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Abstract

Recent development of next-generation medical devices, such as endoscopes and hearing aids, call for PZT (lead zirconate titanate oxide)
thin-film sensors and actuators with thickness in the range of 1–30�m to enhance actuation strength and sensor sensitivity. Currently, sol–gel
derived PZT films often have thickness less than 0.2�m per coating. Moreover, thermal stresses in the films limit the crack-free area to less
than 1 mm2. This paper has four specific goals. The first goal is to demonstrate an improved sol–gel process using rapid thermal annealing
and a diluted sealant coating. The resulting thickness can reach 2�m in three coatings with a crack-free area as large as 5 mm×5 mm. The
second goal is to characterize piezoelectric properties of the fabricated PZT films experimentally. The resulting piezoelectric constantd33

is 120 pC/N and the dielectric constant ranges from 200 to 400. The third goal is to demonstrate the use of the PZT thin film as a calibrated
sensor. The specimen is a silicon cantilever (30 mm× 7.5 mm× 0.4 mm) with a PZT thin film (4 mm× 4 mm× 1�m). Moreover, a tiny
shaker excites the cantilever at the fixed end, and a charge amplifier detects the charge accumulated in the PZT film. In the meantime,
a laser vibrometer measures the deflection of the cantilever at three points along the PZT film, from which the strain is calculated using
Euler–Bernoulli beam theory. Comparison of the strain and the charge amplifier voltage determines the calibration constant of the PZT
thin-film sensor. The last goal is to demonstrate the use of the PZT thin film as a powerful actuator through active vibration control. In
experiments, a tiny bulk PZT patch is first glued to the silicon cantilever. A function generator drives the bulk PZT simulating a source of
disturbance exciting the silicon cantilever. In the meantime, a laser Doppler vibrometer (LDV) measures velocity of the cantilever tip. With
a phase shifter as the controller, the LDV measurement is fed back to the PZT thin-film actuator to actively control the cantilever vibration.
To evaluate the effectiveness of the active vibration control, a spectrum analyzer measures the frequency response functions (FRF) from
the bulk PZT voltage to the LDV response. Experimental results show that the simple active vibration control scheme can reduce resonance
amplitude of the first bending mode by 66%.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Lead zirconate titanate oxide (PbZr1−xTixO3 or PZT) is a
piezoelectric material widely used as sensors and actuators
for bulk structures. Advantages of PZT-based devices in-
clude high frequency bandwidth, fast response, and high sen-
sitivity. Miniaturization of PZT-based devices will not only
perfect many existing products, but also open vast new ap-
plications. Here are several promising examples. PZT-based
active recording head sliders are being tested by the disk
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drive industry to enhance data density by orders of magni-
tude [1]. PZT-based microactuators can lead to miniature
ultrasonic surgical tools to remove damaged cells and car-
diovascular deposition. As a result, surgeries could become
significantly less invasive, and patients would have a faster
recovery. PZT-based microactuators can also serve as fuel
injectors for micro-engines that could potentially replace tra-
ditional batteries as an alternative power source. PZT-based
microactuators can also power sensing devices (e.g., acous-
tic wave sensors) to detect specific molecules, proteins, and
bacteria in chemical and biological agents[2–4].

As a concrete example, recent development of next-
generation endoscopes calls for high-performance PZT
thin-film actuators. Traditional endoscopes have large di-
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Fig. 1. Setup of current endoscopes in use.

ameter (about the size of a vitamin pill), because they use
a bundle of optical fibers to image organ surfaces; see
Fig. 1. As a result, traditional endoscopes have two severe
drawbacks. First, traditional endoscopes can only probe
organs with large openings, such as stomachs. Moreover,
use of endoscopes requires general anesthesia. The second
drawback is that traditional endoscopes cannot be sterilized
because of the optical fibers. The general practice is to dis-
infect the endoscopes. Therefore, there is a strong need in
the medical community to develop minute endoscopes for
sensitive tracts (e.g., bronchia) and disposable endoscopes
for sanitary reasons.

