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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
silicon structure, a layer of bottom electrode, a layer of piezoelectric thin film, and a layer of top elec-
trode. In particular, the piezoelectric thin film is often made of lead–zirconate–titanate (PZT) for its high
piezoelectric constants. When driven electrically, the PZT thin film extends or contracts flexing the mem-
brane generating an out-of-plane displacement. For PZT thin-film microactuators, residual stresses are
unavoidable from fabrication and can significantly reduce the actuation displacement. In this paper, the
authors present a fourfold approach to address the issue of residual stresses. First, we demonstrate exper-
imentally that two PZT thin-film actuators may present substantially different displacement and natural
frequency even though dimensions of the two actuators are similar. Through a series of finite element
analyses, we conclude that only residual stresses can produce such a significant frequency shift reducing
the displacement of a PZT thin-film microactuator. Second, we measure the warping of the PZT thin-film
actuator via interferometry to detect residual stresses. A simple calculation using shell theories indicates
that the warping only causes a tiny shift in natural frequencies. Therefore, most of the degradation of
actuator performance results from the nature that residual stresses are in-plane rather than the warp-
ing caused by the residual stresses. Third, we develop a vibration analysis to determine when residual
stresses could significantly reduce actuator displacement. Fourth, we demonstrate two simple ways to
mitigate the negative effects of residual stresses: poling at an elevated temperature and applying a DC
bias voltage.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

PZT thin-film microactuators have a wide range of applications,
such as scanning mirrors [1], hard disk drive read/write heads [2],
micro pumps and valves [3], and radio-frequency switches [4].
These microactuators usually take the form of cantilevers, bridges,
and membranes.

For a PZT thin-film membrane microactuator, it typically con-
sists of four parts: a membrane, a bulk silicon substrate, 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 membrane is a mov-
ing component of the actuator anchored to the silicon substrate. As
a 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.
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 electrodes, the

∗ Corresponding author. Tel.: +1 206 543 5718; fax: +1 206 685 8047.
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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. Such PZT thin-film membrane actuators have appeared in
many applications including micro pumps [5], deformable mirrors
[6], micro speakers [7], energy harvesters [8], and hybrid cochlear
implant actuators [9].

In fabricating these PZT thin-film devices, presence of resid-
ual stresses is unavoidable if the films are fabricated via sol–gel
processes [10–13]. Stresses arise when the PZT thin film loses
its solvent and shrinks substantially during the sintering process
(for example, 650 ◦C). Stresses also occur when the PZT film goes
through a phase transformation from the pyrochlore to the per-
ovskite structure to exhibit piezoelectric properties. Moreover, the
PZT thin film has a distinct coefficient of thermal expansion (CTE)
from that of the substrate layers. As a result, a large tempera-
ture drop from the sintering temperature to the room temperature
induces significant thermal residual stresses in the PZT thin films.
The lattice mismatch between the PZT thin film and the substrate,
as well as the domain rotation of PZT, further contributes to the
residual stresses. In general, the residual stresses are difficult to
predict, estimate, and control.

0924-4247/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2010.02.022
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Fig. 1. Schematic drawing of PZT thin-film membrane actuator (not in proportion).

In the last decade, many researchers have found that residual
stresses can significantly affect electromechanical properties [10]
or piezoelectric properties [14,15] of PZT thin films. These research
efforts primarily focus on material properties from a viewpoint of
material science. In a PZT thin-film microdevice, many researchers
have found that the presence of residual stresses can warp the
surface of the microdevice [16–18]. For sensor applications, the
warping can degrade sensor sensitivity significantly [16,17]. For
actuator applications, it remains open whether or not residual
stresses and the subsequent warping would adversely affect per-
formance of PZT thin-film microactuators. If so, in what way do
residual stresses degrade actuator performance? Under what con-
dition will residual stresses adversely affect actuator performance?
What are available avenues to mitigate residual stresses to improve
actuator performance?

The purpose of this paper is to answer these questions and
demonstrate that residual stresses could indeed adversely affect
performance of a PZT thin-film membrane microactuator in terms
of actuator natural frequency and displacement. The paper con-
sists of four parts that are closely interrelated. In the first part,
we demonstrate experimentally that two PZT thin-film actuators
may present substantially different displacement and natural fre-
quency even though dimensions of the two actuators are similar.
Through a series of finite element analyses, we conclude that only
residual stresses can produce such a significant frequency shift
reducing the displacement of a PZT thin-film microactuator. In the
second part, we measure the warping of the PZT thin-film actu-
ator via interferometry. A simple calculation using shell theories
indicates that the warping only causes a limited shift in natural
frequencies. Therefore, most of the degradation of actuator perfor-
mance results from the nature that residual stresses are in-plane
rather than the warping caused by the residual stresses. In the third
part, we develop a vibration analysis to determine when residual
stresses could significantly reduce actuator displacement. In the
last part, we demonstrate two simple ways to mitigate the nega-
tive effects of residual stresses: poling at an elevated temperature
and applying a DC bias voltage.

