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a  b  s  t  r  a  c  t

A  common  design  of piezoelectric  microactuators  adopts  a membrane  structure  that  consists  of  a  base  sil-
icon  diaphragm,  a layer  of  bottom  electrode,  a  layer  of piezoelectric  thin  film,  and  a  layer  of  top  electrode.
In particular,  the  piezoelectric  thin  film  is  often  made  of  lead–zirconate–titanate  (PZT)  for  its high  piezo-
electric  constants.  When  driven  electrically,  the  PZT  thin  film  extends  or contracts  flexing  the  membrane
and  generating  an  out-of-plane  displacement.  Many  manufacturing  defects,  however,  could  significantly
reduce  the  designed  actuator  displacement.  Examples  include  residual  stresses,  warping,  non-uniform
etching  of the  silicon  diaphragm,  and  misalignment  between  the  top  electrode  and  the  silicon  diaphragm.
The purpose  of  this  paper  is  to develop  a  dual  top-electrode  design  to enhance  the  actuator  displacement.
In  this  design,  the  top  electrode  consists  of  two  disconnected  (thus  independent)  electrode  areas,  while
a continuous  bottom  electrode  serves  as  the  ground.  The  two  top  electrodes  are  located  in  two  regions
with  opposite  curvature  when  the  diaphragm  deflects.  When  the  two  top  electrodes  are  driven  in  an
out-of-phase  manner,  the  actuator  displacement  is  enhanced.  Finite  element  analyses  and  experimen-
tal measurements  both  confirm  the  feasibility  of this  design.  When  manufacturing  defects  are  present,
experimental  results  indicate  that  the  actuator  displacement  can  be optimized  by  adjusting  the phase
difference  between  the  dual  top  electrodes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lead–zirconate–titanate (PZT) thin-film microactuators often
take the form of a membrane structure. Such membrane actuators
typically consist of four parts: a diaphragm, a bulk silicon sub-
strate, a PZT thin film layer, and a pair of electrodes, see Fig. 1.
(Note that the parts in Fig. 1 are not drawn in proportion.) The
diaphragm is a moving component of the actuator anchored to
the silicon substrate. As a result of its small thickness, the silicon
diaphragm has low structural stiffness compared with the sub-
strate. On top of the silicon diaphragm is a layer of PZT thin film
with a pair of bottom and top electrodes. When a driving voltage
is applied to the electrodes, the PZT thin film extends or contracts
in the plane of the diaphragm, thus creating a bending moment to
flex the diaphragm out of its plane. Such PZT thin-film membrane
actuators have appeared in many applications including micro flu-
idic devices (pumps and valves [1],  nozzles [2]), micro scanners
[3], micro-deformable mirrors [4,5], micro high fidelity speakers
[6,7], micro protein desorption device [8],  hybrid cochlear implant

∗ Corresponding author. Tel.: +1 206 543 5718; fax: +1 206 685 8047.
E-mail address: ishen@u.washington.edu (I.Y. Shen).

actuators [9],  fuel cell membrane [10]. In addition, similar structure
are also widely used in various transducers, such as micro energy
generators [11,12],  micro mass sensing devices [13,14],  ultrasonic
transducers [15], acoustic transducers [16], and micro pressure sen-
sors [17].

For many applications, it is important to maximize the actuator
constant, which is defined as the displacement generated per unit
voltage applied. For example, microactuators to generate acoustic
pressure waves in intracochlear applications have a specification
of 200 nm in displacement. If the actuator constant is large, only a
small voltage is needed to drive the actuator to achieve the desire
displacement.

In fabricating the PZT thin-film microactuators, there are many
factors that could significantly reduce the actuator constant from its
designed value. For example, residual stresses are unavoidable dur-
ing the fabrication, because high sintering temperature of PZT thin
films together with a tiny mismatch of coefficient of thermal expan-
sion can result in huge residual stresses in the actuator [18–22].
The presence of the residual stresses will significantly stiffen the
diaphragm and reduce the actuator constant. As another exam-
ple, the diaphragm is often fabricated by etching away part of the
bulk silicon substrate from the bottom. The etching is seldom uni-
form resulting in residual silicon at the junction of the diaphragm

0924-4247/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic drawing of PZT thin-film membrane actuator (not to scale).

and the silicon substrate [18]. The residual silicon increases the
diaphragm thickness and stiffens the actuator thus reducing the
actuator constant.

