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ABSTRACT: There is growing interest in integrating piezo-
electric materials with complementary metal-oxide-semiconductor
(CMOS) technology to enable expanded applications. A promising
material for ultrasound transducer applications is poly(vinylidene
fluoride) (PVDF), a piezoelectric polymer. One of the challenges
with PVDF is that its piezoelectric properties can deteriorate when
exposed to temperatures in excess of 70 °C for extended periods of
time during fabrication. Here, we report on the effects of both
shortening annealing times and providing this heating nonun-
iformly, as is characteristic of some processing conditions, on the piezoelectric coefficient (d33) of PVDF films for various
thicknesses. In this case, no degradation in the d33 was observed at temperatures below 100 °C for anneal times of under 1 min when
this heating is applied through one side of the film, making PVDF compatible with many bonding and photolithographic processing
steps required for CMOS integration. More surprisingly, for one-sided heating to temperatures between 90 and 110 °C, we observed
a transient enhancement of the d33 by nearly 40% that lasted for several hours after these anneals. We attribute this effect to induced
strain in these films.
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■ INTRODUCTION

In the last decade, interest in the miniaturization of ultrasonic
technology for integrated circuit applications has surged.1−3

From on-chip resonators4 and multimodal sensors,5,6 to energy
harvesters7−10 and biomedical applications,11 the need for
biocompatible piezoelectric transducers integrated with
CMOS-based electronics has grown. While capacitive micro-
machined ultrasound transducers (CMUTs) offer a possible
CMOS-compatible solution, their high bias voltages,12

limitations on carrier frequency (<50 MHz), and involved
fabrication processes present challenges. Bulk piezoelectric
transducer elements, which require no biasing and which can
take the form of ceramics or polymers, do not have these
limitations and have found applications in integrated
electronics.13,14 Ceramic materials, such as lead zirconate
titanate, tend to have a high acoustic impedance, which
necessitates a matching layer for effective performance.
Further, the intrinsically high quality (Q) factor of these
materials limits their bandwidth for many applications.13 On
the other hand, piezoelectric polymers such as PVDF have
acoustic impedances close to that of human tissue, eliminating
the need for a matching layer.15 In addition, unlike ceramics,
PVDF has a relatively low Q, allowing for high-bandwidth
ultrasonic elements.
The piezo-active phase of PVDF is the β phase, where

electronegative fluorine atoms are in an all-trans configuration
relative to the hydrogen atoms in the alkane-like polymer

chain.16,17 This configuration yields a significant electric dipole
moment in the out-of-plane crystallographic b direction,
perpendicular to the direction of the long polymer chains.18

The β phase is usually obtained by mechanical pulling and/or
heating of the piezo-inactive α phase,19−24 and its piezoelectric
coefficient (d33) is a function of the film thickness and the
exact ratio of phase content in the material. To activate
meaningful piezoelectric functionality, the solid-state β-PVDF
films are then poled at high electric fields (∼5000 kV cm−1).25

With these poling approaches, bulk PVDF has been used to
successfully generate pressure waves with center frequencies, f
> 100 MHz,26 while spin-casting and lithographic techniques
have yielded elements with f > 300 MHz.27

These poling requirements make integration of PVDF
transducers with CMOS difficult. The polymer can be spin-
cast, but these techniques require poling after deposition, and
the fields needed for the poling process have magnitudes well
above the tolerance of standard CMOS circuits.25,27 To
circumvent this limitation, prepoled films can be bonded to a
substrate. Reported bonding solutions include metal−metal
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bonding processes28 and thin epoxy-based solutions,29 but
these methods fail when the contact area is on the order of
micrometers. Bonding approaches are further complicated by
thermal budgets. β-PVDF degrades when the material is
exposed to temperatures above 70 °C for extended periods of
time.22 The apparent origin of this decay is the release of
trapped surface charge due to the thermal destabilization of the
semicrystalline polymer domains.30,31 Photolithographic and
bonding processes often require short baking steps carried out
at temperatures >70 °C; thus, utilizing prepoled films in a
manner that preserves their d33 after thermal processing is an
important challenge to overcome to integrate PVDF into
CMOS technology.
Here, we investigate the effects of short anneals

