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The Influences of Residual Stress on the Frequency of Ultrasonic
Transducers with Composite Membrane Structure
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Arrayed ultrasonic sensors based on the piezoelectric thin film (lead-zirconate-titanate : Pb
(Zro5:Tious) Os) having composite membrane structure are fabricated. Different thermal and

elastic characteristics of each layer generate the residual stress during the high temperature

deposition processes, accomplished diaphragm is consequently bowing. We present the mem-

brane deflection effects originated from the residual stress on the resonant frequencies of the

sensor chips. The resonant frequencies {f,) measured of each sensor structures are located in the
range of 87.6~ 111 kHz, these are larger 30~40 kHz than the resultant frequencies of FEM. The
primary factors of f, deviations from the ideal FEM results are the membrane deflections, and

the influence of stiffness variations are not so large on that. Membrane deflections have the effect
of total thickness increase which sensitively change the f; to the positive direction. Stress
generations of the membrane are also numerically predicted for considering the effect of stiffness

variations on the f.
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1. Introduction

Microelectromechanical system (MEMS) tech-
nologies are used to perform the tasks of macro-
scopic devices at a fraction of the cost and with
improved functionality and performance. Ultra-
sonic transducers using the piezoelectric PZT film
and multi-layered integrated circuits have been
widely researched for the distance recognition,
biomedical-imaging, automotive sensing fields.
Recently, silicon based composite membrane
structures have been employed on the ultrasonic
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transducers for the device miniaturization and
enhanced mechanical sensitivity. We have been
investigated the ultrasonic imaging system, con-
structed with integrated phased array sensing
elements, for the three-dimensional imaging (Mo
et al., 2003). On the composite membrane struc-
ture fabrications, since the different thin films are
laminated by the HT deposition processes, a sig-
nificant residual stress is usually generated on the
resultant structure which has an important effects
on the mechanical and electrical properties of the
sensor chips (Okuyama, 2001 ; Sengupta et al.,
1998 ; Hwang et al., 2003). The composite mem-
brane is generally operated in resonance mode
which is primarily decided by those dimensions
and elastic properties. Stiffness variations and
shape deformations of the membranes by the HT
fabrication processes have important effects on
the resonance frequencies. The relations between
stress and frequency have been usually applied on
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the vibrating reed technique which is generally
used to obtain the film’s Young’s modulus. The
structural f, is proportion to the stress genera-
tions (Harms et al., 1998). The bending stiffness
of the constraining layers is often relatively large
in the plane parallel to lamination, enhancing the
potential for damping of vibration in the plane
of laminated beams (Nayfeh, 0000). Given a
combined structure, the derivations of effective
moment are necessary from the different strain
status of each constitutive thin films. Also, the
combined strain and stress relations for a one-
dimensional laminated beam should be extended
to two-dimensional plate behaviors. We demon-
strate the total residual stress generations of com-
posite membrane structure originating from the
HT processes, which will determine the stiffness
variations. On the other hand, membrane deflec-
tions have the effect of total thickness increase
which sensitively change the f, to the positive
direction. Since these deflections are mainly ori-
ginated by thermal expansion differences of each
constitutive layer, HT processes and process tem-
perature differences may be the essential factor on
the frequency variations.

In this work, we examine the numerical rela-
tions between thermally induced stress and re-
sultant resonance frequency of the ultrasonic
transducers. Several arrayed sensor chips are fa-
bricated with different structures and film thick-
ness using the micro-machining process. For find-
ing the natural frequencies of each structure {not
occurred the membrane deflections and thermal
stress), finite element modeling (FEM) analysis
has been carried out. Also, on the basis of elastic
relations between adjacent films in the composite
membrane, thermally induced stress originated
from the fabrication process and total effective
moment solutions are numerically approximated.

From these results, the effects of stress generation
and membrane deflection on the frequency shifts
of each device structures have been considered
and compared the differences depending on each
structure.

