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ABSTRACT: Thick polycrystalline pure PbTiOj; films with nano size grains
were synthesized for the first time by aerosol deposition. Annealed 7 pm thick
films exhibit well-saturated ferroelectric hysteresis loops with a remanent
polarization and coercive field of 35 uC/cm® and 94 kV/cm, respectively.
A large-signal effective ds3 . value of >60 pm/V is achieved at room tem-
perature. The measured ferroelectric transition temperature (T.) of the films
~550 °C is >S50 °C higher than the reported values (~490 °C) for PbTiO;
ceramics. First-principles calculations combined with electron energy loss
spectroscopy (EELS) and structural analysis indicate that the film is com-
posed of nano size grains with slightly decreased tetragonality. There is no
severe off-stoichiometry, but a high compressive in-plane residual stress was
observed in the film along with a high transition temperature and piezoelectric
response. The ferroelectric characteristics were sustained until 200 °C, pro-
viding significant advancement toward realizing high temperature piezoelectric
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materials.
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1. INTRODUCTION

PbTiO; (PT) is a prototypical ferroelectric material that serves
as one end member for the Pb(Zr,_,Ti,)O; (PZT) solid solu-
tion.""® PT has a ferroelectric phase transition from a tetra-
gonal structure to a paraelectric cubic one at 493 °C and ambient
pressure. This high phase transition temperature (T.), over
100 °C higher than the morphotropic phase boundary PZT-
based piezoelectrics, is attractive for high temperature applica-
tions. However, PT has high tetragonality (c/a ratio ~1.06) and
experiences a large volume change at the T.. Thus, the fabri-
cation of crack-free polycrystalline undoped PT ceramics or
thick films is exceptionally difficult by any well-established
sintering/thick film fabrication route.'™® For this reason, there
is no report on the successful fabrication of high density pure
PTO ceramics or thick films up to date.

The T, of ferroelectric materials can strongly influence their
utility in high temperature sensor and actuator applications.
For example, some automobile applications require operating
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temperatures in the vicinity of 250 °C. Thus, a T, exceeding
500 °C is highly relevant in this case to avoid depoling and
providing low temperature coefficient. As a result, there are
ongoing worldwide searches to identify novel high temperature
piezoelectric materials.”

In addition to the composition, ferroelectric transition tem-
perature can also be displaced by changes in the point defect
chemistry or stress in the constituent materials.® "> Devon-
shire’s thermodynamic formalism for ferroelectrics reveals that
stress is effective in displacing T'; this prediction has been con-
firmed by experiments by several research groups.>'®'*~'®
Hydrostatic compressive stresses shift transition temperatures
(and sometimes the ferroelectric polymorph) to favor the low
volume phase. Likewise, biaxial stresses associated with thin
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films are widely shown to change T'. In an early example of this
concept, Rossetti et al. reported that for epitaxial PT films on
single crystal SrTiO; substrates, T, increased relative to the
unstressed bulk material because the two-dimensional compres-
sive stress increased the tetragonality.'> However, in epitaxial
PT films under tensile stress with the polarization component
along the out-of-plane axis, the tetragonality was decreased and
T. was downshifted. For polycrystalline PT with randomly
oriented polarization, three-dimensional (iso-hydrostatic)
compressive stresses downshifted T.%'*'” Prior studies have
attributed shifts in transition temperatures to the presence of
stress for other sample geometries as well, besides thin/thick
films. Yang et al. synthesized high-aspect ratio polycrystalline
PT nanotubes and found that T, shifted to a higher tempera-
ture by the in-plane compressive stress present in the nano-
tubes.” These prior experimental results indicate that the
residual stress or lead deficiency in perovskite ferroelectric films
could both increase the observed T, value.'"'* As ceramic PT
has a T, of 493 °C, which is ~100 °C higher than that of PZT,
we would expect a T, of over 500 °C to be achievable by modu-
lation of one or both of these factors.

For actuator applications, as a thin film generates small lon-
gitudinal displacement, bending actuators are generally utilized
to magnify the displacement. To increase the force generated,
thick films are preferable over thin films. Although there have
been several reports published on the growth and properties of
epitaxial thin PT films, there have been limited studies on stoi-
chiometric polycrystalline thick PT films that exhibit expected
ferroelectric and piezoelectric properties. The reason is either
limited growth speed or the fact that the processing tempera-
ture is higher than T, which produces cracks, due to the ex-
tremely large volume change during the paraelectric to ferro-
electric phase transition. (See Supporting Information S1, as
even pure PT ceramics cannot be sintered with high usable high
density.)