Fig. 2 shows the central piece of a next-generation,
minute, disposable endoscope [5]. The overall size of the
endoscope is less than 1 mm in diameter and 5 mm in length.
The major component is a single optical fiber; therefore,
the size of the endoscopes can be dramatically reduced.
At the end of the optical fiber, a minute resonator drives
the optical fiber scanning through the two-dimensional sur-
face to obtain the image. (Dimension specification of the
resonator is less than 800 �m in diameter.) A major tech-
nical challenge is to find a minute actuator that has large
enough actuation strength while scanning at a high fre-
quency, such as 5–15 kHz or more. According to Krulevitch
et al. [6], there are four types of microactuators: thermal,
shape-memory-alloy (SMA), electrostatic, and piezoelectric
(specifically PZT). Thermal and SMA actuators have low
frequency bandwidth [6] (<1 kHz), whereas electrostatic
and PZT actuators have high frequency bandwidth (>1 kHz).
Moreover, electrostatic actuators have much smaller actua-
tion force and energy density than PZT films (3.4×103 J/m3

for electrostatic actuators versus 1.2 × 105 J/m3 for PZT
[6]). Based on these considerations, the best design choice
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Fig. 2. Setup of next-generation endoscopes.

for the next-generation scanning endoscopes is PZT mi-
croactuators.

Despite the needs, miniaturization of bulk PZT devices
into millimeter or micron ranges is not trivial [7–10]. Tradi-
tional bulk PZT often appears as thin patches with thickness
not less than 80 �m. In contrast, PZT microactuators call
for PZT films with thickness less than 80 �m. In designing
PZT microactuators, thickness of the PZT films is a criti-
cal parameter. In general, thicker PZT films lead to larger
actuation strength and higher frequency bandwidth. (This is
because the resistance R and the capacitance C of the PZT
film form a low-pass filter with a cutoff frequency 1/RC. As
the film thickness increases, capacitance C decreases and the
bandwidth increases.) However, thicker PZT films will re-
quire larger voltage (and power) to actuate. Also, too thick a
PZT film could lead to poor aspect ratios between the PZT
film and the substrate hurting the performance of the PZT
microactuator.

To distinguish films of different thickness, we will use
the following terminology. First, PZT films are called
“super-thin films” , if the film thickness is less than 1 �m.
When the film thickness is between 1 and 30 �m, the PZT
films are called “ thin films” . When the film thickness is
over 30 �m, the films are called “ thick films” . Currently,
successful research results are primarily for PZT super-thin
films [11–13], and the film area is usually less than 1 mm2.
For thick PZT films, they can be fabricated by conventional
tape-casting using slurry made of nano-PZT particles [14]
for example. For PZT thin films, successful fabrication and
processing of the films remain open thus far.

To identify a feasible way to fabricate PZT thin films,
let us briefly review the fabrication processes of PZT films.
Currently, successful processes of PZT films include sputter-
ing [15–19], direct bonding [20,21], screen printing [22,23],
metallorganic chemical vapor deposition (MOCVD) [24],
and sol–gel processing [25–31]. (Also, pulsed laser deposi-
tion [32,33] could be a possible way to make PZT films.)
So far, MOCVD and sol–gel processing are proven to be the
most promising techniques for the fabrication of PZT thin
films. MOCVD offers several advantages including confor-
mal coverage, columnar micro-structures, and no need for
post-deposition annealing [24]. In comparison, sol–gel pro-
cessing offers three unfair advantages. First, it is easy to con-
trol the stoichiometric chemical composition of PZT films.
This is extremely important for complex oxides such as PZT,
because their physical properties strongly depend on the pre-
cise control of the chemical composition. Second, sol–gel
processing is inexpensive, due to its 100% usage of pre-
cursors. Third, sol–gel processing is suitable for mass pro-
duction and compatible with device fabrication processes.
Based on these considerations, it is more beneficial to fabri-
cate PZT thin films using sol–gel processing. Nevertheless,
there are tremendous challenges to overcome.