representative of the baking steps required for bonding and
lithography on the piezoelectric properties of PVDF for a range
of polymer film thicknesses. We record changes in the d33 on a
PVDF film caused by one-sided conductive heating (unidirec-
tional heating). We observe that these short unidirectional
anneals, which mimic lithographic process conditions, have
almost no permanent effects on the piezoelectric properties of
PVDF when the temperature is kept below ∼100 °C. We
characterize the changes in the crystal structure and surface of
the heated β-phase PVDF films and find that they correlate
strongly with changes to d33, further supporting the theory that
thermally induced random depolarization is responsible for the
loss of piezoelectricity in PVDF. We compare these changes
with changes caused by conductive heating from both sides (or
bidirectional heating). We find evidence that increased sample
strain caused by unidirectional heating correlates with a
reduced depolarization, yielding a higher long-term d33 value.
Finally, we observe an anomalous transient boost in the d33 of
PVDF immediately following the unidirectional annealing,
lasting up to 72 hours, which we link to the mechanical
deformation caused by the induced strain.

■ EXPERIMENTAL SECTION
Materials and Heating. β-PVDF samples (∼1 cm2 in area) were

cut from single sheets of commercially available unmetallized films of
various thicknesses: 28 μm (Precision Acoustics), 110 μm (Kureha),
and 200 μm (Kureha). Metallized PVDF provides structural support
that inhibits the mechanical changes that we believe dominate the
responses in this experiment. The heating stage of a submicrometer
bonder (Finetech FINEPLACER lambda) was used to accurately
control the sample temperature, ramping up to a target temperature at
a rate of 5 °C s−1 and holding it constant for 60 s, after which the
sample was removed and cooled rapidly to ambient room temper-
ature. A fixed anneal time was used in these studies as representative
of typical processing conditions required for bonding approaches for
these films to CMOS substrates. At temperatures below 120 °C, the
samples were placed directly on the metal heating element. At 120 °C
and above, samples were placed on a thin glass cover slip (thickness:
100 μm) to protect the heating element. In the case of bidirectional
heating, a metal tool head (8.1 × 8.3 mm2 in area) was used to heat
the top side of the sample with the bottom side heated by the hot
plate, simultaneously. The force applied to the head, controlled
through a lever arm, was set to 80 N. As the head size is slightly
smaller than the PVDF samples, the entirety of the applied force
occurs in the toolhead area; we report this as the applied pressure of
1.19 MPa.
Structural and Spectroscopic Characterization. Raman spec-

troscopy of the samples was carried out using a 532 nm laser
(Renishaw inVia) at a power of <5 mW. To obtain the spectra, five
acquisitions were averaged over nine repetitions, using a 1800 lines/
mm grating. X-ray diffraction (XRD) was performed in a PANalytical
XPert3 system on a rotating stage in the Bragg-Bretao geometry using

a monochromatic Cu Kα source with λ = 1.5417 Å. Optical
micrographs of the samples were taken in a Nikon Eclipse LV100
microscope using a 50× objective lens. Absorbance measurements
were carried out using an Agilent 8453 spectrophotometer.

Piezoelectric and Pyroelectric Characterization. To measure
the d33 piezoelectric coefficient, a commercial d33 piezometer system
was used (Piezotest PM300). The static force was set to 10.3 N and
the dynamic force was set to 0.25 N at a frequency of 110 Hz. These
settings provide a system accuracy of 2%, as per the manufacturer’s
specifications. The electrodes of the piezometer (∼1 cm diameter) act
as the metallization layer for the unmetallized PVDF. To account for
any local variation within a sample, several successive measurements
were taken and averaged. The PVDF samples were removed
completely from the system between measurements to provide a
more accurate mean and variance in the recorded d33. Before the first
measurement, both sides of the PVDF film under test were contacted
against a grounded metal plate to remove the effects of static charge
on the sample surface, and the plates of the meter were shorted as
well.

To measure the voltage generated across the 1 cm2 PVDF film
during and after heating due to the pyroelectric effect, the top and
bottom surfaces of the PVDF films were contacted with copper tape,
allowing these surfaces to be connected to the ground and sense
probes of a digital oscilloscope (Agilent Mixed-Signal Scope MSO-X
4054A) with an input capacitance of 10 pF. The 1 cm2 piece of 200
μm PVDF has a capacitance of approximately 50 pF; this capacitance
divider reduces the signal amplitude by a factor of one-sixth. We
account for this by normalizing the pyroelectric voltages to the lowest
measured voltage at 70 °C.

