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Piezoelectric micro-electromechanical systems (MEMS) often adopt a membrane structure to facilitate
sensing or actuation. Design parameters, such as membrane size, thickness of the piezoelectric thin film,
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. Introduction

PZT thin-film microactuators have a wide range of applications,
uch as scanning mirrors [1,2], hard disk drive read/write heads
3], micro pumps and valves [4,5], atomic force microscopes [6,7],
nd radio-frequency switches [8–10]. These microactuators usually
ake the form of cantilevers, bridges, and membranes.

For a PZT thin-film membrane actuator (Fig. 1), it typically con-
ists of four parts: a membrane, a bulk silicon substrate, a PZT
hin-film layer, and a pair of electrodes. The membrane is a moving
omponent of the actuator anchored to the silicon substrate. As a
esult of its small thickness, the silicon membrane has low struc-
ural stiffness compared with the substrate. Often, the membrane
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studied to maximize actuation, sensitivity, or coupling coefficient. This
cally and experimentally that the size of silicon residue and its relative size
tical yet unrecognized parameters in maximizing the actuation displace-
ne actuators. To study effects of the silicon residue, we have developed
NSYS. The model consists of five components: a square passive silicon

a PZT thin film, a square top electrode, and a silicon residue region. In par-
circular inner diameter and a square outer perimeter with a trapezoidal
finite element model lead to several major results. First, when the silicon
n optimal size of the top electrode maximizing the actuator displacement.
size is roughly 50–60% of the inner diameters of the silicon residue. The

actuator declines significantly as the electrode overlaps with the silicon
uator displacement decreases as the inner diameter of the silicon residue
e element analysis, a mechanics-of-material model is also developed to
maximizes the actuator displacement. To verify the simulation results,

actuators with progressive electrode sizes are fabricated. These actuators
00 �m × 800 �m with the inner diameter of the silicon residue controlled
er Doppler vibrometer is used to measure the actuator displacements. The
onfirm that there exists an optimal size of the top electrode maximizing
© 2008 Elsevier B.V. All rights reserved.

can be fabricated by releasing part of the bulk silicon substrate. On
top of the membrane is deposited a layer of PZT thin film with a pair
of electrode. When a driving voltage is applied to the electrodes,
the PZT thin film extends or contracts in the plane of the mem-
brane, thus creating a bending moment that causes out-of-plane
vibration of the membrane. Such PZT thin-film membrane actua-
tors have appeared in many applications including micro pumps
[11], deformable mirrors [12], acoustic transducers [13–15], energy
harvesters [16], and hybrid cochlear implant actuators [17].

In fabricating PZT thin-film membrane actuators, silicon
residues may result from an uneven etch rate while releasing
the membrane from the substrate. In fact, the presence of sili-
con residues is desirable from the viewpoint of mechanical design,
because silicon residues can reduce stress concentration and pro-
long the fatigue life. To illustrate the presence of silicon residues,
Fig. 2 shows an SEM photo of the backside of a PZT thin-film
membrane actuator. The membrane is not uniform in thickness as

http://www.sciencedirect.com/science/journal/09244247
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Fig. 1. Schematic drawing of PZT thin-film membrane actuator.

indicated by the color change in the SEM photo. Fig. 3 is a blowup
of the corner between the membrane and the substrate, where the
silicon residue appears in a triangular shape. Fig. 4 is an image of the
backside of the membrane actuator under an optical microscope.
The silicon residue appears in the form of small grains around the
perimeter of the membrane. As evident from these experimental
results, silicon residue is an important parameter that cannot be
overlooked when designing PZT thin-film membrane microactua-

tors.

To gauge the actuator performance, researchers have defined
various performance indices (or objective functions) ranging from
actuator displacement (or angle), quality factor, to electromechani-
cal coupling coefficient. Design parameters studied thus far include
material properties of PZT films, electrode design and coverage
[18–22], membrane size and thickness [23,24], PZT film thick-
ness [16], and residual stresses of the membrane layers [13,25,26].
Silicon residue, however, has never been considered as a design
parameter, and its effects on actuator performance remain open.

This paper is to study how silicon residue affects actuator per-
formance. In particular, silicon residue is considered as a design
variable for optimization of the actuator displacement. In this
paper, we first create a finite element model of the PZT thin-film
membrane actuator including the silicon residue. With the finite
element model, we study how the relative size of the electrode and
the silicon residue affects the maximum displacement of the actu-
ator. The finite element results also delineate physical mechanisms
that maximize the actuator displacement. Finally, experiments are
conducted to verify the finite element predictions.

