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Preface

Piezoelectric materials (and pyroelectrics and ferroelectrics) are used by industry
in a very large range of applications. These include ultrasonic detectors, cleaners,
imaging systems and sonar devices; ink-jet printer heads, diesel and gasoline fuel
injectors for automobiles, trucks and vans; electronic memory devices such as
Ferroelectric RAM; micro and nano positioning actuators, valves, motors and
translators; RF filters, resonators and VCOs; among many other applications.
There are many excellent books and reviews detailing the significance of this class
of material—which can be polymer or ceramic; in bulk and thin film form; as 1D
nano rods or wires to nanotubes and may also be processed as quantum dots. The
properties of the materials have been shown, in some cases, to be dependent on
their scale and dimension (as with many nanoscale material in fact) and perhaps,
more importantly, the properties are highly nonlinear as regards to excitation
voltage, mechanical stress and temperature. These factors make the development
of measurement good practice and ultimately setting that down into documentary
standards rather difficult.

In this book we are publishing, for the first time, a selection of NPL’s Materials
Measurement Good Practice guides and practically written reviews for the mea-
surement of a large number of the important multifunctional parameters for a
range of materials including ferroelectric bulk and thin films, piezoelectric actu-
ators and sensors, pyroelectric devices and electrostrictive materials. We first set
out reminding ourselves the nature of polarisation in bulk materials and how this
property is practically measured. We highlight some of the measurement pitfalls
and common sources of error when you carry out the ubiquitous PE-loop mea-
surement! Next, we turn our attention to one of the standard measurement methods
(available as an international standard in fact) for the evaluation of low field
properties of piezoelectric ceramics, based on resonance analysis. A practical
worked example takes the reader through the precise details of this test method and
assists in the calculation of the materials properties. Another ‘standard’ test
method, based on the original ideas set out by Don Berlincourt back in the 1950s is
presented in our next chapter and measurement good practice has been developed
alongside one of the manufacturers of the test equipment. The results of an inter
laboratory round robin are included in this chapter to show how the test method
has been improved as regards to accuracy of result. The pyroelectric properties of
crystals (where a temperature change induces a polarisation in the material) are
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viii Preface

incredibly important for low light level thermal imaging cameras, motion detec-
tors, people detectors and so on, and one of the leading experts in this field
describes the details of how the tensor is measured accurately on a number of
materials types in chapter. The use of interferometry to traceably measure the
actuation displacement or strain of piezoelectric materials is next described using
the double beam interferometric method. There are many additional details
associated with the assessment of the material properties of thin films which are
not dealt with in this chapter, but are the subject of current intense research effort
worldwide. The thermal properties of piezoelectrics often dominate high power
use—such as in high power sonar or ultrasonic welding, for example. The par-
ticular issues as regards assessing the evaluation of the materials polarisation or
strain characteristics at high temperatures is a complicated measurement problem
which is explored in some detail in this chapter. An extension to the problems
associated with self-heating (when a piezo transducer is electrically ‘over-driven’)
in such high power applications is the subject of the next chapter, and here we
propose various ways in which the thermal properties of the transducer may be
modelled using fairly simple methods. One of the more recent additions to the
family of measurement methods for piezoelectrics (especially piezo thin films) is
Piezoresponse Force Microscopy (PFM). Now, there are many excellent reviews
published on this technique and indeed, the method is constantly evolving and new
operational modes are being discovered every year. So, in this chapter we force
ourselves to focus on the measurement apparatus and the principle mode of
operation. Issues such as contact electromechanics and surface quality of the piezo
film are evaluated and methods for quantifying the (to date) qualitative method are
proposed. The mechanical properties of piezo thin films are of great importance in
piezo-MEMS technology for example, and we devote a chapter to describe the
operational principles behind an industry-standard mechanical indentation method
for evaluating the elastic properties of piezo ceramics. The technique, on its own,
is not sufficient to quantify all the elastic properties but, used with complementary
methods such as SAW/ultrasonic propagation methods, it is a very useful tool that
also allows for in situ electrical excitation of the piezo material. Finally, we spend
some time discussing the measurement of dielectric breakdown in bulk piezo-
electric ceramics based on the standards already developed for bulk electronic
substrate dielectric materials. A final chapter on current standards (with links
online) completes this volume.

The book is intended to occupy space in the research or technical lab where
worked examples take the reader through some of the more tricky experimental
methods.

Teddington, August 2013 Markys G. Cain
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Electrical Measurement of Ferroelectric
Properties

Mark Stewart, Markys G. Cain and Paul Weaver

1 Electrical Measurement of Ferroelectric Properties

Ferroelectric materials are defined by the existence of a finite polarisation at zero
electric field, the direction of which can be switched by the application of an external
field. Measurement of the electrical properties is therefore an important tool in iden-
tifying ferroelectricity and in characterising the ferroelectric properties of a material.
In discussing the electrostatics of materials it is common to assume that a material
becomes polarised only by the application of an electric field and that the polarisation
returns to zero on removal of the field. This is not the case for ferroelectrics. This
is illustrated by brief review of the electrostatics of a simple capacitor, followed by
the application to the measurement of switchable polarisation in a ferroelectric and
methods for the measurement thereof.

2 Electrostatics of Polar Materials

The following equations describe the macroscopic electrostatics:
Gauss’s Law (integral form):

Q:fD-ds (1)
N

Gauss’s Law (differential form):
V-D=p 2
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Fig. 1 Polar material—open P
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Constitutive relation:
D=¢E+P (3)

If the system is isolated from external charge sources (open circuit) there are no
free charges present. Figure 1 describes the fields associated with a polar material
in isolation. It is assumed that the material has a permanent polarisation, Py, in the
absence of any applied field and, for simplicity, that this polarisation is not changed
by the application of a field. A similar analysis to that performed above can be used
to calculate the fields inside and outside of the capacitor. As there are no free charges
present anywhere D is zero everywhere. Applying the constitutive relation (Eq. 3)
to the material between the plates gives (omitting the vector notation because of the
1D nature of the problem):
D =0=¢E + Py

Py
E=-— )
€0

This equation describes a real macroscopic electric field within the material resulting
in a potential difference between the plates:

AV = —/EdZ 4)
Pod

AV = — 6)
€0

This electric field opposes the polarisation direction. Consideration of some typical
figures shows that this electric field can be quite large e.g. Barium Titanate has a
spontaneous polarisation of 0.25 C m~2, giving a figure of 28 x 10° V m~!. This
large field can drive movement of charges within and from outside the capacitor
to reduce the field over time. The field can also drive depolarisation and domain
formation. It is therefore commonly referred to as the depolarisation field.

If the polar capacitor described above is short-circuited by connecting the top and
bottom electrodes together, charges will flow until the potential difference across the
material becomes zero. This situation is described in Fig. 2.

The free charges on the electrodes create a displacement field Dy = o and a
consequent electric field in the material which opposes that from the polarisation.
When the electrodes are short circuited there can be no potential difference between
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the electrodes and therefore no net electric field (the field from the polarisation and
that from the free charges on the electrodes cancel exactly) i.e. E = 0. Applying the
constitutive relation (Eq. 3) now gives:

Dy=0=0+P

o=P

3 Polarisation Loops

The above analysis represents a limiting case where the polarisation of the material
is unchanged by external electric fields. In reality ferroelectrics are characterised by
their ability to change their polarisation in response to an external field and to switch
between two or more stable directions of the polarisation vector. Measurement of
the variation of polarisation with electric field can therefore tell us much about the
ferroelectric properties. The variation of polarisation with applied electric field is
typically non-linear and hysteretic.

A typical ferroelectric P-E loop is shown in Fig. 3. The coercive field, E. is
the electric field at which the polarisation reaches zero. The polarisation at zero
electric field is termed the remnant polarization, Pg. This is important for small field
piezoelectric applications as a large and stable remnant polarisation will provide
the maximum piezoelectric coefficient for a given material. Py, is the saturation
polarisation which is achieved at high electric fields when all the domains are aligned
as closely as possible to the electric field axis. Ps (saturation) is still dependent on
electric field as some polarisation is developed by further distortion of the crystal
with increasing electric field even though the domain movement is saturated. Pg
is termed the spontaneous polarisation. For a single crystal with the electric field
applied along the polar axis this would be equal to the spontaneous polarisation of
the crystal. In a ceramic it will be less than this due to the random orientation of the
grains [2].

It should also be noted that the P-E loop and the parameters, particularly the coer-
cive field, can vary significantly with frequency. All the ferroelectric properties are
typically temperature and stress dependent (the spontaneous ferroelectric ordering
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Fig. 3 P-E hysteresis loop P
parameters for a ferroelectric
material [1]

vanishes above the Curie temperature). Microstructure, composition, history, defect
structure, and substrate can all have an effect of the P-E loop [3]. This makes this
basic electrical measurement a powerful tool in the investigation of the physics of fer-
roelectrics and the performance of ferroelectric devices. All crystalline ferroelectric
materials are also piezoelectric, and electrically induced strain is very closely related
to the polarisation, through the electrostriction coefficient [4]. P-E loop measurement
can therefore provide important information on piezoelectric properties in situations
where a mechanical strain measurement may not be possible or practical. P-E loops
are obtained from measurements of charge supplied to a sample and the voltage
across it (see Sect. 4). Charge—voltage schematics for some other common circuit
elements are shown in Fig. 4. In some circumstances, such as a thin loop ferroelectric
with low remanent polarisation, or a material with high leakage current, these may
represent limiting cases. For an ideal linear capacitor the charge is proportional to
the electric field voltage so the loop (Fig. 4a) is a straight line whose gradient is equal
the capacitance of the material and is proportional to the permittivity. In this ideal
case the charge, Q, is proportional to the displacement field D:

D=~ (N
where A is the electrode area. Only for high permittivity materials is P ~ D. It
is common in the literature to refer to these loops as “P-E loops” but it as well to
remember these limitations in the interpretation of these experiments.

For an ideal resistor the current is proportional to the voltage (Ohm’s Law). The
amount of charge that flows is therefore dependent on time, and for a cyclical voltage
there is a phase difference between the charge and the electric field. Because of this,
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Fig. 4 Schematic charge voltage response (in arbitrary units) of a linear capacitor, b resistor,
¢ lossy capacitor and d ferroelectric

the loop is a circle with the centre at the origin (Fig. 4b). In this case the measured
charge relates to the current rather than the polarisation. The loop in Fig. 4c is a lossy
capacitor, where the area within the loop is proportional to the loss tangent of the
device, and the slope proportional to the capacitance. Loss can be due to dielectric
hysteresis or leakage current or both. Figure 4d shows the loop for a true ferroelectric.
These loops are usually centred around zero and for both the lossy capacitor and
the ferroelectric they cross the y axis at a non-zero value. In the ferroelectric case
this crossing point provided a measure of the remanent polarisation. For the lossy
capacitor the non-zero crossing point does not indicate any remanence. Caution must
be exercised in interpreting the crossing point on the charge (polarisation) axis as
ferroelectric remanence, particularly where there may be leakage currents or the
ferroelectric behaviour is not clearly established. There are many examples where
lossy dielectric loops have been incorrectly presented as evidence of ferroelectric
behaviour [1, 5].

The degree of non-linearity in the polarisation response is often an indicator of
non-linearity in the piezoelectric response. The polarisation is related to the strain
through the electrostriction coefficient [4]. At low fields the P-E loop will resemble
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that of Fig. 4c for alossy capacitor, but the loops will begin to open out at much higher
drive fields as saturation is neared (Fig. 4d). For achieving a controlled displacement
with a piezoelectric actuator it may be better to confine the fields to values where
the behaviour is less hysteretic. As small currents are simpler to measure than small
displacements the P-E loop can can be used in a feedback loop to drive a piezoelectric
actuator with a non-linear field to give a linear displacement [6].

The P-E loop can provide information on the capacitance and loss of a device
at high fields and at different frequencies—information that is needed for tuning
the drive electronics for piezoelectric applications and determining the self-heating
effect of components. In some applications, such as thin film ferroelectric memories
the hysteresis of the material is put to good use, and measurement of the P-E loop
helps define the drive parameters and can be used to investigate the long and short
term performance.

There is an implication from definitions of parameters such as Ps, and E, that in
hysteresis measurements the field must always be driven to saturation. However, we
have seen that valuable information can be gained from measurements at fields well
below this. Conversely, measurements need not stop at saturation, and the field can
be increased until breakdown occurs. This gives the opportunity to study breakdown
behaviour, and it may even be possible to determine a pre-breakdown characteristic.

4 Polarisation Measurement

The polarisation in a material cannot be directly measured by electrical means. How-
ever, we can measure the charge flowing through an external circuit. This forms the
basis of the techniques for the measurement of polarisation in a material. In an ideal
experiment all the measured current flows onto the electrodes of the ferroelectric
capacitor and there is no charge transport through the material and no charge sources
or sinks in the measurement circuit i.e.

D— / idr ®)

In this case the external movement of charge corresponds to a change in D in the
ferroelectric. If we further assume that we can measure the voltage across the elec-
trodes, and that the material is homogeneous throughout then we can also infer the
electric field in the material. We can therefore calculate the polarisation from Eq. 3:

P=D - ¢E 9

For many ferroelectric materials D >> €oE so D and P are used interchangeably. In
many situations this does not matter, but when dealing with relatively low polarisa-
tion materials, or around interfaces and boundaries it is important to make a clear
distinction.
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In practical laboratory measurements the idealisation that all charge flow relates
to changes in D (and therefore P) is never realised. Figure 5 shows some of the
sources of error that can arise in actual measurements.

There can be charge leakage through the impedance of the voltage measuring
instrument, cable capacitance, and cable insulation. Because no material is a perfect
insulator current will also flow through the ferroelectric sample. This is a particular
problem at elevated temperature. These non-ideal current paths mean that Eq. 8 no
longer holds and the experimental arrangement should be designed to minimise their
effects.

4.1 Ferroelectric Measurement Techniques

The most often quoted method of hysteresis loop measurement is based on a paper
by Sawyer and Tower [7] which included some seminal measurements on Rochelle
salt. A schematic of the experimental setup using an oscilloscope is shown in Fig. 6.
The voltage applied across the sample is attenuated by a resistive divider, Ry, Ry. The
sample capacitances, Cyample, is connected in series with a shunt capacitor, Cypy,
so that the charge flowing onto both is the same. The oscilloscope is connected
to measure the voltage across the shunt capacitor. A high quality low leakage shunt
capacitor provides a stable and linear relationship between charge and voltage so that
the measured voltage can be converted to a charge by multiplying by the capacitance.
To a good approximation this will be equal to the charge on the sample. The shunt
capacitor is usually chosen to have a capacitance much larger than that of the sample.
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Fig. 7 Sawyer-Tower
method implemented with |
an instrumentation amplifier B C
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This is to ensure that the voltage across the shunt is much smaller than that across
the sample. A large shunt voltage would reduce the voltage applied to the sample. In
the original work the voltages from the resistive divider and the shunt capacitor were
connected to the X and Y plates of a cathode ray tube oscilloscope to generate the P-E
loop. With modern digitising oscilloscopes the two signals are recorded separately
as functions of time and the P-E loop reconstructed digitally.

A variation of the Sawyer-Tower method, shown in Fig. 7 replaces the oscilloscope
with an instrumentation amplifier for measuring the shunt capacitor voltage. This has
the advantage of a much higher input impedance than an oscilloscope which reduces
drift—particularly important for low frequency measurements. It is also much easier
to interface with a PC controlled data acquisition system for automation of experi-
ments. Drift still occurs primarily due to input bias currents of the instrumentation
amplifier. If a low input bias current amplifier is used, then this drift will be quite
small, but can cause problems at very low frequencies (<1 Hz) or where measure-
ments are made over a period of time. The drift can be measured by disconnecting
the sample and compensation made in the analysis. Eventually the drift will move
beyond the measuring range of the amplifier, so the circuit shown in Fig. 7 is usually
equipped with a reset switch to discharge the capacitor.

The sense capacitor for the Sawyer-Tower Method should be made from a low
loss dielectric material such as a polypropylene, polyester or polyphenylene sulphide.
This is particularly important for the lower frequency measurements, where leakage
currents across the capacitor could degrade the results. The size of the capacitor
depends on two factors, the capacitance of the device under test (DUT), and the
expected polarisation of the DUT. An important consideration is that the voltage
generated on the sense capacitor should be large enough to be easily measurable,
usually greater than a few tens of millivolts, but not so large that it introduces a
significant error on the voltage applied across the DUT. The polarisation is calculated
simply as the product of the sense capacitor capacitance and the electrometer voltage
reading, divided by the area of the sample electrodes.

Configuring the circuit as a charge amplifier has the advantage of eliminating
the voltage divider effect of the shunt capacitor in the Sawyer-Tower method. A
simplified charge amplifier circuit is shown in Fig. 8. The non-inverting input is
connected to ground. The sample is connected to the inverting input of the amplifier
and the charge is routed to a feedback capacitor. The amplifier adjusts the output to
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maintain the two inputs at the same voltage i.e. 0 V. The amplifier therefore presents a
“virtual earth” to the sample, and the shunt voltage losses are eliminated. A potential
disadvantage of this technique is that, if a commercial charge amplifier is used, the
choice of feedback capacitor may be restricted and it will not be possible to place the
feedback capacitor close to the sample—sometimes required to reduce noise. Similar
considerations regarding drift also apply to this configuration. For low frequency
measurements commercial electrometer instruments provide very low drift virtual
earth charge measurements . The circuit shown in Fig. 8 has a switch to reset the
amplifier to zero. This is to allow dc measurements to be made if it is required to
record changes in polarisation over a long period of time. It is common practice in
charge amplifier design to use a resistor in parallel with the feedback capacitor to
obviate the need to reset. This introduces a low frequency roll-off in the amplifier
response and no response at very low frequencies.

Another approach is to measure the current flowing through the sample. An elec-
tronic circuit implementation of this shown in Fig. 9. This circuit is a virtual earth
current to voltage converter. It works in a similar way to the virtual earth charge
amplifie—the op amp adjusts the output voltage to maintain zero volts at the invert-
ing input—only this time the output voltage is proportional to the current through
the feedback resistor R y. Because of the high input impedance of the amplifier this
is equal to the current flowing through the sample. Because it is possible to measure
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very small currents (fA range is readily achievable using commercial instruments)
this technique is useful for low frequency measurements. To obtain the P-E loop, it
is necessary to integrate the current into a charge, and this can be done digitally after
recording the current signal. Care must be taken to control numerical errors in the
integration (numerical drift). With the charge measuring techniques described above,
all the charge from the sample is integrated onto the measuring capacitor, irrespec-
tive of the response of the amplifier. This is not the case with current measurement
techniques. For example, a fast current pulse that is shorter than or comparable to
the sampling interval, would not be accurately captured using current measurement.

At high gain noise generation across the feedback resistor can be significant.
Although the integration to charge removes some of this, it is often found a capacitor
is needed in the feedback loop to act as a filter to remove some of the high frequency
noise. The value of this capacitor depends on the gain resistor. Usually the time
constant of this filter Cy Ry, must be adjusted to at least two orders of magnitude
smaller than the period of the applied voltage. Too large a value of Cy; can lead to
a spurious phase shift in the current waveform, leading to an apparently lossy P-E
loop.

The IEEE 180 standard (now withdrawn) comes the closest to defining a standard
procedure for making P-E loops but since it is only a definition of terms it is not
very explicit. Most of the current ferroelectric workers describe their measurement
setup for P-E loops simply as a modified Sawyer-Tower circuit and rarely detail the
compensation methods if any are used.

4.1.1 Electric Field Application

The choice of high voltage amplifier must be made based on several factors:

e high voltage specification

e maximum drive frequency that can be maintained at the power amplification stated
(thus the transfer characteristics are important)

maximum current that can be delivered into a resistive and capacitive load
amplification linearity and distortion

input and output impedance

circuitry protection

cost.

Operational electric fields of ceramic piezoelectric materials are typically up to
2 kV mm™!. Also, for measuring ferroelectric properties such as coercive field (an
important for consideration for piezoelectric applications [8]) sufficient electric field
to achieve a good level of saturation in both directions of electric field is required.
Depending on the sample thickness, voltages in excess of several kV may be required.
an amplifier gain of 100-1000 times is therefore needed to permit control by a
function generator with an output voltage of order 10 V. Piezoelectric elements
commonly have a capacitance in the 10-100’s nF or even higher for multilayer
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devices. To drive this capacitive load at high frequencies would require a high power
amplifier. For this reason, drive frequencies rarely exceed some 100’s Hz. Care
must be taken to ensure safe operation of the equipment, particularly when high
voltages and high power are present. If a sample began to draw too much current,
clipping the amplifier voltage, output would reduce. This could introduce unwanted
harmonics, and is sometimes difficult to spot. It is therefore important to monitor the
actual voltage applied to the sample. This can also highlight poor connections to the
sample, as with high voltages it is possible to create a small air gap which quickly
breaks down.

The operating frequency is usually much lower than the bandwidth of the amplifier.
The limiting factor is usually the current limit, consequently there is a possibility of
introducing high frequency noise from driving the saturated amplifier. In acoustic
emission experiments on piezoelectrics this noise can be a problem as the high
bandwidth detector can pass these frequencies on to the measurement system. This
high frequency component is removed by adding a resistor in series with the sample
(capacitor), with a value chosen such that the time constant is much longer than
the driving frequency. For strain experiments the mechanical noise generated by
the amplifier is less of a problem than the much lower frequency environmental
mechanical vibration. Care must be taken to exclude the effect of this additional
component in the measurements, i.e. the voltage drop is measured across the sample
only.

4.1.2 Charge Measurement for P-E Loop Measurements

In all the virtual earth configurations, the current flowing through the sample must
be absorbed by the operational amplifier as these are usually low power devices,
and large current due to breakdown of the sample is likely to damage the measuring
circuit. This is less of a concern for the Sawyer-Tower method which would therefore
be preferred for high power measurements. To prevent damage to the measuring
circuit in any case, a combination of back to back diodes and current limiting resistor
may be required (as shown in Fig. 10). The critical characteristics of these diodes are
they should have a rapid turn on response, be able to withstand the power dissipated
under worst case fault condition (short circuited sample) and that the reverse current
leakage should be as small as possible so as not to affect the measured current. It
is always best to compare P-E curves with and without protection to establish the
effect of the additional components.

A typical P-E loop, after the electric field has been cycled at least once, should
be closed, that is the polarisation at the end of the cycle should equal the value
at the beginning. An open loop can be a result of a real material effect, or due
to instrumental factors, such as sense capacitor leakage, DC offsets on the applied
voltage or electrometer drift. Resistive leakage from the sample will cause the voltage
on the sense capacitor to continuously increase, and so it must be reset periodically
by shorting the sense capacitor with the relay. This is also an important factor in
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Fig. 10 Protection circuitry Sample
for current-to-voltage con-
verter ﬂ /\/\/\, ~

keeping the sense capacitor voltage well below the Zener threshold of back-to-back
diodes, which protect against sample breakdown or other short circuit conditions.

The measured P-E loop is dependent on the history of electrical loading on the
sample. If the ferroelectric sample has been previously poled in the positive direction,
the application of a negative field will cause domain switching, resulting in a large
change in P and therefore a loop that is offset vertically from zero. To eliminate such
effects, electrical conditioning of the DUT is required. The application of a cyclical
electric field with amplitude decreasing over time should produce a gradual depoling
of the materials, with a symmetrical polarisation response on the next measured
cycle.

The selection of the best method for P-E loop measurement depends on the nature
of the experiment being conducted, and the environment of the experimental setup.
The next section illustrates this by means of a case study.

4.2 Case Study: In Situ Measurements of Electric Polarization
Within a Synchrotron Diffraction Beamline

X-ray and neutron diffraction can provide valuable insight into structural changes
induced by electric fields and the origin of piezoelectric properties at the atomic level.
Correlation with macroscopic measurements of strain and polarisation can yield in-
formation on the role of crystallographic processes in the piezoelectric or dielectric
response, and contributions from extrinsic processes such as domain wall movement.
However, this is usually accomplished by means of separate experiments, sometimes
on different samples. This is particularly problematic for materials such as relaxors
where the history of poling conditions and electrical loading have a significant effect
on phase composition and microstructure [9, 10]. For these reasons, comparisons
between the crystallography and ferroelectric polarisation is best achieved by mea-
surement of diffraction patterns performed simultaneously with macroscopic polari-
sation measurements on the same sample. This section describes the implementation
of a PE measurement system in situ in the European Synchrotron Radiation Facility
(E.S.R.F,, Grenoble, France) facility [11].
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Fig. 11 Circuit diagram of the Sawyer-Tower measurement system implemented on the XMaS
beamline. The device under test (DUT) was placed in series with a sense capacitor. The voltage
across the capacitor was monitored with an electrometer, and compared to the voltage applied to
the DUT via the monitor voltage output from the amplifier. Back to back diodes were placed across
the electrometer input for protection in the event of a sample breakdown. The circuit was shorted
via a relay at the start of each experiment
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Fig. 12 A unipolar P-E loop measurement of the PMN-PT single crystal collected at 40 points
around the electrical cycle at a frequency of 1 Hz and temperature of 25 °C. A change in slope,
indicating a change in crystal structure is evident at an applied field of ~0.7 kV/mm

The P-E loop system installed on the beamline used the Sawyer-Tower measure-
ment method based on the schematic shown in Fig. 6. the actual implementation on
the beamline is shown in Fig. 11. There were two reasons for the selection of the
Sawyer-Tower method in this case. Firstly, the environment surrounding the auto-
mated X-ray diffraction setup was electromagnetically noisy because of the many
stepper motors used to control the system. This made detection of small currents
very difficult, so it was more convenient to integrate the current on a sense capacitor,
giving a degree of immunity to the electromagnetic noise. In this case, shielding of
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the sample from the noise by enclosing in a metallic Faraday cage was not possible
because of the requirement to allow access to the sample for the incident X-ray beam.

A sample P-E loop measurement is plotted in Fig. 12. Anomalies such as inflection
points and changes in gradient may indicate the presence of structural phase changes
that can be determined through the analysis of the diffraction data. The evolution of
such features can be tracked with changing physical parameters such as temperature,
magnetic field and frequency of the applied electric field.
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Piezoelectric Resonance

Markys G. Cain and Mark Stewart

1 Introduction

This chapter is intended to help a user perform resonance spectra measurements on
piezoelectric ceramics. The phenomenon of resonance is introduced and linked to
the evaluation of the piezoelectric matrix by appropriate choice of sample geometry,
and data analysis method. The IEEE method and complex coefficient method is
explained and compared with a worked example helping the user understand the
stages of measurement and analysis.

1.1 Vibrations

Virtually every system, whether mechanical or electrical, possesses the capability
for vibration , and most systems may vibrate freely in a large number of ways.
Generally, most systems may freely vibrate at a frequency determined by its size—
the smaller the size the faster the periodic motion such as the beating of the wings
of a bee, conversely the larger the system the slower the periodic motion such as the
ground tremors experienced after an earthquake. If the vibrations are approximated as
sine waves (which is physically reasonable and mathematically agreeable) then these
oscillations are often described to perform simple harmonic motion. Simple harmonic
motion (SHM) may be characterised by an amplitude of motion (displacement for
example) and a period (the time between successive maxima). SHM has meaning
only when the true steady state of oscillation has been reached—that is long after
any transient phenomena have passed. Apart from the system’s size, its frequency
of free vibrations is determined by other properties such as its stiffness or elastic
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modulus. Compared to a compliant material, a very stiff material means that sound
can travel much faster from one of its boundaries to another and this means that
its free vibrational frequency is correspondingly higher. The resonant frequency is
equal to the speed of sound in the material, C, divided by the acoustic length of
the device, L. This is the definition of acoustic resonance frequency: f = 271% At
resonance, the standing wave set up in a sample is thus related to the speed of sound
within that material. Since the speed of sound is related to the stiffness of the material
it is possible to determine the material stiffness using this behaviour as a basis for
a measurement technique. For example, by suitably holding a simple bar shaped
sample a resonance can be excited by the application of a mechanical impulse (much
like striking a xylophone), and the acoustic response can be measured to determine
some of the materials elastic properties [1].

1.2 Resonance

When an external force drives a freely oscillating system, then at a certain driving
frequency, the system displays a similar—but not identical—maximum in oscilla-
tory amplitude. Resonance in any system can thus be defined as a state of ongoing
oscillations that persists for a time much longer than the period for internal motion in
that state. Additionally, a resonant system may be excited efficiently by a relatively
weak driving force in a narrow band of frequencies close to its resonant frequency.

For piezoelectric materials, since the material can be excited electrically, applying
an AC voltage across the device can induce resonance without the need for external
mechanical stimulation. Electrically induced resonance occurs in a piezoelectric
material because of the elecromechanical coupling that exists between applied field
and induced strain, and that is defined by the complete set of piezoelectric equations
[IEEE Standard on Piezoelectricity [2] and the more recent IEC standard [3]]. This
strain oscillates at the same frequency as the imposed field that act to set up sound
waves in the material. In a similar manner to that described above, a resonance is set
up in the specimen when dimensions of the specimen match some integral number
of sound wavelengths—depending on the mode of vibration. It is clear then that the
electrical impedance of a piezoelectric material measured as a function of frequency
exhibits peaks that correspond to electromechanical resonance in the specimen. The
form of the response is described by two quantities—frequency, f, and its frequency
width at half amplitude, §, (=f/Q) with Q called the Quality factor —that characterise
the distinctive properties of a driven system.

The sample response can be measured externally using acoustic or displacement
measurements. However, since the current flowing through the device is proportional
to the functional response, it is simpler to measure the electrical current. Therefore,
the electromechanical resonance of a piezoelectric sample can be readily measured
by frequency sweeping a fixed voltage across the sample and measuring the current,
i.e. measuring the impedance. One disadvantage of this method is that it can take
time to perform a frequency sweep, whereas impulse techniques naturally favour
the fundamental and take little time to complete. However, there are a number of
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Fig. 1 Cuboid of length a, b, c
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Fig. 2 Progression of higher harmonics from three modes of vibration in cuboid

high speed impedance analysers on the market that can perform a frequency sweep
in a matter of seconds or less, so, although it is possible to use less sophisticated
instrumentation, it is more convenient to use impedance analysers.

1.3 Modes of Vibration

Any real body will have a very large number of modes of vibration . It is important
at this stage to understand the meaning of modes of vibration in real piezoelectric
solids and the meaning of harmonics . A vibrational mode in piezoelectric materials
depends on the sample geometry and the equations of motion governing the piezo-
mechanical properties.

Some of these modes are harmonics of other modes, however, the lowest frequency
mode will, by definition, be a fundamental mode of some sort. The next maxima
may or may not be the first harmonic of this fundamental mode. It may actually be
a fundamental mode of a different harmonic series. This is graphically depicted in
Fig. 1. Consider a cuboid of length a, b, c.

The harmonic series defined by the lengths a, b, ¢ will be, Fig. 2.

Here, the length b is such that the second mode is not the 1st harmonic of the
fundamental. The modes of vibration are clearly related to the physical boundary
conditions of the cuboid and the harmonic series associated with each mode simply
fits the vibrational forms into the lengths a, b, c.

For example, for a long thin rod the fundamental mode is longitudinal, which is
characterised by a fundamental frequency, fo. The rod will also vibrate at harmonics
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of this fundamental frequency—2 fj, 4fo etc, albeit at reduced intensity. The
frequency fo is dependent on material parameters and the length of the rod. Of course
the rod is free to vibrate in many other modes, although because its length dominates
its dimensions their frequencies will be above the fundamental longitudinal mode.
If the length of the rod is reduced then other modes of vibration with their own
harmonic series—f1, 2 f1, 4f1,...—will be superimposed upon the first series,
Jf0.2f0.4fo ... where fi is dependent upon other geometric and material parameters.

Of course, the frequency of vibration depends on the velocity of sound waves
through the material, which in itself depends on material properties such as the
stiffness tensor. The factors that affect the shape of the resonance spectra for piezo-
electric materials include sample: dimensions, geometry, density, and its elastic,
dielectric and piezoelectric constants. The power of this non-destructive technique
now becomes clear. It is possible to calculate the various piezoelectric, dielectric and
mechanical “constants” of piezoelectric materials by performing resonance mea-
surements on a range of sample geometries. The reason why a range of geometries
is necessary is because of the complex coupling that exists between the electrical
and mechanical response of piezoelectric materials. When an arbitrary piezoelec-
tric sample is made to resonate a complicated superposition of different resonant
vibrations exists within the material. These resonances are made up from the various
piezo-electro-mechanical couplings that occur between applied electrical field and
boundary conditions arising from the samples fixed surfaces. If samples can be man-
ufactured such that only one resonant vibration exists that can be directly linked to
just one of the piezoelectric constants (remember this ‘constant’ is a 3rd rank tensor)
then all the components of the piezoelectric tensor may be extracted from measure-
ment data taken from resonance experiments, on a set of sample geometries. This
forms the basis of the (now withdrawn) IEEE standard method [2], which is replaced
with the IEC standard [3]. Here, the wave equations for vibration within resonating
piezoelectric materials have been formulated based on well-defined boundary con-
ditions of sample geometry. This allows the piezoelectric equations to be uncoupled
to give an equation for the impedance of the specimen as a function of frequency—
“resonance analysis”. These equations have then been solved to yield some of the
components of the piezoelectric matrix. Some of the geometries needed to determine
the piezoelectric matrix are given in Fig. 3.

So far we have introduced the concept of resonance, mainly as a mechanical phe-
nomenon, but the concept is also familiar in electrical circuits. If the impedance of a
piezoelectric device is measured and the results plotted on the complex impedance
plane they will describe a characteristic circle, Fig. 4. The three lines OA, OB, OC
describe three pairs of frequencies that can be used to denote the resonance behaviour.
OA is where the behaviour is purely resistive. OB the frequency of maximum resis-
tance, and maximum conductance, and OC is the maximum and minimum impedance
(Z,, and Z,,). Although the three lines have been drawn separately it can be seen that
if the circle were symmetrical about the X-axis all three pairs would coincide. This
is the case for a material with zero loss, and although strictly speaking most piezo-
electric materials exhibit some loss it is assumed that the frequencies coincide for
materials with a figure of merit, M greater than 20, Eq. (1):
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Fig.3 The BSI [3] standard gives recommended sample geometries for exciting the various modes
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kerr effective electromechanical coupling factor
Q. mechanical quality factor
[ resonance frequency, when the susceptance is zero
fa anti resonance frequency, when the reactance is zero
fs series resonance frequency, frequency of maximum conductance, (Series arm
has zero reactance X=0)
fp parallel resonant frequency, frequency of maximum resistance
fm frequency of minimum impedance f,—frequency of maximum impedance

1.4 Equivalent Circuits

As discussed previously, purely electrical circuits also exhibit resonant behaviour.
This concept can help in understanding some of the behaviour in piezoelectric res-
onators. An equivalent circuit that displays resonant behaviour similar to a piezo-
electric is shown in Fig. 5. Here the left hand branch of the circuit represents the
behaviour at resonance, and is sometimes termed the motional arm, the resistor deter-
mines the resistance at resonance and the capacitor and inductor control the resonant
frequency. Cy is the capacitance of the system without mechanical resonance, and
the low frequency capacitance of the device is the sum of Cy and C;. In mechanical
terms, L represents the vibrating mass, C; the elastic compliance, and R the mechan-
ical damping, whilst the right hand arm Cy is the pure electrical capacitance and has
no mechanical significance. The use of equivalent circuits in describing the electri-
cal properties of piezoelectrics or ferroelectrics is commonplace and is a useful tool
for property prediction, assuming the materials response is linear. Of course, this
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Fig. 5 Equivalent circuit of
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is not the case when fields and stresses are increased beyond quite modest values.
Methods have been developed to tackle this problem and the work of Holland [4, 5],
Smitts [6] and Sherrit [7] have utilised complex quantities for the circuit elements
and compared these with the complex descriptions of the piezoelectric, dielectric
and mechanical (stiffness) tensors. The complex notation for these tensor quantities
has been implemented in order to include the magnitude and phase or loss associated
with the driving field/force and response.

1.5 Resonance and Anti-resonance

On first inspection it seems a little odd that a piezoelectric resonating system can be
described by two frequencies—resonance and anti-resonance. The differences may
be easily explained by noting that at resonance the magnitude of the impedance passes
through a minimum value and at anti-resonance the magnitude of the impedance
passes through a maximum value. However, this does not explain why these changes
occur at all. Remember, the electrical impedance is an indication of current flow or
charge generation (since current is the flow of charge). In a piezoelectric material,
charge is generated when the piezoelectric effect generates a strain in response to
an applied stimulus (voltage). At resonance, the matching of sample dimensions to
wavelength of strain amplitude occurs and there is a net charge transfer into and out
of the sample during one complete cycle. This is due to the large strains occurring at
resonance leading to a maximum change in capacitance of sample and hence charge
flow. This amounts to an average current flow and an impedance minimum. At anti-
resonance, when the impedance is maximum and hence minimal current is able to
flow, the response to the driven field is such that during one complete cycle there
is no or little net charge developed because of the symmetry of the field induced
vibrations. The symmetry of the strains within the material may be seen as a mix of
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Fig. 6 Axis Notation for piezoelectric crystals

tensile and compressive regions within the sample. On average there is no net change
in capacitance and hence minimal current flow [8].

1.6 Tensor Terminology

In order to describe the anisotropy of piezoelectric ceramics the axis notation in Fig. 6
is commonly used. For poled ceramics the material symmetry is c0 mm and the poling
axis is taken to be in the Z or 3 direction. [A full description of the tensor notation for
piezoelectric materials is beyond the scope of this book, but readers are advised to
read the excellent book of Nye [9] where the tensor properties are evaluated in long
hand and then appropriately simplified—the starting point for our discussions in this
chapter.] All the piezoelectric coefficients have two subscripts, the first identifies the
direction of excitation, and the second the direction of the response. So, for example,
the coefficient d3; in relation to Fig. 6 would refer to an excitation in the 3 (poled)
direction, giving rise to a response in the 1 direction. A shear deformation around
one of the three orthogonal axes would be represented by a subscript 4, 5 and 6.
So the piezoelectric coefficient d5 represents a shear deformation around the 2 (Y)
axis brought about by an excitation in the 1 direction (perpendicular to the poling
direction). Since the 1 and 2 direction are equivalent all occurrences of the 2 axis
can be replaced by the 1 axis, and due to the material symmetry conditions many of
the coefficients for the oo mm case are zero, leading to the following:
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2 Resonance Measurements

2.1 Impedance Measurement Systems

In making impedance measurements there are several possible terminal configura-
tions but usually the choice comes down to either two or four terminal connections.
Although four terminal is usually considered better there are a number of reasons
why it is preferable to use two terminal connections when making impedance mea-
surements on piezoelectric resonators. The main reason is the difficulty in making
suitable contacts at the nodal point with more than two electrodes. However, having
settled on two terminal measurements it is a mistake to carry this reduction in cabling
back to the analyser itself, and the two terminal wire pair should be kept to a mini-
mum, and should be shielded as far as possible. It is good practice to use four-wire
connection from as close to the sample contacts as possible. Another common error
is to assume that the shielding used in the four terminal cabling is actually at ground
potential and to ground the shield at several points. Some impedance analysers use
a ‘driven shield’ so that an equal current flows in the opposite direction to the mea-
surement signal, in order to reduce inductive coupling. In this case the shields of
the four terminals should only be connected together near the sample, and should
not be connected to ground. It is also advisable to have a shield surrounding the
sample that is also connected to the driven shield, although the necessity of its use
depends greatly on the environment and the measurement frequency. However, it is
possible to see measurable changes in spectra when merely moving a finger close to
the sample, Fig. 7, when the sample is unshielded [10].
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Fig.7 Changes in spectra when moving a finger in close proximity to the sample, when the sample
is unshielded

2.2 Compensation

There is a danger in using sophisticated analyser systems to trust the output implicitly,
and perhaps neglect some of the subtleties of these systems. One of these forgotten
areas is the compensation for fixtures and cabling. Most analysers come equipped
with standard fixtures and fittings that are designed for using with standard elec-
tronic components, however these must often be modified for use with piezoelectric
shapes or perhaps if used in conjunction with an environmental chamber. These
modifications will often have an effect on the impedance measurements since the
measured result is a combination of the impedance of the sample and the impedance
of the cabling and fixtures. The analysers will often be compensated to account
for the impedance of the “as supplied” fixtures and modifications may invalidate
this compensation.

The solution is simple; the impedance of the fixture must be measured separately
and subtracted from the measurement. Some systems can do this automatically or
alternatively there is a relatively simple calculation, (2). To determine the impedance
of the fixture and its cabling there are three measurements needed; open, short and
load. The short measurement is simply the fixture shorted with a very low resistance
artefact, typically gold plated brass. Care must be taken that this is clean and the
contact to the fixture is also clean. The open measurement is simply the fixture
in the open circuit condition, i.e. no sample in position. For all the compensation
measurements it is preferable to have the set up as it is to be used. This means for
the open circuit measurements that the contacts are as far apart as they are when the
intended sample is in place. The final form of compensation is load compensation,
and this involves testing a load of known impedance, preferably similar to the DUT
(device under test), but often a simple 100-ohm resistor is used.

Zpyr = (Zmeas - ZS)/(I - (Zmeas - ZS) YO) (2)
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Z, = impedance of short circuit, Yy = admittance of open circuit, Z,,.,s = measured
impedance and Zpy7 = DUT impedance.

The importance of the compensation in the measurement results obviously
depends on the impedance of the DUT. For a typical piezoelectric sample the lowest
impedance (at resonance) is large enough so that inadequate short corrections do not
introduce a large error. However, at anti-resonance the impedance can approach that
of the open circuit and thus it is possible to introduce significant errors.

The analyser is an instrument for performing frequency sweeps and so the com-
pensation must also be carried out at or near to the measurement frequency. The more
advanced systems measure the compensation artefacts over the entire range and use
this to correct the measurements, whereas some of the older systems only measure
at a fixed frequency and use this value in the corrections.

2.3 Sample Holding and Contacts

Since we are using the resonance of a sample to determine material parameters, not
of a device, an ideal sample holder should have no effect on resonance of the sample.
Obviously, electrical connections need to be made, but these should be constructed
so that there is a minimal influence on the resonance of interest.

It is difficult to define exact rules for how a sample should be held in terms of
clamping load, position etc. since this can depend on the sample and the desired
resonance. A simpler approach is to see the effect of changing these parameters on
the resonance spectra. For a simple geometry sample with no defects the optimum
holding conditions should produce the highest resonance, maximum admittance at
resonance and no spurious peaks, and any excessive clamping will produce the con-
verse.

The sample should be held at the nodal points, so for a thin disc resonating in the
radial mode it should be held with a point contact at the centre of each face. Any offset
from the centre will result in increased impedance at resonance, reduced resonance
frequency and spurious peaks around between the resonance and anti-resonance,
(Fig. 8).

In order to make simple, repeatable contacts to a sample there is a choice of either
soldering wires to the sample, or using some sort of clamping arrangement to force
electrodes onto the sample. Some workers have suggested using a mixture of both
whereby a low melting point indium/gallium eutectic is used in conjunction with a
very low clamping force. Soldering is somewhat invasive in that a heating cycle is
needed and the solder presents added mass, although it can provide the lowest contact
resistance. Also, for higher E-field experiments where a much higher displacement
is produced, it may be the only suitable method since any spring loaded contact will
either not be able to hold the sample or will dampen the vibration. Figure 9 shows
the effect of increasing the solder mass on a 15mm long 6.35 mm diameter length
resonator. Obviously, the amount of solder in this case has been increased to highlight
the effect, but it does illustrate the need to keep the solder mass to a minimum.
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Fig. 8 The effect of increasing the solder mass on a 15 mm long 6.35 mm diameter length resonator
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Fig. 9 The effect of holding the sample away from the nodal positions for a thin disc resonator

A method less invasive than soldering is to use spring-loaded contacts. These can
either be simple wires bent to provide a small retaining force, or the spring loaded
probes that are commonly used in the electronics industry for making test points
on printed circuit boards [such as AuPt skt contacts supplied by RS Components,
www.rswww.com]. These come in a variety of end shapes to cope with differing
conditions, but the pointed types are better than the inverted cone or crown shape for
this type of application. Also, as these probes are designed for contact they usually
come gold plated to reduce contact resistance. The spring in these probes also have
defined spring constants, although the tolerances on these tend to be quite high
because of their small size. However, the spring constant can be measured for the
individual spring used and a defined clamping load can then be set by the stroke of
the spring. These spring probes are designed to apply around 2N, which is sufficient
to punch through dirty contact on circuit boards, however this load may be somewhat
high for the clamping of resonant piezoelectric devices. Applying a shorter stroke
can reduce the load.
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Fig. 10 The effect of edge chips on the radial resonance of a 10 mm diameter disc

2.4 Samples

The problems associated with adding mass to samples by soldering wires to them
has been discussed in the previous section. Of course, the sample will not be purely
piezoelectric ceramic since in order to make any kind of electrical connection, and
to initially pole the material, the ceramic will have some form of electrode. These
will introduce deleterious effects on the sample resonance, through the additional
mass, the electrode stiffness, and if there is a substantial difference in the electrodes
on either side then bending stresses will be introduced. The magnitude of this effect
is not as great as for soldering, but could be a problem for very thin discs, where a
fired on silver frit electrode could be a substantial fraction of the sample thickness.

In order to produce a clean resonance the sample should be geometrically perfect.
Any imperfections in the sample will cause spurious peaks; in effect the sample
dimensions have been changed in the area of the imperfection. Figure 10 shows
the effect of edge chips on the radial resonance of a 10 mm diameter disc, with the
magnitude of the chip shown in Fig. 11. Although the presence of these defects
can be detected in the resonance spectra, it does not greatly affect the calculated
material parameters since this mainly depends on the resonance and anti-resonance
frequencies. However, less noticeable geometric irregularities could affect the results,
for instance if the ends of a length resonator are not plane parallel, then this will give
rise to a broadening in the resonance peak.
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Fig. 11 The chipped disc
tested in Fig. 10

2.5 Excitation Voltage

In most of the calculations to determine material parameters from resonance it is
assumed that the behaviour is linear with respect to applied field. In most cases,
this assumption is true since it is difficult to apply large enough fields at resonance
because of the increased current requirements. For most of the commercial impedance
analysers the maximum applied field is 1 volt rms and so maximum field levels for
typical ceramic samples are restricted to around 1 V(rms)/mm. The US Navy standard
(MIL-STD-13767) recommends a field level of less than 0.1 V/mm, and the CEN
standard recommends an upper limit of 0.01 V/mm. In practice, it is usually better to
use larger signals because of the increased signal to noise, and it is only when fields
go above 1 V/mm that it is possible to detect non-linear behaviour in soft PZT [11].
[Although form this work just cited, it is noticeable, even with well aged samples,
that there is a detectable variation of properties with electrical field even at the lowest
fields used (0.1 V.mm™1)]. Figure 12 shows the small change in radial resonance
peak in going from 0.02 to 2 V/mm for a 0.5 mm thick soft PZT. The reduction in the
magnitude and position of the resonance frequency while the anti-resonance remains
unchanged is characteristic of high field non-linearity.

2.6 Modes of Resonance: Sample Geometry

In order to use the resonance behaviour as a technique for measuring material para-
meters it is important that the sample resonates in a well defined mode with minimal
coupling from other unwanted modes. The IEC (BSI) standard [3] gives recom-
mended sample geometries for exciting the various modes and these are shown
in Fig. 3.
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Fig. 13 Comparison of the recommended shape with a non-ideal resonator geometry

Figure 13 shows the consequence of using non-ideal geometry. Here the frequency
range covers the first and second series radial resonance of a 10mm diameter disc
of a PC 4D material. The 0.5 mm thick sample, which is the IEEE recommended
maximum thickness for this diameter, shows only the two expected resonance peaks,
whereas the Smm thick sample has many more peaks in this range. More impor-
tantly, these other modes have depressed the frequency of the first radial resonance.
Obviously the 5 mm thick sample is much thicker than the recommended size, and for
thinner samples of say 1 mm the multiple resonance peaks are not present. However,
it is possible to detect the effect of other modes in the higher order harmonics, and
in the second series radial resonance peak for these disc samples. Figure 14 shows
the first and second series radial resonance for 0.5 and 1 mm thick 10 mm diameter
samples of a hard and a soft composition. Examining the first radial resonance peak
shows little difference between the different thickness samples, as any variation is
within the variability from sample to sample. However, for the second series radial
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Fig. 14 The first and second series radial resonance for 0.5 and 1 mm thick 10 mm diameter samples
of a hard and a soft composition

resonance there is a definite reduction in frequency for the thicker sample, in particu-
lar for the soft material. The difference between the first and second resonance peaks
is controlled by the stiffness and the Poisson’s ratio of the material. The difference
in the shift of the second radial resonance with increasing thickness is due to the
increased coupling coefficient of the soft PC SH. This illustrates that the single mode
resonance sample geometry restrictions are not only sample dimension dependent
but also material dependant, i.e. that some of the geometry restrictions can be relaxed
for some material compositions.

2.7 Repeatability

Table 1 gives some idea of the expected repeatability of resonance measurements.
The first two rows are the results of 10 measurements on the same sample, where the
sample was removed from the measurement fixture, turned through 180 degrees and
replaced. The next two rows are for measurements on 10 different samples from the
same batch. Clearly, if the measurement fixture is correctly set up and the samples are
placed roughly centrally in the fixture the measurements are extremely repeatable,
although no special precautions were taken to ensure that the sample sat in the same
position each time. In comparison, the sample variability is over 100 times greater
than the measurement variability, which is often expected in materials science studies
of this nature.
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Table 1 Repeatability of radial resonance measurements of a 10 mm diameter 0.5 mm thick PC
4D disc

First First Second
resonance (Hz) antiresonance (Hz)  resonance (Hz)
10 Measurements Mean 224854 258514 588975
Standard 7 7 33
deviation
10 Different samples ~ Mean 227207 258519 594025
Standard 1510 1321 3692
deviation

3 Conclusions

The phenomenon of resonance in piezoelectric crystals has been described. The var-
ious modes of vibration depend on sample and electrode geometry, drive frequency
and other electro-mechanical constraints.

Materials properties such as elastic, dielectric and piezoelectric coefficients may
be calculated from resonance measurements. The method by which the resonance
scan is taken can affect the values obtained quite dramatically. If measurements
are to be taken in the materials linear regime then excitation fields must not exceed
1 V/mm. Resonance is typically measured using Impedance Analysers. It is important
to use quality sample fixings and jigs and cable, and jig compensation is required
if accurate property values are required. Effects such as sample off axis location,
excess solder mass contacts and sample imperfections have been investigated. All
deviations from perfection degrade the signal quality and hence resultant property
accuracy. An important issue is that of non-ideal sample geometry and the mixed
mode coupling that results. Differences in resonance spectrum peak positions and
shapes were more evident for soft materials than hard for small deviations from the
IEEE recommendations. Finally, the variation in properties calculated for different
samples was consistently higher than the experimental error in single measurements,
when adequate precautions were taken in accordance with the recommendations set
out in this chapter.

Conditions for materials characterisation using resonance

In order to make meaningful measurements using resonance analysis the following
assumptions must be true for your material:

samples are of geometry defined in IEC (and outdated IEEE) standard

e the material properties may be adequately described by the set of linear piezoelec-
tric equations, (the behaviour is independent of applied field

all materials properties are constant with frequency

the materials are poled polycrystalline ceramics with cylindrical symmetry.

Following this chapter we present a laboratory worked example for the student or
technician to follow.
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Appendix A: Worked Example

The sample is a length mode resonator 15 mm long and 3 mm in diaOmeter of a soft
PC 5H composition, with silver frit type fired on electrodes. The sample diameter is
measured at three points along the length, and the three length readings are made.
The average readings are:

Diameter = 2.987 mm Length = 15.063 mm

The mass of the sample is needed for the density measurement, and although the
electrodes are on the sample they are only a small fraction of the overall thickness in
this length resonator. The removal of electrodes is a somewhat destructive process,
and so for thin discs it is often better to use density values from similar samples. The
sample mass is:

Sample Mass = 0.79005 g

The volume of the sample could be measured by measuring the sample mass
in water, however since the geometry of the sample is simple the volume can be
calculated from the sample dimensions. This gives a value for the density of:

Sample Density = 7485 kg/m”"3

The sample is now placed in the impedance analyser in the sample jig that has
been corrected for open and short circuit conditions (Fig. 15).

