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Measurements of Piezoelectric
Coefficient d;3 of Lead Zirconate
Titanate Thin Films Using a Mini
Force Hammer

Lead zirconate titanate (PbZrTi;_,O3, or PZT) is a piezoelectric material widely used as
sensors and actuators. For microactuators, PZT often appears in the form of thin films
to maintain proper aspect ratios. One major challenge encountered is accurate measure-
ment of piezoelectric coefficients of PZT thin films. In this paper, we present a simple,
low-cost, and effective method to measure piezoelectric coefficient dsz of PZT thin films
through use of basic principles in mechanics of vibration. A small impact hammer with a
tiny tip acts perpendicularly to the PZT thin-film surface to generate an impulsive force.
In the meantime, a load cell at the hammer tip measures the impulsive force and a charge
amplifier measures the responding charge of the PZT thin film. Then the piezoelectric
coefficient ds;z is obtained from the measured force and charge based on piezoelectricity
and a finite element modeling. We also conduct a thorough parametric study to under-
stand the sensitivity of this method on various parameters, such as substrate material,
boundary conditions, specimen size, specimen thickness, thickness ratio, and PZT thin-
film material. Two rounds of experiments are conducted to demonstrate the feasibility
and accuracy of this new method. The first experiment is to measure dsz; of a PZT disk
resonator whose dss is known. Experimental results show that ds;; measured via this
method is as accurate as that from the manufacturer’s specifications within its tolerance.
The second experiment is to measure ds; of PZT thin films deposited on silicon substrates.
With the measured dsz, we predict the displacement of PZT thin-film membrane microac-
tuators. In the meantime, the actuator displacement is measured via a laser Doppler
vibrometer. The predicted and measured displacements agree very well validating the

accuracy of this new method. [DOI: 10.1115/1.4006881]

1 Introduction

MEMS actuators driven by lead zirconate titanate (PbZr,Ti;4Os,
or PZT) have received wide attention recently because they could
potentially outperform other MEMS actuators in terms of band-
width [1-3], energy density [4], and actuation strength. As a
result, PZT microactuators enable various new advanced applica-
tions, such as minute hearing aids [5,6], miniaturized diagnostic
tools [7,8], micropumps and microejectors [9,10], atomic force
microscopy [11], head positioning system of optical and hard disk
drives [12,13], and active control systems [14]. Moreover, PZT
has been adopted in microsensors for many innovative applica-
tions, such as energy converters and harvesters [15-17], active
and passive damage detection [18], and random access memory
[19-21]. In scaling down the size to submillimeter range, PZT
microsensors and microactuators often employ PZT thin films
whose thickness is less than 10 ym to maintain a proper aspect
ratio. The form of PZT thin films, however, presents a wide range
of unique challenges that do not exist in bulk PZT or thick-film
PZT (with film thickness more than 100 um). One of them is
measurement and calibration of piezoelectric coefficient d;.

For bulk PZT or thick-film PZT, piezoelectric coefficient ds; is
often measured in two ways. The first way is to apply an electric
field and measure the corresponding strain. In this case, displace-
ment of the PZT surface is often measured via a capacitive
displacement probe [22], a laser interferometer [23] or a laser
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Doppler vibrometer (LDV) [24]. Then the normal strain is calcu-
lated from the measured displacement.

These methods, however, become impractical for PZT thin
films for several reasons. First, normal displacement of PZT thin
films is extremely small due to their small thickness in compari-
son with that of bulk or thick-film PZT. This small displacement
is often out of the resolution limit of displacement probes. As a
result, the calculated normal strain suffers poor resolution and low
signal-to-noise ratio. Second, laser interferometer measurements
highly depend on surface quality of the PZT sample. The speci-
men has to be either polished or attached with a mirror to obtain a
flat and reflective surface. This proves to be very difficult to
realize, when PZT appears in the form of thin films. Third, the
measurement of laser interferometer and LDV tend to include a
large contribution from substrate bending and distortion, which
cannot be accounted for accurately.

The second way to measure d33 for bulk or thick-film PZT is to
apply a known force and measure the corresponding charge [25].
The applied forces can be either static or dynamic. If a static (i.e.,
constant) force is uniformly applied over a bulk or thick-film PZT
specimen, the stress can be calculated from the applied constant
force and the area over which the force is applied. In the mean-
time, the corresponding charge density can be obtained through
the product of the capacitance and voltage of the PZT divided by
the electrode area. Theoretically, in the time domain, ds3 is the
ratio between the charge density and the stress.

Alternatively, a dynamic force can be applied to a bulk or thick-
film PZT specimen via a mechanical shaker [22], as typically done
in d33 meters or charge measuring rigs. In this case, the instrument
first applies a constant preload to hold the PZT specimen. Then it
varies the applied load harmonically at an ac frequency that is above
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the cutoff frequency of the PZT resistor-capacitor (RC)-circuit but
below the resonance frequency of the specimen. In the instrument, a
load cell measures the varying applied load and a charge amplifier
records the charge. Then ds; can be calculated using the same
method described above for the constant force measurement.

Both static and dynamic measurement methods become imprac-
tical for PZT thin films. In the case of static forces, PZT thin films
often have a much smaller time constant than bulk or thick-film
PZT. As a result, the measured charge decays very quickly and is
difficult to measure accurately in the time domain. Moreover, as
PZT becomes thin (e.g., 1 pum), the output voltage is significantly
reduced and the signal-to-noise ratio drops. To reduce the noise, a
very large force is needed in the measurements. The large force
could, in turn, fracture or depolarize the PZT thin films [25].