The first challenge is the presence of cracks. Since PZT
is a ceramic, its coefficient of thermal expansion (CTE)
is very different from that of metal electrodes. As a re-
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sult, substantial thermal stresses develop between the PZT
and its metal electrodes during sintering cracking the PZT
films. The presence of cracks can not only short-circuit the
top and bottom electrodes, but also cause aging and frac-
ture of PZT films. The second challenge is film thickness.
Currently, PZT thin-film technology can offer a crack-free
area about 1 mm2 with film thickness ranging from 15 to
100 nm [11–13]. Therefore, multiple coatings are necessary
to reach a thickness more than 1 �m. Multiple coating is
not only time-consuming, but also substantially increases
the chance for cracks. Other challenges include stability
of bottom electrodes [34–37] and sintering temperature
[38,39].

Motivated by the needs for stronger PZT thin films for
meso- and micro-devices, this paper is to demonstrate an
improved sol–gel process to fabricate PZT thin-film sensors
and actuators. The PZT films have thickness in the range
of 1–2 �m in three coatings, and the film area can be as
large as 5 mm × 5 mm. The paper consists of four parts.
The first part is to describe the sol–gel processes leading to
the improved PZT films. The second part is to characterize
material properties of the PZT films, such as piezoelectric
constant and dielectric constant. The third part is to cali-
brate the PZT films as a sensor using charge amplifier and
a laser Doppler vibrometer (LDV). The fourth part is to
demonstrate the PZT films as an effective actuator through
actively controlling vibration of a silicon cantilever beam.

2. Fabrication of PZT thin films

Fig. 3 shows a typical sol–gel process to fabricate PZT
films. The first step is to deposit the bottom electrode on
the silicon substrate. The second step is to dip-coat or
spin-coat PZT sol onto the substrate. (PZT sol consists
of non-soluble Pb, Zr, and Ti nano-clusters dispersed in

Fig. 4. SEM photo of the PZT thin film (cross-sectional view).

Fig. 3. Sol–gel process to fabricate PZT thin films.

solvent; see Appendix A for a recipe.) As the solvent evap-
orates from the sol, the condensation and hydrolysis process
facilitates cross-linking of individual clusters in PZT sol
resulting in the sol–gel transition. Third, the PZT/silicon
structure is sintered at high temperature to densify the PZT
film and form the desired crystalline phase. The sintering
temperature ranges from 600 to 700 ◦C, and the sintering
time can last from 4 to 6 h. Finally, the top electrode is
deposited. Successful fabrication results in crack-free and
well-adhered PZT films.

To increase the thickness of PZT films, we primarily fol-
low the procedure shown in Fig. 3 but optimize some process
parameters. The silicon substrate is first oxidized in a fur-
nace at 1045 ◦C for 2 h to grow a SiO2 layer of 500 nm thick.
Then a layer of silicon nitride of 200 nm thick is deposited
by LPCVD (low-pressure chemical vapor deposition).

The bottom electrode consists of Pt and Ti layers with
thickness of 100 and 50 nm, respectively. The bottom elec-
trode is deposited via evaporation. The use of Pt as bottom
electrode is very desirable, because it forms a good diffu-
sion barrier preventing Pb from migrating into the silicon
substrate. The Ti layer is to serve as an adhesion layer.

With the PZT sol recipe shown in Appendix A, the silicon
substrate is dip-coated or spin-coated three times. For the
first two coatings, the sintering temperature is 650 ◦C for
15 min. For the third coating, the sol is diluted 50% by acetic
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Fig. 5. SEM photo of the PZT thin film (top view).

acid and sintering temperature is 450 ◦C for 10 min. The
philosophy is to use rapid thermal annealing for the first
two coatings to reduce thermal stresses. The third coating
with diluted sol is to seal possible cracks formed in previous
coatings. With different process parameters (e.g., speed of
the spin coating), the thickness of the PZT film can range
from 1 to 2 �m (i.e., roughly 330–660 nm per coating). Fig. 4
shows the cross-sectional view of a PZT film with thickness
around 2 �m through SEM. Moreover, the PZT film surface
is crack-free and smooth as seen from the SEM photo; see
Fig. 5. Also, X-ray diffraction of the PZT films shows that
the films have the desired perovskite crystalline phase.