Aerosol deposition (AD), which is used in this study, is a
unique technique that can fabricate dense (relative density of
over 96%) polycrystalline thick films with a relatively high
deposition rate (over 1 um/min depending on the deposition
area) at room temperature by consolidation of (sub-) micrometer-
sized ceramic particles. The deposition mechanism is strongly
related to the fracture and plastic deformation of the primary
particles.”~>" AD produces nanosize grains by the collision of
highly crystalline particles onto the substrate at high speed;
thus, an additional thermal annealing process (for recrystalliza-
tion and/or grain growth) is also necessary for AD-deposited
ferroelectric materials.”" As described previously, the residual
stress of the dense thick film depends on the annealing
process.”” It is plausible that the dense polycrystalline PT thick
films could be easily synthesized by AD processes because it
can transform the micrometer-sized ceramic powders into
dense nanosized crystalline thick films and the in-plane residual
stress of the PT film can be controlled by annealing process.

In this Article, highly dense polycrystalline stoichiometric
PT thick films on platinized silicon wafer with nanosize grains
were produced for the first time by AD. A high T, caused by
residual compressive stress modulation was achieved. Ferro-
electric, piezoelectric, and dielectric properties were inves-
tigated as a function of temperature. Results were analyzed
using a combination of computational modeling, microscopy,
and diffraction techniques.
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Figure 1. (a) XRD patterns of PbTiO; powder and the AD film
annealed at 700 °C for 1 h and (b) from selected angles. The calcined
powder clearly showed a tetragonal structured perovskite phase;
excellent crystallinity was also observed for the AD film after
annealing. Slight broadness of the peaks as compared to those from
powder is due to nanosized grains. The (100) and (200) peaks shifted
to lower angles, while the (001) and (002) peaks of AD PbTiO; were
shifted to higher angles, indicative of a slight decrease of ¢/a ratio.
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2. EXPERIMENTAL METHODS

2.1. Film Fabrication. Reagent-grade PbO (99.9+%) and TiO,
(99.9%) from Aldrich Co., Milwaukee, W1, were used to form PbTiO,
(PT) powder by conventional solid-state reaction at 850 °C for 4 h
after 24 h of ball milling. The calcined PT powders were reground to
obtain a particle size of ds; & 1.5 pm for the AD process. 3—7 pm
thick films were deposited on a Pt-coated silicon wafer [(111) Pt
150 nm/Ti 10 nm/SiO, 300 nm/Si (100)] (from GMek Inc. Gyeonggi,
Korea) by controlling the number of scanning cycles at room
temperature. The synthesized PT powders were mixed with the carrier
gas in the aerosol chamber to form an aerosol flow, which was trans-
ported through a tube to a nozzle, accelerated, and ejected from a
nozzle with rectangular shaped orifices of 5 X 0.4 mm?® into a
deposition chamber, which was evacuated by a rotary pump with a
mechanical booster pump. Medical grade dried air was used as the
carrier gas at a flow rate of S L/min. The pressures in the aerosol and
deposition chambers during deposition were ~600 and ~4 Torr,
respectively. The accelerated PT particles collided with the substrate,
which was located 5 mm from the nozzle, and formed a dense PT film
at room temperature. The linear moving speed of substrate on stage
was 1 mm/s. The area of the deposited film was ~5 X 20 mm?, and the
deposition rate was ~1 pm/nozzle scan. The film thickness was
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Figure 2. (a) SEM, (b) EDS spectrum and quantitative analysis results, (c) TEM, and (d) HR-TEM images of AD PbTiO; film annealed at 700 °C
for 1 h. The SEM cross-sectional micrograph reveals the soundness of AD PT film even in 7 ym thick films. The EDS results showed that the film
has a Pb:Ti ratio of approximately 1:1. The film showed a dense structure with grain sizes ranging from several tens to 150 nm; good crystallinity was

confirmed by SAED patterns.

controlled in the range of 3—7 ym by the number of repetitions of the
nozzle scan. The films were annealed at 700 °C for 1 h (heating
and cooling rate was fixed as 2 °C/min) in air atmosphere without
sealing to improve their piezoelectric properties by grain growth or
crystallization.