2. Measurements of actuator performance

Recently, some experimental results from the authors’ research
suggest that residual stresses could adversely reduce the displace-
ment of a PZT thin-film actuator. Fig. 2 shows measured results from
two comparable PZT thin-film membrane microactuators follow-
ing the same fabrication process described in [19]. The diaphragm
size is 800 �m by 800 �m, and the thickness of the diaphragm is
about 2 �m (about 1 �m for PZT and 1 �m for silicon). Fig. 2(a) com-
pares the etching from the backside. Note that both microactuators
are etched to almost the same condition with roughly the same
diameter of remaining silicon.

The PZT thin film is poled at about 20 V for 30 min. After poling,
the actuators are driven by 5 V at 3 kHz via a function generator

and an AVC amplifier. The displacement at the center point of the
actuator is measured via a laser Doppler vibrometer (LDV). Fig. 2(b)
compares the measured displacement of the two microactuators.
As shown in Fig. 2(b), one microactuator shows a sensitivity of
around 30 nm/V, while the other shows only about 5 nm/V. There
are two possible sources that could cause the large disparity of
actuator sensitivity. First, the two actuators have very different
piezoelectric constants. Second, the two actuators have very dif-
ferent stiffness.

To identify the source of the drastic difference, we further
measure natural frequencies of the two microactuators. The experi-
mental setup consists of a spectrum analyzer, an AVC amplifier, and
an LDV. The spectrum analyzer generates a random signal driving
the PZT actuator through use of the AVC amplifier. In the mean-
time, the LDV measures velocity of the center point of the actuator.
Both driving voltage and LDV measurement are fed into the spec-
trum analyzer to calculate frequency response functions, whose
resonance frequencies identify the natural frequencies of the PZT
thin-film actuator.

Fig. 2(c) compares the measured frequency response functions
of the two microactuators. Experimental results indicate that the
microactuator with small displacement (5 nm/V) has much larger
natural frequency (equal to or larger than 100 kHz). The experimen-
tal results lead to the following two conclusions. First, difference
in piezoelectric constants is not the major cause of the disparity
between the actuator sensitivity, because piezoelectric constants
determine forced response and do not affect natural frequencies
significantly. Second, the small actuator displacement results from
the large natural frequency. This implies that the disparity in actu-
ator sensitivity results from the actuator stiffness.

3. Finite element analyses

In this section, we adopt a finite element model developed by
Lee et al. [20] for a PZT thin-film membrane actuator to identify
where the significant frequency difference comes from. The finite
element model consists of a gold layer, a PZT layer, and a single
Pt/silicon layer to represent the multi-layered actuator structure.
The finite element model also includes the remaining silicon in
Fig. 2(a), which was a result of non-uniform etching. Furthermore,
a linear analysis is performed to predict natural frequencies of the
membrane structure.

We take a two-pronged approach in the finite element analysis.
First, we measure exact dimensions as well as natural frequencies of
several microactuators. We also measure the piezoelectric constant
d33 and Young’s modulus of the PZT thin film. The exact dimen-
sions and material properties are then used as FEA input, while the
natural frequencies can be used for FEA comparison. Second, we
conduct a parametric study by varying actuator dimensions and
residual stresses to determine which parameter could significantly
affect the natural frequencies. The detail of our study is explained
as follows.

3.1. Measurements of dimensions and material properties

The thickness of each layer of the PZT thin-film actuator is mea-
sured via an SEM. The PZT actuators are first diced from a whole
wafer, and the individual actuators are engraved with a diamond
scriber over the bulk silicon portion and cleaved into halves. The
samples are further evaporate-coated with a gold and palladium
alloy of 30 nm for better observation. Distinct Au, PZT, Ti/Pt and
Si/SiO2/SiNx layers are observed in the SEM pictures; see Fig. 3.

Table 1 lists major dimensions of three actuators of interest
fabricated from the same wafer. The dimensions are measured so
that the SEM is perpendicular to the Au layer while measuring the
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Fig. 2. (a) backside etching, (b) sensitivity, and (c) frequency response of two microactuators.