Finally, the top electrode consisting of Au and Cr layers
is deposited through evaporation. The thickness of the Au
and Cr layers is 50 and 20 nm, respectively. The size of
the electrode (i.e., effective area of the PZT film) can be as
large as 5 mm×5 mm without short-circuiting the PZT film.
Compared with existing literature, this sol–gel process has
substantially improved the thickness and crack-free area of
PZT thin films. The key to this improvement is the use of
rapid thermal annealing and diluted coating.

3. Material properties of the films

Following the procedure published in [40], we measured
dielectric constant εr and piezoelectric constant d33 of the
PZT films. For dielectric constant, Table 1 shows some mea-
surements at 1 kHz and 1 MHz for specimens from different
batches before poling. As expected, some batches are better
than the others. In general, the dielectric constant at 1 kHz
ranges from 300 to 400. For piezoelectric constant d33, we

Table 1
Experimental results to measure dielectric constant εr

Batch 1 Batch 2 Batch 3

1a 2a 3a 4a 5a 6a 7a 8a

Area (mm2) 4 4 9 9 9 4 4 4
Thickness (�m) 1 1 1 1 1 1 1 1
εr , 1 kHz 178 292 314 324 340 410 389 378
εr , 1 MHz 184 187 316 300 300 380 371 352
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Fig. 6. Measured piezoelectric constant as a function of electric field.

poled the specimen with voltage ranging from 0 to 30 V.
Each poling step lasted for 30 min at room temperature. As-
suming that the film thickness is 1 �m, the resulting electric
field would range from 0 to 300 kV/cm. As shown in Fig. 6,
the measured d33 saturates around 120 pC/N, when the elec-
tric field exceeds 200 kV/cm. The measured dielectric con-
stant and piezoelectric constants are comparable with those
published in the literature of PZT thin films [11–13].

4. PZT thin films as sensors

Fig. 7 shows the setup to calibrate the PZT films as a sen-
sor. The experimental setup consists of a silicon cantilever
(30 mm × 7.5 mm × 0.4 mm) clamped to an AVC-712A01
piezoelectric actuator (made by PCB Piezotronics, Inc.). The
silicon cantilever has a PZT film (4 mm × 4 mm × 1 �m),
and the AVC piezoelectric actuator excites the silicon can-
tilever deforming the PZT film. A charge amplifier detects
the charge accumulated in the PZT film. Then a spectrum
analyzer processes the charge amplifier’s output voltage to
obtain a frequency spectrum; see the solid line in Fig. 8.
Note that the measurement from the charge amplifier refers
to the right axis in Fig. 8. Moreover, the first resonance

Fig. 7. Experimental setup to calibrate PZT thin film as a sensor.
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Fig. 8. Spectrum of PZT thin-film sensor from an LDV and a charge amplifier.

peak at 520 Hz is the first bending mode of the cantilever.
The other peaks in Fig. 8 are resonance from AVC piezo-
electric actuator. Before the experiment, the charge ampli-
fier is adjusted so that its corner frequency is well below the
first resonance frequency 520 Hz. Consequently, all the res-
onance peaks in Fig. 8 are amplified uniformly across the
frequency and are proportional to the strain developed in
the PZT thin film. Nevertheless, a calibration constant must
be determined in order to relate the voltage to the strain
numerically.

To obtain the calibration constant, we use a laser Doppler
vibrometer (LDV) setup shown in Fig. 7. Let us first denote
three points along the PZT film as 1, 2, and 3 in Fig. 7.
These points are evenly spaced with distance �x = 2 mm.
Then the LDV measures the deflection w1, w2, and w3 of the
cantilever at points 1, 2, and 3. According to Euler–Bernoulli
beam theory, the curvature κ2 of the cantilever at point 2 is
approximated as

κ2 ≈ w1 − 2w2 + w3

(�x)2
(1)

Moreover, the normal strain of the PZT film is ε = κ2h/2,
where h is the thickness of the cantilever. The normal strain
obtained through LDV measurements is also shown in Fig. 8
as comparison (referring to the left axis). The measured
strain and the charge amplifier voltage agree very well with
each other in both frequency and amplitude. By matching the
resonance amplitudes at 520 Hz from the LDV and charge
amplifier, calibration constant is 2.625 × 10−3 V−1.

