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Using a simple rapid heating process, Pb�Zr0.52Ti0.48�O3 �PZT� thick films prepared by hydrothermal
method were separated from a Ti substrate. Scanning electron microscopy �SEM� revealed that the
self-separated films were crack-free. After solution infiltration and high temperature annealing, the
PZT thick films were shown to possess good electric properties. At 1 kHz, the dielectric constant and
the loss were 593 and 0.05, respectively. The remnant polarization was 30.0 �C /cm2 at room
temperature. A high frequency single element ultrasound transducer fabricated with these films
showed a bandwidth at �6 dB of 73% at a center frequency of 67 MHz. © 2009 American Institute
of Physics. �DOI: 10.1063/1.3095504�

The desire to use ultrasonic imaging to examine the eye,
skin, and blood vessels has driven the ultrasound frequency
higher and higher. Transducers in the frequency range of
30–150 MHz have been developed to satisfy this need.1 One
of the technical challenges in fabricating high frequency
transducers is to prepare the piezoelectric element of a thick-
ness on the order of only a few micrometers. It is very dif-
ficult and time consuming to lap down and mechanically
machine very thin piezoelectric ceramics or crystals. There-
fore, piezoelectric thick film technology may be a cost-
effective alternative.

Compared with other piezoelectric films such as ZnO
and AlN,2,3 Pb�Zr0.52Ti0.48�O3 �PZT� films that offer much
higher piezoelectric activity have been intensively investi-
gated for high frequency transducer application. One of the
most important processes of building transducer with thick
films is to lift PZT thick films off a substrate because typi-
cally the substrate on which the PZT films are deposited is
not an ideal backing material with low attenuation and
acoustic impedance. Although different methods and sub-
strates have been applied in preparing PZT thick films,4–9

only XeF2 etching4,5 and laser technology6 have been utilized
to separate PZT thick films from Si or sapphire substrate.
Among all synthesis methods,4–9 hydrothermal method ap-
pears to be a promising way to deposit PZT thick films on Ti
substrate on a large scale. Unfortunately, there has been no
literature report describing how the hydrothermal PZT thick
films can be peeled off from the Ti substrate. This has been a
major obstacle preventing hydrothermal PZT thick films
from being used for fabricating high frequency ultrasonic
transducers.

In this letter, a simple self-lift-off technology will be
reported. It is much cheaper than XeF2 etching and laser
technology and can be easily used to separate hydrothermal
PZT thick films from the Ti substrate, allowing it to be used

for high frequency ultrasound transducer fabrication.
Approximately 30 �m PZT thick films were deposited

on Ti substrate by the hydrothermal method according to the
process depicted in Ref. 9. The hydrothermal PZT thick films
with Ti substrate were annealed at a suitable temperature
�above Curie temperature� with a fast heating rate in atmo-
sphere. Then the PZT thick films �sample A� could be sepa-
rated from the Ti substrate itself without any crack. Several
self-separated films �sample B� were sintered at 950 °C for
1 h in furnace. Several self-separated films �sample C� were
first immersed in PZT solution prepared by the method in
Ref. 5 for 30 min; after 2 min heat treatment on hot plate at
200 and 400 °C and 1 min rapid thermal anneal at 650 °C,
these films were sintered at 950 °C for 1 h in furnace.

The x-ray diffraction �XRD� pattern of hydrothermal
PZT thick films on Ti substrate before heat treatment is
shown in Fig. 1. The films appeared to be well crystallized
and had the pure perovskite phase without any observed sec-
ond phase, indicating that PZT thick films fabricated by hy-

a�Author to whom correspondence should be addressed. Electronic mail:
qifazhou@usc.edu. FIG. 1. XRD pattern of hydrothermal PZT thick films on Ti substrate.

APPLIED PHYSICS LETTERS 94, 102901 �2009�

0003-6951/2009/94�10�/102901/3/$25.00 © 2009 American Institute of Physics94, 102901-1

http://dx.doi.org/10.1063/1.3095504
http://dx.doi.org/10.1063/1.3095504
http://dx.doi.org/10.1063/1.3095504


drothermal method were randomly oriented and in polycrys-
talline structure.

Figure 2 shows the scanning electron microscopy �SEM�
surface pictures of the self-separated hydrothermal PZT thick
films prepared under different conditions. Although sample A
is the roughest one, it is crack-free. The surface of sample B
becomes smoother because high temperature sintering may
make grains grow more uniformly. Sample C has the
smoothest surface; the reason is that PZT solution filled the
pores and made the films much denser.

As shown in Fig. 3, no matter what the frequency is, the
dielectric constant of sample C is always larger than those of
samples A and B. At 1 kHz, the dielectric constants of
samples A, B, and C are 374, 465, and 593, respectively. The
dielectric response originates from both intrinsic contribution
and extrinsic source. For samples A, B, and C, the intrinsic
dielectric constants are similar, which are independent of
thicknesses, grain sizes, and preferred orientations. The ex-
trinsic contribution increases with both film thickness and
grain size.10 Sample B has a larger grain size than sample A,
while sample C is denser and thicker than sample B, so the
dielectric constant results obtained could be proved in rea-
son. From 1 kHz to 1 MHz, the dielectric losses of samples
B and C are similar and slightly larger than that of sample A
but are still in the range of 0.033–0.050, which is low
enough for device applications.

