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Abstract

In the last decade, lead zirconate titanate oxide (PZT) thin-film actuators have received increasing attention because of their high frequency
bandwidth, large actuation strength, fast response, and small size. The PZT film thickness is usually less than several microns as opposed to
hundreds of microns for bulk PZT patches that are commercially available. As a result, PZT thin-film actuators pose unique vibration issues
that do not appear in actuators with bulk PZT. Two major issues affecting actuator performance are the frequency bandwidth and the resonance
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mplitude. As an electromechanical device, a PZT thin-film actuator’s bandwidth and resonance amplitude depend not only on
atural frequencyωn of the actuator’s mechanical structure but also on the corner frequencyωc of the actuator’sRC-circuit. For PZT thin-film
ctuators, the small film thickness implies large film capacitanceC and smallωc. When the size of the actuator decreases,ωn increase
ramatically. As a result, improper design of PZT thin-film actuators could lead toωc � ωn substantially reducing the actuator bandw
nd the resonance amplitude. This paper is to demonstrate this phenomenon through theoretical analyses and calibrated exper

heoretical analyses, frequency response functions of a PZT thin-film actuator are obtained to predict 3 dB actuator bandwidth an
mplitude for cases whenωc � ωn, ωc ≈ ωn andωc � ωn. In the experiments, frequency response functions of a fixed–fixed silicon
ith a 1�m thick PZT film are measured through use of a laser Doppler vibrometer and a spectrum analyzer. The silicon beam ha
lectrodes with a wide range of resistanceR and corner frequencyωc. The experimental results confirm that the actuator bandwidth
esonance amplitude are substantially reduced whenωc � ωn.
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. Introduction

Lead zirconate titanate oxide (PbZr1−xTixO3 or PZT)
hin-film actuators have received increasing attention in
he last decade because of their wide applications, such
s atomic force microscopes (AFM)[1,2], ultrasonic
icromotors[3–6], one- or two-dimensional scanners[7–9],
icroswitches [10], resonators[11,12], and dual-stage
ctuators/sliders for next-generation computer hard disk
rives [13–15]. Compared with traditional MEMS-based
icroactuators, PZT thin-film actuators have higher fre-
uency bandwidth, larger actuation strength, and faster
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response. According to[16], there are four types of microa
tuators: thermal, shape-memory-alloy (SMA), electrost
and piezoelectric (specifically PZT). Thermal and S
actuators have low frequency bandwidth[16] (<1 kHz),
whereas electrostatic and PZT actuators have high frequ
bandwidth (>1 kHz). Moreover, electrostatic actuators h
much smaller actuation force and energy density
PZT films (3.4× 103 J/m3 for electrostatic actuators vers
1.2× 105 J/m3 for PZT [16]).

Functionally, PZT thin-film actuators can be classifie
broadband actuators and single-frequency actuators.Fig. 1
shows a frequency response function (FRF) explai
the differences of these two types of actuators. Broad
actuators operate over a wide range of frequency, in w
the frequency response function is approximately cons

924-4247/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Frequency range of broadband and single-frequency actuators.

In this frequency range, the actuator output motion is propor-
tional to the input voltage without significant distortion. The
bandwidth of the actuator is often defined as the frequency
range in which the FRF has less than 3-dB variation to
minimize possible input–output distortion. Applications of
broadband actuators include AFM and microswitches for
example. In this case, maximizing the bandwidth is a major
design consideration because it determines how fast the tip
of AFM can tap and how fast a microswitch can open and
close. In contrast, single-frequency actuators operate at a
single frequency, usually at a natural frequency of the actu-
ator’s mechanical structure. Example applications include
resonators and scanners. In these applications, the resonance
amplitude is very critical. Large resonance amplitude, for
example, implies that a scanner can have a large scanning
angle.

Since PZT thin-film actuators are electromechanical
devices, the actuators’ performance indexes, such as band-
width and resonance amplitude, depend not only on the
actuators’ mechanical structures but also on actuators’ circuit
design. Mechanically, the structure is a spring–mass–damper
system characterized by the lowest natural frequencyωn.
Electrically, the circuit forms a low-passRC filter character-
ized by its corner frequencyωc. For actuators employing bulk
PZT,ωc is often a couple of orders higher thanωn. Therefore,
the actuator bandwidth and resonance amplitude are primar-
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however, have not been properly addressed in the literature
of PZT thin-film actuators thus far[1–15].

