piezoelectric
properties in PZT films, we also directly measured the piezoelectric
response of the diaphragm under different levels of static pressure.
The vibration amplitude at the center of the diaphragm was
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Figure 2 | Cross-sectional SEM images of a fabricated circular PZT/Si diaphragm. (a) Part of the released bent diaphragm together with the
supporting Si substrate. (b) Pt/PZT/Pt/Si/SiO, multilayer structure of the released PZT/Si diaphragm. (c) Detailed cross-sectional view clearly shows
the insulation Si;Nj layer, top and bottom electrodes and the columnar grain structure of the PZT layer. (d) Multilayer structure far away from the
diaphragm area. There is no Pt electrode on top of Si;N, layer and the silicon-on-insulator (SOI) substrate is clearly seen.

measured in response to a small AC driving voltage signal by using
the standard single beam interferometer method for measuring the
piezoelectric coefficient. The amplitude and frequency of the small
AC driving signal were maintained at 0.5 V and 100 Hz, respectively.
The displacement amplitude-voltage coefficient (dv coefficient),
defined as the vibration amplitude of the diaphragm caused by the
unit amplitude of the applied AC voltage, was used as a measure for
evaluating the piezoelectric response of the diaphragm. Figure 5
shows the measured air pressure dependence of the dv coefficient.
The dv coefficient was recorded in relation to a bipolar DC bias
within *1 V.

It can be seen in Figure 5 that the dv coefficient at the initial 0 Pa
chamber pressure was linearly dependent on the DC bias within a
relatively small range of =1 V. It varied from around 0 nm/V at0 V
to —7.65 nm/V at +1V, returned to 0 nm/V at 0 V, and then
increased to +7.41 nm/V at —1 V.Itbecame zero again after remov-
ing the —1 V bias. Normally, for a poled piezoelectric sample, the
piezoelectric coefficient should remain a nonzero constant within a
small bias range. Here, the zero dv coefficient at 0 V bias implies that
the PZT film was initially at an depolarized state. Upon applying the
bias, the £1 V bias-generated polarization was sufficient to exhibit
perceptible piezoelectric responses (—7.65 nm/V at +1 V), and the
dv coefficient only exhibited a slight hysteresis with the bias. The dv
coefficient that linearly varied with the DC bias clearly demonstrates
that it is not remnant polarization but electric field-induced polar-
ization that causes this piezoelectric response. This electric field-
induced polarization is normal and understandable. However, an
abnormal phenomenon observed here is that, upon applying either
a negative or positive external air pressure to bend the diaphragm, a
nonzero piezoelectric response appears at 0 V bias. The bending-
induced dv coefficients at zero electric field are around —17 nm/V
and +19 nm/V at +1.33 kPa and —1.30 kPa, respectively. This

observation is consistent with the results of electromechanical coup-
ling shown in Figure 3, further confirming that bending the dia-
phragm can generate a piezoelectric response in the PZT film and
that the piezoelectric response originates from the bending-induced
flexoelectric polarization. Further increasing the air pressure (2.70
kPa, —2.56 kPa) apparently does not increase the dv coefficient,
which implies that the pressure-induced polarization reaches a sat-
uration state at a certain air pressure. It is worth noting that when the
air pressure is reduced from 3.64 kPa and —3.39 kPa to zero, the dv
coefficient almost falls to zero, with a small residue (0.4 nm/V). This
result is consistent with the observed relations between electromech-
anical coupling and air pressure (see Figure 3), i.e., the very small
remnant component is also due to the residual strain gradient in the
diaphragm.

To further investigate the bending-induced polarization of the
film, we measured the dv coefficient hysteresis within a relatively
large bias range of =6 V. The small AC excitation signal we used
during the test was 0.5 V at 1000 Hz. We applied a single bipolar
measurement cycle with the first half reaching +6 V after applying a
pre-polarization pulse of —6 V. We repeated the test at different
levels of applied air pressure and the results are shown in Figure 6.
In the initial state, where no external pressure is applied, the piezo-
electric response (dv coefficient) starts from zero at 0 V bias and
returns to zero after reducing the bias from —6 V to 0 V. This result
clearly shows that the selected —6 V prepulse guarantees that the
measurement always begins at the depolarization state. Several inter-
esting phenomena can be clearly seen in Figure 6.