Ultrasound Testing. Ultrasound tests were performed on the
same samples in a water bath with 2.5 MHz, 800 ns ultrasound pulses
provided by a Verasonics P4-1 linear array probe. In these
measurements, the sample was secured to a large tungsten block to
ensure acoustic reflection from the substrate for maximized
ultrasound signal collection. Single ultrasound pulses were trans-
mitted, with a probe excitation voltage of 16 Vpk−pk in a plane-wave,
resulting in an incident pressure field of approximately 260 kPa
impinging on the PVDF surface, as verified with a hydrophone
measurement.

■ RESULTS AND DISCUSSION
Long-Term Behavior of the Piezoelectric Coefficient

of Heated β-PVDF. Figure 1a shows the experimental setup.
With unidirectional heating above 120 °C, the films bow and
become more rigid. This bowing is found to always follow the
electrical polarization of the PVDF film, independent of the
direction of heating: measuring the convex side with the
positive electrode on the piezometer yields a positive d33
whereas the concave side elicits a negative d33. From these
observations, we associate the convex side with the positive
charge and the concave side with the negative charge. The
inset of Figure 1a is an optical micrograph of the sample
surface showing a visible orientation of the polymer strands
from the pulling process during manufacturing (the electrical
poling direction itself is orthogonal to these strands). This
visible macrostructure is not disturbed by heating, even at
temperatures as high as 130 °C, agreeing with previous
observations on the melting point of PVDF.32 This strand
orientation also indicates how the PVDF chains will bow, as
indicated in the sketch in Figure 1a.
We characterized the change in the optical absorbance of

200 μm-thick PVDF films as a function of heating temperature
for a single 60 s anneal using ultraviolet−visible (UV−vis)
spectroscopy. Absorbance spectra in Figure 1b show a broad
absorption peak in the UV region, attributed to interband
electronic transitions from unoccupied π* states in carbon.33,34

No major changes in the absorbance occur until the material is
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heated to 150 °C. At this temperature, the PVDF film is
observed to absorb less efficiently in the UV region, while the
absorbance in the visible region remains largely unchanged.
Tauc plots for the same sample at room temperature (RT) and
at 150 °C are shown in Figure 1c.35,36 An average approximate
optical gap of ∼4.78 ± 0.05 eV is extrapolated from linear fits
to the highly absorbing regime for several samples, which is on
the lower end of previous ranges observed for β-PVDF.35,37−40

The Tauc gap here is approximate as it depends on the choice
of the range for the linear fit beyond the gap energy. Upon
heating to 150 °C, the absorption coefficient decreases in the
film, with no significant shift in the optical gap. This suggests
no major changes in the electronic band structure of the
material at these temperatures, i.e., no significant amorphiza-
tion. However, a change in the dielectric environment due to
heat-related molecular dipole realignment is likely affecting
rates of photon absorption in the material.41

PVDF samples of three different thicknesses were then
annealed over a range of temperatures from 20 to 180 °C for
60 s. A simulation and discussion of the temperature profiles
can be found in Figure S1. The d33 coefficients of the samples
were measured once per week over the course of 4 weeks. The

final piezoelectric constant for all thicknesses after 4 weeks,
which we call the residual d33, is plotted as a function of
temperature in Figure 2a. The data are normalized to their
initial values (d33

0 ) before heating. Previous annealing studies
have shown a detrimental effect on the d33 associated with
raising the temperature above 80 °C.30,31 However, these
studies focused on isotropic heating by convection with
annealing times that were 10 min or longer, leading to d33
losses of nearly 30% when PVDF was annealed at 100 °C. In
our case, with a brief, 60 s anisotropic anneal by conduction,
comparable to that in a typical pre- or postbake step in a
photolithographic process, we find that PVDF can be heated to
100 °C while incurring only a 5% degradation in its d33, as seen
in Figure 2a. PVDF films with thickness greater than 200 μm
can withstand 160 °C anneals before losing 30% of their d33,
although these samples suffer from significant bowing.
To examine the effect that bowing has on the residual d33,

we repeated the long-term unidirectional heating measure-
ments while applying a uniform pressure, as seen in Figure S2.
At or below 120 °C, no significant variation can be seen as
compared to the control case with no pressure applied. Above
120 °C, bowing becomes significant enough to disturb these
measurements.
The long-term stabilization plots show a negative correlation

with temperature; as the annealing temperature is increased,
the samples take longer to stabilize to a constant d33 value, as
shown in Figure 2b. These long-term stabilization results also
exhibit a weak thickness dependence, shown in Figure 2c. The
thicker pieces of PVDF are more resilient to changes in d33
brought on by heating, but they also take longer to relax to
their original values. An extreme case can be seen in Figure 2a:
the piezoelectric response of the 28 μm piece was quenched
completely after heating to 180 °C for 60 s, while the thicker
110 and 200 μm pieces retain a significant piezoelectric
coefficient even at this high temperature. This is in line with
theoretical calculations, showing that thicker PVDF films have
a larger polarization;42 as a result, the remnant polarization is
also expected to retain a higher magnitude in thicker samples.