The purpose of this paper is to demonstrate the negative
effects of the corner frequencyωc on bandwidth and reso-
nance amplitude through theoretical analysis and calibrated
experiments. For the rest of the paper, we will first explain
two competing frequenciesωc andωn. A Matlab simulation
shows how relative magnitude ofωc andωn would affect the
overall frequency response function, the actuator bandwidth,
and the resonance amplitude. Then we demonstrate the nega-
tive effects of lowωc by conducting an experiment on a matrix
of fixed–fixed silicon beams with PZT thin films that offer a
wide range ofωc andωn. A laser Doppler vibrometer and a
spectrum analyzer measure frequency response functions to
determine the actuator bandwidth.

2. Theoretical analysis

Exact modeling of piezoelectric actuators is in fact a very
difficult task. In traditional filter applications, piezoelectric
actuators serve as resonators vibrating in resonance. When
a piezoelectric actuator is close to its resonance, significant
electromechanical coupling appears. As a result, electrical
response of the piezoelectric actuator can be modeled through
an equivalentRLC circuit in parallel with the capacitance of
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ly dominated by the mechanical resonance frequencyωn and
he system’s damping, respectively.

For PZT thin-film actuators, however,ωc could be a coupl
f orders-of-magnitude less thanωn due to the tiny thick
ess of PZT films. Traditional bulk PZT often appears as
atches with thickness no less than 80�m. In contrast, thick
ess of PZT thin films can vary quite substantially depen
n their fabrication methods. PZT films derived from sol–
rocesses – a common fabrication method for PZT film
sually have thickness less than 1�m. As a result, the capa

tanceC of PZT thin films is significantly larger than that
ulk PZT on a per area basis, and the corner frequencyωc of
ZT thin-film actuators is reduced dramatically. As the siz
ZT thin-film actuators decreases,ωn increases significantl
herefore, improper design of PZT thin-film actuators co

ead toωc � ωn substantially reducing the actuator ba
idth and resonance amplitude. These negative effects
orner frequencyωc on bandwidth and resonance amplitu
he piezoelectric actuator, where the equivalentRLC circuit
pproximates the inertia, stiffness, and damping effec

he piezoelectric actuator near the resonance[17,18]. This
pproach, however, does not apply to the current ana
f bandwidth whenωc � ωn, because the resonance con

ion is not maintained. When the piezoelectric actuato
ff resonance, the electromechanical coupling can be si
pproximated as a sequence of two block diagrams as s

n Fig. 2. The block diagrams consist of an electrical mo
ascaded with a mechanical model. They are explain
etailed as follows.

For the electrical model, it is a simpleRC-circuit. The
ircuit of the PZT thin-film actuator consists of a resis
nd a capacitor in serial combination. The resistor with r

anceR simulates the resistance of the actuator circuit,
he capacitor with capacitanceC models the dielectric prop
rty of the PZT film. In addition, an input voltagevi (t) drives

he PZT thin-film actuator circuit. Because of the presenc
he resistanceR and capacitanceC, the actual voltagevc(t)
hysically driving the PZT film will not be equal to the inp
oltagevi (t). When the driving voltage is sinusoidal, i.
i (t) = Vi (ω)ejωt andvc(t) = Vc(ω)ejωt , the output and inpu
oltages are related through the electric frequency resp
unctionHe(ω)

e(ω) = Vc(ω)

Vi (ω)
= 1

1 + jωRC
(1)

ith magnitude

He(ω)| = 1√
1 + (ω/ωc)2

(2)
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Fig. 2. Block diagrams of PZT thin-film actuators.

whereωc ≡ 1/RC is the corner frequency (also known as the
cut-off frequency in filter or circuit design).

There are several issues worth noting for the electrical
model. First, theRC-circuit forms a low-pass filter whose fre-
quency response function is shown inFig. 2. In other words,
Vc(ω) ≈ Vi (ω) for ω � ωc andωc is the 3 dB point defining
the bandwidth of theRC-circuit. Second, the small thickness
of PZT film substantially reduces the corner frequencyωc.
Since PZT thin film is dielectric, the capacitanceC can be
estimated throughC = εA/d, whereε, d, andA are the dielec-
tric constant, thickness, and area of the PZT film, respectively.
Now let us consider two PZT films with the same film areaA
and same dielectric constantε but different thicknessd. The
one with smaller film thickness will have larger capacitance.
If the two PZT thin films have the same external circuit, the
PZT film with smaller thickness will have a smaller corner
frequency and hence a smaller electrical bandwidth. Third,
the electrical circuit of PZT thin-film actuators tends to have
larger resistanceR than that of actuators with bulk PZT. The
major resistance of the circuit results from thin conductive
wires. For PZT thin-film actuators, these conductive wires
appear in the form of printed metal layers with thickness less
than 1�m. For bulk PZT actuators, their lead wires are at
least one-order-of-magnitude larger in every dimension than
those of PZT thin-film actuators. As a result, the thin con-
ductive wires with PZT thin-film actuators have much higher
r ,
t duc-