To increase the actuator constant, the current practice is to opti-
mize relative size of the top electrode to the residual silicon [18].
Both simulation and experimental results indicate that the actuator
constant reaches its maximum when the size of the top electrode is
roughly 60% of the size of the residual silicon. This design, however,
has several drawbacks. First, this design has only one top electrode
spanning partially over the diaphragm structure. Therefore, the real
estate of the actuator is not fully utilized to increase the actuator
constant. Second, the top electrode is optimized with respect to the
residual silicon, which may  vary from batch to batch depending on
fabrication conditions. Therefore, the design is somewhat “passive”
and lacks flexibility in adapting to various fabrication conditions.

Fig. 2 shows the normal strain in the x direction of the passive sil-
icon membrane from a finite element analysis for a single-electrode
design (cf. Fig. 1). The strain distribution consists of two  regions. The
first region is the central region covered by the top electrode. In this
region, the silicon experiences positive strain, indicating that the
diaphragm is extended. Since the deformation under the top elec-
trode comes from the piezoelectric effect, this part of diaphragm
can be termed as “active diaphragm.” The second region is outside
the top electrode, and it experiences a uniform negative strain and
hence contraction. For a single electrode design, the PZT thin film
in this outside region not only fails to contribute any actuation, but
also increases stiffness of the diaphragm reducing the actuator dis-
placement. In a sense, the second region is a “passive diaphragm”
for a single-electrode design.

Motivated by this observation, this paper is to develop a dual
top-electrode design to significantly increase the actuator constant.
In this design, the top electrode consists of two  disconnected (thus
independent) electrode areas, while a continuous bottom electrode
serves as the ground. The basic idea is the following. As indicated
in Fig. 2, the diaphragm deforms into two concentric areas whose

Fig. 2. Comparison of normal strain in the radial direction at the top surface of the
passive silicon.

Fig. 3. Finite element models.

curvatures are opposite. (For example, one is concave upward and
the other is concave downward.) Therefore, a second electrode in
the passive region will turn it into an active diaphragm as well.
When it is driven in an out-of-phase manner to the center electrode,
it will significantly enhance the actuator displacement.

This design has two  advantages over the single top-electrode
design. First, it fully utilizes the real estate of the actuator
diaphragm to increase the actuator constant. Second, it can adapt
to manufacturing defects (e.g., misalignment between the top elec-
trode and the diaphragm) by adjusting the phase angle between the
driving voltages of the two electrodes.

For the rest of the paper, we  will first demonstrate the enhance-
ment of actuator constant via a finite element analysis. Then
experiments will be conducted to show the feasibility of the
dual top-electrode design. Two  additional cases are presented to
demonstrate the versatility of this design. One is misalignment
between the top electrode and the silicon diaphragm. The other
is the effect of warping of the actuator diaphragm.

2. Finite elements analysis

2.1. Model development

To study the displacement enhancement produced by the dual
electrodes design, two finite element models are created using
ANSYS. One is a reference model with a single top electrode, while
the other has dual top electrodes for comparison.

The reference model is described in [18], which is a one-eighth
model of the actuator; see the top left part of Fig. 3. The model
consists of six components: a silicon substrate, a passive silicon
membrane, a silicon residue, a PZT thin film and a pair of top and
bottom electrodes (Fig. 3). The silicon substrate has dimensions of
3000 �m × 3000 �m with a thickness of 400 �m.  At the center of
the substrate, a silicon block of 800 �m × 800 �m is removed to
form the passive membrane with a thickness of 0.4 �m.

The silicon residue is located below the passive silicon mem-
brane; see Fig. 3. The silicon residue has a circular inner
circumference and a square outer circumference. The inner diame-
ter of the silicon residue varies from 500 �m to 700 �m depending
on fabrication conditions. Moreover, the cross section of the silicon
residue is trapezoidal with a constant slope angle measured from
the SEM photo [18]. As a result, shape and volume of the silicon
residue can be completely defined through the inner diameter. The
nodes of the silicon residue are merged with the bottom surface of
the passive silicon membrane and the inner circumference of the
silicon substrate.
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The silicon substrate, passive silicon membrane and silicon
residue are all meshed with 3D linearly elastic solid elements. The
bottom surface of the silicon substrate is subjected to geometrically
fixed boundary conditions.