Fig. 3. Layered structure observed under SEM.

Table 1
Measured dimensions of three PZT actuators (from the same wafer).

Actuator number Si/SiO2/SiNx (�m) Ti/Pt (�m) PZT (�m) Au (�m)

B3 0.45 0.21 1.15 0.58
C4 0.48 0.19 1.00 0.53
A7 0.54 0.22 0.94 0.52

Au thickness, and is perpendicular to the Si/SiO2/SiNx layers while
measuring these layers. If the SEM is oriented such that it is perpen-
dicular to the Si/SiO2/SiNx layers while measuring the Au thickness,
or vice versa, the measured dimensions can vary by 10–20%.

In addition, the Young’s modulus of the PZT film is 70 GPa mea-
sured via nano-indentation. The piezoelectric constant d33 is 9 pC/N
measured via a mini-hammer, a load cell and an oscilloscope [21].1

1 Note that the measured d33 is somewhat low, but its value will not have a
significant effect on the predictions of natural frequencies.
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Table 2
Comparison of natural frequencies.

Actuator number Experiment (Hz) FEA (Hz) Ratio (FEA/Exp)

B3 92,878 47,899 0.52
C4 59,578 39,574 0.66
A7 96,059 50,577 0.53

3.2. Predicted vs. measured natural frequencies

The measured dimensions in Table 1 along with the measured
material constants are used as input to the FEA model to predict
natural frequencies. Table 2 (the third column) lists the predicted
natural frequencies, which are in the range of 40–50 kHz. In con-
trast, the second column in Table 2 lists the measured natural
frequencies for comparison (using the same experimental setup
leading to Fig. 2(c)). The measured frequencies are in the range of
60–100 kHz.

We can see that the natural frequencies calculated from the FEA
are consistently smaller than those from the LDV measurement,
often in the order of 50–65%. The wide discrepancy indicates that
the current finite element model lacks one or more critical factors
in modeling the PZT thin-film membrane actuators.

To seek the critical parameter, we identify a list of possible fac-
tors and conduct a parametric study. Via a series of finite element
analysis, we can evaluate how much each factor affects natural fre-
quencies. Note that material properties of the PZT film are not likely
critical factors, because Young’s modulus and piezoelectric con-
stant of the film have been measured. Furthermore, density of the
PZT thin film is not likely a critical factor either, because the inertia
force is small and does not affect the displacement of the microac-
tuator. In the end, two possible factors are identified: uncertainties
in actuator dimensions and residual stresses.

3.3. Effects of dimension uncertainties

As explained earlier, there are uncertainties in the SEM mea-
surements of the thickness of each layer of the PZT actuator. To
understand the influence of these measurement uncertainties, we
conducted an FEA parametric study by varying the thickness of
the Si and the Au layers, while keeping the thickness of the PZT
layer constant. Specifically, we use actuator C4 as an example for
demonstration as follows.

In this parametric study, the PZT film is assumed to have a thick-
ness of 1 �m (cf. Table 1). The silicon layer and the bottom electrode
are combined into a single layer with a composite Young’s modu-
lus of 150 GPa. In addition, its thickness is varied from 0.2 �m to
2.5 �m. A modal analysis is conducted to predict the lowest natural
frequency. In Fig. 4, the solid line represents the predicted natural

Fig. 4. Natural frequencies vs. layer thickness for actuator C4.

Fig. 5. Application of an external pre-stress to simulate residual stresses on the PZT
membrane actuator; (a) side view and (b) top view.

frequency, when the Au layer has a thickness of 0.5 �m. In addition,
the error bars represent the change of the natural frequency, if the
thickness of the Au layer is varied from 0.3 �m to 0.7 �m. As one can
tell from Fig. 4, the thickness of the Au layer has very little effect on
the natural frequency, because the error bars are extremely narrow.

According to Table 1, the combined thickness of the silicon and
the bottom electrode is roughly 0.7 �m for actuator C4, in which
0.5 �m results from the silicon layer and 0.2 �m results from the
Pt bottom electrode. The measurement of the silicon layer thick-
ness may vary 20% as mentioned earlier. As a result, the thickness
of the combined layer should be within 0.55 �m and 0.85 �m for
actuator C4. Correspondingly, the predicted natural frequency in
Fig. 4 varies from 36 kHz to 45 kHz, whereas the measured natu-
ral frequency of actuator C4 is about 60 kHz. This shows that the
dimension uncertainty is not a critical factor in the finite element
analysis. The same result is observed for the other two actuators B3
and A7.