tive wires, respectively. Since the resistanceR is higher, PZT
thin-film actuators have smaller corner frequency and the
electrical frequency bandwidth.

For the mechanical model, the PZT thin-film actuator is
often modeled as a vibrating mechanical structure driven by
a PZT film with input voltagevc(t). The input voltagevc(t)
deforms the PZT film mechanically. The deformation of the
PZT film then drives the mechanical structure resulting in
deflectionx(t) There are several issues worth noting.

First, the mechanical structure, in many occasions, can be
modeled as a simple one-degree-of freedom system shown in
Fig. 2. When the system is under sinusoidal excitations, i.e.,
vc(t) = Vc(ω)ejωt andx(t) = X(ω)ejωt , the resulting mechan-
ical frequency response function will take the form

Hm(ω) = X(ω)

Vc(ω)
= X0

1 −
(

ω
ωn

)2 + j
(

2ςω
ωn

) (3)

whereX0 is the static gain ofHm(ω) and ς is the vis-
cous damping factor. Moreover,ωn dominates the mechanical
bandwidth of the actuator, as revealed from|Hm(ω)| shown
in Fig. 2. Furthermore, the resonance amplitude is

|Hm(ωn)| = X0

2ς
(4)

Although realistic mechanical structures have many natural
f
m nd-
esistance becauseR = l/Aσ, wherel, A, andσ are the length
he cross-sectional area, and the conductivity of the con
requencies, the lowest natural frequencyωn is often the
ost critical frequency in defining the mechanical ba
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width.Second, natural frequencyωn increases dramatically
when the size of the mechanical structure decreases. Theoreti-
cally,ω2

n is the ratio between the restoring force and the inertia
force when a mechanical system undergoes free sinusoidal
oscillations. If the mechanical structure is reduced in size, the
inertia force diminishes much faster than the restoring force.
As a result, microactuators usually have significantly higher
ωn than bulk actuators. For example, let us consider a can-
tilever beam with a rectangular cross section. The cantilever
has lengthl, widthb, heighth, Young’s modulusE, and mass
densityρ. The lowest natural frequency is

ωn = 1.8752

√
12

√
E

ρ

h

l2
(5)

When the cantilever reduces its size in all dimensions,l2

decreases faster thanh. As a result, the natural frequency
increases as the size of the cantilever decreases.

According to the block diagram inFig. 2, the bandwidth
and resonance amplitude of a piezoelectric actuator is indeed
determined by the minimum ofωn andωc. For actuators with
bulk PZT, it is often thatωc � ωn. In this case, the design of
actuator’s mechanical structure is more critical than that of the
electrical circuit. For PZT thin-film actuators,ωc can be in the
same order-of-magnitude or even substantially less thanωn.
I order
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a much lower frequency, and the 3 dB bandwidth is 9 kHz.
The bandwidth is primarily controlled byωc. Moreover, the
resonance amplitude is reduced to 3× 10−11 m/V—almost
an order-of-magnitude reduction.

3. Experimental demonstration

Fabrication of the specimen follows an improved sol–gel
process[19] shown inFig. 4. The silicon substrate is first
oxidized in a furnace at 1045◦C for 2 h to grow a SiO2 layer
of 500 nm thick. Then a silicon nitride layer of 200 nm thick
is deposited by PECVD (plasma enhanced chemical vapor
deposition). The bottom electrode consists of Pt/Ti layers
with thickness of 100 and 50 nm, respectively. The PZT film
is dip-coated three times. For the first two coatings, the sin-
tering temperature is 650◦C for 15 min. For the third coating,
the sol is diluted 50% by acetic acid and sintering tempera-
ture is 450◦C for 10 min. The philosophy is to use the rapid
thermal annealing for the first two coatings to reduce ther-
mal stresses. For the third coating, we used diluted sol to
seal possible cracks formed in the previous coatings. Finally,
the top electrode consists of Au/Cr layers through evapora-
tion. The thickness of the Au and Cr layers is 50 and 20 nm,
respectively. As shown inFig. 5 the top electrode consists
of a square effective electrode, a long connecting electrode,
a de is
t imen-
s gth

Fig. 5. Specimen used in the experiments: (a) top view and (b) side view.
n this case, the electric circuit needs to be redesigned in
ot to sacrifice the actuator bandwidth and the reson
mplitude.