On top of the passive silicon membrane there is a PZT thin film
sandwiched between a bottom electrode and a top electrode. In
addition, the bottom surface of the bottom electrode is fixed to
the top surface of the passive membrane; see Fig. 3. The PZT thin
film, top electrode and bottom electrode has a thickness of 1 �m,
0.2 �m and 0.5 �m,  respectively. The PZT thin film and the bottom
electrode span the entire top surface of the actuator, whereas the
top electrode occupies an area of 400 �m × 400 �m at the center of
the passive membrane (on the top surface of the PZT thin film).

The PZT thin film is meshed with 3D coupled field solid ele-
ments that couple electric, piezoelectric, and structural fields. The
electrical potential of the nodes interfacing the top electrode is cou-
pled together. A constant voltage is applied to serve as an electrical
boundary condition. An identical setup is made for the nodes inter-
facing the bottom electrode. Material properties of bulk PZT (PZT-4)
are assumed, because exact material properties of PZT thin films
remain unknown and could depend significantly on the fabrication
process and quality of the films.

The top and bottom electrode are meshed with 3D linear elastic
solid elements (i.e., same as the silicon substrate and passive mem-
brane). The nodes at the interfaces of PZT thin film and electrodes
are merged together, and so are the nodes at the interface between
the bottom electrode and the passive membrane. It is not neces-
sary to consider electrodynamics within the electrodes, because
the electrodes will reach an electric equilibrium much faster than
the actuator reaches a mechanical equilibrium. Therefore, only the
mechanical properties of the two electrodes are needed in the
model.

A linear static analysis is then conducted to predict the deflec-
tion of the passive membrane. Since the lowest natural frequency of
this finite element model is above 50 kHz, harmonic response of the
actuator substantially below the first natural frequency (e.g., audio
frequency range) can be predicted via a static analysis to reduce
computational efforts.

Fig. 3 also shows the finite element model with dual top elec-
trodes consisting of a center electrode and an outer electrode. The
center electrode is identical to that of the reference model. The
outer electrode has a width of 195 �m surrounding the center elec-
trode like a rectangular frame. Between the two electrodes, there
is a gap of 20 �m.  The two electrodes can be driven independently
by prescribing different voltages as electrical boundary conditions.
The two top electrodes, however, share the same bottom electrode.
Therefore, three electrical potential values will be assigned in the
dual-electrode model.

Other features of the dual-electrode model are identical to that
of the reference model. For example, the dual-electrode model has
the same properties, element types, meshing, and linear static anal-
ysis.

2.2. Simulation results

Fig. 4 compares the actuator displacement with single and dual
top electrode designs as a function of radial position, where the
diameter of the silicon residue is 650 �m.  For the single top elec-
trode design, the voltage of the top electrode is 1 V and the bottom
electrode is grounded. For the dual top electrode design, the volt-
age of the center and outer electrodes is 1 V and −1 V, respectively,
while the bottom electrode is grounded. The maximal displace-
ment of the single and dual top electrode design occurring at the
center is 0.41 �m and 0.54 �m,  respectively. The presence of the
second electrode increases the maximal actuator displacement by
32%.

Fig. 4. Comparison of actuator displacement for single and dual top electrode
design.

Fig. 2 compares the normal strain �x from the dual- and
single-electrode designs. The presence of the second top electrode
significantly enhances the strain in the regions under both elec-
trodes. As a result, actuator displacement is increased. Fig. 5 shows
the normal strain distribution along the thickness (z-direction) of
the diaphragm at the center of the actuator. The presence of the
second electrode increases the strain throughout the entire thick-
ness.

2.3. Optimization study

With the help of the finite element model, we can conduct
simple parametric studies to optimize the geometry of the dual-
electrode design to maximize the actuator constant. Fig. 6 shows
how actuator displacement (at the center) varies with respect to the
size of the center electrode. (The outer electrode has a fixed outer
dimension of 800 �m and maintains a 20-�m gap with the cen-
ter electrode.) The maximal actuator displacement occurs around
320 �m,  whereas the residual silicon has a diameter of 650 �m.  So
the best actuator performance occurs when the size of the center
electrode is about half of that of the residual silicon.