Fig. 2. SEM photo of the backside of a PZT thin-film membrane actuator.
Fig. 3. SEM photo of the blowup of a silicon residue.

2. Finite element model
To study the effect of silicon residue on membrane actuators,
a three-dimensional (3-D) finite element model is created with
ANSYS; see Fig. 5. The finite element model consists of the follow-
ing five components: a square passive membrane, a substrate, a PZT
thin film, a square top electrode, and a silicon residue. The square
passive membrane has width and length of 800 �m and thickness
of 1 �m. The material of the passive membrane is silicon.

The substrate has dimensions of 3000 �m × 3000 �m with
thickness of 400 �m. At the center of the substrate, a square hole
of 800 �m × 800 �m is created to anchor the passive membrane.
Moreover, boundary nodes of the passive membrane and the sub-
strate are merged together such that the top surface of the passive
membrane is flush with that of the substrate. The material of the
substrate is also silicon.

To simplify the finite element model, the bottom electrode is
not modeled separately. Instead, it is incorporated in the passive
membrane and the substrate. This is a valid assumption, because
the thickness of the bottom electrode is so tiny compared with
that of the membrane itself (e.g., 0.05 �m of titanium and 0.1 �m
of platinum vs. 1.0 �m of passive membrane). Similarly, isolation

Fig. 4. Image of the silicon residue on the backside of the membrane actuator under
an optical microscope.
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Fig. 6 shows the simulated displacement of the membrane actu-
ators as a function of the top electrode size. The top electrode varies
in size from 200 to 1000 �m with a 100-�m increment. The actua-
tor displacements are calculated for three different silicon residues,
whose inner diameters are 500, 600, and 700 �m, respectively. In
addition, the actuator displacements are calculated without a sili-
con residue as a reference.

There are several major results from Fig. 6. First, for a given size
of silicon residue, there exists an optimal size of the top electrode
that maximizes the actuator displacement. When the electrode is
too small, the actuator displacement is small. When the size of
the electrode exceeds the inner diameter of the silicon residue,
the displacement also decreases significantly. When the size of the
electrode exceeds the size of the passive membrane, the actuator
displacement drops virtually to zero. Second, the optimal electrode
size is roughly 50–60% of the inner diameter of the silicon residue.
Third, the maximal actuator displacement decreases as the inner
diameter of the silicon residue decreases. When the silicon residue
is not present, the membrane actuator can reach the largest maxi-
mal actuator displacement.
Fig. 5. Finite element model of the PZT thin-film membrane actuator.

layers, such as silicon oxide and nitride, are also incorporated in
the passive membrane and the substrate to simplify the model.

In this finite element model, the PZT thin film has a thick-
ness of 1 �m covering the silicon substrate and the passive
membrane completely. The top electrode is square and has a
thickness of 0.5 �m. Moreover, its areal dimensions vary from
200 �m × 200 �m to 1000 �m × 1000 �m in order to demonstrate
the effects of the top electrode.

Finally, the silicon residue has a topology similar to a donut. The
silicon residue has a circular inner circumference and a square outer
circumference. The inner diameter of the silicon residue varies from
500 to 700 �m, as observed via an optical microscope (see Fig. 4).
The outer circumference is a square of 800 �m × 800 �m. More-
over, the cross section of the silicon residue is trapezoidal with
a constant slope angle measured from the SEM photo (Fig. 3). By
maintaining the constant slope angle while varying the size of the
inner diameter, we can create silicon residues of various volumes.
Moreover, the silicon residue is located immediately below the pas-
sive membrane. In addition, the nodes of the upper surface of the
silicon residue and the bottom surface of the passive membrane
are merged together. The nodes of the silicon residue at the outer
circumference and the nodes of the substrate at the inner circum-
ference are also merged together.
Finally, all the components described above are meshed with
solid elements. All the components, except the PZT thin film,
are assumed to be linearly elastic. For the PZT thin film, its
solid elements allow direct coupling effects of linear piezoelec-
tricity. Moreover, material properties of a bulk PZT (PZT-4) are
assumed, because exact material properties of PZT thin films
remain unknown and can vary significantly depending on the
quality of the film. For mechanical boundary conditions, the com-
plete finite element model is constrained with geometrically fixed
boundary conditions on the bottom surface of the silicon substrate.
For electrical boundary conditions, an electric potential of 0 V is
assigned to nodes at the top surface of the passive membrane and
the substrate, where the bottom electrode is located. In addition, an
electrical potential of 15 V is assigned to the interfacial nodes of the
top electrode and the PZT film. A linear static analysis is conducted
to predict the deflection of the center of the passive membrane for
two reasons. First, the lowest natural frequency of this finite ele-
ment model is above 100 kHz; therefore, harmonic responses of the
actuator substantially below the first natural frequency is identical
to that obtained from the static analysis. Second, the computational
efforts of the static analysis are significantly less than those of a
tors A 147 (2008) 279–285 281

Fig. 6. Simulated displacement of the membrane actuators as a function of the top
electrode size in view of various sizes of the silicon residue.

harmonic analysis. Due to the symmetry, only 1/8 of the actuator is
modeled. Fig. 5 shows the final finite element model.