To demonstrate this phenomenon,Fig. 3 compares th
agnitude of the composite frequency response fun
e(ω)Hm(ω) for ωc � ωn andωc � ωn. The thick solid line

s frequency response forωc = 398 kHz andωn = 40 kHz (i.e.
c � ωn). In this case, the 3 dB bandwidth is 21.5 kHz

he bandwidth is primarily controlled byωn. Also, the res
nance amplitude is 2× 10−10 m/V. The thin solid line is

requency response forωc = 8.29 kHz andωn = 40 kHz (i.e.
c � ωn). In this case, the magnitude starts to decrea

ig. 3. Composite frequency response functionHe(ω)Hm(ω) for ωc � ωn

ndωc � ωn.
nd a rectangular soldering area. The effective electro
he area where major actuation takes place, and it has d
ions of 4 mm× 4 mm. The connecting electrode has len

Fig. 4. Sol–gel processes to make PZT thin films.



182 C.-C. Wu et al. / Sensors and Actuators A 125 (2006) 178–185

Table 1
Test matrix in the experiments

Span Resistance

Low (0.3�) High (480�)

d = 6 mm ωc = 1.326 MHz ωc = 8.289 kHz
ωn = 50.92 kHz ωn = 50.92 kHz

d = 15 mm ωc = 1.326 MHz ωc = 8.289 kHz
ωn = 12.32 kHz ωn = 12.32 kHz

of 32.91 mm and width of 50�m. The soldering area has
dimensions of 0.5 mm× 1 mm. The measured capacitance
of the electrode is 40 nF. The measured resistance between
the effective electrode and the soldering pad is 480�.

After the PZT thin film is fabricated, the silicon
wafer is diced into rectangular specimen with dimensions
30 mm× 7.5 mm× 0.4 mm. The specimen is anchored at
both ends via double stick tapes to simulate fixed–fixed
boundary conditions. The span (i.e., distance between the
anchors)d can vary from one specimen to another to adjust
the lowest natural frequencyωn of the specimen.Table 1
shows the test matrix. There are two parameters in the text
matrix: spand and the electrode resistanceR.

For spand, the test set up adopts two different spans: 6 and
15 mm. Based on these configurations, a finite element model
is created to predict the lowest natural frequencyωn and the
corresponding mode shape, so that the spot with the largest
vibration amplitude can be identified. Note that the span of the
specimens is in the same order-of-magnitude with the speci-
mens’ width (e.g., 6 mm vs. 7.5 mm). With such aspect ratios,
the specimens vibrate more like a plate. Exact solutions based
on Euler–Bernoulli beam theory with fixed–fixed boundary
conditions can deviate substantially from the experimental
results. Therefore, a finite element analysis is preferred over
the exact solutions.

The finite element model consists of two portions: the
s has
t ck
t
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a . The
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o
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m
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A

Fig. 6. Convergence test of the finite element model.

span and also across the beam width.Fig. 6 shows how the
lowest natural frequency varies with respect to the number
of elements used in the beam span area, when the span is
6 and 15 mm, respectively. As the number of the element
increases to 64, the natural frequency very much converges
to a constant.

The finite element analysis shows that the specimen with
the 6 mm span results inωn = 50.92 kHz.Fig. 7shows the cor-
responding mode shape. Note that the flat regions inFig. 7
are areas attached to the aluminum anchors. The finite ele-
ment result indicates that the largest vibration occurs at the
free edge of the specimen roughly at the mid-span. This result
confirms that the specimen vibrates more like a plate than a
fixed–fixed beam. The specimen with the 15 mm span results
in ωn = 12.32 kHz.Fig. 8 shows the corresponding mode
shape. Again, the flat regions are attached to the aluminum
anchors. The mode shape indicates that the largest vibration
occurs uniformly at the mid-span of the specimen.