Crystallographic and Spectroscopic Characterization.
Previous work focused on the manipulation of the dielectric
properties of PVDF have emphasized the importance of surface
treatment and the resulting secondary morphology,43,44 of the
relative humidity during fabrication,45 and of the temper-
ature46 on the piezoelectric properties. Moreover, as PVDF is
also a pyroelectric material, changes in the temperature across
its polarization direction lead to a thermal destabilization of
electric dipoles and an associated release of bound surface
charge.17 Here, we investigate the crystallographic changes that
occur after the application of heat.
We investigated the change in the crystal structure in

annealed films using XRD, as a function of both temperature
and thickness. Figure 3a−c presents the raw XRD patterns
obtained on 200, 110, and 28 μm films, respectively, across a
series of 60 s unidirectional heating at various temperatures.
The patterns are focused on the 2θ region normally associated
with the (110) and (200) reflections in β-PVDF.18,47,48 We
remark that another low-intensity peak, not shown here, was
also observed in our patterns around 2θ = 36.3°, which
corresponds to the (020) reflection in β-PVDF,22,49,50 and
whose shift with temperature follows the same trend as the
(110)/(200) peak (see Figure S3 for the full XRD spectra). As
this low-angle reflection has a higher signal-to-noise ratio, we
focus our discussion on it.

Figure 1. (a) Illustration of the experimental setup used for
unidirectional heating. In the case of bidirectional heating, a metal
toolhead was also used to heat the sample from the top at the same
time. The bowing of the PVDF sample at high temperatures always
occurs relative to the measured polarization direction. The framed
inset is an optical micrograph of the sample surface, showing clearly
visible directional polymer strands forming the macrostructure of the
film. (b) UV−vis absorption spectra of the same 200 μm-thick β-
PVDF film after heating to the labeled temperatures in a 60 s
unidirectional anneal. A noticeable drop in the absorbance occurs
once the sample is heated past 150 °C. (c) Tauc plot of the optical
absorption response for the same sample at room temperature (RT)
and after heating to 150 °C. No major shift in the optical gap is
observed, suggesting that the electronic band structure of the material
does not change significantly upon heating even to high temperatures.
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Heating each sample unidirectionally to progressively higher
temperatures affects the intensity of the diffraction peak, as
well as its position. The intensity of the reflection is quenched

with increasing temperature, suggesting a reduced crystallinity,
or increased polymer chain disorder upon heating, i.e., smaller
polymer crystallites.20 In addition, for the thinner PVDF films,

Figure 2. Long-term d33 responses to short 60 s anneals. Error bars show the largest possible error, either from the standard deviation of the
repeated measurements or the 2% uncertainty in the meter. (a) Residual d33 of PVDF films of different thicknesses, measured 4 weeks after initial
heating to the specified temperature. The measured standard deviations are smaller than the size of the marker. The thicker the film, the more
piezoelectric functionality it retains at high temperatures. (b) d33 responses of 200 μm PVDF measured over 4 weeks. Transient improvements can
be seen to last over 24 h for temperatures below 110 °C. (c) d33 responses for multiple thicknesses of PVDF annealed at 130 °C. Long-term
stabilization rates can be seen to depend on thickness.

Figure 3. (a−c) XRD patterns of β-PVDF films of various thicknesses heated from one side. (d) Lattice spacings extracted from peak fits to the
XRD data as a function of temperature for respective film thicknesses. A significant contraction is noted for the 110 and 28 μm films. (e−g) XRD
patterns of β-PVDF films of various thicknesses heated from two sides under a pressure of 1.19 MPa. (h) Lattice spacings do not change
significantly for uniformly heated samples. Note that the legend from (a) applies to (a−c) and (e−g); the legend from (d) also applies to (h).
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the reflection associated with the β phase shifts significantly to
higher angles in the diffraction pattern due to a contraction in
the lattice spacing (the d spacing) of the PVDF crystal. The
untreated films have a d spacing agreeing with previously
reported ranges.51,52 (We note that the 28 μm film comes from
a different manufacturer; hence, its starting d value is slightly
higher.) Figure 3d tracks this contraction along the poling
direction of the film (b axis), with increasing temperatures
resulting in a larger reduction in the d spacing for the 110 and
28 μm samples.
To test whether the bowing of the sample during this