Let us consider the case that the center electrode is opti-
mized at 320 �m and the size of the residual silicon is 650 �m.
Under these conditions, effects of the size of the outer electrode
are studied via the finite element model. Fig. 7 shows how the

Fig. 5. Comparison of the normal strain along the thickness of the diaphragm.
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Fig. 6. Actuator displacement with respect to the seize of center electrode.

displacement at the actuator center varies with respect to the size of
the outer electrode. The variation consists of three portions. When
the outer electrode exceeds 650 �m,  the displacement saturates
around 0.58 �m.  As the outer electrode decreases in size, the dis-
placement drops steadily and stabilizes at 0.4 �m.  Since the size
of the residual silicon is 650 �m,  results from Fig. 7 imply that the
outer electrode must overlap with the residual silicon to deliver the
maximal actuator displacement.

3. Experimental verification

Calibrated experiments are conducted to verify the simulation
results. Specimen preparation, experimental setup and measure-
ment results are described in detail as follows.

3.1. Specimen preparation

Fig. 8 illustrates the fabrication process using an improved
sol–gel process that employs rapid thermal annealing and a dilute
sealant coating. 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 silicon nitride of 200 nm thick is deposited by PECVD
(plasma enhanced chemical vapor deposition). The bottom elec-
trode consists of Pt/Ti layers with thickness of 100 nm and 50 nm,

Fig. 7. Actuator displacement with respect to the size of the outer electrode.

Fig. 8. Preparation processes of actuators.

respectively (Fig. 8(a)). The PZT film is 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 acid
and sintering temperature is 450 ◦C for 10 min  (Fig. 8(b) and (c)). To
fabricate the top electrodes, conducting layers consisting of Au/Cr
are deposited through evaporation (Fig. 8(d)). The dual top elec-
trodes are patterned and formed through lift-off (Fig. 8(e)). Finally,
the backside of the silicon is etched via deep reactive ion etch (DRIE)
to form the diaphragm suspension (Fig. 8(f)).

Fig. 9 shows the top view of the fabricated actuator with
dual top electrodes under an optical microscope. As one can see,
the outer electrode does not completely enclose the center elec-
trode, because space is needed for a connecting wire to reach the
center electrode from outside. For the actuator shown in Fig. 9,
the center electrode is 390 �m × 390 �m,  and the width of the
connecting wire is 100 �m.  In addition, the outer electrode is
800 �m × 800 �m;  therefore, it is the same size as the diaphragm.
The circle in dash line refers to the boundary of the residual silicon,
which is about 650 �m.

3.2. Experimental setup and results

The experiment setup consists of two function generators, a
laser Doppler velocimetry (LDV), an oscilloscope, and an actuator
specimen to be tested; see Fig. 10.  The function generators drive the
center and outer electrode, respectively. The excitations are sinu-
soidal with a frequency of 3 kHz. Moreover, the phase difference
between the two driving voltages is adjustable. The LDV measures

Fig. 9. Microscope picture of the actuator.
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Fig. 10. Schematics of experiment setup.

out-of-plane velocity of the actuator specimen. The oscilloscope
records the two input driving signals and the output LDV velocity
measurement. In particular, channels 1 and 2 of the oscilloscope
represent the driving signal for the center electrode and the outer
electrode, respectively. Channel 3 records the LDV velocity mea-
surement.

The measurements of actuator displacements under dual exci-
tations with different phase differences are shown in Fig. 11 as a
polar plot. The radial scale shows the measured actuator constant
in nm/V, while the circumferential direction indicates the phase
difference of the dual excitations in degrees. The actuator displace-
ment reaches its maximum of 17 nm/V when the phase difference
is 180◦. When the two electrodes are driven in the same phase, the
actuator has a minimal displacement of 5 nm/V. A phase difference
of 90◦ generates a median displacement of about 12 nm/V. These
results are consistent with those predicted from the finite element
analysis.

3.3. Applications to misaligned microactuators

As mentioned above, fabrication defects could significantly
decrease performance of the actuator in terms of actuator displace-
ment. One type of defects is misalignment of the top electrode
and the diaphragm (and therefore the cavity released via DRIE
underneath the diaphragm); see Fig. 12.  Such misalignment could
decrease the performance of the actuator for two reasons. First, the
effective area of the electrode is smaller, because part of top elec-
trode may  not be on the released diaphragm. Second, the position
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Fig. 11. Displacements under excitation with different phase difference.

Fig. 12. Microscope picture of the misaligned actuator.

of the top electrode is away from the optimized position (i.e., center
of the diaphragm).