2. Experimental

Fabrication of multi-layered ultrasonic sensor
chip was carried out with a 4-mask process. SOI
(Silicon-On~Insulator) wafer (Si 2.0 4m/SiO,
1.0 um/Si 300 ym) obtained from shin—etsu chem-
ical corp. was used as substrate. Surface oxide
layer of this was thermally grown at 1100°C
with =1 pm thick. Three type sensor chips are
fabricated, each dimensions of those are shown
in Table 1. Cross-sectional schematic diagram of
each sensor structure is also shown in Fig. 1, and
the 49 diaphragm elements of that are arrayed in
one sensor chip. Lower (Pt/Ti) and upper elec-
trodes (Pt) were deposited using RF sputtering
with 220 nm (Ti: 20 nm) and 200 nm thickness,
respectively.

The multi-layer PZT film was prepared by
Sol-Gel derivations. The solution of lead-zir-
conate-titanate (Pb(ZrysTips) Os) obtained from
Mitsubishi Material corp. was spin coated on the
lower electrode at 500 rpm for 5 sec and at 4000
rpm for 20 sec. Each film was dried at 300°C for
10 mins and every four layers were annealed at
600°C for 10 mins in pure oxygen ambient. The
resultant PZT film thickness was measured using
the spectroscopic reflectometer film thickness
measurement system, Model : NanoSpec M3000,
Nanometrics Inc., these results are also represent-
ed in Table 1. Initially aimed thickness were 0.8
pm (OR1, OE1) and 1.6 gm (OR2), while it can
be known that the resultant film thickness was
somewhat deviated from those. XRD patterns of

Table 1 Structures and dimensions of fabricated sensor chips

Composite membrane Pt |PZT thickness| Pt/Ti| SiO, | Si | SiO,
Sample No. .
constitution (pm) (R) (gm) | (pm) | (pm) | (pm)
OR1 (Oxide Removed) Pt/PZT/Pt/Ti/Si0O,/Si 0.2 15356 0.22 1 1.7 —
OR2 Pt/PZT/Pt/Ti/Si02/Si 0.2 7402 0.22 1 1.7 -
OEI1 (Oxide Exist) Pt/PZT/Pt/Ti/Si0:/Si/SiO; 0.2 14815 0.22 1 1.7 i
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Fig. 1 (a)
sensor structure and (b) surface image fabri-

Cross-sectional schematic diagram of

cated. The membranes practically fabricated
are deflected depending on the stress genera-
tions of each structure, which are measured by
laser reflections and the results are listed in
Table 3.

each PZT films showed perovskite phase having
preferred (111) orientation. Lower silicon sub-
strate of SOI wafer was anisotropically etched
(wet-etching) using EPW (ethylenediamine-py-
rocathecol-water) solution for making the array-
ed diaphragm structure (see Fig. 1). Surface de-
flection of each diaphragm was measured using
the laser reflection methode (Model: NH-3N,
mitaka kohki Co.). Deflection dimensions of each
specimen were averaged from the data of 49
elements. In the measurement system of resonant

frequencies, sound pulse is generated by electrical
discharge, and it’s acoustic pressure is estimated
as ~4.2Pa at Im distance. The output signals
from the sensor device are amplified in the free
amp and the relations of output intensity vs.
frequency of those are given by Fourier trans-
form.

3. Results and Discussion

3.1 Finite element modeling

The finite element method provides a graphic-
oriented modeling and analysis tool that can be
used to solve a wide variety of shock and vibra-
tion design analysis. It incorporates modeling
structures that transform a complex model into a
set of matrix equations of the form. Modal an-
alysis has been used to interpret the resonant
mode of the sensor structures, which has useful
characteristics, like as a) it shows displacement
maxima in a vibration behavior, and b) it reveals
the frequencies of natural vibrations. We predict
the natural frequencies of each fabricated struc-
tures, which are the ideal structures not having
the thermal stress and membrane deflection.
These will make possible to consider the f, de-
viations originated from the stress generations.
ANSYS 7.1 has been used in this analysis, and
3-D modelings of three-type sensor structures are
carried out with the same dimension as practically
fabricated ones as shown in Table 1. Since the
membrane has the symmetric rectangular struc-
ture, half of that was modeled as shown in Fig. 2
(a). The linear elastic properties of materials
constructing the sensor structure are listed in
Table 2, which are used in the FEM analysis. On
the preprocess of modal analysis, all elements
were meshed with 12-noded 3-D solid elements
(solid 95). Symmetric boundary conditions are
applied to the plane of symmetry. Zero dis-
placements were applied in the x, y, and z di-
rections at the bottom of lower Si-membrane. The
uniform acoustic pressure of 4.2 Pa was applied
to the upper surface areas of the modeled struc-
ture, which is the same condition with the prac-
tical measurement. The matrix eigenvalue prob-
lem for a typical undamped Modal analysis is
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given by
(K1{¢:}— i MI{ ¢:}={0} (1)

