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Abstract

Microaccelerometers using piezoelectric lead zirconate titanate (PZT) thin films have attracted much interest due to their simple structure
and potentially high sensitivity. In this paper, we present a theoretical model for a microaccelerometer with four suspended flexural
PZT-on-silicon beams and a central proof mass configuration. The model takes into account the effect of device geometry and elastic
properties of the piezoelectric film, and agrees well with the results obtained by the finite element analysis. This study shows that the
accelerometer sensitivity decreases with increases in the beam width, in the thickness of the bilayer beams, and in the elastic modulus of
the mechanical microstructure. Increases in the beam length increase sensitivity. For a fixed beam thickness, a maximum sensitivity exists
for appropriate PZT/Si thickness ratio. In addition, it is found that with appropriate geometrical dimensions, both high sensitivity and broad
frequency bandwidth can be achieved. The calculation of the stress distribution in the suspended PZT/Si beam structure when the device is
subjected to large vibrational acceleration indicates that the thin film microaccelerometer can stand extremely largeg conditions with very
good mechanical reliability. In the dynamic analysis, it is found that both analytical model and finite element modeling give very close
results of the resonance frequency of the device. The results of this study can be readily applied to on-chip piezoelectric microaccelerometer
design and its structural optimization.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Piezoelectric accelerometers use the direct piezoelectric
effect of a piezoelectric ceramic, crystal or thin film to gen-
erate an electrical charge output that is proportional to ap-
plied acceleration[1–3]. In an accelerometer, the stress in
the device occurs as a result of the seismic mass vibration
imposing a force on the piezoelectric materials. The total
amount of accumulated charge is proportional to the applied
force and the applied force is proportional to acceleration.
The electrodes on the piezoelectric device collect the charge
that can be transmitted to a signal conditioner that is remote
or built into the accelerometer. Once the charge is condi-
tioned, the signal is available for display, recording, analysis
or control as a varying voltage[2].

Piezoelectric accelerometers have the advantages of low
cost, simple structure, easy integration with electronic cir-
cuitry, wide frequency response and high sensitivity. Thus,
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piezoelectric accelerometers have been widely used in con-
dition monitoring systems to measure machinery vibration.
Recently, microaccelerometers using piezoelectric thin film
have drawn much research interest due to the miniaturiza-
tion trend of electronic devices, their low cost and their suit-
ability for batch manufacturing[4–7]. Research has focused
on the thin film accelerometer design[8], fabrication[9],
device’s measurement capabilities[10] and structural anal-
ysis and modeling to increase the sensitivity of the devices.
For example, Eichner et al.[11] have measured the me-
chanical vibration and electromechanical sensitivity of mi-
cromachined accelerometer devices with four piezoelectric
read-out capacitors; Ries and Smith[12] have used the finite
element method to analyze a deformable array transducer;
and Yu and Lan[13] presented system modeling for the de-
sign of a microaccelerometer. However, it should be pointed
out that all of these studies simply assume that the piezo-
electric PZT thin films are very thin and can be neglected in
the mechanical analysis. Considering that the thickness of
PZT films deposited on-chip by sol–gel spin-on deposition,
or screen printing are typically from 0.5 to 5�m, even up to
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20�m [14,15], the effect of thickness and the elastic prop-
erties of piezoelectric films should be taken into considera-
tion in structural analysis and device performance modeling.
Inclusion of the effects of film thickness in analysis would
provide a more accurate estimation of device performance
and, therefore, would aid in device design.

The aim of this paper is to study both the static and dy-
namic behavior of the microaccelerometer accounting for
the effect of PZT film thickness. Both an analytical and a
computational model are developed and the results are com-
pared. Using the analytical model, the effects of device ge-
ometry and the elastic properties of PZT thin film on the
sensitivity of the accelerometer are evaluated. The results of
this analysis can be used as a base for thin film piezoelectric
microaccelerometer design and performance optimization.