There are two things worth noting. First, the calibration
constant 2.625×10−3 V−1 is only valid at 520 Hz. This is be-
cause the relationship between the charge amplifier voltage
and the strain is not exactly a constant. Instead, it depends
on the frequency. Theoretically, if the PZT film is modeled
as a one-dimensional continuum, the charge amplifier volt-
age V and the strain s satisfy the following relation:

V(ω)

s(ω)
= EAd31

C
µ (2)

where E, A, d31 and C are the Young’s modulus, area, piezo-
electric constant, and capacitance of the PZT film, respec-
tively. Moreover, µ is the gain of the charge amplifier (i.e.,
the ratio of the charge amplifier voltage to the open-loop
voltage of the PZT film), which is around 4.4 in this ex-
periment. Since d31 and dielectric constant are frequency
dependent [41–44], it is natural that the calibration is fre-
quency dependent. Therefore, it is more precise to state that
the calibration constant is 2.625 × 10−3 V−1 at 520 Hz.

Second, the calibration method described in Fig. 7 is in-
dependent of boundary conditions. Measuring charge gen-
erated from a PZT film is a common way to measure trans-
verse piezoelectric coefficient e31. Traditional methods to
measure e31 include the following steps. First, PZT film is
deposited on specimens that take the form of cantilevers
[45], simply supported beams [46], or plates [47]. Second, a
known load is applied to the specimens and the charge accu-
mulated in the PZT film is measured. According to mechan-
ics of materials, one can calculate the strain developed in
the film assuming perfect boundary conditions (e.g., fixed)
as in [45–47]. The ratio of the measured charge to the cal-
culated strain gives e31 of the film. Since the real boundary
conditions of the specimen are not perfect and cannot be
modeled accurately, the strain and e31 calculated from the
perfect boundary conditions often inherit some degrees of
inaccuracy. In contrast, the use of curvature formula (1) in
this paper does not require use of any boundary conditions
at all.

5. PZT thin films as actuators—active vibration control

The experiments on active vibration control consist of
several steps. The first step is to identify resonance fre-
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Fig. 9. Experimental setup to identify system resonance frequencies.

quencies of the test specimen. Fig. 9 shows the experimen-
tal setup. In this setup, the specimen is cantilevered at one
end near the PZT film. The dimensions of the cantilever are
20 mm × 15 mm × 0.4 mm, whereas the size of the elec-
trode (i.e., effective area of the PZT film) is 4 mm × 4 mm.
The PZT film thickness is 1 �m, and the film capacitance is
35 nF. The corresponding dielectric constant is 237. A tiny
piece of bulk PZT patch (roughly 3 mm × 3 mm in size) is
also glued to the cantilever serving as a reference input. In
this part of the experiment, a spectrum analyzer, together
with an amplifier, drives the bulk PZT with swept sine to ex-
cite the specimen. A laser Doppler vibrometer (LDV) mea-
sures vibration of the specimen at the corner of the free end.
The spectrum analyzer processes the PZT actuation volt-
age and LDV measurements to produce frequency response
functions (FRF).

Fig. 10 shows the measured FRF, which reveals several
major resonance peaks. A simple calculation from the clas-
sical plate theory indicates that the resonance peaks at 1.6
and 26 kHz are the first and third bending modes, respec-
tively. The resonance peaks around 4.6 and 11 kHz are the
first and second torsional modes, respectively. These vibra-
tion mode shapes have also been identified experimentally
through modal analysis.

The second step is to demonstrate that the PZT thin-film
actuator has enough actuation strength to perform active vi-
bration control. Fig. 11 shows the experimental setup. First,
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Fig. 11. Experimental setup to test actuation strength of the PZT thin film.

a function generator drives the bulk PZT sinusoidally simu-
lating a vibration disturbance input. Also, the LDV monitors
the vibration of the cantilever. In the meantime, the func-
tion generator also drives the PZT thin-film actuator, with
different phases and gains, to see if the PZT thin-film actu-
ator has large enough actuation strength to offset the input
vibration disturbance from the bulk PZT.