where [K] is the structure stiffness matrix and
{@:} is the eigenvector representing the mode
shape of ith natural circular frequency. w; re-
presents the ith natural angular frequency, and
[M] is defined as mass matrix. The Block
Lanczos method was chosen for finding the natu-
ral frequencies. Inertia and damping forces did
not considered in this analysis.

The resultant natural frequencies of each struc-
ture are summarized in Table 3, and 1% mode
shapes are also shown in Fig. 2(b). The 1 mode
frequencies are located in the range of 55~70.8
kHz depending on each sensor structure. The
resultant frequencies are principally determined

by the dimensions and elastic properties of the
constitutive layers of the membrane. In these three
types of sensor structure, PZT film thickness and
bottom SiO. layer play an important role on the
fr determinations. Although the elastic properties
referenced could have differences with the prac-
tical ones, the influences on the f, are only several
kHz order under the referenced error range. Since
the f, differences between each structure did not
changed, those results are sufficiently meaningful.
The high mode (2™ and 3" frequencies of the
Modal analysis could not be obtained in the
practical measurements.

On the other hand, since the mode shapes re-
presented in Fig. 2(b) is undamped behavior,
those may be exaggerated than the practical vi-
brations. The stiffness variations originated by

Table 2 Young’s modulus, density, Poisson’s ratio and thermal expansion coefficients of each layer

Material Young’s modulus Poisson’s ratio Thermal expansion coefficient
¢ (GPa) (10761 1)
Si 130° 0.27¢ 4.20°
SiO» 66¢ 0.17f 7.00¢
Pt 1478 0.39* 8.90°
Ti 1108 0.31% 9.00°
PZT 638 0.3% 4.10°

¢Reference 15. ®Reference 17.

4Reference 16.

2Reference 13.

®Reference 14. f Reference 18.

Finite

EReference 19.
hReference 20.

Fig. 2

(a) 3-D modeling image of the sensor structure made with three types using the ANSYS 7.1. Those are

the same dimensions with practically fabricated structures. (b) The undamped 1% mode shape of
fabricated sensor structure carried out by the Modal analysis. High (2™ and 37} mode behaviors could

not be obtained in the practical measurement.
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Table 3 Membrane thickness, deflection, FEM results and measured resonant frequencies
Total Membrane Ansys 1% Practically | Af, (FEM- *Calcula;ed total
Sample No. membrane deflection Mode measured measured) stress <21%>
thickness (um) ha (um) (kHz) fr (kHz) (kHz) (PZ)
OR1 4.65 3.99 62.24 90.8 28.6 —1.14X 107
OR2 3.86 4.92 54.88 87.6 327 8.28 X107
OEl 5.60 7.95 70.75 111 40.3 —8.86 X107
* Negative : Tensile stress
Positive : Compressive stress
thermal stress and membrane bending affect sig- OR2 spécimcﬁ '
nificantly on the active damping efficiency (Pie- €7.6 kHa 3
trzakowski, 2001), and structural and mechanical B
factors are principally important factors on the 2 g‘
damping potential. = »
% G002 0. 0{).? ) ’L\‘U(N BU03,
- ] Fime (3)
3.2 Resonant frequencies of each sensor ‘[
structures H
From the membrane vibrations originated by J \_
acoustic pressure (=4.2 Pa), electric output si- 0 20 40 60 80 100 120 140 160 180 200
gnals and those FFT results of each structure are Frequency (kHz)
obtained (see Fig. 3), and the resultant RFs of Fig. 3 Frequency response of OR2 specimen given