3. Results of the finite element analysis
Fig. 7. Out-of-plane displacement distribution of membrane actuator when elec-
trode size is smaller than the inner circumference of the residue.
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Fig. 8. Out-of-plane displacement distribution of membrane actuator when elec-
trode size is larger than the inner circumference of the residue.

Figs. 7 and 8 show two out-of-plane displacement distributions
of the passive membrane with the electrode being smaller and
larger than the inner diameter of the silicon residue, respectively.
In either case, the displacement distribution is approximately

axisymmetric indicating that the actuator displacement is primar-
ily dominated by the geometry of the silicon residue rather than
the geometry of the passive membrane or the electrode. Since the
displacement field is roughly axisymmetric, we only need to ana-
lyze displacement or strain components along a line that passes
through the center of the membrane in order to sort out physical
mechanisms enhancing actuator performance.

Fig. 9 compares the out-of-plane displacement of the passive
membrane along the centerline of the finite element model shown
in Fig. 5 for three different electrode sizes. The inner diameter of the
silicon residue is 600 �m. When the electrode is too small, (e.g., the
electrode size being 200 �m × 200 �m), the displacement is local-
ized at the center of the membrane and decreases rapidly far before
reaching the silicon residue. Since the normal strain is proportional
to the curvature of the membrane, the displacement field implies
a large bending deformation localized at the center.

When the electrode is larger than the inner circumference of
the silicon residue yet smaller than the passive membrane, (e.g.,
the electrode size being 700 �m × 700 �m), the displacement field
is just the opposite. The displacement field does not vary signif-

Fig. 9. Out-of-plane displacement of the membrane actuator along the centerline
in Fig. 5 with three different electrode sizes.
tors A 147 (2008) 279–285

Fig. 10. In-plane strain of the membrane actuator along the centerline in Fig. 5 with
three different electrode sizes.

icantly for most parts of the membrane until very close to the
silicon residue. According to the curvature from the displacement
field, the normal strain is small for most parts of the membrane.
The electrode primarily deforms the silicon residue to result in
the out-of-plane deflection. The deformation of the silicon residue,
however, flattens the central portion of the passive membrane lim-
iting the displacement.

Significant actuator displacements occur when the electrode
size is large but not enough to exceed the inner diameter of the
silicon residue (e.g., the electrode size being 400 �m × 400 �m). In
this case, the portions inside and outside the electrode have roughly
the same curvature according to the displacement field shown in
Fig. 9.

The observation above can also be supported theoretically by
analyzing the axial strain in the PZT thin film as follows. Fig. 10
shows the in-plane normal strain component εxx of the PZT thin
film layer along the centerline (i.e., x axis) of the finite element
model in Fig. 5. Let us focus for now on the strain distribution cor-
responding to electrode size of 400 �m × 400 �m. As stated above,
this actuator generates significant displacement because of its opti-
mal electrode size. There are several important things to note from
its strain distribution.

First, the normal strain εxx experiences a sudden jump at the
boundary of the electrode. According to the classical plate theory,
in-plane normal strain component εxx is an indication of a bending
moment. The sudden jump of εxx at the boundary of the electrode

implies that the application of the electric potential difference is
equivalent to a localized bending moment applied to the boundary
of the electrode. As a result, the membrane inside and outside of
the electrode bends in different directions. Although the strain εxx

experiences a sudden jump across zero, the displacement field in
Fig. 9 theoretically does not have an inflection point despite the fact
that the displacement and slope remain continuous at the electrode
boundary.

Second, the strain component εxx experiences a steep transition
from the inner circumference of the silicon residue to the silicon
substrate. This results from the change of bending rigidity of the
silicon residue, as the thickness changes from the uniform mem-
brane to the trapezoidal silicon residue. This gradual change will
theoretically reduce stress concentration and prolong the fatigue
life.