3.4. Effects of residual stresses

Another parameter that can significantly alter the nature fre-
quencies is residual membrane stresses. Residual stresses arise in
MEMS processes when two materials with different coefficients
of thermal expansion (CTE) are layered to each other [22,23]. The
effect is especially significant if such processes take place at a high
temperature, such as sintering in the PZT sol–gel process. Since
the PZT thin-film actuator incorporates a multi-layer structure,
residual stresses in the actuator are extremely complex. As a first
approximation, we simulate the residual stresses in our FEA model
by applying a uniform in-plane pre-stress in the PZT layer along
the edge of the silicon substrate; see Fig. 5. Since the finite element
model is a one-eighth model of the actuator, the uniform pre-stress
in Fig. 5 corresponds to a biaxial stress state with �x = �y = p, where
�x and �y are the stresses in the plane of the membrane and p is the
constant pre-stress applied. Since the biaxial stress state is hydro-
static (i.e., �x = �y), only 1 stress component is needed to describe
the stress state in this finite element model.

Again, let us use actuator C4 to demonstrate the effect of resid-
ual stresses. In the simulation, let the applied pre-stress p vary from
0 MPa to 500 MPa. Due to the presence of the silicon substrate and
remaining silicon, the corresponding hydrostatic membrane stress
� developed inside the PZT layer at the center of the membrane
actuator ranges from 0 MPa to 7 MPa. Fig. 6 shows how the mem-
brane stress � affects the natural frequency of actuator C4. Since
the membrane stress is tensile, it has a stiffening effect. When the
membrane stress � reaches 6.2 MPa, the natural frequency of the
actuator increases to 59.07 kHz for actuator C4, which is very close
to the measured frequency shown in Table 2.

We have also repeated the simulations for the other two actu-
ators B3 and A7. Table 3 lists the results for comparison. For B3, a
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Fig. 6. Natural frequencies as a function of the pre-stress for actuator C4.

Table 3
Comparison of natural frequencies predicted from the pre-stress model.

Actuator
number

Experiment
(Hz)

FEA from pre-stress
model (Hz)

Membrane stress
� (MPa)

B3 92,878 92,890 17.6
C4 59,578 59,070 6.2
A7 96,059 96,640 18.6

membrane stress of 17.6 MPa will increase the natural frequency to
92.89 kHz. For A7, a membrane stress of 18.6 MPa will increase the
natural frequency to 96.64 kHz. The finite element simulation thus
indicates that the membrane stress � is a critical parameter that
can correct the discrepancy between the theoretical predictions
and the experimental measurements in natural frequency.

There are several issues worth noting for this finite element sim-
ulation of residual stresses. First, the model in Fig. 5 is an extremely
simple model leading to a hydrostatic stress state that is character-
ized by a single membrane stress �. In reality, the residual stresses

will be much more complicated and require substantial further
study. Second, the significant frequency difference shown in Table 2
can only be matched when the membrane stress is tensile. In this
model, compressive residual stresses would reduce the natural fre-
quencies and thus increase the actuator displacement, which was
not observed in the experiments.

4. Surface warping

Since the membrane actuator has small thickness and thus small
bending rigidity, the presence of residual stresses could lead to sig-
nificant warping of the membrane surface. This often occurs when
the membrane is released from a bulk structure during the fabrica-
tion [24–26]. Therefore, experimentally measured surface warping
can serve as an indirect evidence of significant residual stresses.

To measure the surface warping, we scan the membrane sur-
face using a Wyco optical profiler (model NT3300). As shown in
Fig. 7, the surface takes the shape of a dome. The top of the dome
is 0.376 �m above the general plane surface. Since the thickness
of the membrane is about 2 �m, the warping is almost 20% of the
thickness. This indicates a significant surface warping as a result of
a significant residual stress field.

In thin shell theories, warping of a surface could increases the
stiffness resulting in increased natural frequency. According to [27],
natural frequencies of a curved shell and a flat plate are related via

ω2
curve = ω2

flat + E

�R2
(1)

where ωcurve is the natural frequency of a curved shell, ωflat is the
natural frequency of the original flat shell, E is the Young’s mod-
ulus, � is the density, and R is the radius of curvature of the shell,
respectively.