The same experimental setup was  applied to the misaligned
actuator shown in Fig. 12.  The driving signals to the center and
outer electrodes have the same magnitude, but the phase difference
is adjustable. Fig. 13 shows the measured out-of-plane velocity of
the actuator in the form of a polar plot. The radial readings are the
actuator constant (i.e., displacement per volt in nm/V) and the cir-
cumferential readings refer to the phase difference (in degrees).
When the phase difference is 14.8◦, the actuator has the smallest
displacement of 16 nm/V. In contrast, when the phase difference is
−172.2◦, the actuator has the largest displacement of 29 nm/V.

There are two  things worth noting. First, the outer electrode
now occupies as large an area of the released diaphragm as the
center electrode due to the misalignment. Therefore, activation of
the outer electrode can now significantly improve the performance
of the actuator. Second, the dual-electrode setup allows flexible
adjustment of the phase angle to maximize the actuator displace-
ment. As a result of the misalignment, the maximal displacement
does not occur at 180◦ any more. Since manufacturing defects are
unavoidable, the use of dual top electrodes can serve as an effective
way to enhance the yield of the manufactured actuators.
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Fig. 13. Displacements under excitation with different phase difference (misaligned
actuator).
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Fig. 14. 3D profile picture of the warped actuator.

3.4. Effects of warping

The finite element analyses above assume that the actuator
always has a flat diaphragm. In reality, the diaphragm may  warp
due to residual stresses resulting from the sintering process of the
PZT thin film at elevated temperature. For example, Fig. 14 shows
the surface profile measured through an optical profiler NT3300
indicating a bulge of 3.89 �m with the released diaphragm. Natu-
rally, the finite element predictions above may  break down when
the warping becomes significant.

We  have also conducted experiments on warped actuators. The
maximum displacement, however, occurs when the center and the
outer electrodes are driven in the same phase. As shown in Fig. 15,
the two driving voltages (channels 1 and 2) are almost in phase and
the resulting actuator velocity measurement (in channel 3) is about
18 mV  peak-to-peak. In Fig. 16,  the two driving voltages (channels 1
and 2) are almost out of phase and the result velocity measurement
is about 8 mV  peak-to-peak. This is about 55% reduction from the
response under in-phase excitation. The measurement results over
360◦ shift are shown as a polar plot in Fig. 17.

These experimental results, at first glance, may  seem to contra-
dict the finite element predictions. But one needs to realize that
there are two components contributing to the out-of-plane dis-
placement of the actuator diaphragm. The first component results
from bending of the diaphragm. When the PZT thin film extends or
contracts, it generates a bending moment flexing the diaphragm
resulting in an out-of-plane displacement. This effect is always
present whether or not the actuator diaphragm is warped. Also,
the center and outer electrodes must be out of phase in order to
maximize this out-of-phase component.

Fig. 15. Actuator excited by both electrodes (in phase).

Fig. 16. Actuator excited by both electrodes (out of phase).

In contrast, the second component results from in-plane defor-
mation of the diaphragm. When in-plane deformation occurs, the
corresponding in-plane motion takes place along the mid-surface
of the diaphragm. When the actuator diaphragm is perfectly flat,
the mid-surface is flat. Since the boundary conditions are fixed
at four edges, the in-plane motion along the mid-surface cannot
change the length of the diaphragm. As a result, the in-plane motion
is confined to the flat actuator plane leading to no out-of-plane
motion.

When the actuator diaphragm is warped, the mid-surface is no
longer flat. In-plane motion along the mid-surface can change the
length of the diaphragm and the curvature of the mid-surface (e.g.,
via bulging or flattening). When this happens, an out-of-plane dis-
placement component occurs simultaneously in order to maintain
the fixed boundary conditions at the edges. To maximize this out-
of-plane component, the center and outer electrodes should be in
the same phase, so that they extend or contract together to increase
the change of the diaphragm length.

The competition of these two out-of-plane components will
depend on many factors, such as degree of warping, severity of
residual stresses, physical dimensions of the remaining silicon, and
the thickness of the layers in the actuator diaphragm.
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4. Conclusions

In this paper, we have demonstrated an effective design to
enhance displacement of a PZT thin-film actuator by employing
dual top electrodes. The dual-electrode design consists of a cen-
ter electrode and an outer electrode driven independently. By
adjusting the phase angle between the two driving electrodes, one
can maximize the actuator displacement. Furthermore, the dual-
electrode design can effectively accommodate imperfections from
manufacturing, such as misalignment and warping, to meet speci-
fications in displacement and thus increase the yield.
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