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Abstract The correctness of the material parameters that are
used in numerical models is of key importance for any
numerical analysis. Because of a lack of available material
parameters and standard procedures for characterising piezo-
ceramic thick films, special attention has to be paid to
providing data for accurate material models. In the presented
work, thick-film (TF) lead—zirconate—titanate (PZT) structures
made on different ceramic substrates were considered. In
order to obtain proper material parameters for TF PZT some
unconventional characterisation approaches were used e.g.
nano-indentation test for evaluation of the compliance of the
piezo film. The results of characterising TF PZT structures on
two different ceramic substrates, Al,O; and pre-fired low
temperature cofired ceramic (LTCC), are presented. For
validation purposes simple cantilever-type actuators were
modelled using the piezoelectric coupled-field capabilities of
the finite-element (FE) package Ansys/Multiphysics and
simulation results were compared with the measurements of
the real structures.

Keywords Thick-film PZT - Nanoindentation -
Finite-element analysis - LTCC - d5;

1 Introduction

Finite-element analyses (FEAs) are widely used in the
research and initial design phases of various MEMS
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devices as well as for optimising the final products.
However, analysts should be aware that use of theoretical
material properties can result in an unacceptable discrep-
ancy between the predictions and the real device properties.
This is one of the main problems with modelling of sensor
and actuator structures with thick piezoceramic films. The
effective material properties of the piezoceramic thick film
depend not only on the material composition but also on
the compatibility of the film with the other materials e.g.
the thick-film electrodes and the ceramic substrate, and the
processing conditions [2-9]. In order to obtain accurate
material parameters for a certain thick-film piezoelectric
structure, extensive experimental work is required.

In this study we describe an experimental procedure
used for characterising PZT (Pb(Zry 53,Tig 47)O3) thick films
processed on two different ceramic substrates: Al,O3 and
pre-fired LTCC. The elastic properties of the TF PZT were
obtained from nano-indentation tests. The effective trans-
verse piezoelectric coefficient es; ¢ was evaluated from the
results of substrate-flexure measurements by taking into
account the thickness of the PZT film as was previously
described in [9]. These experimentally evaluated material
parameters were then used in FE models of simple actuator
structures, which were built using the piezoelectric coupled-
field capability of the ANSYS/Multiphysics software. For
validation purposes appropriate test actuators were prepared
and measured. The results were compared to the results of
the simulations and were used to assess the validity of the
models and the proposed characterisation procedure.

2 Finite-element modelling
In piezoelectric materials, elastic and electric fields are

coupled so that the physics of both fields needs to be solved
simultaneously. Mechanical stress {7} and strain {S} are
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Fig. 1 Test samples on the
LTCC substrates (a) and Al,O3
substrates (b) used for charac-
terisation of the PZT film and
validation of the FE model

related to dielectric displacement {D} and electric field {£}
as stated in the following constitutive equations:

(5] =) + (e
{D} = [dI'{T} + ["HE}
where [s] is the compliance matrix evaluated at constant
electric field, [€7] is the permittivity matrix evaluated at
constant stress and [d] is the piezoelectric matrix relating
strain to electric field. The above relationship provides a
basis for the FEA piezoelectric matrix equations:
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In Eq. 2 [M] represents the structural mass calculated
from the material density, [C"] is the structural damping
matrix, [C"] represents dielectric losses, matrix [K%]
contains piezoelectric coefficients in [d] form (strain/
electric field) or [e] form (stress/electric field), [K“]
contains elastic properties of the piezo material, which can
be input as compliance [s”] or stiffness [¢”] coefficients and
[K"] is the permittivity matrix with permittivity values
evaluated at constant strain [€'] or constant stress [€'] and
{u} and {V} are displacement electrical potential vectors.
{F} and {L} denote the structural and electrical loads
respectively. Superscript 7 denotes a transpose of the
matrix.
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3 Test samples

The PZT thick films were made by screen printing the PZT
53/47 paste made at the Jozef Stefan Institute [6, 7], pre-
firing at 450°C for 60 min and firing for 60 min in a belt
furnace at a peak temperature of 850°C. They were poled
with an electrical field of 75 kV/cm perpendicular to the
film plane in a silicon—oil bath at 100°C, for 20 min.

Test samples used for characterisation of the PZT film
and validation of the FE model are presented in Fig. 1. The
length of the substrates is 25 mm, the length of the TF PZT
patch with thick-film Au electrodes on the top and bottom
is 12 mm, the thickness of the LTCC substrates is 200 pum,
the thickness of the Al,Os; substrates is 250 um, the
thickness of the PZT film is 42+3 um and the thickness of
the electrodes is 3 um. The film thickness was obtained
from measurements of the surface profile of several
samples at different positions.