each sensor chip are listed in Table 3. The f, of
each structure is the mean value of 30 membrane
elements those represented a good reproducibility.
The measured frs are located in the range of
87.6~111 kHz, and principally proportion to the
total membrane thickness, which are well con-
sistent with the FEM results. These measured f,s
are larger 28.6~40.3 kHz than the FEM results of
each corresponding structures. The f, difference
between OR1 and OR2 is about 3.2 kHz, while
that between OR1 and OEI is 20.2 kHz which is
remarkably larger than the former. In the FEM
results, differences of OR1-OR2 and ORI-OEl
specimens are almost same as 7.4kHz and 8.5
kHz, respectively. We consider that these differ-
ences are principally attributed to the membrane
deflections and the stiffness variations originated
from thermal stress. The relations between those
have been considered. Firstly, the relations be-
tween stress and frequency could be derived as
follows. When a system vibrates in a natural
mode, the mode shapes of plates having various
edge conditions give logical functions with which

by Fourier transfer.

to formulate shapes for determining the natural
frequencies by the Rayleigh and Ritz methods
(Harris, 1995). To apply this method, finding the
maximum strain ( Vnax) and kinetic energy values
and equating them, and solving for angular fre-
quency w5 gives the following frequency equa-
tion :

2 Vinax
oh _[/Wz dxdy ®

where o is density and /% is thickness. W is a
function of x and y, which is assumed that satis-

wi=

fies the necessary boundary conditions of the
plate. D. Young et al.(Harris, 1995) solved this
equation for the fundamental frequency of the
rectangular plate clamped in all edges (membrane
structure), that is expressed as

_ D
w=35.99,/ pr7e

where ¢ is the x(=y) axis dimension of mem-

(3)
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brane and £ is the total thickness. D=E#4%/12
(1—v% is the plate stiffness, & being the plate
thickness and v Poisson’s ratio. Due to the sensor
chips having composite membrane structure, the
total stiffness should be obtained by combining
the constitutive layer’s properties. D in the Eq.
(3) can be expressed as K/{(1—1%), where K is
written as

Kzi Eili (4)

where E; and I; is the Young’s modulus and the
moment of inertia of 7-th layer. From the vi-
brating reed technique, the modulus change due
to the stress generations of thin film in the case of
rectangular sample cross-section could be derived
(Harms et al., 1998) as given by

_ 1= (1 o b ds
AE_I_Usz ( 5 Es dg ds) <5)

where o is stress, b and d is the length and thick-
ness of the beam, with indices s for substrate
and f for film. If Eq. (5) introduce to the Eq.
(3) and (4), we can find that the stress influence
on the frequency is proportion to (6*(b/d)*) ',
which confirm that the natural frequency of a
composite membrane structure is proportion to
stiffness variations originated from the stress
generations and the dimensions of membrane. So
that the considerations of stress generations of
each structure is essential on the f, variation. The
HT fabrication processes make a substantial stress
on each constitutive layer of the membrane. On
the other hand, if a tensile force is generated, it is
contribute to the strength of the plates by coun-
teracting the bending according to the vibrations
produced by lateral load these action increases
with increasing the deflections (Pietrzakowski,
2001). So that a reduction of maximum tensile
stress originated from the load can be accom-
plished by giving a suitable initial curvature to
the membrane. These factors must be considered
in the stress calculations. We predict the stress of
each structures considering the HT processes of
each constitutive layer and membrane bending,
and those results are discussed relating to the f,
results.