unidirectional heating has a large influence on the lattice
spacing contraction, we repeated the experiments with films
which were bidirectionally heated while kept under 1.19 MPa
of pressure to ensure no directional bending throughout
thermal stressing. Figure 3e−g presents the XRD patterns of
these samples for each respective thickness. Although the
intensity of the (110)/(200) peak changes slightly with
temperature for each sample, this quenching is not nearly as
significant as in the case of the samples heated from one side
only. Crucially, no major change in the d spacing is observed
for any of the films, even for the thinnest 28 μm sample. This
result suggests that the uniaxial strain suffered by samples
unidirectionally heated also has a large effect on the crystal
lattice of the β-PVDF and brings the polymer chains closer

together along the direction of the piezoelectric polarization.
This change in the dipole environment near the sample surface
may lead to an increased availability of bound surface charge. It
is known from scanning tunneling microscopy that surface
and/or subsurface reconstruction occurs in PVDF copolymer
thin films,53,54 where the crystal structure differs from the bulk,
showing more disorder in the direction perpendicular to the
polymer chains. The surface dipole orientation in PVDF is also
particularly sensitive to the electronic structure of the material
directly interfacing the film surface, causing potential lattice
constant shifts.55 Thus, changes in the dielectric environment
of the β-PVDF surface may hold the key to unlocking
improved piezoelectric functionality, as has also been
demonstrated recently with chemical modification43−45 and
nanoscale filler incorporation.56

The change in the vibrational modes of the β-PVDF films
was monitored through Raman spectroscopy. The background-
corrected Raman spectra presented in Figure 4a−c were fit
with Voigt peaks in the region of interest, characteristic of the
β phase of PVDF (840−845 cm−1),21,57 for each sample
thickness, as labeled on the figure panels. This Raman mode
corresponds to the antisymmetric stretching of CF2 in β-
PVDF,58 although rocking of CH2 is also expected to occur
around this frequency regime.18,52 Spectra of the untreated
samples were best fit with multiple peaks to account for the

Figure 4. Raman spectroscopy of PVDF as a function of temperature and thickness. Note that the color legend in (a) applies to (a−c). (a) Raman
spectra of 28 μm-thick PVDF centered at the ∼840 cm−1 region associated with the β phase. (b) Raman spectra of 110 μm PVDF. (c) Raman
spectra of 200 μm PVDF. The thickest sample shows a significant deterioration in the Raman response with increasing temperature, suggesting a
change in the vibrational modes on the surface. (d) Illustration of the structure of β-PVDF strained uniaxially along the crystallographic c direction.
Atoms in the figure are hydrogen (pink), carbon (brown), and fluorine (blue). The charge bubbles represent the polarization of the sample relative
to the observed bowing direction for the 200 μm sample. The arrow points to the surface first sampled by incoming Raman laser light. (e)
Comparison of the Raman shifts with temperature for the top and bottom surfaces of the 200 μm film when heated from one side only and from
both sides at the same time. (f) Analogous data set comparing the FWHM of the fitted peaks. The same color legend applies to (e) and (f). −ve,
negative; +ve, positive. The solid lines are guides to the eye in (e) and (f).

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://dx.doi.org/10.1021/acsapm.0c00902
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

E



shoulder peaks on either side of the most intense narrow peak.
It is evident from the spectra that unidirectional heating affects
the Raman modes of the PVDF films more significantly in the
thicker 110 and 200 μm samples. The vibrational modes
remain largely unaffected in the case of the thinnest 28 μm
film, with some slight broadening and shifting occurring in the
110 μm sample. Importantly, we remark again that the thicker
the sample, the larger the bowing from the center observed in
the film toward the positively charged surface. The convex
surface is always facing up during the Raman scan, as illustrated
in Figure 4d.
Significant broadening and smearing of the peaks are

observed with unidirectional heating in the 200 μm film,
suggesting a change in the polarizability of the top surface on
which the laser is incident during measurements. The
positively charged convex side experiences a tensile strain,
while the negatively charged concave side of the film
experiences a compressive strain. This temperature-induced
strain remains in the specimens after heating and does not
relax even weeks after the initial cooling. The Raman laser
probing the sample surface largely samples a strained specimen
area, which may result in peak broadening and shifting.59−61 A
difference between tensile and compressive strain on the top
and bottom surfaces of the film may thus present itself in
Raman measurements in the form of peak shifts in opposite
directions. Computational work has previously shown that
changing the surface termination of the PVDF unit cell affects
the position of the vibrational modes,62 which may be the case
if terminal hydrogens/flourines are brought closer together/
further apart when the polymer chain is under strain.