An initial sweep from 1 to 500 kHz is made to discover where the fundamental
length mode resonance peak is. After this, a refined sweep is performed over the
range 70-150 kHz. In this instance, the previous sample measured was a 0.5 mm
thick sample that was measured at an applied oscillator voltage level of 10 mV rms.
However, when this was used on the 15 mm long sample there was some noise around
the anti-resonance curve. This is because under these conditions the high impedance
at resonance reduces the current signal. When the oscillator voltage was increased
to 100 mV rms the signal to noise ratio improved. The impedance sweep is shown in
Fig. 16. The minimum and maximum values for this curve respectively are the values
used for the resonance and anti-resonance frequencies. The resonant frequencies are
taken as the maximum and minimum values of the measured data, i.e. there is no
curve fitting performed, which could of course be carried out. Obviously these values
depend on the frequency step of the impedance sweep, in this case 100 Hz, which
represents a resolution of around 0.1 %.

fr = 92500 Hz fa = 124000 Hz

Using the following formula the coupling coefficient k33 can be determined:

K2 = %% cot BH 3

k33 = 0.7029
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Fig. 15 Piezoelectric sample placed between electrodes in the HP sample jig

Impedance / Ohms

1.00E+03
T.O0E+04 B.ODE+04 .00E+4 1.00E+05 1.10E+05

Frequency / Hz

1.20E+05 1.30E+05 1.40E+05 1.50E+405

Fig. 16 Worked example for piezoelectric long thin rod resonance and anti-resonance scan

The open circuit elastic compliance s3D3 is calculated using the following formula:

1 4
D = 9.574 —12 ]fn2
533 = —fglz = 5 exp( 1 )( /N) ( )

The closed circuit compliance coefficient can now be determined using:

D
sh = % = 1.89exp(—11)(m?/N) (5)
— 33
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In order to determine the piezoelectric constant d, the dielectric constant under
constant (or zero) stress condition is needed. Although the capacitance has already
effectively been measured in the impedance sweep these have been carried out near
resonance and the condition of zero stress is not satisfied. Normally the ‘free’ capac-
itance, CT, measurement is carried out at 1kHz leading to the free permittivity
through:

el = CT% = 2.77 exp(—8)(F/m) (6)

where t is the thickness and A the area. The piezoelectric coefficients can then be
determined using:

d33 = k3zy/elys3; = 509 exp(—12)(C/N) (7)
and
d33
9= = 0.01837(Vm/N) ®)
33

Appendix B: Standards

e IEEE Standard on Piezoelectricity, Std 176-1978

e IRE Standards on Piezoelectric Crystals, 1961, Proc. IRE, pp. 1162-1169; July
1961

e IEC standard publication 483, 1976. “Guide to dynamic measurements of piezo-
electric ceramics with high electromechanical coupling”

e European Standard, “Piezoelectric properties of ceramic materials and compo-
nents: part 1 (Definitions and Classifications) and part 2 (Low Power Measure-
ments)”, CENELEC, BSI 1999

e IEEE Working Group on: IEEE Standard on Loss in Acoustic Materials, chaired
by S Sherritt

e MIL-STD-13768 “Piezoelectric Ceramic Material and Measurement Guidelines
for Sonar Transducers”.
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Direct Piezoelectric Measurement:
The Berlincourt Method

Mark Stewart and Markys G. Cain

1 Introduction

Although piezoelectric materials are often used as actuators in order to make small
precise movements it can be difficult to measure these displacements in an industrial
environment [1]. Consequently simpler methods have been sought to measure the
piezoelectric activity, such as resonance methods, and measurement of the piezoelec-
tric coefficient d33 using the direct method (often called the Berlincourt method) [2].

This chapter will examine the advantages and disadvantages of the method in
detail and with some experimental validation using typical PZT ceramics examine
the validity of using the data from this method to predict the displacement of materials
in real conditions.

The piezoelectric charge coefficient, d;;, is one of the fundamental parameters
defining the piezoelectric activity of a material, basically the higher the d;; the more
active the material is. Consequently, manufacturers, designers, and users want to
know the d;; coefficient for the material.

Measurement of the d;; coefficient can be realised in several ways varying in
accuracy and simplicity. The most reliable method of determining the d;; coefficient
is to electrically excite a resonance in a sample, and from the resonance response—
given the dimensions of the sample and the density—a d;; coefficient can be calcu-
lated, see Chapter “Piezoelectric Resonance”, p. xx. One problem with this method is
that the geometry of the sample must be such that only a pure fundamental resonance
mode is produced, and the calculated d;; parameter relates to this resonance mode.
This leaves the problem how to determine the d;; parameter for shapes that don’t
have an ideal resonance geometry, or where the resonance mode is not the mode that
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will be used. For instance, for thin discs poled in the thickness direction it is easy to
excite a resonance in the radial direction, and determine the relevant d;; parameter,
but to obtain the d;; coefficient for motion in the thickness direction then longer
cylinders are needed.

The d;; coefficient is defined as the charge produced for an applied stress, or
the strain for an applied voltage, and these are theoretically equivalent [3, 4]. The
latter measurement is more difficult to achieve because of the small strains involved,
so measurement techniques have concentrated on the former. In this work, initially,
the charge was measured in response to an applied static load, but difficulties with
thermal drift led to the measurements being performed quasi statically, at a few
hundred hertz.

The quasi static method is straightforward; a small oscillating force is applied
to the sample and the charge output is measured and divided by the applied force
amplitude. The simplicity of the technique has been its downfall, in that anyone can
easily build up their own system, and there are a growing number of commercial
systems. There are currently no standards for this measurement method, and conse-
quently each system performs the measurement slightly differently. This means that,
although the results from these systems are good for measuring within a batch or
batch to batch variability, external comparisons usually produce a large variability.
This has led to a loss in confidence in these measurement results, and provided the
impetus for this study and now this chapter.

Interlaboratory tests have shown systematic differences between results from
different laboratories [5]. Figure 1 shows the results from this recent round robin
with four participants, illustrating the behaviour for a soft PC 5SH (PZT) material.
For comparison %5 % error bars have been drawn on the results for laboratory 2, and
it can be seen that many of the results lie within this error band. There is evidence
that the errors are systematic, i.e. partner 1 is almost always the lowest and partner
4 the highest. This suggests the measurement method could be improved by closely
examining reasons for these deviations.

This chapter aims to answer two questions. Firstly, is the Berlincourt test a valid
test method? For example, what are the parameters controlling the accuracy and
reliability of the results? Secondly, does the Berlincourt test result predict what
displacements can be achieved when the material is excited electrically? Further
details can be found in the NPL publication [6].

1.1 History and Physical Basis for Quasi-Static d33 Measurement

The phenomenon of piezoelectric (from the Greek word “piezo” or “to press”),
was discovered in 1880 during a systematic study of the effect of pressure on the
generation of electric charge by crystals [7]. Materials such as quartz and Rochelle
salt were some of the crystal structures studied, and due to their non-centrosymmetric
crystal structures (i.e. structures lacking a centre of symmetry to their unit cell) an
applied stress resulted in the generation of electric dipoles, a process known as
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Fig. 1 Round robin results on PC SH material

polarisation. The applied stress causes the ions in the unit cell to move from their
equilibrium positions and distort relative to one another. The necessity for a non-
centrosymmetric crystal structure can be rationalised when one considers that a
homogenous externally applied stress is centrosymmetric and thus cannot produce
a non-centrosymmetric result, such as a vector-quantity like polarisation, unless the
material lacks a centre of symmetry.

Such piezoelectric materials also exhibit the converse piezoelectric effect whereby
a mechanical deformation is induced on application of an external electric field. The
generation of a surface charge on deformation is known as the direct or generator
effect, whereas the converse effect of deformation on application of an electric field
is designated the motor effect.

The performance of piezoelectric ceramic materials can be quantified either stat-
ically (under the influence of a steady strain), quasi-statically or dynamically using
the resonance method. The earliest piezoelectric materials investigators determined
the piezoelectric constants using static tests, but, due to the difficulty in control-
ling electrical boundary conditions, static test are now seldom used for piezoelectric
materials. Dynamic performance relates to the behaviour of a material when subject
to an alternating electric field or mechanical stress applied at frequencies close to
the mechanical resonance of the component. The dynamic method, and to a lesser
extent the quasi-static method, eliminates the drift due to pyroelectric charges that
produce errors in static measurements, and is thus considered to be of higher pre-
cision. Additionally, the utilisation of an alternating field allows a more convenient
measurement than that carried out at DC. It must be noted that the frequency of the
applied signal must be less than the fundamental resonant frequency of the sample
and its mounting in order for the equations applied to the static measurements to
remain valid and for accuracy to improve in this way.
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A means of quantifying piezoelectric performance is by use of the piezoelectric
equations and coefficients. These describe the interaction between electrical and
mechanical behaviour and can be summarised as follows:

“d” and “g” are the charge and voltage piezoelectric constants respectively, related
by the expression:

d = c*eog

where, €* is relative permittivity (dielectric constant), e is permittivity of free space
(8.85 pF-m™1).

Interestingly, the difference between d and g is electrically related to short and
open circuit conditions for the piezoelectric materials, respectively.

In summary, the piezoelectric coefficients are defined as follows:

Direct Effect Converse Effect
_ charge density developed __ strain developed
"~ applied mechanical stress " applied field
electric field developed strain developed

"~ applied mechanical stress 9= applied charge density

Due to the anisotropic nature of poled ferroelectric ceramics (materials with arti-
ficially induced and enhanced piezoelectric properties), and the freedom with which
one can select the poling direction, it is necessary to formalise a method for identi-
fying the axes of a component in order to specify its parameters. The direction the
material is poled is conventionally taken as the 3-axis (z) with the 1 and 2 axes being
perpendicular. Thus, it follows that the subscripts 4, 5 and 6 refer to shear strains
associated with the 1, 2 and 3 directions, Fig.2.
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1.2 Mathematical Basis for Measurement Method: Piezoelectric
Relations

The Piezoelectric effect is an interaction between the mechanical and electrical
behaviour of the material, and to a linear approximation, this interaction can be
described by the expressions:

S=sET +dE (1)
D=c E+dT )

where

E = Electric Field Strength
D = Dielectric Displacement
T = Applied Stress

S = Strain

s = Compliance

€ = Permittivity

The superscripts E and T are used to indicate values determined at constant field
and stress respectively.

The above equations are a generalised form, without the directional notation. If
we consider the common case of a ceramic poled in the 3 direction, with electrodes
on these faces, and we maintain a constant field, i.e. at zero, then Eq. 1 becomes:

d3z = [0D3/0T3]E 3)

where, D = electric displacement in the 3-direction (z) and T = applied stress also in
the 3-direction (z).
With reference to the measurement of dz3, Eq.3 can be rewritten as:

d33 =[(Q/A) - (F/A)] = (Q/F) “4)

where, F = Applied Force, A = Area force applied over, and Q = Charge developed.

The importance of Eq.4 is that it gives us a method of determining d33 using
the direct method, by applying a force on a piezoelectric sample and measuring the
charge developed. The areas cancel out (assuming the electroded area is also the
stressed area—nearly always the case) so there is no need to measure the area. The
only proviso is that the measurement must be performed at a constant field, i.e. under
short circuit conditions. This can be achieved by measuring the charge using a virtual
earth amplifier or by ensuring that the Device Under Test (DUT) is effectively short
circuited by placing a large enough capacitor (much greater than the capacitance of
the DUT) across the DUT.
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Equation | can also be rewritten as
d33 = [6S3/6E3]r. S

So that now the experiment is performed at a constant stress. This gives us a means
of measuring the ds3 in the indirect mode, that is application of a field to produce
a strain, all at a constant stress. This gives units in the direct mode of C/N and the
indirect m/V, and for PZT materials is usually in pico units. The units are equivalent.

1.3 Measurement Apparatus: Theory of Operation

A piezoelectric coefficient meter consists of two parts, the force head, and the control
electronics. The force head incorporates the loading actuator, reference sample, and
some means of accommodating different sized samples. The method of applying the
oscillating force is usually via a loudspeaker type coil, as this is a relatively cheap and
simple means of delivering the force to the sample. The reference sample is in line
with the loading train and is used to measure the force applied, so that the reference
sample experiences the same loads as the DUT. The reference sample is often a PZT
ceramic in order to provide high sensitivity and also a crude form of temperature
compensation. The clamping of the samples in the system is usually achieved through
a screw thread adjusted vice that forces the sample against the loading actuator. The
coil actuator is held in place by some sort of leaf spring arrangement and the stiffness
of this spring and the number of turns on the clamping system determines the pre-
load put on the sample. This pre-load is required to achieve stable measurements so
that the sample does not rattle. Figure 3 shows a schematic of the components in the
force head.

The control electronics provide the amplified AC signal to drive the coil at the
required frequency, the charge measurement system, the ds3 calculation system and
the readout electronics. The frequency range of these systems are limited at the lower
frequencies to around 10 Hz by thermal drifts, and at the higher end, around 1kHz,
by the mechanical resonance of the complete force head assembly. Sometimes the
frequency and the applied force can be selected, although the measurements should
be insensitive to the applied AC load for the levels used in this experiment (but see
later).

The charge measurement electronics must be such that the experiment is carried
out under constant field conditions, so either the current is measured using a virtual
earth amplifier or the current is shunted through a capacitor of capacitance orders of
magnitude greater than the sample (short circuit conditions). The d33 measurement
is the ratio of charge from the reference material (the force) to the charge developed
in the DUT. Either the Root Mean Squared (RMS) values of these signals can be
measured and divided to give ds3 or the two signals could be divided electronically
by using a differential amplifier and then the RMS value of this difference signal will
be proportional to the ds3.
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Fig. 3 Schematic of force Static Preload Force
head
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The RMS signals are proportional to the d33 and the electronic control system
must provide some means of calibration to return the correct value. Usually this is
achieved by placing another reference calibration sample as the DUT and then the
displayed value is adjusted to give the certified value of the calibration sample.

The Berlincourt Method

The use of the name ‘The Berlincourt Method’ is somewhat of a misnomer when
referring to quasi-static measurement of the piezoelectric d33 coefficient using the
direct effect, as the skeletal basis for the measurement schema was proposed in
‘Piezoelectric Ceramics’ by Jaffe et al. [7]. The commonly used name refers to the
scientist, Don Berlincourt, who was working for Channel Products during the devel-
opment of one of the first commercial d33 measurement systems. Similar systems
are also termed piezometers, d33 testers, or piezo d meter e.g. Takecontrol, Piezotest,
http://www.piezotest.com/.

2 Experimental Investigation of a Berlincourt System

2.1 AC Measuring Force

The level of the applied AC measuring force can be varied for some systems. The
magnitude of the force is not usually important, as long as the stresses introduced
into the material mean the piezoelectric is still operating in the linear regime. Typical
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operating AC loads are round 0.1 N RMS. If the force can be varied then this can be
investigated to check that increasing the AC force has no effect on the measured d33.
The obvious advantage of using increased loads is that a larger charge signal will
be generated, and this can reduce the signal noise related errors. However, the lower
the applied force the greater the likelihood that the material will behave linearly. The
level of the AC force can be checked by inserting a load cell in the measuring head,
a quartz load cell is useful for providing adequate dynamic response.

2.2 Effect of Frequency

The frequency range of the Berlincourt type instrument is limited to a range between
roughly 10 Hz—1kHz. The lower frequency limit is governed by the charge measure-
ment system, and the stability of the charge over the measurement period. Problems
with thermal drift and charge dissipation through the surroundings are one reason
that the measurements are not performed at DC (static). The upper frequency limit
is governed by the load application method which is based upon a loudspeaker drive
coil, and the ability of the system to deliver useful stresses into the sample. Also, it
is difficult to design a load application that does not display a resonance peak that
interferes with the measurement range. The system is designed so that the peak is far
enough away that the measurements are made in a frequency independent region.

Because the method is quick and simple it is not usual to completely shield the
instrument electrically from the surroundings, and so there are often measurement
anomalies at the mains power frequencies and its corresponding harmonic frequen-
cies. Consequently, it is usual to work just off one of these frequencies, say at 97 Hz,
in the United Kingdom and say 110Hz in the United States of America, and parts of
Japan for example.

Figure 4 illustrates some of the issues related to the frequency response of the
system, and the effect in different materials. The trace for the PC 4D material shows
measurement outliers at 50, 100 and 200 Hz as discussed in the preceding paragraph.
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To illustrate the material’s dependency, the results for the hard and the soft material
have been plotted on separate Y axes, and a third line for a fit of measured values on
Lithium Niobate has been normalised in a similar manner. Lithium Niobate has a ds3
of around 20 pC/N, and is thought to behave linearly with respect to applied fields etc.
Measurements using the Berlincourt meter on a LiNbOj3 single crystal increased from
19 to 21.5pC/N over the frequency range 30— 300 Hz. We can therefore tentatively
assume that this is due to the system response and is increasing towards a resonance
peak in the kHz region. In contrast, the soft material displays a pronounced up-
turn in the results at low frequencies, whilst mirroring the behaviour of the PC 4D
and LiNbOs at frequencies above 150Hz. This up-turn must therefore be material
dependent, i.e. that the d33 increases with decreasing frequencies for the soft material.
This effect has been seen in various experiments on soft piezoelectric materials and is
due to the inhibition of domain movement at increasing frequencies. This behaviour
has been modelled by the Rayleigh law [8], due to the parallels between ferromagnetic
and ferroelectric materials. One of the observations for materials systems controlled
by domain wall motion is a logarithmic dependence of behaviour with respect to
frequency. The Rayleigh model is often applied to soft ferroelectric materials when
they are operating in a region where domain wall movement is dominant, i.e. at
large stresses and for low frequencies. If the results for the hard and soft material are
divided by those for the lithium niobate at each frequency then this should effectively
cancel out any system dependant effects.

This has been done in Fig.5 and plotted against the log of the frequency. Both
samples show a similar increase above around 100 Hz, but below this the hard material
is largely frequency independent, whereas the soft material shows a linear increase
with decreasing frequency. The behaviour below 100Hz is consistent with known
behaviour, however above this it would appear that it is still system dependent, since
the behaviour for hard and soft is identical. It may be that because the system gain is
set by calibration at 100 Hz then the gain is valid here but at the higher frequencies
there may be a frequency dependant gain issue.
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2.3 Effect of Static Pre-load

Samples are clamped in position by a small pre-load which is usually applied by
turning a screw thread on the measuring head. This forces the sample against a
spring, and the stiffness of this spring and the number of turns on the screw thread
governs the value of the pre-load. The reason for the pre-load is simply to hold the
sample in position while the oscillating measuring force is applied. The pre-load
need only be greater than half the amplitude of the measuring load, i.e. so that the
probes never leave the sample, but in practice the value is much greater than this.

Figure 6 shows the linearity of the pre-load with number of turns of the pre-load
mechanism as measured by a small strain gauged load cell. The slope of this curve is
effectively the stiffness of the pre-load spring. From this it can be seen that the value
of the applied pre-load might be expected to vary around 10 % in typical tests.

The value of the pre-load to use in these type of instruments was set historically,
based on a value that gave the most consistent results, which is a compromise between
enough force so that the sample does not rattle, and not enough to completely clamp
the material. That the pre-load can have an effect on the measurements can be seen
in Fig. 7. Here, the static pre-load is increased from O to over 20N on a typical hard
and soft PZT material. For the soft material, the increasing pre-load has the effect of
reducing the d33 whereas for the hard material the behaviour is reversed. The slope
for the soft material is also much greater showing that the pre-load has a greater
effect on the ds3 than in the hard material. The error bars on the soft material can be
seen to reduce as the pre-load is increased, indicating that at very low pre-loads the
measurement is less reliable.

In many of the experiments using this kind of instrument it is difficult to separate
the change in behaviour due to different experimental conditions and those due to
the material itself. The highly piezoelectric PZT ceramics are notoriously dependent
on factors such as stress level, temperature, test-time, and it can sometimes be more
instructive to examine a less active but more stable material such as quartz. Figure 8
shows the variation of a quartz disc with increasing pre-load, and the zero slope shows
that the change that occurs with PZT ceramics is material and not instrumentation
dependant.
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2.4 Time Dependent Effects

In the investigation of the Berlincourt system it was found that there was a time
dependent variation in the measurements. In all cases the measured d33 decreased
with increasing measuring time under load. Figure 9 shows an example decay curve
for a hard PC4D material at several different pre-loads. Initially it was not clear if this
was a measurement artefact dependent on the system. However, after a number of
experiments it was proven to be related to the static pre-load because of the following
observations:

e If a sample is removed from the system and immediately replaced the behaviour
continues along the same curve
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Fig. 9 Effect of static pre-load on relaxation of d33 on PC4D

Inserting a fresh sample at any point initiates a new decay/relaxation curve

If a sample is removed from the system and left to recover for 24 hours the relax-
ation curve begins again at time zero

If a sample is left in the system under pre-load for several hours, but no AC
measuring force then the relaxation curve is flat, i.e. most of the relaxation has
already taken place

e The behaviour is dependent on material, there is no measurable relaxation for
lithium niobate.

The decay of d33 with time is difficult to measure, firstly because the changes are
close to the resolution of the system and, secondly because the largest change occurs
in the first few seconds and since it takes at least 5 s to get a stable reading the change
is difficult to quantify. The effect of static pre-load on the decay in d33 is dependent
on the material, Fig. 10. For a given material the region where the decay flattens out is
offset with the initial decay being similar. As seen with the static loading experiments,
increasing the pre-load increases the offset for a hard material, and decreases that for
a soft composition. The different behaviour of hard and soft material is not just in
the offset but also in the rate of relaxation. Figure 10 shows a comparison of a hard
and soft sample, where the hard material is stable after 3,500s, yet the soft material
is still relaxing. A general observation was that for equal experimental conditions
it took longer for the soft samples to reach a stable region, although some of this
could be attributed to the higher d33 of the soft material that may be measured more
accurately for the same sensitivity.

Further evidence that the decay is due to some form of relaxation in the sample
rather than instrumental artefact is seen in Fig. 11, which shows the time decay curves
for a thick and thin soft sample. The slope of the 1 mm curve is much greater because
of the much higher static stress concentration introduced in the thinner sample. An
observation for the 1 mm samples at various pre-loads was that, after an initial rapid
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Fig. 11 Comparison of d33 relaxation for a 10 and 1 mm PC5H sample

decrease, there was a slight rise at around 250s before continuing the downward
trend. Thus, there maybe two competing mechanism for stress relaxation at the high
stresses in the thinner samples.

2.5 Calibration of System

In the Berlincourt system there are two calibration points, the zero calibration, and
the gain setting. The zero calibration is simply that the reading for a non piezoelectric
material should be zero, and the calibration/correction is achieved by placing a non
conducting sample in the system and checking that the reading is zero.
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The gain calibration issue is more difficult. For measurement instrumentation it is
normal for the calibration of the system to be traceable to the national measurement
system via the measurement of some electrical quantity or reference artefact. In the
Berlincourt system the quantities measured are force and charge. The traceable cali-
bration of the charge is relatively straightforward, but the calibration of force would
be more difficult. Consequently, in the Berlincourt system the force is measured by
having a piece of reference PZT in the load train. This has the advantage that the
charge signal from the internal reference can be compared to the sample charge to
give a d33 measurement. This simplifies the measurement electronics, but does create
a more difficult calibration problem. The solution is to use a reference artefactthat
has been calibrated by some other means, and to adjust the gain of the system to
agree with the artefact. The normal reference artefact is a sample that has had the
d33 measured by longitudinal resonance using the IEC standard method [9]. The
disadvantage of this is that it is almost impossible to traceably calibrate this, and it
also assumes that the value derived from resonance at around 100kHz is identical
to that in the 30-300 Hz range. This poses the question, ‘at what frequency should
the calibration be carried out?’. We have seen from the discussion on the effect of
frequency, that although the calibration may have been carried out at the “standard”
operating frequency, once away from this frequency the calibration route becomes
more tenuous.

The material used in the reference material should obviously be stable with respect
to time and temperature, and show little AC and DC load and frequency dependence.
It should also have a high enough d33 to be able to calibrate the highest end of
the measurement range. Quartz or Lithium Niobate would be ideal candidates but
the ds3 is too low to satisfactorily calibrate the higher ranges. Although the hard
PZT compositions have roughly half the value of the most active soft materials,
their improved stability with time make them a more suitable choice for a reference
material.

Since, for independent measurements of d33 the reference sample will invariably
be a thickness resonator, the thickness of the sample will be sufficient (probably at
least 10 mm long) so that the thickness effects seen previously will not be an issue.

2.6 Sample Geometry

An advantage of the Berlincourt method is that virtually any shape or size sample can
be measured in the system, as long as there are electrodes to make electrical contact
and apply the load. The method is supposed to be sample geometry independent,and
in order to examine this a selection of samples from the same batch of material were
examined.

Figure 12a and b shows the effect of sample thickness on the measured d33 for a soft
and a hard material, respectively. Over the entire range of thickness from 2 to 10 mm
there does not appear to be a change in measured d33. However, there is a definite
difference between the 2 and 1 mm samples, with the soft PCSH material exhibiting
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Fig. 12 a d33 against thickness for a soft PC5SH composition, b d33 against thickness for a hard
PC4D composition

a large decrease in the d33, whereas the hard material showing a slight increase.
Although the samples all come from the same batch of fired ceramic there could
still be slight variations in the poling process for the individual thickness that could
lead to differences in piezoelectric activity. In order to verify this, an experiment was
devised where thin samples were stacked and compared with their thick counterparts.
The results of these measurements are given in Table 1. Assuming linear behaviour
the measured d33 of a stack of thinner discs should be equal to the average of the
individual discs. However, this is not the case for the 1 mm discs, and the d33 of two
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Table 1 Effect on measured

d33 of stacking 1 mm discs Mean ds3 value [pC/N]

Stack height/mm Soft PC 5SH Hard PC 4D
1 456 324
2 555 316
3 577 302
4 559 288
5 577 293
6 565 297
7 571 296
8 572 292
9 562 291
10 568 289

stacked 1 mm samples tends towards the value for the 2 mm samples. This indicates
that the different thickness samples have identical piezoelectric activity, and the
difference measured with the Berlincourt is instrumental.

As discussed previously, almost any shaped sample that can be inserted in the
measuring head can be measured. However, difficulties arise when the samples have
a large area. For large samples it can be difficult to position the sample centrally
such that the sample is balanced. If the sample is off centre it can introduce bending
stresses that will affect the results. For very thin samples the misalignment of the
loading pins can lead to considerable shear stresses, again giving misleading results.

For samples with a large surface area compared with the normal 10 mm diameter
a separate problem was identified, namely the neutralisation of the charge via the
surface. It was noted that the reading on the meter display could be affected instan-
taneously by breathing over the sample, i.e. the extra moisture in the breath was
leading to an increased charge leakage path. The value quickly regains the steady
state value, but it is possible that convection currents could have a greater effect on
larger surface area samples.

2.7 Loading Geometry

The normal loading contacts for a Berlincourt system are hemispherical contacts of
the order 4mm diameter. This point contact is the preferred mode because firstly
the contact points for samples with rough surfaces is more controlled, and secondly
it minimises any clamping in the lateral direction by the loading contact. Other
types of contact test probes can be used and are more useful for more esoteric shaped
samples. For a spherical sample or loading on the perimeter of a disc, a flatter loading
probe will provide a more practical loading set-up and still maintain essentially point
contact area. For very thin samples and films a flatter electrode will reduce shear due
to misalignment, and also reduce the stress levels for a given measuring force.
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Fig. 13 Effect of different loading probe on the measured dsz3

The effect of the test probes on the measured d33 was investigated by using three
type of test probes, the standard point contact, a flatter rounded contact (roughly
16 mm diameter), and a completely flat probe with a diameter of 8 mm. The contact
area for the rounded probes was measured by examining the imprint of the area using
carbon paper. For the standard contact the imprint was a circle roughly 0.5mm in
diameter, and for the more rounded contact a diameter of around 1 mm. The results
for this experiment are shown in Fig. 13 for a soft material with the standard pre-load
of 10N in each case. It appears that the increased contact area probes decrease the
static stress, and so for the soft material the d33 increases whilst for the hard material
the measured d33 decreases.

2.8 Second Order Effects

Where it was practically possible the samples were left to recover between each indi-
vidual measurement so that the change due to one particular experimental parameter
could be observed. This was not always practical, for instance the sweep of d33 with
frequency was performed with a sample continuously in the measurement head. An
ideal test would be to measure at each frequency and remove the sample after each
measurement and allow the sample time to relax. Another approach would be to
leave the sample in the system for several hours before commencing the measure-
ments. However, in the tests performed here there is a mixture of frequency and time
dependent information. For instance, if the frequency is swept first up to the high
frequency and then back down again the behaviour is hysteretic. Figure 14 shows
these sweeps for a soft material of 1 mm thickness. The behaviour is hysteretic
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because the static load is applied at time zero and by the time the frequency sweep
is finished almost an hour will have elapsed, thus showing the time dependent com-
ponent of this experiment.

2.9 Differences Between Hard and Soft Materials
Under Static Load

In most of the experiments discussed here there has been a trend for the hard material
to behave in an opposite manner to the soft material. The most probable cause of
this behaviour is due to the differing response of the materials to static loads applied
parallel to the poling direction [2]. For instance, it is known that the permittivity
for hard materials increases under applied stress, whereas the soft materials show
a decrease. For the hard material, this can be attributed to a de-aging, where any
large mechanical or electrical excursion will initiate a new aging cycle. For the
soft materials, the decrease is due to the domain mobility effectively de-poling the
material under relatively low stresses.

This explains the difference in the static load behaviour seen in Fig.7. Also,
considering the behaviour under different load contact probes it is apparent that the
increased contact area probes decrease the static stress, and so for the soft material
the ds3 increases whilst for the hard material the measured d33 decreases. This could
also be used to explain the thickness effect, where in very thin samples there are
proportionately more regions under a high static stress so the static stress effect
dominates. As the thickness of the sample is increased by stacking this high stress
region is reduced, thus reverting back to the “true” ds3.
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3 Finite Element and Theoretical Aspects of Sample
Geometry/Loading

It is clear from some of the preceding experimental results, particularly the different
response of various sample geometries that the Berlincourt test has some shortcom-
ings. If the response of the piezoelectric is assumed to be linear then this predicts that
the results should be independent of sample geometry or method of stress applica-
tion. If a finite element model of the measurement system is simulated using ANSYS
finite element code [10], using linear coupled field elements, and assuming the load-
ing state can be approximated as a static case, then the predicted d33 will be equal
to the d33 used in the input. Although in the Berlincourt measurement a point load
on a thin disc can give rise to triaxial stresses and stress concentrations, the linear
assumption does not lead to any change in measured d33. In the model each element
acts as a linear stress-to-charge converter, and although the stresses may be unevenly
distributed throughout the sample, the total charge is conserved.

There are few analytical solutions to the problem that might account for some
of the variations seen experimentally. However, in the field of thin films there is an
analytical solution to account for the clamping effect of a substrate. There are two
solutions [11] to simulate the film d33 behaviour in the indirect and direct modes. In
the direct mode (the application of a stress to produce a charge) the applied stress
is transferred through the substrate to the film, and the film is thought to be held
rigidly from moving in the 1 and 2 directions by the substrate. In the indirect mode
(the application of a field to produce a displacement) the substrate is passive as the
applied field does not induce a displacement, and the film is then clamped by an
elastic substrate with a stiffness, Y and Poisson’s ratio, o, where Eq.6 is for the
indirect , and Eq. 7 for the direct mode:

dy3(ip) = d33 — 2d3155/(sF + s5) (6)
dy3(dp) = dy3 — 2d31(sf5 + 0/ Y) /(s + 55). (7)

For both cases the effect of the d3; term is to reduce the effective ds3 since s13 is
also negative (and of course d3; is negative). The boundary condition for the indirect
case represents the extreme case and for the materials used in this work would mean
a measured dz3 of 0.33 times the true ds3 for the PCSH and 0.45 for the PC4D.
The magnitude of this clamping can be confirmed in the finite element model, by
preventing the outside of the sample from moving. The reason why the behaviour is
now apparently non linear is that a clamping force is needed to prevent the sample
moving and this acts against the measurement force leading to a reduced charge
output. Of course, the greatly reduced dz3 predicted by Eqs. 6 and 7 only applies to
thin films on substrates, but similar boundary conditions could be envisaged in the
Berlincourt experiment.

Consider the case where the force in the Berlincourt is spread out over the whole
sample surface, and the friction is such that the sample surfaces are not allowed to
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move in the 1-2 directions. This is almost identical to the thin film analytical solution,
except that the finite thickness allows some relaxation, giving a slightly higher ds3
than predicted by Eq.6. These boundary conditions do not precisely resemble the
Berlincourt experiment, and consequently these large reductions in measured d33 are
not seen.

If the area of load application is reduced then the clamped area reduces, and the
clamping forces reduce until, when a point load is used, there is no clamping force
and the measured d33 is once again the model input d33. Figure 15 shows the change
in measured d33 with changing the load area for a disc with a 10-1 radius to thickness
ratio. The curves go from fully clamped where the d33 corresponds to Eq.6 to the
point load which gives the “true” d33. These curves change shape slightly for different
radius to thickness ratios, but the end points are fixed. The stress distribution for a
partially clamped sample, Fig. 16, is fairly uniform under the loading region and the
reduction in apparent d33 comes purely from the extra force needed to clamp the
displacement at the loading interface.

Another possible mechanism for introducing external boundary conditions could
be due to the inertial resistance of the surrounding material under dynamic loading.
This would effectively stop the outside of the sample from moving, and show up as
a frequency dependence of the measured dz3 response. However it is unlikely that
this effect plays a major role at the frequencies used in the Berlincourt experiment.

In all the preceding modelling of behaviour, the effect of clamping has been to
reduce the measured d33, however there are no plausible means by which clamping
could increase the charge output, and thus the measured d33. To arrive at a simulation
of the Berlincourt experiment where the measured d33 was increased some other
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theory is needed. In previous work [12] a methodology was developed to use ANSYS
to model systems where the d33 was dependent on the stress level. Normally, ds3
is given as constant, but generally d33 is dependent on applied stress or field levels.
In the previous work, the d33 was assumed to vary linearly with applied AC stress
level, based on some independent experimental measurements. This can lead to either
higher or lower measured d33 values depending on the variation of dz3 with applied
AC stress levels, and could be extended to deal with a d33 dependant on the level of
DC stress.

3.1 Summary of Finite Element Modelling

In the Berlincourt test, if the material is linear then the measured d33 should be
independent of sample shape, method of loading etc:

e unless there are experimental conditions which lead to clamping of the sample
leading to a reduction in the load—for example:

— clamping in XY plane by the load applicator
— dynamic response dependant (frequency dependant)

e Otherwise the changes in response are because:

— the das3 is intrinsically dependant on AC stress levels
— the ds3 is intrinsically dependant on DC stress levels.
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4 Comparison of Low Field Berlincourt Measurements
with High Field/Stress

4.1 Measurement of dz3 in the Indirect Mode

As previously mentioned, the main advantage of the Berlincourt method lies in its
simplicity. However, for many piezoelectric applications, materials are used in the
indirect mode—applying a field to achieve a displacement for actuation. This poses
the question, is the value of d33 determined by the Berlincourt method the same as
that determined using the indirect method? For a discussion of how to perform ds3
measurements of PZT materials using the indirect mode there is an NPL measurement
good practice guide available [1].

Results for the indirect d33 measurement for anumber of PC 5H samples are shown
in Fig. 17, where ds3 is plotted against the applied electric field. In the linear theory
of piezoelectricity d33 is a constant, i.e. it does not vary with the applied field or stress
level. For materials such as lithium niobate this is a valid assumption, but for the soft
PZTmaterial measured here the d33 has doubled over the applied field range. This
graph illustrates one of the fundamental differences between the direct and indirect
measurement methods. In the indirect method because of the small displacements
involved large fields are applied in order to produce more measurable displacements.
The applied field/stress level is therefore a large AC field with zero DC level, and the
material experiences tensile and compressive stresses. In contrast with the Berlincourt
method the charge from a small AC stress can easily be measured, however a large
DC stress bias is needed to hold the sample in place, so the sample is always in
compression. This means that for a valid comparison between the measurements the
displacement measurements should be extrapolated back to zero applied field levels,
and the Berlincourt measurements need extrapolation back to zero pre stress levels.

Figure 18 compares the d33 indirect measurement at zero field with the normal
Berlincourt measurement (i.e. a 10N pre-stress). The extrapolation for the displace-
ment measurements assumes that the behaviour is linear all the way to zero field.
Considering Fig. 17 this appears valid for the thicker samples, however the thinner
samples show a tail off in behaviour as a field of 0.05kV/mm is approached. One
problem with these thinner samples is that the actual displacements measured are
smaller for equivalent fields. For the 0.5kV/mm field a d33 of 500 pC/N represents
a displacement of only 25nm, and at these levels system noise and resolution is
important. Comparing the two measurement results in Fig. 18 the displacement mea-
surement gives consistently higher results, by about 10 %. However, the trend for
the different samples is the same. Two 1 mm samples were chosen for the first of the
series of measurements in Fig. 18 that gave different Berlincourt d33 values, and this
is reflected in the displacement measurements. It is interesting to note that for a given
composition the variations in dz3 measured by the Berlincourt are reflected in the
zero extrapolated displacement results, however the gradients of the displacement
versus applied field measurements for d33 are similar for all the samples.
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Fig. 18 Comparison of indirect and direct measurements on PC 5H material

The disparity between the two measurement methods could be attributed to the
fact that the Berlincourt measurements were taken at 10N pre-stress. However, the
pre-stress should have a greater effect on the thinner samples, not a constant differ-
ence as observed. Similar measurements on the PC4D material also gave a higher
displacement ds3 than its corresponding Berlincourt value, but this time only by
around 3 %. If the difference was solely due to the pre-stress then the difference
should be reversed for the hard material. There are several possible interpretations
as to why the measurements are different, including the following:
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Berlincourt measurements are done under a pre-stress

e The calibration of the Berlincourt is at a fixed frequency using a sample measured
at resonance

e In the displacement measurement method the sample experiences tension and
compression whilst in the Berlincourt method it is always under compression

e The boundary conditions for the two experiments are slightly different.

The discrepancies are not that large considering these issues, and it can be con-
cluded that the Berlincourt results agree with the zero field extrapolated displacement
measurements. However, the Berlincourt method gives no indication as to what might
happen at higher driving fields.

4.2 Direct Measurements of ds33 at High Mechanical Stress Levels

In the previous section we have seen that there is equivalence between the Berlin-
court measurements and the displacement measurement results when extrapolated
back to zero applied field. However, the Berlincourt data cannot be used to predict
the displacement of materials at the kinds of fields used in practice. Obviously the
Berlincourt result gives us the base level, and some kind of generic rate of change of
ds3 with applied field could be used to give an improved estimate. It may be possible
to get an idea of how much the d33 changes with increased field levels by using
increased stress levels, by using the equivalence of the indirect and direct piezo-
electric behaviour. There are two experimental problems with this approach. Firstly,
for equivalence with the applied AC field experiments the Berlincourt measurement
system would need to generate tensile and compressive stresses. The difficulty with
applying tensile stresses could be overcome by comparing with field-strain mea-
surements performed with a DC bias to keep the stresses compressive. The second
problem is that, using the conventional Berlincourt system with a voice coil drive, it
is difficult to generate large stresses at high frequency. This second problem can be
overcome by using a piezoelectric actuator to produce the AC stress.

The results of making direct piezoelectric coefficient measurements at high
applied AC stress is shown in Fig. 19. Clearly the behaviour is similar to the dis-
placement behaviour under high applied fields, i.e. there is a near linear increase in
d33 with applied stress, suggesting this is a possible method for predicting high field
displacement behaviour.

5 Summary: Simple Checks for Improved Measurements
for Quasi Static Piezoelectric Coefficient (Berlincourt)
Measurements

Static Pre-load  Think about the load applied to the sample. A 10N load on a I mm
area is 10 MPa. Will this affect your sample? Check the effect by changing the
pre-load.
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Fig. 19 Piezoelectric coefficient, d33 with amplitude (pk/pk) of ac pressure

AC load level ~ Similarly with the AC load level, is this affecting your measure-
ments? If you can change the level, do so, and look at the effect. Generally the
lower AC level will give more linear behaviour, but at the expense of decreased
signal to noise ratio.

Sample Geometry Thicker samples are always better in terms of spreading the
loads, a thinner sample might give increased stress levels. Check the effect on
thinner samples by stacking several and looking at the difference. There should
be no difference.

Measurement Frequency Don’t work exactly on mains frequency, or multiples
thereof. Check the resonance behaviour of your system using either Lithium Nio-
bate, or a very hard PZT composition. These should show little change with
frequency. Work as far away from the resonance as possible. Work at the cali-
bration frequency, if you want to change frequency, consider recalibration at this
frequency.

Calibration =~ How was your reference sample calibrated, and is this calibration valid
at the frequency and stress levels used in your system? Use a high sensitivity
calibration sample to set the gain of the system, but check the gain independently
with a lower activity reference material.

Environment Understand the temperature compensation mechanism of your sys-
tem, i.e. what is the temperature sensitivity of the internal reference? If you mea-
sure a sample with similar properties to the internal reference there will be no
variation with temperature. Is this what you want? If the internal reference is a
high sensitivity PZT material, check the temperature variation with a more tem-
perature stable material.

Environment What are the effects of moisture and air currents on your system?
Look at the measurements as you breathe moist air onto it. Is it stable if you blow
dry air over it, for instance from a compressed gas source?
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Loading probes  Flatter loading contact geometries are better for thinner samples
because they reduce the effective stress levels, and also ease misalignment prob-
lems. However using completely flat loading contact can lead to bending stresses
unless all surfaces are perfectly aligned.

Time Dependant Effects The time dependence of measurements is usually small
but measurable. Leave a sample in the system overnight and see the difference.
For consistency of results it is good practice to take readings after a fixed time,
for example after 5.

Acknowledgments Thanks are due to the industrial sponsors of this work. Many of the measure-
ments made in support of this work were carried out using a piezometer supplied by Piezotest Ltd,
on PZT samples supplied by Morgan Electroceramics Ltd and Advanced Ceramics Ltd.

Appendix A: Round Robin Tests

As part of the measurements carried for this chapter a small round robin was under-
taken to confirm some of the findings. Two laboratories using similar instrumentation
measured a set of hard (PC 4D) and soft (PC 5SH) samples 10 mm diameter, and thick-
nesses of 10 and 1 mm. The measurements were all performed at the same frequency,
under different levels of pre-load. The results of the round robin confirmed:

. The variability of the soft material is greater than the hard

. The variability of thin samples is greater than for thick

The hard material is less dependent on the pre-load

. The d33 of the soft material decreases with increasing pre-load

. The ds3 of the hard material increases with increasing pre-load

. The difference in d33 for thick and thin materials is consistent with the behaviour
under the application of a pre-load

7. Thick samples are less affected by the pre-load.

The spread of results in this round robin has also been reduced as a result of
controlling the conditions under which the measurements were performed. Figure 20
shows the results for the current round robin compared with a study on a similar
material. The data has been plotted as a percentage deviation from the average for
each laboratory, and clearly shows the reduced scatter from close control of the
experimental set up. Clearly the control has been achieved by using almost identical
piezometers, and further work is needed to maintain this using different makes and
models of direct testing machines.

Appendix B: Relevant Standards

1. IEEE Standard on Piezoelectricity, Std 176-1978
2. IRE Standards on Piezoelectric Crystals, 1961, Proc. IRE, pp.1162-1169; July
1961
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Fig. 20 Round Robin tests using Berlincourt measurements on PC 5H material

3. IEC standard publication 483, 1976. Guide to dynamic measurements of piezo-
electric ceramics with high electromechanical coupling

4. BS EN 50324-2:2002, Piezoelectric properties of ceramic materials and
components—Part 2: Methods of measurement—Low power
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Characterisation of Pyroelectric Materials

Roger Whatmore

1 Introduction

Pyroelectrics form a very broad class of materials. Any material which has a crystal
structure possessing a polar point symmetry—i.e. one which both lacks a centre of
symmetry and has a unique axis of symmetry—will possess an intrinsic, or spon-
taneous, polarisation and show the pyroelectric effect. The pyroelectric effect is a
change in that spontaneous polarisation caused by a change in temperature. It is
manifested as the appearance of free charge at the surfaces of the material, or a flow
of current in an external circuit connected to it. The effect is a simple one, but it
has been used in a range of sensing devices, most notably uncooled pyroelectric
infra-red (PIR) sensors, and has thus come to be of some engineering and economic
significance, enabling a wide range of sensing systems, ranging from burglar alarms
through FTIR spectroscopic instruments to thermal imagers.

A wide range of material compositions and types are available for potential
exploitation, including single crystals, ceramics, polymers, thin films and liquid
crystals [1, 2]. An important problem for the materials engineer is how to select
the most promising material for exploitation in any given device type. This must be
determined by which of the materials properties are relevant to the application being
contemplated. Central to the selection decision will be how to accurately measure
these properties.

This chapter aims first to describe the main device applications of pyroelectrics and
to discuss—on the basis of the physics of how these devices work—the key properties
which determine device performance. It will then discuss the main techniques by
which these properties can be measured, including some of the potential pitfalls. It
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will finish with a brief review of the properties of some of the materials which have
been applied in practical devices and systems.

2 Basics of Pyroelectric Materials

Asnoted above, any material whose structure possesses one of the 10 polar symmetry
groups (1, 2, m, mm2, 4, 4mm, 3, 3m, 6, 6mm) will be pyroelectric. The reasons for
this are fairly simple to appreciate and are illustrated in Fig. 1. This illustrates a very
simple polar lattice in which a cation sits within an anion framework, but displaced
from the centre of the unit cell (Fig. 1a). This creates an intrinsic spontaneous elec-
trical polarisation (Pg ) to the cell. The cation sits in an asymmetric potential well
(Fig. 1b), which means that it will find it easier to move in one direction in the cell
(back towards the cell centre) than the other. As the temperature of the material is
increased, the amplitude of vibration of the cation will also increase, which means
that its mean position will be closer to the centre of the cell, and thus the value of Pg
will decrease with temperature. Simple examples of real materials which show the
effect are ZnO and AIN, which both possess the wurtzite structure, symmetry 6mm
[3]. In such materials, the magnitude of Ps decreases with increasing temperature
but does not go to zero.

The majority of pyroelectrics which have found practical applications belong to
the class of materials known as ferroelectrics [4]. In these materials, the direction of
Pg can be switched between equivalent stable states by the application of an electric
field of sufficient magnitude. This characteristic, known as ferroelectric hysteresis,
is extremely useful, as it means that polycrystalline ferroelectric materials (ceramics
and crystalline polymers) can be rendered polar, and hence pyroelectric through a
process known as “poling”. This usually entails cooling the material from a temper-
ature close to (or even above) T¢ while under a sufficiently-high electric field. The
field orients the polar axes within the individual crystallites of the material so that
they sum together to give a net polarisation. Note that if there are a sufficient number
of “options” for the polar axis within any one crystallite, the net polarisation can be
close to that achieved in the bulk material (ca 80 % for six or eight options). Examples
of ferroelectrics which have been used in pyroelectric applications include:

e LiTaO3 which possesses the ilmenite structure, symmetry 3m at room temperature
and for which the direction of Pg can be switched between two opposite directions.
This is usually used in single crystal form.

e PbTiO3, which possesses the perovskite structure, symmetry 4mm at room tem-
perature and for which the direction of Ps can be switched between six equiva-
lent directions. (In practical materials, this is usually modified with various other
dopants, but the structure remains the same.) This is usually made and used as a
polycrystalline ceramic.

e Pb(Zrg ¢ Tip.1)O3, which also possesses the perovskite structure, but with symmetry
3m at room temperature and for which the direction of Pg can be switched between
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Fig. 1 Schematic diagram illustrating the origins of the pyroelectric effect. a Shows a cation
sitting off-centre in a cation framework, generating a spontaneous electrical polarisation. b Shows
the asymmetric potential well within which the cation sits

Fig. 2 Schematic diagram Electrode (Area A)
illustrating the generation
of current by a pyroelectric Polar Axis — [
element

Pyroelectric material

eight equivalent directions. (Again, in practical materials, this is usually modified
with various dopants.) This is also usually made and used as a polycrystalline
ceramic.

e Poyvinylidene fluoride (PVDF) and its copolymers with trifluoroethylene. These
are crystalline polymers with the symmetry mm?2.

Several materials have been explored as polycrystalline thin films, usually
deposited on silicon, in which the crystallites have a strongly-preferred orientation,
which can enhance the pyroelectric effects. These materials will be discussed further
below.

In nearly all ferroelectrics, the magnitude of Ps decreases with increasing tem-
perature and goes to zero at the Curie temperature (7¢). In theory, the decrease in Pg
is reversible, provided 7¢ is not exceeded but in practical applications, it is usual to
operate the materials well below T¢, as usually Ps will degrade irreversibly unless
a DC field is applied to stabilise it. This is discussed further below.

The change in Ps can be detected in the following way. If a piece of pyroelec-
tric material is placed between electrodes, such that the vector Ps is normal to the
electrodes and the electrodes are joined with a wire to make an external circuit (see
Fig.2), then a change in temperature will cause a current i), to flow in the circuit such
that:-

dP; dT

a4 ]
" EAUT 4 M
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Fig. 3 Illustrating the P,
variation of spontaneous ' p=dP /dT
polarisation with temperature -
in a ferroelectric exhibiting a AP
second-order transition at the
Curie temperature T¢
T
AT Te

where:
A =area of the electrodes

% =Rate of change of Ps with temperature = p (pyroelectric coefficient)

‘é—{ =Rate of change of temperature with time.

This current flow can be used in a variety of ways, as will be illustrated in the next
section. In ferroelectrics, the pyroelectric coefficient (p) will increase dramatically
as T¢ is approached, as shown schematically in Fig. 3. However, there is a strong
tendency for ferroelectrics to depole when close to T¢, even if T¢ is not exceeded.
Nevertheless, the polarisation—and hence the pyroelectric coefficient—can be sta-
bilised close to, and even above, the T¢ by the application of an electric field. In this
case, the pyroelectric coefficient is given by p(T, E):

T, E D 2
p(T, E) = a7 2)
where D is the electrical displacement.

This mode of operation, close to 7¢ with an applied electric field, is frequently
referred to as “dielectric bolometer mode”. It has implications for the measurement
of the physical properties which determine device operation, which will be discussed
in more detail below.

It is important to note that the pyroelectric coefficient is a first rank tensor [5] and
thus any crystalline material has a single major component, p.

3 Properties of Pyroelectrics for Radiation Sensing
Applications

By far the most common application for pyroelectrics is the sensing of electromag-
netic radiation. A typical device structure is shown schematically in Fig. 4. Here, the
pyroelectric is shown as thin piece, or element, which is electroded on its major faces.
The wafer of the pyroelectric material is usually cut, or poled, so that the polar axis is
perpendicular to the electrodes, but there are certain crystals for which an advantage
can be gained by having the crystal cut so that p is not normal to the electrodes.
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Fig. 4 Showing the structure of a typical pyroelectric detector

The mode of operation is very simple. The radiation to be detected is allowed to
fall on, and be absorbed by, the element—causing a change in element temperature.
This causes a pyroelectric current i), to flow through R, and a voltage to appear
on the gate of the FET. (i), is shown as a current generator symbol in Fig.4.) This
modulates the transductance of the FET and hence produces an output voltage. Note
that this amplifier configuration produces unity gain.

No discussion has yet been made of the wavelength of the radiation to be detected.
This is because the detectors simply respond to the energy absorbed from the radia-
tion, and so can be used to detect any wavelength, provided there is sufficient energy
present to give a detectable temperature change. Detectors have been demonstrated
working at wavelengths from X-rays [6] to microwaves [7]. However, by far the
most common uses of pyroelectrics have been for detection of long-wavelength (8—
12 micron) or mid-wavelength (3—5 micron) infra-red radiation (usually referred to
as LWIR and MWIR respectively). This is because there are few other detectors
which can give good performance at such wavelengths without the need for cool-
ing. Resistive bolometers or thermopiles [8] can be used at room temperature, but
semiconducting photon detectors generally require some cooling (usually to 77 K for
LWIR devices).

The radiation absorption can be achieved by coating the material with a suitable
black coating. Examples include gold black [9], platinum black [10] or more-recently
layers of carbon nanotubes [11]. Alternatively, the radiation can be absorbed in the
material itself, in which case the front electrode should be arranged to be matched
to the impedance of free space —377 C2/square [12]. Other configurations which
have been considered include the use of antenna coupling for microwaves or sub-
millimetre waves [13].