The ferroelectric hysteresis loops of the three kinds of
PZT thick films are shown in Fig. 4. Different from samples

B and C, sample A has an asymmetry loop. Without high
temperature heating or long time sintering in atmosphere, it
is of no surprise that there are many oxygen vacancies in
sample A. Pinning effect11 caused by oxygen vacancies
might be the main factor that influences the ferroelectric hys-
teresis. It can be seen that at the same high field level of 150
kV/cm, the remanent polarizations �Pr� of samples A, B, and
C are 8.4, 16.3, and 18 �C /cm2, respectively. If the applied
electric field is increased, sample A will break down. The
maximal electric field that can be applied on sample B is 250
kV/cm but sample C can sustain more than 300 kV/cm elec-
tric field. It is worth noting that the maximal remanent po-
larization of sample C can reach as high as 30.5 �C /cm2,
which is close to that of PZT bulk materials sintered at high
temperature �35 �C /cm2�. The results suggest that high
temperature sintering and solution infiltration can enhance
the ferroelectric property of self-separated hydrothermal PZT
thick films.

A thick film transducer was built using sample C and
was poled at room temperature for 5 min with 150 V. Figure

FIG. 2. SEM surface micrographs of the PZT thick films: �a� without infil-
tration without high temperature sintering, �b� without infiltration with high
temperature sintering, and �c� with infiltration with high temperature
sintering.

FIG. 3. �Color online� Frequency dependence of the dielectric constants and
losses of the PZT thick films �sample A: without infiltration without high
temperature sintering; sample B: without infiltration with high temperature
sintering; sample C: with infiltration with high temperature sintering�.

FIG. 4. �Color online� Polarization–electric field hysteresis loops of the PZT
thick films �sample A: without infiltration without high temperature sinter-
ing; sample B: without infiltration with high temperature sintering; sample
C: with infiltration with high temperature sintering�.
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5 shows the pulse echo waveform and the normalized fre-
quency spectrum of the transducer. The central frequency is
67 MHz and the bandwidth at �6 dB is around 73%. The
output voltage is 1.2 V with 40 dB gain and 20 dB attenua-
tion. These results demonstrate that hydrothermal PZT thick
films can be used for high frequency ultrasound transducer
application.

An advantage of the hydrothermal method is that the
reaction temperature is always less than 200 °C, which is
below the PZT Curie temperature. At Curie temperature
�about 425 °C� the phase transition of PZT from the cubic
paraelectric phase to the tetragonal ferroelectric phase
occurs.12 In this work, the PZT thick films grew in a hydro-
thermal solution at 180 °C under hydrostatic pressure.9 Even
with the effect of hydrostatic pressure, the PZT thick films
experienced no phase transition; hence they were in stable
tetragonal phase. Since the coefficients of thermal expansion
�CTEs� are 6.1�10−6 K−1 for paraelectric PZT, 32.1
�10−6 K−1 for tetragonal ferroelectric PZT,13 and 9.7
�10−6 K−1 for Ti,14 serious thermal mismatch may arise be-
tween PZT thick films and Ti substrate system during the
rapid temperature variation. In theory, the thermal stress can
be estimated using the formula given in Ref. 13. The equa-
tion is given below,

��T� = ���para
PZT − �Ti��T − TC�

+ ��ferro
PZT − �Ti��TC − TRT��E/�1 − v� , �1�

where TC=425 °C is the Curie temperature and TRT

=25 °C is the room temperature; �para
PZT, �ferro

PZT , and �Ti are
CTEs for paraelectric PZT, ferroelectric PZT, and Ti, respec-
tively. In addition, E=1.3�1010 N /m2 is Young’s modulus
for hydrothermal PZT film15 and v denotes Poisson’s ratio
and is reasonably assumed to be 0.2. At Curie temperature,
��T� has its maximal value of 145.6 MPa, which is much
more than the residual stress in PZT films without any cracks
that is about 117.21 MPa.13 In the rapid heating experimental
process, no crack in PZT films has been found. Therefore,
the thermal stress should be largely relaxed. A possible
mechanism of film stress relaxation was due to shear stress
along the interface. When the shear stress was stronger than
the adhesive force, the self-separation of PZT thick films
from Ti substrate would achieve, simultaneously, thermal
stress relaxation. The details should be further investigated
and a study of this phenomenon is in progress.

In summary, it is shown that hydrothermal PZT thick
films of approximately 30 �m thickness can be separated
from the Ti substrate by itself without cracks with a simple
heating process. After solution infiltration and high tempera-
ture annealing, the self-separated hydrothermal PZT thick
films exhibited good dielectric and ferroelectric properties.
Using the high quality PZT thick films, a 67 MHz ultrasound
high frequency transducer at a center frequency with ��6
dB� bandwidth of 73% was built.
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FIG. 5. �Color online� Pulse echo response and spectrum of the single
element transducer.
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