First, all the dv-voltage hysteresis loops are negatively shifted,
indicating an asymmetric piezoelectric response with respect to the
bias voltage. It is interesting to note that all the curves tested at
different pressures give a common bias of around —2.7 V, at which
the dv coefficients are zero. This result clearly indicates that an
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equivalent internal bias of 2.7 V should exist in the PZT film. Because
of this equivalent internal bias, the remnant polarization after
removing the —6 V bias was fully counterbalanced. As a con-
sequence, at all the applied chamber pressures, the remnant dv coef-
ficient is almost zero after removing the —6 V bias, whereas the
remnant dv coefficient is —28.0 nm/V at 0 Pa pressure after remov-
ing the +6 V bias. It is clear that this considerable piezoelectric
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Figure 3 | Static pressure-induced electromechanical coupling in a highly

stressed PZT/Si diaphragm. (a) and (b) Dependence of the impedance/
phase-frequency spectra on positive pressures. (c) Dependence of the
phase-frequency spectra on negative pressures.
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obtained from impedance spectra as shown in Figure 3a.

response results from the remnant polarization generated by the
concurrent action of both the external and internal electrical fields.

Second, although all the tests at different air pressures start from
the same depolarization state, a nonzero initial dv coefficient at 0 V
bias occurs upon application of an external air pressure. The absolute
values of initial dv coefficients increase as the applied pressure
increases irrespective of whether the pressure is negative or positive.
This observation further implies that bending can induce polariza-
tion thus piezoresponse in PZT films. Although the bending-induced
piezoresponse is small (the dv coefficients are around —15.7 nm/V
at 3.17 kPa and 15.6 nm/V at —3.39 kPa) in comparison with the
+6 V electrical bias-generated remnant piezoelectric response
(—28.0 nm/V at 0 Pa), it is in the same order of the magnitude.
These experimental results demonstrate that bending-induced elec-
trical polarization can generate a piezoelectric response at the same
order of magnitude as that induced by an electric field, clearly show-
ing that flexoelectric polarization plays an important role in micro-
machined PZT/Si diaphragms.

Third, bending can further enhance the electric field-induced
piezoelectric response and generate a giant piezoelectric response
in PZT diaphragms. The remnant piezoelectric response (dv
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Figure 5 | The dependence of the small-signal piezoelectric response of
the PZT diaphragm on air pressure, starting from the depolarized state.
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coefficient) increased as the air pressure increased after removing the
+6 V bias voltage. When a positive pressure was applied, the dv
coefficient increased from —28 nm/V at 0 Pa to around —105 nm/
V at 3.17 kPa. Upon application of a negative pressure, the remnant
dv coefficient first changed from negative to positive and then
increased to 98.8 nm/V at —3.39 kPa. In addition to the enhanced
piezoelectric response at a positive remnant polarization (+Pr) state,
we can clearly see in Figure 6 that the dv coefficient at the maximum
bias of £6 V also increased with increased air pressure. At +6 V
bias, the dv coefficient was —33.1 nm/V at 0 Pa and increased to
—193.5 nm/V and 168.9 nm/V by respectively applying air pres-
sures of +3.17 kPa and —3.39 kPa. As a consequence of both the
bending and applied bias, the dv coefficient of the PZT diaphragm
can reach hundreds of nanometer per voltage, indicating that we can
obtain high performance piezoelectric devices in a thin film system
by utilizing flexoelectric polarization.