In the case of d3; meters (i.e., dynamic forces), d;; meters fre-
quently fracture PZT thin-film specimens when the static preload
is applied. If the specimens survive the preload, d3; meters often
penetrate the top electrode during the measurement phase due to
the friction between the meter’s probe and the specimen. More-
over, the measurements from ds; meters vary substantially from
point to point on the same specimen (if the specimen survives the
preload and the friction). This primarily results from the fact that
thin-film specimens often take the form of a thin plate instead of a
thick block. Consequently, dimensions, geometry, measurement
locations, and boundary conditions of the specimen can signifi-
cantly affect the measured results.

Aside from these “operational” difficulties, measurements of ds;
from PZT thin films also have their own unique challenges. For
example, piezoelectric coefficients of PZT thin films can vary signifi-
cantly on residual stresses [26,27]. PZT thin films could easily be
depolarized during testing when excessive forces are applied [25].
PZT thin films must be tested integrally with its substrate; therefore,
the test results will bear certain dependence on the substrate’s
geometry, material properties, and boundary conditions [28].

Facing these challenges, researchers have been developing
innovative methods to measure piezoelectric coefficients of PZT
thin films [29-33]. One approach is to use simple instrumentation
and subsequently correct the effects from the substrate. For exam-
ple, Lefki and Dormans [29] apply a static force ranging from 0O to
20 N via a metallic tip with 1 mm? area to a PZT thin film inte-
grated on a silicon substrate. In return, they measure responding
charge Q from the PZT film, and calculate the charge-force ratio
known as d33(dp) in the paper. Since the substrate is present, the
measured dz3(dp) is different from the true piezoelectric coeffi-
cient ds; of the PZT film. Alternatively, Al-Ahmad and Plana [30]
applied two electric fields (parallel-mode and antimodes) to PZT
thin films and measure the variation in capacitance due to the two
opposite orientations of the bias voltage, from which the piezo-
electric coefficient ds; are derived. Although this method is
simple and straightforward, it relies on many assumptions (e.g.,
stress-free condition and d33 =2d3;) and completely ignores the
effects of substrate.

The second approach is to use advanced experimental setup to
minimize the effects of the substrate. Park et al. [31] use pneu-
matic loading to induce electric charge to characterize ds;. The
advantage of this method is that a uniform and noncontact force is
applied via the pneumatic loading. This method, however,
requires significant hardware (e.g., air chamber). Also, the seals
(e.g., O-ring) used in the application could potentially induce in-
plane stresses affecting the measured d3;. Park et al. also do not
devise a solution to compensate for the effects of the substrate.
Kholkin et al. [32] and Chao et al. [33] use a dual-beam scanning
laser interferometer to measure thickness change AL of a PZT
film induced by an electric field. The piezoelectric coefficient ds3
is then derived using d3; = AL/V, where V is the applied voltage.
Although this method is very appealing, the experimental setup
and instrument layout is complicated and expensive. According to
the theory of piezoelectricity, the thickness change measured will
contain displacement induced by the applied electrical field and
responding in-plane stresses simultaneously.
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From the discussion above, measurements of piezoelectric con-
stant d3; of PZT thin films face two major challenges. The first
challenge is to eliminate the effects of the substrate. Some of the
existing methods only need simple experimental setups, but they
cannot completely compensate for the effects of the substrate
[29,30]. The other existing methods rely significantly on sophisti-
cated experimental setups to minimize the effects of the substrate
[31-33]. The second challenge is accuracy of the measured ds;.
None of the existing literature [29-33] investigates the accuracy
of their measured d33. For example, if the measured ds; is used to
design a PZT thin-film microactuator, how much will the designed
actuator response differ from the actual actuator response measured
in experiments?

Motivated by the challenges above, we present in this paper a
simple and cost-effective way to measure piezoelectric coefficient
ds3 of PZT thin films. Aside from being simple and cost-effective,
this new method has two unique features. First, it rigorously
accounts for the effect of the substrate. Therefore, such a method
is particularly favorable during microfabrication, where the piezo-
electric coefficient can be quickly estimated to determine the qual-
ity of the fabricated PZT thin films. Second, it measures ds3
accurately. Therefore, one can use it to design a PZT thin-film
microdevice, and subsequently predict its response accurately.

The new method to measure ds3 is a two-step process. The first
step is to use a mini impact hammer (with a load cell) to excite
the PZT film. During the excitation, the impulsive force is meas-
ured via the load cell and the responding charge of the PZT film is
measured through a charge amplifier. The impulsive force has
large enough amplitude to ensure a good signal-to-noise ratio, but
not so much to cause depolarization of the PZT thin films. Since
the impulsive force has extremely short duration (e.g., 200 us),
the discharge effect (i.e., the time constant effect) of the PZT cir-
cuit can be ignored. With this method, a digital oscilloscope and a
charge amplifier will be sufficient to complete the measurements.
At the end of the experiment, a charge-force ratio can be obtained
precisely.

Similar to d33 (dp) measured by Lefki and Dormans [29], the
charge-force ratio will significantly depend on substrate properties
and dimensions. Therefore, the second step is to compensate for
the effects of the substrate in order to extract the true piezoelectric
coefficient ds; from the measured charge-force ratio. To do so,
one can conduct a finite element analysis of the tested specimen to
determine a calibration factor that relates the charge-force ratio to
the true piezoelectric coefficient ds3.