4 Characterisation of the PZT thick film

The compliance parameters of the PZT thick film were
obtained from the measurements of the indentation modu-
lus that were conducted using a Fisherscope H100C nano-
indenter system as described in [9]. Even though such a test
is not common for measuring the elasticity of an anisotropic

Fig. 2 (a) Measured indentation

curves for the 50-pum thick PZT (a)
film on Al,O3, (b) Residual 6
plastic indentation in the PZT
film 51
=
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Table 1 Compliance components for TF PZT on Al,O; and LTCC
substrates calculated with experimentally obtained Young’s moduli
Y3 and the assumed Poisson’s ratio.

Parameter TF PZT/AL,O5 (m*/N) TF PZT/LTCC (m?/N)
55 3.39x107M 6.14x107"

5533 421x107" 7.61x107 "

SE., -1.00x10™ " -1.81x107 !

SEL, -1.43x107" -2.58x107!!

SEay 1.19x1071° 2.14x10710

SEeo 9.45x10 1 1.71x1071°

material, the big advantage of the technique is that it is a
local measurement and only small volumes of the material
are needed. Even neglecting the effect of the internal
stresses on the material properties during the measurement,
which may result in less accurate results, this technique
could still be appropriate for the characterisation of
piezoceramic films. This technique enables us to asses at
least some information about the film elastic properties.
The most important requirement is that the film must be
thick enough to avoid the influence of the substrate. The
result of the nano-indentation measurement is the indenta-
tion modulus (¥;) which is comparable to the Young’s
modulus of the tested material. ¥;; is determined according
to the European standard [10] by:

1 —v?
1_1v
Y, T T,
where v and v; are the Poisson’s ratios of the tested material
and the indenter, Y; is the Young’s modulus of the indenter
(for diamond Y;=1,140 GPa and 1;,=0.07) and Y, is a
reduced modulus of the indentation contact. Y, is calculated
from the compliance of the contact at the maximum test

force (dh/dF) and the projected contact area.

Y = (3)

As an example, the indentation curves obtained from
measuring a thick-film PZT on an Al,O3 sample and the
aspect of the residual plastic indentation are presented in
Fig. 2.

The indenter was pushed into the PZT film in the poling
direction, so that the Young’s modulus Y33 was obtained
from these measurements. In order to avoid the influence of
the top electrode, it was carefully removed after poling.
Since there was not any electrical load used during the
measurements, we presumed that the measured Y33 corre-
sponds to CZ3. For the rough estimation we assumed the
thick PZT film has the same Poison’s ratio as the bulk
material (PZT 52/48 [1] was used as a reference) and the
same ratio between the Cg components. This way all the
stiffness components can be calculated from only one
measured indentation modulus. By transforming the C{/?
components to S2 and then using the same ratio between
the parameters S;; and Slf as reported for bulk PZT 52/48 in
[1] the compliance parameters Sg of the PZT film were
calculated. Although not of high accuracy (due to the above
assumptions), we presumed that these results are good
enough to be used in the numerical analysis aimed at
revealing the trends.

The average indentation modulus Y33 measured on
several samples was 47 GPa+10% for TF PZT/Al,O3 and
22 GPaxl11% for TF PZT/LTCC. From these values
Young’s modulus of 54 and 30 GPa were calculated, which
are comparable to the values reported for soft PZT and hard
PZT thick films in [5]. The resulting compliance compo-
nents for TF PZT on Al,O; and LTCC substrates are
collected in Table 1.

The effective piezoelectric transverse coefficient, es; ¢, of
the thick-film PZT poled perpendicular to the film plane,
was evaluated based on the method published for the thin
piezoelectric films, [2], as described in [9]. The measure-

Fig. 3 Schematic representation
of the experimental set-up for ti
. Electrometer pneumatic
the measurement of ez ¢ B, dTNII'Ig
e
measurement Oscilloscope
N
static strain set-up
PZT film
' 2 G -_-:'5 l Z - displacement
holder ° - L | ‘
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Table 2 Experimentally obtained transverse and direct piezoelectric
coefficients for TF PZT on two different substrates.

Structure €31.f [C/mz] D3|’f (pC/N) d33’f (pC/N)
TF PZT/ALL,O3 1.21 28.9 125+5%
TF PZT/LTCC 0.16 8.5 40+5%

ment set-up with pneumatically controlled forced deflection
of the cantilever is presented in Fig. 3.