Generally, pyroelectrics show adequate sensitivity for many LWIR applications,
and the fact that they give an output proportional to rate-of-change of element temper-
ature, and hence rate-of-change of radiation intensity, is an advantage in comparison
with bolometers and thermopiles. The latter both give outputs proportional to ele-
ment temperature, and hence radiation intensity. Thus pyroelectrics are very good
for detecting the movement of warm (or cold) objects against a static, unchanging
background scene, or for comparing radiation intensities from two different sources.
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Fig. 5 Photograph of a
single-element pyroelectric
detector. The element is the
black square in the centre
of the package, the FET is
the component immediately
above it and the gate bias
resistor is the component on
the left

Fig. 6 Diagram of
an edge-electroded
pyroelectric detector

Dielectric substrate

Edge electrode

Itis worth considering one further type of pyroelectric detector configuration. The
detector configuration shown in Fig.4 has been widely applied in devices ranging
from people sensors (burglar alarms, door openers, automatic light switches) to FTIR
spectrometers and gas analysers. An example of a single element detector is shown
in Fig.5. The device shown in Fig.4 works well at low frequencies (typically 0.1-
100Hz) but, as will be shown below, the performance rolls-off rapidly at higher
frequencies. This frequency response is determined by the thermal and electrical
time constants (77 and 7g) of the device. Nevertheless, there is nothing intrinsically
“slow” about the pyroelectric effect itself, which is mediated by phonons in the
material and can be in the picosecond range [14, 15]. Hence, very fast detectors can
be made. These are usually edge-electroded, with the polarisation in the plane of
the detector (Fig. 6) so that the detector capacitance can be reduced and the device
impedance matched toa 50 or 75 2 transmission line. The sensitivity of such detectors
is generally very low, but in applications such as the characterisation of very fast,
high power laser pulses, this is not usually a problem. In this case, the lack of a front
electrode eliminates the possibility of it being damaged by the pulse.

The physics of operation of the device shown in Fig.4 has been extensively dis-
cussed elsewhere [1, 16—18]. It can be shown that, for radiation of intensity Wy and
modulated at frequency w, the pyroelectric current i, generated per watt of input
power (the current responsivity R;) is given by:
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Fig. 7 Ry versus frequency for a pyroelectric ceramic element with area 1 mm? and thickness
50 microns, and thermal conductance to the substrate of 50 wW/K
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The form of this response is simple. At low frequencies (w < 1/77) the response
is proportional to w. For frequencies much greater than 1 /77 the response is constant,
being:

_pA _mp

R; ==
H c'd

4)
where ¢’ is the volume specific heat.

Equation 4 gives us the first ‘figure-of-merit” which relates the fundamental phys-
ical properties of the pyroelectric material with the current responsivity of the device.
This is:

Fi=—. ®)

In this case, we should choose materials with high values of p and low values of
¢’ to maximise the current responsivity.

The voltage responsivity of the detector can be derived from the pyroelectric
current i, and the complex electrical admittance presented to it. The pyroelectric
voltage (V) generated on the gate of the FET, and therefore the output voltage V,
for a unity amplifier gain and the voltage responsivity (Ry) where:

Ry — ip _ RenpAw . ©)
YWo  Gr(l+w?r)/2(1 +w2ri)1/2

1/2

This function peaks at a frequency wpeqk = (TE7r)~ /<, with a value:

RV max A—m—m. 7/
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The variation of Ry with frequency is shown in Fig. 7, in this case for a 100 micron
square, 25 micron thick ceramic detector element feeding into a typical MOSFET
amplifier and with a thermal conductance of 20 mW/K.

Between the two frequencies 7 !and Tr ! the value of Ry varies by no more
than a factor of /2 less than Ry (max). Below the lower of these two frequencies, Ry
increases as w™! and above the greater of the two, Ry decreases as w™ L. In the latter
region, at high frequencies and for device designs where the element capacitance Cg
dominates in Fig. 4, the voltage responsivity is given by:

np
Ry = ———. 8
v c'eegAw ®)
This gives us the second figure-of-merit, Fy, where:
p
Fy=—. 9
c'e€g

This is frequently seen in the literature as the most-important figure-of-merit
for pyroelectric detectors. However, it should be noted that for most situations, the
devices are designed and operated at a frequency to maximise the value of Ry,
which is given by Eq. (7). Furthermore, Cr may not dominate over C 4. In this case
there is no simple relationship between the material’s properties and the voltage
responsivity which can be used to give a simple ‘figure-of-merit’ describing the
device’s performance, and it is necessary to model the performance of the various
available materials in the device structure, and optimise the design accordingly.
Maximising the value of Fy is generally a good idea, but it is important to take note
of the following points:

e For very small element detectors, where the capacitance of the amplifier may be
significantly greater than that of the element, F; is likely to be the most-useful
figure-of-merit. In other words, it may be more useful to maximise p than the ratio
p/e. Small detector elements are important for thermal imaging and other array
applications, when it is necessary to have a large number of elements in a finite
area, defined by read-out IC and optical system implications. Such elements can
be as small as 40 microns across [16].

e In general, the best performance will be obtained if the capacitance of the detector
element at least matches that of the amplifier. Hence, for small detector elements
it can be important to have a high dielectric constant for the pyroelectric material.

e The appearance of Gr in the denominator of Eq. (7) means that the thermal con-
ductivity (k) of the pyroelectric material can be important in determining Ry,
although this depends upon the thermal structure of the device. Generally, the
thermal diffusivity (x = k/c’) is as important as the value of .

Finally, the importance of noise in a sensor cannot be ignored. There are several
sources of noise in a pyroelectric detector [1, 2, 17], including the thermal fluctuation
noise (usually negligible), the voltage and current noise in the amplifier, the Johnson
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noise in the gate bias resistor (which can include a component due to the DC leakage
in the pyroelectric material) and the dielectric noise in the pyroelectric. The latter
two components usually dominate. In particular, the dielectric noise is proportional
to (weeg tan §)/2, and it is often useful to define a figure of merit which determines
the specific detectivity (D*) of the detector:

Fp=—2 (10)

c'Jeeptand

Finally, all pyroelectrics are piezoelectric—they will generate charge under
mechanical stress. This has two consequences:

Firstly, the pyroelectric coefficient (p*"¢**) which we normally measure under
constant (ideally zero) stress consists of two components, a primary component which
we would measure at constant strain (p*/"4")—a ‘clamped’ value—together with a
secondary component (p*¢“) which emerges through a combination of the thermal
expansion coefficients of the film (cy;) coupling to the piezoelectric coefficients
(eijk). It is easy to show that:

stress strain

D3 = D3 + eijrajk (11)

where the normal repeated suffix summation convention has been used for the ten-
sor coefficients. Generally, the primary coefficient values at constant strain are not
important, but the coupling of a pyroelectric thin film to a substrate which has a dif-
ferent thermal expansion coefficient from the film can make a significant difference
to the apparent pyroelectric effect (up to 50 wC m~2 K~'—[19]), depending on the
relative values of the thermal expansion coefficients of film and substrate and the
piezoelectric coefficients of the films. This can make a difference of up to 20 % to
the measured values. Generally, the most important of the piezoelectric coefficients
to know in determining the magnitude of this effect is e31 or d31/(s11 + s12) [20].

Secondly, from a device performance point-of-view, the piezoelectric effects can
be a source of significant electrical noise in a mechanically-noisy environment [21].
This effect is generally termed piezoelectric ‘microphony’. Its effects can be min-
imised by good device and packaging design. However, in order to do this it is again
important to know the value of d31, as the largest contribution to the effect comes
from the flexure of the substrate to which the element is mechanically connected.
The contribution due to self-loading through the thickness of the element (for which
the coefficient d33 would provide the coupling) is generally small.

Hence, in summary, the material properties which it is important to measure for
pyroelectric detector device design are as follows:

e The constant-stress pyroelectric coefficient, p. For ceramic and polymeric mate-
rials, it is sufficient to know the magnitude of this quantity, as the principal axis
direction will always be parallel to the poling direction, but for single crystals, it is
important to know the orientation of this with respect to the crystallographic axes.
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e The real and imaginary parts of the dielectric permittivities of the material
(e} ; and e;}). As dielectric permittivity is a second-rank tensor, all the major
axis components are needed, together with their orientations with respect to the
crystallographic axes. These are essential if a crystal cut is to be used which is
not perpendicular to the major axis of the pyroelectric coefficient. The imaginary
parts of the dielectric permittivities are also needed to determine the relevant loss
tangent, and hence fp. Dielectric properties (especially loss tangents) are strongly
dependent on frequency, and so it is essential to determine these properties at the
frequency at which the device will be operated.

e Electrical resistivity (p). This will determine the electrical leakage in the device.
With care over control of the electrical properties, especially resistivity, the bias
resistor Rg shown in Fig.4 can be “built in” to the material and eliminated as an
external component [22-24].

e Volume Specific Heat (¢’). This is the product of the mass specific heat (c,) and
the density.

e Thermal Conductivity (k) and Thermal Diffusivity (k). These will determine the
thermal conductance of the device, and hence the thermal time constant. For array-
based devices in which there is no physical separation of adjacent elements, the
thermal diffusivity will determine the degree of thermal crosstalk between adjacent
elements.

e The piezoelectric coefficients (e;;, d;;) are important in determining secondary
pyroelectric effects and the level of piezoelectric microphony. e31 and d3| are the
most significant parameters to determine for pyroelectric applications.

e Optical properties: The refractive index and optical loss at the wavelength to be
sensed can be important if the absorption of the electromagnetic radiation is to be
in the element itself.

4 Measurement of Physical Properties

4.1 Sample Poling

The majority of materials of-interest for pyroelectric applications are ferroelectric,
and therefore all the properties should be measured with the material in the poled
state. A wide variety of methods have been used to pole ferroelectric materials [4],
and for each material it is necessary to determine the optimum poling conditions
before definitive property measurements are done. Some of the methods which can
be used include:

e Slow cooling of the specimen under a field which is usually a multiple of the
coercive field. The specimen is generally held in a bath of an insulating fluid such
as a silicone or mineral oil. This is to minimise the risk of surface breakdown
and electrical shorting. This method is widely applied to ferroelectric ceramics
used for piezoelectric and pyroelectric applications. For example, a modified lead
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zirconate [25] with a T¢ of 230°C and a value for E. of ca 10KV/cm could
be reliably poled by cooling from 150 °C to room temperature under a field of
30KV/cm over a period of ca 30min. Similar conditions can be used to pole
pyroelectric thin films based on a Pb(Zr¢ 3Tip.7)O3 composition.

e Materials with very high values of T¢ (e.g. LiTaO3, T¢ ca 620 °C) are often too
electrically conductive to pole using the above method because it can lead to
electrical breakdown. One technique which can be used in this instance is to slow
cool the material through 7¢ with a pulsed field applied [26]. The field and the
duty cycle need to be optimised for the individual material.

e Corona poling [27] is a technique which has been successfully applied to polymeric
ferroelectrics such as PVDF. It consists of exposing one, non-electroded, face of
the ferroelectric to a corona discharge from a series of metal points held at high
voltage (typically >10KV). The back face of the material is earthed. It has the
advantage that, as there is no front electrode, the risks of catastrophic breakdown
through a physical defect in the film are much reduced. Recently, it has been
demonstrated that this technique can be used successfully for poling ferroelectric
thin films [28].

4.2 Pyroelectric Coefficient

Several techniques have been employed for measurement of the pyroelectric coeffi-
cient. These are reviewed and discussed below.

Charge Integration

Probably the simplest technique is to heat the material, and integrate the pyroelectric
current using a standard charge-integrator circuit, employing a good-quality, FET-
input op-amp. An example of such a circuit is shown in Fig. 8. This is the method
described by Lang and Steckle [29] and Glass [30]. The FET input is important to give
a high input impedance (R;), which will then give a long integration time-constant
(C;). The charge-integrating capacitor should be sufficiently-large so that the time
constant R;C; is much greater than the length of time to make the experiment. For
R; = 10'2Q and C; = 10pF, the time constant would be amply long enough
>100days. The choice of the integrating capacitor is important, as it is essential
to minimise leakage. A good quality polyester variety is a good choice, rather than
ceramic or electrolytic. If a sample of a typical pyroelectric material is considered
(say LiTaO3—see below—for which p = 200 x 107°Cm~2 K‘l), with an area of
1 cm?, this value of capacitor would give an integration output in the millivolt range
for every degree centigrade change in temperature. This can easily be measured using
an appropriate digital voltmeter (DVM). The sample temperature can be measured
using a thermocouple placed close to the specimen. A Chromel/Alumel thermocouple
will produce an output voltage change of approximately 40wV per °C, although this
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Fig. 8 Charge integration circuit

scale factor is temperature dependent and the appropriate thermocouple calibration
curve must be used. The thermocouple voltage can also be measured using a DVM,
or with an appropriate digital thermometer. Other devices can be used to measure
temperature, such as a Pt resistance thermometer or commercial thermistor. The
integrated charge can be logged as a function of temperature, to produce charge
integration curves on heating and cooling.

The pyroelectric coefficient at any given temperature can be simply determined
from the gradient fl—g of this curve and the electrode area (A).

_49 1 (12)

P=ur A

Key issues in making this measurement are:

e As in all temperature measurement, the thermocouple (or other device) must
always be at the same temperature as the material being measured. Hence, the
design of the heating system is important. Placing the sample on, or within, a
large thermal mass within the oven, such as a brass block, can be effective. The
thermal mass of the block ensures that the heating and cooling cycles are smooth
and steady. The location of the thermocouple in the block, close to the pyroelec-
tric sample being measured, ensures that the measured temperature is as close
as possible to the actual temperature of the sample. The sample should be con-
tained within an electrically shielded environment, which reduces the electrical
noise. The leads connecting the sample to the charge integrating amplifier should
also be fully and individually shielded, with the shields earthed, which reduces
stray capacitance (important if the rig is to be used for dielectric measurements
see below) and keeps electrical noise to a minimum. If required, channels can be
machined into the heating/cooling block to allow the circulation of a coolant fluid.
If a measurement below ambient temperature is required, the sample oven must
be filled with dry gas possessing a dew point below the lowest temperature to be
used, or evacuated, to prevent the condensation of moisture onto the specimen.

e The measurement of pyroelectric currents can easily be confused by the release
of trapped charges, causing thermally-stimulated currents (TSC). The trapped
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Fig. 9 Circuit for measurement of pyroelectric currents

charges are usually caused by the separation of mobile charge during poling,
which become trapped in lattice or structural defects, grain boundaries, electrode
interfaces etc. The effect of TSCs is to increase the current released on heating,
and reduce it on cooling, so that the gradients of the charge integration curves are
greater on heating and reduced on the cooling cycle. The best way to avoid this
effect is to wait for a decent length of time (typically 24 h) after poling, before
making the pyroelectric measurement. Annealing the sample in an oven for several
hours, with the electrodes shorted, can also help to reduce this effect. Clearly the
annealing temperature should be well below the Curie temperature. For a typical
modified lead zirconate ceramic referred to above, an overnight anneal at 100 °C
is usually found to be effective. In any case, it is important to take the pyroelectric
coefficients both on heating and on cooling and any residual TSCs taken account
of. This can be done as described below.

Pyroelectric Current Measurement

The use of this method has been described by Byer and Roundy [31] and consists
of heating or cooling the sample at a known rate while measuring the pyroelectric
current—either using a commercial electrometer or using a circuit of the type shown
in Fig. 9. The currents can be very small—of the order of nanoamps or less. Hence
the circuit needs to be sensitive and well-shielded from sources of electrical noise.
There are many excellent examples of commercial devices capable of measuring
very low currents.

Figure 10a shows an example of results obtained from this type of measurement,
in this case performed on a Cr-doped PZT-PMN ceramic material [32, 33]. The elec-
trode area (A) was 5 x 10~* m2. Figure 10a shows the raw data of current and temper-
ature versus time. The heating and cooling rates are plotted in Fig. 10b, together with
the corresponding pyroelectric currents. There were significant TSC effects in this
specimen. Assuming that the TSC is purely a function of temperature, and not time,
then the total measured currents (i,;,) on heating and on cooling can be described as:
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iﬁ; = pThA + i;sc Heating (13)
i¢ = pT.A + issc Cooling (14)

where T is the rate of change of temperature with time and iy, is the magnitude of
the thermally stimulated current at any given temperature. The i;s. can be calculated
from:

Tcigl + Thlﬁl

; . 15
7 7, 5)

ltse =

Once the TSC is known the reversible pyroelectric coefficients can be calculated
from Eqgs. 13 and 14. These parameters are plotted in Fig. 10c for this sample. The TSC
is small at room temperature (ca 50 pA) but quite significant at elevated temperatures
(ca 0.2nA, or 10 % of the pyroelectric current).

An alternative method for measuring the pyroelectric current consists of mak-
ing small sinusoidal temperature oscillations about some average temperature, and
measuring the current produced [33—-36]. An example of the results of this kind of
measurement are shown in Fig. 11a. Figure 11b shows three sinusoidal temperature
cycles, and the resulting pyroelectric currents.

The pyroelectric coefficient can be calculated using Eq. (16) below [13]:

. R 2
p(T) = o \/(R—;+1) + w2R2C? (16)

where i, is the average of the maximum and minimum currents, w is the angular
frequency of temperature oscillation of amplitude AT, A is the electrode area, R, is
the resistance of the electrometer (this depends on the instrument range and can be
taken from the electrometer specification), and Rg is the resistance of the sample.
The effect of TSC on the current plot would be to give a constant DC offset to
the measured current (provided the amplitude AT is not too great) and hence this
method is not badly affected by this perturbation. The value of R, for a Keithley
6517 electrometer on a 20nA FSD range would be <50 so if Rg = 10° € and
wR,C K 1, the term under the square-root in Eq. (16) is very close to unity. For the
data shown in Fig. 11a, ip,, = 2.79nA, w = 0.0132 s~land AT = 3.81°C, giving
p = 110 uCm~2 K~ This can be checked by calculating the pyroelectric coefficient
from the equation p = i,,/(T A) , point-by-point through the high gradient parts of
the cycle. The values are shown in Fig. 11b for three of the cycles. Close to 26°C
(the mid-point of the thermal cycle) it can be seen that all the cycles give a value
close to p = 110 uCm~2 K~!. However, the degree of scatter in the measurement
increases as the data points move away from this temperature.
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Fig. 11 Alternative method for pyroelectric properties: a sinusoidal temperature cycles and mea-
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Irradiation Methods

This method, first described by Chynoweth [37], is related to the technique described
at the end of the last section. It involves illuminating the specimen with a
sinusoidally-varying-flux of infra-red radiation and measuring the resulting pyro-
electric current as a consequence of the temperature changes in the material. This is
illustrated schematically in Fig. 12.

The method has the great advantage that the temperature of the specimen is con-
tinuously cycled by a small amount (usually a fraction of a degree) about an average
temperature, which is close to the mode of operation of a pyroelectric detector. The
RMS current signal is usually measured using a lock-in amplifier and is unaffected
by DC components such as TSC. The disadvantage of the method is that the amount
of radiation absorbed is dependent upon the emissivity (1) of the front electrode, so
that it can be difficult to be certain of the actual temperature change in the specimen.
The radiation can be from a hot body (usually held at ca 500K), although some
authors have used visible or near-IR radiation (e.g. from a gas or solid state laser) for
the same purpose. The rms temperature variation (6,,,5) for a sample of thermal mass
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Fig. 12 The “Chynoweth” method for measuring pyroelectric coefficients using AC modulated IR
radiation to heat the specimen [37]

H with a thermal conductance G to a heat-sink, when illuminated by radiation of
intensity W, modulated at an angular frequency w is:

nw

SN D)

As an example, consider a 1 mm square, 50 micron thick piece of a pyroelectric
ceramic with ¢’ = 2.8 x 10° Jm ™3 K~!, bonded to a copper heat sink with a thermal
conductance of 1 mW/K (typical for a silver epoxy bond). If illuminated with 5 mW
of radiation, modulated at 10 rad/s with = 0.5, this would give 6,,,; = 1.4°C and
an rms current response of 11.5nA if the pyroelectric coefficient is 400 uCm=2 K.
This is readily measurable using a commercial current amplifier, but it indicates the
importance of having good shielding and keeping the electrical noise to a minimum.
Increasing the thickness by a factor 10 (to 0.5 mm) would reduce the current output
to 1.4nA.

This method relies upon having a good understanding of the operation of the
physics of the set-up and the extraction of the basic pyroelectric coefficient from
measured pyroelectric current is not straightforward. The ‘direct heating” AC method
described in the previous section is a much better way to get this parameter. How-
ever, the radiation illumination method is a good way to eliminate non-reversible
pyroelectric effects and can be a useful method for this reason, if used in conjunction
with more direct methods.

Some problems to be aware of with this method:

a7)

e If visible radiation is used for illumination, in some cases the results can be com-
plicated by the release of currents due to photoelectric effects.

e The simple theory of pyroelectric devices assumes sinusoidal modulation of the
illuminating radiation, so care is required to ensure that the time-waveform of
the illuminating radiation is close-to sinusoidal. (This is easy to do with a near-
IR solid-state laser, for example). Otherwise, the effects of the higher frequency
components of the illuminating waveform must be taken into consideration. In
the case of square-wave illumination, the intensity of the higher harmonics can be
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significant, considerably distorting the frequency response curve from the ideal.
For the example given above, if square-wave modulated radiation, then the higher
harmonic terms would boost the apparent response by about 32 % relative to a
pure sinusoidally-modulated illumination.

4.3 Dielectric Measurements

The measurement of dielectric constant and loss is well-described elsewhere in this
book (Sect. 1 of chapter “Electrical Measurement of Ferroelectric Properties”) and
so will not be discussed in detail here, other than to mention the key points which
pertain to pyroelectric materials. These are as follows:

e It is essential that the dielectric properties are measured under realistic operating
conditions. This means that the frequency range of measurement must be chosen
to be relevant to the device application. This is particularly important for measure-
ment of tan &, which can be strongly dependent on frequency, especially at low
frequencies. Most pyroelectric devices are operated in the range from 0.1 Hz (for
motion sensors) up to about 100 Hz. This poses a problem for many commercial
measurement systems (LCR meters and impedance analysers), which are gener-
ally designed to work best at high frequencies. Some instruments are specified to
low frequencies, however. For example, the Agilent E4980 and Wayne Kerr 6430B
are both specified to measure down to 20Hz, which is within the most-relevant
range. There is only one commercial instrument which is specified to go below
this frequency, the Solartron Frequency Response Analyser, with 1296a Dielectric
Interface will measure down to 10 wHz.

e The dielectric properties of ferroelectric materials are strongly temperature depen-
dent and must be measured over the range of temperatures that the device is to be
operated over.

e The dielectric properties of single crystals must be measured for a minimum of
three different crystal cuts if the full dielectric constant tensor is to be specified.
This is important, as the figure of merit p/e can be optimised for a crystal cut
which is not perpendicular to the major axis for the p vector. This was first shown
by Shaulov to be the case for deuterated triglycine sulphate crystals [38].

Electrical Resistivity

The bias resistor Rg in Fig. 4 performs an important function in the circuit, in that it
both sets the electrical time constant and also biases the gate of the FET. For single
element detectors, it is possible to include this as an explicit circuit element, in which
case a very high value component is needed (ca 10'>Q for a 10s time constant
with C = 10pF). However, such components are expensive. For large arrays, it is
impossible to include a separate resistor for each element. In this case, it is desirable


http://dx.doi.org/10.1007/978-1-4020-9311-1_1

Characterisation of Pyroelectric Materials 83

to be able to use the intrinsic DC resistivity (p) of the element to provide the required
resistance. In this case, we can set the electrical time constant from 7, = peep, so
that for a ceramic with e = 300, we need p = 4 x 10° 2m. There are thus two issues
to address. The first is the best method for measuring the DC resistivity in the range
103-10'2 Q@m. The second is the method for controlling it. While many excellent
commercial electrometers are available that will permit the accurate measurement
of high resistances, the accurate measurement of very high DC resistivities is not
trivial. Surface moisture is a major problem and the measurements should ideally be
carried out under vacuum, after heating the specimen to expel any adsorbed moisture
from the surface. For the most-accurate measurements, guard-ring methods should
be used. A further consideration in the measurement of resistivity is the relaxation
time associated with the polarisation of immobile charges in the material. This is
particularly important for materials that have only moderately-high resistivities. It
leads to a peak in current immediately after applying the DC test voltage, followed by
an exponential decay in the current to a stable value. The time constant of this decay
can be many minutes long and the best way to get the ‘DC’ value of the resistivity
is to measure the current as a function of time and fit it to an equation of the form
i(t) = ipexp 1/t where i(t) is the current at time ¢ and iy is the current at infinite
time. The values of iy can be obtained by extrapolation of In(i(z)) versus 1/t and
used to compute the DC resistivities at ‘infinite’ time.

Thermal Properties

As noted above, it is important to have a good knowledge of the volume specific
heat and the thermal conductivity/thermal diffusivity. There are many excellent dif-
ferential scanning calorimeter systems available which can be used to measure the
specific heat which, when combined with the sample density can be used to give ¢’.
The thermal diffusivity (which can be important for thermal imaging systems if the
target is not reticulated) can be measured directly on a pyroelectric substrate using
the laser intensity modulation method (LIMM) described by Lang [39-41] or by
using a flash illumination technique [42].

Piezoelectric Coefficients

The techniques used for measurement of piezoelectric properties on bulk materials
and thin films are described elsewhere in this book. As noted above, the key coeffi-
cients to measure for pyroelectric applications are d3| and e31, so that they can be used
to model the effects of piezoelectric microphony and the generation of secondary
pyroelectric effects due to substrate clamping and thermal expansion effects.
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5 Examples of Pyroelectric Materials

There are many different types of pyroelectric, including single crystals, polymers,
ceramics and thin films and several reviews [ 1, 16, 20] have considered the properties
of many pyroelectric materials in detail, so the discussion here has been confined to
a brief review of pyroelectric ceramics and thin films.

6 Conclusions

This chapter has provided a review of the physics of pyroelectric radiation detectors,
the critical physical properties which determine their performance and the various
techniques for measuring these. Considerable care is needed, and it is especially
important to consider the way in which the material is to be used in the ultimate
application the measurement methodologies to be used are selected. This applies
especially to the measurement frequencies used for the dielectric properties, which
can have a dramatic effect on the results, especially for dielectric loss.
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Interferometry for Piezoelectric Materials
and Thin Films

Zhaorong Huang and Glenn Leighton

1 Introduction

Piezoelectricity is the coupling between the mechanical and electric property of
materials, which manifests itself by the generation of electric charge upon a pressure
or conversely the produce of strain under an electric field. For the converse effect,
the displacement related to this kind of strain is generally very small. Even for the
best piezoelectric material, for example PMN-PT and PZN-PT single crystals, the
longitudinal piezoelectric coefficient d33 is no more than 3,000 pC/N. If 1,000 volts
are applied on a | mm PMN-PT, the resulted displacement is only 3 um. Other piezo-
electric materials, such as PZT the most widely used material, have a d33 nearly one
order of magnitude smaller. Optical interferometry has long been established as one
of the most promising techniques for small displacement measurements, due to its
capability of very high resolution and advantages such as no mechanical contact and
no need for calibration on the length scale. The development of lasers in the last a
few decades has almost eliminated the problems associated with optical path length
coherence and beam density, and many techniques based on laser interferometry
have been developed for the characterisation of piezoelectric materials. This chapter
will review the applications of laser interferometry to the characterisation of piezo-
electric bulk and thin film materials and discuss possible issues associated with these
techniques.
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2 Piezoelectric Coefficient Measurement

Piezoelectric d;; coefficients are among the most important parameters for
piezoelectric materials. There are generally two approaches to determine them: the
direct effect based on charge measurement and the converse piezoelectric effect
based on the strain measurement. For bulk ceramic materials, the most commonly
used methods include the “Berlincourt” meter based on the direct piezoelectric effect
and the sample resonance method based on the converse piezoelectric effect. For thin
film samples, things become more complicated. First, it is usually very difficult to
produce a homogeneous uniaxial stress on a thin film deposited on thick substrate
without also generating a bending effect, which would produce a large amount of
charge through the transverse piezoelectric effect. As a result, modifications such
as pneumatic pressure rig [1] and sample flexure techniques [2, 3] have been sug-
gested. Piezoresponse force microscopy is a technique based on the detection of local
vibrations induced by a testing AC signal applied between the conductive tip of the
scanning force microscope and the bottom electrode. Since the radius of the tip apex
is in the range of tens of nanometers, the measured piezoelectric response is grain
dependent. For some grains, the contribution from d;5 may be significant and the
measured out-of-plane piezoelectric response could be substantially different from
the effective value along the poling direction [4]. In this chapter we will discuss
the measurement of piezoelectric coefficients using single beam, double beam and
heterodyne laser interferometers and the issues related to these techniques.

2.1 Single Beam Michelson Interferometer

Interferometry was used for the detection of piezoelectric and electrostrictive strains
nearly 50years ago [5-8] but was not widely recognised until a feedback circuit
was employed to stabilize the optical path length at about the maximum sensitivity
point (7/2 point) [9-11]. The basic principle is that, for a monochromatic light of
wavelength )\ interfering with a reference beam, the interference light intensity is:

2
I=|E,(t)+ E )]
_ )Epoei{w172k(d+Ad)} + Egel @2k 2
= Eoy + E}, + 2E 0 Eo cos(2k Ad)
=1,+ 1+ 21,1 cos(drAd/N) (1)
where I, and I, are the intensities of the probing and reference beams, respectively,

Ad is the optical path-length difference between the two beams, and k =27/ is the
wave number. For convenience Eq. (1) can be rewritten as:
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where 1,4 and I,,,;,, are the maximum and minimum interference light intensities,
which can be measured by a photo-detector.

If Ad = dye + 2n + 1)\/8 (so called 7/2 point), the photodiode output can be
written as:

Vour = %(Vmax + Vmin) + %(Vmax — Viin) sin(4wdac/N) = Vge + %Vpp sin(4mdgc /M)

3)
If dye/XA << 1, the sine function can be replaced by its argument. Then the voltage
at the photo-detector is Vpu; (t) = Vae +27/A V5 dge, Where Vi = (Vinax — Vinin)

is the peak-to-peak voltage corresponding to the full fringe displacement and the
Vie = Vipax+ Viin). From this, d33 can be calculated as:

d33V = X6V /21V,, €]

where V is the driving voltage (rms value) applied to the sample and 0V is the
corresponding photo-detector output.

Figure 1 shows the schematic drawing of a Michelson interferometer. The oper-
ational principle is as follows: The polarized beam from a laser is split into the
measuring and reference beams with mutually perpendicular polarization directions
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by the polarizing beamsplitter PBS. To prevent any reflected beam coming back into
the laser and destabilizing the laser a Faraday isolator can be placed between the
laser and the PBS. The reference beam travels through a quarter wave plate (\/4)
then is reflected back by the mirror, and then goes through the PBS. The mirror is
attached to a servo transducer which could be a piezoelectric actuator. The probing
beam passes through a A\/4 plate, and is then reflected back by the sample surface,
passes through the \/4 plate again, to be totally reflected by the PBS. A lens L1 in
front of the sample focuses the beam onto the sample surfaces and collects beams
reflected from there. Beams reflected from sample surfaces with slightly different
tilts will become parallel again due to the lens. After PBS, the probing and refer-
ence beams meet at the analyser and the interference pattern is broadened by the
lens L2 and the signals are detected by a photodiode and preamplifier detector. The
servo transducer feedback system monitors the DC output from the photo-detector
and applies a necessary voltage to the transducer to stabilize the optical path length
difference between the probing and reference beams at the most sensitive point (7/2
point). It is also used for calibration. Before an experiment is carried out, the trans-
ducer is driven back and forth by an AC voltage to create a full fringe shift so that
the V,qx and Vi, can be measured. A lock-in amplifier with AC signal generator
capability is connected to a PC which can be used to control the experiment. Usually
an oscilloscope is employed to monitor the wave forms.

This type of interferometer has been applied to the measurement of piezoelectric
and electrostrictive strains by many groups around the world [12—17]. The resolution
of the system is limited by noise, which arises due to the fluctuation in the laser
intensity and frequency, environmental mechanical and thermal disturbances, shot
noise in the photodetector and Johnson noise in the electronics, etc. Resolution as
good as 1072 pm has been reported [12] which is close to the theoretical limit by
the shot noise in the photodetector [18, 19]. Quartz is often used as a test specimen
for the system as its dj; (2.3pC/N) is very stable and well known. Figure2 shows
an example of the measured piezoelectric coefficient d33 for a PZT ceramics as a
function of frequency. It can be seen that the d33 was almost a constant until just
before 100kHz, when resonance started to affect the measured values.
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It has been reported recently that a feedback loop is not necessary if a periodic
vibration is introduced to the piezoelectric actuator for the reference beam and both
the total and the modulated beam intensities are recorded (Fig. 3) [20, 21]. The mirror
(or the piezoelectric actuator) travel distance should be larger than /8 so that the total
photodiode output varies between the V. and V,,;,. This technique is particularly
useful for interferometer scanning measurement because it effectively calibrates the
Vp at the same time as the 0V measurement, therefore it is less susceptible to the
laser intensity instability.

In practice, the use of interferometry for the measurement of piezoelectric
coefficients needs to be carried out with great care and patience. Sample shape and
mounting, optical alignment, and lock-in amplifier parameters, etc, all can affect the
accuracy and even the validity of the measurement. For Eq. (4) to be valid, we have
to assume that the back surface of the sample does not move, the applied voltage
causes only the front surface of the sample to move, and the sample is able to con-
tract and expand freely along the lateral (perpendicular to the laser beam) direction.
This requires that ideally the sample holder and the bonding materials between the
sample and the holder to have infinite elastic stiffness constants in the beam direction
and the bonding material to have zero elastic constant in the lateral direction. These
requirements put some limits to the measurement frequency and specimen shape and
dimensions.

The magnitudes of these effects can be analysed using simplified models
[9, 10]. Supposing a specimen with length I, width w, thickness h and mass den-
sity p was bonded to a large sample holder by epoxy glue (Fig. 4a). The epoxy can be
regarded as a spring with spring constant k =clw/h,,, here c is the elastic stiffness
constant of the epoxy and h,,, is its thickness. Suppose the front surface moves as
docos(27ft) here f is the frequency, then the mass centre moves as 0.5dgcos(27ft),
and the force to hold the sample is 27r2f21whpdocos(27rft), and the ratio of back sur-
face motion to the front surface motion is 272f>hph, plc. For typical values h =1 mm,
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p =7,900Kgm~3, and ¢ = 3 GPa [22]. Usually the epoxy layer thickness h, is no
larger than 0.1 mm, so the ratio ~5f2 x 10~ !2. Hence, to make the error introduced by
the back face motion of the sample less than 1 % requires the measurement frequency
to be less than 40kHz. Since the elastic constant of the epoxy c is about two orders
smaller than that of typical piezoelectric material such as PZT, the clamping effect
in the lateral direction is negligible. The resonant frequency of the above system is
127 x /k/m =1/2w x \/c/hephp ~ 300kHz. From this analysis it seems single
beam interferometer should be able to measure the piezoelectric coefficient for bulk
materials rather accurately as long as the AC signal frequency is not too high, and
the back surface is firmly bonded to a large substrate so that sample warp does not
happen.

However, if the sample lateral dimension is markedly larger than its thickness, the
clamping effect and specimen distortion may not be neglected. Li et al. observed a
reduction of nearly a third of the measured d1 for arectangular plate-like quartz spec-
imen, whilst a near-cubical quartz specimen gave a dj; very close to its theoretical
value [12]. It has been reported that the measured d33 varied from 750 to 1,250 pC/N
for the same disc specimen PC5H (Morgan Electro Ceramics) simply by changing
the way the sample was mounted [23]. For a thin film deposited on a much thicker
substrate (Fig. 4b), the bonding is usually regarded as infinitely rigid and the strain
at the film/substrate interface is continuous, therefore the clamping effect can not be
neglected. Hence the measured ds3 is a effective piezoelectric coefficient, usually rep-
resented as d33, ¢ (If there are no lateral displacements under an applied voltage the

effective converse longitudinal piezoelectric coefficient d33 y = d33 — 2d3; 7 E1 +s12)
where s;; are the mechanical compliances of the piezoelectric film and d3; the trans-
verse piezoelectric coefficient [24]. Figure5 shows the schematic deformation for
a specimen under (a) positive and (b) negative applied voltages for a4 z polarized
piezoelectric film. Assuming the specimen is symmetrical to the central axis at 0
and the bottom electrode is grounded. When a negative voltage is applied to the top
electrode (Fig. 5a), the electric field is parallel to the polarization, so the piezoelectric
film expands at the thickness direction. At the same time, it contracts in the lateral
direction due to the transverse converse piezoelectric effect and this causes the sub-
strate (from O to L) underneath the top electrode to bend. The substrate outside
the top electrode area (from L to L,) should be the rigid body extension following
the slope at the edge of the electrode (L1). From this we can see that this substrate
deformation does not contribute to the front surface displacement at the centre of
the top electrode. On the other hand, when a positive voltage is applied to the top
electrode (Fig. 5b), the electric field is anti-parallel to the polarization and the piezo-
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electric material should contract by ds33, ¢V and the substrate bends downward by éB
at the edge of the specimen. From Fig. 5b it can be seen that the surface movement
is —d33, V4 0B. So, the measured front surface displacement is 2d33, sV — B over
a cycle.

We can see from the above analysis it is possible to minimise even eliminate the
effect of the substrate bending for the single beam interferometer measurement, if
the laser beam is focused at the centre of the top electrode and the applied electric
field is always parallel to the polarisation, i.e., for the +z poled film, the voltage at
the bottom electrode is always higher than voltage at the top. Assuming the bottom
electrode is grounded, the top surface voltage can be =V {1 + cos(2~ft)}. For the —z
poled film, the voltage at the bottom electrode is required to be always lower than
voltage at the top. If the bottom electrode is grounded, the voltage applied to the
top surface can be V{14 cos(2xft)}. Under these conditions, the induced bending
is always upward as shown in Fig. 5a, and the top surface displacement at the centre
of the electrode is always equal to d33, V{1 +cos(2wft)} (d33, 5 > 0).

Next we will use a simplified model to estimate JB. Assuming the specimen is a
strip and can be treated as a bimorph, which has been studied extensively [25, 26].
The curvature x of the bending is:

6AB(1 + B) E3

" T ATB 1 2AQB+3B 2B +1 7', ©)

The bending displacement § at L is:

1 L? 6AB(1+ B
5= Lur2 o H a+ 5 duEs (6
2 2t, A?B*+2AQB+3B>+2B3%) +1

And the slope « at the L is:
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L 6AB(1 + B)
tp A“B*+2A(2B+3B-+2B°)+1
The displacement between Ly and L is o (L, — L) and:
6B =06+ a(lL, — L) ®)

where A = Y,,/Yp, B = t,,/tp, Y, Young’s modulus of the substrate layer, Y,
Young’s modulus of piezoelectric layer, t,, thickness of the substrate layer and t,
thickness of the piezoelectric layer. For a typical specimen, PZT as the piezoelectric
material and Si as the substrate with typical values of: Y,, =130GPa,Y, =80GPa,
tp, =025mm, t;, =0.00lmm, L; =1mm, L, =10mm, V=1V, and d3; =
100pm/V. This gives K ~ 6 x 1073 m™', § ~3nm, a(L, —L;) ~ 53nm, and
0B ~56nm! For a d3; =100pm/V the d33  ~200pm/V therefore the thickness
dilatation is 200 pm, meaning the bending displacement is much larger than the
longitudinal piezoelectric displacement! This analysis agrees with the conclusions
obtained in Ref. [13] where it was assumed that the top electrode covers the whole
PZT top surface.

The above analysis is for the quasi-static operation, i.e., the measurement fre-
quency is significantly below the resonant frequency. Treating the specimen as shown
in Fig.5b as a simply supported (free-free boundary condition) beam and neglect-

ing the effect of the piezoelectric film layer on the resonant frequency (since B

. . 2
>>1), the fundamental resonant frequency is estimated as f; ~ 473 [Xul

L3V pg A

4.73%, [ Yy

ZTFL% 12pg;
ment signal frequency should not be any higher than a few kHz. Strictly speaking,
a practical sample is unlikely to be a strip, the Eqgs.5-7 for bimorph beams need
to be replaced by plate theory. A plate is stiffer to bend than a strip, so the above
calculations over-estimate the bending displacement and under-estimate the resonant
frequency.

The above estimation assumed that the specimen was simply supported on the
sample holder. However, if the specimen is glued by an epoxy resin for example
firmly to a rigid body, the substrate bending can be greatly suppressed [10, 27].
Assuming the substrate of a specimen as shown in Fig. 5b is glued to a rigid sample
holder by an epoxy layer, we can estimate how much the epoxy layer would have
been stretched upon the application of a voltage to the piezoelectric film. Upon
the application of a voltage, an upward bending moment M,, is induced and the
specimen moves upward until it is counter-balanced by the stretched epoxy layer. As
discussed above, the epoxy layer can be considered as a spring with spring constant
k = cA/h,p, where A is the contact area of the epoxy with the substrate. For simplicity
assuming the maximum displacement at the edge of the top electrode (L) is Z¢y and
the displacement is a linear function of the distance from the origin (Fig.6). So the
displacement at the position x within the top electrode is xZy/L.

Considering a small area w,,dx where w,, is the width of the epoxy layer
and dx is a small length at the position x. Then the force produced by the epoxy

~ 19kHz where p;, =2330kg m~3. This indicates that the measure-
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area w.pdx which acts upon the specimen is xcw,,Zo/h,pL1dx and the moment is
xzcwepzolhele. Between L and L, the displacement is xZo/(L, — L), the force
is XxeWepZo/hep (Lo — L1)dx and the moment is XZCngZ()/hep(Lz — L)dx. The total
moment by the epoxy layer is M and:

L cw,, Z Ly cw Z
M:/ xzi_odﬁ/ 2 2o
0 Ly

Ty Ly hep Lo — L
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The equivalent bending moment M., can be obtained by bimorph theory [25, 28]:

v Y 2AB I E
“T 74 "AB+DB+D M
_ wYpt, 2AB(1+B)

4 (AB+1)

31E3 (10)

where t=1t,, +1,. Zo can then be obtained by setting M =M,,. Then, the ratio of
Zo and the longitudinal piezoelectric displacement is:

Zy  wYpt, 2AB(1+ B) 3hep ds1
d33,r Esty 4 (AB+1)  cwe,(QL3 + L3+ LiLy) dasy
_ Y, 2ABU+B) 3hepty Cw dy
4 (AB+1) QL2+ L3+ LiLy) wep dizf
2d
%5*10_3 w ._31 (11)
Wep d33f

Here we have used the same values as before for the related parameters and a large
epoxy thickness value h,, = 0.1 mm. The minimum epoxy width is the width of
the top electrode w and usually w,, >> w, usually 2d3; ~ d33, 7, so the maximum
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value between the maximum back surface displacement Zy and the piezoelectric
displacement is no more than 0.5 %. If the epoxy width is greater than the width of
the top electrode, this ratio is even smaller. This indicates that the sample bending
effect can be safely neglected if the specimen is glued to a rigid sample holder. Works
reported in the literature support the above estimation. Muensit and Guy were able to
avoid the substrate bending excitation and obtained d3z = 2.0 &= 0.1 pm/V for GaN
thin films by gluing the specimen to a thick brass plate, which was in turn rigidly
attached to an optical stage. [29]. Lueng et al. measured d3z = 2.13pm/V for GaN
thin films with a heterodyne interferometer, [30]. They used silver epoxy to glue the
Si substrate to an aluminium block which in turn was rigidly attached to a translation
stage.

A distinctive advantage of the laser interferometry technique is its very wide
operating bandwidth. The bandwidth for the setup shown in Fig. 1 is mainly limited
by the bandwidth of the photo-detector. Tikka et al. constructed a laser interferometer
which is capable of detecting vibration amplitude down to less than 10 pm, with a
lateral resolution of 300 nm and bandwidth up to 12GHz [31, 32]. Using a precision
controlled sample stage and the laser interferometer system they measured the mode
shapes of the vibrations of the thin film bulk-mode resonators which are used as
filters of 3G mobile phones at frequencies higher than 1 GHz. At these high frequen-
cies, mechanical movements could not follow the signal variation and the measured
vibration is most likely due to the intrinsic piezoelectric contribution.

2.2 Double Beam Mach-Zehnder Interferometer

To overcome the possible substrate bending effect, double beam Mach-Zehnder
interferometers have been developed for the measurement of piezoelectric coeffi-
cients for bulk ceramics and thin films, [33—41]. In this set up, the probing beam
hits both the front and back surfaces of the sample. Figure 7 shows the schematic
drawing of a Mach-Zehnder interferometer. The operational principle is as follows:
The polarized beam from a stabilised He-Ne laser passes through a Faraday isolator
before hitting the polarizing beamsplitter PBS1. PBS1 splits the beam into the prob-
ing and reference beams with mutually perpendicular polarization directions. The
reference beam is totally reflected by the beamsplitter PBS2, then travels through
a quarter wave plate (\/4) and then reflected by the mirror M1. The mirror M1 is
attached to a servo transducer (usually a piezoelectric actuator). This reference beam
is reflected by another beamsplitter PBS4. The probing beam passes through a \/4
plate, and is then reflected by the sample surface, passes through the \/4 plate again,
to be totally reflected by the PBS1. After being reflected by the two 45° placed mir-
rors M2 and M3, the probing beam is reflected by the PBS2, goes through a \/4
plate and is reflected by the back surface of the sample. The two lenses L1 and L2
at either side of the sample focus the beam onto the sample surfaces and collect the
reflected beams. Beams reflected from sample surfaces with slightly different axial
tilts will become parallel again due to these lenses. After PBS2, the probing beam
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is reflected by a mirror M4 and then goes through the beamsplitter PBS4. After the
PBS4, the probing and reference beams meet at the analyser and the interference
pattern is broadened by the lens L3 then detected by a photodiode and preamplifier
detector. The electric driving and feedback systems are the same as in the single
beam interferometer.

Figure 8 shows an example of the d33, ; as a function of DC bias for a 2 pm thick
Mn-doped PZT52/48 film as measured by this kind of double beam interferometer.
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If the front and back beams are perfectly aligned, the substrate bending should
not contribute anything to the measured displacement. However, if there is a
misalignment of 1, the measured displacement also includes the bending effect.
This can be estimated from Eq. (6). Assuming the front beam is at the centre and the
back side beam is misaligned by 1 = 0.2 mm, using the parameters the same as in

2
2.1 and notice B >> 1, then the bending contribution §; ~ 217‘ . m ~d3 1 E3 ~
P

g . ﬁ -d31 E3 ~ 120 pm, which is more than half of the thickness dilatation! So the
precise alignment of the back and front beams is of critical importance to the accurate
measurement of the piezoelectric coefficient for thin films using the double-beam
interferometer techniques. As for the single beam interferometer, proper specimen
mounting such as gluing part of the substrate firmly to a rigid holder can greatly
suppress the bending effect.

Various modifications to the above double-beam interferometer have since been
reported. The optical fibre version of the Mach-Zehnder interferometers have been
developed by Gerber et al. [40] and Fernandes et al. [42]. Like other optical fibre
based systems, these interferometers have easier optical alignment, small size and
weight, and higher sensitivity. Huang and Whatmore reported a common path laser
interferometer which uses two less beam splitters giving a more compact system [17].
In this design, the probing and reference beams share a common path for most of the
optical length, LabVIEW was used to control the driving signal and data acquisition
so that experiments can be carried out automatically and remotely controlled via a
local area network (Fig.9).

Very compact single beam [43] and double beam laser interferometers [16] have
been developed by Nosek et al. These designs enabled the specimen and some
key components of the system to be housed within a cryogenic cooling chamber
so that the specimen temperature could be as low as 240K (Fig. 10). Temperature
dependence of the piezoelectric coefficients d33, d31 and d, were measured with these
systems to study the intrinsic and extrinsic contributions of the piezoelectric effect
[16, 40, 44].

2.3 Heterodyne Interferometer and Laser Scanning Vibrometer

The above strain measurement based laser interferometers have very high sensitivity,
simple data processing and are relatively cheap to set up. However, they usually
require careful optical alignment, very stable work environments with minimum
mechanical and thermal disturbances, and samples with very good surface reflectivity
which means double side polished wafers for the Mach-Zehnder interferometer. On
the other hand, frequency measurement based interferometers, such as the heterodyne
interferometer and vibrometer, are more robust and user friendly.

Figure 11 shows the schematic of a heterodyne interferometer. A single frequency
laser beam is split into two by the PBS, one being a reference beam and the other
the measurement beam. The measurement beam passes through an acoustic-optic
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Fig. 9 Schematic of common path double beam laser interferometer. Reprinted with permission
from Ref. [17]

modulator (AOM) which produces a frequency shift of fr = wpgr/27 (say, fr =
70 MHz) much higher than the expected motion frequency (or the Doppler frequency
shift) of the sample. This measurement beam then passes through another PBS to
a quarter wave plate (\/4) and is focussed by a lens onto the sample surface. After
reflection from the surface of the sample the measurement beam retraces its path to the
PBS, before it is totally reflected and combined with the reference beam before being
incident onto a photodetector. The photodetector output current I(t) is proportional
to the light intensity:

I=|Er@)+E,0|

_ ‘EROei(thrqﬁ) i Epoei(wwR), 2

= Exo+ Epy + 2Ep0Ego cos(wrt + (1))
= I, + I, + 2/1,1, cos(wrt + ¢(1)) (12)

where ¢(t) is the phase shift due to the sample movement, reflection, etc. If the
sample surface displacement from its average position is described by z(t), then ((t) =
o + 2kz(t), where g is the phase difference at z(t) =0 and k is the wave number.
Assuming a sinusoidal motion for the sample Zpsin(wrt), p(t) = ¢ + 2kZpsin(wrt),
and kZy << 1, then:
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Fig. 10 Schematic of the double beam interferometer for measurement inside a cryostat chamber.
Reprinted with permission from Ref. [43]

Fig. 11 Schematic of a
heterodyne interferometer

PBS

"

I =1,+ 1+ 2/l cos(wrt + ¢o + 2k Zy sin(wrt))
=1y + I +2/1,1{cos(wrt + ¢o) cos(2kZ sin(wrt))

— sin(wgt + ¢g) sin(2kZy sin(wrt))}
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Fig. 12 Displacement profile 200
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across the edge of a square

top electrode for a partially
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Reprinted with permission

from Ref. [41]
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This shows that, in the frequency domain, the photodetector output will have three
peaks: the carrier at wg and two sidebands separated from the carrier by +wT. The
intensity of the sidebands is proportional to the displacement amplitude Zg. Usually,
only one of the sidebands is sent to the spectrum analyzer.

For laser vibrometers, the Doppler frequency shift f7 from a moving surface at
velocity v is given by the Doppler shift equation f7 = 2v/\. This Doppler frequency
deviation is measured interferometrically and then converted to surface velocity
and displacement. Microscope laser scanning vibrometry was particularly useful for
the characterization of vibrations in micro-electrical-mechanical systems. One can
usually use one-beam or two-beam techniques. For the one beam technique, only one
beam i incident onto the sample surface. For the two beams method, apart from the
beam focused onto the measuring spot, a reference beam i focused on to the substrate
surface, i.e., the sample surface without the top electrode. This beam does not move
when the measuring beam i scanning over the sample. In this case, the measured
displacement i the displacement difference between the measuring and the reference
beams.

Figure 12 shows the displacement 6 profile across the edge of a square top electrode
for a partially electroded ceramic PZT. Positions <0 were covered by top electrode
and positions >0 were without. The reference beam was at the position 0.5 mm,
therefore the displacement at 0.5 mm was always 0. It is noticed that the displacement
did not reduce to O abruptly at the edge, rather it reduced to O gradually over a
distance nearly 0.5 mm over the un-electroded area. The obtained d33 was 176 pm/V
at positions inside the electrode and away from the edge (<—0.5 mm for example) at
the frequency 10kHz and this d33 value was stable at different frequencies between
2—-15kHz. This compares to the result of 178 pm/V as obtained by the interferometer
method, [45].

Figure 13 shows (a) SEM image for a square top electroded PZT(30/70) thin film
on SOI wafer; (b) the displacement J/voltage profile across the square electrode at a
particular time with DC bias at 8 V. The top electrode was 1 x 1 mm, it was electrically
connected to a cantilever by a thin line only, the top electrode Au/Cr, PZT and the
bottom electrode Pt at areas other than the contact pad and the connecting thin line
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Fig. 13 a SEM image of
the top electrode contact pad
consisting of PZT(30/70) -
on SOI wafer; b The 5 e
displacement d/voltage S 3
profile across the
contact pad; ¢ A finite ele-
ment analysis simulated
displacement line pro-
file across the patterned .
contact pad. Reprinted with 1. mm
permission from Ref. [45]
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have all been etched away. The reference beam was near the position —0.6 mm. It can
be seen that the slope had a sharp gradient at the electrode edge and the displacement
was a plateau for the centre of the electroded area, also there is a displacement
increase toward the edge of the top electrode. FEA was carried out to understand
the device behaviour. The PZT property parameters used in the FEA were those for
Ferroperm ceramics PZ23 and the Young’s modulus for Si was 130 GPa which is
the value for the Si<100> [45]. The boundary condition was that the bottom of the
Si was clamped. The modelled displacement line profile across the top electrode is
shown in Fig. 13c, the increase toward the edge of the top electrode and the similarity
between the simulated and the measured results are obvious. Apparently the d33, ¢
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should be calculated as the relative displacement between the centre of the electrode
and the substrate.