We can use Eq. (1) to check whether or not the warping of the
actuator surface causes the significant discrepancy in measured and
predicted natural frequency as follows. First, we need to estimate

Fig. 7. Profile of a PZT membrane actuator.
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the radius of curvature of the warped surface. Let R, s, and d be
the radius of curvature, height and diameter of the domed surface,
respectively. Basic geometry leads to

R2 = (R − s)2 +
(

d

2

)2

(2)

or

R = s

2
+ 1

2s

(
d

2

)2

(3)

From our measurements, s is 0.376 �m and d is the diameter
of the residual silicon from the backside of the actuator, which is
590 �m. The radius of curvature R of the warped surface calculated
from Eq. (3) is 0.116 m.

The next step is to use Eq. (1) to calculate the frequency shift
as a result of the warped surface. As a back-of-the-envelope calcu-
lation, we can assume that E is 100 GPa, � is 2700 kg/m3, and ωflat
is 50 kHz. With Eq. (1) and R being 0.116 m, the natural frequency
of the warped surface is roughly 50.7 kHz. In other words, the esti-
mated natural frequency shift will be less than 1 kHz. Therefore,
the warping of the surface does not cause the significant differ-
ence between the predicted and measured natural frequencies. The
difference results from the in-plane membrane stresses.

5. Vibration analysis

With the evidence from the finite element analyses and Wyco
measurements, it is important to assess when residual stresses
could significantly affect natural frequencies reducing the actuator
displacement. This can be done through a simple vibration analysis
as follows.

In this analysis, the PZT thin-film actuator is modeled as a square
elastic plate with in-plane membrane stresses for simplicity. The
square plate is located on the xy plane, while the z axis defines the
out-of-plane direction. Let the length and thickness of the square
plate be a and h, respectively; see Fig. 1. Also, the square plate has
Young’s modulus E, Poisson ratio � and mass per unit area �. In
addition, the square plate is subjected to internal in-plane hydro-
static normal stress �. Out-of-plane displacement w(x, y, t) of the
plate then satisfies,

− Eh3

12
(

1 − �2
)∇4w + �h∇2w + p(x, y, t) = �

∂2w

∂t2
(4)

where ∇2 ≡ (∂2/∂x2) + (∂2/∂y2) is the harmonic operator, and
p(x,y,t) is external loading on the plate (e.g., bending moments
from the PZT actuation). Also note that −(Eh3/12(1 − �2))∇4w in
(4) results from bending rigidity of the plate, while �hO2w results
from the in-plane residual stresses. Moreover, xy axes are along
two neighboring orthogonal edges of the square membrane with
the origin being a corner of the membrane.

Let ω be a natural frequency of the membrane actuator and
W(x,y) be the corresponding mode shape. The natural frequency
can be estimated via the Rayleigh quotient from Eq. (4), i.e.,

ω2 =
Eh3

12(1−�2)

∫
W∇4WdA − �h

∫
W∇2WdA

�
∫

W2dA
(5)

where the integration is carried out over the entire domain of the
square plate (i.e., dA dxdy). According to (5), the residual stresses
will not significantly affect the natural frequencies if

−�h

∫
W∇2WdA � Eh3

12(1 − �2)

∫
W∇4WdA (6)

For the first mode that we measure in Fig. 2, the mode shape W(x,y)
can be approximated as

W(x, y) = sin
�x

a
sin

�y

a
(7)

Substitution of (7) into (6) then leads to

� � E�2

6(1 − �2)

(
h

a

)2

(8)

For the PZT thin-film membrane actuator discussed in this paper,
h ≈ 2 �m and a ≈ 800 �m. The membrane actuator is half sili-
con (E ≈ 150 GPa) and half PZT (E = 70 GPa); therefore, the average
Young’s modulus can be approximated as E = 110 GPa. If Poisson
ratio � is assumed to be 0.3, Eq. (8) estimates that the residual
stresses must be

� � 110 × 109(3.1416)2

6
(

1 − 0.32
) (

2
800

)2
≈ 1.243 MPa (9)

in order not to significantly affect the natural frequency.
There are various ways to verify the predictions in (8) and (9).

For example, Yao et al. [28] calculated residual stresses of sol–gel
derived PZT films from XRD measurements. The stress in the PZT
film can range from 36 MPa to 320 MPa depending on the assump-
tions used. Both stress calculations indicate that the residual stress
has exceeded the allowable stress in (9) and a significant shift in
natural frequency is likely.