Third, the strain is tensile (i.e., positive) inside the electrode
and compressive (i.e., negative) outside the electrode. For elec-
trodes generating a significant actuator displacement (e.g., the
400 �m × 400 �m electrode), the positive strain and negative strain
are about the same in magnitude. For small electrodes that do
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Fig. 11. Mechanics-of-material model of a membrane actuator.

not generate a significant displacement (e.g., the 200 �m × 200 �m
electrode), the positive strain is significantly larger than the nega-
tive strain as far as the magnitude is concerned. This is consistent
with the displacement field shown in Fig. 9 as we have explained
above.

4. Predictions of optimal electrode size

The optimal electrode size to maximize actuator displacement
can be predicted analytically through use of a simple mechanics-
of-materials model as follows.

Let 2a be the length of the membrane, 2b be the inner diameter
of the silicon residue, and 2e be the length of the electrode; see
Fig. 11. Then x = 0 and x = a correspond to the center and the edge
of the membrane, respectively. According to linear elasticity,

εxx ≡ ∂u

∂x
(1)

where u(x) is the in-plane displacement of the PZT thin film in the
x direction. Moreover, u(x) is subjected to the following boundary
conditions

u(0) = u(a) = 0 (2)
In Eq. (2), u(0) = 0 results from the symmetry of the finite
element model, whereas u(a) = 0 results from the fact that the mem-
brane is anchored at the substrate. With (1) and (2),∫ a

0

εxx dx = u(a) − u(0) = 0 (3)

which implies that the area under each strain distribution εxx is
summed to zero. In addition, let us define ε(e)

xx , ε(m)
xx , and ε(s)

xx as the
normal strain in the PZT layer inside the electrode, outside the elec-
trode, and within the silicon residue, respectively. In other words,

εxx ≡

⎧⎨
⎩

ε(e)
xx , 0 < x < e (inside electrode)

ε(m)
xx , e < x < b (outside electrode)

ε(s)
xx , b < x < a (within silicon residue)

(4)

Considering the strain distributions obtained from the finite
element analysis (e.g., Fig. 10), we may assume in this mechanics-
of-material model that ε(e)

xx and ε(m)
xx are constant as a first

approximation; see Fig. 12. Physically, this assumption implies that
each of the two regions inside and outside the electrode is in
tors A 147 (2008) 279–285 283

Fig. 12. Approximation of in-plane normal strain distribution in the X-direction for
analytical model in Fig. 11.

pure bending with its respective bending moment. Moreover, ε(s)
xx

is approximated as a linear function in x taking the form of

ε(s)
xx = ε(m)

xx

a − b
(a − x), b < x < a (5)

Substitution of Eq. (4) into Eq. (3) results in

ε(e)
xx e + ε(m)

xx (b − e) +
∫ a

b

ε(s)
xx dx = 0 (6)

Or, alternatively,∣∣∣∣ ε(e)
xx

ε(m)
xx

∣∣∣∣ = b − e

e
+ 1

e

∫ a

b
ε(s)

xx dx

ε(m)
xx

(7)

Substitution of Eq. (5) into Eq. (7) gives∣∣∣∣ ε(e)
xx

ε(m)
xx

∣∣∣∣ ≈ b − e

e
+ a − b

2e
(8)

If the electrode size is 200 �m × 200 �m (e = 100 �m), the inner
diameter of the silicon residue is 600 �m (b = 300 �m), and the
membrane is 800 �m × 800 �m (a = 400 �m), calculations using (8)
indicate that the strain inside the electrode is 2.5 times of the strain
outside the electrode. This is consistent with the strain distribution
shown in Fig. 10.
Eq. (6) can also be used to estimate the electrode size to
maximize the actuator displacement. According to Fig. 9 and the
discussion above, the maximal actuator displacement occurs when
all portion of the membrane deforms with about the same curva-

ture, i.e.,
∣∣∣ε(e)

xx

∣∣∣ ≈
∣∣∣ε(m)

xx

∣∣∣. Therefore, Eq. (7) indicates that the maximal

actuator displacement occurs roughly around

e

b
≈ 1

2
+ 1

2b

∫ a

b
ε(s)

xx dx

ε(m)
xx

(9)

Eq. (9) is very useful in estimating the size of the electrode to
produce the maximal actuator displacement. First of all, e/b in Eq.
(9) has a lower bound of 0.5, which implies that the electrode size
needs to be at least half of the inner diameter of the silicon residue
in order to produce the maximal displacement. To further estimate
e/b, let us substitute ε(s)

xx of Eq. (5) into Eq. (9) to obtain

e

b
≈ 1

2
+ 1

4

(
a

b
− 1

)
(10)

As an example, let us consider a square membrane of
800 �m × 800 �m. The silicon residue has an inner diameter of
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Fig. 13. Comparison of optimal electrode sizes from the analytical approximation
and FEM data.