2. Analytical models of thin film piezoelectric
accelerometer

2.1. Static analysis

Generally, the two important parameters in evaluating ac-
celerometer sensors are sensitivity and operating frequency
range. Sensitivity can be defined as the generative charge per
applied acceleration. Operating frequency range is the flat
frequency response region below the fundamental resonance
frequency of the sensor. We consider a microaccelerometer
configuration with four suspended symmetric beams and
a central proof mass. The PZT thin film on each flexural
beam is patterned into two transducer elements, thus eight
piezoelectric transducers are arranged on four beams sym-
metrically to form the sensing devices in the structures, as
shown inFig. 1. Yu and Lan[13] have adopted a similar con-
figuration in their device analysis. When the central mass is
subjected to vertical vibration (acceleration), the suspending
flexural beam structure can effectively convert and amplify
the vertical force (or vibration) of the central mass into the
planar stress in the transverse direction of the piezoelectric

Fig. 1. A 3D view of the piezoelectric thin film microaccelerometer.

PZT thin film elements, thus, greatly enhance the sensitivity
of the device. Each piezoelectric transducer is composed
of an upper electrode, a piezoelectric thin film and a lower
electrode. The two PZT elements on each beam are poled
in opposite directions along the thickness. To collect the
generative electric charge from the thin film piezoelectric
elements when the accelerometer is subjected to an applied
acceleration, the two PZT thin film transducer elements on
each beam can be connected electrically either in parallel or
in series. In the case of series connection, the two PZT thin
film elements are connected through the lower electrodes,
while output electrical terminals (connections) are made
through the two top electrodes, as shown inFig. 2(a). Since,
the stresses of the two PZT elements are in the opposite di-
rections due to bending of the beam, i.e. one is subjected to
tensile stress and the other compressive stress; the two series
connected elements behave like two series voltage sources.
In the case of parallel connection, the electrical terminals
are made through the top electrode and the bottom electrode.
The two piezoelectric thin film elements connected in par-
allel behave like two current sources in parallel. In order to
connect the two elements in parallel, the two elements need
not to be separated physically by etching processing, but the
top electrodes for each element need be separated during
poling process so that opposite polarization can be produced
for the two elements. After poling, the top electrodes can
be connected by depositing a thin film conductive layer on
the top of the two devices so that it serves as one electrical
terminal. In this paper, for simplicity, we will focus on the
first case with the coordinate system is shown inFig. 2(a).

In practical fabrication of PZT thin film devices on silicon
chip, sol–gel spin-on coating for PZT films is commonly
used. A few micrometer up to 10�m thick PZT films and
their properties have been reported[15–18]. The piezoelec-
tric PZT thin film devices are usually with the multilayer
structure Pt/Ti/PZT/Pt/Ti/SiO2/Si(1 0 0), in which Pt/Ti elec-
trodes are very thin, typically from 100 to 150 nm. It is
well known that the use of Ti thin film (∼10–40 nm) adhe-
sion layer greatly promotes the bonding strength between
the platinum layers with SiO2 and PZT[19]. For simplicity,
we ignore the effect of electrode layers in our analysis in
this paper, with only PZT/Si two-layer structure for the sus-
pended beams being considered for the thin film microac-
celerometer modeling. The geometry of the accelerometer
structure used for our modeling is given inTable 1.

Table 1
Component dimensions in a piezoelectric accelerometer

Length of suspension beam,l (�m) 400
Width of suspension beam,b (�m) 200
Thickness of suspension beam,h (�m) 5
Length of seismic mass,lm (�m) 800
Thickness of seismic mass,hm (�m) 300
Thickness of PZT film,hPZT (�m) 0.5–5
Seismic mass,m (mg) 0.26
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Fig. 2. Piezoelectric thin film elements are connected in (a) series or (b) in parallel.

The following assumptions are made in establishing the
mechanical model of the PZT thin film microaccelerometer:

1. compared with the central seismic mass, the effective
mass of the supporting beams is very small and can be
ignored;

2. the seismic mass and rim of the structure are rigid;
3. both PZT and Si layers are elastic and obey Hooke’s law;
4. the material of the piezoelectric transducer is orthotropic;
5. with the central mass only subjected to vertical accelera-

tion and pure bending deformation generated in the sus-
pended beams, the stresses in the 3-direction and strains
in the 2-direction are negligible compared with the other
strains and stresses. Therefore:

σ3 = σ5 = σ6 = 0 (1)

ε2 = ε4 = ε6 = 0 (2)

where the directions shown inFig. 1, Voigt notation is
used for the stresses as


σ1

σ2

σ3

σ4

σ5

σ6




=




σxx

σyy

σzz

σyz

σxz

σxy




(3)

and strains are ordered to be work conjugate.