Alternatively, one can do a back-of-the-envelop calculation to
estimate the magnitude of residual stresses in the membrane as
follows. The PZT thin film (with 1-�m thickness) is sintered on a
silicon wafer (with 400-�m thickness) at 650 ◦C, and subsequently
cooled down to room temperature. Let us assume that the PZT-Si
system behaves like a bimetallic plate. According to basic mechan-
ics of material, the thermal stresses in the PZT film will be

�PZT = EPZT�˛	T

1 + (EPZThPZT/ESihSi)
(10)

and the thermal stresses in the silicon will be

�Si = ESi�˛�T

1 + (ESihSi/EPZThPZT)
(11)

where �� is the mismatch of coefficients of thermal expansion
between PZT and Silicon, and �T is the temperature change. If
�� is assumed to be 1 × 10−6/◦C (tiny thermal mismatch) and
�T ≈ 600 ◦C, the stresses in the PZT film from (10) will be roughly
42 MPa. This thermal stress is significantly larger than the allowable
1.243 MPa from Eq. (9). This simple back-of-the-envelop calcula-
tion also indicates that thermal stresses can easily cause natural
frequency to increase thus limiting the displacement of the PZT
thin-film microactuator.

6. Mitigation of residual stresses

According to the experimental evidence, finite element analyses
and vibration analyses above, residual stresses can affect the nat-
ural frequency and displacement of the PZT thin-film membrane
actuator significantly. In this section, we introduce two simple ways
to mitigate the negative effect of residual stresses. They are poling
at elevated temperatures and DC bias voltage. The basic idea is to
alter the stress state thus obtaining a better actuator performance.

During the poling process, we divide the specimens into four
batches. The first batch is poled with 21 V at room temperature for
30 min (denoted as no-HP). The second batch is poled with 21 V on
a hot plate at 100 ◦C for 30 min (denoted as HP-30). The third batch
is poled with 21 V on a hot plate at 100 ◦C for 60 min (denoted as
HP-60). The fourth batch is poled with 21 V on a hot plate at 100 ◦C
for 90 min (denoted as HP-90).
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Fig. 8. (a) Actuator sensitivity (displacement per volt) with respect to DC bias volt-
age and (b) first natural frequencies with respect to DC bias voltage.

After the poling, we drive the PZT thin-film membrane actuator
with a voltage of:

V(t) = V0 + V1 sin 2�ωt (12)

where V0 is a DC bias voltage in the same direction as the poling
voltage and ω is a driving frequency (3 kHz in our experiments).
Moreover, the driving and bias voltages combined were controlled
such that the maximum voltage did not exceed one-third of the
poling voltage.

Fig. 8(a) and (b) illustrates how measured actuator displacement
(per unit volt of V1) and actuator frequency vary with respect to
the bias voltage V0 for all three poling conditions. There are several
important phenomena worth noting.

First, poling at the elevated temperature could significantly
increase the actuator displacement. When the specimen is poled at
100 ◦C for 60 min, the actuator displacement without a bias voltage
increases from 18 nm/V to 28 nm/V, which is about 50% increase.
The elevated temperature might have altered the residual stresses
and realign domain directions in the PZT film during the poling
process. Nevertheless, poling at an elevated temperature for an
extended period does not necessary help. For example, if the poling
is held at 100 ◦C for 90 min, the actuator displacement is dropped to
16 nm/V. The experiments have been repeated several times, and
this phenomenon has been observed for many samples. There is
an unknown mechanism behind this phenomenon, and it requires
further studies.

Second, the presence of the bias voltage can improve the actua-
tor displacement. For example, when the sample is poled at room
temperature, a 3 V DC bias can improve the actuator displace-
ment from 18 nm/V to about 21 nm/V (a margin of 15%). The same
improvement is also observed for specimens poled at elevated
temperature. The bias voltage, however, can decrease the actuator
displacement, if the polarity of the voltage is wrongly applied.

Third, comparison of Fig. 8(a) and (b) shows that the bias voltage
and the poling process can significantly alter the natural frequency
and thus the actuator displacement. In general, the increase of the
natural frequency corresponds to the decrease of actuator displace-
ment (except the case of HP-90).

7. Conclusions

In this paper, we demonstrate that residual stresses can signifi-
cantly increase the natural frequency and reduce the displacement
of a PZT thin-film membrane actuator. We demonstrate this
fact through experimental measurements, finite element analyses
together with a vibration analysis and several back-of-the-envelop
calculations. As a result, Eq. (8) can serve as a first approximation
to check whether or not the residual stresses are large enough to
affect actuator displacement. In additional, warping of the actu-
ator surface does not seem to be a main contributor in reducing
actuator displacement. Finally, poling at elevated temperature and
application of a DC bias voltage are two simple ways to mitigate
the negative effects of residual stresses.
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