For the rest of the paper, we will first present theoretical founda-
tion and a finite element modeling to quantify the calibration factor.
In addition, we will conduct a parametric study to understand how
the calibration factor depends on various parameters, such as sub-
strate material, boundary conditions, specimen size, specimen thick-
ness, thickness ratio, and PZT thin-film material. We then explain
the experimental setup and conduct two rounds of experiments to
demonstrate the accuracy (and thus feasibility) of this method. The
first round of experiments is to apply this new method to a disk reso-
nator with thick-film PZT, whose ds3 is known, to confirm its accu-
racy. In the second round of experiments, we apply the new method
to a PZT thin film deposited on a silicon wafer, use the extracted ds3
to predict displacement of a PZT thin-film membrane miocroactua-
tor, and confirm the microactuator’s displacement via a laser Doppler
vibrometer. The close agreement between the predicted and meas-
ured actuator displacements thus proves the accuracy of the new
method. Finally, we conclude the paper with a remark on residual
stresses in PZT thin films.

2 Theoretical Foundation

The analysis below provides a theoretical foundation to justify
the use of an impact force to measure piezoelectric coefficient ds3
of a PZT thin film.

Let us consider an elastic substrate occupying semi-infinite
domain in Fig. 1. The substrate carries a bottom electrode, above
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Fig.1 Quasi-static analysis of substrate and PZT thin film

which a PZT thin film is coated. Finally, a top electrode occupy-
ing a finite area is deposited on the PZT film. The thickness of the
two electrodes and PZT film is considered infinitesimal compared
with the semi-infinite substrate; therefore, they do not contribute
to any stiffness when the substrate deforms under external loads.
The polar coordinates r and 0 define the substrate surface, while
coordinate z is normal to the substrate surface. In addition, z=0
defines the location of the two electrodes and the PZT film.
Further, the electrodes are subjected to an open-circuit condition
such that no net charge is flowing in or out of the electrode, i.e.,

¢ = J e3dA =0 (1)
A

where g5 is the total charge out of the surface at z=0, e5 is the
electric displacement (i.e., charge density) in the z direction, and
the integration can be over the top or bottom electrode.

Consider the case when an impulsive concentrated load
f(t) = Fo(z) is applied at the origin in Fig. 1. Assuming a quasi-
static condition, Boussinesq’s solution of a semi-infinite half
space in linear elasticity shows that the stresses on the surface at
z =0 take the form of

F(1-2v)
e

o), oo=0p-=0.=0 (2

where o,, 0y are normal stresses, a,9, 0y., 0,, are shear stresses,
and v is the Poisson’s ratio of the substrate. In addition, the
normal stress o, is singular at » = 0 satisfying

J@M:FW) 3)
A
In this case, the constitutive equation of the piezoelectricity
e; = diyoy + &iEy is reduced to

e3 = d330; + d310, +d3100 + e3E3 = dyzo. +eE; (4)
where d33 is piezoelectric coefficient, &35 is the dielectric constant,
and Ej5 is the electric field in the z direction. Note that the effect of

ds; does not appear, because ¢, = —ay from Eq. (2). Substitution
of Eq. (4) into Eq. (1) results in

J A 833E 3 dA
dy3 = —=—— (&)
j \ a.dA
With a one-dimensional electrostatic analysis,
Ey =Vi(r)/d ©)
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ANSYS|

Fig. 2 Finite element model of circular disk resonator to
determine «

where V is the voltage and d is the thickness of the PZT film. If
we can assume that the PZT film behaves like a parallel capacitor,
substitution of Eq. (3) and Eq. (6) into Eq. (5) to obtain

CpzrV
@=f{§— )

where Cpyr = L sjdA is the capacitance of the PZT film. Note that
F and V are the “strength” of the impact and responding voltage.
For practical applications, they can be taken as the peak of the
impact amplitude or the area underneath the impact history in the
time domain.

Equation (7) rests on many critical assumptions that may not be
realized in experiments. For example, a realistic specimen will not
occupy a half-infinite space, and will be subjected to some sort of
boundary conditions. The PZT thin film and electrodes will not
have an infinitesimal thickness. The impact force applied will not
be a point force; instead, it will have a spatial distribution. In light
of these realistic constraints, Eq. (7) would take the form of

CpzrV

7 ®)

dyz = —o

where o is a calibration factor associated with the specimen to be
tested. If « is determined a priori via a finite element analysis, for
example, Eq. (8) can be used to extract d;; experimentally free of
the effects of the substrate. Also note that CpzrV//F is indeed the
piezoelectric coefficient d53(dp) measured by Lefki and Dormans
[29]. Extracting the true piezoelectric coefficient d33 will require a
compensation of the substrate effects via the calibration factor «.