Heterodyne interferometers [4, 30, 46], laser Doppler heterodyne interferometers
[47, 48] and laser scanning vibrometers [45, 49, 50] have all been applied success-
fully for the measurement of piezoelectric coefficients of piezoelectric thin films. As
for the strain measurement based interferometers discussed in Sect. 2.1, appropriate
sample mounting is of critical importance to suppress the substrate bending and to
obtain the accurate piezoelectric strain values.

An advantage of the heterodyne interferometers is its robustness against low fre-
quency environmental mechanical and thermal disturbances, so they can work in the
normal laboratory environment. Another advantage is that a spot measurement can be
performed in a very short time (<1 s). For these reasons the laser beam can be scanned
over a surface area and phase referenced displacement distributions across a sample
surface can be obtained. This makes the heterodyne interferometer techniques par-
ticularly useful for device characterisation, in which mode shape measurements are
necessary. Usually these systems use fibre optics, therefore the required alignment
for users is straight forward.

In summary, techniques based on optical interference, such as single beam and
double beam interferometers, heterodyne interferometry and laser scanning vibrom-
etry, can all be employed to measure piezoelectric coefficients for bulk ceramics and
thin films. However, great care is needed to minimise the sample bending effect.
For samples of thin film deposited on a thick substrate, sample bending can easily
surpass the piezoelectric thickness dilatation if the samples are simply supported
on a surface. Proper mounting of the sample, for example using epoxy to glue the
sample back to a rigid holder, can greatly suppress the bending effect to levels that
are negligible. There is no reason to believe that the single beam interferometrical
techniques, including the Michelson interferometer, heterodyne interferometer and
vibrometer methods, should perform inferior to the double-beam interferometer. For
the double-beam technique, the bending effect can also easily surpass the real piezo-
electric effect if the specimen is not glued to a rigid body and the beam alignment is
not precise.

It is straight forward to bond the back surface of a specimen to a rigid sample
holder for single beam interferometry measurements. However, for double beam
interferometers, the back surface directly opposite the top electrode cannot be bonded
to anything in order to provide access for the measurement beam, therefore the precise
alignment between the back and front beams must be carried out. From this point of
view, single beam interferometry holds a comparative advantage over double beam
interferometry due to requiring less optical components therefore minimising energy
loss, easier optical alignment, higher resolution [51] and easier sample preparation.

3 Full Field Strain Measurement

In Sect.2.1 we discussed techniques for spot-measurement, i.e., at any particular
time the measurement concerns the strain for that particular spot only, although a
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Fig. 14 Principle of moiré
interferometer

Grating

full field image can be built up by mechanically scanning either the laser beam
over the sample surface or move the sample around the fixed laser beam. On the
other hand, holographic interferometry offers whole-field displacement and strain
measurement capability. In holographic interferometry, two or more wave fields are
compared interferometrically, at least one of them must be holographically recorded
and reconstructed. For more details please refers to textbooks [52].

The most widely used holographic interferometrical techniques for piezoelec-
tric displacement measurement are moiré and speckle interferometry [53—-58]. The
operating principle of a moiré interferometer is like the following: highly reflective
cross-line diffraction grating (f; = mm/1200 lines = 0.833 pm) is firmly bonded
onto the surface of the specimen, so that deformations of the specimen surface cause
displacements of the diffraction grating, which in turn, lead to the phase changes of
the reflected beams. These phase changes are detected by the changes of the inter-
ference fringes. Figure 14 shows schematically the setup of a moiré interferometer
for lateral displacement measurement. A laser beam is collimated and divided into
two beams 1 and 2. These two coherent beams are directed to illuminate the set of
grating lines perpendicular to the x-z plane at the same but opposite angle such that
the grating diffractions the 4+1 and —1 orders coaxially. The moiré fringe patterns
are viewed at normal incidence by a CCD camera.

Let s; = (—sind, 0, cos #) be the direction for the beam 1 and s, = (sin#, 0,
cos f) be the direction for the beam 2, the observation direction is b= (0, 0, 1).
Assuming there is a displacement dx along the x direction in the grating. The relative
phase change before and after the deformation is:

47 sin 0
o= (14)

For diffraction grating, we also have f; sind = A.

So,
_ O oy s (15)

d
YT 2 2
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where N is the fringe order in the interference moiré pattern. Similarly, when mea-
suring the in-plane y displacement, two coherent beams in the vertical plane y—z are
allowed to illuminate the diffraction grating at the same but opposite angle as for the
x measurement. This way, the whole displacement fields u(x, y) and v(x, y) along
the x and y directions respectively, can be measured. Generally:

u=Nxfg/2,v=Nyfy/2 (16)
and the in-plane strain components are,

X7 ox T2 dox

17)
v fy ONy (

ST T2 oy

In practice, adjustable mirrors were used to direct the beams to form the symmetrical
illumination as shown in Fig. 14 and the moiré interferometer system is adjusted to a
null field condition prior to measuring the displacement field. Using this technique,
Liu et al. studied the fracture behaviours of ferroelectric ceramics during the in-
plane and out-of-plane 90° domain switching when the specimen were subjected to
a mechanical, electrical and combined electrical and mechanical loads, respectively
[54]. Figure 15 shows the moiré patterns (U and V fields) at different electric field
loading for a simply supported ceramic beam with a notch at the centre. When the
electric field was less than 0.4 MV m™!, the fringes in the u and v fields were nearly
uniform and the specimen had shear deformation only (Fig. 15a and b).When the
electric field is larger than 0.4 MV m™~!, initially around the notch the moiré fringes
begin to rotate counter clockwise (Fig. 15b and d), indicating the occurrence of the
in-plane 90° domain switching due to the reorientation of the tetragonal crystal.
When the field reached 0.9MV m~! which was above the coercive field strength
significant variations in the moiré fringes were observed, indicating intensive 90°
domain switching had happened and these domain switching were concentrated in a
strip of 45° and (Fig. 15¢ and f).

As a full-field image technique moiré interferometry has been proved very useful
for bulk materials and device strain characterisation. The sensitivity of the technique
for the in-plane displacement is half the frequency of the reflective grating, f,/2.
The theoretical upper limit of the in-plane displacement sensitivity corresponds to
half the wavelength, \/2. For more details please refers to textbooks on holographic
interferometry, [59].

4 Elastic Coefficients Measurement for Thin and Thick Films

Besides the piezoelectric coefficients, other important basic materials parameters
for piezoelectric materials are their elastic stiffness coefficients c¢;; or compli-
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Fig. 15 Moiré patterns of vertical poling specimens subjected to an electric field: a 0.3MV/m (u
field); b 0.3MV/m (v field); ¢ 0.6 MV/m (u field); d 0.6 MV/m (v field); e 0.9 MV/m (u field) and £
0.9MV/m (v field). Reprinted with permission from Ref. [54]
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ance coefficients s;;. Piezoelectric thin and thick films especially lead zirconate
titanate (PbZr, Ti;—, O3, PZT) have received considerable interest for their use as the
functional material of a microelectromechanical system (MEMS). Accurate knowl-
edge of the electrical and mechanical properties of these materials is essential for
the effective modelling and design of novel MEMS devices and process qualifica-
tion. Currently, the elastic coefficients obtained from bulk ceramics, with the similar
nominal compositions, are used as the values for films in the modelling and design of
piezo-MEMS devices [60]. However, given the marked differences in microstructure
between the films and bulk materials, and the dependence of these properties on the
microstructure, such practices will at best only provide an indication of how a device
may respond in real life.

The measurement of elastic coefficients for piezoelectric ceramics has been dis-
cussed in chapter “Indentation Stiffness Analysis of Ferroelectric Thin Films”, but
most of these techniques are not applicable to thin films deposited on thick substrates
because the measured properties, such as the resonant frequency, are usually domi-
nated by the presence of the thick substrate. Nanoindentation techniques are widely
used for the measurement of the Young’s modulus Y33 of thin films [61]. However, for
PZT thick films which are usually porous, itis difficult to use nanoindentation to deter-
mine the averaged Young’s modulus since it is a localized measurement technique and
will be affected by inhomogeneity in the microstructure. With the help of microscopic
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LSV, some techniques usually used for bulk samples such as the resonance method
[62] can be applied to thick films, and even thin film samples. Purpose prepared
self-supporting cantilever beams can be excited by mechanical or electric activations,
the resonant frequencies and the mode shapes can be measured by microscopic LSV.

For a PZT film on Si substrate cantilever (a conventional bending cantilever design
used in MEMS applications), as shown in Fig. 16a, the equations relating the reso-
nance frequency and tip displacement of the cantilever with the materials properties
are [24, 25]:

PEEC 7 A2B* + 2A(2B + 3B +2B%) +11"*

" 4wL?\ 3p, (1+ BC)(AB + 1)(1 + B)?
3L 2AB(1 + B)?

5= - dy E 18
2t A2B* 1 2AQ2B +3BZ 2B +1 7 (18)

A=Yu/Yp, B=tw/ty,C=pu/pp.tm+1t,=1

Here f; is the fundamental bending resonant frequency, § the displacement at the
tip, ¥, and Y, Young’s modulus, 7, and ), the thickness, p,, and p, the density, of
the substrate and the piezoelectric layer respectively. L is the length of the cantilever
and E5 the electric field across the piezoelectric layer. So, in principle, if the above
parameters Y,,, B, C, L and t are known, the PZT film property parameters d3; and
Y, could be obtained by measuring the resonant frequency f, and the cantilever
tip displacement § under the electric field E3. Huang et al. used this technique to
determine the piezoelectric and elastic coefficients of PZT thin films [45]. However,
since the thickness of the PZT film (~1um) was much smaller than the Si sub-
strate (~20 wm), the resonant frequency was largely determined by the Si substrate,
therefore the so obtained PZT Young’s modulus was prone to large uncertainty. Fur-
thermore, as in most of the other reported works, the effect of the electrode layers
was either ignored, or, the Young’s modulus of the bottom electrode (Pt/Ti) layer
was assumed to be the same as for the bulk Pt metal (which may not be true due to
differences in microstructure). A further complicating factor is the effect of poling a
PZT film which will result in different stiffness along or perpendicular to the polar
directions.

These problems can be solved using self-supporting PZT cantilever beams pre-
pared by using photolithography techniques [63]. Figure 16 show schematics of the
structures required: (b) self-supporting pure PZT; (c¢) PZT with top and bottom elec-
trode layers, usually Pt. For the homogeneous PZT beam undergoing bending vibra-
tion (the bending vibration can be activated by a mechanical shaker), Eq. 18 becomes:

= 1
" 2wL?\ pA (19)
v framL? 2L ,oA (f,27rL P 120

/\2 A2 2
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(b)
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Fig. 16 Schematic of PZT films with different clamping conditions. a Electroded PZT on Si
substrate; b Pure PZT cantilever; ¢ Electroded PZT cantilever; d LSV image of the PZT cantilever
vibration

where ); is a dimensionless number relating to mode shape, A\; = 1.8751 and
A2 = 4.6941. L is the beam length, Y the elastic modulus and Y{; = 1/s;; where
s11 is the compliance coefficient, p the material density, A the cross sectional area
of the beam and / the moment of inertia. The geometry parameters of the cantilever
such as the length L and thickness t can be obtained from SEM observations. The
resonant frequency f, and mode shape can be obtained by using LSV. The LSV
focused laser beam size is 2-3 um and the collecting angle of the objective lens is
about 13° allowing very small features to be observed.

To measure the Y7», the cantilever (with the sample mount base) will be rotated
by 90° so that the cross section along the width direction is perpendicular to the
direction 3 and also the laser beam. By again performing the frequency sweep and
displacement image Y,» can be determined. Due to the small laser spot size and
high sensitivity of the detector vibrations of structures as small as 1-2 pm should be
readily detectable provided the reflectivity is high.

For cantilevers with electrode layers as shown in Fig. 16b and c, a sinusoidal volt-
age applied across the PZT can also induce vibrations via the converse piezoelectric
effect. For the device (b), since the top and bottom Pt layers are very thin (0.1 pm)
relative to the PZT layer (1 ~ 10 wm) and have the same thicknesses, the PZT will
expand and contract along the direction 3 and contract and expand along the direc-
tions 1 and 2 at the same time. By measuring the expansion and contraction vibrations
along the directions 1, 2 and 3 at the free end tip (far away from the clamping point)
it should enable the piezoelectric coefficients d3;, d3», and d33, respectively, to be
determined for the unclamped PZT films (ideally, d3; =d3»). From the measure-
ments of the fundamental resonant frequency fy along the direction 2 (the resonant
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Fig. 17 SEM image of a self-supported PZT cantilever. The cantilever has a length 700 \wm, width
102 wm and thickness 2.4 pm

frequencies along the directions 1 and 3 are beyond the vibrometer bandwidth) and
the beam length L the elastic compliance constant s1; could be obtained for the PZT
film. For this vibration,

1 1
_ 20
o= (20)

where sj; is the compliance and p the density of the PZT. So, by investigating
the resonant frequencies, mode shape and vibration amplitude, parameters such as
the PZT compliance coefficients s33, sp2, s11 with or without substrate clamping,
longitudinal piezoelectric d33 and transverse coefficient d3j, the effective longitudinal
piezoelectric coefficient d33 ¢ for the film on thick substrate, and the compliance
coefficients s p; for the electrode layer Pt, can all be obtained.

Figure 17 shows a SEM image of a purpose prepared self-supported PZT cantilever
of dimensions 700 x 102 x 2.4um. The cantilever was actuated with a shaker in
both the directions 1 and 3 and the resonant frequencies of the beam were measured
with a LSV. The results of the measurement gave a first mode resonant frequency
for the 3 direction of 2258 Hz when measured at 5 x 10~> mBar. The Y33 calculated
using the Eq. 20 equals 62.7 GPa. More details are summarized in Table 1, [63].

Similar measurements were carried out for a number of self-supported thick film
cantilevers and the results are summarized in Table 1 as well. It can be seen that the
elastic constants along the directions 3 and 1, Y33 and Y1, equalling 56 and 56.3 GPa
respectively, were the same before poling. This indicates that the Young’s modulus
for thick PZT films are lower than those of the thin films—which is not surprising
since there are more voids in the thick films than in the thin films but we assumed all
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Table 1 Summary of the measured dimensions, resonant frequencies and the calculated elastic
constants for PZT for a few self-supported PZT cantilevers

Unit Y33 =1/s33 Yy =1/s11
Before poling After poling Before poling  After poling

Density, p Kg/m® 7700 7700 7700 7700 7700 7700
Mode constant, A 4.6941 1.8751 1.8751 4.6941 1.8751 1.8751
Length, L pm 150 600 700 150 150 150
Thickness, t pwm 10 2.4 2.4 10 10 10
Frequency, f Hz 12100 3063 2258 12200 48500 46100
Young’s Modulus  GPa 56 62.3 62.7 56.6 56.3 50.9

the films have the same mass density. The device was then corona poled at 180°C
with a 20KV field applied, this field was left on while the hotplate was cooled to
80°C a process which has showed good poling in previous devices to give a d33 of
~T70pC/N.

After the poling the device was re-measured on the vibrometer at 2 x 10~2 mBar
vacuum. The elastic constants after the poling, along the directions 3 and 1, were
determined to be 56.6 and 50.9 GPa for Y33 and Y respectively. These results show
that the PZT film is homogenous prior to poling and that after poling there is a
difference in the elastic constants between the directions parallel and perpendicular
to the polar direction, [63].
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Temperature Dependence of Ferroelectric
and Piezoelectric Properties of PZT Ceramics

Paul Weaver and Markys G. Cain

1 Introduction

Temperature induced changes in the properties of piezoelectric and ferroelectric
materials have major implications for the design of devices used in wide variety
of technological applications. Examples include valves for fuel injection in diesel
engines, pneumatics, and gas control in domestic appliances where the flow rate
could drift with temperature and compromise valve performance. Similar consider-
ations apply in layered electronic devices employing piezoelectric materials. There
is considerable current interest in multiferroic devices for spintronics, sensor and
memory applications [1]. Small scale layered devices can provide magnetoelectric
functionality through strain coupling between ferroelectric and a magnetostrictive
components. Strain coupling will also occur through differential thermal expansion
between the layers, so a knowledge of the thermal behaviour of the components
is essential. In many of these applications quite large electrical fields are needed
to obtain useful energy density, so the temperature dependency of the high field
electromechanical coupling is important. It is a significant characteristic of this type
of device that the strain or position relative to the value at a reference temperature
is an important factor. For instance, in a valve, the position of the sealing member
relative to the valve seat is the critical parameter in controlling the flow rate. In a
multiferroic device, the strain of the piezoelectric material relative to the magne-
tostrictive component determines magnetic or electrical state of the device. Thermal
expansion may couple mechanically in the same way as the piezoelectric coupling
to produce unwanted actuation in response to temperature changes rather than the
desired electrical activation. When the piezoelectric material is bonded to a different
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material to form a unimorph or bimorph actuator, the thermal expansion of the partner
materials must also be taken into account. In general actuator applications, thermal
drift can cause unwanted actuation at temperature extremes, or limit the operating
temperature range.

Many of the fundamental characteristics of ferroelectric materials are defined by
the temperature dependency of their properties. Changes in permittivity and sponta-
neous polarisation around the Curie temperature are central to the characterisation
and understanding of these materials [2] and have been well studied. The effects of
temperature on the electromechanical properties are less well understood. Data are
available on the temperature variation of low field properties such as piezoelectric
coefficients obtained from resonance measurements [3]. These are not sufficient to
provide information on the high field properties which are dominated by non-linear
effects, and tell us nothing about thermal drift in the electromechanical performance.
Where measurements have been made of large field ferroelectric strain loops [4],
these are not related to a datum, so provide no information on the absolute strain.
Thermal expansion measurements have been made in PZT ceramics [5, 6], reporting
very low values for the thermal expansion coefficient of depoled ceramic (0-2 x 10~°
°C~!) and negative values for poled ceramics [5, 6]. Whilst these measurements pro-
vide very useful information on phase transitions, they were performed under short
circuit conditions, so provide no information on the finite field electromechanical
coupling. The need to obtain finite field piezoelectric measurements as a function of
temperature relative to a datum has been recognised more recently with regard to the
application in diesel injector valves [7]. Direct strain measurements were not reported
and the strain relative to the reference was calculated from separate measurements
of non-referenced loops, remanent strain, and thermal expansion. The relationship
to the polarisation and behaviour above the Curie temperature were not reported.

Thermal expansion in a ferroelectric material is complicated by the coupling
between the temperature dependent remanent polarisation and the strain. This cou-
pling is influenced by the polarisation induced by an applied electrical field, leading
to a complicated interdependency between temperature, electric field and strain. This
coupling can be understood by studying the electrostrictive properties of the mate-
rial. It is common to neglect the electrostrictive coupling when dealing with small
field piezoelectric effects on a poled ceramic [8]. In this case the total remanent
polarisation is not changed significantly by relatively small changes in the induced
polarisation. However, typical soft PZT materials used at high electric field show a
very high degree of induced polarisation. This may be comparable to the remanent
polarisation, so the electrostrictive coupling becomes important. It can be shown [9]
that the linear piezoelectric effect can be described in the low field limit as an elec-
trostrictive strain with the polarisation equal to the remanent polarisation. The low
Curie temperature of soft PZT means that large changes in spontaneous polarisation
occur over a temperature range encountered in many practical situations, and this
electrostrictive coupling to the temperature dependent polarisation dominates the
thermal expansion and high field electromechanical response.

It is often asserted that the electrostrictive coefficients are independent of tem-
perature, but experimental evidence for this is scant. This is particularly true for
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PZT. This assertion is based on values obtained indirectly by means of a number of
assumptions, or measurements over a restricted temperature range for single crystals
of materials other than PZT [10].

The objective of this chapter is to obtain a complete mapping of the strain—
polarisation—electric field relationship from room temperature to above the Curie
temperature for soft PZT ceramics. It was a key objective to relate all the strain mea-
surements to a reference datum so that drift in the actuation position from zero to high
electrical fields could be measured. Measurements were performed for both unipolar
and bipolar (switching) cycles. We also provide electrostriction coefficients obtained
from direct measurements of the strain and polarisation, and show that these are tem-
perature dependent above 100 °C. Analysis of the electrostrictive behaviour is used
to provide an explanation for the nearly linear and hysteresis-free strain response
when the charge rather than the electrical field is used to control actuation. Recent
work on the role of electrostriction in actuation can be found in references [11-14].

2 Experimental Methods

A vertical pushrod dilatometer was used to measure electrically and thermally
induced strain. Corrections were made for the pushrod expansion by calibration
against a sample of known expansivity. Pushrod dilatometers are capable of high
accuracy expansion measurements as long as the expansion of the pushrods them-
selves is taken into account.

Figure 1 shows a typical dilatometer system. The region inside the box is heated
(or cooled) to a temperature 77 while the area outside the box is maintained at a
constant temperature Ty. The sample, of length d, is held between two pushrods
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with dimensions a and b. Note that only the length of pushrod b from the end of the
sample is taken into account as the loop dimension cancels.

In the equations below a suffix 0 indicates the dimensions at ambient temperature
i.e. when 71 = Tp.

At Ty =Ty e=ey=ag+dy— by (D

when the box is heated (or cooled) the measured expansion will be the expansion of
the sample plus contributions from the portions of the pushrods inside the box. At
=T

e=er =ay+ (co — do)Sr(T)
+do + doSs(T)
— b() — C()SR(T) (2)

where Sg(T) is the strain of the pushrod material and Sg(7') is the strain of the sample
material at temperature 7 relative to the strain at 7. The measured expansion, e — eg,
is

e—ey=—doSg(T) + doSs(T) (3)

we are interested in finding the strain of the sample material

e—e
Ss(T) = —— + Sx(T) @)
if we define the measured strain Sy, (7T') as
e—e
Sy (T) = —=2 (5)
do
then
Ss(T) = Smu(T) + Sg(T). (6)

The correction term Ss(7") is obtained by measuring a calibration curve using a
reference sample of known expansion. In this analysis it was assumed that there are
only two temperatures for the portions of the pushrod. In the real situation there will
be temperature gradients along the pushrods. This equation will still hold as long as
the calibration sample is the same size as the measured sample. The same is true of
temperature gradients in the pushrods caused by the rate of change of temperature.
Again these will be minimised if the calibration is performed under the same rate of
temperature change as the sample.

A factor not considered here are changes in proportions of the pushrods inside
and outside of the box. This is a second order effect but may be significant for e.g.
very thin samples. Samples used for the experiments were 25 mm x 5Smm x 0.3 mm
sheets of a commercial soft PZT, with approximately 4 wm of Ni electrode on both
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25mm x 5 mm faces. Strain was measured in the 25 mm length for an electrical field
applied across the 0.3 mm thickness (this was also the direction of poling). This is
referred to in this chapter as transverse expansion or contraction. Strain in the poling
direction is referred to as longitudinal. A positive strain refers to an expansion. Note
that results in this paper are mostly plotted as negative strain (noted on the graph
labels) to present the familiar direction of the strain loops. Electrical connections
were made through gold contacts held against each electrode. A 17.2 uF capacitor
was placed in series with the piezoelectric element to measure the charge on the piezo-
electric element (33 nF). The voltage across the capacitor was measured by means
of a high input impedance unity gain instrumentation amplifier. The small amount
of drift due to input bias currents was measured and compensated for in the results.
Electric field was applied using a high voltage amplifier under computer control.
Simultaneous measurements were made of the applied voltage, charge, extension
and temperature. Electric field, polarisation and strain were obtained using the mea-
sured dimensions of the sample. Separate experiments were performed for bipolar
and unipolar electrical cycles. For the bipolar set a loop sequence of linear ramps 0
to +400 to —400 to 0 V was applied over a period of 40 s. Two loops were taken
for each temperature point (approximately every 10°C) for a heating/cooling rate
of 20°C per hour. The unipolar loop sequence was 0 to 400 to O V over 80 s. The
heating/cooling rate for the unipolar experiments was 10 °C per hour.

3 Experimental Results

Electrical loops recorded at different points across the temperature range are shown
in Figs. 2 and 3 for bipolar and unipolar cycles respectively. Figure2a shows
polarisation—electric field loops. At 19 °C characteristic ferroelectric loops were
observed with a remanent polarisation of approximately 0.3 C m~2 at room tem-
perature, typical of this type of material [15, p. 147]. At 186 °C the hysteresis has
disappeared and the dielectric response becomes paralectric, albeit with a high and
non-linear permittivity (¢, &~ 15000). The transition from ferroelectric to paraelectric
behaviour occurs approximately between 140 and 150 °C. This will be referred to as
the transition temperature. Figure 2b shows the strain—field loops. The familiar ‘but-
terfly’ loop is observed at the lower temperatures. Above the transition temperature
the strain hysteresis also disappears. However, there is still a strong eletromechanical
response well above the transition temperature. This is shown in Fig.4 which plots
the loop maxima, minima, and the loop end point at O V (the remanent strain). The
maxima and minima of the strain loops show no discontinuity or other anomaly on
passing through the transition temperature. The remanent strain shows a step change
in strain as well as a change in slope at the transition temperature. The remanent strain
closely follows the remanent polarisation (see Fig. 5) except for a gradual strain drift
with increasing temperature corresponding to an underlying thermal expansion. It
is not possible to specify a unique expansion coefficient for these loops because it
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Fig.2 Composite plots showing bipolar, a polarisation-field, b strain-field and ¢ strain-polarisation
loops at different temperatures. The x axis for each loop is scaled (by the same arbitrary factor for
all loops in each plot) to allow clear presentation

depends on the point in the loop that is measured i.e. the thermal expansion depends
on the electrical conditions. For example, the loop maxima and remanent strain show
an expansion of approximately 7.5-8.0 x 1076 °C~! while the loop minima give a
value of 2.9 x 1076 °C~!.



Temperature Dependence of Ferroelectric and Piezoelectric Properties 121

@ —

0.05 %o /
or 53°C /
82°C

-0.05 -
01 110 .
-0.15 - 141°C

P(Cm?

169°C

I
n
T
I

025 | 191°C

0.3 1 1 1 1 1
20 40 60 80 100 120 1 40 1 60 1 80 2 220

Temperature (°C) Electric field (20 kV cm’’ per division)

(b) -200 T T T T T T T T T
-400 - .
-600 |- ﬁ © saoC g
-800 5
-1000 82°C
21200 + 110°C .
-1400 141°C / ]
-1600 69°C
-1800 ./91°c

-2000 1 1 1 1 1
20 40 60 80 100 120 1 40 1 60 1 80 220

Temperature (°C) Electric field (20 kV cm’” per division)

-S (ppm)

©) a0 . . . . . . . .

-400 3
500 | /25 c i
53°C

-800 .
1000 | 82°C
»1 200 - 11000 —
-1400 141°C ]
-1600 69 C
-1800 /91°C—
-2000 Il Il Il Il Il Il
20 40 60 80 100 120 140 1 60 1 80 200
Temperature (°C) Polarisation (0.5 C m? per division)

-S (ppm)

Fig. 3 Composite plots showing unipolar, a polarisation-field, b strain-field and ¢ strain-
polarisation loops at different temperatures. The x axis for each loop is scaled (by the same arbitrary
factor for all loops in each plot) to allow clear presentation

4 Polarisation Zero

Figure 5 shows the values of the polarisation at different points in the loop, and their
variation with temperature. The maximum and minimum polarisation diminished
gradually with increasing temperature, and showed no anomaly at the transition
temperature, approximately tracking the strain maximum. The remanent polarisa-
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tion decreased somewhat more rapidly, and underwent a step change at the transition
temperature. The polarisation averaged over each loop remained approximately con-
stant over the temperature range. The average of the positive and negative remanent
polarisations was equal to the same value, and also did not vary with temperature.
Above the transition temperature, the remanent polarisation did not equal this value,
but approached the same value asymptotically from both directions. The correlation
of the different measures of the mean polarisation, and the fact that the remanent
polarisation approached the same value, allows the identification of a single unique
value for the zero point polarisation Py. This was set as zero in Fig. 5. The remanent
polarisation above the transition temperature appears to be time dependent, indicating
a slowly relaxing induced ferroelectric behaviour above the transition temperature.
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5 Coercive Field

The coercive field varies with temperature. This field was obtained by measuring the
zero crossing of the PE loops and is shown in Fig. 6.

6 Electrostriction and Ferroelectricity

Mostresearch in electrostriction is focussed on materials with zero remanent polarisa-
tion but with high permittivity and high electromechanical coupling such as relaxor
ferroelectrics [16]. These materials usually exhibit typical ferroelectric behaviour
below the Curie temperature, including hysteresis and remanent polarisation. Indeed,
materials we consider as typical ferroelectrics, such as Barium Titanate can be con-
sidered as electrostrictive in the high field extreme where the applied field is large
compared to the coercive field and the remanent polarisation is small [17, 18]. How-
ever, for many commonly used piezoelectric ceramics operating at small field levels,
the field does not significantly alter the total polarisation and the normal piezoelectric
relations apply. However, at high field strengths used in many actuator applications,
especially when using ‘soft’ ceramics with high piezoelectric coefficients, the elec-
trostrictive coefficients are also very high and the polarisation induced by the field
is significant compared to the remanent polarisation. To understand the behaviour
of these materials, particularly with regard to thermal expansion it is necessary to
examine the electrostrictive behaviour of the material.

Considering only the transverse strain (orthogonal to the poling axis) with the com
point group symmetry of a poled ceramic [19], the electrostriction can be expressed
as [9]:

S1=QnP; (7
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where S is the strain, and P; is the polarisation in the direction of the poling axis.
Q1> is the longitudinal electrostriction coefficient (Q12 is a fourth rank tensor but
considerable simplifications are made using crystal symmetry and the averaging over
crystallites in a ceramic). In the case of a ferroelectric below the Curie temperature,
the polarisation and strain may be considered as comprising both spontaneous and
field induced components:

S, +8; = Q(P, + P;)? (8)

where the subscript r refers to the spontaneous component and i refers to the induced
component. Expanding Eq. 8 gives

Sy +Si = QP +20P,P; + QP} 9)

this equation can be used to evaluate the small signal piezo coefficient where P,
remains approximately constant and P; is small, so we can neglect the term in P,.2
and differentiate to give the piezoelectric strain-polarisation coefficient, e.

1 ds;

=22 = 20p, 10
e = dp 0 (10)

this can be related to the piezoelectric strain coefficient d by

s, dS;dP;
=—=""_ (1)
dE  dP; dE
% is the permittivity € so
d=2QPe (12)

In principle Eq. 7 can be used to estimate the thermal expansion due to polarisation
changes from a knowledge of the electrostrictive coefficient. This can be added to the
underlying lattice expansion to estimate the total thermal expansion of the ceramic
from some simple measurements or a knowledge of a few material parameters. A
knowledge of the thermal expansion of the ceramic allows the device engineer to
estimate the performance of a real device, and to design a mechanism to make best
use of the available strain over the widest possible temperature range. In practice,
we measure values of the strain and the polarisation relative to a reference value.
Equation 7 can be re-stated more generally as:

Si(T, P) = So(T) + Q12(T)(P3 — Pp)* (13)

where S is the strain measured relative to areference, Sy is the strain maximum of the
parabola relative to the same reference. Note that Q1 is usually negative reflecting
the fact that the ‘striction is negative in the transverse direction, so 1 < Sp. So
and Q1> can therefore be found from a plot of S; against P3 — Py, but to do this



Temperature Dependence of Ferroelectric and Piezoelectric Properties 125

Fig.7 SPloopsata T > T¢ (a)
(186°C)and b T < T¢ 100
(29°C). Red lines shows the

quadratic fit to the points 50
marked as red circles. Sy is

the minimum of the parabola.

-50

-S (ppm)

-100

-150

-200 — w
02 015 01 005 0 005 01 015 0.2

P(Cm?)

(b)

1600
1400 | pe
1200 | §
1000 |
800 f
600 |
400 f
200

-S (ppm)

-200 I I I I I I I

we need to know Py. This is straightforward for measurements above the transition
temperature. Py is simply the value of the polarisation at zero electrical field. This is
not so obvious below the transition temperature, and not at all obvious for unipolar
loops, and so requires clarification and is discussed further in Sect. 4.

Figure 2b shows the strain—polarisation loops. Above the transition temperature,
these loops become very closely parabolic. This is shown more closely in Fig.7a
where the experimental data are compared with a parabolic line obtained by a least
squares fit (see below for line fitting). The close parabolic relationship is only seen
in the strain as a function of polarisation and is characteristic of electrostrictive
behaviour [9]. The strain shows a much more complicated dependency on electrical
field.

Having established a value for Py in Sect. 4, it is now possible to evaluate the
coefficients of Eq. 13 by linear regression. An excellent fit to the experimental data
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Fig. 8 Stability from free energy expansion. From left to right free energy G| — E D, polarisation,
and strain as functions of electric field. a—c is stable, c—d is metastable

is obtained, as shown in Fig.7a. The value of Sy thus obtained corresponds to the
temperature dependent strain of the non-polar centrosymmetric structure obtained at
zero electrical field. The states obtained at non-zero electrical field are all stable and
single valued for a given electrical field. This behaviour can be examined qualitatively
by consideration of the free energy expansion in the presence of an applied field. The
free energy expansion as a function of electric displacement, D, and the electrical
field, E, are given in the usual way [2]:

a 5 Vs, 06
Gy=—-D*+-D*+-D 14
=3 +4 +6 (14)
0G
E=(=—) =ab+~D?>+6D° 15
(aD)T aD+~+D’ + (15)

where « varies with temperature, being positive above the Curie temperature,
Tc, and negative below it. The coefficients v and § are assumed to be constant and
positive corresponding to a second order phase transition. These assumptions are
unlikely to be valid for the temperature range of interest here, but this does not affect
the qualitative conclusions of this discussion. In the following discussion we use the
approximation D & P and treat the two terms interchangeably. From Eqs. 14 and 15
we can evaluate the free energy in the presence of an electrical field:

G=G,—ED (16)

The function corresponding to T > T is stable for all values of the electrical field
in the sense that there are no states of lower free energy for any given value of the
electrical field. In the plot of Fig. 7a we are therefore using only stable states to obtain
the electrostrictive coefficient and Sy corresponds to the strain of the centrosymmetric
non-polar state. The function corresponding to 7 < T¢ is plotted in Fig. 8. The stable
states are identified in the same way as for T > T, but now there are metastable
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states where a lower free energy state exists for the same electric field. An energy
barrier separates the two states. Unstable states correspond to a free energy maximum
with no energy barrier to the transition. Using the electrostrictive relationship (Eq. 7)
we can calculate the strain as a function of electric field also shown in Fig.8 for
T < Tc. The familiar butterfly curve is obtained. This allows us to identify the
regions of the strain curve corresponding to thermodynamically stable states i.e.
the regions of reducing electric field between the maximum and zero electric field
(between maximum and remanent strain). These are the points identified in Fig. 7b
and used to calculate the electrostrictive coefficient and the strain zero from Eq. 13.
The results thus obtained are shown in Fig.9.

The electrostriction coefficient is approximately constant up to 100 °C with a value
mostly between —0.0100 and —0.0105 C~2 m*. This is slightly lower than the value
of —0.0158 C~2 m* measured by Haun [10] for undoped PZT with x(Ti) = 0.52.
Above 100 °C the coefficient drops rapidly until the transition temperature. Above
the transition temperature the electrostriction coefficient (approximately 0.0075 C~2
m*) reduces linearly with increasing temperature. It is thought that this reflects an
increasing contribution from 180° domain wall motion which contributes to the polar-
isation changes, but not the strain, with increasing temperature. This may also explain
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why the electrostriction coefficient values reported here for soft PZT are somewhat
lower that previously reported values. It is interesting to note that this process con-
tinues even above the transition temperature suggesting that domain processes are
still contributing significantly to the dielectric and electromechanical response even
well above the transition temperature.

Figure 9 shows the zero point strain variation with temperature. Up to 100 °C a
fairly linear expansion is observed with an expansion coefficient of 1.33x 1076 °C~1,
Just below the transition temperature the expansion reduces to a very low value. A
contraction is observed in the regions of the transition temperature, indicative of a
diffuse first order crystallographic phase change. Above the transition, the expansion
proceeds linearly with a coefficient of 1.77 x 10~ °C~!. These figures are in line
with previous measurements of the expansion in PZT by Berlincourt [20] (reported
in [21, p. 112]) of 2 x 1076 °C~!, falling to a very low value in the vicinity of the
T, and for unpoled ceramics [5, 6].

If we associate Sy with intrinsic electrostriction [19], then Sy describes a notional
centrosymmetric state of the crystal (averaged over all the orientations of the ceramic
crystallites). This can be interpreted as a measure of the underlying lattice expansion
in the absence of extrinsic domain-related effects. The actual response is the sum
of this lattice expansion and the electrostriction calculated through Eq. 13. For the
transverse expansion measurements reported here, changes in the remanent polari-
sation couple electrostrictively to the strain causing an expansion on heating. This
reinforces the normal thermal expansion of the lattice. If measured in the direction
of polarisation, the changes in remanent polarisation would lead to a contraction
on heating, which would oppose the underlying lattice expansion. For unpolarised
samples, the electrostrictive contraction would be approximately zero, so a weak
expansion would be observed. For poled samples, the electrostrictive contraction
would dominate leading to negative expansion. Above the Curie temperature there
is no remanent polarisation, so zero field strain in both directions reverts to a normal
expansion on heating. The transverse measurements reported here therefore help
to explain previous reports of negative thermal expansion in poled PZT ceramics
[5, 6].

For unipolar cycles the polarisation zero can not be identified from a single loop
measurement at a temperature below the transition temperature. Without this quan-
tity we cannot evaluate the coefficients in Eq. 13. Figure5 shows that for bipolar
loops above the transition temperature the remanent polarisation approaches the
same value as the loop mean polarisation. At 190 °C the remanent polarisation is
within 0.002 Cm~2 of the loop mean value. This is less than 1 % of the room temper-
ature remanent polarisation. Because the material is non-polar at these temperatures,
the high temperature remament polarisation for unipolar loops is expected to be the
same as for bipolar loops. The value of unipolar remanent polarisation at 190 °C was
taken as Py for the unipolar fit. This gave very similar values for the remanent polari-
sation at lower temperatures e.g. at 40 °C the zero field polarisation was 0.267 Cm ™2
unipolar and 0.274 Cm~2 bipolar.

Figure 10 shows unipolar strain—field and strain-polarisation loops at 25 °C. The
electric field is sufficiently high (1.3 kV mm~!) to cause a significantly non-linear
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response with a large hysteresis. However, when strain is plotted as a function of
polarisation, the hysteresis disappears completely, and the response is almost linear
(Fig. 10b). This effect has been reported previously [22] where the linear response is
used to improve control systems response by using charge control rather than voltage
control. The linear fit to the data shows that the there is a very slight deviation from lin-
earity. The electrostrictive fit, obtained by fitting the data using Eq. 13 and Py derived
as described above, shows an excellent fit to the data. The electrostrictive relationship
holds true to a high degree of accuracy right across the temperature range (Fig. 11),
although the coefficients vary with temperature as discussed above. Figure 12 shows
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the measured strain-polarisation curves across the temperature range. As the tem-
perature increases, the curvature becomes more pronounced. Approximate linearity
is observed at lower temperatures because the high value of the remanent polar-
isation offsets the piezoelectric response to a low-curvature part of the quadratic
function. The linear approximation becomes untenable at higher temperatures, but
the quadratic electrostrictive description is accurate at all temperatures studied.
The strain—polarisation curves shown in Fig. 12 have been adjusted by applying
a temperature dependent offset of 0.8 x 107 °C~!. This is the value of the total
expansion across the temperature range shown in Fig. 9b. The value is so low due to
the contraction at the transition temperature. It is used here to compensate the curves
to remove the average overall expansion (this figure is arbitrary as discussed below).
We observe that all the curves nearly lie the same parabolic curve, indicating that
there is an approximate underlying electrostriction that applies across the temperature
range, and for unipolar and bipolar (stable region) cycles. However, the family of
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curves can not be made to lie on the same curve for any single pair of values of
expansion and electrostriction coefficients. This is a reflection of the temperature
dependence of these coefficients shown in Fig.9.

These results confirm that the electrostrictive model provides a very accurate
description of the device response to very high levels of induced polarisation and
electric field, as long as the system is kept within the stable region of the free energy
diagram. This is true even when there is significant non-linearity and hysteresis
present in the strain—field response. This implies that the electrostrictive description
of the piezoelectric behaviour applies not just to intrinsic crystallographic distor-
tions, but also to the changes in strain and polarisation due to extrinsic domain wall
motion. The fact that the relationship holds across the temperature range, and the
electrostriction coefficient reduces with increasing temperature is a strong indication
that both 180° and non-180° domain processes are accommodated within this model.
However, the model does not apply in the region of metastability where the field is
applied against the direction of the remanent polarisation.

7 Electrostriction and Domain Processes

An approximation to the butterfly strain loop can be obtained from the PE loop
shown in Fig. 13a taking the square of the polarisation, to obtain the familiar butterfly
loop shown in Fig. 13b. Note that there is some asymmetry in this loop which is
exaggerated by the square power.

To make a more direct comparison with the measured strain loop (from the same
experiment) the asymmetry is removed by averaging the polarisation amplitude,
field amplitude and strain over positive and negative field values. To convert the
P? values to strain a constant of proportionality is required. This is a measure of the
electrostrictive coefficient. This was obtained by taking the strain amplitude from the
zero field point to the maximum strain and dividing it by the P? amplitude between
the same points. A value of Q.5 = 0.01C~?>m* was obtained. For comparison a
previous study [23] reported a value of Q17 = 0.03C~2m* for soft PZT ceramic.
Q11 describes the strain in the direction of the applied field, which has approximately
double the coefficient Q1, for the strain perpendicular to the field [10]. The value
measured here is therefore slightly smaller than this previous report. Because the
strain origin is arbitrary, an offset figure is also required. This was achieved by
setting the strain maximum to the same value for the direct measurement and the
value calculated from P2. A comparison of the two butterfly loops is shown in Fig. 14.

The two loops match very closely for the region of decreasing electrical field
from the maximum strain to zero field. This is the region that was used to obtain the
amplitude for the calculation of the electrostrictive coefficient. The closeness of the
fit over this region confirms that the strain very closely follows the electrostrictive
quadratic function. However, as the field is reversed, the P2 strain starts to deviate
from the measured value, particularly around the coercive field. There is a whole
region of strain amplitude predicted from the P? function that is not observed in
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the strain measurement. To examine this more closely, the difference between the
measured strain and the P2 strain is plotted in Fig. 15.

The widely accepted view of the piezoelectric response of poled ceramics is [8]
that the strain response is formed of two contributions—(i) distortion of the unit
cells within a single domain referred to as ‘intrinsic’, and (ii) deformation due to
the motion of non-180° wall motion. The region of proportionality between the mea-
sured strain and P2 corresponds to one where a single value of Q. rr fits the curve
i.e. Q. is not significantly affected by the electrical field. This was also shown to
be true in PMN-PT [8] where it was ascribed to the absence of non-180° domain
rotation i.e. purely intrinsic piezoelectric response. This cannot explain the observed
electrostriction which is hysteretic with respect to the applied field. Unipolar loops
over the same range of field are very accurately described by the same electrostrictive
response whilst demonstrating significant non-linearity and hysteresis when viewed
as a function of applied field. The electrostrictive model requires a reversal of the
polarisation direction with a reversal in the field direction. The symmetry with respect
to the electric field dictates that this cannot be considered as an intrinsic piezoelectric
response. The coercive region shows an additional contribution to the strain caus-
ing deviation from electrostrictive behaviour. Figure 15 shows that there is a very
significant strain effect for processes that become activated in the region of the coer-
cive field. 180° domain wall movement does not contribute to the strain so cannot
explain this phenomenon. If the part of the curve described by the electrostrictive
model is due to ‘intrinsic’ piezoelectric distortion, then non-180° domain rotation
could become activated in the region of the coercive field following the curve shown
in Fig. 15. The role of 180° domain wall motion, in this model, is not clear.

An alternative explanation is as follows. For a ferroelectric below the Curie tem-
perature, the strain response is gradually modified from the electrostrictive response
by an increasing remanent polarisation and a coercive field. The dominant factor is
still polarisation reversal, and a broadly electrostrictive response, but now the states
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of lower strain at fields higher than the coercive field are no longer stable and can no
longer be accessed. This explains the time dependency of states within the coercive
region—a faster transition will show a broader curve with a lower minimum strain.

8 Piezo Coefficients and Permittivity

It was described in Sect. 6 how the low field piezoelectric coefficient can be obtained
from the electrostriction coefficient, the remanent polarisation and the permittivity
(Eq. 12). The experiments presented here did not include a direct measurement of
permittivity, but an estimate can be obtained from the PE loops.

In principle the permittivity can be measured as the slope of the PE loop. However,
with the large amplitude field used here, the permittivity measured in this way exhibits
hysteresis and is multi-valued. The closest we can obtain from these experiments to
a measure of the low field permittivity is the slope of the unipolar loop for increasing
electric field. The variation of this measure of permittivity with temperature is shown
in Fig. 16. The results display the classic ferroelectric temperature dependency of the
permittivity with a peak at the transition temperature. The peak in the permittivity (the
Curie-Weiss temperature) occurs at approximately 160 °C which is slightly higher
than the temperature of the phase transition in the thermal expansion (the Curie
temperature). This provides further confirmation of a first-order phase transition [9]
in this material. The room temperature value of the relative permittivity measured
by this technique was approximately 4,500. This compares reasonably well with the
data sheet value for €33 of 5500.

The piezoelectric coefficient calculated from Eq. 12 is shown in Fig. 17. The per-
mittivity values used were those shown in Fig. 16. The room temperature value of the
d31 is —260 pm V~! which compares to the data sheet value of —330 pm V~!. The
size of the discrepancy in the piezoelectric coefficient is almost exactly the same as
the discrepancy in the permittivity. The value of d3; increases slightly with increasing
temperature, until it drops rapidly to zero around the transition temperature.
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9 Current Density and Strain Rate

According to Chong [24] the unit cell distortion is related to the spontaneous polar-
isation, strain rate and current density at the coercive point by the relationship:

3co—ag &3

= 17
4 aogPy J (an

where ag and cq are the lattice constants, Py is the spontaneous polarisation and é3
is the strain rate in the direction of the applied field.

dsS;
&= — (18)
and j is the current density
. dP (19)
T =
2 dSs dP dS
8220 5 (20)
dt ' dt dP
From Eq. 17 we get
ds 3co—
o3 _ 2% ~4% 1)

dP 4 ap Py

Room temperature values given are ag = 0.4051 nm, cp = 0.4086 nm, Py =
0.32Cm™~2, so using Eq.21 we get a value of 0.0202 C~! m?. Experimental results
for a full bipolar loop at 19 °C are shown in Fig. 19 compared to the predicted value. To
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estimate S3 from the measured S strain a factor of 2 was used i.e. S3(estimated) ~
2 x 8. Figure 19 shows the data points in the loop quarter that passes through the
coercive region.

Py—~ —Py— (22)

Equation 22 shows how the lattice distortion parameter v can be obtained from
polarisation—strain loops across the temperature range. Results are shown in Fig. 20.
The value of the slope in Fig. 20 is —13.12 ppm °C~!,
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10 Pyroelectricity and Polarisation

Polarisation was measured from the voltage across a sense capacitor (17.2uF) in
series with the piezoelectric sample (Fuji C91 25mm x Smm electrode area X
0.3 mm thick). A high impedance instrumentation amplifier was used to monitor the
sense capacitor with extremely low leakage ensuring no significant drift in recorded
charge. The capacitance is approximately 1000x that of the sample so errors due to
the voltage drop across the sense capacitor were negligible. Temperature was cycled
from 20 °C to approximately 190 °C. Voltage loops were applied approximately every
10°C . These were either unipolar 0V to +400 V or bipolar 0V to +400 V to —400 V
to 0 V. The individual loops are not shown in the results presented here and have been
filtered out from the continuous polarisation measurement. For ease of comparison
between unipolar and bipolar results (positive and negative remanent polarisation
respectively) measurements are multiplied by 41 or —1 so that polarisation is pre-
sented as decreasing with increasing temperature.

Figure21 shows the change in polarisation with heating for the unipolar experi-
ment. There is a steep transition of approximately 0.15 C m~2 at between 140 and
150°C corresponding to the Curie temperature and the loss of spontaneous polarisa-
tion. Below this temperature the polarisation varies fairly linearly with temperature
giving an effective pyroelectric coefficient of 1.3 mC m~2 K~!. A similar result is
seen for the experiment with bipolar loops (Fig.22) with an effective pyroelectric
coefficient of 1.4 mC m—2 K~! .

The situation becomes more complicated on cooling. Cooling measurements were
not available for the unipolar loop experiment, so we focus on the bipolar results
shown in Fig.23.

The heating curves vary linearly up to the Curie temperature above which the
polarisation drops to zero. The cooling results follow the same general pattern, but
below the Curie temperature the polarisation changes in steps corresponding to the
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points in time where the electrical cycles were applied. Between steps the polarisa-
tion increases slightly with cooling. The reason for the slope between loops could
be the effect of changing lattice parameters coupling to the remanent polarisation.
The non-centrosymmetric lattice distortion is known to increase with decreasing
temperature, thus increasing the unit cell asymmetry and therefore the magnitude of
the polarisation per unit cell. In this model there is no spontaneous increase in long
range ordering as the temperature decreases. When the electrical cycle is applied
this re-polarises the crystallites in the direction of the applied field, resulting in an
increase in the net remanent polarisation. This is the same process as the change
in remanent polarisation commonly observed between the first and second loops on
a sample that hasn’t been recently tested. In this model the changes in remanent
polarisation during heating are irreversible i.e. they occur once during heating after
which the smaller slope of the spontaneous cooling curve will be followed reversibly
(requires experimental confirmation). It is therefore important to measure the value
of the spontaneous cooling slope as this should more closely reflect the pyroelectric
coefficient that would be obtained from small amplitude thermal cycling.

Figure 24 shows the same cooling curve as before, but divided up into sections
between the steps. A straight line fit is applied to each section of the curve. The
gradients of these lines are the effective pyroelectric coefficient for cooling. A similar
analysis was done for the heating curve, and the results are shown in Fig.25.

The size of the large peak at the Curie temperature is somewhat arbitrary because it
depends on where the loops were taken with respect to the large change in polarisation
at this temperature. Above the Curie temperature the pyroelectric coefficient is zero
as expected. More detail is seen in the results plotted up to 140 °C shown in Fig. 26.

The coefficient for heating is approximately 1.4 mC m~2 K~! as shown earlier,
and is fairly constant with temperature. However, as discussed earlier this is likely
to be a one off, and for repeated temperature cycles with no re-polarisation of the
ceramic, this high figure would not be maintained. The lower figure from the cooling
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curves is around 0.5 mC m~2 K~! and this is likely to be maintained reversibly on
subsequent heating and cooling cycles.

11 Actuators

11.1 Review of Roark’s Equations for Bi-metal Strips

This section describes the application of formulae for the bending of a bimetal strip
from Roark [25] to the case of a 2 layer unimorph actuator. Table 8.1 of Roark’s
provides formulae for the curvature of a beam subjected to a uniform temperature
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gradient from the top to the bottom surface. We are interested a beam that is fixed at
one end and free at the other i.e. case 6a of Roark’s table. We wish to calculate the
tip deflection, y, of the free end of the beam (a = 0).

_ 2y

2 ¢ 23)

where [ is the length of the beam, + is the coefficient of thermal expansion of the
beam material, 7 is the thickness of the beam and AT is the temperature difference
across the beam.

According to Roark we can apply this equation to the case of a bimetal strip
formed from two materials, a and b, subject to a uniform temperature 7" by making

the substitution:
YAT) _ 6(yp — )T — To)(ta + 1)
t B I§K1

(24)

SO
. 32 (v — Ya)(T — To)(ta + tb)
lb2K1

(25)

where 7, and ~; are the coefficients of thermal expansion and #, and #;, are the
thicknesses of materials a and b respectively. Ty is the temperature at which the
beam is flat, and K is given by

2 3
ta tq Y, (1, Yp tp
Ki=44+6—+4+4(— — = —— 26
] * tb+ (lb) +Yb(tb) +Yata (20)
where Y, and Y}, are the Young’s moduli of the two materials. Furthermore, the
equivalent stiffness EI is given by

Wit YpY,

—_ Whlatbla 27)
12(t. Y, + 1Y)

The derivation of these equations is not given by Roark. Further detail, including
calculation of the neutral axis, is to be found in the work of Timoshenko [26].
11.2 Application of Roark’s Equations to Piezoelectric Actuator

Equation25 can be rewritten as

312(vp(T — To) — 7a(T — T0)) (ta + tp)
y = 2
1Ky

(28)
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Ya(T — Tp) and v, (T — Tp) are simply the thermal strains that would occur in the
individual components of the bimetal. This equation is still valid no matter what the
source of the strain, so we can substitute for the thermal strains general strains that
could be thermal or piezoelectric in origin.