For electrode resistanceR, the test setup adopts two differ-
ent resistance levels: high resistance 480� and low resistance
0.3�. For the high resistance, the lead wire is soldered to the
soldering pad inFig. 5. The resulting corner frequency is
ωc = 8.289 kHz. For the low resistance, the lead wire is sol-
dered directly onto the effective electrode shown inFig. 5.
The resulting corner frequency isωc = 1.326 MHz. Note that
the case with high resistance and short span will lead to
ω

the
f trum
a PZT
fi 1 to
1 ea-
s gest
v ea-
s ulate
t

ilicon substrate and the anchor. The silicon substrate
hickness of 406�m. The anchor in the form of double sti
ape has a thickness of 100�m. Table 2lists the Young’s
odulus, density, and Poisson’s ratio of the silicon subs
nd the anchor assumed in the finite element analysis
ZT thin film is neglected in the finite element model beca
f its small thickness.

A convergence test is also conducted on the finite ele
odel. The area of the beam span is model by a set ofN × N
eshes, whereN is the number of element across the be

able 2
aterial properties used in the finite element analysis

Thickness (�m) Material properties

ilicon substrate 406 Young’s modulus = 110 GP
Poisson ratio = 0.278;
Density = 2330 kg/m3

nchor via double
stick tape

100 Young’s modulus = 3 GPa;
Poisson ratio = 0.28;
Density = 1000 kg/m3
c � ωn.
Fig. 9 shows the experimental set up to measure

requency response functions of the specimen. A spec
nalyzer generates a swept-sine signal to drive the
lm through an amplifier. The swept-sine sweeps from
00 kHz. In the meantime, a laser Doppler vibrometer m
ures the vibration of the specimen at the point of lar
ibration. Both the swept-sine signal and the vibrometer m
urement are fed back to the spectrum analyzer to calc
he frequency response function.
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Fig. 7. Lowest mode shape whend = 6 mm.

Fig. 10compares the frequency response functions (FRF)
when the spand is 15 mm. InFig. 10, the thick solid line
represents the FRF from the low resistance. According to
Table 1, ωc � ωn; therefore, the FRF starts with a constant
magnitude and is followed by a resonance peak atωn. The
3 dB bandwidth is roughly 6.88 kHz. In contrast, the thin solid
line in Fig. 10represents the FRF corresponding to the spec-
imen with high resistance. For the high-resistance case,ωc
is slightly smaller thanωn. As a result, the FRF starts with
a constant magnitude at low frequency, but the magnitude
gradually decreases as the driving frequency increases. The
3 dB bandwidth remains roughly the same even the corner

frequencyωc is reduced. The resonance amplitude, however,
shows appreciable reduction.

Fig. 11 compares the FRF when the spand is 6 mm. In
Fig. 11, the thick solid line represents the FRF from the low
resistance. According toTable 1,ωc � ωn; therefore, the FRF
starts with a constant magnitude and is followed by a reso-
nance peak atωn. The 3 dB bandwidth is roughly 23.716 kHz.
In contrast, the thin solid line inFig. 11represents the FRF
corresponding to the specimen with high resistance. Accord-
ing to Table 1, ωc � ωn. As a result, the FRF starts with
a constant magnitude at low frequency, but the magnitude
rapidly decreases as the driving frequency increases. The 3 dB

de sha
Fig. 8. Lowest mo
 pe whend = 15 mm.
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Fig. 9. Experimental set up.

Fig. 10. Frequency response functions for specimen with spand = 5 mm.

bandwidth is roughly 9.548 kHz. In other words, the band-
width has reduced by 59.74% as a result of the high electrical
resistance. Moreover, the resonance amplitude has a reduc
tion of one order of magnitude.Figs. 10 and 11show that the

Fig. 11. Frequency response functions for specimen with spand = 6 mm.

minimum ofωc andωn govern the bandwidth and resonance
amplitude of the PZT thin-film actuators.

4. Conclusions

Frequency response of PZT thin-film actuators primarily
depends on two frequency parametersωn andωc, whereωn
is the lowest natural frequency of the actuator’s mechani-
cal structure andωc is the corner frequency of the electric
RC-circuit of the actuator. The bandwidth of PZT thin-film
actuators is limited by the smaller value ofωn andωc. The
resonance amplitude will be reduced whenωc is less thanωn.
The amount of reduction depends on the difference inωc and
ωn.
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