2.2. Crystal Structure, Microstructure, and Defect Analysis.
The crystalline phases of the deposited films were identified by X-ray
diffractometry. The residual stresses of the films were calculated using
the XRD sin®> y method (HR-XRD, X’pert Pro MRD, Philips,
Netherlands). Using Cu Ka radiation, a 26 scan from 54.2° to 59.0°
with a step size of 0.03° was used. The psi () angle was varied from
0° to 50°. The microstructures and composition of the film surface and
fracture section were identified by scanning electron microscopy and
energy dispersive spectroscopy (SEM and EDS: JSM-5800, JEOL Co.,
Tokyo, Japan). Electron energy loss spectroscopy (EELS) analysis was
conducted to examine the composition of nanosized grain. For this
purpose, calculated EELS spectra from first principle modeling were
compared to the experimental data from TEM-EELS. The effect of Pb
vacancy and O vacancy on the O K edge was computed via CASTEP
embedded in Materials Studio (Accelrys inc, US.). A 3 X 3 X 4
supercell including a core-hole was constructed, and local density ap-
proximation (LDA) was adopted to describe the exchange-correlation
functional.

2.3. Dielectric, Ferroelectric, and Piezoelectric Properties. A
top Pt electrode with a diameter of ~0.55 mm was sputtered through a
metal shadow mask (dot size; ¢» 0.5 mm) to enable measurement of
the electromechanical properties. The dielectric properties were
obtained using an impedance analyzer (4294A, Agilent Technologies,
Santa Clara, CA) from room temperature to 923 K (25—650 °C).
The piezoelectric behavior was measured using 3-D laser Doppler
vibrometer (LDV, PSV-400 scanning vibrometer, Polytec GmbH,
Waldbronn, Germany). A probe tip was contacted to the Pt top
electrode so that an AC voltage from 5 to 35 V,,,; was applied. At each
voltage, displacement of the film surface (with/without electroded
area) was monitored from over 100 nodes. The driving frequency
was 3 kHz, and band-pass filter was applied to minimize noise. The

effective piezoelectric coefficient of the structure (ds3.¢) as a function
of driving voltage was calculated from the average displacement value
from >30 nodes at plateau. Single beam LDV was applied to double
check the measured displacement, and the values were identical to
each other (Supporting Information S2). It is possible that the dy; .
values are inflated due to flexure of the sample during field application.
The polarization—electric field hysteresis loops were measured
by a ferroelectric test system (P-LC100-K, Radiant Technologies,
Albuquerque, NM) at 100 Hz from room temperature to 250 °C.

3. RESULTS AND DISCUSSION

Highly dense PT thick films were successfully fabricated
without cracks thanks to the advantages of the AD process. To
characterize the crystal structure of AD PT films, the X-ray
diffraction (XRD) patterns of the calcined powder and AD film
annealed at 700 °C for 1 h are compared in Figure 1. The
calcined powder showed a tetragonal perovskite phase. Excel-
lent crystallinity was observed in the AD film after annealing,
The intensities of the {001} family peaks of the film were lower
than those of a random powder pattern. In addition, the (%00)
peaks and the (00) peaks were shifted to lower and higher
angles, respectively, indicative of a slight decrease of the c¢/a
ratio. This decrease of tetragonality might be related to the
small grain size, a change in defect chemistry, and/or stress
in the polycrystalline AD films. Safari et al. have predicted a
decrease in the tetragonal phase stability with decreasing
particle size in PT.* There are several other experimental and
theoretical studies reported in the literature that describe the
decrease of tetragonality and T, below a threshold grain size
(on the order of 30—80 nm) for perovskite ferroelectrics
including PT.>7%

The surface, cross-section microstructure, energy dispersive
spectroscopy (EDS), and transmission electron microscopy
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Figure 3. (a) Dark field scanning transmission electron microscopy (STEM) image of the AD PbTiO; film. EELS spectra of (b) Ti-L,3 and (c) O K
edges recorded from fine or coarse grain. (d) Calculated O K edges via the first principle modeling. The EELS spectrum and the first principle
modeling analysis results confirm that AD PbTiO; film does not severely include the lead or oxygen vacancies and also partially exhibits the
nanosized grains with a weak tetragonality, together with a few tens to hundred nanometric, tetragonal grains.