3138y — Sa)(ta + 1)
Y l‘gKl

(29)

In the piezoelectric case this assumes that the piezoelectric material behaves elas-
tically and the piezoelectric response is not significantly affected by the restraint
imposed by the substrate. Restraint of the piezoelectric material is known to affect
the piezoelectric response, and this may produce some error in the result. Within the
level of approximation of this simple model this is unlikely to have a really significant
effect, but should be taken into account if better accuracy is required.

For an actuator comprising a piezoelectric layer and an inactive substrate bonded
together, we can allocate the piezoelectric material to a and the substrate to b. The
strain in the piezoelectric material is S,(E) where E is the electric field applied
across the thickness of the piezoelectric layer and S, is the strain in the plane of the
beam. The strain in the substrate layer Sj is zero:

Ya (T — To) = S4(E) (30)
Ww(T —Tp) = Sp(E) =0 (31)

312S,(E)(ty +1
y=— a( 2)(a+ b) (32)
lel

The piezoelectric strain S, (E) will in general be a non-linear multi-valued function
of the field E. The deflection of the actuator could be calculated directly from this
strain derived either from experiment or theory. For an approximate calculation we
can use the piezoelectric strain coefficient d3;

S.(E) =d3E (33)

so the actuator deflection within the approximation of a linear piezoelectric response

1S
312d31 E (1, + 1)
y=-——5"— (34)
t K
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11.3 Actuator with Temperature Variation

In general and actuator will be subjected to both piezoelectric and thermal strains.
The expansion coefficient of the substrate will vary with temperature so a more
accurate model will use the directly measured strain S, (7). The error involved in
assuming linear thermal expansion for the substrate will depend on the material used
and the temperature range of interest.

In most piezoelectric materials the thermal and piezoelectric strains are coupled in
arather complicated way. This simple model allows analysis of how the complicated
piezoelectric strain, S,(E, T) interacts with the substrate expansion to produce the
temperature dependent actuator movement, and to estimate the effects of different
substrate materials on the actuator performance. In this case direct measurements of
Sq(E, T) can be obtained from dilatometer measurements under different electrical
and thermal cycling regimes and used to predict actuator performance by substituting
directly into Eq. 29.



144 P. Weaver and M. G. Cain

Model results based on ceramic expansion data at room temperature are shown in
Fig.27 for a 25 mm x 5 mm composite beam comprising 0.15 mm thickness of PZT,
and 0.15 mm thickness of Kovar. for unipolar loops the predicted deflection is just
under 0.7 mm. This is close to the values measured for actuators of these dimensions.
These results demonstrate how ceramic based strain measurements can be used to
obtain realistic predictions of real actuator behaviour.
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Measurement and Modelling of Self-Heating
in Piezoelectric Materials and Devices

Mark Stewart and Markys G. Cain

1 Introduction

There are many uses of piezoelectric ceramics where the desire for increased power
output means increased drive levels, which subsequently can lead to thermal problems
within the device. Applications such as:

Ultrasonic Cleaning
Ultrasonic Welding

Sonar Transducers

Diesel Injectors

Ultrasonic Sewage Treatment

all use piezoelectric materials operated at high drive levels, where thermal loading
on the device becomes an issue, and where potentially expensive cooling is needed
to maintain device performance.

When piezoelectric materials are used as actuators they make use of the indirect
piezoelectric effect, where the application of an electric field gives rise to an internal
strain. In this solid-state energy transformation there will always be a balance between
electrical energy input and work done by the device. The coupling coefficient, k, is
used to describe this efficiency for an ideal case where there are no losses. Here, k is
essentially the ratio of the open circuit compliance to the short circuit compliance.
For most real piezoelectric materials this conversion process is also associated with
losses—both mechanical and dielectric. These losses manifest themselves in the
form of heat, causing a temperature rise in the device, which, depending on the
thermal boundary conditions can be detrimental to device performance. This self-
heating effect is most often encountered in resistive components and is termed “Joule
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Heating”. However, itis also seen in non-ideal dielectric materials where the dielectric
loss gives rise to internal heat generation. To a first approximation, piezoelectric
actuators can be thought of as a non-ideal or lossy dielectric but, because the material
is moving, additional mechanical terms are needed to model this behaviour. If the
energy loss to the surroundings is greater than the internal power generation, then
the sample will eventually reach an equilibrium temperature. If the sample losses
are greater than those to the environment, or if the losses increase with increasing
temperature, then the sample will heat up until some catastrophic event is reached—
such as the soldered connections failing, softening of adhesives, or depolarisation of
the material.

There are several factors that limit the high power operation of piezoceramics in
dynamic applications, such as sonar or ultrasonic welding transducers [1].

. The dynamic mechanical strength of the ceramic

. Reduction of the efficiency due to dielectric losses

. Reduction in efficiency due to mechanical losses

. Depolarisation of the ceramic due to the applied electric field
. Depolarisation of the ceramic due to temperature rise.

| R O R S R

The first can be largely overcome by correct prestressing or biasing of the ceramic,
in order to limit large tensile stresses. The fourth factor, electric field, can be ignored
for dynamic operations, since by the time this has occurred the field would be suffi-
cient to cause failure by factors 2, 3 or 5. The most common causes are factors 2, 3
and 5, and the dominant factor depends on the type of operation.

1.1 Where Does Self Heating Occur?

In many cases this self heating does not present a significant problem, for instance in
quartz crystals used for timing in electronics, the material’s intrinsically low loss and
the very low drive levels means that self heating does not adversely affect timing.
However, in an ultrasonic humidifying unit, if the water reservoir is allowed to
evaporate completely, they will fail due to overheating and for this reason they will
usually have a cut out to prevent operation when the water runs out. Typically most
self-heating related failures are in resonant continuous wave (CW) operation, since
these are likely to be the most aggressive in terms of power input. However, even
in non resonant operation, for instance in multilayer stacks where soft compositions
are used, self heating can still be a significant problem.

1.2 How Does It Fail?

The self-heating can be benign, or it can manifest itself in several ways in the
operation of a device. At one end of the scale, the changes in material and device
parameters caused by the temperature rise will mean that a carefully designed reso-
nant device will not resonate at the desired frequency. At the other end of the scale,
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the temperature rise can be such that material itself fails through depoling, or through
thermal stresses. Quite often, it is not necessarily the temperature rise in the ceramic
that gives rise to failure, but the ancillary components that overheat and fail. For
instance, solder may soften, insulation may breakdown, thermal expansion can lead
to the release of prestress, and softening of adhesive leads to increased losses and
failure. Tokin [2] state that “the main failures with multilayer piezoelectric actuators
are deterioration of insulation resistance, short-circuit, and open-circuit”. Although
this need not be due to self-heating it can be a contributing factor.

1.3 Thermal Runaway

Much of the time, the phenomenon of self heating in piezoelectric materials is
governed by linear processes and the temperature rise seen in a device reaches an
equilibrium state, where the extraction of energy balances the internal energy gen-
eration through joule heating. It is possible, through positive feedback mechanisms,
that the increase in temperature can lead to increased internal energy generation,
leading to a rapid and uncontrolled temperature rise and subsequent failure. This
phenomenon is also found in conventional capacitors [3] and is termed “thermal
runaway”’, where the temperature dependence of properties can lead to positive feed-
back. Although thermal runaway is often associated with catastrophic failure, in Lead
Zirconate Titanate (PZT) ceramic devices, failure is usually associated with the fail-
ure of ancillary components, such as soldered connections, adhesively bonded joints,
etc rather than mechanical failure of the ceramic. If the temperature of the device
approaches the Curie temperature, then the ceramic will become depoled, no longer
piezoelectrically active, resulting in a failed transducer.

1.4 Examples

Figure 1 shows a typical failure in a high power ultrasonic transducer, which was
probably caused by a failure in the insulating materials, as a result of the temperature
rise, leading to dielectric breakdown and the catastrophic failure. The bunching of the
wires together will exacerbate the overheating, due to decreased convection around
the wires, and the pinning of the cables to the rear mass will also contribute to heating
through mechanical strain.

Figure 2 shows a failure in a transducer from an ultrasonic cleaning bath. Evidence
of thermal effects can be seen in the discolouration of the epoxy bonding the piezo-
electric to the aluminium base plate. The cracking of the ceramic is very fragmented,
indicating that the failure was not purely mechanical, but it is difficult to attribute
the failure to purely a thermal cause without further investigations. The failure of
high power devices involving epoxies is highlighted in 1-3 composites, where poor
thermal transport away from the active ceramic causes temperature related failures
in the epoxy resin [4].
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Fig. 1 Typical failure in
a high power ultrasonic
transducer

Fig. 2 Failure in a transducer
from a laboratory ultrasonic
cleaning bath

2 How to Minimise Self-Heating

This chapter is intended to help device designers to predict the effect of joule heating
in their chosen device and its impact on device performance. If self-heating is a
significant mechanism, then there are a number of ways that the problem can be
lessened, most of which are common sense, although some may be less obvious.
Minimise Power input: The internal heat generation is dependent on the power
input to the device and this can be limited by reducing the device operating conditions,
such as driving frequency [5], field [6], or duty cycle. As many of the relevant material
properties are non linear, a small decrease in power input may give a larger decrease
in the heat dissipated in the device. Berlincourt [7] has suggested that for safe and
efficient operation the dissipated power should be limited to less than 0.5 W/cm?3.
Maximise heat extraction: Obviously, the more energy that is removed through
cooling processes, the less likely it is that self-heating will cause failure. This can
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be achieved by adding heatsinks, forced air or liquid cooling. Conduction processes
are usually most efficient at heat removal and increasing the gauge of the power
leads will increase conduction and reduce resistive losses in the cable. Sometimes,
the orientation of the device might help the convection process remove energy more
efficiently. Hu et al. [8] found that by orienting a long vibrating plate vertically, rather
than horizontally, the increase in convective heat removal, lead to almost a halving
of the temperature rise.

Maximise device size: Many thermal problems within the microelectronics indus-
try come from device miniaturisation, and if size restrictions can be relaxed, benefits
in terms of thermal performance can be achieved. Since the temperature rise in a
device can be controlled to some extent by the heat extraction, for a given power
level a larger device will usually have larger, conduction, convection and radiation
heat transfer paths. Uchino et al. [9] suggest for temperature rise suppression, a
device with a larger surface area is to be preferred, for example a tube rather than
a rod. Another approach might be to use a device designed for higher power levels,
but drive it a smaller fraction of the maximum.

Include thermal safety cut outs: A thermal cutout is advisable, however it is not
always feasible to measure the temperature of the ceramic itself if high voltages
are involved or the device is resonant. In this case the temperature of a nearby
component, or perhaps the air or coolant media can be measured, and a cutout based
on this reading can be used. A less expensive option might be to prevent operation
under certain conditions, for example without a coolant present, or when the device
has been on for more than a certain length of time.

Reduce internal heat energy production by choice of material: As discussed in
more detail later, the major contribution to the internal heating is dielectric losses
in the material, so choice of materials with lower dielectric losses help to minimise
internal heat generation. At a simple level this can be through selecting a hard, rather
than soft PZT composition, since the hard materials have lower dielectric losses and
can withstand higher operating temperatures because of their higher Curie temper-
atures. The selection is complicated by the fact that the dielectric loss is dependent
on many factors such as driving field, compressive stresses and temperature. Berlin-
court et al. [7] give several comparisons of efficiency depending on criteria such as,
maximum internal loss limited to 0.5 W/cm? -keps, and a maximum tan delta of 0.04.

Reduce Mechanical Losses in the system: Although dielectric losses are usually
the dominant source of heat generation, mechanical losses can also add to the over-
all heat generating processes. As we are considering an actuator, any motion in the
device, apart from rigid body motions, has the potential to cause a stress and there-
fore a mechanical loss. It is often seen where the active material joins the passive
components, and after all, this is how ultrasonic welding works. In 1-3 compos-
ite actuators, the active ceramic is in intimate contact with a passive epoxy, which
often has a high mechanical damping coefficient, contributing to heat generation
[10]. Where the electrical leads are soldered onto the active ceramic, stresses are
introduced into the solder, which again will have a high damping coefficient. Hu et
al. [8] have seen increased temperatures around solder joints on actuators, although
they have attributed this to contact resistance, which can also contribute to heating.
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Fig. 3 Thermograph of
self-heating in piezoceramic
disc. Colour scale from blue
(coolest) to red (hottest).
Sample driven at thickness
mode resonance of disc at
1.745 MHz. Coolest regions
(blue) correspond to where
power cables connect, and
hottest points (red) to the two
passive solder bumps

Wire
‘(Ede:m:h] top surf:

Solder bumps

They suggest that making electrical contact at the nodal point, traditionally used to
maintain a high Q in a device, may be counterproductive in terms of self heating,
since this is where the strain transfer will be a maximum. Heating through mechani-
cal losses can also be seen in the electrical contacts depending on how the wires are
routed, often one end will be rigid and the other attached to the moving actuator.

Figure 3 shows the effects of solder connections on a disc resonating in the thick-
ness mode at 1.745 MHz. The electrical power to the disc supplied via two soldered
wires, one on the top surface, and one on the bottom. In addition to this, two extra
dummy solder bumps that have been added to the top surface to examine the effect
of these additions have on the temperature profile. The temperature of the device
is non-uniform for several reasons. Although the sample is operating in thickness
mode, non-uniform strains are still introduced through Poisson’s ratio effects, which
should lead to a temperature maximum at the centre of the disc. However because of
the soldered connections, this maximum is offset towards the dummy solder bumps.
The coolest parts of the device are where the power wires are connected; here the
heat transfer through conduction in the wires leads to a smaller temperature rise. The
two dummy solder bumps show increased temperature rise, probably because of the
mechanical loss associated with the material. It is interesting to note that the solder
joints associated with the power cables do not show the heating effect, since it is
overshadowed by the increased thermal conduction in the cables.

In summary the contributions to the non-uniform self-heating in this device are
in order:

1. Non-uniform strain in the soft piezoelectric material
2. Increased heat transfer through conduction in the power cables
3. Increased heat generation due to mechanical losses in the solder.

3 Measuring the Temperature of Piezoelectric Devices

When attempting to measure the temperature of piezoelectric materials used in
actuators, there are several practical difficulties to be overcome. Firstly, the devices
often have high voltages applied, which can have implications for safe and accurate
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temperature measurement. Secondly, if the device is resonant, it may not be practical
to attach contact temperature probes, since this will interfere with the resonant nature
of the device. Thirdly, as discussed previously, when a moving actuator comes into
contact with a passive (not moving) temperature probe, there is a potential for fric-
tional heating, giving rise to erroneous readings. These three factors point towards
using non-contact temperature measurement methods such as optical pyrometry, or
even thermally sensitive paints. Thermally sensitive paints undergo a colour change,
sometimes permanent, on reaching a certain temperature. The accuracy is limited, but
they are cheap and essentially non-contact. If greater accuracy and range is needed
and the temperature reading needs to be interfaced to data collection systems, then
infrared (IR) temperature sensors are a reasonably economical solution. Errors can
arise in these systems if the emissivity of the sample is low, or not precisely known,
and the temperature measured by the radiation thermometer will not represent the
true temperature of the sample. Also, if the sample is small, it might not be fully
filling the field-of-view of the radiation thermometer, and the temperature measured
will be an average of the sample and its surroundings. Occasionally the sample can
act as a mirror and the sensor measures the radiation of an object from behind the
Sensor.

Another non-contact method of determining the temperature of a piezoceramic
device is to use the temperature dependence of the material properties as a temper-
ature indicator. The simplest property to use is the capacitance of the device. For
instance a soft PZT-5H composition changes permittivity by 33 % over the tempera-
ture range 0—40°C [1], and assuming this change is linear over the range, a change of
1 % in the capacitance represents roughly a degree centigrade. The measurement of
capacitance could be realized using the device drive wiring and electronics, however
it may be difficult to achieve the required accuracy, particularly when measuring hard
materials, where the temperature dependence of capacitance is much less. Lente et
al. [11] have shown a one to one correspondence between sample temperature and
the polarisation during fatiguing of PZT discs. As the device fatigues, the change
in polarisation causes a change in the current drawn by the device, leading to a
change in temperature. Ronkanen et al. [12] have also identified the link between
temperature and current drawn by the device, and suggest that this could be used a
mechanism for compensation of output, as the change in temperature causes a change
in piezoelectric properties such as d33.

If contact methods are preferred, then there are several work-arounds that can
be used to mitigate some of the problems discussed before. In order to mitigate
the high-voltage danger, then the thermocouple can be placed on the ground side
of the device, or a thin insulating varnish or cyanoacrylate can be used to attach
the sensor. Of course, should the insulation or piezoceramic breakdown then there
is a potential for damage to sensitive measuring electronics and also potential for
hazardous voltages to come into contact with users. For this reason, it is advisable to
have the temperature measurement electronics electrically isolated from the outside
world. From the point of view of interfering with a resonant device and also in
order to minimize ultrasonic heating effects, it is best to have very small temperature
sensors that act as point sensors. In this respect, thermocouples are readily available
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Fig. 4 Comparison of 55
temperature measurements heating cooling
of a piezoceramic disc
undergoing self-heating.
Thermocouple is fixed
to the disc with
cyanoacrylate, IR
measurements made
with IR camera and
temperature

readings taken near
thermocouple position
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in thin wire gauges as small as 0.003” (0.076 mm) diameter and smaller. Because of
their low thermal mass, these small thermocouples are also advantageous in terms of
their transient response and also their efficacy in measuring small samples reliably.
Other contact mode sensors including Resistance Temperature Detectors (RTDs),
thermistors and IC sensors, can all in principle be used, but the most commonly
used sensors for these types of measurements are thermocouples and non-contact IR
sensors. It should be pointed out that although no evidence of problems was seen
in this work, there have been reports of thermocouples giving spurious readings in
materials experiencing high power ultrasonic vibrations. Mignogna et al. [13] used
copper constantan thermocouples bonded with epoxy to various resonant and non
resonant bodies, and reported that the thermocouple would often record a temperature
rise of as much as 100 °C, yet the sample was barely warm to the touch. Experiments
to find the cause of these problems were inconclusive. However, they state “the
results cast doubt on all previous measurements where thermocouples were used to
measure heat generated during high-power ultrasonic insonation of metals™. It should
be stressed that the thermocouple measurements carried out in this work were used
to record heating generated in the piezoceramic, and in general, temperature rise in
the metallic parts was through heat conduction into the part, rather than internal heat
generation in the metal.

Figure 4 shows a comparison of temperature measurements on a 30 mm diameter,
1 mm thick, disc of soft PZT, using a type K thermocouple and an infrared camera
sensor. The thermocouple was attached near the centre of the disc using cyanoacry-
late and the camera used gave a full field image of the device, but only results near the
thermocouple position were used in the comparison. The IR system was corrected for
emissivity of the target surface by placing the sample on a hot plate and comparing
with the thermocouple readings. The calibration curve was highly non-linear, with a
4th order polynomial used to represent the readings, but this is probably a due to the
camera sensitivity rather than the temperature dependence of the surface emissivity.
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Fig. 5 Greyscale
thermograph of PC 5H disc
resonating in radial mode.
Sample has been covered
with graphite to give uniform
emissivity, but then some of
this coating has been removed
to illustrate the effect of
emissivity on the

image. Left hand solder
connection appears to be as hot
as the centre of the disc. The
circular pattern due to nodal
strain heating effects is only
visible on the graphite coated
sector

The readings are a maximum of 2 °C apart and on average less than a degree apart,
which is the order of the accuracy of the two systems. The differences could be
because of the slightly different spatial positions of the sensors, (the disc was oper-
ating in a resonant mode so the temperature was spatially dependent), or because of
the different time constants of the sensors. The fact that the two temperature traces
cross on the heating cycle, but not on the cooling cycle could again be due to sensor
time constants, or it could be due to electrical pickup. The only difficulty encoun-
tered in this work relating to thermocouple measurements came through electrical
interference of a high power transducer running at around 1kW. In this case, when
the power was applied readings shot to over 200 °C but instantaneously returned to
ambient when the power was removed. The overall conclusion is, that thermocouple
and IR sensors give identical results, except when substantial electrical interference
is present, where these effects are easily identified.

The temperature sensors discussed so far have essentially been single point sen-
sors. However, much information regarding the thermal performance of a piezoelec-
tric device can be gained by using IR cameras. Calibration of these sensors is more
difficult since the performance of each camera pixel could be different, however the
information is usually used to detect differences point to point in an image and how
this progresses in time. In this respect these types of images can often be misleading
since the images will often contain areas with different emissivity that will be diffi-
cult to account for. Figure 5 shows a raw (uncorrected for emissivity) thermal image
of a thin piezoelectric disc under resonant drive in the radial mode. To highlight
the emissivity issue, one half of the discs top surface has a graphite coating, whilst
this has been removed from the other half. The graphite gives an increased signal
so it is possible to see the ring pattern produced by non-uniform self-heating, whilst
this pattern is absent in the uncoated sector (uppermost). In the uncoated region the
hottest part appears to be the soldered power connection, which is similar to the
centre of the disc. In fact this is an artefact, the solder is acting as a mirror reflecting
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some other part of the scene, giving a false impression of temperature. To overcome
this the sample would normally be entirely coated with graphite.

4 Thermal Modelling

The aim of the modelling described here is to be able to predict the temperature rise
in any piezoelectric device, given the sample type, applied voltage, frequency, and
some environmental conditions.

4.1 Energy Balance

The temperature rise in a piezoelectric is a result of a change in its internal energy,
and that internal energy can be found by an energy balance criteria, such that:

Change in internal energy = energy generated in device — energy lost to
surroundings

Each of these energy transfer processes can be a function of many different processes:

Energy generated in device = f (loss, frequency, capacitance, voltage)
Energy lost to surroundings = f* (conduction, convection, radiation).

In order to model piezoelectric device behaviour as far as thermal conditions is
concerned, there is a need to understand both the heat generation, and the heat transfer.
The heat transferis a general problem that is covered by many textbooks and software
solutions. There are many practical heat transfer problems that include internal energy
generation, such as chemical reactions, nuclear radiation, resistive heating, where
the solutions are common and the exact nature of energy generation process is not
important. The mechanisms of heat generation in piezoelectrics, although similar to
those in dielectric materials, are further complicated by the piezoelectric coupling.
We will assume that the internal energy generation is the largest unknown in these
problems and that the heat transfer constants are largely constant over the temperature
range of interest for most cases.

4.2 Heat Transfer Processes

The three mechanisms of heat transfer; conduction, convection and radiation can be
described by their individual rate law [14].

Conduction, the diffusion of energy by random molecular motion can be described
by the rate equation, Fourier’s Law.
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"W AN dT 1
g, (W/m%) = —« Ic ey
where « is the heat transfer coefficient for conduction, and has units of W/mK, T is
temperature and g/ is the heat flux in the x direction.
Convection, which is a combination of conduction and energy transfer due to
mass motion, advection, can be described by the following rate equation, sometimes
known as Newton’s law of cooling.

qx(W/m?) = —h(Ts — Two) 2)

where h s the heat transfer coefficient for convection, and has units of W/m2K. Values
for h can range from 2 for free convection in a gas, to 20 for forced convection, to
many thousands for convection with a phase change.

Radiation, the transfer of energy by electromagnetic radiation, can be described
by the following rate equation,

gx(W/m?) = g0 (TH = T3 ) 3)

where ¢, is the emissivity, and o is the Stefan-Boltzmann constant (5.67 X
10~8 W/m2K*).

In general the most important heat transfer processes for piezoelectric devices
are conduction and convection. Since the devices are solid state the heat transfer
within the device will be through conduction, and much of the energy transfer to the
surrounding media will be through convection into air, water or other fluids.

4.3 Piezoelectric Device Operation

Piezoelectric devices are used in an ever-expanding range of applications that cover
a wide range of operating regimes of frequency, power levels etc. However, as far as
internal heat generation is concerned, there are three key types of driving conditions,
resonant drive, non-resonant drive and non-CW drive.

Off Resonant Drive

In general, the temperature of the sample/ device is uniform throughout the sample.
This is because strain throughout the sample is uniform, so each part of the sample
volume is identical, apart from those that see a different heat transfer rate, such as
sample surfaces or regions next to internal electrodes. It is usually accepted that under
these conditions the dielectric losses contribute to self-heating. Several theoretical
analyses have been developed to predict the temperature rise of devices under off
resonant conditions. Most of these models assume that the thermal conductivity and
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the heat generation mechanism are independent of temperature. Over the operating
temperatures of most piezoelectric devices it is likely that the thermal conductivity is
temperature independent, however the assumption that the internal heat generation
is temperature independent may lead to underestimation of internal temperature
profiles.

Resonant Drive

Here, standing waves are set up within the sample, which introduces a non-uniform
strain and thus potentially non-uniform temperature. Non-uniform temperatures have
been observed at nodal points in resonating devices [9, 15]. Itis not clear if these non-
uniform temperatures play a part in thermal runaway type behaviour. For example,
a small part of the sample may become locally hotter and, through heat transfer, will
heat up the rest of the sample. Here, the question arises: does failure come about
from a small part reaching a critical temperature, or the whole sample reaching this
temperature?

The critical factor under resonant drive conditions is that the mechanical loss is
increased, and may contribute significantly to the internal heat generation, and also
that this heat generation process is spatially dependent. Little work has been done
on predicting temperature rise under resonant conditions, and the non-uniformity of
temperature profiles.

Non CW Operation, Pulse Drive and Low Duty Cycle Operation

Non continuous wave (CW) drive waveforms of piezoceramics are often used, either
because it is necessary for the particular operating pattern, or to overcome some of
the overheating problems associated with CW operation. A diesel injector valve is an
example of pulse drive, where the duty cycle is actually very small, but the operating
cycle is very high power. In contrast, a high power ultrasonic cleaning bath may be
a resonant device, but in order to restrain the temperature rise, the operation may be
limited to duty cycles of 10 % or less.

For the ultrasonic bath example, the low duty cycle operation only slightly com-
plicates the heat transfer problem, in that the heat generation is modulated in the
time domain only. For the diesel injector example not only is the operation non con-
tinuous, the drive signal will likely be square wave, meaning that the internal heat
generation will have many additional components in the frequency domain.

4.4 Modelling of Heat Generation
Dielectric Heating

In its simplest form a piezoelectric device can be thought of as a capacitive load,
whose energy at any point can be modelled as the energy in a capacitor. If the capacitor
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is not ideal then some of this energy will be lost, dependent on the dielectric loss
tangent of the material. If we assume that all this lost energy is converted to heat in
the capacitor through dielectric heating then the power dissipated can be given by
Jordan and Quanies [16]

Power = 271fCtan8V2 4)

where f is the frequency, C the capacitance of the device, V the applied voltage and
tan § the dielectric loss. Dielectric heating is the mechanism for heating in a domestic
microwave oven and the temperature rise of the food in an oven can be predicted
similarly using (4), coupled with the density, specific heat capacity and the thermal
boundary conditions.

Energy dissipation in piezoelectric materials is further complicated by the mate-
rials intrinsic non-linearity when driven under high field, such that the permittivity
and dielectric loss become field dependent [17]. Coupled with this, the permittivity
and dielectric loss will also be temperature dependent [18, 19].

The dielectric heating model has been used by many workers [20, 21] as a basis
for heat generation in piezoelectrics driven at low frequency, under off resonance
conditions. Uchino [9] used a modification to this model to predict temperature rise
in multilayer piezoelectrics under off resonance drive. Uchino [9] expresses the rate
of heat generation in the multilayer g as:

q=ufVess )

where u is the loss of the sample per driving cycle per unit volume, f is the frequency,
and V. is the effective volume of active ceramic material. The effective volume is
dependent on the amount of active ceramic in a multilayer. The loss u is given by:

U= nexsoEgtamSe (6)
which is essentially a geometry independent version of the power loss in a capacitor
seen previously [4].

Strain Heating
Under adiabatic conditions, a material undergoing a change in stress state can undergo
a temperature rise in the same way that an ideal gas does. This temperature rise as

a result of a volume change is termed the thermoelastic effect and can be described
by the following equation:

o
AT = —“T(0) + 02+ 03) (7
pCp



160 M. Stewart and M. G. Cain

where ¢; is the thermal expansion coefficient, and o; are the changes in the principal
stresses. This temperature rise is fully reversible and results in cooling on expansion
and heating on contraction. In practice these changes are of the order 0.1 K or less
for fully elastic conditions in most metals. When the material is no longer perfectly
elastic the material can undergo heating effects that are sometimes described as ther-
moplastic heating, and are attributed variously to grain boundary motion, dislocation
movements, bond rotation in polymers and others. Here we will use the term, strain
heating to describe the process of temperature rise due to mechanical motion in
piezoelectric materials.

Under resonance drive conditions the dominant mechanism for heat generation is
thought to be due to strain heating, rather than dielectric heating. This phenomenon
is seen in many materials undergoing high power ultrasonic vibrations [13], and
is mechanically analogous to dielectric heating. In dielectric heating there is a lag
between the applied voltage and current, which corresponds to an energy loss, which
is converted internally into heat. In strain heating there is a lag between stress and
strain, and the corresponding energy loss is converted into heat. For dielectric heating
the energy loss is proportional to the dielectric tan §, times the square of the field,
whereas for strain heating, the energy loss is proportional to the mechanical loss, tan
8m, times the square of the strain.

Ando [22] has used the following relationship to determine the mechanical loss
for a given volume:

otsz

5 (®)

qv =
where «, is the damping coefficient, and S the magnitude of the vibratory strain.
Other workers have used similar expressions using the applied stress, to describe
the losses due to mechanical vibrations, [9, 23]. Uchino [9] determines the hysteresis
loss in a full cycle using the following expression;

wy = st X3tans, )

where s is the compliance and X is the amplitude of the stress. Blotmann et al. [23]
use a very similar expression, but divided by 2, to define the mechanical dissipation,
where the discrepancies with Uchino are due to imprecise definitions of the cycle.
Lu and Hanagud [23], use irreversible thermodynamics to develop a model for self
heating, but similarly show the strain heating is proportional to the square of the
strain multiplied by various viscous damping coefficients.

The relationship between strain and heat generation implies that, under non-
uniform strain conditions, for example at resonance or antiresonance, the heat gen-
eration will be spatially dependent. This is the key difference between strain heating
and dielectric heating where, in the latter, the internal heat generation is assumed
uniform throughout the volume.

Sherrit [24] has shown that for a plate sample of thickness, L and area A, with
x=0 at the centre, the power distribution as a function of distance x is given by
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S [7Tx
P(x) = 2P, cos [T] (10)

where P, is the mean power level. The cosine squared variation of temperature in
a resonating piezoelectric device has been confirmed by Tashiro [15], although the
form of the temperature variation at the fundamental resonance is not very different
from a case with uniform heat generation. Several workers [25, 26] have modelled
and measured temperature profiles of piezoelectric transformers driven at resonance,
and shown that hot spots coincide with regions of high strain.

Dielectric or Strain Heating

In a capacitor the only internal heating mechanism is dielectric heating. However,
for a piezoelectric material whenever an applied field leads to dielectric heating there
will also be some associated strain heating. In general, most workers have assumed
that under off resonance conditions dielectric heating is dominant, and ignored any
strain heating contribution. Under non-resonant operation the induced strain will
most probably be uniform throughout the sample, and because of this the errors
associated with this will be equivalent to an error in the tan §. Conversely, under
resonant conditions the dominant mechanism is assumed to be mechanical heating,
and dielectric heating is ignored [15, 24]. However, as before, where there is an
applied voltage, there will be associated dielectric heating, but this will be spatially
independent. Hu [25] has derived an expression for the internal loss per unit volume
in a piezoelectric transformer as:

p(x) = Agexp™ " cos” kx + pe (11

where the first term is the spatially dependent mechanical dissipation, and the second
Pe is the dielectric heating contribution. As can be seen, neglecting this contribution
will result in an offset in the temperature rise predicted, depending on the relative
contribution of this second term. Determining the mechanical and dielectric loss
for a given situation is difficult, and there are various approaches. Hu [25], uses
the phase difference between the input voltage and current to determine the overall
level of energy loss, and uses a value of 7:3 for the ratio of mechanical to dielectric
loss, based on previous experimental evidence. Other workers [22, 23] use the low
field values of mechanical and dielectric loss and Egs. (6) and (9) to determine the
individual contributions in FEA simulations.

4.5 Modelling of Heat Transfer
Steady State Heat Transfer

In the preceding discussion on heat generation, the power dissipatedwhen a certain
sinusoidal field level is applied to a device can be determined. However, this is not a



162 M. Stewart and M. G. Cain

means by itself to calculate the rise in temperature of a device. To achieve this, there
must be some understanding of the material’s thermal properties and the thermal
boundary conditions of the device. At the simplest level we can imagine a volume of
material that loses power P to ambient air, with a heat transfer coefficient h, (surface
conductance into air), where the heat loss is essentially dependent on the surface area
to volume ratio.

P =hT,Area (12)

Here P is the dissipated power and T, is the temperature rise of the sample.
For a simple disc shaped device the surface temperature rise is given by [27]

P, [2 4}—1
Ty=-21242 (13)

where d and t are the diameter and thickness of the device, and P, is the dissipated
power per unit volume.

Equation (13) describes the surface temperature rise of a disc that has a uniform
power generation P,, and is losing energy to the surroundings via convection only.
This assumes the temperature of the whole surface is the same, and the internal
temperature is constant, i.e. the volume is small enough for internal heat conduction
to be ignored.

The internal temperature, and it’s spatial variation, of a plate, thickness L and
area A, where the external temperatures are maintained at Ty, with a uniform internal
power generation, P, is given by (Fig. 6).

r— L [E_ 2] (14)
YT oA 4 7 0

The external temperature Ty can be determined by defining the control volume and
the mechanisms of heat transfer in the media. However, to a first approximation 7
is equal to the ambient temperature.

Equation (14) is valid for uniform power generation, and so would apply to off
resonance drive, with dielectric heating. Sherritt et al. [24] have shown that if the
power generation in the slab is not uniform, but proportional to the square of the
strain, then the temperature distribution is given by:

T, =

PL cosz(nx/L) x2 1
~ 2kA

- —=+- T 15
w2 L2+4i|+0 (13)

This distribution can be used to predict the temperature of a device driven at
resonance, and so measurements of temperature distribution of resonating devices
should be able to discriminate between dielectric heating and strain dependent heat-
ing. Figure7 shows the predicted temperature distributions for uniform and strain
squared heating, showing the different form of the behaviour. Unfortunately, if the
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temperature scale of the cosine squared distribution is scaled down the behaviour
is very similar to that in the uniform heating case, which means that very accurate
experimental measurements are needed to definitively differentiate uniform and spa-
tially dependent heating. As will be seen later the spatial dependent effects are more
readily observed at the overtones than at the fundamental resonance of the device.
The preceding models only account for conduction in the sample. In order to
account for convection at the surfaces the following model gives the temperature rise
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at a distance x from an infinite slab of thickness L, with a thermal conductivity k, and
heat transfer coefficient for convection, A:

VA E Y Y | (16)
2 k| 4

The maximum temperature is at the centre of the slab, x=0, and the minimum at the
surface x = L/2.

Transient Heat Transfer

The models so far have covered steady state heat transfer, that is the predicted tem-
peratures and temperature distributions are of a system in an equilibrium state, and it
tells us nothing about the temperature change with time. In many applications, this
equilibrium state is the most important, since this defines the steady state operating
conditions. However, the knowledge of transient behaviour can be useful for low
duty cycle behaviour, or for the prediction of thermal runaway.

The analytical solutions for transient heat transfer are much more involved than
the steady state solution, and as a consequence the solutions are often numerical,
based on finite differences or finite elements.

As an example the analytical solution for the temperature distribution in a semi-
infinite solid, with initial temperature T, with heat produced at a constant rate P, per
unit time per unit volume is given by Carslaw and Jaeger [28]:

Ty, =

s

o + Kt P n Px? y X n Px [kt]'/? 2 Jaxct Px?
—+ —|erf | —— — | — ex Kt — ——
0T T T Tk AR P 2%

where the surface is maintained at zero temperature, and « is the thermal diffusivity.

Temperature Dependent Heat Generation

In all the previously described models the thermal material parameters and the heat
generation processes have been considered temperature independent, with a conse-
quence that all the solutions will be stable. From experimental results, it appears that
the thermal diffusivity is relatively temperature independent and the thermal con-
ductivity and specific heat capacity increase approximately 20 % over the common
operating temperature regime. However the heat generation process is likely to be
temperature dependent, as many of the dependent parameters such as dielectric con-
stant and loss are also temperature dependent. Inclusion of temperature dependent
heat generation can lead to unstable solutions, which is a possible mechanism for
thermal runaway.
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Adding temperature dependent heat generation to the models further complicates
the solution and makes the analytical solutions even more complex. The following
is the temperature profile of a slab length, /, with no flow of heat at x=0, and initial
temperature of OK. The heat generation is defined by k(A+B.T), where k is the
thermal conductivity, Aand B are constants where B is the temperature dependent
part of the heat generation.

T _ A | cosxB1/2 1
(. 0) = B | cosIB1/2 B +

LA 2. (=D2exp [(—(2n + 1222 4 43212) kt/312] cos(2n + Dymx /2l

LA~ 4BI2 — 2n+ 1)2n)2n + 1)

(18)

In order for this solution to be stable, the temperature dependent part of the heat
generation, B, must be such that the following inequality holds:

B<™ (19)
< —

412
If the equality holds then there is a steady state solution to the transient problem,
given by:

T(x) =

1/2
A [ cosxB :| 20)

B | cosIB1/2

The temperature profile determined using Eq. (18) is illustrated in Fig. 8, calculated
at long times, so it is equivalent to Eq.(20), and shows the effect of increasing the
temperature dependent heat generation factor, B. Obviously the larger B becomes the
higher the temperature at the centre will become, the outside temperature being held
at zero in the model. To add other, more realistic, boundary conditions to the model,
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the analytical solution increases in complexity, which is where FEA solutions come
into their own. Also included on the figure are FEA solutions for the same problem,
showing very similar results.

Finite Element Solutions

Finite element software such as ANSYS or PAFEC allows both transient and steady
state solutions to heat transfer problems for a variety of boundary conditions, includ-
ing internal power generation, temperature dependent thermal conductivity, and also
some coupled field solutions, such as magneto thermal, i.e. the heat generated through
joule heating in electromagnet coils. However, to model the self-heating problem
observed in piezoelectrics using ANSYS, the temperature and piezomechanical solu-
tion would have to be solved sequentially. The thermal model would be treated as a
system with internal power generation, and coupling between the piezomechanical
and thermal solutions could be achieved through an iterative process.

Early work [29], using Finite Elements to model behaviour in an ultrasonic power
transducer, used the dielectric heating model to determine the internal power gener-
ation, which was assumed uniform throughout the device. The dissipated power was
determined by fitting results to experimental temperature profiles, rather than using
the material dielectric loss and applied voltage to calculate the power.

Shankar and Hom [30], used dielectric heating alone to predict temperature related
phenomena in an electrostrictive PMN sonar transducer. Contrary to PZT, dielectric
loss in PMN decreases with increasing temperature [31], and so is not beset by the
thermal failures seen in PZT. The internal power generation was calculated using
the loss tangent and applied voltage, and this power distributed evenly through the
device. In order to simulate pulse drive and reduced duty cycle, this power input was
distributed temporally. For example, a 33 % duty cycle was simulated by full power
on for 1 s, then off for 2s.

Ando [22] carried out a comprehensive simulation of transient thermal behaviour
in an ultrasonic transducer, using an iterative procedure as follows:

1. Determine the static stress and strain in the device

2. Calculate resonant frequency, stress, and strain etc using room temperature
material parameters.

. Determine the mechanical and dielectric heat dissipation.

. Calculate heat diffusion and temperature distribution.

. Calculate thermal stress, strain and thermal expansion.

. Change material parameters due to new temperature distribution and repeat cycle.

AN AW

This routine was continued until the required time was reached. He accurately
predicted, not only the temperature rise of the device, but also its effect on the
resonant frequency of the transducer.

Abboud et al. [32] have used the PZFlex finite element package to deal with
heat generation in 1-3 piezocomposites. They point out that a coupled solution to
the problem is difficult due to the different characteristic timescales of the different
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processes; the piezoelectric vibration at 150kHz, and the thermal conduction that
occurs over the order of seconds. Their solution to this problem takes the following
form:

1. Model the piezoelectric effect for one cycle and then calculate the power
generation.

2. Solve for the transient thermal problem to determine the temperature distribution.

3. Apply any piezoelectric, mechanical, thermal property changes due to tempera-
ture rise/fall. Repeat steps 1-3.

The solution is reached at 2 when the temperature dependence of the material
properties is negligible for the heating levels involved.

More recently Blottmann et al. [23], have performed a full 3D FEA simulation
of model sonar transducers using ATILA. Mechanical and dielectric losses were
included in the model, and although the mechanical loss was constant and the low field
value, the dielectric loss was both field and temperature dependent. Again an iterative
routine was used to modify material parameters dependent on the temperature rise
from the internal losses.

Although fully coupled piezo-thermal solutions are not yet realised in FEA pack-
ages, another approach to the problem could be to use thermally dependent internal
heat generation. In the ANSYS package, by using point elements, heat generation
rates can be modelled using a polynomial of the form:

0=A+AT+ A3TA4 4 AsTA4

where the constants A; can be input as “material parameters”. Thus if it is possible
to model the temperature dependence of the heat generation rate of the piezoelectric,
this can be included in the thermal solution.

Example FEA Solution

As shown in Fig.8, 1D FEA simulations agree well with analytical solutions but
come into their own when the models become more complex.

Figure 9 shows a simple example of a 2D steady state FEA solution for a sample
with uniform heat generation, and boundary conditions of 0° on the long sides, and
held at 5° on the short sides. The temperature profile across the centre of the sample
is similar to that in Fig. 8, however the core temperature is slightly higher because
of the increased temperature of the short sides. This is relatively trivial example for
FEA, however the 2D analytical solution would be much more complex.

5 Case Studies

In order to demonstrate some of the predictive modelling described in this document,
anumber of case studies will be discussed, where the models are compared to exper-
imental measurements. Each case study is intended to highlight a different problem
faced in modelling piezoelectric thermal behaviour.
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Fig. 9 2D steady state FEA
solution for a sample with
uniform heat generation.
Line profiles are the same as
Fig. 8, but the end effects are
observed because the slab is
not infinite

Fig. 10 PZT disc sample,
suspended in air, showing
power cables (thick) wires and
thermocouple (thin wire)

5.1 Case 1: Off Resonant Drive of a Simple Monolithic Ceramic
Disc Suspended in Air

Rationale: This is almost the simplest case encountered; the sample is thin, so there
is no significant temperature profile through the sample. A balance between internal
heat generation, and heat removal via convection from the surface, governs the sample
surface temperature and there is no thermal conduction. The sample is operating off
resonance, so the internal heat generation is assumed uniform throughout the sample.

The sample is a 0.2 mm thick, 10 mm diameter disc of soft PC SH composition,
mounted as shown in Fig. 10. The sample was placed in a large enclosure, approxi-
mately 0.03 m?3 (1 cubic foot), to control the air movement around the sample. The
temperature of the sample was measured with a thermocouple, and comparisons
were made using an IR sensor, but little difference was seen. The sample was driven
bipolar at frequencies of 100 Hz—5kHz and the current and voltage measured during
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each run. The data collection routine had a thermal cut-off point, should the sam-
ple surface temperature reach 100 °C, in order to prevent irreversible changes in the
material. Otherwise the applied power would be automatically removed once a stable
temperature was reached.

Figure 11 shows an example of heating/cooling curves for these experiments, for
applied voltages at 5kHz, where generally the self-heating leads to an equilibrium
temperature. The equilibrium temperature depends on a number of variables includ-
ing the geometry, convection coefficient as well as voltage and frequency, but as stated
previously is essentially a balance of the input energy against the energy removal
processes. This balance can be described by the following equation:

Eg = Eg — Eour (21)

where;
E ;= Energy Stored in Sample with temperature rise via Cp (equation (Al))
E = Internal Energy Generation via dielectric Heating (Eq. 4)
E ;= Energy Removal via convection (Eq. 2) or radiation (Eq. 3).
As the sample is operating off resonance, the internal energy generation can be
calculated using the dielectric heating model, Eq. (4). The thermal energy stored in
any arbitrary block of material can be determined from Eq. (28), and assuming there
is no thermal conduction, the energy removal can be determined from Egs. (2) and
(3).

Assuming that there are negligible heat losses from the edge of the disc, the
instantaneous temperature rise is given by

_ 2mfeeoV2tans/t — 2h(T — Tymp) — 2630 (T* = T;1,)
B ptCp

AT

(22)
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Fig. 12 Schematic of energy
balance in self heating of
piezoelectric disc
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where ¢ is the disc thickness. The terms in Eq. (22) are a mixture of material parame-
ters, fundamental constants and experimental conditions, where the least accessible
value is the convection coefficient, &. The convection coefficient is very dependent
on experimental conditions and although it can be estimated it can also easily be
determined experimentally from the cooling curves.

Newton’s Law of Cooling
Newton’s law of cooling simply states that the rate of change of the temperature is

proportional to the difference between its own temperature and ambient, where the
proportionality constant is the heat transfer coefficient, A.

ar _ h(T — Tp) (23)
dr 0
Solutions to this equation take the form:
T (1) = Tamp + (To — Tamp) exp " 24)

This simple equation can be used to model many thermal problems, such as cooling
cups of coffee, time of death calculations, and also thermal behaviour of piezoelectric
devices. Several workers [33-35] have used this model to fit to experimental data of
surface temperature changes of self-heated piezoelectric devices, and although the
heat transfer coefficients obtained are dependent on specific device geometry and
boundary conditions, it does permit limited predictive capabilities.

A value of 33W/m?K for the heat transfer coefficient gives a good fit to the
experimental cooling curve, Fig. 13. Strictly speaking, this constant applies for the
cooling curve, and it is possible that it may not necessarily be equivalent to the heating
process. Zheng et al. [33] has attributed variations in heat transfer coefficients in active
piezoelectric devices, to the increased convection due to the vibrating surface.
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Model Assumptions

The model described by Eq. (22) has a number of assumptions including; negligible
heat losses from the disc edge, uniform temperature throughout disc, radiation occurs
between a small sample and large enclosure, and most importantly constant material
properties, i.e. temperature invariant.

As an example the model is tested on heating curves when the sample is driven at
5kHz, with an applied voltage of 93 V. If the model is used with the typical material
constants, in particular the “small signal” or “low field” permittivity and loss values,
this gives us a very poor fit to the experimental results. In the “low field” model the
values used for permittivity and loss are 2600 and 0.02 respectively, leading to an
overall temperature rise of 1°C, Fig. 14. It is perhaps unrealistic to use the “small
signal” dielectric constant values, since small signal is generally measured at fields
of around 1 V/mm. If the dielectric constants measured at a “high field” of 94V are
used, permittivity = 3300 and loss = 0.3, then a stable temperature rise of 18.5°C
is predicted. The “high field” model is improved compared with the “low field”
prediction, however the temperature rise is roughly half that measured.
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The assumption in the model so far has been that all the material constants are
temperature independent, however this may not be a valid assumption. The dielectric
properties, particularly for soft materials are known to be temperature dependent, and
measurements of the voltage and current during the experiment have shown this to
be the case. The temperature dependence can be included in the model by assuming
a linear variation with temperature for the permittivity and loss such that;

& = 3300+ 70 % (T — Tamp) 25)

tand = 0.3 4+ 0.001 % (T — Tymp) (26)

A much improved fit is obtained when the temperature dependence of the dielectric
properties is included in the model, Fig. 14.

Thermal Runaway

As discussed previously, thermal runaway occurs in systems when the internal energy
generation is greater than the energy removal rate and the system becomes unstable,
usually ending in system failure. It is common in chemical processes, charging of
batteries and capacitors [3], many semiconductor devices, as well as piezoelectric
devices. The key feature of this phenomenon is some kind of positive feedback
between the internal energy generation and the increasing temperature.

Initial internal heat generation rate
4

Increases temperature

4

Increases heat generation rate

f

From the modelling of the thin disc it is clear that the temperature dependence
of the dielectric properties plays a key part in temperature rise and is a possible
mechanism for this positive feedback.

When the disc is driven with high fields at a higher frequency of 5 kHz, the sample
starts to exhibit thermal runaway, Fig. 15a. This can be seen more clearly as a change
in the temporal temperature gradient from negative to positive, Fig. 15b. In this case
at a voltage of approximately 84 V the behaviour changes from stable equilibrium
temperature to thermal runaway. This behaviour is chaotic and the exact voltage that
this change occurs is highly dependent on slight changes in the experimental condi-
tions such as the heat removal rate. Figure 15a also shows the modelled temperature
rise (solid lines), based on the temperature dependent high field model. The fit for the
higher voltages, cf. 91V, is not as good as at 77V and reflects the chaotic nature of
the behaviour near the runaway point. In order to get a better fitat 91 V it is necessary
to raise the modelled voltage to 100 V.
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Fig. 15 Self heating in a thin PZT disc driven at 5 kHz exhibiting thermal runaway. a Experimental
temperature rise (points) and modelled temperature rise (solid lines) based on a temperature depen-
dent high field model. b Rate of temperature change of disc showing clearly the onset of thermal
runaway. Power is automatically cut off when sample temperature stabilises, or temperature reaches
100 °C, resulting in cooling curves

Conclusion

A simple model based on the energy balance in a volume, where only energy
generation, convection and radiation are considered has been developed that can
accurately predict the temperature rise in thin piezoelectric discs. It has been shown
that this model is vital if the internal heat generation mechanism is temperature
dependent, and it can even extend into prediction of thermal runaway, although here
the chaotic behaviour make accurate predictions difficult. The model is solved iter-
atively, and in principle this method can be incorporated into FEA solutions where
complex geometries and thermal conduction can be included.

5.2 Case 2: Resonant Drive of Simple Monolithic Ceramic
Suspended in Air

Rationale: This device was chosen to illustrate the effects of the spatially dependent
heating of a piezoelectric, depending on the strain profile at resonance. The device
has a large surface area to fill the field of view of the thermal camera, and is driven
in the d31 mode, so the direction of electric field is perpendicular to the expected
spatial thermal anomalies.

Experimental

A bar of hard PZT 4D material, 70 mm long, 10 mm wide and 2 mm thick is driven
at longitudinal resonance and its overtones. The bar is poled across the width and
the field is also applied in this direction, resulting in expansion along the length.
The sample is driven at the resonance frequency, 24 kHz and the first and second
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overtones, 71.2 and 111.1kHz. The sample is suspended in air on two wooden cock-
tail sticks, and thermal images recorded using an infrared camera. The temperature
readings from the camera were corrected for emissivity by placing the sample on a
hot plate and comparing the camera results with those from a type K thermocouple.

The thermal images, Fig. 16, clearly show different behaviour dependent on the
resonant mode. At 71.2 kHz the first overtone of the length resonance, there are clearly
three hot spots along the length, roughly coincident with the nodes where the strain
is at a maximum. Similarly at the second overtone, 111.1kHz, there are five hot spots
and seven cool areas. The power cables also appear to heat up, being hotter where the
wire makes contact with the bar. Some of this could be due to contact resistance as the
silver electrode did not make good mechanical contact and was sometimes pulled off
with the wire. Ideally the centre line scans should be perfectly symmetrical, however
there is some evidence that the right hand side of all the images are nominally hotter.
There are several possible reasons for this, including misalignment of the sample,
uneven illumination of the sample and non-uniform pixel array sensitivity.

Modelling

The modelling of the resonator was performed using a 3D thermal FEA model,
consisting of brick elements with eight nodes, with a single degree of freedom, tem-
perature, at each node. This element was used for both, steady-state and transient
3-D thermal analysis. The heat loss from the resonator was through a uniform con-
vection coefficient on all the surfaces, conduction through the wires and supports and
radiation loss was ignored. The convection coefficient was determined by matching
the predicted cooling curves to the measured temperature and a value of 10 W/m?K
was used.