In order to derive the charge built up on the piezoceramic
thick film, the flux D across the area of the top electrode
can be evaluated by integrating over the electrode surface.
For a rectangular electrode with a constant width this is
expressed by:

0= w/ Dsdx 4)

where Q is the charge, w is the width of the electrode, and
the length of the electrode is equal to x;— xo.

Considering in Eq. 1 the conditions set by the measure-
ment procedure i.e., the electrical charge generated between
the electrodes in sensor mode is measured at zero electrical
field, and the TF PZT is free to move in the z-direction, so
that the stress component in this direction is assumed to be
zero, the dielectric displacement on the plane of the
substrate’s surface can be expressed by:

d
Ds — 3

=7 S1+8) =eny-(S1+5) (5)
sty + st /

where e3¢ is the effective piezoelectric coefficient and S;
and S, are transverse strain components.

Taking into the account the thickness of the PZT film
and neglecting the difference between the Poisson’s ratios
of the substrate and the film, the dielectric displacement on
the top surface of the PZT film can be expressed by
introducing the linear proportion factor k:

h
D3sop =e31- (1 —vy) - (1 +2h—p> -8

=ey-(1—v) kS (6)

Table 3 Young’s moduli and densities used in the FE model.

Material Y (Gpa) v () p (kg m™)
TF PZT Table 1 Table 1 7,700

Al 05 340 0.23 3,780
LTCC 110 0.17 3,100

Au electrode 83 0.43 19,300

@ Springer

Fig. 4 Geometrical model: half symmetry of the actuator with a
meshed detail

where 4, is the thickness of the film, 4 is the thickness of
the substrate, v is the Poisson’s coefficient of the substrate
material and the factor k, = 1 + 24, /hq.

Taking in Eq. 6 an average strain S;, calculated in the
plane of half of the thickness of the PZT film (z=#,/2) the
effective piezoelectric transverse coefficient can be derived
from the following equation:

28Q
3k - whz(1 = vy) - (10 — x0) — (37 —x3) /2)

e s =

(7)
where /, w and / are the length, width and thickness of the
bending part of the substrate, the length of the top electrode
is Ly=(x—x0) and z, is the tip displacement.

The d5,¢ coefficients were then calculated from the
equation:

dy1y = esiy - (s7) + 1) (3)

in which s parameters according to Table 1 were used.
The direct piezoelectric coefficients were evaluated by
using different characterization techniques: laser interfer-
ometery, PFM and the Berlincourt method [12]. Since d3;
has a negligible effect on the bending properties of the
transversal mode actuator, the evaluated values for dss,¢ are
here considered only as supplementary information about

CLA optical sensor Optical cable

controller

Optical
sensor
head

Fig. 5 Schematic representation of the experimental set-up
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Fig. 6 Tip-displacement versus applied voltage characteristics mea-
sured for seven test samples of the TF PZT cantilever-type actuator
made on Al,O3

the treated PZT thick films. All the measured piezoelectric
coefficients are collected in Table 2.

The relative dielectric constant measured in the poling
directions at 1 kHz was 490 for TF PZT/Al,O5 and 200 for
TF PZT/LTCC. The dielectric loss tangents measured at the
same conditions were 0.020 and 0.016 for TP PZT on
Al,O5 and LTCC respectively.

5 Model validation

The material parameters specified in Tables 1, 2 and 3 were
used as material inputs in the FE models of the simple
cantilever structure presented in Fig. 4. The length of the
cantilever is 14 mm, the length and thickness of the PZT
patch are 12 mm and 40 pum respectively, and all the other
geometrical details used were according to the real test
samples presented in Fig. 1. The models of the geometrical

i3]

F-S

ha

IS

Tip displacement[w's m]

\oltage [V]
Fig. 7 Tip-displacement versus applied voltage characteristics mea-
sured for four test samples of the TF PZT cantilever-type actuator
made on LTCC

Table 4 Displacement of the tip of the actuators (at L=13.5 mm), at
the electrical load of 200 V dc applied between the electrodes.