When the sensor is subject to a normal accelerationz̈,
the inertial force of the seismic mass induces a deflection of

the beam suspension.Fig. 3 shows the schematic free-body
diagram of one of the supporting beams. Because of the
symmetry of the device structure, from the force equilib-
rium along the three-direction, we have the reaction force
at O:

RO = 1
4mz̈ (4)

wherem is the central mass. From the boundary condition
and the symmetry of the structure, we get the bending mo-
mentM(x) as

M(x) = 1

4
mz̈

(
l

2
− x

)
(5)

wherel is the length of the beam.
Fig. 4 schematically shows cross-sectional area of the

suspended PZT film/silicon beam,Y is the neutral axis of this
section. Assuming that good bonding strength between PZT

Fig. 3. Free-body diagram of the suspension beam.
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Fig. 4. Cross-sectional area of the suspended PZT/Si beam in the device.

thin film and the substrate beam, i.e. no strain discontinuity
at the interface, the strainε1 can therefore be given by

ε1 = z

ρ
(6)

whereρ is the radius of the curved surface. From the con-
stitutive equation, we have

σi = Cijεj, i, j = 1, . . . ,6 (7)

whereCij are the components of the fourth-order stiffness
tensor. Based on the assumption 4, the stressσ3 of the PZT
film is given by

σ3 = C31ε1 + C32ε2 + C33ε3 (8)

SubstitutingEqs. (1) and (2)into Eq. (8), we have

ε3 = −C31

C33
ε1 (9)

Therefore, the stressσ1 of the PZT film can be written as

σ1 =
(
C11 − C31C13

C33

)
ε1 (10)

or

σ1 = EPε1 (11)

where

EP = C11 − C31C13

C33
(12)

For simplicity, we assume that the silicon beam is isotropic,
thus, the stress̄σ1 of the silicon beam is

σ̄1 = E2

1 − υ2
ε̄1 (13)

whereε̄1 is the strain of the silicon beam,E2 andυ are the
Young’s modulus and Poisson’s ratio of the beam respec-
tively; or

σ̄1 = EBε̄1 (14)

where

EB = E2

1 − υ2

Now, we consider the cross-sectional area shown inFig. 4.
From the force equilibrium in one-direction, we have∫ a

−(h−a)
bEB

z

ρ
dz+

∫ hPZT+a

a

bEP
z

ρ
dz = 0 (15)

∫ a

−(h−a)
bEB

z

ρ
zdz+

∫ hPZT+a

a

bEP
z

ρ
zdz = M(x) (16)

wherea is the distance to the neutral axis in the substrate
layer measured from the interface,b the width of the beam,
h the thickness of the substrate layer,hPZT the thickness of
the PZT film, andM(x) is the moment on the cross-sectional
area. Therefore, fromEq. (15), we have

a = 1

2

EBh
2 − EPh

2
PZT

EBh+ EPhPZT
(17)

and fromEq. (16)the moment–curvature relationship is

1

ρ
= M(x)

(bEB/3)(h3 − 3ah2 + 3a2h)

+ (bEP/3)(h3
PZT + 3a2hPZT + 3ah2

PZT)

(18)

or

1

ρ
= M(x)

EIeq
(19)

where

EIeq= 1
3bEB(h

3 − 3ah2 + 3a2h)

+ 1
3bEP(h

3
PZT + 3a2hPZT + 3ah2

PZT) (20)

SubstitutingEqs. (6), (17) and (19)into Eq. (11), the average
stresses in the PZT filmσ1 can be obtained as follows:

σ1 = EP

ρ

(
hPZT

2
+ a

)
= EPM(x)

EIeq

(
hPZT

2
+ a

)
(21)

If all the stresses other than that caused by bending in the
piezoelectric films are negligible, the contribution from an
infinitesimal portion of the piezoelectric material to the total
charge for no external electrical field,D3, is as follows:

D3 = d31σ1 (22)

where d31 is the piezoelectric coefficient. Substituting
Eq. (21)into the integration ofEq. (22)over one suspension
beam yields the charge output of piezoelectric films:

Q=
∫ 0.45l

0
D3b dx −

∫ l

0.55l
D3b dx

= 0.0619d31b
EP

EIeq

(
hPZT

2
+ a

)
l2mz̈ (23)

So, the sensor’s open-circuit voltage sensitivitySV , defined
as the ratio of the open-circuit voltage and acceleration:

SV = V

z̈
= Q

z̈C
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can be obtained as

SV = 0.0619d31b
EP

EIeq

(
hPZT

2
+ a

)
l2m/C (24)

whereC is the capacitance of two PZT thin film elements
on one of the four suspended beams. Since the two PZT
elements are connected in series, the capacitance is given by

C = 0.45ε33lb

2hPZT
(25)

whereε33 is the dielectric permittivity of PZT film.
Eq. (5) shows that maximum ofM(x) is at x = 0. It is

assumed that with only vertical acceleration applied to the
central seismic mass, causing pure bending deformation in
the transducer beams, the piezoelectric film and silicon layer
are then primarily subjected to stresses in the one-direction,
and the other stresses are small and can be ignored, therefore,
the maximum stressσmax can be obtained either at the upper
surface or at the lower surface. At the upper surface:

σmax1 = 1

8

EPmz̈l

EIeq
(hPZT + a) (26a)

and at the lower surface:

σmax2 = 1

8

EBmz̈l

EIeq
(h− a) (26b)

Therefore,σmax can be obtained by selecting the larger one
of σmax1 andσmax2.

2.2. Dynamic analysis

The dynamic model can be simplified as a beam with a
large mass (half of the seismic massm) in the center, and
subjected to a periodic forcef(t), as shown schematically by
Fig. 5. The sinusoidal force can be written as

f(t) = 1
2mg sin 2πft (27)

whereg = 9.8 m/s andf is the driving frequency.
Assuming that the accelerometer is at rest initially, if only

the first vibration mode is considered here, the general so-
lution of the beam is given by[20]

z(x)= a1 cos(βx)+ a2 sin(βx)+ a3 cosh(βx)

+ a4 sinh(βx) (28)

wherea1, a2, a3, a4 andβ are the constants. From the bound-
ary conditions, the first normal mode of the accelerometer
can be obtained as

Fig. 5. Dynamic model of the accelerometer.

z1(x)= Va[sinkx − sinh(kx)+ S(coskx − cosh(kx))]

= Vag(x) (29)

wherek = 4.73/2l,

S = sinh(kl)− sinkl

coskl − cosh(kl)

andVa is the constant. Since the first normal is orthogonal,
Va can be obtained by∫ 2l

0
γ(x)A(x)z2

1(x)dx = 1 (30)

whereγ(x) is the density andA is the cross-sectional area.
Considering that the seismic massm is much larger than the
mass of the beams, the above equation can then be simplified
to give

Va =
√

1

m/2g2(l)
(31)

From Rayleigh method, the fundamental natural frequency
fn is given by

f 2
n = 2

4

∫ l

0

dUmax

π2Ke max
(32)

where

Ke max= 1
2mz1

2(l)

For beam with single elastic layer, we have

dUmax = 1

2

(
d2z1

dx2

)2

E2I2 (33a)

where

I2 = 1
12bh3

and for the beam with both piezoelectric film and elastic
layer:

dUmax = 1

2

(
d2z1

dx2

)2

EIeq (33b)

Using the expansion theorem, the displacement of the ac-
celerometer is

z(x, t) = z1(x)η(t) (34)

whereη(t) is the modal coordinate given by

η(t) = 1

2πfn

∫ t

0
N(τ)sin(2πfn)(t − τ)dτ (35)

whereN is the modal force given by

N(t) =
∫ 2l

0
z1(x)f(x, t)dx (36)

SubstitutingEqs. (28), (35) and (36)into Eq. (34), we have

z(x, t)= V 2
a

2
mgz(l)

sin 2πft − (f/fn)sin 2πfnt

(2πfn)2 − (2πf)2

× [sinkx−sinh(kx)+ S(coskx − cosh(kx))] (37)