3 Effects of Substrate

To evaluate the calibration factor o for various substrates, we
created several finite element models via ANSYS. Figure 2 shows
a one-fourth model of a disk resonator. The disk resonator con-
sisted of three layers: a brass substrate (also serving as the bottom
electrode), a PZT thick film, and a top electrode. For the brass
substrate, the diameter was 12 mm and thickness was 0.1 mm. It
was meshed with solid elements. For the PZT thick film, the mate-
rial properties are assumed to be PZT-5A. The diameter is 9 mm
and the thickness is 0.1 mm. The PZT layer was meshed with pie-
zoelectric solid elements. The top electrode was made of silver
with diameter 7 mm and thickness 0.03 mm. It was also meshed
with solid elements. The material properties of all layers are listed
in Table 1 for reference.
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Table 1

Material properties of all layers used in the finite element analysis for PZT thick-film specimen

Reference model

Parametric studies

Top electrode (silver) PZT-5A Bottom electrode (brass) Silicon Glue layer PZT-5H
Diameter (mm) 7 9 12 12 12 9
Thickness (pm) 30 100 100 100 50 100
p (kg/m®) 1049 7750 8490 2330 1170 7500
dy, (m/V) —1.71x10710 —2.74x10710
ds3 (m/V) 3.74%10°1° 5.93%x10°1°
dys (m/V) 5.84x1071° 7.41x1071°
b, (ms? /kg) 1.64x107" 1.65x107 "
s (ms? /kg) 1.88x10~ 2.07x107""
& (ms? /kg) —5.74x10" " —4.78x107 1
st (ms? /kg) ~7.22x10" " —8.45x10 "2
sk, (ms?/kg) 4.75x107 " 435x107"
s (ms? /kg) N/A N/A
KT, 1730 3130
Kl 1700 3400
&0 (F/m) 8.85x10 12 8.85x107 1
E (GPa) 83 97 202 2.4
v 0.37 0.31 0.33 0.34

The bottom nodes of the substrate were fixed in the space.
Also, interfacial nodes between two adjacent layers were merged
to ensure displacement continuity across the interfaces. At the
center of the top electrode, a pressure load was applied normal to
the electrode over a small area with a diameter of 0.61 mm (to
simulate the contact area of a hammer tip to be used in experi-
ments), while the rest of the top electrode was subjected to a
stress-free boundary condition. The electric potential of the bot-
tom electrode was set to zero, and the electric potential of the top
electrode was assumed to be uniform. Note that the electric poten-
tial of the top electrode is unknown because it will depend on the
charge generated from the impact force.

Figure 3 shows the charge Q = —CpzrV generated in the PZT
layer versus the applied force F. (It will be called “charge-force
relationship” or simply Q-F curve for the rest of the paper.) The
straight line with square solid markers is the ideal case depicted in
Eq. (7), whose slope is the theoretical d3; of PZT-5A, which is
374 pC/N. The straight line with square open markers is from the
finite element simulations of the disk resonator predicting a slope of
213 pC/N. As one can see, the finite element simulation does not pre-
dict the theoretical slope of ds; because the disk resonator specimen
does not satisty many assumptions made for Eq. (7). According to
Eq. (8), the calibration constant of the circular disk resonator is

374
1= 1.7559 )

A parametric study was also conducted to find out what could sig-
nificantly affect the calibration factor o from the reference config-
uration above. Parameters considered include substrate material,
boundary conditions, specimen size, thickness, thickness ratio,
and PZT thin-film material. The parametric study and its results
are explained in detail as follows.

Substrate Material. The substrate material was changed from
brass to silicon. Correspondingly, the Young’s modulus was
changed from 97 GPa to 202 GPa; see Table 1 for detail. The
resulting Q-F curve had a slope of 213 pC/N. Therefore, the sub-
strate material almost does not affect the calibration factor o. To
avoid confusion, this result is not presented in Fig. 3.

Boundary Conditions. In real experiments, the bottom of the
substrate may be glued and is not subjected to a perfectly fixed
boundary condition. To simulate this, a glue layer was introduced

011003-4 / Vol. 135, FEBRUARY 2013

in the finite element model between the substrate and the fixed
boundary. The glue layer had a thickness of 0.05 mm and Young’s
modulus of 2.4 GPa (Table 1). With the glue layer, the resulting
Q-F curve had a slope of 225 pC/N, which leads to a calibration
factor o = 374/225 ~ 1.6622. This represents a minor 5.3%
decrease from the calibration factor o ~ 1.7559 in Eq. (9). To
avoid confusion, this result is not presented in Fig. 3.

Specimen Size. In this study, the top electrode, PZT, and brass
(bottom electrode) diameter of specimen were reduced from 7
mm to 3 mm, 9 mm to 5.5 mm, and 12 mm to 5.5 mm, respec-
tively, while the thickness of each layer remained unchanged. The
resulting Q-F curve has a slope of 200 pC/N, which leads to a cal-
ibration factor o = 374/200 ~ 1.8700. This represents a minor
6.5% increase from the calibration factor o ~ 1.7559 in Eq. (9).
To avoid confusion, this result is not presented in Fig. 3.

Thickness Ratio. In this case, the overall thickness of the
specimen remains unchanged, but the thickness ratio of the layers
was altered. The thickness of the top electrode, PZT, and brass
(bottom electrode) were changed to 0.3 um, 0.673 um, and
229.027 pm, respectively. In other words, both top electrode and
PZT layer were roughly in the same order of magnitude, but were

Charge (Q) vs. Force (F) Plots from
Finite Element Analysis

1.0E-08
B Theoretical (PZT-5A) 5.93E-10 C/N
9.0E-09 | 4 Theoretical (PZT-5H)
8.0E-09 - CJANSYS(Reference, PZT-5A)
=) A ANSYS (Thickness Ratio, PZT-5A)
g 7:0E-09 7 4 ANSYS(Material, PZT-5H)
.g- 6.0E-09 3.74E-10 C/N
2 5.0E-09
2 4.0£-00 3.27E-10 C/N
<=
O  3.0E-09
5 2.13E-10 C/N
o  2.0E-09
0.0E+00 | 4% ‘ :
2 4 6 8 10 12 14 16

Applied Impuls Hammer Force (N)

Fig. 3 Charge (Q) versus force (F) plots from finite element
analysis
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significantly thinner than the substrate. The resulting Q-F curve
had a slope of 61 pC/N; see Fig. 3. This leads to a calibration
factor o =374/61 ~ 6.1311, representing a significant 250%
increase from the calibration factor « =~ 1.7559 in Eq. (9).