To create this condition, we heated a 200 μm sample
unidirectionally, but this time, we took the Raman spectra on
both the top and bottom surfaces of the sample. We compared
the observed Raman shifts with temperature with another 200
μm sample that was heated bidirectionally and held under 1.19
MPa of pressure in the same manner as the XRD studies such
that bowing did not occur (see Figure S4 for the raw
bidirectional Raman spectra). Figure 4e tracks these shifts from
fitted peaks explicitly on the same plot. In the case of the
sample heated from both sides, which did not bend, the peak
centers are seen to downshift slightly with temperature relative
to the untreated sample, for both surfaces. In contrast, the
sample that is heated unidirectionally and visibly bows shows
divergent peak shifts. The convex, positively charged surface
upshifts several wavenumbers with temperature, while the
concave, negatively charged surface downshifts with temper-
ature relative to the untreated film. Figure 4f shows the full
width at half-maxima (FWHM) of fits from the same data set,
showing that above 130 °C, the vibrational modes of the
sample surface (for both unidirectional and bidirectional
heating) lose integrity as the crystal becomes more and more
strained away from its natural structure. For examples of
Raman fits to the raw spectra for both cases, see Figure S5.
Despite no major change in the bulk crystal structure of the

film, as observed from XRD, our Raman results indicate tensile
top surface and compressive bottom surface strain in the
heavily bowed 200 μm film. Importantly, the surface strain
observations correlate with residual d33 values being higher for
the thicker samples, i.e., surface strain leads to a higher residual
d33. Moreover, no significant change in the ratio of the α-phase

Figure 5. Short-term d33 responses to short 60 s anneals. (a) Normalized d33 responses measured over the course of several hours in 5 s intervals for
200 μm PVDF. Samples were heated at time, t = 0. The measurements began within 10 s after the anneal concluded. (b) Normalized d33 responses
for 90 °C anneals for three thicknesses of PVDF. There is a weak correlation between the thickness and the spike height, while the extracted decay
rates are similar across thickness. (c) d33 time traces of two samples of PVDF: one annealed six times, as labeled on the plot, and another annealed
only once. Each anneal was 60 s at 90 °C. (d) d33 spikes from (a) were overlaid for easier comparison. Each spike height and decay rate is
approximately the same, despite the thermal history of the sample.
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to β-phase of PVDF content was seen after heat treatments
from the Raman spectra,57 confirming that no mesoscopic
change in the crystal structure of the polymer film occurs
during the heating. This result agrees with prior evidence that
random thermal depolarization due to surface charge release is
the source of changes in the d33, rather than large-scale changes
in the crystal structure of the polymer.31 This is also consistent
with results from other works in which it has been
demonstrated that increasing surface strain in PVDF films by
forming kirigami cuts boosts the generated piezoelectric charge
multifold for a similar starting d33 value.63 This observation
suggests that manipulation of surface strain has considerable
effects on the piezoelectric response of the material.
To assert that this strain asymmetry is responsible for the

remnant piezoelectric behavior, we compared the residual d33
of samples heated bidirectionally to samples heated unidirec-
tionally at a selection of temperatures. These data are
presented in Figure S6, where unidirectionally heated samples
have higher residual d33 values than bidirectionally heated
samples. Furthermore, we explored the effects of longer
anneals, showing a greater divergence between the residual
piezoelectric effect between bidirectional and unidirectional
heating, as shown in Figure S7.
Short-Term Behavior of the Piezoelectric Coefficient

of Heated β-PVDF. Interestingly, we also observed that the
d33 decay is interrupted by a transient increase in the early
stages of cooling, spiking well above its pre-heated value. This
increase can last up to 72 h after a unidirectional annealing
procedure and is reproducible across a wide array of
temperatures; the first 6 h are shown in Figure 5a,b. The
normalized increase in the d33, or the measured spike height,
exhibits a strong dependence on temperature and a weak
dependence on thickness. The observed decays associated with
its relaxation over the next days and weeks also vary strongly
with annealing temperature and weakly with thickness.
This transient improvement in the d33 immediately after