(TEM) observations of the films annealed at 700 °C are shown
in Figure 2. The polycrystalline AD film adhered well to the
Pt bottom electrode without any cracks or delamination, even
in the case of 7 um thick films (as shown in Figure 2a and
Figures S2 and S3 in the Supporting Information). The EDS
results showed that the film has a Pb:Ti ratio of approximately
1:1. Furthermore, the films showed a dense structure with grain
sizes below 150 nm. The crystallinity of the film was confirmed
by using selected area electron diffraction (SAED) patterns.
Figure 3a shows the dark field scanning transmission electron
microscopy (STEM) image of the fabricated PT film, which
exhibits nanosized grains, ranging from ~20 to 150 nm. A
smaller grain size will influence the tetragonality, in line with
the XRD observations. To clarify the decreased tetragonality in
a nanosized grain, electron energy loss spectroscopy (EELS)
analysis was conducted; the Ti L,; edge is sensitive to the
change in the tetragonality of perovskite oxides.”’~>° Figure 3b
shows the EELS spectra of Ti L edges recorded from coarse
and fine grains of Figure 3a. It was found that a decrease in
grain size leads to an increase in the L, edge splitting (AL;)
between e, and t,, peaks from 1.6 eV in the coarse-grain to
1.8 eV in the fine-grain sample. In the fine-grained sample,
according to the crystal-field splitting, the increased (AL;),
more symmetric peak in Ti Ly-e, and the stronger Ti Ly-t,,
peak (indicated by the red arrow in Figure 3b) imply that Ti
cations are close to the center of the unit cell. Thus, the
deceased tetragonality can be directly confirmed via the Ti L

11983

edge structure. In the case of the coarse-grained sample, the
Ti L; e, peak is broadened, giving rise to an asymmetric peak
(indicated by the black arrow in Figure 3b). This occurs as a
result of the splitting of Ti L; e, into two different energy levels
for the d > and d,>_ orbitals.

The Ti L edge also provides information on atomic defects
such as Pb and/or O vacancies. To separate these effects, the
O K edge structures were also analyzed. The O K edge is
strongly affected by the hybridization of the Pb 6sp and O 2p
orbitals. In particular, the second peak in the O K edge is
sensitively affected by the bonding state between the oxygen
and the surrounding cations.>"** Figure 3c shows that there are
modest differences in the O K edge structures between the
coarse and fine-grain films and that both of them are similar to
the previously reported O K edge.””*?

To validate the effect of Pb vacancy and O vacancy on O K
edge, the O K edge was computed via CASTEP embedded
in Materials Studio (Accelrys inc., U.S.). A 3 X 3 X 4 supercell
including a core-hole was constructed, and a local density
approximation (LDA) was adopted to describe the exchange-
correlation function. The calculated O K edges are shown in
Figure 3d; the green, blue, and orange spectra correspond to
the O K edges of defect free, Pb vacancy-containing, and O
vacancy-containing supercells, respectively. The calculated O K
edge clearly shows that the second peaks are significantly
changed by introducing defects; it was observed that the second
peaks are noticeably weakened (or strengthened) by the Pb

8
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vacancy (or O vacancy), respectively. By comparing the experi-
mental and calculated O K edge, it seems that the PT film has
at most a modest concentration of Pb vacancies and a higher
amount of O vacancies. However, the Ti L edges clearly ex-
hibit t,, peaks, suggesting that the film cannot be too strongly
oxygen deficient. The generation of oxygen vacancies decreases
the valence state of the Ti; in response, the t,, peak is weak-
ened via diminished AL, and AL;.*** Therefore, the TEM
and EELS analysis confirms that the PT film is not grossly non-
stoichiometric. The films exhibit a combination of nanosized
grains with weak tetragonality, together with tetragonal grains
of a few tens to hundreds of nanometers.

To determine the T, of the AD film, the dielectric constant
and loss were measured as a function of temperature as shown
in Figure 4a. The AD PT film showed a frequency-independent
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Figure 4. (a) Dielectric constant and loss and (b) resistivity and
leakage current density of the AD PbTiOj; film annealed at 700 °C
according to the ambient temperature change. Inset in (a) shows T,
difference during heat-up and cool-down. The AD PbTiO; film
showed a frequency-independent T, characteristic of a normal ferro-
electric and a broad permittivity maximum characteristic of a small
grained ferroelectrics. The phase transition temperature from the
tetragonal to cubic phase (measured on heating) was determined to be
~550 °C, while that measured on cooling was ~535 °C. The dielectric
loss, which is an important parameter to estimate the maximum
operation temperature of the film, remained below 0.04 up to 250 °C.