Specimen Thickness. In this case, the thickness of the top elec-
trode, PZT, and brass (bottom electrode) were reduced to 0.339 um,
1.1313 pm, and 1.1313 um, respectively. Note that the thickness
ratio remains the same as that of the original reference system in Ta-
ble 1. Yet the overall thickness was reduced to about 2.6 pm. The
resulting Q-F curve had a slope of 223 pC/N, which leads to a cali-
bration factor o = 374/223 ~ 1.6771. This represents a minor 4.5%
decrease from the calibration factor o« ~ 1.7559 in Eq. (9). To avoid
confusion, this result is not presented in Fig. 3.

PZT Thin-Film Material. In this study, the material of PZT
was changed to PZT-5H with theoretical ds; of 593 pC/N (Fig. 3).
The resulting Q-F curve had a slope of 327 pC/N; see Fig. 3. This
leads to a calibration factor o = 593/327 ~ 1.8135 representing a
minor 3.3% increase from the calibration factor o ~ 1.7559 in
Eq. 9).

The parametric study concludes that the calibration factor o is
only sensitive to the thickness ratio. (In other words, the thickness
ratio dominates the effects of the substrate.) This implies that the
calibration factor o can be used to extract piezoelectric coefficient
ds3, once the thickness ratio of each layer is determined in a speci-
men. The calibration factor o will be valid for a wide range of pie-
zoelectric and substrate materials. Also, uncertainties in specimen
size, thickness, and boundary conditions will not significantly
affect the calibration factor o and thus the accuracy of this
measurement method.

4 Experimental Setup and Validation

Figure 4 shows the experimental setup to instrument this new
method. The setup consists of a mini impact hammer, a charge
amplifier, an oscilloscope, and a specimen to be tested. The mini
impact hammer (made by PCB Piezotronics, Model No. 086E80)
has a metal tip with a diameter of 0.61 mm and a load cell with a
calibration constant of 22. mV/N. When the hammer taps the
specimen, the load cell measures the input force and the charge

Journal of Vibration and Acoustics

amplifier measures the charge generated by the PZT. Both the
measured force and charge are sent to the digital oscilloscope,
where their peak amplitudes are recorded. Prior to the experiment,
a finite element analysis was conducted to obtain the calibration
factor o of the specimen. After the experiment, the piezoelectric
coefficient ds3 is calculated from the peak amplitudes and the
calibration factor o according to Eq. (8).

To test the validity of this new approach, we first choose a
thick-film PZT with a known d33 as our specimen. The specimen
was a commercially available single-layered PZT disk resonator
(made by APC International Ltd., Model No. MFT-12T-9.2A1).
The disk resonator consisted of a brass disk (serving as the sub-
strate and bottom electrode simultaneously), a thick-film PZT
layer, and a silver top electrode on the PZT layer. The thickness
of the brass disk, the PZT layer, and the silver electrode were
0.1 mm, 0.1 mm, and 0.03 mm, respectively. The diameter of the
brass disk, the PZT layer, and the silver electrode were 12 mm,
9 mm, and 7 mm, respectively. The specimen was glued to a block
of aluminum using epoxy to simulate a fixed boundary condition.

According to the manufacturer’s specifications, the capacitance
of the PZT film was 102=30% nF and the film was made of PZT-
5A. The exact value of ds3, however, was not listed in the specifi-
cations. Given a 30% tolerance in capacitance, we assume a 30%
tolerance in d33. Since the theoretical value of ds3 for PZT-5A is
374 pC/N, the piezoelectric coefficient ds3 of the disk resonator
was estimated to be 374122 pC/N.

During the experiments, the vertical position of the hammer
was finely adjusted so that a wide range of impact forces were
applied to the specimen in order to obtain the charge-force rela-
tionship (i.e., the Q-F curve). For each hammer position, 20 taps
were performed at the center of the specimen, and the peak ampli-
tudes of the measured force and charge were averaged. Figure 5
shows some average force and charge measurements as an exam-
ple. The top and bottom traces were measured force and charge,
respectively. With the automatic hammer, the force level can be
well controlled. Since 20 measurements were averaged, the meas-
ured force and charge are very consistent with very small noise.

After the force (F) and charge (Q) were measured, their peak
values were substituted in Eq. (8). Also, the calibration factor o of
the PZT thick-film specimen was 1.7559 from the finite element
modeling discussed in Sec. 3. Then Eq. (8) calculates the piezo-
electric coefficient ds3 of the PZT thick film.

Three thick-film PZT specimens were tested. With o« =1.7559,
the calibrated charge-force relationship (i.e., «Q versus F) is plot-
ted in Fig. 6. For each specimen, the markers are from the experi-
mental measurements. The solid lines are from a least-square fit
of the experimental measurements, whose slopes give the meas-
ured ds3 according to Eq. (8). Also plotted in Fig. 6 is the theoreti-
cal charge-force relationship as a reference. The d33 obtained
from this new approach for the three specimens is 457 pC/N,
426 pC/N, and 493 pC/N, respectively. Compared with the theo-
retical value 374 pC/N, the measurements from this approach are
within the range of 14-32% difference, which is acceptable given
that the variation of the specimen properties was 30%.