6 Q.-M. Wang et al. / Sensors and Actuators A 113 (2004) 1–11

Table 2
Mechanical properties of the piezoelectric accelerometer materials

Silicon PZT

Young’s modulus (N/m2) 1.9 × 1011 C-matrix
Poisson’s ratio 0.18
Density (kg/m3) 2330 7550
Dielectric constant (K3 = ε33/ε0)

(ε0 = 8.85 × 10−12)
730

Piezoelectric coefficient,d31

(×10−12 C/N)
−93.5

So

1

ρ
= d2z

dx2
(38)

Therefore, the average stresses at the cross-sectional area of
PZT film σ1 can be obtained byEq. (21). The charge output
of piezoelectric films can then be calculated byEq. (22),

Q= d31bEP

(
hPZT

2
+ a

)
V 2

a

2
mgz̈(l)

× sin 2πft − (f/fn)sin 2πfnt

(2πfn)2 − (2πf)2

× [T(0.45l)− T(0)− T(l)+ T(0.55l)] (39)

where

T(x) = k [−S sinh(kx)− S sinkx + coskx − cosh(kx)]

(40)

UsingEq. (39), the charge output,Q/z̈, of the device under
dynamic excitation can be predicted.

[CE] =




11.425 5.8294 5.8525 0 0 0

5.8294 11.425 5.8525 0 0 0

5.8525 5.8525 9.8181 0 0 0

0 0 0 2.0747 0 0

0 0 0 0 2.0747 0

0 0 0 0 0 2.6042




× 1010 (N/m2) (41)

3. Finite element analysis

3.1. Static behavior of the microaccelerometer

A finite element solution (ANSYS 5.7) is used for com-
parison to the analytical result.Table 1shows typical dimen-
sions of the beams of a piezoelectric accelerometer.Table 2
lists the materials properties used in calculation. The piezo-
electric, dielectric and elastic properties of PZT thin films
reported in the literature have a strong dependence on the
processing methods used to fabricate the films. Not all the
necessary properties are available. Therefore, properties of
bulk PZT ceramics are used in our calculation. The stiff-
ness coefficient matrix of PZT is shown inEq. (41), which
is cited from[13]:

Fig. 6. Stress and strain distribution of PZT film along path A–B: (a) the
strain distribution; (b) the stress distribution.

When an acceleration̈z = 1g is applied on the accelerom-
eter, the stress and strain of PZT film in thex-, y-, z-directions
along path A–B (Fig. 2(a)) obtained by finite element anal-
ysis are shown inFig. 6(a) and (b). It is clear that that
the stress in thez-direction and the strain in they-direction
are negligible compared with the other strains and stresses,
which agrees with assumption (5) inSection 2.

The dependence of the open-circuit voltage sensitivity of
the microaccelerometer on the device geometry is calculated
by both the analytical equation and by finite element mod-
eling. The results are plotted inFigs. 7–10, and show that
finite element results are in good agreement with the an-
alytical results. Since the sensitivity is proportional to the
effective mass, as indicated byEq. (24), the ignorance of
the effective mass of the four transducer beam lead to the
slightly smaller analytical sensitivity values than the results
by FEM. With the increase of thickness and width of the
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Fig. 7. The accelerometer sensitivity as a function of the thickness of the
PZT film (l = 400�m, b = 200�m, h = 5�m, E2 = 190 GPa).

Fig. 8. The accelerometer sensitivity in terms of the beam width
(l = 400�m, h = 5�m, E2 = 190 GPa).

Fig. 9. The accelerometer sensitivity as a function of the beam length
(b = 200�m, h = 5�m, E2 = 190 GPa).

Fig. 10. The accelerometer sensitivity as a function of the beam thickness
(l = 400�m, b = 200�m, E2 = 190 GPa).

suspended beam structure, the accelerometer sensitivity de-
creases; while with the increases of the beam length, sensi-
tivity increases. It should be pointed out that the open-circuit
voltage sensitivity defined byEq. (24)is the ratio of the gen-
erated change and the sensor capacitance under applied 1 g
acceleration. In practical measurement, the generated charge
would be collected on the finite loading capacitance in par-
allel to the sensor. Since the generated charge is proportional
to the beam widthb, with increasingly small values of beam
width b, the generated charge tends to zero, thus the actu-
ally sensitivity will approach to zero. In this case, it will
be better to use charge sensitivity,SQ = Q/z̈, rather than
open-circuit voltage sensitivity.