heating can be repeated on samples regardless of their
annealing history. If a sample has already been annealed,
heating the sample again causes another spike in the d33, as
shown in Figure 5c for a representative 110 μm sample. There
is a negligible long-term difference in the d33 value when
compared to a reference piece of 110 μm-thick PVDF, which
was heated only once. Figure 5d overlays the spike transients
to show that the decay rates in a reannealed sample are similar
after each annealing event and similar to the decay of a piece
annealed only once. This repeatability indicates that the
transient d33 spike is not due to a permanent change in the
structure of the semicrystalline polymer and that its source can
be reliably reactivated by increasing the temperature again.
Since PVDF is also a pyroelectric material, temporal thermal

gradients can cause a potential difference to develop across the
sample.64 To examine any correlation between the pyro-
electricity of the material and the observed d33 enhancement,
the resulting pyroelectric voltage was measured as a function of
temperature, T. The heating profiles used to anneal the PVDF
can be seen in Figure 6a. The sharp drops in temperature to 20
°C correspond to lifting the PVDF piece off the heating stage.
The pyroelectric response depends on both ΔT and |∂2T/∂t2|
and manifests as significant voltage shifts at the sharp corners
of the heating profile. If the pyroelectric effect was responsible
for releasing the free charge that boosts the d33, then one may
expect that varying ΔT and |∂2T/∂t2| would yield a correlation
between the d33 spike height and the generated pyroelectric

voltage. We tested this theory by heating the 200 μm PVDF
film to different temperatures, thereby varying ΔT, and
observed a close-to-linear scaling in the generated voltage,
consistent with the pyroelectric effect. The generated potential
differences across the PVDF film are plotted along with the
normalized magnitudes of the d33 spike in Figure 6b. The
traces have no correlation, diverging strongly at higher
temperatures, indicating that free charge generated by the
pyroelectric effect is decoupled from the effect of boosting the
piezoelectric charge generation.
The decay rate of the d33 spike may provide insight into the

origin of this phenomenon. The empirical thickness-
normalized decay rate is best fitted with a power law of the
form:

∝ −d t t( ) B
33 (1)

where B is always between 0 and 1 in our measured samples.
While such a decaying power law model is also characteristic of
current discharge in dielectrics, described commonly by the
empirical Curie−von Schweidler relation and has previously
been used to characterize PVDF copolymers and other
polymer blends,65−67 we found little evidence that the excess
free charge boosting the d33 arises from this effect. This effect is
usually reported as a response to sharp changes in the
displacement field across a dielectric. A dielectric discharge
model, however, is inconsistent with the observations here.
The time frame of these decays is usually on the scale of tens of
minutes,67 while our results in Figure 2a,b show stabilization
only after many hours or days. Furthermore, the poling fields
used to study this effect are typically in the tens of kV cm−1,
whereas the generated fields we measure in Figure 6b are on

Figure 6. (a) Heating profiles used to examine the pyroelectric effect.
Initial heating ramp rates were kept constant to avoid additional
changes in |∂2T/∂t2| outside of the end drop. (b) Comparison of
pyroelectric and piezoelectric responses. The pyroelectric response is
normalized to the response measured at 70 °C. Error bars on each
trace represent the standard deviation of the measurements.
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the order of 0.01 kV cm−1. It is thus unlikely that the voltages
generated by heating in our samples affect the current
discharge.
We instead propose that the origin of the spikes arises from

a mechanical response to strain. In our crystallographic and
spectroscopic examination of PVDF, we observed that
unidirectional heating causes stress on the crystal structure
and the film surface. Of relevance here is the work of Katsouras
et al., where the crystal lattice dynamics due to the
piezoelectric effect were monitored with in situ XRD.68