The heat generation was modelled by distributing the dissipated power according
to the square of the strain, since both tensile and compressive strains lead to a temper-
ature rise. In the d3; mode the largest strains occur along the length, x direction, and
the strain in the other directions was assumed to be uniform. Therefore the dissipated
power was distributed according to the following equation:

P(x) = P sin® [%] 27)

where P is the power per unit volume, L is the sample length, and n depends on the
resonant mode, odd for resonance and even for antiresonant modes.

Figure 17 shows the measured centreline temperature profile after 50 and 100 s and
the transient modelled profiles using n=3 and a power level of 0.2 W/cm?. The model
shows the same peaks and troughs as the real behaviour, and this holds for different
times, however the match is not perfect. The fact that the measured profiles are
hotter towards the right hand side has already been discussed, however the central
point is consistently the hottest part on the measured device, a feature that is not
mirrored in the model behaviour. It is possible that the electrical contacts, which
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Fig. 16 a sample setup, b, ¢ Thermal images of piezoelectric bar driven at resonance. d Thermal
image and centreline temperature profile of first overtone, 71.2 kHz. e Thermal image and centreline
temperature profile of second overtone, 111.1kHz
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are coincidentally near the side lobes are the cause of increased heat loss through
conduction.

The modelled and measured temperatures for the second overtone, n = 5, are
shown in Fig. 18. As can be seen, the temperature difference is smaller for this mode,
because the strain variations are closer together. The model still gives a reasonable
representation of real behaviour, but now because of the small temperature rise, the
errors in the measurements are more apparent.

So far, the results of the model have shown the temperature profile of the centreline
of the top surface only. The FEA model is 3D, so it predicts the temperature of the
entire sample, and the surface temperature is shown in Fig. 19. From this it can be
seen that the predicted temperature is not uniform along the width direction and the
contours around the hot spots are convex, whereas around the cool areas they are
concave. This is due to the thermal edge effects where more heat is lost near the edges
because the material in this region is close to two surfaces. In fact, the experimental
behaviour shows the opposite, with the hot spots being concave, and the cool areas
convex. In the model we have assumed that the spatial dependent effects are entirely
in the x, length direction and uniform along the width, y direction. In fact, because
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Fig. 19 Full 3D FEA simulation of temperature map of bar where n=3, first overtone

Fig. 20 Photo of the back to back high power transducer system

of mechanical edge effects, the strain levels near the edge decrease, which would
amplify the thermal edge effects, thus increasing the curve of the contours rather than
reversing them. Although the predicted contours take the wrong form, in practice the
errors in actual temperature levels are less than 0.5 °C.

Conclusion

The case study clearly illustrates the spatial dependence of heat generation in a
piezoelectric device driven at resonance. This behaviour can be modelled by assum-
ing a sine-squared distribution of the power dissipation rather than a uniform one.
The effects here are dramatic because the resonator is mechanically and thermally
well insulated. In many practical situations the resonator will be attached to another
medium and heat transfer through conduction will override the spatial dependent
effects seen in this case.
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Fig. 21 Thermal image of high power transducer driven at an input power of 400 W for 400's, with
associated line scan pixel values

5.3 Case 3: Resonant Drive of a Clamped Ceramic
(Bolted Langevin Transducer)

Rationale: This is an example of an industrial high power transducer and includes
all the problems associated with non-ideal cases. The device geometry is more com-
plicated, there are many different materials present, and the drive electronics are
proprietary. Because of these complexities, it is no longer viable to solve this using
analytical solutions and finite element methods must be used.

Experiment

The transducer is a commercial high power device, and in order to drive the system
safely at high powers itis necessary to extract power from the system. This is achieved
by mounting two transducers back to back in the form of a 1:1 piezotransformer,
where the output is terminated into a resistive load consisting of several halogen
lights. Figure 20 shows the system, which is held horizontally at the nodal points by
two large steel plates. The transducers have a resonant frequency of 20kHz, and the
active piezoelectric consists of 6 rings of PZT, 5mm thick and 50 mm OD, stacked
sequentially but wired electrically in parallel. The ceramic is prestressed by a stainless
steel back mass using a high tensile steel bolt which is attached to the aluminium
front horn. The ceramics have silver electrodes, but in order to make a mechanically
robust electrical contact to these a thin metal shim is placed between each PZT disc.
These shims have a small tab to enable the electrical contact to be made.

The temperature of the transducer was measured with an Indigo Merlin InSb mid
range infrared camera with a 320 by 256 pixel array. Figure 21 shows a greyscale
thermal image of the device after being driven for 400 s at an input power of 400 W.
The image shows hot spots associated with the three power cables, and also close
to the metal shims. The hot spot where the cables are bunched together is real, i.e.
this is the hottest part of the cables, but not necessarily the hottest area in the image.
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The hot spot close to the left hand side of each shim is an artefact, where a small
raised portion of the shim is reflecting radiation from some other part of the scene.
This illustrates the necessity for emissivity correction. The camera gives a 14-bit
number associated with each pixel, and this must be corrected for the emissivity of
the object in order to convert this number to a temperature. The emissivity correction
was carried out for the PZT only, by heating a similar piece of PZT on a hotplate,
attaching a thermocouple to the surface and comparing the results. Because of the
high voltages present it was not possible to attach a thermocouple to the active part
of the transducer, but a thermocouple was attached to the steel back mass, roughly
half way along the length. For ease of data capture only a line scan was captured
every 200ms, and the data for the line is also shown in Fig.21. In order to get an
idea of the transient behaviour, the maximum temperature in the ceramic and the
temperature from the thermocouple are plotted in Fig.22. A power of 400 W was
applied for 400s and then turned off, whilst still measuring the temperature. The
thermocouple shows the effects of electrical pickup whilst the power is applied, but
this noise is still only around 0.5 °C. It is interesting to note that temperature of the
end mass still continues to rise after the power has been removed before eventually
cooling down.

FEA Modelling

The modelling of the transducer was carried out by simplifying the device to an
axisymmetric system, consisting of three thermal elements, the steel back mass, alu-
minium horn, and the active ceramic ring. The values used for the thermal properties
for the elements are listed in Table 1. The heat loss from the device was assumed to
be through convection only, since at these temperatures energy dissipation through
radiation is small. All the external surfaces were subject to a uniform heat transfer
coefficient, with the air temperature maintained at ambient. The value of this coeffi-
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Table 1 Thermal properties used for FEA model of transducer

Density (kg/m?) Thermal Specific heat
conductivity (W/m K) capacity (J/kg K)
Steel 7,800 75 640
PZT 7,500 1.2 320
Aluminium 2,700 200 900

cient was estimated by matching the predicted cooling curves to the measured and a
value of 3 W/m?K was used. The convective heat transfer coefficient is probably the
biggest source of error in the analysis, since it is unlikely to be completely uniform
due to the complex geometry of the system. However even with this assumption the
model shows all the features found experimentally.

If we assume that the internal heat generation can be modelled by the power
dissipated through dielectric loss then for an applied voltage of 1000V and using a
relative permittivity of 1300 for the material, this leads to a power of around 10.9 W
for a tan delta of 0.2. If this power is uniformly distributed over the volume, then
this leads to a power/unit volume of around 220, 200 W/m?>, or 0.22 W/cm?, which is
within the safe rule of thumb value of 0.5 W/cm? given by Berlincourt [7]. Figure 23
shows the predicted temperature rise of the model after 400 s at a power level of 10 W,
where the maximum temperature is at the centre of the PZT. The model matches the
transient behaviour reasonably well for different power levels, Fig. 24. Halving the
power input in the model to SW agrees well with the experimental measurements.
The model also predicts the temperature rise in the rest of the transducer, but the
matching between the measurements taken by the thermocouple on the back mass and
the modelled behaviour is not as good, Fig. 22. The form of the predicted behaviour is
very similar, it predicts the slight temperature increase after the power is cut, but the
measured temperature rise is roughly 2 °C greater than predicted. This is probably
because the thermocouple was attached to the transducer using kapton tape, which
had the effect of insulating the thermocouple from the surrounding air.

In order not to overheat the transducers the maximum operating time was limited
to 800s, however the thermal model predicts that steady state will be reached in
around 12h, where the maximum temperature for the 5SW dissipated power would
be 100°C and for 10W, 180°C.

The transducer is a resonant device; therefore it is perhaps unreasonable to assume
that the internal heat generation is uniform throughout the device. At the fundamen-
tal resonance the strain in the transducer is distributed such that there is maximum
strain in the ceramic directly next to the titanium horn, and it decreases sinusoidally
to zero at the end of the device. If is assumed that the power distribution of 10.9 W is
distributed according to the square of this strain, rather than a uniform distribution,
then this should lead to a more accurate prediction of the temperature. The predicted
temperature for uniform and strain heating are shown in Fig. 25 along with the mea-
sured temperature in the ceramic. As can be seen the strain dependent temperature
profile is shifted slightly towards the point of maximum strain, but in fact there is very
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little difference between the two curves since the thermal behaviour is dominated by
heat removal rather than heat generation. The form of the measured temperature rise
in Fig. 25 is skewed towards the horn side, whereas the modelled temperature profile
is roughly symmetric. These are transient curves, after 400 s operation.

Under steady state conditions the modelled temperature profile skews towards
the end mass because of the reduced energy removal from this component, thus
increasing the discrepancy between measured and modelled behaviour. It is clear
that although the model may be used to predict approximate temperatures there
are still discrepancies between modelled and measured behaviour. In order for the
temperature profile to skew as seen experimentally, there must be less heat removal
from the horn end. This could be because of inaccurate thermal properties for this
material, or more likely due to thermal contact resistance between the ceramic and the
horn. The initial FEA model has assumed that the six PZT pieces are one solid piece,
and that there is perfect contact between the ceramic and the end mass, and the ceramic
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and the horn. If a thermal contact resistance element is placed between the ceramic
and the horn, then a skew of the temperature profile similar to that seen experimentally
is observed. The contact resistance is characterised by a thermal contact conductance
(TCC) such that the heat flux per unit area across the contact is TCC multiplied by
the temperature difference across the contact. A value of 250 W/m?K for the thermal
contact conductance gave the green trace in Fig. 25, where a value of 5000 W/m?K
is a ‘perfect’ contact. The model could be improved by adding the various extra
interfaces, however it does mean that accurate values for these contact resistances
would be needed.

Conclusion

A finite element model enables more complex geometries to be considered, and real-
istic results can be obtained. Using the heat generation values based on the dielectric
heating model, obtained using input parameters of applied voltage, material permit-
tivity and tan §,, gives acceptable results. The added complexity of space dependent
heat generation does not give significantly different results, since unbalanced heat
removal rather than heat generation dominates the behaviour in this system. For this
particular transducer it appears that contact resistance at the component interfaces
plays a significant part in controlling the temperature rise. Practically, the system
cannot be run at high power levels without adequate convective cooling, however the
temperature rise in the current configuration might be reduced by careful selection
and manufacturing of the interfaces between the various components.
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6 Concluding Comments

Failures due to thermal issues are common in high power piezoelectric devices. This
chapter gives engineers an understanding of the problems, where they occur and how
to avoid them. The work covers methods used to predict the temperature rise seen,
based on simple analytical models and the use of Finite Element Models.

The case studies illustrate the use of these methods in examples that embody most
of the conditions seen in real systems. The input data required in these simulations
were measured using the methods describe in the chapter annexes.

Appendix A: Thermal Property Data of Piezoelectric Materials

In order to be able to make any predictions of how a piezoelectric device will perform
in terms of self induced temperature rise, some knowledge of the thermal properties
are needed, typically the thermal conductivity k, but also the thermal diffusivity «,
and the specific heat capacity Cp. Data for these properties is scarce in the literature,
with the most often quoted source coming from Berlincourt et al. [36], where a
single value for thermal conductivity and specific heat capacity is given for all PZT
materials with no information regarding the temperature dependence.

A.1 Specific Heat Capacity, C), (J/kg K )

The specific heat capacity, C, is the amount of energy needed to raise the temperature
of 1kg of the material by one degree. This can be used to determine the temperature
rise of a volume of a material since the change in energy stored is proportional to the
specific heat through the following equation;

. d
Ey = —(pVC,yT) (28)

where p and V are the density and volume of the material. If the internal power
generation rate of the material is known, then the resultant temperature rise can be
determined.

As discussed the most quoted value for the specific heat capacity of PZT is
4201J/kgK [36], but Table 2 gives a summary of other sources that give values for the
room temperature value ranging from 350 to 491 J/kg K. Yarlagadda et al. [37] made
a comprehensive set of measurements of heat capacity and thermal conductivity
over the temperature range 20-300 K and show that the specific heat capacity varies
greatly over this range, and is different for hard and soft materials. The soft material
PZT-5H increases 15 fold over the temperature range, whilst the hard composition
only increases by around 4 times. These values are not necessarily inconsistent with
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Table 2 Specific Heat Capacity values for PZT type piezoelectric materials

Material Temperature (K) Specific heat References
capacity (J/kg K)
PZT 5H 22 23.3 [37]
PZT 5H 155 348 [37]
PZT 4S 22 42.6 [37]
PZT 4S 155 159 [37]
PZT(TRS-600) Room 413%* [38]
PMN-PT-BT Room 350 [30]
PZT Room 420 [36]
Modified barium titanate Room 500 [36]
PZT [MT-18] Room 491 [22]
PZT Room 350 [39]
PZT Room 320%* [40]

*Value quoted as volume specific heat capacity, 3.26 x 106 J/m3°C, using a density of 7900 kg/m?
to convert to specific heat capacity
** Value quoted as volume specific heat capacity, 2.5 x 106 J/m3 °C, using a density of 7900 kg/m?
to convert to specific heat capacity

the room temperature values reported in the literature as some of the temperature
dependence may be due to phase changes, indeed the authors attribute deviations at
around 50-80K to transition type behaviour.

The most common operating regime for piezoelectric actuators is from ambient
temperature to around 300 °C and there is little published information on the change in
specific heat over this temperature range. Measurements of the specific heat capacity
of a soft and a hard PZT composition were made at NPL, from room temperature to
200°C, using a Perkin Elmer DSC 7 Differential Scanning Calorimeter. The basis of
DSC measurements is that a sample of known weight is placed in a holder, and the
amount of energy provided by an electrical heater, which is required to increase the
temperature of the sample per degree is measured. The test is carried out at a constant
heating rate during which the heater power is adjusted continuously to compensate
for heat absorbed or evolved by the sample, to keep the sample holder temperature
identical to that of the reference holder. The energy input by the electrical heater is
measured and this is proportional to the specific heat.

Measurements were repeated on two samples of each composition and the results
are plotted in Fig. 26. The room temperature values are the order of 20 % lower than
the most often quoted value, although they do increase by approximately 15 % over
the measured temperature range. The soft material has a slightly higher specific heat
capacity than the hard, but the difference is not much greater than the sample-to-
sample variation.
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A.2 Thermal Conductivity, k (W/m K)

In order to determine the equilibrium state of a device, i.e. a steady state thermal
solution, only the thermal conductivity of the material is required, which has units
W/m K. Thermal conductivity is defined as the rate at which heat flows through a
certain area of a body. The precise definition is given by Fourier’s equation:

L= _kA— (29)

where ¢ is the heat energy flowing in the x direction through the area, A during
time, t. dT/dx is the temperature gradient, and k is the thermal conductivity of the
material.

Table 3 summarises the published values of thermal conductivity of PZT type
piezoelectric materials, where values range from 0.8 to 2.3 W/m K. Again Yarla-
gadda et al. [37] have determined the thermal conductivity below 300K and found
that PZT-4S was almost twice as conductive as PZT-5H, and that there is a signifi-
cant temperature dependence, however their room temperature thermal conductivity
results fall well below the generally accepted value of between 1 and 2W/mK. In
general most thermal models assume the thermal conductivity is temperature inde-
pendent, most probably because of a lack of published data on the temperature
dependence.

A.2.1 Errors

As can be seen from Table 3, the published values of thermal conductivity varies by
around 100 %, and the errors in the measured value will be reflected in the predicted
thermal behaviour, depending on the exact details of the case. In general the errors in
the thermal conductivity are propagated linearly to the results. For example, Sherrit et
al. [24] predict an internal temperature rise of 36 °C in a 20 mm diameter, 2 mm thick
disc, using a value of k = 1.25 W/m K, however this will be reduced to 23 °C when
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Table 3 Thermal conductivity values for PZT type piezoelectric materials

Material Temperature K Thermal conductivity References
(W/mK)

PZT-4D Room 1.8 [32]
PZT Room 2.3% [41]
PZT 5H 15 0.01 [37]
PZT 5H 300 0.14 [37]
PZT 4S 15 0.018 [37]
PZT 4S 300 0.34 [37]
PZT Room 1.0-1.5 [25]
PMN-PT-BT Room 3.59 [30]
PZT-4S Room 2.1 [42]
PZT Room 1.25 [36]
Modified Ba Titanate Room 2.5 [36]
PZT[MT-18] Room 1.5 [3]
PZT Room 1.1 [39]
PZT Room 0.8 [40]
PZT 4 Room 2.0 [43]
PMN-PT single crystal 20 0.2 [44]
PMN-PT single crystal 320 2.6 [44]

* published value 23, but presumed to be a typographical error

a value of k =2 W/m K is used. This is evident from the first term in Eq. (15) where
the temperature rise is proportional to the reciprocal of the thermal conductivity. In
contrast, Hu [25] has shown that varying the thermal conductivity from 1 to 1.5 W/m
K has little effect on the predicted temperature rise, and that power input was the
dominant factor in modelling temperature rise in piezoelectric transformers.

A.3 Thermal Diffusivity, o (m*/s)

Thermal diffusivity is the material property governing heat flow when the temperature
is varying with time, and has the dimension length?/time, with units of m?/s. The
thermal diffusivity can be determined experimentally, and it is related to the thermal
conductivity &, through the following relationship

k
o= (30)
p-Cp

where p is the density and C), is the specific heat capacity.

Using the published values fork, o and C), the thermal diffusivity of PZT is around
5 x 10~7m?/s. Lang [45] has measured the thermal diffusivity of bulk piezoelectric
materials using the Laser Intensity Modulation Method (LIMM), and obtained values
close to this estimate, Table 4.
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Table 4 Thermal diffusivity values for PZT type piezoelectric materials

Material Temperature (K) Thermal diffusivity (m?%/s) References
PZT (Plessey RM200) Room 4.59E-7 [45]
PSZT Room 4.53E-7 [45]

e
=
5

Fig. 27 Thermal diffusivity
measurements of PZT-5H
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The thermal diffusivity of PZT was also measured at NPL, using a Netzsch Laser
Flash 427. The measurement involves heating the front face of a disc-shaped sample
of known dimensions, usually 12.5mm diameter and 1.5-2.5mm thickness using
a high intensity Nd:YAG laser with a pulse width of between 0.2 and 1.2ms. The
temperature rise on the rear face is monitored using an InSb infrared detector. From
the temperature rise with time, the thermal diffusivity can be calculated, applying
appropriate corrections for radiation and the finite laser pulse length. Because of
limited samples of the correct dimension only a soft PZT SH composition was mea-
sured. The measured value for the thermal diffusivity of PZT-5H was around 4.5 x
10~7 m?/s, with little measurable change over the range room temperature to 350 °C,
this compares favourably with measured values reported in the literature, Fig. 27.

The thermal conductivity can also be derived from the measured thermal diffu-
sivity and the measured values of specific heat capacity, and lie between 1.1 and
1.3 W/mK over the temperature range room temperature to 200 °C.
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Piezoresponse Force Microscopy

Serban Lepadatu and Markys G. Cain

1 Scanning Probe Microscopy

Scanning probe microscopy (SPM) is a very versatile technique allowing for a large
range of sample properties to be measured and manipulated with nanometre spatial
resolution. One important SPM mode is piezoresponse force microscopy (PFM).
PFM is an invaluable tool for measuring the piezoresponse of functional materials at
the nanoscale, allowing for high resolution measurements of the electromechanical
coupling of thin films. In this chapter we will give a brief overview of SPM, following
which PFM will be analysed in some detail.

The origins of current SPM setups can be traced back to the invention of the
scanning tunnelling microscope (STM) by Binnig and Rohrer in 1982 [1, 2]. The
importance of this measurement technique was quickly recognized and the Nobel
prize was awarded for its discovery in 1986. With STM, using a X-Y-Z scanner
stage, an atomically sharp tip is brought to a precisely controlled distance from the
conductive sample surface and a bias voltage is applied between the sample and tip.
Quantum tunnelling of electrons from the sample to the tip gives rise to an electrical
current which is accurately measured. Several types of measurements are possible
using the basic STM setup. When imaging in constant current mode, the sample-tip
separation is adjusted using a feedback loop in order to maintain a constant tunnelling
current as the tip is scanned over the sample surface. The variation in height arises
due to the topography of the sample as well as the local density of electron states
(LDOS) [3] When measuring in constant height mode, the sample-tip separation is
kept constant and the variation in tunnelling current is recorded at a fixed tip-sample
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bias, revealing the local charge density. Due to the nature of STM these measurements
may be performed with Angstrém lateral resolution.

The most important extension of STM was the atomic force microscope (AFM) in
1986 by Binnig et al. [1]. Typically, in contact mode AFM measurements a cantilever
with a sharp tip is brought in contact with a sample and the deflection of the cantilever
is monitored by reflecting a laser beam off into a position sensitive photodetector
(PSD). The PSD is a quadrant type photodiode, thus it is split into four photodetectors,
A, B, C and D, as indicated in Fig. 1.

Vertical cantilever deflection is proportional to (A+B)—(C+D) whilst lateral can-
tilever deflection is proportional to (B4+D)—(A+C). Once the tip is in contact with
the sample, further increasing the Z scanner position towards the sample results in a
proportional vertical cantilever deflection, as described by Hookes law, Eq. 1, for a
linear spring, where F is the contact force and k7 is the normal cantilever stiffness.

F=—-kAZ (1)

As we can see from Eq. 1, a constant vertical deflection setpoint results in a constant
contact force. By rastering the tip over the surface of the sample and using a feedback
loop to adjust the Z scanner position in order to maintain a constant contact force,
the plot of AZ over the scanned area represents the topography of the sample sur-
face. Modern AFMs have very good vertical resolution, able to measure accurately
variations in sample topography with sub-nanometre precision, and lateral resolu-
tions down to nanometre precision. In contact mode AFM the main forces acting on
the cantilever are adhesion forces due to Van der Waals interaction and short-range
repulsive forces due to atomic interactions. The combined attractive and repulsive
forces cause the cantilever to deflect according to the sample topography. Since the
introduction of AFM a large number of imaging modes have been developed, which
can be largely categorized to reflect the different origins of the forces acting on
the cantilever and different sample properties measured. Magnetic force microscopy
(MFM)—forces due to magnetic fields, electric force microscopy (EFM)—forces
due to electric fields, lateral force microscopy (LFM)—frictional forces, are just
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some of the myriad of existing SPM methods. For a comprehensive review of SPM
modes, reference [4] can be consulted. For the remainder of this chapter we will
concentrate on PFM, first giving an introduction to the setup and principles of PFM,
artefacts and calibration of PFM measurements, advanced PFM modes and finally a
tutorial on PFM measurements and procedures.

2 Piezoresponse Force Microscopy

PFM is based on the standard contact mode AFM setup with the cantilever and tip
being electrically conductive, typically either through highly doped Si or metallic
coating. The samples measured are piezoelectric and a voltage applied between the tip
and a bottom electrode results in sample strains due to the inverse piezoelectric effect
[5]. The sample strains cause vertical and lateral deflection of the cantilever which
can be measured using the standard PSD. For example, two electric domains with
polarization direction normal to the surface but opposite sign (c+ and c— domains)
will strain in the vertical direction but with opposite sign, thus their orientation
can be distinguished by monitoring the PSD vertical deflection signal. In order to
separate the topography and piezoresponse signals and also to increase the signal to
noise ratio a lock-in amplifier technique is used, with the voltage applied to the tip,
V, cos(wt), having a much larger frequency compared to the scanning frequency.
The vertical and lateral PSD signals are measured using lock-in amplifiers at the
excitation frequency, w, thus separation of the piezoresponse and topography signals
is possible. A diagram of the PFM setup is shown in Fig.2. Additionally, use of
lock-in amplifiers for piezoresponse signal detection allows much larger signal to
noise ratios by cutting broadband noise, allowing average displacements of just a
few picometres to be detected.

From each lock-in amplifier we obtain two outputs, the magnitude and phase of
the vertical or lateral response. The magnitude output is related to the size of the
piezoelectric coefficients of the sample, whilst the phase is related to the orientation
of the electric domains. Thus, taking again our example with the c+ and c— domains,
the magnitude in both cases should be equal whilst the phase responses should differ
by 180°, allowing their directions to be distinguished. When applying the sinusoidal
excitation to the piezoelectric sample, we have two possibilities. The first method
discussed above, whereby the voltage waveform is applied directly through the PFM
tip, between tip and bottom electrode, is called the local excitation method. In this
case the PFM tip is effectively a moving top electrode. Another possibility is to pattern
or deposit a large top conducting electrode onto the sample and then apply the voltage
through the tip in contact with the large top electrode. This case is called the global
excitation method. The two methods are shown in Fig.3. With the former method
the electric fields generated are highly non-uniform, as seen in Fig.3a, making any
quantitative interpretation of PFM measurements very difficult, whilst with the latter
the electric fields are uniform under the tip, as seen in Fig. 3b, but this comes at the
cost of reduced lateral resolution.
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Fig. 2 PFM setup. A sinusoidal signal is applied across a piezoelectric sample between tip and
bottom electrodes with the vertical and lateral displacement signals from the PSD detected using
lock-in amplifiers. A feedback loop is used as in AFM to adjust the deflection setpoint and obtain
topographic information. A piezo scanner is used to adjust the Z position and to raster in the X-Y
plane

Fig. 3 Simulations showing electric field distribution for a model PFM tip on ferroelectric sample
with bottom electrode and voltage applied between tip and bottom electrode in a local excitation
method and b global excitation method with additional electrode sandwiched between tip and
ferroelectric surface. In the latter case lateral resolution is sacrificed for uniformity of electric field
under the tip

A typical PFM image is shown in Fig.4, showing both amplitude and phase
components. The sample imaged is a 100 nm thick Pb(Zr0.2Ti0.8)O3 (PZT) epitaxial
layer on SrTiO3:Nb (1 at %) (STO), 400 pum thick. The STO substrate is electrically
conductive due to the Nb doping, thus serving as the bottom electrode. The sample
was imaged in the local excitation mode. By looking at both the amplitude and
phase responses we can identify c+ and c— domains due to the phase contrast
and equal amplitude response. Moreover, from the amplitude response we observe
boundaries of zero response between the different domains. Between two electric
domains with different orientations we have a transition region, called a domain
wall. In ferroelectric materials the domain wall width is very small, typically only a
few unit cells, making imaging domain walls directly very difficult. The tip diameter
used to obtain the image in Fig.4 is 40 nm, thus the transition region seen in Fig. 4a
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Fig. 4 PFM scan of 100nm
thick epitaxial PZT, 200 nm?
scan size, showing a amplitude
response and b phase response
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arises due to the opposite responses of the c+ and c— domains effectively cancelling
each other as the tip is scanned across the boundary.

2.1 Strain-Charge Equations

For piezoelectric materials the effect of stresses and electric fields on the electric
displacement field and sample strain is described by Eq.2.

S=sET+d"E
D=dT +€'E 2)

Here, T and E are the stress and electric field vectors respectively, S and D are the
strain and electric displacement field vectors respectively. s© denotes the compliance
for constant electric field, d is the piezoelectric coefficients tensor and €’ is the per-
mittivity under constant stress. The 7' superscript for the piezoelectric coefficients
tensor denotes transposition. For a capacitor configuration with top and bottom elec-
trodes, the electric displacement field at the surface gives the charge density on the
top capacitor electrode. In general there are six components of stress and strains, as
indicated in Fig. 5. D and E have three spatial components each.

For the special case of piezoelectric ceramics, the compliance, piezoelectric and
permittivity tensors can be simplified due to crystal symmetries. Thus we obtain the
simple forms in Eq. 3, valid for a piezoelectric ceramic with electric polarization
oriented in the Z direction.
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The piezoelectric coefficients d3 and d33 are related through Poissons ratio of the
material, v, Eq.4:
d31 = vds3 “4)

where 0 < v < 1. From Eq.2 we distinguish two important effects, the direct and
indirect piezoelectric effects. For the direct piezoelectric effect a stress 7T is applied
and this results in a change in the dielectric displacement field in the sample and
thus a change in the surface charge density, as described by the second part of Eq. 2.
For the indirect piezoelectric effect an electric field is applied and this results in a
sample strain, as described by the first part of Eq.2. For PFM imaging this latter
effect is exploited in order to characterize the surface domain structure and obtain
quantitative information on the piezoelectric coefficients of the material.

2.2 PFM Theory and Quantification

The response of the cantilever on a piezoelectric sample is composed of not only the
piezoresponse of the sample but is also influenced by capacitive forces arising from
the tip, cantilever and bottom electrode configuration. In general the capacitive force
is related to the stored energy, Ecqp = V2C/2, where V is the voltage applied and
C the capacitance value, by Eq.5:

dEcp V*dC
F = = —— 5
“PT o dg 2 dz ©)

The applied voltage consists in general of d.c. and a.c. voltages, V = Vy. +
Ve cos(wt). Thus we obtain the total force as a combination of a constant force,
Fy., a force at the frequency w, F,, and a force at the second harmonic, F,,, as
shown in Eq. 6.
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1dc v2 V2 dc
Feap = 3 d (V2 +dc + %) + Ve Vae cos(wt) + %d_z cosRwt)  (6)

The constant force, Fy., is not detected directly in the measurements, whilst the
capacitive force at the measurement frequency w can be eliminated by setting the
d.c. voltage, V., to zero. This latter force can be significant for non-zero d.c. voltages,
thus it is important to obtain PFM measurements without a d.c. voltage applied also
see Sect. 2.4 on PFM spectroscopy. We can distinguish two capacitive contributions,
one due to the cantilever and one due to the tip. Regarding the constant force, Fy.,
even though it is not detected at the measurement frequency w, it can influence
the piezoresponse as it contributes a contact force which can result in polarization
changes due to the direct piezoelectric effect. However, in most cases these forces
are typically quite small, usually under 1 nN, thus they can be neglected. Other
contributions can arise due to Coulomb attractive forces between the tip and charges
on the piezoelectric material surface, as shown in Eq. 7:

qCV
2€0

(7

Feoutomb =

where ¢ is the surface change density. This force is estimated to be in the range of a
few nN. The largest forces acting on the tip however, are the attractive forces due to
Van der Waals interaction and short-range atomic repulsive forces. These forces are
estimated to be in the range of 100nN [6], thus as the sample surface moves due to
the inverse piezoelectric effect, the cantilever is forced to deflect mostly due to the
surface displacement.

Referring back to Eqgs.2 and 3, for the simplest case with full axial symmetry
and PFM imaging of piezoelectric ceramics, we have the further simplifications
T = Th,Ey = E», Ty = Ts and Tg = 0. Thus we obtain the following set of
equations:

S1 =38 = 6n+s1271 + 51373 + d31E3 (®)
S3 = 251371 + 53313 + d33 E3 )

S4 = 85 = s44Ty + di5Ey (10

Se =0 (11

Dy =Dy =enE1+disTy (12)

D3 = e33E3 + 2d31 T + d33 T3 (13)

For PFM imaging Eqgs. 8, 9 and 10 apply and we can distinguish two main contribu-
tions of the piezoelectric coefficients and sample polarization on the sample strain
and displacement of the PFM tip: out-of-plane and in-plane displacements, as indi-
cated in Fig. 6. If we consider just the out-of-plane electric field component we then
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Fig. 6 Piezoelectric (a) (b) AX
coefficients contributions ks
to tip displacement for a out- 14z
of-plane and b in-plane

have two cases with orthogonal configurations of the electric polarization P: out-
of-plane as in Fig. 6a and in-plane as in Fig. 6b. In the former case the out-of-plane
sample strain, Eq.9, and consequently tip displacement measured on the vertical
PSD channel arises due to an effective d33 piezoelectric coefficient see below for a
discussion of the effective d33 piezoelectric coefficient. In-plane strains also arise,
Eq. 8, due to the d3; piezoelectric coefficient, however because of the axial symmetry
of the problem these strains do not normally cause a lateral displacement of the tip.
Moreover since the in-plane electric field, E1, is negligible, as is certainly the case
for the global excitation method, the shear strain predicted by Eq. 10 is also negligi-
ble. Thus, for out-of-plane polarization the main tip displacement is in the vertical
channel and arises due to out-of-plane sample strain, S3.

The other case is electric polarization in-plane, Fig. 6b. In this case, due to a rota-
tion of the coordinate system in Fig. 5—90° rotation about the X axis—the matrices
in Eq. 3 are also rotated. Therefore, the main component of electric field in Egs. 8, 9,
and 10 is now the E1 component and E3 is negligible. Thus, the sample strains Sy, $>
and S3 are negligible and the main tip displacement is an in-plane displacement due to
the shear strain Sy as described by Eq. 10. In the general case the electric polarization
can have any orientation and in order to understand the relationship between tip dis-
placement, sample strains and piezoelectric coefficients, a full numerical simulation
based on Eq. 2 is necessary. This requires knowledge of the electric polarization ori-
entation and methods for this are available. In the following sections we will discuss
one such method which relies on combining crystallographic information obtained
by electron backscattered diffraction (EBSD) with PFM.

2.3 Effective ds3 Coefficient

From the previous section we can start to see some of the difficulties in quantifying
PFM measurements, or even extracting the configuration of electric domain orien-
tations. Quantifying PFM measurements becomes even more difficult in the local
excitation method, since the electric field distribution tends to be non-uniform, as
seen in Fig. 3a, and also dependent on the particular tip geometry. In the global exci-
tation method and out-of-plane electric polarization we can considerably simplify
our analysis and obtain some quantitative information about the sample properties.
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Egs. 8,9, and 10 apply and as noted in the previous section the main tip displacement
is a vertical displacement due to the S3 strain. The in-plane electric field, E1, is neg-
ligible and therefore we have S4 = 0. The tip-surface contact force tends to be very
small compared to the in-plane stresses in Eq. 8, and 9, and since the sample surface
is free to move we can assume 73 = 0. If we start our analysis for voltage applied
to a large circular top electrode, with diameter larger than the film thickness as in
the analysis given by Lefki and Dormans [7], the non-active part of the piezoelectric
film, i.e. the film with zero electric field, tends to constrain the active part of the film,
resulting in in-plane stresses. Away from the edges of the circular top electrode we
then have S; = S = 0 due to this constraining effect. Thus we obtain from Eq. 8:

—d
=21 (14)
(s11 + 512)
Substituting Eq. 14 into Eq. 9 we obtain:
S13
Ty = d33 — 2d3) ————— = d33 (15)
: e o

The expression in Eq. 15 is termed the effective d33 piezoelectric coefficient. To see
the importance of this coefficient we will rewrite the expression S3/E3. The out-
of-plane sample strain, S3, is a ratio between out-of-plane sample deformation and
sample thickness, i.e. S3 = At/t. The out-of-plane electric field, E3, can be written
as E3 = V/t. Thus S3/E3 = Ar/V. The vertical tip displacement is related to the
sample deformation Ar through a calibration constant, thus for a potential of 1V, the
measured sample displacement is a direct measurement of the effective piezoelectric
coefficient. This relationship also holds to some extent for PFM measurements in
the global excitation method due to the enhanced effective tip diameter and uniform
electric field, although it becomes necessary to refer to a calibration standard or
method in order to verify the validity of Eq.15. For the local excitation method,
however, it is certainly incorrect to use Eq. 15 in order to relate the measured sample
deformation to the piezoelectric coefficients of the material.

2.4 PFM Calibration

The simplest type of calibration available is the cantilever sensitivity calibration.
This is especially important for AFM measurements where it becomes necessary to
relate the data obtained from the vertical PSD channel, measured in units of Volts,
to the actual topography of the sample, measured in units of metres. As discussed in
Sect. 1, for contact mode imaging at a constant deflection setpoint, or equivalently
constant contact force, the cantilever deformation is directly proportional to the
change in sample topography, thus we require a calibration constant to relate these
two quantities. This method will be illustrated in Sect.3. Briefly, this consists of



200 S. Lepadatu and M. G. Cain

Fig. 7 Ferroelectric domain
vertical displacement response 30
loo [
P 20F
E
S 10f
5
E OF
o
E -
S -0
2
20k
30k
-6 -4 -2 0 2 4 6
Voltage (V)

making contact with a very stiff surface which will resist deformation due to the tip-
surface contact force, and plotting the Z piezo scanner displacement against vertical
PSD deflection. After the tip has made contact with the surface this relationship is
linear and its gradient is called the cantilever sensitivity.

Another closely related method involves causing cantilever deflections through
vertical sample deformation rather than ramping the Z piezo stage. Typically a quartz
crystal is used with electrodes deposited on opposite sides. A voltage applied between
the electrodes will result in a vertical deformation dependent on the piezoelectric
coefficients of the quartz crystal. The quartz sample is in turn calibrated using a
traceable method such as a double-beam interferometer. Following this, the PFM
tip displacement is calibrated by plotting the PSD vertical channel voltage against
calibration sample voltage. This method has the advantage of allowing calibration
at the frequency used in PFM measurements. As noted in Ref. [8] the frequency
background due to the microscope used can contribute significantly to PFM mea-
surements, thus it is important to take this into account by calibrating for the vertical
tip displacement due to sample deformations alone.

2.5 PFM Spectroscopy

Apart from imaging the static domain configuration, the switching characteristics of
electric domains can be studied by PFM. The switching of electric domains, similar
to magnetic domains, is hysteretic and is characterized by a remanent polarization
and coercive field amongst other features. For an example of a ferroelectric domain
switching loop see Fig.7.

In Fig.7 the vertical displacement amplitude of a ferroelectric thin film subject
to an applied d.c. voltage is plotted for both the positive and negative scanning
directions of applied voltage. At zero applied voltage due to the remanent electric
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Fig. 8 Illustration of SS-PFM method. A series of voltage steps are applied and the PFM signal
is measured at the detection frequency using a superimposed a.c. voltage at the point of zero d.c.
voltage
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polarization we obtain non-zero displacement amplitude with opposite phase (180°
phase difference) on the two sides of the loop. This behaviour is due to the switching of
electric polarization under the applied electric field acting in the opposite direction,
hence the hysteretic behaviour observed in Fig.7. The electric field at which the
polarization, and thus the displacement amplitude, is reduced to zero is called the
coercive field.

There are two main methods for studying the switching of electric domains by
PFM. In one method the d.c. voltage is ramped back and forth and a superimposed
a.c. voltage is used in the standard lock-in method discussed in the previous sections
to obtain the tip displacement amplitude and phase. The main problem with this
method is the presence of capacitive forces at the detection frequency due to the
applied d.c. voltage, as seen in Eq. 6. This electrostatic interference can be signifi-
cant and result in a distorted hysteresis loop, dependent on the cantilever used and
even on the tip geometry. This problem can be mitigated somewhat by using stiffer
cantilevers, which are less sensitive to the capacitive forces in Eq. 6, however this
usually comes at the cost of decreased resolution. In order to eliminate this problem
an alternative spectroscopic method was developed, termed switching spectroscopy
PFM (SS-PFM) [9]. This method is illustrated in Fig. 8.

Here, rather than continuously ramping the d.c. voltage, a series of voltage steps
are applied, as shown in Fig.8, and the PFM signal is measured using a lock-in
method at a given detection frequency, at the points of zero d.c. voltage. This has
the advantage of eliminating any electrostatic effects, as the capacitive force at the
detection frequency is reduced to zero, as seen in Eq.6. Complications can occur
however due to dynamic domain relaxation effects. In order to understand this we
have to consider how the switching of polarization occurs under the PFM tip. Typ-
ically as the strength of the applied electric field becomes sufficient to switch the
polarization, initially the surface of the film under the PFM tip is switched and this
reversed region quickly grows vertically down through the thickness of the film [10].
Following the vertical switching the reversed domain starts to expand laterally and
its final size is limited by both the strength of the electric field, the activation time
and diameter of PFM tip. Domain relaxation processes may occur as the switching
voltage is reduced back to zero, resulting in shrinking back of the reversed region.
Thus, the measured hysteresis loop can depend on the time taken to acquire it. Indeed
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Fig. 9 Illustration of PFM lithography. From left to right, a reversed square domain is written,
erased then written back

these dynamical effects can be studied by PFM in order to obtain a bigger picture of
the physics governing to behaviour of materials under study [11, 12].

2.6 PFM Lithography

The ability to switch the polarization under the PFM tip this process is also referred to
as poling can indeed by utilized in order to controllably pattern the domain structure
in a ferroelectric thin film. Initially the sample is poled with a uniform polarization
orientation, following which a defined reversed domain structure is imprinted on the
material by scanning the PFM tip in a controlled pattern whilst applying a sufficiently
large reversing voltage. A simple illustration of this method is shown in Fig.9. A
further development of this method allows for self-assembly of structures on the
ferroelectric sample surface depending on the polarization pattern at the surface [13].
It should be noted that whilst the switching of polarization is a required feature in
this case, during normal PFM imaging it is an unwanted effect. In order to increase the
signal to noise ratio the simplest solution is to increase the amplitude of the excitation
voltage. However, due to the coercive field of the sample, we are limited by the amount
of voltage we may apply without significantly distorting the domain distribution we
are trying to characterize. In the worst case damage to the sample due to excessive
voltage is possible. Even below the coercive field of the material it is possible to
distort the domain configuration, thus this becomes an important consideration. In
order to obtain a reliable PFM image of the domain configuration it is important to
perform the measurement with the minimum possible applied excitation voltage.

2.7 Imaging Using Resonance Methods

So far we have considered PFM imaging at a single excitation frequency. Whilst
the mechanism for single frequency PFM is clear and due to its simple nature we
can obtain quantitative information in certain cases, as discussed in Sect.2.3, the
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main drawback is a relatively poor signal to noise ratio. Indeed, some samples have
such a small piezoresponse that PFM imaging becomes almost impossible. Whilst
increasing the amplitude of the excitation voltage is a simple remedy, there is a limit
to this approach as discussed in the previous section.

Another method relies on the use of cantilever resonances. Due to the deflection
and restoring forces acting on the tip and cantilever we have a harmonic oscillator
formed which is characterized by a number of resonance frequencies. At these reso-
nance frequencies the cantilever motion is greatly amplified, increasing its sensitivity
to dynamic sample deformations and therefore increasing the signal to noise ratio.
The amplitude and phase of cantilever motion around the resonance frequency, wy,
is shown in Eqgs. 16, and 17 where A4, is the deflection amplitude at resonance and
Q is the quality factor of the harmonic oscillator configuration [14].

2
wo
Aw) = Anar g (16)
Joi e ()
ow
tan p(w) = m (17)

At the resonance frequency the motion of the cantilever is amplified by the quality
factor Q, which can increase the response by one or even two orders of magnitude.
In the simplest case we can obtain PFM images at a fixed frequency, which was
determined to be the resonance frequency prior to acquiring the PFM image. The
problem with this approach is the variation in resonance frequency depending on
the local tip-surface contact conditions and frictional forces. Thus, with the single
frequency resonance imaging approach the image quality can vary greatly within
the same scan. Two methods have been developed to solve this problem, the dual
a.c. resonance tracking (DART-PFM) [15] and band-excitation PFM (BE-PFM) [16]
methods.

With DART-PFM two excitation frequencies are used, wj and wy, one slightly
below the resonance frequency and the other slightly above. The sum of these two
voltage signals is applied through the cantilever to the sample. The resulting can-
tilever response due to the inverse piezoelectric effect is analysed using two lock-in
amplifiers, one at the reference w; and the other at the reference w,. We obtain two
sets of amplitude and phase outputs from the two lock-in amplifiers, A1, ¢ and A,
¢» respectively. The difference term A, — A1 is a measure of the change in resonance
frequency and can be used in order to adjust the excitation frequencies w; and w»,
thus maintaining a consistent image quality.

The other possibility is to use the BE-PFM method. Here, a frequency domain
boxcar function is used such that the resonance frequency and its range of variation
are encompassed. Boxcar functions in the frequency domain are generated by sinc or
chirp time domain excitation functions. These are applied as voltages to the sample
through the cantilever and the response of the cantilever is recorded in the time
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domain. Using a suitable physical model of the cantilever and sample configuration,
such as the simple harmonic oscillator model, the response of the cantilever is fitted
in order to extract the amplitude and phase at the resonance frequency, amongst other
parameters. Thus by encompassing the range of variation of resonance frequency,
the resulting BE-PFM images are not affected by changes in resonance as for single
frequency PFM at the contact resonance. Indeed, the change in resonance frequency
and determination of Q-factor of the cantilever-sample system can be used to obtain
additional information about sample properties, such as energy dissipation [16].

2.8 Vector PFM

The vertical and lateral PFM response may be combined to obtain a full mapping of
the polarization vectors in the sample, termed vector PFM (V-PFM) [17]. Recalling
our discussion in Sect. 2.2, for out-of-plane polarization we have vertical tip displace-
ment due to the effective d33 piezoelectric coefficient whilst for in-plane polarization
we have horizontal tip displacement due to the shear strain of the sample as a result of
the d;s piezoelectric coefficient. The horizontal tip displacement results in a torque
on the cantilever which is detected as a lateral signal on the PSD. This may also be
calibrated in much the same way as the vertical sensitivity is calibrated as discussed
in Sect.2.3. In the general case the electric polarization direction and in order to
fully characterize it three components are required: the vertical component, VPFM,
and two lateral components, x-LPMF and y-LPFM. The two lateral components are
obtained in two separate measurements of the same area by rotating the sample with
respect to the cantilever by 90 degrees. It is not sufficient to simply change the scan-
ning angle in order to obtain two orthogonal components of the lateral displacement.
This approach is called 3D-PFM as it allows in principle the mapping of the polar-
ization vector in any given direction. By combining just two components, VPFM
and LPFM which are obtained simultaneously in a single scan, the projection of the
polarization vector onto a plane may be obtained, termed 2D-PFM.

2.9 EBSD-PFM

In order to obtain quantitative information from the measured sample strains, it is
necessary to not only know the generated electric fields but also know the crystal
structure and orientation of the various grains in the sample under measurement.
This information can then be used in Eq.2 in order to reproduce the PFM images
using finite element simulations. For epitaxially grown single crystal samples this
task is fairly straightforward as the crystal structure and orientation can be easily
checked using x-ray diffraction measurements after sample growth. For polycrys-
talline samples this task becomes considerably more difficult and a method capable
of characterizing the individual grains is necessary. This can be achieved using elec-
tron back-scatter diffraction (EBSD) [18]. EBSD is an SEM-based method where
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Fig. 10 The region selected
for subsequent analysis: a
SEM image with the EBSD
scan area marked in red and
b EBSD orientation map.
The legend line shows the
location of the orientation
profile shown in Fig. 11

200nm

001 010

the diffraction patterns of electrons incident on the crystallographic planes of the
sample are recorded. These are called Kikuchi patterns and they can be indexed in
order to obtain the local crystallographic structure and orientation, [18]. Thus, com-
bining EBSD and PEM polycrystalline samples may be analysed. This technique was
recently demonstrated at the National Physical Laboratory [19] where by combin-
ing textural analysis, through electron backscattered diffraction, with piezoresponse
force microscopy, quantitative measurements of the piezoelectric properties can be
made at a scale of 25 nm, smaller than the domain size, see Fig. 10. A domain struc-
ture closely matching the topography in the secondary electron image is clearly seen
in the EBSD image. The line profile across the domains shown in Fig. 11 confirms
that these domains are related by a domain boundary at an angle very close to 90°
measured value = 89.3° as would be expected for a tetragonal ferroelectric. The
combined technique was used to obtain data on the domain-resolved effective single
crystal piezoelectric response of individual crystallites in Pb(Zry4Tio6) O3 ceram-
ics. These and similar results offer insight into the science of domain engineering and
provide a tool for the future development of new nanostructured ferroelectric materi-
als for memory, nanoactuators, and sensors based on magnetoelectric multiferroics.

3 PFM Imaging Tutorial

One of the roles of this book is to provide the experimentalist routes into performing
the measurement methods described in each chapter, practically in their own labora-
tory. Hence, in this section, a tutorial on PFM imaging is given, illustrating some of
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the issues discussed in the previous sections. The instrument used was the Dimension
ICON Scanning Probe Microscope. Two types of PFM probes were used, the “SCM-
PIT” and “SCM-PIC”. Both have doped Si cantilevers with Pt/Ir tip coatings. The
nominal tip diameter is 40nm. The SCM-PIC has a very low stiffness, around 0.1
N/m, thus it is suitable for contact mode measurements even for soft samples, whilst
the SCM-PIT has a higher stiffness, around 3 N/m, thus it is designated as a tapping
mode probe. In the following sections we will illustrate the setting up a PFM session
including calibrations, imaging using both resonance and off-resonance, discussion
of artefacts and poling.

3.1 PFM Setup

Setting up a PFM measurement session is similar to contact mode AFM imaging
setup. The SPM probe is placed on the scanner and the laser beam is aligned to
reflect off the cantilever as shown in Fig. 12. Here the cantilever is shown in the
middle of the image, with the laser spot reflecting from the top part. The tip is
underneath the cantilever, its position indicated by the cursor. Initially the position
of the laser spot is adjusted to obtain maximum total signal, indicated by the scale
bar in the right in Fig. 12. The next step is to adjust the position of the laser spot on
the PSD in order to reduce both the vertical and lateral signal as close as possible to
zero, as indicate in the right of Fig. 12. The alignment procedure is typically done
above a reflecting surface in order to allow an image of both the cantilever and laser
spot to be obtained.

After alignment, the next step is to calibrate the cantilever sensitivity. This is
most easily done by using the force curve approach. A typical force curve is shown
in Fig. 13. This is composed of two branches, the retract and approach curves. Here
we plot the deflection error, which is linearly related to the actual vertical cantilever
displacement, versus the Z scanner position.

Initially, with the tip far away from the sample surface, there is no cantilever dis-
placement, thus the deflection error remains constant. Following the red curve, as we
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approach the substrate, the tip is suddenly pulled in due to attractive forces between
the tip and the substrate surface, causing a slight cantilever deflection towards the
substrate. After the tip has made contact, further increasing the Z scanner position
results in a linear deflection of the cantilever and the inverse of the slope of this curve
gives the vertical sensitivity of the cantilever. On the retract curve attractive forces
between tip and sample surface tend to retain the tip causing a negative cantilever
deflection and eventually the tip snaps off the surface as the Z scanner position is
further reduced. An alternative method to vertical cantilever sensitivity calibration
is to use either a calibrated piezo stack or quartz crystal, similar to the method dis-
cussed in Sect. 2.4, with a known displacement amplitude, in order to cause a known
vertical cantilever displacement. As discussed in Sect.2.4 this method can also be
used for lateral sensitivity calibration. For the force curve approach a hard substrate
surface should be used in order to minimize any indentation of the tip into the sample
surface. A suitable substrate for this is Al O3.

In order to check the cantilever properties it is also useful to perform a thermal
tune of the cantilever. With this method the cantilever is held above the surface and
oscillated with fixed amplitude in a range of frequencies. At certain frequencies the
oscillation amplitude is enhanced due to resonance, as shown in Fig. 14, and by
using a geometrical model of the cantilever the stiffness constant may be obtained
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as detailed in Ref.[20]. This may then be compared with the quoted manufacturer
cantilever stiffness.

3.2 PFM Imaging

For this tutorial we are going to obtain images of a high quality epitaxial thin film
sample. The sample is 100 nm thick tetrahedral 20-80 PZT on single crystal Sr7iO3
(STO) substrate. The STO substrate is doped using 1 % Nb which makes it electrically
conductive. This allows the use of the STO substrate directly as a back electrode.
In order to increase the signal to noise ratio we are going to obtain PFM images at
resonance. The cantilever resonances on the PZT thin film up to 500 kHz are plotted
in Fig. 15. Here the tip is placed in contact with the PZT surface and a voltage with
fixed amplitude is applied between the tip and back electrode, varying the frequency.
The resulting vertical displacement amplitude and phase are plotted in Fig. 15.

The most pronounced resonance peak is the third peak observed at around
350kHz. After choosing the operating frequency in the centre of the third reso-
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Fig. 16 PFM image at the first resonance peak of as-grown epitaxial PZT thin film showing, from
left to right, amplitude and phase components
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Fig. 17 Resonance peaks for two out-of-plane domains, a c+ and b c— domains

nance peak, PFM images are obtained as shown in Fig. 16. Here the amplitude, left
and, phase, right are plotted. The resulting domain pattern shows a series of c+ and
c¢— domains, characterized by a similar amplitude response and a change in phase
between them. The domain boundaries show a decrease in the response amplitude,
as discussed in Sect. 2.