Curvature controlled piezoelectric response in a well-polarized
diaphragm. To gain deeper understanding of how bending affects
a polarized diaphragm, we examined the PZT/Si diaphragm
after electrically poling the PZT layer by applying a +20 V voltage
at room temperature. Figure 7 shows the dependence of the
piezoelectric response on the applied air pressure. A small AC
signal of 0.5V and 100 Hz was used to excite the vibration of
the diaphragm. To avoid depolarization, the measurement was
performed with a unipolar positive bias ranging from 0 to 3 V. It
is clear that during the tests, the bias apparently did not affect the dv
coefficient. Figure 7a shows that the initial dv coefficient at 0 Pa
pressure after poling remained almost constant within a 0-3 V
range. It varied from —38.3 to —34.7 nm/V (see the red curve in
Figure 7a). Again, the piezoelectric response of the diaphragm was
enhanced substantially by the application of an external air pressure
to bend the diaphragm. At +3.17 kPa pressure, the dv coefficient
reached —194 nm/V (Figure 7b), around five times that at 0 Pa.
Upon removing the positive pressure, the remnant dv coefficient
became larger (see the green curve in Figure 7a) due to the convex
profile of the residue deformation or the increased flexoelectric
polarization. Negative pressure changed the sign of the dv
coefficient. At —0.44 kPa, the dv coefficient varied from +14 nm/
Vat 0V to+6 nm/V at 3 V. The dv coefficient increased as the
negative pressure increased. It reached +157 nm/V at —3.39 kPa
pressure (Figure 7b). After removing the negative pressure, the
remnant dv coefficient returned to its initial value (see the blue
curve in Figure 7a).
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Figure 7 | Effect of the air pressure on the piezoelectric response of a
poled PZT diaphragm. (a) The effect of the bias voltage on the dv
coefficient at different air pressures. (b) The dependence of the small-signal
piezoelectric response at remnant polarization state (at 0 V) on the air
pressure.

Zero and positive pressure resulted in negative dv coefficients and
negative pressure resulted in positive dv coefficients, which can be
explained by the direction of the remnant polarization and the curv-
ature of the diaphragm. The profile measurement shows that the
original diaphragm was not flat but was instead bent lightly upwards
(see Figure 1c) when no pressure was applied. The application of
positive pressure bent the diaphragm further upwards. In these cases,
because the positive driving field was parallel to the remnant polar-
ization, the increased lateral stress flattened the diaphragm and the
dv coefficient became negative. On the contrary, if the application of
negative pressure bent the diaphragm downwards, a positive driving
field would bend the diaphragm upwards, resulting in a positive dv
coefficient. It is evident from Figure 7b that the dv coefficient can be
significantly increased by increasing the air pressure from the back
chamber. This giant piezoelectric response makes a bent diaphragm
very promising in piezoelectric MEMS applications.

It is clear from Figure 7b that the dv coefficient approaches a
saturation state with the increase of applied pressure. Further
increase of the pressure will not produce apparent enhancement
of the piezoelectric displacement. This result reveals that for
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ferroelectric PZT diaphragm, although the flexoelectric effect and
piezoelectric effect exhibit a synergistic interaction, the enhance-
ment of the piezoelectric effect by flexoelectric polarization is lim-
ited. The saturated polarization that determined by microstructure
of PZT film, and the nonlinear deflection-pressure relationship of
the pressurized diaphragm might be the possible causes of this
saturation effect, which needs to be further investigated.

Polarization-voltage loops. The polarization-voltage (P-V) hystere-
sis loops and the large-signal central deflection-voltage (D-V) but-
terfly curves were measured simultaneously on the same diaphragm.
Figure 8 presents the results of two different tests. One starts from
the +Pr state with the bipolar voltage cycle increasing to —20 V first;
while the other starts from the negative remnant polarization (-Pr)
state with the voltage going to +20 V first. Figure 8 shows that the
two peak deflections in the D-V butterfly curves occur at £5.33 V,
indicating perfect symmetry with respect to voltage. The slight
difference in deflection heights at *=5.33 V in the D-V curves,
however, can be attributed to the asymmetric multilayer structure
of the diaphragm (see Figure 1a). The PZT film on this relatively flat
diaphragm also exhibits typically symmetric P-V hysteresis loops
without visible imprints. We can also see from Figure 8 that the
relaxed remnant polarization, P, is very low in comparison with
the remnant polarization, P,. Symmetric P-E loops and the low
relaxed remnant polarization may explain why self-polarization,
which is present in bent diaphragms®, is not present in this flat
PZT/Si diaphragm. In the *20V voltage range, the central
deflection may vary by —800 nm. Considering that the initial deflec-
tion height of the diaphragm is around 307 nm (see Figure 1c), the
—800 nm displacement means that the convex profile of the
diaphragm can be deformed to a concave profile by applying a
large voltage signal, indicating that the diaphragm possesses the
features of a flexural rigidity-dominated plate when no external
pressure is applied. When the applied pressure is increased, the
gradually increased tensile stress in the PZT film causes the
diaphragm to behave like a tension-dominated membrane®. In
this high pressure case, the small AC voltage signal during the dv
coefficient test does not change the convexity of the diaphragm.