Changes in the lattice constant of the semiamorphous
P(VDF-TrFE) copolymer were found to be coupled to volume
changes in the amorphous regions, which led to an increase in
the interfacial capacitance between crystalline and amorphous
domains, on average resulting in a higher charge density
generated on the film surface. These results are likely to also
translate to β-PVDF.69 It is possible that the orientation of the
dipole domains, responsible for the piezoelectric effect, may
mechanically shift during heating, providing surplus charge to
the film surface through this constrictive capacitance increase.
This may temporarily increase the d33 of the material. The
decay rate, with characteristic decay times measured in days,
may then be related to the gradual recapturing and trapping of
these free charges back into the polymer domains through
mechanical relaxation. Mechanical relaxation has been
previously observed after stretching PVDF to create high β
phase-content samples.70 This reorientation and associated
charge recapture may be subject to percolation-like effects in
this network of crystalline lamellae embedded in amorphous
domains, bringing about the observed power law dependence,

which qualitatively mirrors dielectric discharge. Further studies
using advanced in situ spectroscopic and crystallographic
methods are needed to unveil the exact microscopic
mechanism, while modeling of network criticality may clarify
the nature of the charge increase around the percolation
threshold in such an interconnected capacitive network. To
confirm our assertion that the spiking behavior correlates with
strain, we examined the spike magnitude for both unidirec-
tionally and bidirectionally heated samples (see Figure S8). We
observed a diminished response in the case of bidirectional
heating at high temperatures relative to unidirectional heating,
suggesting that the strain asymmetry observed in character-
ization has a substantial effect on the piezoelectric perform-
ance.

Ultrasound Receiver Testing. In addition to the direct
measurements of the d33 spike, we found that the thermally
induced improved piezoelectric response enhanced the
sensitivity of an ultrasonic transducer fabricated from this
material. PVDF is an exceptional ultrasound receiver in that it
has a high piezoelectric receiving constant of g33 = d33/(ε0εr) ≈
220 mV m N−1, where ε0 is the permittivity of free space and εr
≈ 12.
As initially shown in Figure 2c,d, one expects a spike in the

d33, and thus the piezoelectric response, minutes within the
thermal annealing event. All ultrasound tests were conducted
within 5 min of heating. The testing setup is demonstrated in
Figure 7a, where conductive carbon tape was used to
electrically connect to either side of the PVDF. Although the
oscilloscope used to measure this signal is set to have an input
impedance of 1 MΩ, some voltage division is still present due

Figure 7. (a) Sketch of the experimental ultrasound receiver setup. The PVDF transducer is adhered to a metallized glass substrate with carbon
tape on the bottom. On its top surface, carbon tape is also used to contact a wire to the corner of the receiver. Wavy lines in the illustration
symbolize the visible direction of the polymer strands. (b) Ultrasound-induced alternating voltage traces measured across the PVDF receiver as a
function of heating temperature for the same 200 μm PVDF piece. (c) Peak-to-peak voltage amplitude transduced by the receiver as a function of
temperature. The trend in the data follows the trend in the d33 response from Figure 2a.
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to the capacitive division between the probe and the PVDF. As
these losses are the same for each test, they are neglected in
this analysis. The same piece of PVDF was reused for each
temperature to have the same baseline, increasing monotoni-
cally in temperature for each step. Reusing the PVDF is
unlikely to introduce any error as Figure 5a shows the same
trend even with several reanneals.
The resulting voltage traces from the ultrasound excitations

for each temperature are shown in Figure 7b. Exactly one
bipolar pulse was sent for each test; however, some initial
ringing is seen after the peak due to the mismatch between the
acoustic impedance of PVDF and the tungsten block.
Following the observed d33 trend for 200 μm PVDF, Figure
7c shows how the peak-to-peak piezoelectric voltage across the
transducer induced by ultrasound waves experiences a
maximum at 90 °C, before sharply reducing in amplitude
above 130 °C. The response at 200 °C is nearly completely
quenched as the material goes through its glass transition
above 180 °C.

■ CONCLUSIONS
In conclusion, the long- and short-term piezoelectric responses
of PVDF to thermal treatment mimicking typical micro-
fabrication conditions were investigated. Our experiments
show that short exposure to common temperatures experi-
enced in photolithographic processes (up to 100 °C) have no
long-term negative effects on the piezoelectric coefficient of
PVDF when unidirectionally applied. These results contradict
previously held notions restricting processing temperatures to
less than 80 °C. Moreover, this increases the potential thermal
budget for bonding steps and other processing. When
examining the crystal structure changes, we found evidence
that strained samples have a higher residual d33. In addition to
the expected long-term degradation of the d33 due to the
depoling of the dipole moments in the polymer, we observed a
repeatable, transient increase in the piezoelectric constant of
the material. Our results are of interest to the ultrasound
transducer community and groups working on micromachining
and the direct integration of prepoled piezoelectric PVDF on
CMOS substrates.
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