It is interesting to investigate the change in resonance peaks between these two
types of domains. As shown in Fig. 17, the amplitude peak is the same for both c+
and c— domains, however the phase response changes. This is due to the different
response of the c+ and c— domains, in particular the shift in phase between the
piezoresponse and excitation voltage.

To illustrate the difference between PFM imaging at resonance and off-resonance
several PFM images are shown in Fig. 18, taken from the same area but with different
excitation frequencies. Figure 18a, b are both taken at resonance, the first and third
resonance peaks respectively. The quality of these images is comparable, although
a better contrast is observed for imaging at the third resonance peak. On the other
hand, when imaging off-resonance, for example at 25 kHz, as shown in Fig. 18c, the
quality is seen to drop significantly. For this particular sample, imaging off-resonance
is not sufficient to obtain a surface domain pattern. On the other hand, off-resonance
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Fig. 18 PFM images at
different frequencies showing
amplitude on the /left and
phase on the right for a 3rd
resonance peak at 345kHz, b
1st resonance peak at 53 kHz
and c off-resonance at 25kHz

PFM measurements have the advantage of allowing quantitative measurements under
certain conditions, as discussed in the previous section.

3.3 Poling

As an example of sample poling, we perform the following simple experiment.
Initially the PZT thin film is scanned using a voltage offset well above the coercive
voltage. The poled sample is shown in the first image in Fig. 19. Here the PFM
phasee scan is shown after poling using +5 V. Next the tip is held in the centre of the
scanning area and a 1 ms voltage pulse of —5V amplitude is applied. The resulting
PFM amplitude image is shown in the second scan in Fig. 19. The area underneath
the tip has been reversed. Following this further pulses are applied. The reversed
domain is seen to increase as more reversal voltage pulses are applied. Eventually
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Fig. 19 PFM phase images showing reversal of domain under tip. Initially sample is poled uni-
formly then voltage pulses of fixed amplitude are applied. After each pulse a PFM image is taken.
The reversed domain grows as more pulses are applied and eventually reaches a maximum dimen-
sion dependent on the tip diameter

the reversed domain reaches a maximum dimension dependent on the tip diameter,
as would be expected.

3.4 Setpoint Variation and Imaging Artefacts

Choice of deflection setpoint, or equivalently tip-surface contact force, can have a
significant effect on imaging quality. Also using a large voltage amplitude to obtain
PFM images can result in domain distortions. The effect of different deflection set-
points and large excitation amplitudes are illustrated in Fig. 20.

The series of images in Fig.20, from left to right and top to bottom show PFM
phase scans taken of nominally the same area, using a 3 V excitation amplitude and
increasing tip-surface contact force. Two effects are observed: the imaged domains
change in shape and size on subsequent scans and their relative position is seen to
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Fig. 20 PFM phase images showing effect of different deflection setpoints and large excitation
amplitude. From left to right, top to bottom consecutive images are taken with decreasing deflection
setpoint. A shift in scan position is observed due to the different deflection setpoint and a growth
of domains due to the large excitation amplitude
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Fig. 21 Changes in resonance frequency due to variation in a contact force and b excitation
amplitude

shift. The change in domain structure is due to the large imaging voltage amplitude
used, resulting in movement of domain walls as the tip is dragged across the sample
surface. Also the relative position of all the domains is seen to shift. As the tip-
surface contact force is increased the cantilever is deflected and the tip slides across
the surface. This results in a shift in the imaging area, as observed in Fig. 20.
Changing the deflection setpoint and imaging voltage amplitude also changes
the position of the resonance peak, as shown in Fig. 21, thus for single-frequency
resonance imaging the excitation frequency must be adjusted depending on the tip-
surface contact force and excitation amplitude. For the sample imaged here, single-
frequency resonance imaging can be used, as the sample surface is of very high
quality, with a small topography variation. For rough samples, variations in tip-
surface contact conditions can result in significant variations of resonance frequency,
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Fig. 22 PFM amplitude
image showing artefacts
due to change in tip-surface
contact conditions result-
ing in changes in resonance
frequency

making single-frequency imaging inadequate. In this case either DART-PFM or BE-
PFM should be used. To illustrate the effect of varying resonance frequency, a long
duration scan is taken for Fig.22. Changes in resonance frequency result in some
areas being blurred as seen in Fig. 22.

3.4.1 Surface Contamination

Surface contamination comes from a variety of sources including initial film forma-
tion, absorbed water from the surrounding environment, and even conductive layers
deposited by contact with other objects and oxidation. Often it is stated that there is
no surface preparation required before PFM is carried out [21] with most experiments
being undertaken at atmospheric pressures and humidity.

Desheng [22] proposed that one of the reasons why the measured piezo coeffi-
cients, using PFM, were so low was because an ultra-thin air gap could exist between
the tip and the sample. At nanometre scales this could have a noticeable affect on the
E-field. An alternative explanation is that, as most of these experiments are operated
in atmospheric conditions, absorbed water fills any space between tip and sample
creating a meniscus on the tip, introducing a thin dielectric layer between tip and
sample. PFM is ideally suited to explore these issues because; by changing the tip
force interaction (via changing the bias voltage on the AFM cantilever and scanning
the tip) one is able to ‘wipe’ successive layers of contaminant material from the
surface of the ferroelectric thin film.
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Several papers deal with surface contamination issues (such as [23], and in this
section we explore the effects of surface environmental chemical stability on a range
of sol-gel derived ferroelectric thin films deposited onto two substrate types:

e ITO/Glass, coated with PZT (30, 70) at 210 nm thickness, which formed a rosette
like structure surrounded by an amorphous matrix on the surface [24]

e Pt/Ti/Si02/Si, coated with PZT (30, 70) at 200nm thickness and formed a very
fine grain structure [25].

On each sample, one corner of the PZT was carefully scraped off using a scalpel and
fine wire anchored in place with conductive epoxy resin. This enabled the bottom
electrode to be grounded during experimentation. In the experiments described in
this section, no separate top electrodes were deposited onto the ferroelectric thin
film.

The AFM was configured for PFM operation, utilising a digital lock-in amplifier
and signal generator, as described in this chapter. The grounding wire of the sample
was connected to the ground of the signal generator output. The output from the
signal generator was set to a frequency of 18kHz and amplitude of 4 Vpk-pk. For
all the samples used, an initial scan of 25 x 25 um at OV deflection set-point was
undertaken. On completion of the initial scan an area of interest was selected, and a
series of scans then followed, using an initial deflection set point of 0V and ending
with 6V, in increments of 1V. This had the effect of increasing the force between the
Si-AFM tip and the ferroelectric thin film, see above sections. Two sets of materials
were investigated. One set was several years old that had been stored in a normal
laboratory environment. The second set was the same material type but had been
cleaned using a standardized si-wafer cleaning process. The effect of removal of
surface contamination on PFM image contrast was then established.

Un-cleaned (aged) samples The first scans at OV deflection set point (low tip
force) resulted in poor PFM image contrast. Increasing the tip force resulted in an
improvement in image contrast up to a certain level beyond which the contrast did not
improve noticeably. The difference between the contained area and the scrubbed area
can be seen clearly in Fig.23. The image on the left of the figure is a topographic
AFM image and the image on the right is the PFM image, where bright regions
indicate a high degree of piezoelectric induced strain.

The magnified rosette in Fig.23ii shows how the demarcation between the
scrubbed and un-scrubbed areas affects the contrast. The top half of the rosette
is in the scrubbed and the bottom in the un-scrubbed areas. The initial scans for the
contaminated samples gave an improved contrast as the tip force increased. However,
the improvement with tip force reached a point of saturation beyond which no further
improvements were observed. In addition, on reducing the tip force the contrast did
not diminish but stayed much the same. The initial improvement in image quality
is therefore presumed to be due to the thick contamination layer being scrubbed
from the sample surface by the scanning tip. This either allowed the tips electrical
field to make better contact to the ferroelectric material and/or allowed an enhanced
mechanical coupling between tip and surface (resulting in a better measurement of
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Fig. 23 i PFM Image after
surface has been scrubbed
clean by tip and inset ii
zoomed in area across

the scrubbed un-scrubbed
interface

resultant piezo-strain). Both improvements would result in a clearer higher contrast
PFM image.

The processing of the ferroelectric thin films is known to leave a residue of a
surface contamination layer of lead oxide and lead hydroxy-carbonate on all the
samples. When manufacturing the thin films by the sol-gel method it is normal to
add excess lead to the mixture in order to guarantee that there are enough lead atoms
to fill the perovskite structure (loss of volatile lead is a known challenge affecting
processing of lead based perovskites). The top surface of the lead oxide film will
eventually react with carbon dioxide to form a thin layer of lead carbonate, which,
when exposed to water, will also form lead hydroxy-carbonate. Thermodynamic
analysis carried out using NPLs MTDATA (http://www.npl.co.uk) software shows
that only trace amounts (10_8atm) of CO; are required for the formation of lead car-
bonate. The lead oxide/carbonate contaminant layers are masking the piezoresponse
of the thin films. The masking effect could be either electrical and/or mechanical.
Mechanically, the layer of lead carbonate can be thought of as a hard crust on top
of a softer layer of lead oxide. This layer would act as a buffer allowing only a
certain amount of coupling between the PFM tip and the piezoresponse of the film,
reducing the effective contrast of the images obtained. The initial improvement in
scan quality would be due to the PFM tip scrubbing the layers of organic contam-
ination from the top of the lead carbonate layer. The tip would stop scrubbing at
the lead carbonate layer and this would mean that the contrast obtained from scans
would be the same no matter what tip pressure was applied. Electrically, both the
inhomogeneous E-field due to the PFM scanning tip and the dielectric properties
of the lead oxide/lead carbonate layers would influence the observed piezoresponse
during PFM. It has been observed that due to the shape of the PFM tip the E-field
would be inhomogeneous and that the greatest flux density would be within the first
few nanometres of the film [26, 27]. The thickness of the contamination layer would
therefore dictate what strength of E-field the ferroelectric film would experience. If
the contamination is thick then the ferroelectric will experience a greatly reduced
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E-field compared to that of one with a very thin contamination layer. Finite element
models can be set-up to examine the effect of the PFM tips inhomogeneous E-field
within the film. The different dielectric properties of the contamination layers would
also add to this variation in E-field.

In this section, we have shown that the condition of the ferroelectric sample surface
has a great impact on the quality of image obtained using Piezo Force Microscopy. It
was also found that some samples gave a PFM contrast that was tip to surface pressure
dependent and others tip pressure independent. By testing various samples of thin
film PZT on different substrates of a variety of ages it was shown that age, handling
and fabrication methods has an effect on the PFM image quality. During investigation
it was found that samples that had been extensively handled since fabrication showed
a distinct layer of contamination on their surfaces. This contamination had the effect
of reducing the effective piezoresponse of the thin film possibly due to a masking
of the applied E-field from the PFM tip. The contamination was probably organic
and inorganic material from sources handled prior to the sample being touched. This
layer was easily scrubbed away with the AFM tip operated at a high tip to surface
pressure, the resulting PFM image becoming clearer and showing a contrast that
became tip pressure independent.

3.5 Tip Deterioration

Because PFM imaging is a contact mode SPM method, after repeated scans, espe-
cially if large tip-surface contact forces are used, tip deterioration can become a
significant problem. The tip geometry used for the work in this chapter is shown in
the SEM image of Fig. 24. This image was taken with the cantilever tilted by about
20° in order to see the tip in profile. The tip has a tetragonal structure with a small
sphere on top, with diameter of 40nm. An SEM image of a new tip, taken head-on
is shown in Fig. 25a. In Fig.25b an SEM image of a used tip is shown after 1 day of
PFM scanning work. Initially the tip has a 40 nm diameter, however after repeated
scans this is seen to increase to around 120nm due to deformation of the sphere on
the imaging tip.

The deterioration of the imaging tip will result in a loss of resolution compared to
a new tip. In some cases, especially after many days of scanning using the same tip,
the deterioration can become so pronounced, the electric field distribution produced
at the tip is completely changed. As an example, Fig.26 shows a PFM image after
poling, obtained using a heavily used tip under large tip-surface contact forces. The
tip imprint in Fig. 26 may be compared to that shown in Fig. 19 for a good tip. In the
case of Fig. 26, the tip has deteriorated to the point that the central region is no longer
reversed, indicating a highly non-uniform electric field distribution. Consideration
of the tip quality is important for quantification of PFM measurements.
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Fig.24 SEM image of a tilted
SCM-PIT tip used for PFM
imaging

Fig. 25 SEM images of
SCM-PIC tips, a new and b
used

Fig. 26 PFM phase image
after domain reversal under a
heavily used SCM-PIT tip
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4 Conclusions

In this chapter the piezoresponse force microscopy method of characterizing piezo-
electric thin films was discussed. PFM is currently the only available tool for char-
acterizing the surface electric domain structure of piezoelectric thin films with nano-
metric resolution. During the past two decades there have been many advances in
PFM imaging, particularly the introduction of resonance imaging techniques, scan-
ning spectroscopy studies as well as more advanced PFM modes, including vector
PFM and EBSD-PFM. In order to advance the usefulness of this method even further
it has become necessary to establish methods for obtaining quantitative information
using PFM imaging. For piezoelectric materials their response is dictated by the
piezoelectric coefficients, and the ability to precisely measure these coefficients at
the nanoscale using PFM measurements will have important implications for a large
number of applications and devices, including ferroelectric random access memory,
energy harvesting devices, micro actuators, microwave phase shifters as well as open-
ing up the possibility of designing completely new devices. To achieve this aim it is
important for PFM measurements to be standardized and the interactions between
PFM tips and piezoelectric sample surfaces to be fully understood. The introduction
of PFM-based methods capable of obtaining not only information about the sample
surface but also volumetric information, as well as the design of new standardized
cantilevers and tips could be an important step in this direction.
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Indentation Stiffness Analysis of Ferroelectric
Thin Films

C. Chima-Okereke, M. J. Reece and Markys G. Cain

1 Introduction

The physics of size effects in ferroelectric materials influences finite, measurable,
changes in the macroscopic functional behaviour of small-scale systems. In these
confined geometries the ceramic microstructure, and in particular grain size and
domain switching properties, often enhances the importance of extrinsic effects in
the ferroelectric response by comparison with the properties of the bulk material.
Whilst ferroelectric scaling effects have been discussed for many years [1], the recent
technologically-based drive for sub-micron scale ferroelectric memory applications
has resulted in many investigations into thin film systems and 3D micro- and nano-
structures. Static scale-size effects are a fundamental, as yet unsolved, problem in
nano-ferroelectrics in which destabilization of the spontaneous polarization in ultra-
thin films (down to the size of a few unit cells) is predicted theoretically [2] but has not
yet been conclusively observed [3]. Whilst this phenomenon occurs on the smallest
length scales, size effects relating to the dynamic behaviour of ferroelectrics, such
as variation in the Curie temperature [4], collapse of the dielectric constant [5] and
phonon hardening [6], can be seen at the micron level and are caused by changes in
both sample thickness and lateral size.

This chapter demonstrates the applicability of a depth sensing indentation tech-
nique for the measurement and interpretation of the elastic properties of ferroelectric
thin filmmaterial. Ferroelectric thin films are of interest as the active materials in
actuators and sensors in MicroElectroMechanical Systems (MEMS). For their appli-
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cations as actuators it is necessary to know their elastic properties in order to design
the devices. For example, the design of many actuators is based on bending can-
tilevers, such as the active arm of an Atomic Force Microscope (AFM). Because of
the lack of availability of data, designers are often relying on the elastic coefficients
of bulk materials with the same nominal coefficients. This may lead to large errors not
only because of the differences in composition and microstructure, but also because
the mechanical and functional behaviour of films can be very different to that of bulk
materials.

The film-substrate interaction limits the usefulness of certain measurement
techniques—such as surface acoustic wave detection for example. The film thick-
ness typically range between 50nm and 1pum on Pt—Ti—SiO,-Si substrates. The
determination of the thin film’s transverse piezoelectric coefficient, d3;, for exam-
ple, is currently made by fabricating special cantilever structures or diaphragms and
measuring the piezo induced charge upon bending or the strain upon application of
electric fields [7-9]. This method relies on the knowledge of the materials elastic
coefficients (from the substrate and the film) and although useful techniques exist
(based on pressure induced deflection of diaphragms [10] etc.), a method that does
not rely on the fabrication of complicated samples remains desirable. This study
explores one alternative method, based on depth sensing indentation. The method
has high spatial resolution for obtaining elastic properties [11], is non-destructive
and can be readily automated to measure film properties at a number of points rela-
tively quickly. The technique provides the so-called indentation stiffness coefficient,
and for a thin film on a substrate, both the film and substrate respond to the applied
load. The main intricacy of the method is that the geometry results in a relatively
complex stress field. In this work issues of indentation analysis (plastic and elastic
response), materials data scatter, variation of film thickness and indenter radius, and
elastic anisotropy have been investigated.

2 Nanoindentation: A Mechanical Measurement Tool

Nanoindentation is a powerful technique for determining the mechanical properties
of thin films because of its high spatial resolution over their surface and also through
their thickness [11]. Among the different geometries available, the spherical geome-
try provides a smooth stress field for which analytical solutions for the elastic contact
problem exists [12]. When a thin film on a substrate is indented both the film and the
substrate deform elastically, even at small penetrations of the indenter. Therefore, the
indentation stiffness coefficient that is obtained is not that of the film but an effective
one for the film/substrate heterostructure. It is possible to determine the stiffness
coefficient of the film alone by measuring the coefficient of the heterostructure at
different penetration depths and extrapolating to zero penetration [13]. A procedure
has been developed that involves the stepwise indentation with partial unloading of
a film that allows the separation of elastic and plastic contributions to deformation,
and yields the required stiffness coefficient as a function of the penetration depth
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a a

Fig.1 Spherical indentation geometry and parameters: F indentation force, 4 penetration, R radius
of the sphere, /. depth of contact, a radius of contact, /, residual depth

[14]. In this technique, the unloading is assumed to be completely elastic. However,
ferroelastic domain walls in ferroelectric thin films are moved by stresses and may
move back (or partially back) to their original position (recover) when the stresses
are removed [15]. This phenomenon produces an anelastic contribution to the defor-
mation of a ferroelectric when indented that cannot be treated with the procedures
of Ref. [14]. In this chapter we describe an indentation method that allows for the
anelastic contribution to the deformation of ferroelectric thin films and yields an
effective value of the materials elastic coefficient [16].

3 Experimental Set Up and Data Collection

A scheme of the spherical indentation geometry with the most important parameters
is shown in Fig. 1. Measurements were performed with a UMIS 2000 nanoindenta-
tion system (Australian Scientific Instruments Ltd. (ASI), Canberra, Australia) and
diamond indenters with nominal spherical tip radius of 3 and 7 wm. The Young’s
modulus and Poisson’s ratio of the indenters were taken as 1,150 GPa and 0.07
respectively. Diamond indenters are never ideal spheres, and a calibration is needed
to obtain the effective indenter radius as a function of the depth of contact (see Fig. 1).
The calibration procedure is detailed elsewhere [17]. The effective indenter radius
versus depth of contact obtained from the calibration for the diamond indenter is
shown in Fig. 2.

PZT ferroelectric thin films of 50:50 and 30:70 (Zr/Ti) composition were supplied
by Cranfield University, UK with preferred <111> orientation. The films have a
range of thickness: 70, 140, 350 and 700nm. PLT films (Pbg ggLaoog7Ti O3) films
were also studied [16]. We have investigated unpoled films to avoid the complication
of having to consider the electrical boundary conditions. The example data shown
in the Figs.2, 3, 4, 5 are for the PLT films.
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Fig. 2 Effective indenter
radius as a function of the
depth of contact for the
diamond sphere of nominally
7-mm radius (manufacturers
data)

Fig. 3 Evaluation of the
indenter penetration at

the contact force h.r, and
correction of the (h, F) data
from its initial neglect
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The procedure presented here consisted of a series of load-unload cycles or
“indentation loops” with each loop in the series proceeding to a higher maximum
force [18]. The individual loops consisted of 40 penetration-force (h, F) data pairs on
each of the load and unload half cycles. At the beginning of each loop in the series
the depth datum is set to zero as the indenter makes contact with the surface and
applies a small “contact force” (typically 0.1 mN). The raw data must be corrected
for the displacement associated with the contact force post facto as described below.
Each experiment consisted of a series of at least 20 loops up to a final maximum
force of 16 mN. The procedure was repeated at least 5 times at different locations

50 pwm apart.
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4 Penetration Data Correction

4.1 Load Frame Compliance

The measured raw data (h, F) must be corrected for the frame compliance, i.e. the
measured displacement due to the deflection of the instrument frame. This is accom-

plished by subtracting from the penetration data a value, Dy, sy given by Eq. 1.

Ahfs =CrF

(D

where C is the frame compliance that takes a constant value of 0.24 nm/mN for our

system.
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The penetration data must also be corrected for the penetration at the contact
force. This was achieved by assuming that the initial contact was purely elastic.
This is a reasonable assumption for blunt indenters. For spherical indentation the
relationship h a F?/3 Hertzian dependence is then expected [12]. The first point of
the loop was disregarded, and the seven following (F2/3, h) data were fitted with
a linear regression. The intercept took a negative value (typically a few nm) as a
consequence of assuming zero penetration at the contact force. Then, the absolute
value of the intercept was taken as the penetration at the contact force, ., and added
to the penetration data along the complete loop. The result of this procedure is that
each successive loop starts at the origin. An example is shown in Fig. 3.

4.2 Indentation Experiment History

Finally, the penetration history must be reconstructed. Since each loop started from
the origin, the permanent displacement associated with the previous loop, i.e. the
depth of the residual impression after the loop, %,, was not automatically added to
the penetration of the next loop. This reconstruction was accomplished such that
subsequent loops were data-shifted to the right (along the x-axis) so that the value
of penetration, associated with the previous loops maximum force (F,,), became
coincident with the original penetration at F,. This is illustrated in Fig.4 for the
five initial loops of a test. By this procedure it is assumed that (i) no further plastic
deformation takes place without increasing the force above that of the previous loop,
and (ii) any anelastic contribution recovered on unloading is reversed on loading to
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the same level as the previous loop. The procedure appears to be reasonable from
the evidence that the part of the curves associated with first loading are coincident,
to within a few percent, after reconstructing the load history (see bold line in Fig. 4b).

5 Extraction of the Materials Parameters

The following analysis is based on the fully corrected data, as described in Sect. 3.
Two parameters were directly extracted from a loop: the maximum penetration, %,,,
and the maximum force, F,,. The remaining parameters were extracted from the
analysis of the unloading half cycle of the loop as follows. This half cycle was
expressed as (F2/3,h) and fitted to y = o 4+ (x. This is the expected behaviour for
an elastic-plastic contact where the unloading is assumed to be entirely elastic. For
this case, « corresponds to the residual depth, &,, and (x to the Hertzian elastic
behaviour. However, the data deviated from this behaviour for the PTL films. This
implies an anelastic contribution to deformation, which recovered during unloading.
To analyse the data, it was assumed that this recovery did not start until the indentation
force had decreased below a certain value. In other words, it was assumed that there
was an initial part of the unloading curve at high forces that could be considered as
purely elastic, i.e. fitted to y = « + [x. To isolate this part, the three data points
from the low force end of the curve were disregarded, and the linear regression fit to
y = «a + (x repeated. If the analysis did not improve the first solution was kept. If
it did, another three points were disregarded and the procedure repeated. This was
done iteratively until the linear regression fit to y = « + [x stopped improving,
which happened for the PTL films after removing between 1/3 and 1/2 of the data
points at low forces. An example of the procedure is shown in Fig. 5. The parameter
« of the final fit is in this case the non-elastic penetration at Fj,, h,.. This non-
elastic penetration comprises the plastic penetration at F,, h,, and the anelastic
penetration at Fj,, h,. Any plastic deformation will remain after unloading, and
therefore, the plastic penetration generated at maximum load, F;,, will correspond
to the residual depth, /,, at the end of the loop. The anelastic penetration recovers
during unloading, but not in the upper part of the curve that gives the good fit to the
elastic-plastic behaviour. It can be evaluated as the difference between A, and A, or
in other words, as the recovery of penetration during unloading. The residual depth
was evaluated by fitting the five last (F2/3,h) points of the unloading, disregarding
the last one, to y = o + fx + 0x2, and taking &, as a.

Once h,, and h,, were known, both the depth of contact, /., and the radius of
contact, a, were readily obtained by Eqs.2 and 3 [19]:

_ hn + hpe

he .

2

a®> = 2Rh, — h? (3)
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where R is the effective radius of the indenter corresponding to the depth of contact
h. taken from Fig. 2. Once a was known, the mean pressure acting over the circle of
contact, P,,, also called indentation stress, was calculated by means of Eq. 4.
F
Pp=—2 o)
ma
The isolated upper part of the unloading is generally considered as the elastic
reloading of the residual impression plus the anelastic penetration at Fm, which has
a curvature R’ given by Eq.5 [17].

P ®)
2hpe
As a result, the slope § of the linear regression was related to the indentation
stiffness coefficient of the indenter/sample composite, E*, by Eq. 6.

9 1 1773
o= [@ [E - EH ©

R is the effective radius of the indenter corresponding to the depth of contact at
maximum load. R is not constant during the unloading curve but changes with the
depth of contact, following the curve shown in Fig.2. However, it can be assumed
that it does not change significantly in the isolated upper part of the curve that gives
the good fit to a linear behaviour (if it changed a small error would be introduced
that is of order R~/ 3). Once E* has been calculated, Eq.7 is used to evaluate the
stiffness coefficient of the sample, E:

1 1 -2 1—1/1.2
B E | E @

where v is the Poisson’s ratio, and the subindex i refers to the indenter. In the case
of a thin film, E is the effective coefficient of the film/substrate heterostructure. A
value of 0.3 was taken for the Poisson’s ratio of the samples [20].

6 Experimental Data for Partial Unloading Experiments

The complete procedure for analysing the Force-Penetration data involves a consid-
erable amount of processing. If only the elastic data is required the effort can be
considerably reduced by doing partial unloading experiments. Figure 6 shows the
results for unpoled PZT films for which a partial unloading of 20 % of the maximum
load was used. It has been shown that the anelastic response only becomes apparent at
much higher unloading (>50 %) [16]. The data extrapolated to zero penetration gives
values of indentation stiffness for the films of 100—110 GPa, which are comparable
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to values for bulk materials [16]. This assumes that the elastic properties are constant
through the thickness of the films. This was not confirmed, but Scanning Electron
Microscopy (SEM) cross sectional images of the film’s microstructure revealed a
homogeneity consistent with this interpretation.

7 Discussion and Recommendations

The indentation stiffness data, E*, for the films (Fig. 6) varied as a function of inden-
tation load/indenter penetration because of the different relative contributions from
the substrate and film. At small values it approached the indentation stiffness of the
film. At higher values it approached that of Si. There is a dispersion of the data with
the thickest films (700 nm) having a stiffness of about 15 % greater than the thinnest
film (70 nm) when plotted against depth of indenter contact. Attempts to normalize
the data in terms of a/R, a/t and a/Rt did not improve the coincidence of the data
with respect to the indenter/substrate interactions. The rationale for attempting these
plots is that for a monolithic, elastically isotropic material the stresses scale to a/R
[19]. The inability to normalise the plots may be a consequence of material pile-up
at the surface, but this is still to be proved.

The indentation stiffness of the films is not the same as its elastic modulus in
the direction of indentation but some average of its anisotropic elastic properties in
all directions. This is a consequence of the hydrostatic stress field generated by the
indenter. While it is not possible to obtain the five independent elastic coefficients
to completely define the elastic properties of a transverse isotropic material, it may
be possible to make estimates with associated errors. This can be done by modelling
the behaviour of a range of PZT materials using Finite Element Analysis (FEA).
Modelled and measured indentation stiffness values for single crystal silicon are
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within 3 % of each other. The experimental values for <100> and <111> crystal
orientation (156 and 178 GPa respectively) lie between the elastic moduli in these
directions (130 and 188 GPa respectively).

The problem of characterizing the elastic properties of ferroelectric thin films is
extremely demanding because of the complexity and scale of their structures. In this
chapter we have applied the Hertzian analysis for an isotropically elastic solid. The
work has shown that we can obtain indentation stiffness data that is some average of
the elastic coefficients of the film. The method is also sensitive to local variation in
elastic properties.
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Losses in Piezoelectrics via Complex
Resonance Analysis

Markys G. Cain and Mark Stewart

1 Methods of Resonance Analysis and Losses in Piezoelectrics

Historically, the method defined by IEEE has been used extensively to analyse the
resonance spectra of piezoelectric materials. Here, the resonance frequencies from a
set of samples of different geometries are measured and along with their dimensions
and sample density the piezoelectric coefficients determined. This method is simple
to carry out in principle, and the calculations are relatively straightforward (although
the wave equations for some of the geometries must be solved empirically through
the use of Bessel functions).

In our original analysis of resonance in Sect. 1 losses were only briefly described. It
isnow relevant to discuss losses prevalent in piezoelectric ceramic compositions since
these values are often as important as the functional, dielectric and elastic constants
that resonance analysis yields. In reality, a piezoelectric material comprises losses
originating from its dielectric response to an electrical field, mechanical response to
applied stress or following piezoelectric motion and its piezoelectric (strain) response
to an electric field. The impact of these losses on a resonance sweep is a reactive and
resistive part to the measured impedance. A material with zero losses would exhibit
zero impedance at resonance. The significance of loss results in sample heating or
noise production and this is why for many applications an understanding of loss
mechanisms and absolute values becomes important. Normally, the mechanical loss
at resonance is calculated from the width of the resonant peak and is labelled the
mechanical Q or Quality factor. The narrower the resonant peak, the higher its Q.
Dielectric losses are normally calculated from the phase angle between observed
capacitance and applied field, labelled tan §. Piezoelectric loss may not normally
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be calculated from resonance data but may be assessed through strain—electric
field response whereby any hysteresis present may be tentatively ascribed to this
loss alone—of course, if strain is produced then mechanical loss may also have an
additive effect. This issue is contentious.

A method adapted by Sherrit and co-workers from earlier work by Holland [1, 2]
and ultimately commercialised by TASI Technical Software (© PRAP), was to treat
the entire piezoelectric matrix as complex. Again, assuming ideal linear piezoelec-
tric behaviour and small field level perturbations, then the same formulation used for
ideal loss-less resonators could be utilised, yielding similar equations but of complex
form. Here, the impedance, resonant frequencies, piezoelectric, stiffness and dielec-
tric coefficients are all complex quantities now and the forms of the equations may
be iteratively fitted to the various shapes of resonance curves for each of the different
geometries. PRAP makes extensive use of complex elastic, dielectric, and piezoelec-
tric properties in fitting the resonance curves. Since the method fits to the data around
resonance peaks an improved estimate of the resonant and anti-resonant frequencies
is obtained through interpolation. Additionally, this method automatically takes into
account the losses by virtue of its complex notation. Alternative iterative methods
have also been developed including [3], and [4], yielding accurate determination of
the piezoelectric and dielectric properties of ceramic samples.

The use of complex coefficients to represent the three types of loss in piezoelectric
materials has its merits, and it is important to be able to verify the values given by
this analysis by independent experimental means. This section of the chapter has
attempted to explore these complicated issues. The losses may be identified and
measured as follows:

1. Dielectric loss—or tan §. This may be calculated by measuring the phase angle
between applied electric field and current, for example with a capacitance bridge.

2. Mechanical loss—or Q. This may be determined by drawing graphs of stress
against strain and measuring the hysteresis between increasing and decreasing
stress. This area is related to the energy absorbed during the cycle wherein
mechanical loss may be calculated according to the following equation [5]:

W, = 7SE X3 tan ¢ (1)

with W, = work done per half cycle, S¥ = compliance at constant E, X = strain,
¢ =loss angle. Alternatively, measuring the phase angle between stress and strain
using gain phase analysers would also yield this loss. Another method would be
ultrasonic attenuation techniques or DMTA methods.

3. Piezoelectric loss. This is the most difficult to measure independently because
when the material deforms under the action of the piezoelectric effect it also must
endure mechanical loss. However, a method to investigate the piezoelectric loss
would be to measure the piezoelectric strain as a function of applied field. The
hysteresis is indicative of the loss. Alternatively, the use of a gain phase analyser
in the measurement of the phase angle between strain and field can also be used
perhaps to an advantage since over many cycles an average may be calculated and
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signal to noise thus increased. This is contentious though, because most of the
literature points out that piezoelectric loss is not an independent quantity at all,
but is rather simply a compounded assembly of dielectric and mechanical loss.

The material coefficients can be described in either complex format, with real and
imaginary parts or in the form of an amplitude and a phase lag or loss. The concept of
aphase lag is easier to understand and so the term loss is more prevalent. However, for
the description of impedance behaviour, that includes lossy behaviour, the complex
notation is simpler, so that any coefficient can be represented as:

real part — j.imaginary part )

These can be simply converted to aloss ora Q by the ratio of the real and imaginary
component:

. real part (elastic coefficient)
Mechanical Q = - - - (3)
Imaginary part (elastic coefficient)

imaginary part (permittivity)
tan ) = — 4)
Real part (permittivity)

The symmetry of the comm structure also leads to several restrictions on the
possible values of the imaginary parts of the coefficients. The diagonal elements of
all the imaginary coefficients are positive, [6]:

coefficient;; > 0 (®)]

Also: , ,
(St = 1(SH) | (6)
(S ()" = (dy))? (7)

1.1 Comparison of Methods

The losses associated with dielectric constant, piezoelectric constant and elastic con-

stant have been measured independently of one another (but see notes earlier) and

most importantly using methods that do not include resonance. This is to try and

explore the validity for the use of complex notation—vis. Real and Imaginary com-

ponents of the parameters with loss given by the ratio real part/imaginary part.
Three losses associated with piezoelectric material have been classified:

1. Dielectric loss
2. Piezoelectric loss
3. Mechanical loss
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Fig. 1 Capacitance values are approximately 3 % lower when measured at resonance for PZT 4D
hard materials

Each has been determined using the resonance analysis performed by PRAP. In this
software, the piezoelectric equations have been uncoupled through the measurement
of well-defined sample geometries and the resultant spectra have been fitted to the
equations describing the electro-mechanical piezoelectric equations. The result is a
value for the real and imaginary parts of dielectric permittivity, piezoelectric strain
coefficient, and mechanical stiffness coefficient. In PRAP the real and imaginary
parts of the fitted coefficients are refined independently and these results used to
calculate the real and imaginary parts of some of the other coefficients. For example,
in length extensional analysis, the fitted parameters are K33, fp, €§3. The derived
real and imaginary coefficients are sf;, ds3, e3T3 and s3D3.

Dielectric Loss

The first set of alternative experiments to determine the materials dielectric loss was
performed on a hard (PZT 4D) and a soft (PZT 5A) composition PZT ceramic rod.
Here, the data from a dielectric analyser (Solartron 1296/1260) were compared to
the PRAP data, in Figs. 1, 2, 3, and 4.
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Fig. 2 Capacitance values are approximately 5 % lower when measured at resonance for soft PZT
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0.0035

DOMeasured Solariron 1kHz
BPRAP value

0.003

0.0025

0.001 1

0.0005

4 6 T 10

5
Sample Number

Fig.3 PZT 4D: Loss values are approximately 25 % higher when calculated using PRAP compared
to the Solartron values
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Fig. 4 PZT 5A: Loss values are approximately 25 % higher when calculated at resonance using
PRAP than measured with the Solartron

It is important to note a few differences in the measurement parameters for these
tests:

1. the resonance tests were carried out at high frequency—about 180kHz

2. the Solartron tests were carried out at 1 kHz and low field but the loss was deter-
mined from a direct measure of the phase angle difference between applied field
and resultant current. This phase angle leads directly to the loss tangent.

Features of note include the below average levels of recorded capacitance and above
average recorded values of loss when measured at resonance. The explanation for
the differences may be linked to the dispersive relationship of permittivity and loss.
For hard materials the permittivity and loss has been shown to be fairly insensitive
to frequency. However, soft materials do exhibit changes in dielectric properties
with frequency with a slight drop in permittivity and a slight increase in loss with
frequency [7].

Piezoelectric Loss

The piezoelectric coefficient was measured using two additional complimentary tech-
niques. The first was to measure, in one complete driven cycle, the strain response
to an applied electrical field. The strain was measured using a fibre optic probe and
field with an oscilloscope. The strain and field were acquired and analysed using
software specially written for hysteresis loop measurements [8]. The area enclosed
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Fig. 5 Piezoelectric loss with electric field measured using PRAP (horizontal line), P-E hysteresis
loop area, and gain phase analyser

by the loop is representative of the piezoelectric loss; these are represented by the
“PEHyst” data points on the graph. Additionally the strain field data was measured
using a Solartron Gain Phase analyser, providing a direct measure of the phase angle
between strain and electric field. This data was also compared to the resonance PRAP
data, in Fig.5.

Direct piezoelectric coefficient and loss was also measured using the Berlincourt
method (see p. 39). In this technique, the sample was placed between two ball bearings
under a small static pre-load and a small alternating mechanical force was applied.
The sample electrodes were connected to the input of a charge amplifier (virtual
earth and hence short circuit conditions prevailed). A Solartron 1260 gain phase
analyser captured the amplitude and phase difference between applied mechanical
load (ac) and resultant charge developed. The data is reproduced in Fig.6, which
clearly indicates the increase in loss for soft materials with alternating mechanical
load and an insensitivity with load for hard materials. This experiment provides some
confidence in the indirect displacement measurements in Fig. 19.

The piezoelectric loss value for hard materials determined from measurement
of displacement is seen to be approximately two times that calculated by PRAP. A
potential explanation might involve phenomena that are only active at lower frequen-
cies such as domain wall motion that becomes diminished at resonant frequencies
(but this is improbable for hard materials). For soft materials the values of loss are in
agreement with the resonance value only at a certain applied field (and hence strain)
with loss exhibiting a linear increase with amplitude, as expected. Again, the non-
resonant measurements are performed at much lower frequencies, kHz rather than
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Fig. 6 Piezoelectric loss with electric field measured using PRAP (horizontal line) and impedance
gain phase analyser for direct (charge) effect

hundreds of kHz. Also the non-resonant methods involve measurements conditions
well into the non-linear behaviour regime.

Mechanical Loss

The mechanical loss of a series of length mode resonators was measured using
conventional strain gauge techniques to measure the stress-strain behaviour up to
around 10MPa, and these were then compared with data derived from resonance
measurements with subsequent complex analysis using PRAP software. The real
part of the compliance was determined from the slope of the stress strain curve and
measuring the enclosed area in the stress-strain hysteresis yielded the imaginary part.

The stress strain measurement technique is difficult to carry out as the displace-
ments involved are very small and can easily be “lost” in small misalignments. Strain
gauge experiments do not suffer from this “lost” strain, however care must be taken
to apply a uniform stress field across the sample. Three strain gauges were placed
around the circumference of the samples, length 15mm, and diameter 6.35 mm.
Care was taken to achieve good alignment, but often there was over 100 % difference
in the outputs from the three gauges. However considering that the total displace-
ment in any experiment is only 1 m, it is not surprising that there is such a large
scatter.

A summary of the results determined by the independent methods on the same
samples is given in Table 1. In order to get some idea of the validity of the results
since neither method is definitive, the results can be tested against some empiri-
cal generalisations. The mechanical behaviour of soft and hard PZT piezoelectric
materials can be generalised by the following statements.
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Table 1 Summary of mechanical loss measured using stress strain experiments and PRAP com-
parisons

Material ~ Method Electrical Compliance real ~Compliance Mechanical Loss
conditions  part (m?/N) imaginary
part (m3/N)

PZT 5A  Stress-strain  open 1.30E-11 —5.87E-13 —4.51E-02
Stress-strain  short 2.82E-11 —1.46E-12 —5.19E-02
Resonance open 1.13E-11 —5.17E-14 —4.57E-03
Resonance short 2.09E-11 —2.04E-13 —9.75E-03

PZT4D Stress-strain ~ open 1.22E-11 —1.20E-12 —9.82E-02
Stress-strain  short 1.78E-11 —4.30E-13 —2.42E-02
Resonance open 8.77E-12 —7.95E-15 —9.07E-04
Resonance short 1.52E-11 —1.84E-14 —1.21E-03

e Soft materials are more compliant than hard materials.

e Mechanical loss of soft materials is greater than in hard materials (often by an
order of magnitude).

e Compliance and mechanical loss are greater for short circuit conditions than in
open circuit.

For the resonance method all the results comply with these simple tests, as do the
stress strain results except for the anomalously high loss value for the hard material
in open circuit conditions. Intercomparison of the two methods show the compliance
values for the stress strain technique are between 15 and 40 % lower than those
determined by resonance. However, the mechanical loss values determined by stress-
strain are between one and two orders of magnitude greater than calculated from the
resonance technique.

There are many possible explanations for these anomalies; the frequency for the
stress-strain measurements is much less than 1Hz; the stress strain loss measure-
ments are close to the noise level limits for the technique; the stress levels are very
different for the two measurement methods; the stress-strain measurement is com-
pression only, whilst the resonance is compression and tension. However, considering
the limitations of the stress strain measurement technique the general agreement is
remarkable.

The usual way of measuring mechanical losses in transducers is to measure the
mechanical Q,,, i.e. the full width at 3dB of the resonance peak. If this is done and
compared with the values obtained from the PRAP fit there is excellent agreement.
However, this is not surprising since PRAP produces an almost perfect fit to the
experimental data, although it does verify that the mechanical loss terms in the
PRAP fit produce the expected behaviour.
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2 Conclusions

The imaginary coefficients derived from complex fitting of the dielectric, mechanical
and piezoelectric coefficients to the resonance impedance spectrum is undertaken in
the PRAP software. Alternative methods of directly measuring these losses were
suggested and results compared.

The results indicates:

1. PRAP (and other iterative methods) yields loss values that are broadly consistent
with our alternative measurements

2. PRAP (and other iterative complex methods) assumes that the materials behave
in a linear fashion with zero frequency dispersion. Our non-resonant experiments
were conducted in a non-linear regime and the material parameters will almost
certainly exhibit frequency dependence

3. More work is required to understand the origins of loss, to adequately measure
these losses independently and accurately and to understand the interdependence
of these losses in piezoelectric material.
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Dielectric Breakdown in Dielectrics
and Ferroelectric Ceramics

Markys G. Cain

1 Dielectric Breakdown

Under the application of a large enough electrical field a dielectric material can
respond through motion of free charge carriers, injection of mobile charge carriers
from electrodes, space charge generation, and dissipation of energy in the material,
all of which may contribute to the electrical failure of the material. Various theories
have been published going back several decades and include two fundamentally
separate materials responses to an electric field; 1. An intrinsic dielectric breakdown
phenomena and 2. A defect mediated breakdown phenomena. The former is likely
only ascribable to very thin films or some polymeric materials. The latter is the
more commonly regarded theory that details the weakest link statistics argument for
electrical breakdown in porous materials, for example. The type and source of the
free carriers can provide for a profound influence on the nature of the breakdown
events and so any discussion or analysis of breakdown in solid materials especially
must have an appreciation of the conduction processes occurring in the material [1].
If breakdown of the sample is not determined by some defect or imperfection in the
material then one can consider what is the materials’ intrinsic electrical breakdown
strength. If breakdown is determined by defects or imperfections then this implies
a weak link mechanism. In practice, even high density, carefully prepared ceramic
alumina exhibits a Weibull weak link statistical response signifying defect induced
(pores, voids, inclusions etc.) breakdown [2].

In this chapter we introduce some of the concepts that appear to govern dielectric
breakdown in dielectric and ferroelectric ceramics and cite various excellent reviews
and books which explore these issues. Then, we will present the various standards
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that already exist and ways in which measurement good practice has been developed
at the UK’s National Physical Laboratory (NPL) in the past few years. The focus is
on the measurement of dielectric breakdown of bulk (or thin section bulk) ceramic
materials. The subject of dielectric breakdown in thin films is the subject of current
(2013) research at NPL.

1.1 Breakdown: Standards and Methodology

Existing standards and test methods for dielectric properties of advanced technical
ceramics that are contained within the CENELEC standards have been shown to
be not always appropriate to the forms in which the materials are currently used
industrially, and certainly do not take into account the above considerations. Under
a separate programme of study at NPL, CERAMELEC, a European consortium
led by NPL, assisted the CENELEC BT-TF 63-2 standards committee in the task
of updating existing methods to make them more relevant to modern materials and
components. The principal objectives of this task were to evaluate traditional (e.g. IEC
672 [3]) and improved methods for determining the dielectric breakdown of advanced
technical ceramics, and to examine the potential for using statistical methods for
describing breakdown phenomena and potential material reliability. The breakdown
test experiments described in this chapter have been conducted under guidelines
developed from that CENELEC study. Note that, International standard ASTM D149
[4] also refers to the electrical breakdown of insulating materials.

These measurement notes are aimed at those who wish to familiarise themselves
with the concept of dielectric breakdown in ceramic materials, the standard tests that
have been developed and the adaptation of these measurement methods to piezo-
electric ceramic materials. The electric strength is defined as the maximum electrical
stress (MV/m) that can be applied to an electrically insulating material before break-
down occurs. A knowledge of the electrical breakdown strength is required for the
efficient poling of ferroelectric material. Theoretical considerations and calculations
of electrical breakdown exist but are only validated by work on single crystal mate-
rials with defined geometries, electrode arrangement and under ambient conditions.
Electrical breakdown on real industrial ceramic materials, however, rarely follows a
simple or theoretical prediction. This is due to the dependence of breakdown stress on
materials properties such as homogeneity, porosity, sample dimensions and geome-
tries, electrode sizes and arrangements, environmental conditions, stressing mode
(DC, AC) and in practice control of these parameters is rarely achieved.

It is clear that dielectric breakdown data is only meaningful if the precise test
conditions are adequately described; such as operating mode (DC, AC, impulse),
sample and electrode geometry, stress application characteristics (rise time etc.),
breakdown detection sensitivity and method, oil immersion and contact techniques
and oil type. The dependence of dielectric breakdown on sample geometry can be
described with reference to the two methods of sample preparation defined in IEC
672-2 [3], Fig. 1. The two methods do not give identical results and, according to the
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Fig. 1 Test piece geometries used in dielectric breakdown tests. Flat disk Hemispherical recess

standard, depending on the manner in which the recess is made, the results from the
recessed material are likely to be more variable than those obtained by the flat disc.
However, although a larger volume of the material is stressed in the first configuration
the breakdown is likely to be initiated at the extreme electrode edges due to stress
amplification at electrode discontinuities. Modelling this phenomenon based on a
finite difference approach, has been conducted at NPL and results identify a rapid rise
in electric field as the electrode edge is approached. The electric field enhancement
is approximately 4—6 times that of the uniform applied field. However, results on flat
alumina substrate materials have shown that breakdown always occurred within the
electroded areas signifying perhaps that breakdown was dominated by the presence
of pores and defects within the bulk of the material, that the oil immersion method
significantly reduced the stress enhancement and that the high stress field does not
penetrate the bulk to any appreciable extent.

1.2 Dielectric Breakdown: Mechanisms

There are three basic mechanisms by which an insulating material breaks down
under the application of an electric field; intrinsic breakdown, thermal breakdown
and discharge breakdown. During real breakdown it is expected that all of these
may occur in combination and, perhaps in the case of sintered ceramics, will be
dominated by residual porosity or surface asperities present within the material,
rather than properties characteristic of the bulk material.

1. Intrinsic breakdown, whatever the bulk conductivity of a material may be, when a
steadily increasing voltage is applied to it, a well defined current will flow until a
saturation level is reached after which the current will increase rapidly (in around
1078 s) initiating breakdown. This intrinsic property of the material is clearly
electronic in character. The increase in current or electron generation may arise
from events including collision ionisation of conduction electrons, emission from
bulk impurity centres or field emission from the electrodes. Whatever mechanism
prevails the result may be an electron avalanche and breakdown failure.

2. Thermal breakdown thermal failure of an insulator occurs when the internal heat
generated via either Joule heating (current flowing through heats the surrounding
volume) or other dielectric losses increases with a rate exceeding that which heat
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may escape through radiation, conduction or convection. The increase in tem-
perature of the material increases the dielectric loss and also, in many situations,
increases the conductivity, leading eventually to a thermal ‘run-away’ effect and
eventual breakdown. Theoretical analyses of thermal breakdown has been postu-
lated but the solutions to the governing differential equations are non-trivial and
validating data are hard to find. The thermal conductivity of the material is clearly
an important factor when assessing the likelihood of this method of breakdown
since it controls the balance between heat generation and heat dissipation.

3. Discharge breakdown materials, which exhibit porosity and inhomogenous
microstructures, typically found in ceramics, have been found to exhibit break-
down characteristics which are dominated by the presence of their internal voids
and inclusions. Porosity has been shown to initiate breakdown and is the key factor
in most common ceramics with 1-3 % porasity. A close analogy with mechani-
cal strength is observed where the breakdown strength and mechanical strength
may be described using failure type statistical methods, such as that offered by
Weibull analysis. The dependence of the breakdown strength on specimen size,
and thickness in particular, can be explained by virtue of the fact that as thinner
material is sampled there exists a smaller chance of the electric field ‘finding’ a
critical defect at which discharge breakdown may be initiated. The mechanism by
which the material then breaks down is open to debate but may include the idea
of the propagation of a charge ‘streamer’ (in a similar manner to that described
for lightening) progressing from pore to pore via conventional conduction routes
[5]. This route to breakdown would then depend on the rate at which charges may
flow within the material which, for materials like alumina, which have a charge
leakage time of around 10? s, would place limits on the time dependent nature
of breakdown. It is also highly probable that the localised heating caused by the
discharge events will contribute to the breakdown event in a manner described
previously. Certainly, in high permittivity materials such as ferroelectric ceramics,
temperature rises of around 10° °C may occur.

Effect of Permittiivty

The permittivity of the sample has been shown to play a role in the breakdown phe-
nomenon [6] but models to describe the effects have not been satisfactorily developed.
Longer term effects such as a gradual reduction in resistivity at a continuous applied
high stress may lead to breakdown, as well as environmental effects such as mois-
ture, temperature, electrochemical reactions between electrodes and the material,
and structural effects such as sharp and point discontinuities which might have the
effect of amplifying the electric stress in certain regions.
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Space Charge and Breakdown

Space charge may be defined by Eq. (1), [7]. Here y is the space charge, J is the
current density, x is the cartesian coordinate within the material, p is the electrical
resistivity (which is a function of x) and e is the absolute permittivity. The origins
of space charge include local materials heterogeneity (leading to local variations in
resistivity), ionization of materials within the dielectric to form heterocharge, ‘Charge
injection’ from a stress enhancement (electrode, edge effects, pinholes, composite
with radically different permittiivty for example), and polarization in structures such
as water trees.

X(x) = Jedfi("). (1)
X

Various materials and geometrical issues can affect and often dominate the gen-
eration or presence of space charge and they may be summarised as:

1. Interface and surface effects (oxide layers and electrodes) can have a large effect
on space charge;

2. Current density in a material increases linearly at low fields and exponentially
at higher fields. The cross over point is thought to be associated with thermal
excitation of carriers (electrons) hopping from one sink to another;

3. Surface conductivity changes (brought about from oxidation of the surface for
example) can affect the space charge penetration and it has been shown that this
penetration is dependent on the conductivity enhancement and can extend many
hundreds of micrometers into dielectric materials;

4. Available charges from point like charge sources;

5. Water tress. At very high electrical fields, space charge ‘waves’ propagate through-
out a dielectric. Very little experimental or theoretical evidence is found for this
phenomena however.

Microscopic Space Charge and Dielectric Breakdown

Most if not all dielectric polymers and possibly also ceramic dielectrics are not
homogenous on the micro scale or nanoscale. This means that current density vari-
ations would exist within the material under applied DC field leading to possibly
substantial space charge effects. (Conductivity is generally greater along polymer
backbones than between them, so that the conductivity through the laminar crys-
tallites of biaxially oriented polypropylene should be much less than that of the
amorphous regions between.) Since the breakdown strength tends to increase as
the inverse square root of thickness, probably for fundamental energy-related con-
siderations, then it can be shown that the energy available following breakdown is
proportional to the cube of the channel length and the square of applied electric field,

Eq. (2) [7].



248 M. G. Cain
W, ~ K\d E>. )

The energy required to ionise the material as it breaks down is proportional to the
breakdown volume and is given by approximately Eq. (3)

W, ~ Kyd* 3)

with K1, K7 constants, d is the breakdown channel length and E the electrical field.
This then yields the field needed for electrical breakdown:

K, ]1/2

Xod 4)

Whoreakdown ™ |:

This dependency of breakdown strength on the inverse square of the dielectric’s
thickness is observed in many experimental systems, including the examples that
follow. For this study, the important observation is that very thin layers of dielectric
exhibit much greater dielectric strength than the same materials but of thicker cross
section.