Throughout the experiments, a careful control the magnitude of
the impact force was very important. We noticed that a too big
impact force could result in depolarization of PZT thick film and
affect the consistent dz3 measurement.

5 Applications to PZT Thin Films

With the demonstrated feasibility of the new method on thick-
film PZT, we then applied the new method to measure piezoelec-
tric coefficient ds3 of PZT thin films as follows.

A 3 in. wafer with a PZT thin film was fabricated using the fol-
lowing procedure. The silicon substrate (Si wafers with around
400 um thickness) was first oxidized in a furnace at 1050 °C for
3 h to grow a SiO, layer of 500 nm thick. Then a layer of silicon
nitride of 200 nm thick was deposited by LPCVD (low-pressure
chemical vapor deposition). The bottom electrode consisted of
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Fig. 5 Sample force and charge measurements in time domain
for thick-film PZT specimen

Ti/Pt layers with thicknesses of 50 nm and 100 nm, respectively.
The PZT film was spin-coated three times. For each coating, the
sintering temperature was 650 °C for 15 min. For the third coat-
ing, the sol was diluted 50% by acetic acid and sintering tempera-
ture were reduced to 450 °C for 10 min. The thickness of the PZT
film was measured around 1 um. Next, the top electrode, consist-
ing of Cr/Au layers (with a thickness of 25/500 nm) was deposited
through evaporation. Moreover, the top electrode was patterned
into multiple electrode pads with dimensions of 3 mm by 3 mm or
4 mm by 4 mm. After the fabrication was complete, the PZT film
was poled with an electric field of 150 kV/cm at room temperature
for 30 min. Finally, the wafer was diced into specimen with
dimensions of 5.5 mm by 5.5 mm.

Based on the geometry described above, we created a finite ele-
ment model of the thin-film PZT specimen. In Fig. 7, the finite
element model is similar to that shown in Fig. 2, except that the
model now has a separate substrate and bottom electrode. More-
over, the specimen is square instead of circular. Table 2 shows the
material properties used in the finite element simulation for the
PZT thin-film specimen. To obtain the calibration factor, we
assume the PZT thin-film material to be PZT-7A with a theoreti-
cal piezoelectric constant dz3 of 153 pC/N. The finite element
analysis shows that the charge-force relationship for this specimen
has a slope of 59.7 pC/N; see Eq. (8). Therefore, the calibration
factor for the thin-film specimen is

1
o= ﬁ ~ 2.5628

59.7 (19)
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Calibrated Charge-Force Relationship (aQ vs. F)
from Experiments for Thick-Film PZT
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Fig. 6 Calibrated charge-force relationship (Q versus F) from
experiments for thick-film PZT
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Fig. 7 Finite element model of thin-film PZT specimen

Two PZT thin-film specimens were tested using an impact force
ranging from 1.8 N to 10 N. With «=2.5628, the calibrated
charge-force relationship (xQ versus F) derived from the experi-
ment is also added into Fig. 8 (cf. the triangular markers in
Fig. 8). The open markers correspond to one specimen and the
solid markers correspond to the second specimen. Since the exper-
imental data from the two specimens are so consistent, only one
solid line is used to least-square fit the data. The resulting slope of
the least square fit is 21.3 pC/N, which is the measured d;; for the
fabricated PZT thin film according to Eq. (8) free of the effects
from the substrate.

There are several issues worth noting for these experimental
measurements. First, the experimental measurements indicate that
the fabricated PZT thin film has very uniform piezoelectric prop-
erties. The measurements from two separate specimens from the
same wafer show almost the identical slope indicating very con-
sistent d;;.

Second, the measured ds; from the PZT thin films is signifi-
cantly less than that of bulk PZT-5A or PZT-7A. It is well known
that piezoelectric coefficients of PZT thin films are smaller com-
pared with those of bulk PZT due to small grain size of PZT film.
Also, sol-gel derived PZT thin films will inherit residual stresses
from their fabrication process, which subsequently affect the pie-
zoelectric coefficients [26,27]. Therefore, we believe that the
measured ds; in Fig. 8 is reasonable.
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Table 2 Material properties of all layers used in the finite element analysis for PZT thin-film specimen