Fig. 12 shows the LDV response at 1.63 kHz (first bending
mode resonance), when the PZT thin-film actuator is off.
The first trace is the voltage from the function generator. The
second trace is one-twentieth of the voltage into the bulk
PZT. The third trace is one-twentieth of the voltage into the
PZT thin film. The last trace is the measurement from LDV,
whose sensitivity is 1 mm/s/V. Therefore, the velocity of the
cantilever tip is around 0.3 mm/s, when the PZT thin film
is off. Fig. 13 shows the LDV response at 1.63 kHz, when
the PZT thin-film actuator is on with an 8 V actuation. The
tip velocity is now significantly reduced to 0.1 mm/s. The
results in Fig. 13 indicate that the PZT thin film is strong
enough in serving as an actuator for active vibration control.

The third step of the test is to demonstrate the effec-
tiveness of active vibration control via the PZT thin film.
Fig. 14 shows the experimental setup. First, the spectrum
analyzer generates a swept-sine excitation to the bulk PZT

Fig. 12. Test results of film actuation strength at 1.63 kHz; PZT thin film
is off.
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Fig. 13. Test results of film actuation strength at 1.63 kHz; PZT thin film
is on.

Fig. 14. Experimental setup for active vibration control.

serving as a vibration disturbance input. The LDV measure-
ment is fed back to drive the PZT thin-film actuator with
an AVC-780A01 phase shifter (made by PCB Piezotronics,
Inc.) as the controller. In the meantime, the spectrum ana-
lyzer measures the FRF from the bulk PZT input excitation
to the LDV measurement in order to monitor the effective-
ness of the active vibration control.

Fig. 15 shows the measured FRF of the first bending mode
with and without control. The control gain is 12, and the
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Fig. 16. FRF of the third bending mode with and without control.

controller shifts the phase angle in the range of 150–175◦.
When the control is off, the resonance amplitude is around
9 mm/s/V. When the control is on, the resonance amplitude
is substantially reduced to 3 mm/s/V. Fig. 16 shows the mea-
sured FRF of the third bending mode with and without con-
trol. When the control is present, it reduces the resonance
amplitude from 5.6 to 5 mm/s/V. Note that the PZT film is
located near the cantilevered end, which experiences a sig-
nificant curvature for the first, but not the third, bending
mode. Therefore, the active vibration control is substantially
more effective for the first bending mode.

6. Conclusions

We have developed a sol–gel process to fabricate PZT
thin films with thickness of 2 �m in three coatings. The
crack-free area can be as large as 5 mm × 5 mm. This is a
substantial improvement over existing PZT films published
in the literature.

The dielectric constant of the PZT films ranges from 200
to 400 depending on the batch tested. The piezoelectric con-
stant d33 is around 120 pC/N. These numbers are compara-
ble to those PZT films published in the literature.

PZT thin films can serve as a sensor measuring normal
strain in the silicon substrate through use of a charge am-
plifier. The thin-film sensor can be calibrated using a laser
vibrometer and Euler–Bernoulli beam theory.

Experimental measurements indicate that the PZT thin
films can produce sufficient actuation strength to perform
active vibration control. With the PZT thin film located near
the cantilever end, the resonance amplitude of the first vi-
bration mode can be reduced by 66% with a phase shifter
serving as the controller.

Appendix A. Recipe of PZT sol

1. Dissolve 24.48 g Pb acetate in 16 g (15.2 ml) acetic acid.
2. Heat to 110 ◦C (10–15 min), cool to room temperature.
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3. Mix 15.932 g (14.7 ml) Zr n-propoxide and 8.128 g
(8.4 ml) Ti-isopropoxide.

4. Add to Pb solution the Zr + Ti mixture.
5. Add 16 g (16 ml) of deionized water.
6. Add 4 g (3.4 ml) lactic acid.
7. Add 6 g (4.8 ml) glycerol.
8. Add 4 g (3.6 ml) ethylene glycol.
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