It is interesting to note that although the dv-voltage loops exhibit
asymmetric features in the low voltage range, in the high voltage
range, however, applying air pressure to bend the diaphragm does
not affect the shape of the P-V loops (see Figure 9). One possible
reason for this may be the limitations of the conventional virtual
ground method we used for measuring the P-V loops. This method
relies on the measurement of switching charges when the polariza-
tion is altered by an external field. The bending-induced static
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Figure 8 | The large-signal central deflection-voltage butterfly curves in
conjunction with the polarization-voltage hysteresis loops of the PZT/Si
diaphragm when no air pressure was applied.

flexoelectric polarization, which shifted the P-E loop along the P
axis®, could not be detected during the dynamic P-V loops test. In
addition, if the maximum voltage during the P-V test is high enough
to reverse the flexoelectric polarization, there will be an identical
saturated polarization for both the maximum negative and positive
voltages. In this case, the shape of the P-V loop may be identical
under different external air pressures. The flexoelectric effect con-
tributes only to the relaxed remnant polarization. In fact, Figure 9
shows that the polarization at =20 V is around 35 pC/cm? much
higher than the flexoelectric polarization that could be obtained in
this PZT/Si diaphragm, which was estimated at less than 2 pC/cm?in
our previous paper”. In the low voltage range, however, the
asymmetric P-E loop can be observed (see Figure 9) because the
bending-induced polarization, together with the relaxed remnant
polarization, can compete with the small electric field-induced polar-
ization at the same order of magnitude. Even so, observing the P-E
hysteresis loops using the conventional dynamic method is not a
reliable way to investigate static flexoelecric polarization. On the
other hand, the small-signal dv-voltage loops, which measure the
piezoelectric response directly, can be employed as a criterion to
assess the static polarization.

Discussion

We have demonstrated that thin film systems are ideal environments
in which to capitalize on flexoelectric polarization. Electromechani-
cal coupling and a giant piezoelectric response can be induced in a
depolarized flat diaphragm by the application of air pressure which
bends the diaphragm and generates flexoelectric polarization. The
bending-induced giant piezoelectric response observed here opens a
new way to exploit high-performance piezoelectric microelectro-
mechnical devices by utilizing strain gradient-induced flexoelectric
polarization.

Methods

Test setup to control the curvature of the PZT/Si diaphragm. Figure S2
(Supplementary Information) shows a picture of the test setup. A small pressure
chamber was created in a stainless steel block. The chamber was connected to a
syringe through a tube. A silicon chip with the PZT/Si diaphragm was placed on top of
the chamber and sealed with paraffin. The pressure inside the chamber was controlled
by a syringe pump (HARVARD/Apparatus) with an infusion or a withdrawal step of
25 pl. The pressure difference between the inside of the chamber and the ambient
atmosphere outside the chamber was calculated by the volume change in both the
chamber and the syringe by using the ideal gas law. The highest pressure difference
during the test was around *+3.5 kPa. This was high enough to bend the PZT
diaphragm to an interesting curved shape.
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Figure 9 | P-V hysteresis loops at different external air pressures. The
asymmetric feature in the low voltage range fades away in the high voltage
range. The external pressure does not affect the shape of the P-V loop.
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Characterization methods. The surface profile of the diaphragm under different air
pressures was measured by using an optical surface profiler (Zygo NewView 7300).
An Agilent 4294A impedance analyzer was used to test the impedance spectrum of
the diaphragm. To maintain consistency in the results, the high voltage port of the
Agilent 4294A impedance analyzer was always connected to the top electrode of the
diaphragm during the testing. The oscillation AC level of the activating voltage was
5 mV. The P-V hysteresis loops and piezoelectric response of the diaphragm were
measured by an aixACCT TF Analyzer 2000E with a single beam laser interferometer.
The vibration amplitude at the center of the diaphragm in response to a small AC
driving voltage signal was measured using the single beam interferometer. The
amplitude and frequency of the small AC driving signal was maintained at 0.5 V and
100 Hz unless otherwise denoted. The fabrication process of the PZT/Si diaphragm
was described in detail in our previous paper®.
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