3.3 Thermal stress on the composite mem-
brane

On the composite membrane structure, each
thin film is deposited with the same linear di-
mension (di=dx, dy: constant). The equilibrium
condition of this composite layer is, (1) the
dimensions of each layer must be the same at the
interface, and (2) the internal resultant end forces
and applied moment is zero. The strain contri-
butions originating from a possible lattice mis-
match between different films deposited are ne-
glected on the stress calculations. From the
boundary condition for coherent interfaces, the
net strain origins between two adjacent layers can
be described as a function of the magnitude of the
thermal axial strain and bending strains origi-
nated from the plate curvature. On the composite
layer having different Young’s modulus, therm-
ally induced stress in each layer can be expressed
as (Townsend et al., 1987)

Ejtjaj
E | . 7 (1-y)
e AT+ Eh

7 (1=y)

0= AT+ (z—2)K| (6)

where @; is the linear thermal expansion co-
efficient of ith layer, AT describes the tempera-
ture difference between RT and deposition tem-
perature of each layer. K is composite curvature,
7 is the position of the neutral plane, and z is the
coordinate distance normal to the linear dimen-
sion of composite layer. First two terms are cor-
responding to the axial strain, and the last one is
bending strain. The location of the neutral plane
can be determined by the repeated requirement of
zero resultant end forces, which is defined as

n
¢ Z}Eil‘i%‘
=t ET )

where 7; is given by y;,=2) :;t; and B;;=—1 for
7<14,0for j=1, and 1 for j >1. In the case of our
membrane structures, since the linear dimensions
of each layer are initially determined, the volume
variation coming from the anisotropic etching of
Si substrate should be substituted by its thickness
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changing. The thermal stress on the membrane is
independent of the position and uniformly dis-
tributed in the device, even if the Si substrate
shape is formed irregularly. So that, a effective
thickness is induced for compensating the sub-
strate shape irregularity in modeling, which can
be described as

tg
Vs = _/0. dxdydlf = Visi— Vetchea

dxdy ®

VvSi - I/etched

ts=

where V3, Vsi, Vercnea are the volumes of etched
Si substrate (after etching), initial Si substrate
(before etching) and anisotropically etched vol-
ume, respectively. dx, dy are x and y linear
dimensions, respectively,.and #; is the resultant
effective thickness of Si substrate. The SiO; layer
of OR specimens are etched in the diaphragm
portion, effective SiO; layer thickness, f5o,, also
induced to the elastic strain considerations of
that. The resultant stress sum of the constitutive
layers can be calculated as

o=To=3 1% ©)
where ! is total thickness of membrane. The
elastic and thermal properties used in the calcu-
lations are listed in Table 2 which are same with
that used already in the FEM analysis, and the
resultant stresses of each structure are shown in
Table 3. OR1 and OEIl structures have tensile
stress, while the OR2 has a compressive one. The
axial strain of OR specimens were compressive,
while the bending strain made the ORI to tensile
stress. Since the surface oxidation of SOI wafer is
carried out at the highest temperature (= 1100C),
resultant total stress is principally determined by
the stress generations of these portions. So that,
the OE1 specimen has the highest tensile stress, in
which the oxide inter-layer of SOI wafer is exist
in the membrane, this probably leads to the
largest f, difference between FEM result and
measured one. The f, differences of each spec-
imen are proportion to these stress sums of mem-
brane (see Eq. (5)), while those are independent
of force direction.

On the other hand, since the thermal oxidation
of SOI surface and PZT deposition processes are
carried out repeatedly at high temperature, initi-
ally generated stress is considered to be relaxed
somewhat during those processes by annealing
effect. According to the Maxwell model of a solid
(Irene and Tierney, 1982; Fitch et al, 1989),
stress relaxation occurs by viscous motion of the
SiOz material away from the growth interface. In
the Maxwell model for stress relief, the total stress
relaxation can be expressed for the time and
temperature dependence as described by (Irene
and Tierney, 1982)

0:(t) =0:(0) exp <_—t>

‘ (10)
=0:(0)exp <

—tG )
noexp (Ey/RT)

where ¢(0) is the maximum intrinsic stress at
some position, and £ is the oxidation or annealing
time. G is the shear modulus and 7 is the oxide
viscosity. 7o the minimum viscosity E, an em-
pirical activation energy and R is the gas con-
stant. 7 is viscoelastic relaxation time. Tempera-
ture dependence of the viscosity 7 dominates over
the fabrication process temperature range.” Stress
relief is consequently the exponential function of
temperature and time. Fitch et al. (1989) reported
that, at the SiO,/Si interface, thermal stress of SOI
wafer is remarkably changed by the fabrication
process over the temperature of 1000°C, while the
influence is not so large under the temperature.
We consider that the stress generations and re-
laxations of PZT deposition processes carrying
out at 600°C for 10 mins have relatively minor
effect on the total membrane stress comparing to
that of SOT wafer fabrications.