T. characteristic of a normal ferroelectric and a broad permit-
tivity maximum characteristic of a small grained ferroelectric.>®
The phase transition temperature from the tetragonal to cubic
phase (measured on heating) was determined to be ~550 °C,
which is >50 °C higher than that of PT crystal (493 °C), while

that measured on cooling was ~535 °C as shown in the inset of

Figure 4a. Furthermore, the dielectric loss tangent, which is an
important parameter to estimate the maximum operation tem-
perature of the film, remained below 0.04 up to 250 °C in the
measured frequency range. Figure 4b also illustrates resistivity
and leakage current density of the PT thick films annealed at
700 °C. The resistivity exceeds 1 MQ cm below 220 °C. These
results are encouraging for high temperature applications, such
as automobile applications.””

Prior studies have shown that T, can be shifted to higher
temperature in the presence of compressive in-plane stress or
stoichiometry change.”®™'® Because the annealing temperature
of the film was 700 °C, it is anticipated that the Pb vaporization
should be modest, which is consistent with the results seen in
Figures 2 and 3. Therefore, it is plausible that the displacement
of the T, in the AD PT film was mainly caused by residual
stress. To assess this hypothesis, the stress in the AD film was
evaluated by using the XRD sin* y method. The results are
depicted in Figure S. The two-dimensional in-plane stress of the
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Figure S. Stress analysis based on d-spacing with different y orien-
tations of the AD PbTiO; film annealed at 700 °C by high-resolution
XRD sin* y method. The two-dimensional in-plane stress of the
AD PbTiO; film was calculated to be —131 + 12 MPa (compressive
stress). This compressive stress is induced during the cooling stage
after the thermal annealing process because of thermal expansion
coeflicient mismatch between substrate and PbTiO; film. It is believed
that the upshift of T, of PbTiOj; film was mainly affected by this high
compressive residual stress in the film.

AD PT film was calculated to be —131 + 12 MPa (compressive
stress). It is possible that this compressive stress is induced
during the cooling stage after the thermal annealing process.
The Si substrate has a thermal expansion coeflicient of 2.62 X
107%/K to 4.4 X 10°°/K in the temperature range between 25
and 700 °C.*® However, PT has three distinct stages: above T,
at T, and below T.*~*' Above T, polycrystalline PT has a
positive thermal expansion coefficient of 35.5 X 1076/K. At T,
PT undergoes the phase transition, where the development of
the ferroelectric phase introduces a volume expansion of the
lattice."** Below T, polycrystalline PT has a negative thermal
expansion coefficient of 16.2 X 107%/K, due to the temperature
dependence of the spontaneous strain.*>*' When the total di-
mension changes of the Si substrate and the polycrystalline PT
during the cooling process from 700 to 25 °C are compared, it
is found that the Si substrate shrank more than the PT film,
inducing the compressive stress in PT film. It is known that
when PZT is grown on single-crystal substrates with larger

dx.doi.org/10.1021/am5000307 | ACS Appl. Mater. Interfaces 2014, 6, 11980—11987
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thermal expansion coeflicients than the PZT, the resulting
compressive stress can increase both the tetragonality and the
T.">* 1t is worth noting that the comparatively smaller (h00)
peak intensities, as compared to (00k) peak intensities in the
films, argues against stress being the only important factor. In
contrast, nano size PT powder under free or hydrostatic stress
showed the decrease of tetragonality and downshift of T..*
Thus, it is likely that the upshift of T, was affected by both the
stress in the film and potentially a small amount of non-
stoichiometry. Because ELLS data and first principal modeling
show that our film does not have serious oxygen vacancies,
the compressive stress may hinder the dipole to rotate and give
rise to the T.. Rosetti et al. analytically modeled the transition
temperature change of PT thin film under stress by using
Devonshire thermodynamic formalism.'”> The T. change in
perovskite ferroelectrics can be expressed as in the following
equation:15

AT =T — T, = 2¢,C(Q, 05 + 2Q,,0,)

where C is the Curie constant, T, is the Curie—Weiss tempera-
ture, o) and oy are the diagonal terms of the stress tensor, and
Q;; and Q;, are the relevant electrostrictive constants in
polarization notation. This equation can give us the information
that applied/residual stresses renormalize the first-order transi-
tion temperature.’ The stresses 6, and o, include the in-plane
stress between the film and the substrate, and the hydrostatic
pressure resulting from the clamping of grains. Rossetti et al.
have shown that the two-dimensional compressive stress results
in an increase of transition temperature, while the hydrostatic
three-dimensional stresses decrease the transition temperature.'®