600 �m. In this case, a = 400 �m and b = 300 �m. Eq. (10) estimates
that the maximal displacement occurs when e/b ≈ 58%. Fig. 13
compares the optimal electrode size e/b as calculated from the
finite element analysis (Fig. 6) and from the mechanics-of-materials
model (10). The two results agree well with each other, except
when the inner diameter of the silicon residue exceeds 700 �m.
As the inner diameter of the silicon residue approaches the size of
the membrane, the silicon residue diminishes rapidly. As a result,

the displacement field is dominated by the square shape of the
membrane and is no longer axisymmetric. Thus, Eq. (10) loses its
accuracy, because the assumption of an axisymmetric displacement
field is no longer valid.

5. Experimental verification

An experiment was conducted to validate the finite element
analysis. A 3 in. wafer with 32 membrane actuators was fabricated
using the following procedure.

The silicon substrate (Si wafers with 400-�m thickness) is first
oxidized in a furnace at 1045 ◦C for 3 h to grow a SiO2 layer of 5000 Å
thick. Then a layer of silicon nitride of 2000 Å thick is deposited by
LPCVD (low-pressure chemical vapor deposition). The bottom elec-
trode consists of Pt/Ti layers with thicknesses of 100 nm and 50 nm,
respectively. The PZT film is spin-coated three times. For each coat-
ing, the sintering temperature is 650 ◦C for 15 min. Next, the top
electrode consists of Au/Cr layers through evaporation. Finally, the
backside of the silicon substrate is patterned and etched with deep
reactive ion etching (DRIE) to form the suspension.

Fig. 14. Experimental displacement of the membrane actuators as a function of the
top electrode size.
Fig. 15. Porous surface of bottom electrode.

Each membrane actuator has a passive membrane of
800 �m × 800 �m. The electrode size of these membrane actuators
varies from 200 to 900 �m in a 100-�m increment. The backside
of each actuator was inspected under an optical microscope to
measure the inner diameter of its silicon residue. The measured
inner diameters of the silicon residue vary from 500 to 750 �m.

The membrane actuators were first poled with 10 V for 30 min.
A 3-kHz sinusoidal voltage with amplitude of 5 V was used to
drive the actuators. A laser Doppler vibrometer (LDV) measured
the displacement of the membrane actuator at the center of the
top electrode. Fig. 14 illustrates the measured displacements with
respect to the size of the top electrode. A third-order polynomial
curve fit confirms that there is an optimal size of the top electrode
maximizing the actuator displacement. Moreover, the optimal elec-
trode size is roughly around 400–500 �m, which is about 60% of the
size of the passive membrane.

The measured displacements, however, are significantly smaller
than those predicted from the finite element analysis. For exam-
ple, the measured displacement is in the order of 70 nm, whereas
the finite element prediction is around 3–6 �m. The quantitative
discrepancies may result from the following sources.

First, material constants of bulk PZT are used in the finite ele-
ment analysis for the PZT thin film, because material properties of

PZT thin films can hardly be measured. Since the piezoelectric prop-
erties of PZT thin films are known to be inferior to those of the bulk
PZT, the finite element analysis will over-predict the displacement
of the PZT thin-film membrane actuator. Second, exact thicknesses
of the PZT layer and the silicon layer of the membrane are unknown
in the experimental measurements. Therefore, the dimensions used
in the finite element analysis are rough estimation based on pre-
vious thickness measurements from similar fabrication. Third, the
piezoelectric properties of the PZT thin film depend significantly
on the poling electrical field. In this set of experiments, the PZT
film might have not been poled enough to reach its best perfor-
mance. Finally, the bottom electrode is indeed porous not covering
the entire substrate as a result of annealing; see Fig. 15. The pres-
ence of porosity reduces the effective area of the bottom electrode
and consequently the actuator displacement.

6. Conclusions

We have developed a finite element model and conducted an
experiment to study the effect of the silicon residue on PZT thin-
film membrane actuators. The finite element analysis predicts three
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major results. First, for a given size of the silicon residue, there
exists an optimal size of the top electrode maximizing the actu-
ator displacement. Second, the maximal displacement decreases
as the inner diameter of the silicon residue decreases. Third, the
optimal electrode size is roughly 50–60% of that inner diameter of
the residue. This result has also been predicted analytically through
use of a mechanics-of-material model with a reasonable accuracy.
The actuator has virtually zero displacement when the size of the
electrode equals or exceeds that of the silicon membrane. The
experiment verifies the existence of a maximal displacement in dif-
ferent electrode sizes. The maximal displacement occurs when the
top electrode size is about 60% of that of the passive membrane.
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