Top electrode (gold) PZT-7A Bottom electrode (platinum) Silicon Glue layer
Length (mm) 3 5.5 5.5 5.5 5.5
Width (mm) 3 5.5 5.5 5.5 5.5
Thickness (um) 0.5239 1.1313 0.2449 385.72 50
p (kg/m?) 19280 7700 21450 2330 1170
ds; (m/V) —0.60x107"°
dx3 (m/V) 1.53x1071°
dys (m/V) 3.60x10°"°
s£, (ms? /kg) 1.07x107"
sty (ms? /kg) 1.39x107 "
st (ms?/kg) ~3.58x10""?
st (ms? /kg) —4.60x107 12
sk, (ms? /kg) 3.40x107"!
St (s’ /kg) 2.86x10""
KT, (unitless) 1354
K7, (unitless) 617
&, (F/m) 8.85x107 2
E (GPa) 80 168 202 2.4
v 0.42 0.38 0.33 0.34
Charge-Force Relationship (Q vs. F) from Table 3 Comparison of dimensions and properties of thick-
Experiments for Thin-Film PZT film and thin-film PZT specimens
18E-09 1 g Theoretical (PZT-7A) Thick-film Thin-film
1.6E-09 ig:‘;!:g:{e(?;ic;;:ézf Al E=EleN PZT specimen PZT specimen
G 1.4E09 | A Specimen 2 (Calibrated) ] 2
= PZT size Ay (mm~) 63.617 30.25
§. 1.2E-09 Electrode size A (mm?) 38.485 9
3 1.0£-09 PZT thickness d (um) 100 1.1313
@ Capacitance C (nF) 9.015 19.30
& 8.0E-10 Dielectric constant ¢, 2646.773 274.15
S 6.0E-10 S.8TE-LLC/N Force voltage Vi, (mV) 200 206
N PZT voltage Vy 2.08V 74 mV
4.0E-10 ds3 with correction factor (pC/N) 426-493 21.3
50610 2.13E-11 C/N
0.0E+00 where dielectric constant & = (Cd/gA) with &) = 8.854 x 1072C? /m>N
0 2 4 6 8 10 12

Applied Impuls Hammer Force (N)

Fig. 8 Charge-force relationship (Q versus F) from experi-
ments for thin-film PZT

Third, it is informative to compare how thick-film PZT and
thin-film PZT behave differently to broaden our knowledge base.
Table 3 lists major dimensions and measured properties of thick-
film and thin-film PZT specimens. Although the capacitance of
PZT thin film is larger than that of the thick-film PZT (19.3 =nF
versus 9.02 nF), dielectric constant and piezoelectric coefficient
of the PZT thin film are about one-order-of-magnitude smaller
than those of the thick-film PZT (274.15 versus 2646.77 and 21.3
pC/N versus 457 pC/N, respectively). These results make sense,
because the PZT thin films are fabricated using a sol-gel process.
After sintering, PZT thin films are likely to become porous
degrading the material properties. Also, a porous bottom electrode
could greatly reduce the PZT thin film poling effectiveness yield-
ing a low piezoelectric coefficient. In general, a reduction in
dielectric constants often accompanies a reduction in piezoelectric
coefficient.

6 Applications to PZT Thin-Film Microactuators

The measured d33 can now be used to design the PZT thin-film
membrane microactuator shown in Fig. 9. The microactuator con-
sists of four parts: a membrane, a bulk silicon substrate, a PZT
thin-film layer, and a pair of electrodes. (Note that the parts in
Fig. 9 are not drawn in proportion.) The membrane is a moving
component of the actuator anchored to the silicon substrate. As a
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result of its small thickness, the silicon membrane has low struc-
tural stiffness compared with the substrate. Often, the membrane
can be fabricated by releasing part of the bulk silicon substrate,
for example, using deep reactive ion etch (Oxford Instruments
ICP 380). On top of the membrane is a layer of PZT thin film with
a pair of electrodes. When a driving voltage is applied to the elec-
trodes, the PZT thin film extends or contracts in the plane of the
membrane; thus creating a bending moment to flex the membrane
out of its plane.

Lee et al. [34] has studied the PZT thin-film membrane actuator
extensively. Experimentally, they measure the actuator displace-
ment using a laser Doppler vibrometer. They also measured actua-
tor dimensions using SEM. Numerically, they predict the actuator
displacement using piezoelectric constants from bulk PZT-7A.
The numerical predictions, however, disagree with the experimen-
tal measurements by an order of magnitude. As a result, Ref. [34]
by Lee et al. serves as an ideal proving ground to validate the ac-
curacy of the newly measured d33 in Sec. 5.

As a demonstration, let us focus on the actuator C4 described in
Ref. [34]. The dimensions and natural frequencies of actuator C4
are listed in Table 4. The dimensions include the thickness of
each layer in the actuator. Two natural frequencies are cited in
Table 4. One is the natural frequency measured in the experiment,
which is 59.578 kHz. The other is the natural frequency calculated
via finite element analyses, which assume a PZT thin film with
Young’s modulus of 70 GPA and d3; =21.3 pC/N measured in
Sec. 5. The corresponding calculated is 40.942 kHz. Figure 10
shows measured displacement of actuator C4 with respect to the
applied voltage. The response becomes nonlinear when the
applied voltage is greater than 4 V. If the measured ds3 in Sec. 5
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Fig. 9 Schematic drawing of PZT thin-film membrane actuator

is accurate, it will predict the measured actuator displacement
below 4 V.

To predict the displacement of actuator C4 reasonably, two
additional factors must be included: residual stresses and dimen-
sion variations. They are explained in detail as follows.

Significant residual stresses develop in the PZT thin-film mem-
brane actuators. Since PZT is sintered at 650 °C and subsequently
cooled down to room temperature, mismatch in coefficients of
thermal expansion in different layers results in significant residual
stresses. The in-plane residual stresses stiffen the membrane sig-
nificantly increasing the natural frequency of the actuator. (That is
why is greater than in Table 4.) Although the magnitude of the
residual stresses is unknown, its effects on displacement reduction
can be estimated via f§ = (a)FEA/wEXp)Z. This is because natural
frequency  is proportional to v/k, where  is the stiffness of the
actuator. In addition, the actuator displacement is proportional
to k~!'. Therefore, displacement predictions from finite element
analyses must be multiplied by the factor ff = (a)FEA/wEXp)2 to
compensate for the stiffness increase caused by the residual

stresses. For actuator C4, the correction factor is
— (40.942\2
p= (59_578) ~ 0.4722.