3.4 Membrane deflection effects on the fre-
quency shift
The initial membrane deflections have the ef-
fect of total thickness increase (Timosenko and
Woinowsky-Krieger, 1959), which make the fre-
quency change to the positive direction. From the
Rayleigh method, symmetry and dimensional con-
siderations show that the effect on frequency is
proportion to (L/R)? and thus of the influence of
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longitudinal curvature. Harms et al. (1998) deriv-

ed the relations between the curvature of beam

and frequency variations which is expressed as,
Aw?  L?

a—=
@ R?

(11)

where L is the length of beam, R is the radius
of curvature for the lowest mode. In the case
of composite membrane, frequency variations
should be the function of longitudinal membrane
curvatures since the lateral dimensions are initi-
ally determined. The f differences between FEM
and measured (Af,) are well consistent with this
tendency, which are shown in Fig. 4 and Table 3.
In that, remarkable increase of membrane de-
flection between OEl and OR2 lead to the in-
crease of the Af, (=8 kHz), which is two times
larger than that of ORI and OR2 specimens,
while the stress generations make not so large
changes between those. It can be supposed that
the substantial tensile stress of OEIl leads to the
highest membrane curvature. Pietrzakowski et al.
(2001) predicted that the influence of bonding
layer elasticity on the dynamic response of the
control beam bonded with piezoceramic actuator.
In that, the stiffness parameter variations in the
range of 101°~5X10'2 Nm™ lead to the frequency
shift of several Hz. We consider that the frequency
variations originated from the stiffness variations

120 —— | |
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Fig. 4 Resonant frequency results of FEM, prac-

tically measured and the differences between
these of each structure. The measured f,s are
the mean value of the 30 membrane elements
which represented a good reproducibility.

due to the thermal stress may be several ~several
tens Hz range which can be negligible on the f,
differences between FEM and measured results
(see Table 3). Consequently, the frequency de-
viations from the FEM results are primarily
originated from the membrane deformations. Al-
though there are probably some neglected non-
structural factors influencing on the vibration
such as variations in phase composition and
microstructure of PZT layer, the influence of
these on the £, can be negligible.

The frequency deviations from the FEM results
are substantial on the resultant f,, meaning that
the thermal stress and membrane deflections of
each structure should be the primary considera-
tion factors on the sound source, frequency and
structure designs on the ultrasonic sensor fabri-
cations.

4. Conclusions

Thermal stress and membrane shape deforma-
tion effects on the resonant frequency of ultra-
sonic transducers having composite membrane
structures are demonstrated. On the FEM results,
the film dimensions mainly determine the f, of
each structure, which is the ideal status neglecting
the stress generations and membrane deflections
accompanying by the fabrication processes. The
fr of fabricated sensor chips are located in the
range of 87.6~111 kHz which is higher than the
FEM results for 30~40 kHz. These differences
are well consistent with the tendencies of mem-
brane deflections of each structure. The stresses of
each structure have been approximated by the
calculations of axial and bending strain, which
mainly determined by the thermal expansion dif-
ferences between constitutive layers and process
temperatures. Although the thermal stress ap-
proximated also appreciably influence on the fre-
quency shifts, the primary effects on that are the
membrane deflections of the corresponding struc-
tures. Since the process temperature of SOI wafer
fabrications is sufficiently high and stress gen-
erations are larger than the other layers, the oxide
inter-layer of the membrane is a decisive factor
on the membrane deflections, and it principally
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determines the frequency shift.
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