If all the parameters are kept fixed except the PZT film
thickness, it is found that an increase of the thickness of
PZT layer caused a sensitivity increase, reaches a maxi-
mum value at an appropriate thickness, and then decreases
with further increases of PZT thickness (Fig. 7). The rea-
son for this behavior is that,Eqs. (20) and (21)show that
with the increase of the thickness of PZT layer,EIeq and
(hPZT/2 + a) both increase, but the increase ofEIeq is less
than that of (hPZT/2 + a) initially, so sensitivity increases.
However, the power of the PZT film thickness inEIeq and
(hPZT/2+a) is 3 and 1, respectively, so with further increase
of PZT thicknesshPZT, the value ofEIeq gradually matches
and then exceeds that of (hPZT/2 + a), which makes sen-
sitivity reach a maximum value, then drop. FromEq. (16),
the distance between the neutral axis and the interface of the
beam and PZT can be found to be approximately 1.3�m,
which means the neutral axis in the beam is close to the in-
terface of the beam and PZT. This is an important result,
which can be used as a guideline to choose the appropri-
ate PZT layer thickness to achieve high sensitivity of the
accelerometer.

It should be pointed out that besides silicon, other elas-
tic materials could also be used for the beam to design and
fabricate the microaccelerometer.Fig. 11shows the depen-
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Fig. 11. The change in accelerometer sensitivity with changing elastic
modulus of the beam (l = 400�m, b = 200�m, h = 5�m).

dence of the devices’ sensitivities with respect to the elastic
modulus of the beam for microaccelerometers with various
PZT layer thickness. Again, the finite element results are in
good agreement with the analytical results.

From Eq. (26), it can be seen that the maximum stress
of the accelerometer is proportional to the magnitude of
the input acceleration. Therefore, in the design of the ac-
celerometer, the increase of sensitivity is limited by the max-
imum allowable stress of the beam structure. If we assume
the central mass is subjected to a sinusoidal vibration with
vertical displacementz = z0 sin(ωt + φ0), the acceleration
will be:

z̈ = d2z

dt2
= −z0ω

2 sin(ωt + φ0)

i.e. the amplitude of the acceleration is a quadratic func-
tion of oscillation frequency. Depending on the vibration
frequency and displacement of the central mass of the ac-
celerometer, the amplitude of acceleration could be very
high. For example, for a piezoelectric thin film accelerome-
ter with 5�m Si substrate layer, 4�m PZT film, and other
dimensions given inTable 1, the fundamental resonant fre-
quency has been obtained to be approximately 10.5 kHz by
FEM. Using the yield stress of 75 MPa for bulk ceramic
PZT for estimation, the maximum acceleration that can be
measured by the microaccelerometer is about 1220 g, which
is very large acceleration. If the amplitude of the vibration
displacement (z0) is 25�m, the upper frequency for the ac-
celerometer is about 3450 Hz, which is about one-third of
the natural frequency of the accelerometer.

If the device is subjected to mechanical excitation with
large vibration amplitude, the upper operating frequency
should be reduced to maintain good reliability of the de-
vices. Therefore, depending on the application conditions,
compromises between device’s sensitivity, operating fre-
quency range and reliability need to be balanced. Increasing
both beam and PZT film thickness can enhance the device

Table 3
The resonant frequencies of the accelerometer (FEM) (l = 400�m, b =
200�m, h = 5�m, hPZT = 0.5�m, E2 = 190 GPa)

Mode Natural frequencies,fn (kHz)

1 5.783
2 10.934
3 10.972
4 278.27
5 278.78

reliability, and enable the device being used for large accel-
eration measurement.