The thickness of each layer, as measured from SEM, bears an
uncertainty too. The dimensions listed in Table 4 are measured so
that the SEM is perpendicular to the Au layer. If the SEM is ori-
ented such that it is perpendicular to the Si/SiO,/SiNy layer, the
measured dimensions can vary by 10% to 20%.

With the information above, Fig. 10 shows the finite element
analysis (FEA) displacement predictions using the measured ds3
from Sec. 5 (i.e., 23.1 pC/N), correction factor f§ = (wpza/wexp)”
for the residual stresses (i.e., 0.4722), and 20% variations in meas-
ured dimensions of each layer. The dash lines delineate the boun-
daries when the dimensions of each layer are varied. The
measured actuator displacement below 4 V is within the bounda-
ries proving that the measured ds; from Sec. 5 is accurate.

7 Remarks on Residual Stresses and Effects of d3;

For PZT thin films, presence of residual stresses can affect the
piezoelectric coefficient d33 [26,27]. In other words, piezoelectric
coefficient d33 is a function of residual stresses. Technically
speaking, existing methods [29-33] all measure piezoelectric
coefficient d33 of PZT thin films with residual stresses. Naturally,

Table 4 Layered structure thickness of the selected PZT actua-
tor membrane

Actuator C4
Si/Si0,/Si3Ny 0.48 um
Ti/Pt 0.19 um
PZT 1.00 um
Au 0.53 um
Natural frequency (experiment) 59.578 kHz
Natural frequency (FEA, PZT-7A) 40.942 kHz
B = (wrea/rxe)’ 04722
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FEA Prediction vs. Experimental Measurment
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Fig. 10 Calibrated displacement-voltage relationship (fx ver-
sus V) from experiments for PZT thin-film actuator

the following two questions arise. First, does it make sense to
measure piezoelectric coefficient ds; under the influence of resid-
ual stresses? Should one measure piezoelectric coefficient ds3,
while the PZT film is under a stress-free condition? Second, does
the new method presented in this paper remain valid, given that
the finite element model does not include any residual stresses?

In so far as the first question, it actually makes more sense to
measure piezoelectric coefficient d3;3 while residual stresses are
present. When the PZT thin film is in use as a sensor or an actua-
tor, the PZT thin film remains in the state of residual stresses.
Therefore, measuring dz3 with residual stresses will better match
the condition that appears in actual devices. As such, the meas-
ured d;; with residual stresses can be used directly in finite ele-
ment analyses to improve design or estimate performance of the
sensor or actuator.

For the second question, the finite element modeling in Sec. 3
remains valid for thin films with embedded residual stresses. One
should note that residual stresses could affect piezoelectric
response as well as mechanical response. The finite element anal-
ysis in Sec. 3 aims to extract d33 from piezoelectric response to
account for the effects of residual stresses. The effects of residual
stresses on mechanical response should be accounted for via the

correction factor f§ = (wrga/ wExp)2 at the device level.

Although d3, does not appear explicitly in this paper, effects of
ds; are implicitly incorporated in this approach. Since the Boussi-
nesq’s solution cannot be realized in experiments, the correction
factor o will depend not only on substrate parameters (e.g., thick-
ness and material properties) but also on other piezoelectric con-
stants of the film, such as dz; and d;s. When a bulk PZT material
is chosen to create a reference finite element model, all its piezo-
electric constants including ds3, ds;, and d;s are used. As the
experimentally measured charge is compared with the finite ele-
ment predictions to calibrate the correction factor , it implies that
the PZT film has the same d33-to-d3; and ds3-to-d; 5 ratios as those
of the bulk PZT used in the finite element predictions. Therefore,
effects of d3; and d,5 are included in this method, but d3; and d;5
cannot be determined independently from this method.

8 Conclusions

In this paper, we have developed and demonstrated a simple
and low-cost method to measure piezoelectric coefficient ds; of
PZT thin films. The method adopts a mini-impact hammer to gen-
erate an impulsive force. A load cell at the tips of the hammer
measures the impulsive force, and a charge amplifier measures the
charge generated by the PZT layer. Prior to the experiment, a
finite element analysis is conducted to estimate a calibration con-
stant to compensate for the substrate effects associated with the
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specimen. From the measured force and charge and the calculated
calibration constant, we can estimate the piezoelectric coefficient
ds3 according to Eq. (8).

Experimental results on thick-film PZT specimens with known
piezoelectric coefficients indicate that the method is accurate. Pie-
zoelectric coefficient d33 measured using the new method is well
within the specification tolerance. The method also works success-
fully on PZT thin films without damaging the films. Nevertheless,
impact force level needs to be capped to avoid depolarization of
the PZT thin films. With the measured ds3, we can predict the
displacement of PZT thin-film membrane actuators accurately to
match with existing experimental results.

This new method is distinct from existing measurement meth-
ods [29-33] in two aspects. First, it does not require expensive ex-
perimental setup, and yet it can accurately compensate for the
effects of the substrate. It employs impact forces and averaging
techniques. As a result, the measured data do not scatter and have
very low noise level. Second, this paper proves that the measured
d33 is accurate. Simulations based on the measured ds; predict
the displacement of PZT thin-film membrane microactuators
accurately.
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