The polarization and electric field (P—E) hysteresis loops of
the films annealed at 700 °C are shown in Figure 6. Typical
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Figure 6. Room-temperature ferroelectric polarization—electric field
(P—E) hysteresis loop (at 100 Hz) of the AD PbTiO; film annealed at
700 °C. It shows typical symmetric and saturated ferroelectric P—E
loops, and the remanent polarization (P,) and coercive field (E.) were
measured to be 35 yC/cm?* and 94 kV/cm, respectively. These values
are comparable to or higher than those obtained from PZT thick films
by the AD process.

ferroelectric behavior is demonstrated; the remanent polar-
ization and coercive field were measured to be 35 #C/cm? and
94 kV/cm, respectively. These values are comparable to or
higher than those obtained from PZT thick films grown by the
AD process.”” The shape of the P—E hysteresis loop confirms
ferroelectricity and good breakdown strength in the AD PT film
after thermal annealing for grain growth/crystallization. It is

also encouraging that the film was not cracked following the
polarization reversal.

To investigate its potential use in piezoelectric applications,
the effective piezoelectric coefficients of the structure (film and
substrate) were measured by three-dimensional laser Doppler
vibrometry (3D-LDV).* The measurement was achieved by
applying an AC electric voltage in the range from 5 to 30 V
on the top electroded area of the film and recording the 3-D
piezoelectric displacement signal from the films. The results are
shown in Figure 7, and captured animations of three different
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Figure 7. (a) 3-D response while the film expands from three-
dimensional LDV scanning of the piezoelectric displacement responses
of the AD PbTiO; film annealed at 700 °C and (b) the effective
piezoelectric coefficient ds3 ¢ and displacement as a function of applied
voltage. A 3 kHz 5.7 V,,,; AC voltage was applied on the film via a
probe. The error bars in (a) represent the average of 30 individual
node values at the deformed crest. From this displacement versus
applied voltage plot, the effective piezoelectric coefficient (~60 pm/V)
was calculated from the slope, and this value is comparable to that of
PZT films fabricated by the AD process.”>

electric field-induced deformations are provided in Supporting
Information S3. Each data point in Figure 7a represents an
average of 30 individual node values at the deformed crest. The
displacement as a function of applied voltage showed a linear
increase over the applied voltage (Figure 7b), which corresponds
with the typical piezoelectric behavior. From this displacement
versus applied voltage plot, the effective piezoelectric coefficient
(~60 pm/V) was calculated from the slope; this value is com-
parable to that of PZT films fabricated by the AD process.”?
To clarify the ferroelectric property changes with ambient
temperature, the ferroelectric P—E hysteresis of the PT film was
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Figure 8. Ferroelectric polarization—electric field (P—E) hysteresis curve of the AD PbTiOj; film annealed at 700 °C with temperature change. The
film showed relatively stable P—E loops up to 200 °C without significant changes in remnant/saturated polarization (P,/P;) and coercive field (E,.) of
typical symmetric and saturated P—E ferroelectric hysteresis loop with respect to temperature.

evaluated as a function of temperature; the results are depicted
in Figure 8. The PT films fabricated in this study showed rela-
tively stable P—E loops up to 200 °C without significant changes
in remanent/saturation polarization (P,/P,,) and coercive field
(E). The result is consistent with the dielectric properties and
leakage current data as a function of temperature as shown in
Figure 4.

4. CONCLUSION

Dense nanocrystalline thick PbTiO; films were successfully
fabricated for the first time by AD at room temperature. Films
annealed at 700 °C for 1 h exhibited a smaller tetragonality
than bulk PT, but with clear ferroelectric behavior. The rema-
nent polarization and coercive field were 35 uC/cm® and
94 kV/cm, respectively. The effective structure piezoelectric
coefficient was measured to be >60 pm/V. Furthermore, the T,
of the PT film was 550 °C, which is >50 °C higher than that of
bulk PT ceramics. The decrease of tetragonality was explained
with nano sized grains, while the upshift of T, was attributed to
a combination of the internal in-plane compressive stress and
some nonstoichiometry. It is expected that AD PT properties
are promising for extending the role of piezoelectrics in high
temperature applications.
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