3.2. FEM analysis of dynamic behavior of the
microaccelerometer

The ANSYS 5.7 Block-Lanczos solver is used for the
modal analysis. The frequencies from the first to fifth mode
obtained by FEM are listed inTable 3and the corresponding
modes are shown inFig. 12. FromEq. (32), the analytical
result of the fundamental resonant frequency can be calcu-
lated as 5.858 kHz, which agrees fairly well with the result
by FEM simulation, 5.783 kHz. The slightly larger value
of fundamental resonance frequency by analytical method

Fig. 12. The first five modes of the accelerometer.
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Fig. 12. (Continued )

is due to ignorance of the effective mass of the transducer
beams (assumption (1) inSection 2.1). Fig. 12(a) shows
that the first mode is a bending mode, in which four beams
have the same deformation, so they have the same output
charge. The second and third modes are that the accelerom-
eter is subjected to the torsion, which have no output charge
because of the skew-symmetrical deformation. The fourth
mode and fifth mode, which have frequencies over 200 kHz,
have little effect under a relatively low driving frequency,
so the first mode plays the major role on the output charge,

Fig. 13. Accelerometer output charge as a function of time at excitation
frequencyf = 478 Hz.

Fig. 14. Accelerometer output charge as a function of time at excitation
frequencyf = 4778 Hz.

which supports the assumption that the first mode vibration
is only considered.

Figs. 13–15show that the response of the accelerometer
is periodic when it is subject to a periodic force. Again the
FEM results agree well with the analytical results.Tables 4
and 5show that with the increase of the driving frequency,
there is little change of the output charge, but when the
driving frequency is close to the fundamental resonant fre-
quency, the output charge and the corresponding maximum

Table 4
Variation of the maximum output charge with different driving frequencies

Driving frequencies (Hz) Output maximum charge (pC)

FEM Analytical

4.78 0.939 0.935
47.78 0.943 0.935
477.8 1.02 1.00
4778 5.52 5.02
47777 0.125 0.123



10 Q.-M. Wang et al. / Sensors and Actuators A 113 (2004) 1–11

Fig. 15. Accelerometer output charge as a function of time at excitation
frequencyf = 4777 Hz.

Table 5
Variation of the maximum stress with different driving frequencies

Driving frequencies (Hz) Maximum stress (MPa)

FEM Analytical

4.78 0.125 0.144
47.78 0.126 0.144
477.8 0.137 0.151
4777.7 0.734 0.774
47777 0.0168 0.0201

stress become much larger, after this stage, the output charge
drops to a very small value, therefore, it is reasonable that
the typical range of the accelerometer frequency is chosen
lower thanfn/5 or fn/3 [5]. However, in case that a large
charge output is required, the accelerometer frequency can
be selected aroundfn, but in the meantime, the safety of the
structure should be considered.

FromEq. (32), the relation between the fundamental res-
onant frequency and the thickness of the PZT film can be
obtained as shown inFig. 16, which states that with the in-

Fig. 16. The fundamental resonant frequency as a function of the thickness
of PZT thin films (l = 400�m, b = 200�m, h = 5�m, E2 = 190 GPa).

crease of PZT film thickness, the fundamental resonant fre-
quency also increases.Figs. 16 and 7provide the base for
selecting a suitable thickness of the PZT films while an ac-
celerometer is designed.

4. Conclusion

In this paper, an analytical method and the FEM have
been applied to study the static and dynamic behavior of a
piezoelectric microaccelerometer. The analytical results on
the devices’ sensitivity and resonant frequencies are in good
agreement with the results simulated by FEM. This suggests
that analytical results can be a fairly reliable guide to the
design and calculation of the accelerometer structure. The
static study found that increasing the beam width, thickness,
or the Young’s modulus, decreases the accelerometer sensi-
tivity (SV ). Increasing the length of the beam increasesSV .
For a fixed substrate layer thickness, increasing of the thick-
ness of the PZT film can increaseSV up to a point and further
increases reduce the sensitivity. Therefore, an optimal thick-
ness ratio for PZT thin film and substrate layer should be
considered in the device fabrication for high sensitivity. The
estimation of the stress distribution also provides a guideline
in device design for device reliability. For the accelerometer
structure, the dynamic analysis found that when the driving
frequency is close to the fundamental resonant frequency,
the output charge and the corresponding maximum stress be-
come much larger; otherwise the output charge is relatively
small. Therefore, it is reasonable that the typical range of
the accelerometer frequency is chosen below one-third or
one-fifth of the natural frequency. This study can be read-
ily applied for design and fabrication of the on-chip piezo-
electric microaccelerometer to achieve high sensitivity and
broad operating frequency range.
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