Actuator Simulated displacement Measured displacement®
structure (pm) (pum)

TF PZT/AL,0; 44 4.35+0.5

TF PZT/LTCC 3.0 3.05+0.3

*The average value extracted from the virgin curves

structures are meshed with coupled-field solid elements
Solid 5 and 226 with the structural and electric degree of
freedom (df). The elements support nonlinear static, modal,
harmonic response and transient analyses. In the present
case study we performed only static and harmonic analyses.
The Young’s moduli and densities used in the model are
collected in Table 3. The densities for Al,O; and LTCC
were obtained from the producer data sheets. The density of
the PZT film was estimated as an average value of the
several reported densities from the literature. For the Au
electrodes, the density of bulk Au was used (http:/www.
efunda.com). Young’s modulus of elasticity of LTCC was
obtained from flexural tests performed in a universal
testing-machine, Instron 4301, using a three-point bending
fixture according to the ASTM Standard C 1161-90. The
accuracy of this result is £10%. Flexural tests performed on
non-standard 250-pum thick Al,O3 test patterns showed
mean a value of 340 GPa+10%, which is in good
agreement with the Young’s modulus declared by the
producer.

Validation of the FE model was performed in two steps.
In the first step, the bending behaviour of the actuator was
considered at dc electrical load. The measurement of the
actuator’s tip displacements was conducted with an exper-
imental set-up that uses a high-resolution optical sensor
based on confocal chromatic technology. The test actuators
were prepared by attaching the test samples (Fig. 1) to the
fixed ceramic carriers to form cantilever structures in such a
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Fig. 8 Results of the harmonic analysis of the TF PZT/LTCC cantilever-
type actuator
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Fig. 9 Measured resonance frequency of the TF PZT/LTCC test

actuator

P

way that the edge of the thick-film PZT patches was placed
just near to the fixation point of the cantilever. In this way
the length of the cantilever was 14 mm, while the length of
the active PZT film and electrodes was 12 mm. The
measurements of the tip displacement were performed at
L=13.5 mm from the fixation point. The schematic
representation of the measurement set-up is represented in
Fig. 5. The resolution of the chromatic length aberration
(CLA) sensor is 10 nm, while the accuracy of the whole
experimental set-up is estimated to be 100 nm.

The results obtained from measuring several test
actuators on Al,O3 and LTCC substrates are presented in
Figs. 6 and 7 respectively. In order to avoid the position
errors resulting from a non negligible amount of creep, in
the case of the actuators on Al203 substrates, only details
of the virgin curves (Fig. 6) were used for validation
purposes. The FEA results that were obtained using the
material parameters according to Tables 1, 2 and 3, and for
an electric load of 200 V dc, showed for the actuator on an
Al,O5 substrate a maximum deflection of 4.5 um and for
the actuator on a LTCC substrate a maximum deflection of
3 um. Notice that the FE model was built assuming linear
material behaviours and that the hysteresis inherent to the
piezoceramic materials was neglected. Also, an ideal
clamping of the cantilever was assumed neglecting the
strains in the adhesive material. Taking this into account the
numerical and experimental results were in relatively good
agreement as evident from Table 4.

In the second step the harmonic behaviours of the test
actuators were considered. Because of a lack of experimental

Table 5 Calculated and experimental resonance frequencies.

Vibration mode Analytical FEA Measured
Jres (Hz) Jres (Hz) Jres (Hz)

Fundamental 909 918 914

First overtone 5,730 5,688 5,620

@ Springer

data for the density of TF PZT, the harmonic analysis was
performed using an assumed density of 7,700 kg/m’. Since
the thickness of the substrate is five times higher than the
thickness of the PZT film, and there is also some influence
of the dense Au electrodes, we presumed that using such an
estimated value in the harmonic analyses can still be
acceptable to show the trends. The main aim of this step of
the validation procedure was only to check the fundamental
(first natural resonance frequency) and first overtone
resonance frequency of the vibrating cantilever. Besides,
from the impedance measurements the resonance frequencies
were assessed by using an MTI-2100 Fotonic sensor with a
high resolution probe module. The simulation results and the
measured tip-displacement versus frequency characteristics
of the test actuator made on LTCC substrate are presented in
Figs. 8 and 9 respectively. The FEA results as well as
analytical calculations (using the expressions from [11]) were
close to the measured fundamental resonance frequency of
914 Hz (Table 5).

6 Conclusions

In order to obtain accurate material models for TF PZT on
different ceramic substrates, unconventional characterisa-
tion techniques were used such as a nano-indentation test
for evaluation of the material compliance, and a substrate-
flexural method for evaluation of the d3; coefficient.
Results of the FE analysis obtained from using the
experimentally obtained material parameters were in good
agreement with the experimental results. This confirmed the
adequacy of the characterisation procedure and validated
the material models for TF PZT on Al,O; and LTCC
substrates. These can be now used with more confidence for
numerical modelling of more complex MEMS structures.
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