Barrier Layer Dielectrics

It has been shown that the inclusion of a third dielectric layer placed between two
layers of dielectric allows the breakdown voltage to be increased [6, 8]. The maximum
value of the breakdown voltage enhancement is usually located at an optimum barrier
position, ¢ ~ 0.25. This anomalous increase in E p in three-layer dielectrics in a quasi
uniform electrical field may be caused by the local non-uniformity of electric field
at the boundaries, edges and electrodes.

1.3 Dielectric Breakdown in Ferroelectric Thin Films

Generally, as described in some detail above, breakdown in ferroelectrics follows a
multi-path mechanism whereby initially we observe electrical breakdown followed
by thermal runaway. For thin films, the earliest observations were that of dendritic
paths arising from electrodes penetrating into the material. Field emission injection of
electrons from the electrodes can cause avalanche collision ionisation and subsequent
breakdown, with effects of electrode work function being taken into account in
Schottkby barrier analysis:

Eg=Ad™" 5)
with 1/4 < w < 1/2, and A is the electrode area, and

eEpA\=h(Py — PFE) (6)
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with @ being the work functions (Metal and Ferroelectric), A is the electron mean
free path and h is a constant order unity. For ferroelectric thin films, the Schottky
barriers at interfaces dominates all electrical breakdown behaviour [9]. If we follow
the work of Nelson (in book [10]), then we can write the following equation which
relates the impulse thermal breakdown (where the thermal conduction losses are
ignored because breakdown happens quickly) to thermal and transient properties,
and material conductivity:

Ea(T) 3¢, kT2 b -
=|——- ex
B oobl. P\ 2T

with, ¢ is the DC conductivity, Cy the specific heat capacity, K the thermal con-
ductivity, #. is the time to breakdown, 7 is temperature (K), kg Boltzmann constant,
b is a conduction activation constant for the materizal. In this solution it is assumed
that b>>kT, and that the time to breakdown ¢, < C;’f with d being the inter electrode
distance. This equation estimates breakdown in a variety of ferroelectric perovskite
thin films up to around 800 MV/m, predicted and measured [11].

More recent evidence for a deterministic basis for dielectric breakdown in BaTiO3-
based multilayer capacitors [12] has shown that breakdown fits a model based on
thermionic emission from the cathode causing collision ionisation in connected
defects in the ceramics. In Eq. (5) their value w was calculated to be 0.5—compatible
with macroscopic DC thermal breakdown mechanisms. Interestingly, no significant
effect of electrode area, A was found on Eg. Breakdown in ferroelectric thin films
has been the subject of much academic and industrial research—see the work of
Scott for example [11]—and is beyond the scope of this chapter. Future publications
in this Springer Metrology Series are envisaged that will explore metrology of thin
film breakdown.

1.4 Measurement Techniques for Dielectric Breakdown

From the earliest experiments it was noted that the breakdown stress was influenced
by the experimental arrangement and electrode geometries (apart from any material
effects). The observations of discharges occurring at the edges of electrodes were
explained by the presence of electric stress concentrations at the edges arising from
the bending of the equipotential field lines. Indeed it has been shown (also see pre-
vious section) that the field enhancement magnitude is of the order of twofold for
equal electrode areas and up to sevenfold enhanced for unequal sized electrodes [10].
Attempts to reduce this stress enhancement included the use of oil immersion mea-
surements where the oil, possessing a higher permittivity than air and also a much
higher breakdown strength, significantly reduced this edge effect. The primary role
of the oil, however, is to suppress surface discharge since ceramic breakdown in air
would not be possible due to the inherently low ( 2 kV/mm) breakdown strength of
air.
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Variations in electrode geometries have also been investigated with the objec-
tives of reducing the electrode effects, and the recessed electrode (Fig. 1) was shown
to produce results with a much higher dielectric breakdown strength than those
produced using planar electrode geometries. The recessed arrangement should ulti-
mately reveal the intrinsic breakdown strength of the material, but only when suffi-
cient tests and statistical analysis can reveal those breakdown events which occurred
from pores or inclusions for example. It is clear that, whatever method is chosen, the
breakdown stress must be placed entirely within the experimental context. The elec-
trode arrangements that are used conventionally to measure the breakdown of real
materials essentially do not permit a measure of a true intrinsic breakdown voltage
but rather enable a measure of thermal breakdown or discharge breakdown phenom-
ena. The thermal run-away may give rise to enhanced electronic or ionic conduction
losses which generate heat more rapidly than can be dissipated, with ultimate failure
through conductive breakdown. Similarly the discharge at the electrode interface or
within trapped voids and pores within the material may result in serious enlargement
of the discharge volumes leading to breakdown of the insulative properties of the
material (especially within an oil medium where discharge sites are characterised by
carbourised, and thus conducting, surfaces).

1.5 Weibull Analysis and the Mechanical and Electrical
Strength of Piezoelectric Ceramics

Weibull Analysis

The Weibull distribution is an example of extreme value statistical distribution, and
has been frequently used to describe the statistical variation in the mechanical strength
of ceramics. The Weibull distribution is a special case of the exponential distribution
andis empirical [13]—see also [14] and [ 15] for more recent advances in the statistical
theory of breakdown. The concept that underlies the Weibull distribution as applied to
the strength of ceramics is that the strength of ceramics is governed by the presence of
failure initiating defects. Failure occurs when components are mechanically stressed
as the stress at the failure initiating defect rises to the level defined by the Griffiths
criterion.

o= AKc/a ®)

where K;, is the materials fracture toughness, a the defect size and A is a constant.

The strength of a component is then governed by the statistical probability that
the failure initiating defect exists at a given position within the component. It can
be shown [3] that if the size distribution of defects is given by Q(x) = Px™", where
X is the size of the defect, and P and n are constants, then the Weibull distribution
is found to describe the strength of components when combined with the Griffith’s
criterion. The Weibull modulus m is then given by m = 2(n—1).
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Thus the statistical variation in mechanical strength for ceramics is based on
the likelihood of encountering failure initiating defects in the body. The underlying
basis for the electrical strength of ceramics is not so clear, but there is little doubt
that it will be dependent on the statistical distribution of defects in the material in a
similar way to mechanical strength. For this reason, the use of the Weibull (or related
Gumbel [14]) distribution to describe electrical strength is reasonable. In recent
comparison of mechanical and electrical strength measurements, for the piezoelectric
ceramics, it is likely that related features is the microstructure cause failure under
both electrical and mechanical loading. Thus in both types of loading, the hard
piezoelectric ceramic is stronger than the soft piezoelectric ceramic, supporting the
microstructural link between the two types of test. It is noticeable that the Weibull
moduli determined for the electrical breakdown experiments are lower than those
obtained for the mechanical tests. This difference is not unexpected, since whilst
the functional dependence of the Weibull modulus on the defect population through
the Griffith criterion is well defined for mechanical testing, the equivalent failure
criterion for electrical strength is not known.

2 Measurement Good Practice for Dielectric Breakdown
of Ceramic Substrate Materials, Including Piezo Ceramics

This measurement good practice section covers the results from Work Package (WP)
10 of an EC Standards, Measurement and Test (SMT) project CERAMELEC, com-
pleted in 1999 [2]. This had the purpose of evaluating approaches to electric strength
measurement that are more relevant to modern uses of ceramic insulators, specif-
ically substrate materials, than accounted for in IEC standard 60672, part 2. This
standard was originally devised in the 1970s to determine material properties for the
purposes of applications as large insulators, strictly as a means of product classifi-
cation and minimum specification. The dielectric breakdown test incorporated into
this standard involved the use of a 5—7 mm thick plate of ceramic material into which
a spherical cap-shaped depression was ground using diamond tooling, reducing the
thickness at the pole of the depression to 1.5-2 mm. The test-piece is coated with an
electrically conducting layer inside the depression and also on the back face, and is
then sandwiched between spherical electrodes. Two types of testing regime can be
applied. Either the applied voltage is ramped until the test-piece conducts (‘break-
down test’), or a given voltage can be applied for a given period of time (‘withstand
test’). The former is used to determine the ultimate performance of the material, the
latter maybe used as a pass/fail test for a specification.
A number of problems arise with this test:

1. Machining a depression can introduce flaws which may influence the result of
the test compared with an annealed or green-state formed test-piece;

2. Green-state direct forming the test-piece by pressing may result in different prop-
erties in the material beneath the depression than surrounding it as a result of
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pressure gradients in pressing, so testing specially shaped test-pieces may not be
realistic;

3. Many modern materials are not produced in a sufficient thickness to machine such
a test-piece; for example, one of the most widespread products is thin ceramic
substrates, which may be as thin as 0.2 mm or even less for some applications. It
is well known that dielectric breakdown voltage gradients are a function of test-
piece thickness, but no studies have been performed to compare the performance
of such materials with conventionally sized test-pieces to guide the user;

4. Dielectric breakdown is a statistical event; breakdown is initiated at strong electric
field concentrations, such as those occurring within pores or cracks, or even grain
boundaries. The tested volume of the material will play some role in determining
the risk of breakdown, but existing tests use only 3-5 test-pieces for general
quality purposes. Statistical assessment is therefore impossible.

The purpose of this work was thus to examine the behaviour of typical electronic sub-
strate materials (not discussed in this chapter) and commercial piezoelectric ceramic
materials in different thicknesses and to evaluate the role of various test-piece prepa-
ration, coating and testing parameters on a statistical basis in order to provide back-
ground information for the preparation of a standard more appropriate to substrate-
like products than the existing method in IEC 60672. Standard piezoelectric ceramics
(PZT) were used as materials for test.

2.1 Experimental Test Equipment

High Voltage Facility

In order to perform dielectric breakdown tests safely at the high voltages required
in an open laboratory environment, a testing device is required which is designed
to operate within an interlocked cabinet, such that no connections with the internal
wiring of the cabinet can be made. NPL had previously purchased such a facility
from SEFELEC, France, through the UK agents, Wessex Electronics Ltd, Bristol,
UK. This equipment comprised a rampable high-tension (HT) DC or AC voltage
generator beneath an insulated interlocked cabinet into which live and earth terminals
protruded. The ramp function was controlled by a low voltage control signal from an
external programming unit. The maximum rated voltage was 50 kV. The instrument
was designed automatically to switch off the applied voltage when the breakdown
current exceeded 3 mA. The peak breakdown voltage level was retained on a display.

For making the breakdown test, a test-jig was designed in polymethylmethacry-
late (PMMA) which enabled a test-piece to be inserted between two spring-loaded
opposing spherical metal electrodes, which were connected to the cabinet electrodes
using metal braiding. This arrangement was immersed in transformer oil (Shell Diala
BG, supplied by Senator Lubricants Ltd of Crawley, W Sussex, UK).
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Measurement and Calibration

The design of many commercial instruments impacts on the way in which the break-
down test can be carried out. In the experimental systems developed in this work the
following issues were noted and solutions provided:

1. The voltage level on such higher voltage sources is often indicated on a con-
ventional front panel meter, which is not always output as a digital signal. Thus
accurate readings are sometimes difficult to record. Various solutions exist if a
digital system is not available, including the use of a digital voltmeter integrated
with the meter in order to provide a digital read-out.

2. Many instruments have no direct means of traceable calibration of the high-tension
voltage. There is implicit reliance on the relationship between HT voltage and the
external low-voltage meter reading provided by the manufacturer. It would have
been unsafe (as well as invalidating health and safety legislation) to have brought
HT leads out from the sealed environment in order to make such measurements
with a high-voltage calibrated meter, or a low-voltage meter connected via a high
calibrated resistance chain. The possibilities of using a battery operated meter
viewed through the glass window of the cabinet were investigated, but do not
provide for a useful digital output. Optically isolated digital outputs are another
possible solution to taking a calibrated HT voltage reading out of an enclosed
safety shielded box.

3. The ramping mechanism employed in some HT supplies is mechanical in origin
and sometimes will not provide for consistent voltage ramping rate to breakdown.
For example, depending on the maximum voltage setting, at a given fraction of
this setting, the ramp rate may change automatically. It was understood from the
manufacturers that this was a safety precaution to avoid overshoot. Occasionally
this interfered with a test series, some test-pieces breaking down while ramping
fast, and others after the change of rate. Since the breakdown voltage under
ramping conditions may depend on the ramp rate, and hence the time under
electrical stress, this could interfere with the statistical description of the results.
The problem was not directly soluble, but its effect was minimised by setting the
upper limit breakdown voltage at a level such that the change in ramp rate was
mostly clear of actual breakdown values.

Breakdown jig Design

In order to apply a high voltage across the test-piece thickness, a test jig as shown
in Fig. 2 was designed and manufactured. The PMMA frame supported the two
opposed spherical electrodes, which were 10 mm diameter. One of these electrodes
was spring-loaded against the other so that a force was applied to the test-piece
between them. This arrangement was immersed in a beaker containing transformer
oil. All tests were performed under oil in order to prevent arcing around the test-piece
edges.
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Fig. 2 Test jig for applying PMMA Frame
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2.2 Test Materials and Test Piece Preparation

Test Material

A variety of piezoelectric ceramic materials have been employed for this work,
summarised in Table 1. In order to apply the test method to a high permittivity
material, some hard lead zirconium titanate (PZT) discs were purchased from Morgan
Matroc Ltd, Transducer Products Division, UK, in both electroded and unelectroded
conditions.

Test-Piece Preparation

Individual pieces were either used in the as-received condition, or after grinding a
spherical cap depression, the latter with and without subsequent annealing at high
temperature in order to anneal out grinding damage.

In order to machine the depression, 10 mm diameter ball-ended electroplated
diamond grinding tools were purchased from Diagrit Ltd of Stapleford, Kent. The
mounting of the tool was specially designed to be accommodated in the high-speed
horizontal spindle attachment of a Jones and Shipman toolroom grinder, operating
at typically 10,000 rpm. In order to rotate the test-piece under the grinding ball, a
milling machine rotary dividing head placed on the surface grinder bed was used as
the test-piece support. The axis of the dividing head was visually aligned with the
centre of the grinding ball using a lathe centre placed in the centre of the dividing
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Table 1 Ceramic materials used in this study

No  Material Code (NPL)  Supplier Dimensions No
Lateral (@)  Thickness (mm)

5 PZT-5A% KXB Morgan Matroc 10 1 100

6 PZT-4D* KXC Transducer 10 1 100

5U  PZT-5A**  KZAU Products 10 1 20

6U  PZT-4D**  KZBU 10 1 20

*Supplied electroded and unpoled **Supplied unelectroded and unpoled

Fig. 3 Arrangement for Ball-ended
grinding depressions into electroplated
Test-piece diamond tool

test-pieces

Test-piece
locking device

head bed as a marker. The grinding machine bed was then clamped into position. A
special jig was made to permit substrate test-pieces to be clamped onto the dividing
head (Fig. 3). The required depth of depression was achieved by slowly lowering the
wheel-head of the grinding machine down into the test-piece while this was rotated
using the hand-wheel. Using this arrangement, specimens could be quickly machined
to reasonably repeatable depths. Initially, this procedure led to the possibility that a
pip was left in the centre of the ground depression because of difficulties in accurately
positioning the axis of rotation of the dividing head. Consequently, for later batches
the dividing head was not rotated, at the risk that the dimple was not perfectly round.

All test-pieces, whether machined or not, were cleaned in solvents (5 min ultra-
sonic cleaning immersed first in acetone and then IMS) and dried in a vacuum oven
before applying the conducting coating. In order to apply the coating to a limited area
of each test-piece, yet process a large number of test-pieces in batches, a method of
masking was required. A polymethylmethacrylate jig was designed to accommodate
a number of specimens. Each specimen position incorporated a mask on each face
with holes in them of the required electrode size, typically 5-20 mm in diameter
(Fig. 4). The holes were well countersunk in order to prevent shading near the hole
edges, which would otherwise mean variable thickness coatings. Coatings were of
aluminium applied by evaporation. The jig was double sided, permitting test-pieces
to be coated on both faces with the electrodes coaxial simply by turning the jig over
and repeating the evaporation process.
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Fig. 4 Schematic of mask for
defining the electrode areas on U pper maSK T_eSt'
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Test-piece thicknesses were measured using a digital dial gauge reading to 0.001
mm and equipped with a ball-ended sensor in order to locate the bottom of the
depressions in dimpled test-pieces.

Analysis of Data

Weibull Analysis

As discussed, in Sect. 1.5, it is well recognised that dielectric breakdown is a
stochastic process that has some parallels with mechanical strength testing in brittle
materials, i.e. the weakest link is the one that ultimately fails. In the case of mechanical
strength, the largest flaw in the highest stressed position is the most likely site of
failure. A key element of this research was to investigate the applicability of Weibull
statistics to electric strength measurements.

The Weibull distribution, in its simplest two-parameter form is given by, Eq. (9)

[13]:
o m
Pr=1-—exp (—) 9

a0

where Py is the cumulative probability of ranked results, o is the strength, oy is the
characteristic strength, and m is the so-called Weibull modulus, which is a charac-
teristic of the width of the distribution. To visualise the distribution, the series of
test results are ranked in ascending order, assigned a probability of failure, and are
plotted as InIn (1 /(1 —P f)) versus In o. The distribution should then approximate
to a straight line. The fitting parameters m and o can be obtained either by a least-
squares fitting routine of a regression line to the plot, or by the preferred maximum
likelihood method (as used in ENV 843-5 for mechanical strength testing [16]). For
simplicity, this chapter uses primarily the least squares method using the probability
ranking parameter, 10:
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P = (i — 0.5) (10)
‘ n

where i is the rank number in ascending order and » is the total number of test data.
Other ranking parameters are available with varying degrees of complexity, but the
one given above has only a small bias, and is recommended in ENV 843-5.

In order to compute Weibull parameters for the batches of test results, a routine
was developed using an Excel spreadsheet designed for the purpose. The parameters
were fitted as a straight line relationship (i.e. two-parameter). In some cases parallel
calculations were made using the maximum likelihood method. Often the results
were rather different, because this second method places less emphasis on the shape
of the extremes of the distribution.

Reliability and Significance of Weibull Parameters

The consistency of determining Weibull parameters depends on the sample size. The
larger the number of test data, the more reliable the fit. For small numbers of test
data, the computed parameters become much less reliable. The 90 % confidence
interval on m becomes quite large, e.g. about £20 % for n = 20, and +40 % forn =
10. In contrast the computed values of mean strength and characteristic strength oy
have much smaller widths of confidence interval, typically less than 5 % for small
numbers of test-pieces.

Breakdown Position

After breakdown, breakdown positions were clearly visible, and were measured
relative to the centre of the electrode. It was of particular interest to evaluate whether
the breakdown occurred predominantly around the edge where a field concentration
might be expected, or randomly over the area of the electrode. If the breakdown
positions are random, it would be expected that there would be a single value of
probability of breakdown per unit area, p. The cumulative probability of failure P in
an annulus of radius r and width dr is thus 27 prdr. Integrating this over the area of
the electrode, the total probability of failure to radius r is thus, Eq. (11):

-
p:/ 2mprdr = wpr? (11
0

Since p = 1 for r = a, the radius of the electrode, this reduces to, Eq. (12):

P = (r/a)* (12)

thus, plotting the cumulative probability of failure against (normalised radius)>
should produce a straight line through the origin with a slope of unity. Failure to
approximate to this would imply that the breakdown positions are not randomly
distributed, but are concentrated in some way indicated by the plot.
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Fig. 5 Weibull distributions 27
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2.3 Test Results on PZT Ceramics

In the full report [2] both insulating dielectric substrate materials and piezoelectric
ceramics were investigated. In this chapter we have focused on the piezo ceramic
tests based on the nature of this book. The full series of tests undertaken in this project
are summarised in Annex A.

Test 5 was made on the 10 mm diameter, 1 mm thick disc samples after removal
of the supplied electrodes which covered the entire disc area, and application of
evaporated aluminium electrodes of 5 mm diameter. Tests SA (PZT-5A), and 5B and
5C (PZT-4D) were made on small numbers of test-pieces. It was found that the electric
strength was typically 10 kV/mm, and no edge tracking breakdowns occurred. Test
5C used 1200 grit grinding on one surface before evaporating electrodes, but the
results cannot be considered to be any different from those in the as-fired condition,
from which it was deduced that internal defects controlled the electric strength.
Subsequently, Test series 8A and 8B were made with larger numbers of test-pieces,
and the Weibull distributions are plotted in Fig 5. For both materials, the Weibull
modulus is rather low, about 5, compared with a high quality alumina substrate for
example (also testing in this programme but not reproduced in this chapter), which
is presumably a consequence of the different manufacturing processes.

A further batch of the same materials were received from the supplier, this time
without electrodes. These were electroded and tested in the same way, and the
Weibull distributions are shown in Fig. 6. The Weibull moduli are slightly greater
than obtained in the earlier tests, but the mean electric strengths are significantly
lower. PZT-4D is still electrically stronger than PZT-5A, as expected.

2.4 Discussion
General Conclusions

Overall, the series of tests have shown that electric strength measurements can have
some meaning when applied to thin ceramic test-pieces (<1 mm) with permittivities
between about 8 and several 1000. When undertaken in an oil environment, the tests
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Fig. 6 Weibull distributions 57
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can be performed without risk of edge discharge even when the electrode extends
as close as 2.5 mm from the edge of the test-piece. This work has shown that mean-
ingful differences can be obtained between material types, and even between similar
materials treated in different ways, e.g. with different electrode sizes, or with and
without annealing treatments.

The use of Weibull statistical analysis has shown that in most cases, the dis-
tribution of electric strength data can be represented by a two-parameter Weibull
distribution. However, the sizes of the test batches used, typically 16 test-pieces per
condition, were too small for consistency of determination of Weibull modulus. As
the analysis within ENV 843-5 for mechanical strength demonstrates, the limits of,
for example, the 90 % confidence interval on Weibull modulus are large for small
sample populations, and the experimental results were scattered even outside these
limits, despite good consistency on mean electric strength.

An analysis of alumina ceramic disks (not reproduced in detail in this chapter—
but refer to original report [2] identified that the effect of electrode area on breakdown
measured is marked, and in both of the cases examined, the electric strength increased
with decreasing electrode area. The cumulative probability plot concept developed
in this work has value in demonstrating whether a set of results is the consequence
of random puncture position, or whether the position is biased in some way. The
effect of poor electrode coating produced a very marked example of the value of the
analysis, and underlined the need to ensure that the applied coating is continuous with
low resistance, i.e. is thickly enough applied. Further, the analysis has also shown
that the edge of the electrode is not a preferred site of breakdown. Electric stress
concentrations derived in analyses of fields associated with electrode edges do not
therefore appear to dominate the site of failure.

The traditional method of undertaking electric strength and withstand tests
described in IEC 60672-2 [3] involved the use of dimpled test-pieces. Dimpling
has the potential advantage of restricting the thickness in the test area, and thus min-
imising the risk of flash-over, but requires a thick test-piece. Pressing the dimple into
a specially made test-piece may well produce different results from machining the
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dimple into an otherwise flat test-piece. The present work has shown that dimpling
does indeed restrict the location of the breakdown, but gives a higher result for a
given thickness than plane electrodes of the same total area as a consequence of the
reduced volume under stress. Furthermore, the direction of application of the voltage
appears to influence the result. The origins of this behaviour are not clear, but must be
related to the direction of current electron flow when breakdown starts. The results
of the present study thus show that dimpling is not necessary, and that tests can be
readily performed on plane samples with symmetrical disc electrodes.

Problems and Errors in Testing

Although the test data are presented and analysed without reference to errors of
measurement, a number of issues arose during testing which may be relevant to
setting experimental procedures for testing. These factors are summarised here.

Electroding Application of coaxial electrodes on opposite sides of planar test-pieces
requires care and attention to the mounting and masking arrangements employed.
It is most convenient if an arrangement can be made which positively locates the
test-piece in a mount with coaxial apertures, as indicated in Fig. 4. After coating
one side, the mount is simply turned over to coat the other. However, generally this
requires precision in machining the mount to suit a given size of test-piece, and thus
leads to lack of flexibility in coping with different test-piece sizes. Clearly, mounts
for routine testing of particular sizes of test-piece can be made cost-effectively, but a
more complex arrangement may be needed to cope with variable-sized components.

The electrodes should have well-defined edges. Intimate contact between the test-
piece and the masking aperture is required to avoid tapering the coating excessively
at the edges.

The surfaces must be clean and grease-free before electroding. Thin evaporated
coatings can be damaged fairly easily, but thicker coatings are more resilient towards
accidental handling damage. The current work used aluminium coatings, and some
problems arose with poor evaporation conditions resulting in resistive coatings of
inadequate thickness. Aluminium has the advantage of easy evaporation at fairly
low temperatures, but other types of coating, such as Au/Pd, may be preferable for
continuity and resistance to oxidation.

Calibration of HT Voltage It is highly desirable to be able to calibrate the HT source
to provide traceability of measurement. However, the system employed gave no direct
access to the HT connections which were sealed inside an interlocked cabinet for
safety reasons. It is understood that a LT lead system connects the sealed system to a
meter on the control panel, which is somewhat inadequate as a means of reading. As
supplied, the instrument relies completely on internal correlation of meter reading
and HT voltage.

Consideration was given to three means of direct calibration without compromis-
ing safety:

1. The use of a battery-powered, separately calibrated digital voltmeter contained
completely within the interlocked cabinet. For safety reasons this could not be
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digitally connected to an external recording device other than through an optical
link;

2. The use of a calibrated HT resistor chain within the interlocked chamber, the
voltage over part of which is measured using a low-tension battery energised
voltmeter. The same problems with recording would be encountered;

3. Using a pair of polished spheres with a variable but measured gap between them,
the HT breakdown voltage could be compared against well-known tables for
breakdown of air gaps. However, the difficulty with this method is the need to
control the atmospheric temperature, pressure and moisture content.

In view of the time and effort in setting this equipment up, no actions were taken
during the course of the project. The data reported are therefore nominal, and reliant
on the pre-set relationship between the HT source and the meter reading.

HT Source Control and Measurement The particular instrument employed in the
current work generated a ramped voltage at a nominal pre-set rate based on the set
peak and a rise time to that peak. On approaching the set peak, integral/derivative
type control slowed down the rate to rise to avoid overshoot. This would be important
for a withstand test, but for a breakdown test it is highly desirable to maintain the set
rate up to failure. With many of the tests requiring voltages approaching the machine
limits, some uncertainty in voltage rise rate conditions was introduced. This has been
ignored in the analysis. However, it could mean that the duration under electrical
stress was longer in some test-pieces than the nominal values. The parallel situation
would be to vary the loading rate or displacement rate in mechanical testing, which is
never normally undertaken. Correcting for such effects would be impossible without
detailed knowledge of the effects of time under electrical stress on breakdown values.

The use of a data-logger measuring the LT response shown on the meter in parallel
with the meter was very useful in this work, but highlighted a further potential
problem. As breakdown was approached, the apparent voltage rise rate appeared to
jump. The effect was variable, but did not seem to occur to any significant extent
on the meter. Consequently it was unclear what the true breakdown voltage was. A
number of possible approaches to the logged data were evaluated:

1. To use the peak hold value from the peak hold circuit;

2. To take the jump as an indication of the initiation of breakdown, and to use a
value which was extrapolated from below the jump to the centre of the logger
time interval when the jump was first detected;

3. To take the value immediately after the jump and before any drift in the plateau
representing peak hold.

The principle difficulty was in deciding whether the effects seen were entirely instru-
mental in origin, resulting from noise or spikes in the supply system or from changes
in HT circuit impedance as current began to flow in the test-pieces, or were due to
the behaviour of the test-piece itself, in particular the way in which breakdown cur-
rents accelerated with time. It was suggested by the instrument manufacturer that the
earthing of the instrument needed to be improved, but after installation of a separate
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ground to outside the laboratory, there was little improvement. After considerable
discussion and analysis it was decided to rely exclusively on the peak hold values,
so all data are reported in this condition, with the proviso that there may be an error
of several hundred volts in the recording of each break down voltage level. It was
concluded that the whole system needed redesigning in a manner which was suitable
for proper control of voltage rise rate and for accurate recording of the voltage levels
at breakdown.

Dimpling Although dimpling was found not to be a necessary part of test-piece
preparation for the tests, it actually proved to be quite a difficult operation. In par-
ticular, setting the position of the dimpling tool such that is centre was on the line
of rotation of the test-piece proved quite difficult, with the result that many samples
had a slight pip in the centre of the dimple, making thickness measurement difficult.
Further, dimpling tools have to be specially made, and the grit size employed in the
present case tended to leave grinding marks on the dimpled surface. If the test-piece
was not rotated under the tool, the dimple was not round, but adopted the shape of
the tool, and grinding marks were strongly directional. If the test-piece was rotated,
the dimple was round and there was less directionality to the grinding marks, but
the centre pip tended to occur. If dimpling is essential to reduce the thickness of
the test-piece to a level capable of being tested with a given instrument, it is impor-
tant therefore to pay particular attention to the set-up employed and the dimpling
procedure adopted.

Breakdown Mechanisms

It was not the purpose of this work to study the mechanisms of breakdown, but some
of the test-pieces were examined under the optical microscope after breakdown.
Most examples examined showed a single breakdown position, with damage visible
on both surfaces. The size of the damaged region tended to be larger on the grounded
side than on the HT side. In some examples, however, there was evidence of two
breakdown positions, one usually much more severe than the other. Figures 7 and 8
show two examples from an alumina test series, from a plane test-piece and a dimpled
test-piece. In the later case, the larger, presumably primary, failure has occurred in
the centre of the dimple as expected, but the secondary site is on the parallel part of
the test-piece which is 1 mm thick, thicker than can normally be broken down by the
HT limits of the apparatus. The reasons for the double event are completely unclear
and can only be speculated about.

2.5 Conclusions

An evaluation has been made of the possibilities for developing electric strength
test procedures appropriate for modern high-strength and high permittivity ceramic
materials used for passive and active electrical purposes. It has been shown that:
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Fig. 7 Optical micro- (a)
scope images of the double

breakdown sites in a plane

sample from an alumina

substrate material as seen

from the respective faces

e Thin planar test-pieces ranging in thickness between 1.0 and 0.25 mm and with
electric strengths exceeding 100 kV/mm can be electroded and tested in trans-
former oil without difficulties of edge tracking or flashover;

e Differences in electric strength can be systematically resolved using sufficient test-
pieces, and examples have been obtained indicated electrode area effects, thickness
effects, and machining/annealing effects;

e Dimpling such test-pieces other than for the purposes of bringing the breakdown
voltage within instrumental range has little value, and is unnecessary to prevent
edge flashover; producing small dimples in thin test-pieces is not a simple task
and requires specialised and precision equipment;

e Test results from a given batch of nominally identical samples have been found
to possess a variation in electric strength which is expressible in terms of the
two-parameter Weibull distribution analogous to procedures developed to analyse
mechanical strength of brittle materials;

e On planar test-pieces, the quality of thin evaporated electrodes must be such that
breakdown positions are uniformly distributed over the surface of the electrode,
and are not concentrated either at the edge or in the centre; a statistical test for the
area distribution has been devised and demonstrated effectively on batches of the
same materials with good and bad electroding;
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Fig. 8 Optical microscope
images of the double
breakdown sites in a dimpled
sample from alumina substrate
material as seen from

a dimpled side and b plane
side

e Concerns that breakdowns will occur preferentially around the periphery of the
electrodes in planar test-pieces as a result of electric stress concentrations have
proved to be unfounded;

e Concerns that have not been satisfactorily dealt with in this project are:

— Traceable calibration of HT voltage sources contained within safety enclosures;

— Obtaining consistency in the ramp rate of HT voltage in the instrument employed,
in particular whether the response of the LT data-logger added to the test machine
was a true reflection of the HT voltage being applied to the test-piece;

— Explaining the occasional occurrence of double puncturing of the test-piece;

e For testing advanced ceramic products, it is possible to devise a suitable stan-
dard with greater flexibility than the existing method given in IEC 60672-2 for
traditional ceramic materials.
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Appendix A: Tests on PZT Materials

(See Table2)

Table 2 Sample breakdown test data

Test no. SA material: 5

Test-piece dimensions, mm

Test-piece condition

Electrodes

HYV ramp rate

Breakdown voltages, kV

Breakdown stress levels, kV/mm
Average breakdown stress level, kV/mm

Test no. 5B material: 6

Test-piece dimensions, mm

Test-piece condition

Electrodes

HYV ramp rate

Breakdown voltages, kV

Breakdown stress levels, kV/mm
Average breakdown stress level, kV/mm

Test no. 5C Material: 6
Test-piece dimensions, mm
Test-piece condition

Electrodes

HYV ramp rate

Breakdown voltages, kV

Breakdown stress levels, kV/mm
Average breakdown stress level, kV/mm

Test no. 8A Material: 5
Test-piece dimensions, mm
Test-piece condition
Electrodes

HYV ramp rate

Breakdown voltages, kV

Breakdown stress levels, kV/mm

Average breakdown stress level, kV/mm

Test no. 8B Material: 6
Test-piece dimensions, mm
Test-piece condition
Electrodes

HYV ramp rate

Morgan Matroc TP, PZT-5A (NPL code KXB)
10 P x1

Supplied electrodes removed

Al, 5 mm @

0.8 kV/s

11.2,6.8,7.3,12.5,12.3,7.7,13.0, 11.3
11.1,6.8,7.2,12.2,12.2,7.6,12.8,11.0

105 +24

Morgan Matroc TP, PZT-4D (NPL code KXC)
10dx 1

Supplied electrodes removed

Al, 5 mm @

0.8 kV/s

11.3,11.5,7.5, 14.9, 16.1

11.1,11.5,7.5, 14.7, 16.1

122 £ 4.7

Morgan Matroc TP, PZT-4D (NPL code KXC)
10Px 1

Supplied electrodes removed, surfaces ground with
1200 grit SiC paper

Al, 5 mm @

0.8 kV/s

15.4,6.6,7.4

15.0, 6.6, 7.3

9.6 £4.7

Morgan Matroc TP, PZT-5A (NPL code KXB)
10Px 1

Supplied electrodes removed

Al, 5 mm @

0.8 kV/s

6.8, 8.5, 10.3, 12.2, 14.0, 9.7, 13.9, 12.0, 14.9, 13.8,
10.8, 14.2,7.6, 8.2, 14.2, 14.0

6.8, 8.5, 10.1, 11.9, 13.7, 9.6, 13.6, 11.8, 14.5, 13.6,
10.6, 13.8,7.5, 8.1, 13.8, 13.8

11.4+£25

Morgan Matroc TP, PZT-4D (NPL code KXC)
10&0x 1

Supplied electrodes removed

Al, 5 mm @

0.8 kV/s

(continued)
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Table 2 (continued)

Breakdown voltages, kV 14.1,13.9,15.4,15.1,15.9,15.4,14.7,7.9,16.3, 14.3,

9.3,16.2,11.3,10.4, 14.6, 12.5

Breakdown stress levels, kV/mm 13.9,13.7,15.2,15.0,15.7,15.0, 14.5,7.8, 16.1, 14.1,

9.2,15.9,11.2,10.3,14.5,12.3

Average breakdown stress level, kV/mm  13.4 +£2.5
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Standards for Piezoelectric and Ferroelectric
Ceramics

Markys G. Cain and Mark Stewart

1 Standards for Piezoelectric and Ferroelectric Materials

This chapter provides detail of standards-related activities for piezoelectric
materials—mainly bulk ceramic types. The production of standards, particularly
international ones, is a long process. The existence or not of a standard in a particular
area is not solely because of the need for such a standard, but is due to the concerted
effort of individuals. Documents must be kept current, and may be withdrawn or can-
celled if there is nobody prepared to maintain it after publication. There are strong
groups for piezoelectric materials standards in Europe (CENELEC) and America
(IEEE-UFFC), but some of the most quoted standards have been withdrawn (IEEE
176-1987 [1], IEEE 180-1986, MIL-STD 1376B (SH)). An updated and regularly
reviewed set of standards can be found at http://www.piezoinstitute.com.

1.1 Standards Organisations with Piezoelectric Related Standards

e CENELEC (European Committee for Electrotechnical Standardization)—www.

cenelec.eu

IEC (International Electrotechnical Commission)—www.iec.ch

e IEEE-UFFC (Ultrasonics, Ferroelectrics and Frequency Control Society of the
Institute of Electrical and Electronics Engineers)—www.ieee-uffc.org

e US Military Standards—www.everyspec.com

e VAMAS (Versailles Project on Advanced Materials and Standards)—www.vamas.
org
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e EIA (Electronic Industries Alliance)—http://www.eciaonline.org/eiastandards
e JISC (Japanese Industrial Standards Committee)—www.standards.jisc.ac.uk

CENELEC

CENELEC is the European Committee for Electrotechnical Standardization and it
has been officially recognised as the European Standards Organisation in its field
by the European Commission in Directive 83/189/EEC. A comprehensive series of
piezoelectric standards were developed for CENELEC under BTTF 63-2. There were
two working groups in this committee and it is WG-2 that was producing standards
related to piezoelectric materials, under the stewardship of Wanda Wolny. The first
three have been approved, and published, and are available from the various national
standards bodies. As with most standards within CENELEC there are English, French
and German versions of these standards.

EN 50324-1:2002 Piezoelectric properties of ceramic materials and components

Part 1: Definitions and classifications: This standard relates to piezoelectric trans-
ducer ceramics for application both as transmitters and receivers in electroacoustics
and ultrasonics over a wide frequency range. They are used for generation and
transmission of acoustic signals, for achievement of ultrasonic effects, for trans-
mission of signals in communication electronics, for sensors and actuators, and
used for generation of high voltages in ignition devices. Piezoelectric ceramics can
be manufactured in a wide variety of shapes and sizes. Commonly used shapes
include discs, rectangular plates, bars, tubes, cylinders and hemispheres as well
as bending elements (circular and rectangular), sandwiches and monolithic mul-
tilayers [2].

EN 50324-2:2002 Piezoelectric properties of ceramic materials and components

Part 2: Methods of measurement and properties—low power: The methods of
measurement described in this specification are for use with piezoelectric compo-
nents produced from the ceramic materials described in EN 50324-1 Definitions
and classification. Methods of measurement for specific dielectric, piezoelectric
and elastic coefficients are generally applicable to piezoelectric ceramics. The
polycrystalline nature of ceramics, statistical fluctuations in composition and the
influence of the manufacturing process, result in specified material coefficients
being typical mean values. These values are provided for design information only.
Piezoelectric transducers can have widely differing shapes and may be employed
in a range of vibrational modes. Material parameters however, are measured on
simple test-pieces, (discs, rods) using specific geometric and electrical boundary
conditions. Consequently, the results of the tests provide basic material parame-
ters only and must be used as a guide to the actual properties of manufactured
commercial components [3].
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EN 50324-3:2002 Piezoelectric properties of ceramic materials and components

Part 3: Methods of measurement—high power: This standard relates piezoelec-
tric transducer ceramics for power application over a wide frequency range both
as electromechanical or mechanoelectrical converters. This standard covers the
large signal characterization of piezoelectric ceramics material only, and not the
characterization of a complete assembled transducer. The selection of a material
for a given power application is difficult and the advice given in Sect.2 is mainly
indicative [4].

prEN 50ZZZ-1 BTTF 63-2 CONV 12 Properties of multilayer actuators

Part 1: Terms and definitions: This European Standard relates to the definitions
for Multilayer actuators. Their applications have been widely increased in various
field of industry:

e mechanical engineering: tools positioning, clamps, active wedges, damping, active
control, generation sonic or ultrasonic vibrations

e microelectronics: positioning of masks, wafers or magnetic heads, non magnetic
actuation, circuit breakers

e fluids: proportional valves, pumps, ink jet, droplet generators, injectors

e optics: mirrors or lenses positioning, focusing, laser cavity tuning, alignment or
deformation of fiber, scanners, choppers, interferometers, modulators

Multilayer actuators can be manufactured in a wide variety of sizes. The most com-
mon shape is the rectangular bar. Ring multilayer actuators exist also. The mea-
surements under prestress apply to the stack actuators. This standard relates to ‘d33
actuators, which elongate in the direction of poling” and is limited to the static and
quasistatic applications.

prEN 50Z7Z-2 BTTF 63-2 CONV 12 Properties of multilayer actuators

Part 2: Methods of measurement: This standard describes the measurement tech-
niques, which can be applied to measure the properties of Multilayer Actuators,
as defined in prEN 50ZZZ-1. Multilayer actuators can be manufactured in a wide
variety of sizes. The most common shape is the rectangular bar. Ring multilayer
actuators exist also. The measurements under prestress apply to the stack actu-
ators. This standard relates to ‘d33 actuators, which elongate in the direction of
poling” and is limited to the static and quasistatic applications.

prEN 50PPP (BTTF 63-2(CONV)12) Properties of piezoelectric thick films

IEC

The IEC, the International Electrotechnical Commission is the international standards
and conformity assessment body for all fields of electrotechnology. he standards are
maintained by a series of technical committees that cover a narrow subject area.
Most of the standards developed in the IEC are maintained and produced by TC49,
Piezoelectric and dielectric devices for frequency control and selection. At present
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the only active work item related to piezoelectric ceramics seems to be a glossary,
IEC 61994-4-2.

TC-49 Piezoelectric and dielectric devices for frequency control and selection

e IEC 60483 (1976-01) Guide to dynamic measurements of piezoelectric ceramics
with high electromechanical coupling

e [EC 60302 (1969-01) Standard definitions and methods of measurement for piezo-
electric vibrators operating over the frequency range up to 30 MHz

e IEC 60642 (1979-01) Piezoelectric ceramic resonators and resonator units for
frequency control and selection—Chapter I: Standard values and conditions—
Chapter II: Measuring and test conditions

e [EC 60642-2 (1994-02) Piezoelectric ceramic resonator units—Part 2: Guide to
the use of piezoelectric ceramic resonator units

e IEC 60642-3 (1992-03) Piezoelectric ceramic resonators—Part 3: Standard out-
lines

e IEC 61253-1 (1993-12) Piezoelectric ceramic resonators—A specification in
the IEC quality assessment system for electronic components (IECQ)—Part 1:
Generic specification—Qualification approval

e IEC 61253-2 (1993-12) Piezoelectric ceramic resonators—A Specification in the
IEC quality assessment system for electronic components (IECQ)—Part 2: Sec-
tional specification—Qualification approval

e IEC 61253-2-1(1993-12) Piezoelectric ceramic resonators—A specification in the
IEC quality assessment system for electronic components (IECQ)—Part 2: Sec-
tional specification—Qualification approval—Sect. 1: Blank detail specification—
Assessment level E

e IEC 61261-1 (1994-03) Piezoelectric ceramic filters for use in electronic equipm-
ent—A specification in the IEC quality assessment system for electronic compo-
nents (IECQ)—Part 1: Generic specification—Qualification approval

e IEC 61261-2 (1994-03) Piezoelectric ceramic filters for use in electronic equipm-
ent—A specification in the IEC quality assessment system for electronic compo-
nents (IECQ)—Part 2: Sectional specification—Qualification approval

e IEC61261-2-1(1994-03) Piezoelectric ceramic filters for use in electronic equipm-
ent—A specification in the IEC quality assessment system for electronic compo-
nents (IECQ)—Part 2: Sectional specification—Qualification approval—Sect. 1:
Blank detail specification—Assessment level E

e IEC 61994-4-2 TS Ed. 1.0 B 1CD Piezoelectric and dielectric devices for fre-
quency control and selection—Glossary—Part 4-2: Piezoelectric materials—
Piezoelectric ceramics

TC-87 Ultrasonics

IEC 61088 (1991-09) Characteristics and measurements of ultrasonic piezoce-
ramic transducers. Specifies the essential electroacoustic characteristics of piezo-
ceramic transducers for industrial application of ultrasonic energy. Also specifies
the methods of measuring these characteristics. It has the status of a technical
report.
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SC-47E Subcommittee 47E: Discrete Semiconductor Devices

IEC 60747-14-1 (2000-10) Semiconductor devices—Part 14—1: Semiconductor
sensors—General and classification. Describes general items concerning the spec-
ifications for sensors which are basically made of semiconductor materials, but
also applicable to sensors using dielectric or ferroelectric materials.

IEEE-UFFC

The IEEE-UFFC is the Ultrasonics, Ferroelectrics and Frequency Control Society of
the Institute of Electrical and Electronics Engineers. The IEEE published some of the
most quoted standards related to piezoelectric and ferroelectric materials, including:

o ANSI/IEEE 176-1987 IEEE Standard on Piezoelectricity [Description].

e 180-1986 IEEE Standard Definitions of Primary Ferroelectric Electric Terms.

e IEEE Std319-1971 (R1978), IEEE Standard on Magnetostrictive Materials: Piezo-
magnetic Nomenclature.

e IEEE Std 100-1996, IEEE Standard Dictionary of Electrical and Electronics Terms.

ANSI publications are available from the Sales Department, American National
Standards Institute, 1430 Broadway, New York, NY 10018.

IEEE publications are available from the Institute of Electrical and Electronic Engi-
neers, Service Center, 445 Hoes Lane, Piscat- away, NJ 08854.

Both these standards have been withdrawn by the IEEE although they are still avail-
able from some sources as a historical document. There are currently two active
groups working under the IEEE-UFFC auspices:

e IEEE Subcommittee on Loss in Acoustic Materials.

e Standards on Characterization of Losses in Electromechanical Materials coordi-
nated by Dr. Stewart Sherrit (JPL). The aim is to develop new ways of analysing
loss through use of complex impedance and to write new IEEE standard based on
the analysis.

e A Draft of the IEEE standard on Ferroelectricity. This is a definition of terms for
ferroelctrics and is being developed by Susan Trolier-McKinstry. A draft of this
standard has recently been published in the IEEE-UFFC journal [5].

US Military Standards

The US military have specifications and standards relating to the supply of goods for
use in defence, including the following standard:

e MIL-STD 1376B (SH) Piezoelectric Ceramic Material and Measurements—
Guidelines for Sonar Transducers.

This standard was cancelled in 1999. It is still widely referred to as the source of the
various Navy types for piezoelectric materials.
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There is also some standards development going on at the UTMR although it is not
clear what form these standards will eventually be published as.

e Committee on Standard Protocols for Single Crystal Piezoelectrics. This is coor-
dinated by Dr. Lynn Ewart-Paine (NUWC) on behalf of Dr. Wallace Smith—ONR
and is aimed at producing a protocol for the calculation of the dielectric constant
and piezoelectric coefficients for piezoelectric single crystals.

VAMAS

VAMAS is the Versailles Project on Advanced Materials and Standards. It sup-
ports world trade in products dependant on advanced materials technologies, through
International collaborative projects aimed at providing the technical basis for har-
monised measurements, testing, specifications, and standards.The pre-standards
research activities of VAMAS are organised into technical committees called Techni-
cal Working Areas (TWAs) which are approved by the a steering committee and led
by International Chairmen. A recent technical working area, TWA 24 Performance
Related Properties for Electro-Ceramics is chaired by Dr. Markys Cain (NPL), and
there are a number of proposed projects in this area directly related to piezoelectrics.
A VAMAS project—An International Intercomparison of Direct Piezoelectric Coef-
ficient using the Berlincourt Method, has been completed in 2008, and its VAMAS
report may be downloaded from http://www.vamas.org [6]. The objective was to
determine the experimental variability in the measurement of the piezoelectric coef-
ficient of electroceramic materials via the standard method described as the Berlin-
court Method.

The VAMAS TWA-24 home page is hosted alternately by NIST and NPL (www.
vamas.org).

EIA

The Electronic Industries Alliance (EIA) is a national trade organization that includes
the full spectrum of US manufacturers, representing more than 80% of the electronics
industry. There are some standards related to multilayer capacitors, including:

e EIA 521 Application Guide for Multilayer Ceramic Capacitors—Electrical.

This document covers capacitor classes I-IV. Definition of important terms are
included. Factors influencing performance as temperature, voltage (a.c. and d.c.),
temperature-voltage, ageing, and frequency are discussed in detail. Other topics as
piezoelectric properties, corona, dielectric absorption, reliability, and applications
are described extensively.

JISC (Japanese Industrial Standards Committee)

It is difficult to find authoritative information on Japanese standards related to piezo-
electric materials.
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The JISC consists of many national committees and plays central role in standardi-
sation activities in Japan. In essence, the role of the JISC can be summarised as:

e Establishment and maintenance of JIS.

e Administration of accreditation and certification.

e Participation and contribution in international standardisation activities.

e Development of measurement standards and technical infrastructure for standard-
isation.

There are many standards (JIS: Japanese Industrial Standards) that are concerned
with quartz resonators, but no national standards for piezoelectric ceramics or single
crystals. The Electronic Materials Manufacturers Association of Japan is a not-for-
profit organisation that develops and publishes voluntary consensus standards for
electronic devices, including piezoelectric ceramic devices. They have published
following relevant standards that are only available in Japanese (NB translation may
not be exact):

e EMAS-6100 Electronic test methods for the characterisation of piezoelectric
ceramic oscillators.

e Thisisavery comprehensive document covering the determination of piezoelectric
properties at low field using the classic resonance technique.

e EMAS-6008 Test method for mechanical performance and chemical resistance.

This standard covers the mechanical inspection, including mechanical three point
bend tests, and resistance to chemical attack and performance in various humid
environments.

2 Conclusions

This short chapter represents a snapshot of the standards which are most closely
related to piezo materials and technologies. Naturally, the development of standards
takes some years to take from a draft to a fully accepted published and accepted
international standard. The activity is constantly on the move and the reader is guided
to the standards pages of the UK’s National Physical Laboratory or other National
Measurement Institute (NMI) of other countries, listed in Appendix A.

A National Measurement Institutes: Worldwide Listing 2013

The International Bureau of Weights and Measures (BIPM) was set up by the Metre
Convention and has its headquarters near Paris, France. It is financed jointly by its
Member States and operates under the exclusive supervision of the CIPM (a Mutual
Recognition Arrangement (CIPM MRA) for national measurement standards and
for calibration and measurement certificates issued by NMIs). Its mandate is to
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provide the basis for a single, coherent system of measurements throughout the
world, traceable to the International System of Units (SI):
http://www.bipm.org/en/practical_info/useful_links/nmi.html

e www.nist.gov National Institute of Standards and Technology.
e www.npl.co.uk The UK’s National Physical Laboratory.

www.csiro.au The Commonwealth Scientific and Industrial Research Organisation
(CSIRO), Australia.

www.ansi.org American National Standards Institute, United States of America.
www.health.gov.au Australian Radiation Laboratory, Australia.
www.cisti.nrc.ca/inms National Research Council Canada, Canada.
www.inrim.it Istituto Nazionale di Ricerca Metrologica, Italy.
http://www.cem.es Centro Espaol de Metrologa (CEM), Spain.

www.metas.ch The Federal Institute of Metrology (METAS), Switzerland.
http://www.mirs.gov.si/en Metrology Institute of the Republic of Slovenia (MIRS),
Slovenia.

www.mikes.fi Centre for Metrology and Accreditation, Finland.

e http://www.dfm.dtu.dk Danmarks Nationale Metrologiinstitut (DFM), Denmark.
e www.ptb.de/welcome.html Physikalisch Technische Bundesanstalt (PTB), Ger-

many.
www.bam.de/english.html Federal Institute for Materials Research and Testing
(BAM), Germany.

http://www.nsai.ie National Standards Authority of Ireland, Ireland.
www.aist.go.jp Agency of Industrial Science and Technology (AIST), Japan.
https://www.nmij.jp National Metrology Institute of Japan (NMIJ), Japan.
http://www.aist.go.jp/aist_e/aist_laboratories/6metrology/index.html  National
Institute of Materials and Chemical Research (NIMC), Japan.
http://en.nim.ac.cn National Institute of Metrology (NIM), China.

e http://www.kriss.re.kr/eng/global/01_1.html Korea Research Institute of Stan-

dards and Science (KRISS), Korea.
www.sirim.my Standard and Industrial Research Institute of Malaysia (SIRIM),
Malaysia.

e http://www.msl.irl.cri.nz Measurement Standards Laboratory, New Zealand.
e http://www.nmc.a-star.edu.sg National Measurement Centre, Singapore.
e www.spring.gov.sg Singapore Institute of Standards and Industrial Research

(SISIR), Singapore.

http://www.demtpinl.org/english/index.html South Africa Bureau of Standards
(SABS), South Africa.
http://www.sp.se/en/index/information/rmp/sidor/default.aspx Swedish National
Centre of Metrology, Sweden.

www.sp.se Swedish National Testing and Research Institute, Sweden.
http://www.itri.org.tw/eng Industrial Technology Research Institute, Taiwan.
www.oiml.org International Organisation of Legal Metrology (OIML), France.
http://www.Ine.eu/en/metrology/french-metrology.asp (LNE), France.
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